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Abstract

Artificial photosynthesis is at the forefront of strategies to tackle the global reliance on
fossil fuels and shape the contour of a sustainable future fuelled by renewable resources. In
this way, solar energy is harvested and stored into chemical bonds to render it viable for
transport and utilisation. Yet coordinating the interwoven processes therein in an efficient and
orderly fashion poses profound challenges for synthetic chemistry. Biology wields plenty
of evolutionarily-optimised biosynthetic pathways that operate in concert to yield complex
chemicals from simple feedstocks. This thesis aims to achieve the solar-to-chemical conver-
sion through a semi-biological approach: biocatalytic machinery in the form of enzymes
and whole cells were integrated with artificial electronics to repurpose their biochemical
pathways for the production of value-added fuels and chemicals.

In particular, this thesis works with three-dimensional electrodes with different materials
and variable morphologies to host photosynthetic enzymes and electroactive bacteria as
biocatalysts. Chapter 1 introduces the fundamentals of biocatalysis and artificial photosyn-
thesis, and reviews the progressing efforts to integrate biocatalysts with synthetic materials
for semi-artificial photosynthesis. The rationale and contents of this thesis are outlined at
the end of this chapter. Chapter 2 provides the experimental details that underlie this thesis,
including protocols for electrode preparation, enzyme separation, bacteria culturing and an
array of analytical methodologies. Chapter 3 presents a systematic study on benchmark
inverse opal-indium tin oxide (IO-ITO) electrodes for protein film-photoelectrochemistry
with photosystem II. The relationships of IO-ITO electrode structure and photosystem II
activity were discussed following a combination of microscopic, spectroscopic and photoelec-
trochemical characterisations. Chapter 4 reports an inverse opal-graphene electrode as the
host for photosystem II. The enzyme activity in such carbon-based electrodes is quantified by
protein-film photoelectrochemistry and further compared with that in IO-ITO counterparts.
Chapter 5 tailors the structure of the IO-ITO electrode to accommodate metal-reducing
bacteria Geobacter sulfurreducens and Shewanella loihica. Their colonisation and current
production in electrodes arising from anaerobic respiration are studied. Chapter 6 utilises
the resulting biohybrid electrodes to drive reducing reactions within and beyond their native
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metabolic pattern, with electrons supplied by an external circuit or ultimately outsourced
to a photoanode. Chapter 7 summarises the key findings in this thesis and blueprints future
directions of research in this field. The research represents an interdisciplinary approach
that takes advantages of biocatalysis featuring high selectivity and efficiency in chemical
transformation, and synergistically combines strengths of synthetic materials and analytic
toolsets, to induce shifts in the production of high value fuels and chemicals with renewable
energy sources.
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Chapter 1

Introduction

The growing consequences of anthropogenic carbon emissions calls for innovative strategies
to eliminate the global reliance on fossil fuels. Harnessing the solar light as a source of
energy is a promising avenue toward a sustainable future. Photovoltaics (PV) is the leading
technology of solar energy conversion,[1,2] but is plagued with disadvantages in electricity
transmission and intermittency. Artificial photosynthesis circumvents these drawbacks by
storing the solar energy into chemical bonds with synthetic materials as light absorbers and
catalysts.[3,4] While synthetic catalysts still struggle to fulfil the solar-to-chemical conversion
in an effective way, nature sets a perfect example of doing this through evolutionarily-
optimised biocatalytic machinery. Within such context, this thesis deals with how the
biocatalytic machinery can be leveraged to catalyse light-driven chemical reactions by
an emerging technology termed “semi-artificial photosynthesis”. This is carried out by
incorporating biocatalysts in the form of enzymes or whole cells into structurally-crafted
electrodes and subjecting the resulting biohybrid systems to (photo)electrochemical controls.
Specifically, the first half of the thesis utilised photosystem II (PSII), a photosynthetic enzyme,
as the water-oxidising biocatalyst to carry out the bottleneck oxygen evolution reaction
during photocatalytic water splitting. The second half of the thesis employed Geobacter
sulfurreducens (G. sulfurreducens), an electroactive bacterium, as a model biocatalyst in the
form of whole cell, to synthesise chemicals both within and beyond the scope of metabolism.
The nexus of these studies is the three-dimensional electrode with an inverse opal architecture
that served as conductive scaffolds to physically integrate biocatalysts and electrochemically
control the catalytic reactions. In this chapter, I first introduce the biological processes
taking place in natural photosynthesis, and artificial strategies to harness solar energy for
water splitting and CO2 reduction. This is followed by an overview of the rationale and
implementation of semi-artificial photosynthesis, with enzymes and microorganisms as
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biocatalysts. Then the discussion is focused on the photoelectrochemistry (PEC) of PSII
and the electrochemistry of G. sulfurreducens with emphasis on the underlying electrode
structures.

1.1 Natural photosynthesis

Photosynthesis occurs in photoautotrophs spanning from cyanobacteria, algae and higher
plants, which harvest solar energy to produce biomass and O2 from H2O and CO2. Photosyn-
thesis is accomplished by two phases of reactions: the light reaction uses solar light energy
to generate energy carrier adenosine triphosphate (ATP) and reducing agent nicotinamide
adenine dinucleotide phosphate (NADPH), whereas the dark reaction uses the ATP and
NADPH to reduce atmospheric CO2 into carbohydrates through the Calvin cycle.[5]

1.1.1 Light reactions

The light reaction is carried out by the photosynthetic apparatus in the thylakoid membrane
of chloroplasts, including two photosystems, cytochrome b6 f (cyt b6 f ), plastoquinone pool,
plastocyanin, ferredoxin, ferredoxin-NADP reductase (FNR) and ATP synthase (Figure 1.1a).
The main light absorbers are two photosystems that contain antenna complexes and reac-
tion centres. The antenna complex comprises hundreds of pigments (chlorophylls and
carotenoids), which capture photons and funnel the light energy to the reaction centre at
high quantum efficiency of >95%. The reaction centre is a transmembrane protein-pigment
complex, where electrons are excited and transferred to the downstream pathway for chemical
synthesis. The reaction centre chlorophylls in PSII and photosystem I (PSI) are known as
P680 and P700 respectively, due to their light absorption maxima (P stands for pigment and
the figure suffix denotes wavelength). The two photosystems and cofactors function in concert
to efficiently transfer electrons from H2O to NADP+ through a “Z scheme” (Figure 1.1b).
The electron transfer on the thylakoid membrane is initiated by PSII that absorbs a photon
and extracts an electron from H2O to its primary electron acceptor, plastoquinone (PQ). The
fully reduced plastohydroquinone (PQH2) dissociates from the reaction centre, diffuses in
the hydrocarbon portion of the membrane and transfers its electrons to cyt b6 f , which further
passes electrons to PSI via a small copper-containing protein plastocyanin. At PSI, the arriv-
ing electron is energised by a second excitation and finally delivered to ferredoxin-NADP
reductase to reduce NADP+ to NADPH (Figure 1.1a).[5]
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Figure 1.1 Schematic illustration of the light reaction of natural photosynthesis. a. Electron
and proton transfer pathways in the thylakoid membrane. At the start of the photosynthetic
chain is PSII that oxidises H2O and liberates O2 and protons upon light absorption. Electrons
are delivered to PSI via a plastoquinone (PQ) pool, cyt b6 f and plastocyanin (PC). Electrons
are photoexcited for a second time at PSI to reduce NADP+ to NADPH by ferredoxin (Fd)
and ferredoxin-NADP reductase (FNR). The water oxidation and electron transport also
induces proton translocation from stroma to lumen, which generates proton gradient and
chemiosmosis driving the synthesis of ATP by ATP synthase (ATPase). Protein data bank
ID: PSII (4ub6), cyt b6 f (4h44), PC (1bxu), PSI (5oy0), Fd-FDR (2yvj), ATPase (6fkf). b.
Energy level diagram of the Z-scheme electron transfer in the thylakoid membrane. The
redox carriers are placed at their midpoint redox potentials at pH 7.

1.1.2 Carbon reactions

The NADPH and ATP produced by the light reaction are used to reduce CO2 to carbohydrates
through the Calvin cycle. During the process, CO2 and H2O are enzymatically combined with
a carbon acceptor ribulose-1,5-bisphosphate to yield two molecules of 3-phosphoglycerate.
This intermediate is then reduced into glyceraldehyde-3-phosphate with ATP and NADPH
donated by the light reaction. The cycle ends up with the regeneration of ribulose-1,5-
bisphosphate, the initial CO2 acceptor.[6] Calvin cycle accounts for more than 90% of carbon
assimilation on earth. Central to this is ribulose-1,5-biphosphate carboxylase/oxygenase
(Rubisco) that covalently fixes CO2 to a carbon skeleton.[7,8] In contrast to its abundance and
ubiquity in nature is its slow catalysis and low selectivity. The TOF of Rubisco is typically
less than 10 s–1, rendering the photosynthetic CO2 fixation inefficient under optimal condi-
tions.[8] Moreover, Rubisco confuses the substrate (CO2) and product (O2) of photosynthesis,
which offsets the CO2 uptake and saddles oxygenic phototrophs with energy-dissipating pho-
torespiration.[9] The photorespiration could consume 25% of carbon photosynthetically fixed
by C3 plants and such carbon loss is more severe at higher temperature. Some tropical plants,
namely C4 plants, overcome the disadvantageous photorespiration by deploying an addition
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C4 pathway to increase the local concentration of CO2. In these plants, phosphoenolpyruvate
is first carboxylated into a four-carbon compound oxaloacetate, which undergoes further
transformations and decarboxylation to release CO2. The released CO2 is then scavenged by
Rubisco and drawn into the Calvin cycle with minimal photorespiration.[6]

1.1.3 Photosynthetic efficiency

Photosynthetic organisms have evolved highly efficient light-harvesting systems with quan-
tum efficiency higher than 90%. This is achieved by peripheral antenna proteins that absorb
light and funnel the excitation energy to the reaction centre chlorophylls.[10] Nevertheless,
the overall photosynthetic efficiency* is surprisingly low: the highest efficiency measured
under field conditions are 2.9% for C3 and 4.2% for C4 plants and typical efficiencies are
0.2%–1% for crop plants.[11,12] Several reasons are responsible for the low photosynthetic
efficiency:[11,13] (1) As the pigments in photosystems and antennae are primarily sensitive to
the visible light (λ = 400–700 nm), photosystems can only intercept 48.7% of the incident
solar energy; (2) Light reflection and transmission due to weak absorption to green light (λ =

500–600 nm) cause at least 4.9% of energy loss;[10] (3) 6.6% of energy will be dissipated
as heat during the transfer in antenna complexes, before reaching the red light-absorbing
chlorophylls in reaction centres; (4) Energy expenditure associated with carbohydrate synthe-
sis accounts for 24.6% and 28.7% for C3 and C4 plants, respectively; (5) Oxygenation and
ensuing photorespiration cost extra 6.1% of energy in C3 plants; (6) Respiratory metabolism
for maintenance and growth consumes minimum 1.9% (C3 plants) and 2.5% (C4 plants) of
the entire energy input from solar irradiation. Summing all these energy losses, the maximal
solar-to-biomass conversion efficiency is 4.6% for C3 plants and 6.0% for C4 plants (30
◦C).[11,13]

1.2 Artificial photosynthesis

Natural photosynthesis inspires artificial endeavours to make fuels and chemicals from H2O
and CO2 with solar energy. Artificial photosynthesis was first materialised by Fujishima and
Honda who carried out the light-driven water splitting reaction in a PEC cell.[14] Following
this paradigm, a diversity of solar water-splitting systems have been developed by coupling
light absorbers (molecular dyes or semiconductors) and catalysts for hydrogen evolution re-

* The ratio between the energy in the biomass (combustion heat of glucose to CO2(g) and H2O(l) at 25 ◦C,
100 kPa) and energy input from solar irradiation (100 W cm−2, AM 1.5G).
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Figure 1.2 Chemical approaches to artificial photosynthesis. a,b. Energy level diagrams
of light-driven water splitting: single-step excitation (a) and two-step excitation (b). P
and P∗: light absorber in ground and excited state, respectively. Med.: electron mediator.
c. Representation of a two-step photocatalytic water-splitting system with semiconductor
particles and HER and OER cocatalysts. The HER and OER photocatalysts are interfaced
with a solid-state electron mediator. d. Representation of a PEC tandem water-splitting
system. Photoanode and photocathode are semiconductors immobilised with OER and HER
cocatalysts respectively.

action (HER) and oxygen evolution reaction (OER). Thermodynamics decides the suitability
of light absorbers for autonomous solar water splitting from an energetic perspective. First,
their energy band positions i.e., conduction and valence band edges*, should straddle the
electrochemical potentials E◦(H+/H2) and E◦(O2/H2O) to confer charge carriers sufficient
energy for HER and OER (Figure 1.2a). Second, the standard Gibbs energy of water splitting
(237.1 kJ mol−1) requires the band gaps of light absorbers greater than 1.23 eV (usually in
the range of 1.6–2.4 eV to account for overpotentials).[15] Third, the thermodynamic redox
potentials of light absorbers should be properly aligned with respect to their energy band
positions to prevent themselves from photoinduced corrosion.[16]

Semiconductors whose electronic structures suffice for overall water splitting with visible
light are limited, such as TaON, Ta3N5, CdS and CdSe.[17] However, these metal chalco-
genides suffer from photodegradation as S2 – and Se2 – anions are oxidised by photogenerated

* For photoactive dye molecules, lowest unoccupied molecular orbital (LUMO) and highest occupied
molecular orbital (HOMO) are used as the equivalent of conduction band edge and valence band edge of
semiconductors, respectively.
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holes.[18] Moreover, limited by the band gap of a single light absorber, only a small portion of
visible light (usually λ<500 nm) can be harvested to produce charge carriers. An alternative
strategy is to align the band position of two light absorbers and catalyse HER and OER
respectively with electron mediators (Figure 1.2b),[19] which resembles the photosynthetic
electron transfer (“Z-scheme”) in the thylakoid membrane (Figure 1.1b). The two-step
excitation system can expand the light absorption by harvesting low-energy photons,[20,21]

and bring together materials that could merely drive either HER or OER.[22–24] Such tandem
systems can enable larger driving forces for water splitting, and permit higher theoretical
solar-to-hydrogen conversion efficiency than the single light-absorber systems.[25] Yet two
light absorbers also multiply chances of charge recombination and pose challenges to control
the kinetic balance of the electron transfer process.[3,21]

Artificial photosynthesis can be implemented in two manners: first, light absorbers
are loaded with electrocatalysts and then suspended in a buffer solution in a photoreactor
(Figure 1.2c);[26] The second manner is performed in a PEC cell where photocatalysts
are immobilised on electrodes and photoinduced electrons flow across the external circuit
(Figure 1.2d).[17] From a techno-economical viewpoint, the photocatalytic system is more
advantageous, as PEC systems are required to achieve ∼25% solar-to-hydrogen conver-
sion efficiency to rival with petrol in energy prices, primarily due to higher investment
in installations, whereas efficiency of 5–10% would suffice to render photocatalytic reac-
tors cost-competitive.[4,26] However, the highest solar-to-hydrogen conversion efficiency of
particle-based systems is around 1%,[27] while that of electrode-based systems can typically
achieve > 10%.[28,29] PEC systems also have several merits that are appealing for fundamen-
tal research and practical applications: (1) immobilisation of photocatalysts on electrodes
enables detailed studies of half-reactions individually with or without sacrificial reagents and
allows in situ probing photoredox chemistry through spectroscopic methodologies;[30–32]

(2) from application’s perspective, the electrode-based configuration enables separation of
H2 and O2,[33] and can be transformed into a continuous fuel-production system where
electrolyte streams past.[34] On the other side, drawbacks emerge: (1) preparation of pho-
toelectrodes requires conductivity and high film-forming capability of semiconductors; (2)
operation of PEC cell generates pH gradients that account for substantial potential loss and
subject electrodes to increasingly corrosive environments;[35,36] (3) the high internal resis-
tance usually necessitates external bias potential to drive the electron flow from photoanode
to photocathode.

Artificial photosynthesis does not reproduce the reactions exactly happening in photoau-
totrophs, but exploits light absorbers and electrocatalysts to produce fuels and chemicals with
earth-abundant feedstocks. Hydrogen is deemed as an ideal energy carrier to overcome the
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intermittency of solar irradiation. Light-driven water splitting, either performed in particulate
systems or PEC cells, has been under intense investigation over several decades. Yet it still
faces challenges arising from the light harvesting, photocatalysts stability, interfacial charge
transfer and the bottleneck water oxidation reaction.[37] The four-electron water oxidation
to dioxygen involves multiple bond rearrangements and concerted proton release, and thus
causes both thermodynamic uphill and kinetic sluggishness that confront the existing catalytic
chemistry.[38] As a result, many solar water splitting systems expediently utilise sacrificial
reagents like triethanolamine (TEOA) or ethylenediaminetetraacetic acid (EDTA) as the
electron donor, which renders the whole system unsustainable.

Photocatalytic CO2 reduction closes the loop of anthropogenic carbon cycle and offers a
viable pathway for carbon fixation,[39] but it faces profound challenges: (1) Activating the
linear CO2 molecule for the ensuing endothermic reactions requires substantial energy input,
which is reflected in the negative potential (−1.9 V vs. SHE, pH 7.0) during the formation
of CO2

•– ;[40–42] (2) The activation of CO2 is followed by stepwise proton and/or electron
transfer, which can yield miscellaneous products with poor selectivity;[39,43] (3) Due to the
low solubility of CO2 in water (0.033 mol L−1, at 25 ◦C, 100 kPa),[40] the reduction of CO2

usually competes with hydrogen evolution from H2O that is kinetically more favourable,
which further reduces the selectivity and solar-to-chemical conversion efficiency.[42] (4) The
current solar CO2 reduction systems cannot afford value-added multicarbon products that
require high overpotential and controlled C – C formation, which undermines the economic
incentives of this technique.

1.3 Semi-artificial photosynthesis

Artificial photosynthesis establishes solar-to-fuel pathways to address the global energy
challenge, but it is bottlenecked by key-step reactions during the fuel-forming process.
Biology is highly capable of tackling these synthetic challenges through naturally-refined
biocatalytic machinery. Enzymes comprise only a handful of earth-abundant metal atoms as
catalytic centres and cofactors, whereas the rest polypeptide chains set an ideal environment
to control the access of reactants and carry out specific functions such as light harvesting,
electron relay and proton transfers. Enzymes perfectly orchestrate the charge transfer, reactant
delivery, bond formation and product removal at the active site, thereby reducing the energy
threshold and expediting the reaction kinetics. In addition, enzymes widely employ steric
hindrance and electrostatic or hydrogen bond interactions to stabilise selected intermediates
and transition states, and therefore usher the reaction toward a single products.[44]
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Whole microbial cells include biochemical pathways as an entirety and can produce hosts
of metabolites of synthetic interest with high specificity at physiological conditions. Microor-
ganisms wields numerous enzyme cascades that operate in concert to maintain intracellular
metabolism. Different metabolic pathways are spatially ordered to divert metabolites or
enzymes that can react promiscuously, so as to maintain selectivity, concentrate reactants to
drive unfavourable reactions, and protect enzymes or unstable intermediates from harmful cy-
toplasmic contents.[45] Moreover, these biosynthetic pathways are under dynamic regulation
to keep cellular functionalities in tune with physiological needs at different conditions. These
features allow microbes to synthesise complex products from the simplest feedstocks (e.g.,
H2O, CO2, N2, etc) and render microbial catalysis resilient to environmental perturbations.

Biocatalysts also have limitations. Enzymes are evolved to carry out specific biochemical
reactions with fixed stoichiometry, and thus most enzymes are exclusive to non-natural sub-
strates. In addition, the structure and functionality of enzymes cannot be readily engineered
through conventional chemical methodologies, which constricts their applications for dif-
ferent reactions or in non-physiological conditions. On the other side, microorganisms rank
their physiological needs to survive ahead of synthetic capacity to produce target chemicals.
Carbon and electron fluxes in the metabolism are partially directed toward biomass synthesis
for cell growth and maintenance, which reduces the pathway efficiency in chemical synthesis.
Moreover, rerouting biochemical pathways toward desired products encounters resistance
from the intracellular regulation, which renders such alteration problematic.[46,47]

Artificial photosynthesis, however, permits much more flexibility in system design and
modification. Taking light harvesting as an example: most chlorophylls in nature have
minimum absorption to green light (λ = 500–600 nm),[10] which partially accounts for the
low photosynthetic efficiency, whereas in artificial photosynthesis, broadband absorption can
be readily achieved with a variety of semiconductors and molecular dyes.[12] Furthermore,
artificial systems allow coupling fuel-forming reduction reactions with useful chemical
transformations. Several attempts already demonstrated that electrons could be withdrawn
from biomass, organic compounds and even plastics to produce H2 with versatile light-
absorbing systems.[48–51] Artificial photosynthesis systems eliminate the dissipation of energy
and electrons along the pathway, enabling high solar-to-fuel efficiency (>10%) routinely
surpassing their natural counterparts.[28,52–54] Artificial photosynthesis is also empowered
by an array of characteristic techniques such as electrochemistry, spectroscopy and in
operando methodologies.[32,39,55] The well-defined features of synthetic materials permit
systematic investigations to understand reaction mechanisms and establish structure-function
relationships for system design and optimisation.[56]
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Figure 1.3 Comparison of catalytic systems spanning from natural to artificial regime.
The strengths and limitations of each system are qualitatively evaluated in terms of product
selectivity, catalytic efficiency, system stability, scalability and system variability by tuning
its components.

Semi-artificial photosynthesis provides a hybrid approach for solar-to-chemical conver-
sion, by integrating biocatalytic machinery (enzymes and microbes) with synthetic materials
(dyes, electrocatalysts, semiconductors, electrodes, mediators) and analytic technologies.[57]

The photosynthetic biohybrid systems seek to outsource tasks to the components that can
perform the best and thus combine strengths of both while bypass limitations of each
(Figure 1.3). In such hybrid systems, enzymes and microbes function as catalysts to drive
synthetic reactions with thermodynamic uphill and/or chemical complexity, while synthetic
materials act as substrates to immobilise biocatalysts and/or functional components that carry
out light absorbing, electron transfer and chemical transformations etc. According to the
forms of biocatalysts, semi-artificial photosynthesis falls into two categories—the enzymatic
system and the microbial system, and each of these systems can be implemented either in a
colloidal suspension or in an electrochemical cell (Figure 1.4).

1.4 Enzymatic hybrid systems

An enzymatic hybrid system employs separated electroactive or photoactive enzymes as
electrocatalysts, light absorbers or electron conduits, to function in concert with synthetic
components in driving reactions with high rates and yields (Figure 1.4a,b). Amongst a
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Figure 1.4 Representative semi-artificial photosynthesis systems. a. A colloidal system
with dye-sensitised TiO2 nanoparticles and hydrogenase (H2ase) (Ref. [58]). b. An electrode
system with a three-dimensional indium tin oxide (ITO) electrode and PSII (Ref. [59]). c. A
colloidal system with CdS nanoparticles and CO2-reducing bacteria M. thermoacetica (Ref.
[60]). d. A hybrid tandem system with TiO2 nanowires as the photoanode and Si nanowires
integrated with acetogenic bacteria S. ovata as the photocathode (Ref. [61]).

myriad of enzymes available in nature, only a handful of them are of interest in synthetic
reactions with the simplest feedstocks (e.g., H2O, N2 and CO2). Translation of their catalytic
prowess in vivo into synthetic power in vitro is confronted with profound challenges. Whereas
synthetic catalysts are either integral parts of electrodes or discrete entities (particles or
molecules), these redox enzymes are proteins with molecular weight of 104–106 and areal
footprints of 100–400 nm2. Their active sites (catalytic centres) are embedded within the
protein matrices, which prevent indiscriminate reactions with substrate analogues, and
also disallow direct exchange with exogenous electrons. Yet these enzymes have evolved
intraprotein electron relays such as haems and [Fe-S] clusters that can carry electrons between
active sites and electrodes.[62] The electron relays define vectorial electron transfer pathways
within the protein and allow electrochemical suites to activate, monitor and modulate the
enzymatic redox chemistry.[63] To approach the catalytic perfection, enzymes are expected
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to accelerate the chemical reactions toward diffusion control.[64] As such, enzymes must
engage with electrodes in an “electroactive” orientation to enable rapid electron transfer
kinetics between the distal relay centre and electrode surfaces. In this regard, the enzyme-
electrode interface must be rationally engineered with respect to topology, porosity and
surface chemistry (hydrophilicity, surface charge, functional moieties, etc). From an energetic
perspective, redox enzymes reduce the activation energy by electrostatic stabilisation,[65]

and thus, minimise the electrochemical overpotential needed to drive a reaction.[44] This
means that enzymes can catalyse redox reactions at or very close to their thermodynamic
potentials and thus allow more light energy to carry out reactions that would otherwise not
be affordable because of large overpotentials. The well-defined redox potentials can simplify
system design by judiciously pairing with light absorbers and electron mediators according
to their energy levels, and relieve synthetic challenges to seek materials with larger driving
forces.

For example, Hydrogenases (H2ases) are metalloenzymes that can catalyse the inter-
conversion between H2 and H+ with a high TOF of >1000 s−1.[66] The HER activity of
H2ases per active site is comparable with that of the benchmark Pt catalyst.[67] In view of the
protein’s large footprint and low active site density, H2ases facilely surpass their synthetic
counterparts with respect to atomic efficiency.[68] [NiFeSe]-H2ase holds great promise as a
model biocatalyst and has been rationally coupled with various light absorbers for photocat-
alytic HER. To this end, semiconductors were used as light absorbers and/or to immobilise
H2ases. Thus photogenerated electrons can stream directly from the conduction band toward
the enzyme’s distal relay centre. Coadsorbing [NiFeSe]-H2ases on RuP-TiO2 particles
through the putative interaction between TiO2 surface and side-chain carboxylates near the
distal [Fe-S] cluster yielded 3.56 µM H2 in the first hour of irradiation and a benchmark
TOFH2ase of 50 s−1 (Figure 1.4a).[58,69] Enzymes such as PSII have also been immobilised
on electrodes for PEC studies, which will be detailed later in this chapter (Figure 1.4b).[59,70]

1.5 Photoelectrochemical water oxidation with photosys-
tem II

1.5.1 Structure and functionality of photosystem II

PSII is a 700 kDa transmembrane protein complex at the start of the photosynthetic chain,
and is the only enzyme in nature catalysing the water oxidation reaction.[71,72] Every PSII
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monomer contains dozens of protein subunits and cofactors including 35 chlorophylls and a
Mn4CaO5 cluster, the oxygen evolution centre (OEC).[73] Two transmembrane subunits, D1
and D2, constitute the reaction centre complex of PSII and associate all cofactors involved
in water oxidation and electron transfer. D1 and D2 subunits are flanked by two proteins,
CP47 and CP43, which bind a host of chlorophylls for light absorption (Figure 1.5a).[74]

A cyanobacterial PSII dimer has a geometric dimension of 205 Å × 110 Å × 105 Å.[75] In
plants, the PSII core complex is usually surrounded with peripheral antenna light-harvesting
complexes II to acclimatise to limited light, which renders the PSII supercomplex larger than
its cyanobacterial counterpart.[76–78] Despite such differences, the structure and functionality
of the PSII core complex are well-conserved amongst prokaryotic cyanobacteria, eukaryotic
algae and higher plants during evolution.[79,80]

Figure 1.5 The structure and functionality of photosystem II. a. Protein structure of a PSII
dimer from the side view and top view (Protein Data Bank ID: 4ub6). The main protein
subunits (CP43, CP47, D1 and D2) are colourised. b. Schematic representation of the
electron transfer pathways (indicated by the orange arrow) in the reaction centre complex of
PSII. c. Si states (i = 0–4) (Kok cycle) of the oxygen evolution at the Mn4CaO5 cluster.[81]

Antenna complexes in PSII harvest solar light and funnel the light energy to P680, where
charge separation occurs within a few picoseconds.[82] This is followed by an electron transfer
toward a pheophytin molecule (Phe−D1) and later to plastoquinone A (QA) (Figure 1.5b). The
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resulting highly oxidising P+
D1 can extract an electron from a redox-active tyrosine YZ (TyrZ)

and then provoke water oxidation at the Mn4CaO5 cluster.[82] On the stroma side, QA is
tightly bound to the D2 protein and acts as a single-electron acceptor while QB in D1 protein
can accept two electrons and be fully protonated. The electron transfer from QA to QB is
aided by a non-haem iron midway between them.[79] The formed QBH2 departs from the
reaction centre and is replenished by the plastoquinone pool in the thylakoid membrane. The
electron transfer is biased to the D1 side, and the symmetric cofactors (ChlD2 and PheD2) in
the D2 protein are not functional.

High resolution structural analysis reveals that the core of the Mn4CaO5 cluster is
a distorted cubane, where three manganese, one calcium and four oxygen atoms occupy
vertices (Figure 1.5c).[71,73,74] The fourth manganese and the fifth oxygen are located outside
of the cubane, forming a distorted chair with the cubane as the chair base and the isolated
manganese and oxygen atoms as the chair back. Such structure allows the Mn4CaO5 cluster
to perform structural rearrangements needed for catalysing the water oxidation.[74].

The consensual mechanistic model of O2 evolution at the Mn4Ca5O cluster is known as
Kok cycle. In this model, the OEC undergoes four intermediate redox states (Si states, i =
0–4) to liberate one O2 and four protons from two H2O molecules (Figure 1.5c).[81,83–85]

The four-electron oxygen evolution at the Mn4CaO5 cluster is synchronised with the one-
electron photochemistry at the reaction centre by the the TyrZ. Each photon captured by
P680 yields a Tyr•+Z , which extracts an electron from the OEC and drives the stepwise
transition of Si states. Summing the halflife of Si states (t1/2 ≈ 2 ms), the turnover frequency
(TOF) of the Mn4CaO5 cluster is estimated as 500 s−1, which outpaces most molecular
catalysts (typical TOF: 10−3–10 s−1) in driving water oxidation.[86] In spite of this, the
measured oxygen evolution rate of isolated PSII is in the range of 2,000–5,000 µmolO2

mg−1
Chlh

−1, corresponding to a TOF of 18–43 s−1.[87–90] This large discrepancy stems from
the intraprotein electron relay where the downstream electron transfer from QA to QB (t1/2 =

200–800 µs) and the release of QBH2 (t1/2 ≈ 10 ms) are the rate-determining steps.[91]

Apart from being an energy source, sunlight also causes damage to PSII, thereby inhibit-
ing photosynthetic activity. Phototrophic organisms have developed protective mechanisms to
reduce the light-induced damage and rapidly repair the photodamaged PSII. Photoinhibition
will occur when the photodamage overrides repair.[92,93] The photodamage to PSII involves a
consecutive two-step process: first, UV and/or blue light disrupts the Mn4CaO5 cluster, inter-
rupting the electron supply to quench the excited chlorophylls. The accumulated P680+ then
impairs the photochemical reaction centre by attacking the surrounding amino acid residues
mainly in the D1 subunit.[94,95] Second, sunlight also generates harmful reactive oxygen
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species (ROS) such as O2
•– , H2O2 and •OH due to the electron transfer from redox-active

cofactors to O2, and singlet-state 1O2 from energy transfer from triplet-state chlorophyll to
3O2.[96–98]

1.5.2 Photoelectrochemistry of photosystem II

For artificial photosynthesis, whereas water is the ideal terminal electron source to feed
the downstream fuel-forming reactions, few electrocatalysts can handle this multielectron
process in an orderly and efficient manner, which is further complicated by the coordina-
tion with light absorbers. PSII, however, respectively assigns the tasks of light harvesting
and water oxidation to antenna proteins and the Mn4CaO5 cluster, and orchestrates photo-
chemistry in concert with catalysis in a stepwise manner via efficient intraprotein electron
relays. Therefore, PSII is a model biological OER catalyst that inspires synthetic endeavour
to mimic its core components,[99–101] and stimulates mechanistic investigations to under-
stand its functionality.[98,102] Wiring PSII with an electrode allows the resulting biohybrid
electrode to supply photoelectrons from water for synthetic reactions, and permits protein
film-photoelectrochemistry (PF-PEC) to benchmark enzymatic activity in vitro, dissect pho-
toinduced electron transfer pathways, and repurpose biogenic electrons to drive unnatural
endergonic reactions.[103]

Attempts to interface PSII with an electrode surface started three decades ago,[104]

when isolated PSII was deposited on a Pt electrode and generated a photocurrent of few
microamperes as a result of water oxidation. However, the minuscule amount of PSII loaded
on the electrode renders in-depth studies and applications untenable. Underlying PSII-PEC
is the electrode that provides a physical scaffold to immobilise enzymes and an artificial
electron acceptor to biogenic electrons. PSII’s photochemistry and the ensuing current
output can be greatly influenced by the material, structure and physical property of the
electrode scaffold, which dictates the strength of protein binding, the capacity of protein
loading, the accessibility to intraprotein electron relays, the depth of light penetration, and
the transport of reactants and products therein.[105] The trajectory of intraprotein electron
relay makes the interfacial electron transfer highly dependent on the protein orientation.
QB, the terminal electron acceptor in PSII, can only undertake outward electron transfer
if the stromal side of PSII is proximal to an electrode surface (Figure 1.6a). The electron
transfer via intrinsic plastoquinones, namely, direct electron transfer (DET) can be registered
as anodic photocurrent by chronoamperometry under irradiation, and verified by the addition
of 3-(3,4-dichlorophenyl)-1,1-dimethylurea (DCMU) that inhibits the QB site and interrupts
the electron flow from QA.[106] DET often results in relatively low photocurrent because



1.5 Photoelectrochemical water oxidation with photosystem II | 15

Figure 1.6 Electron transfer at the PSII-electrode interface. Electron transfer can only
take place provided that the stromal side of PSII intimately interfaces with the electrode
(electroactive orientation, a). PSII cannot donate electrons to external acceptors in other
orientations (b) unless there are diffusional redox couples that can mediate electrons between
QB and electrodes (c).

most PSII are adsorbed in an unfavourable orientation or remote from the electrode surface
(Figure 1.6b). This problem can be mitigated by using diffusional mediators such as DCBQ
to shuttle electrons from QB site to electrodes (Figure 1.6c). Yet the termed mediated
electron transfer (MET) comes at an expense in both energetics and kinetics, as extra energy
is needed to drive the redox turnover of electron mediators and the diffusion of mediators is
likely to govern the overall rate of electron transfer.

From both fundamental and practical viewpoints, an electrode with a large number of
proteins being wired in an electroactive way is highly desired to produce high photocurrent
that can afford reliable analysis and viable applications (Figure 1.7a).[103] The making of
such electrodes enables new possibilities to create solar-to-fuel pathways unattainable in
biology. The chronology of the electrode design will be outlined below.

In the nascent stage of PSII-PEC, PSII with a polyhistidine tag (His-tag) at its stromal side
was immobilised on flat Au electrodes by a self-assembled monolayer (Figure 1.7b).[88,107–109]

The interaction between nickel-nitrilotriacetic acid chelators and His-tags allowed for site-
selective binding of PSII on Au electrodes. However, the flatness of the electrode surface
limited the protein loading typically below 10 pmol cm−2 and thus resulted in submicroam-
pere photocurrents.[88] The problems can be alleviated by the use of redox polymer matrix
that provides a solvated environment to electrically wire a high amount of proteins and en-
ables redox centres on the polymer backbone to access intraprotein electron relays, regardless
of their orientation and distance (Figure 1.7c).[110] A polymer grafted with Os2+/Os3+ redox
couple (E1/2 = 0.39 V vs. SHE) was employed as both an immobilisation matrix and an
electron mediator to PSII, which gave rise to a benchmark photocurrent density up to 45
µA cm−2.[111] The second generation of electrodes are mesoporous films made with metal
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Figure 1.7 Synthetic electrodes to wire PSII for semi-artificial photosynthesis. a. Correla-
tion between protein loading in electrodes and the resulting photocurrent by DET (blue dots)
and MET (orange dots). b–e. PSII wired to an electrode via a self-assembled monolayer (b), a
redox-polymer matrix (c), a mesoporous film with nanoparticles (d) and a three-dimensional
hierarchical scaffold (e).

oxides such as Fe2O3, TiO2 and ITO.[112–117] A mesoporous ITO (meso-ITO) film have a
thickness of 3 µm and a pore size up to 100 nm,[116–119] which suites the dimension of PSII
(10 nm×10 nm×20 nm) (Figure 1.7d). The meso-ITO afforded a PSII loading density of
19 pmol cm−2 and a mediated photocurrent of 22 µA cm−2*.[116] In addition, the surface
chemistry of ITO can be readily modified so as to covalently bind PSII in favour of an
electroactive orientation.[117] The meso-ITO film can also be deposited onto a rotating ring
disk electrode as a key part of an apparatus to study the oxygenic photoreactivity in PSII
(Section 1.8).[98]

The state-of-art electrodes for PSII-PEC feature a hierarchical inverse opal structure
with both macroporosity and mesoporosity (Figure 1.7e).[59,70,120–125] Such architecture has
interconnected macropores that provide large surface area accessible by protein diffusion. On
the skeleton is a mesoporous surface consisting of conducting and hydrophilic nanoparticles
(ITO or TiO2) where proteins are adsorbed. The inverse opal electrodes are fabricated via
a coassembly method using polystyrene beads as the structural template and ITO or TiO2

nanoparticles as the electrode material. Such method makes electrode structure easily tunable
in accordance with biocatalysts with different dimensions.[126,127] The hierarchical structure
also benefits both mass transport and light transmission, and permits high PSII loading in the

*Conditions: Thermosynechococcus elongatus PSII on an IO-ITO photoanode (0.25 cm2), 0.5 mM DCBQ,
40 mM MES, 15 mM CaCl2, 15 mM MgCl2, 50 mM KCl, 5% glycerol, pH 6.5, 25 ◦C, E = 0.5 V vs. SHE, 8
mW cm−2, λ = 635 nm
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range of 30–1000 pmol cm−2 (depend on thickness).[59,120,121] A 40 µm IO-ITO electrode
attained a high photocurrent of 17 µA cm−2 out of DET and 930 µA cm−2 with the presence
of DCBQ mediators*.[59] Os-based polymers can further be incorporated to the IO-ITO
scaffold to improve the electrical wiring and eliminate the use of diffusional additives.[70]

Compared with flat electrodes,[111] the IO-ITO electrode with the polymer matrix achieved
higher photocurrent of 381 µA cm−2 due to higher PSII (336 pmol cm−2) loading.[70] The
high photocurrent allowed for reliable O2 quantification to calculate the Faraday efficiency,
which was not possible with flat electrodes.[59,70] Such electrode also underpinned PF-
PEC to dissect electron transfer pathways at the enzyme-electrode interface. A competing
pathway stemming from the photoinduced O2 reduction has been identified to account for
the monitored cathodic current at < 0.2 v vs. SHE.[96] The electrochemical window of
ITO (−0.6–2 V vs. SHE, pH 7.0) limits its application at negative potentials needed to
drive reducing reactions.[128] In view of this, ITO can be substituted with semiconductive
TiO2 to fabricate similar IO-scaffolds that are applicable under cathodic conditions.[129]

Moreover, the IO-TiO2 electrode allowed for additional dye-sensitisation to complement the
limited light absorption of PSII in the visible spectrum and provide sufficient driving force to
carry out proton and CO2 reduction.[120,121] However, the intrinsic fragility of PSII under
light irradiation limited the longevity of the photocurrent (τ1/2 < 10 min) and rendered the
downstream synthesis unfeasible.[103]

In contrast to the rapid development of electrodes, our understanding into the enzyme-
electrode interaction is advancing slowly. How many enzymes are loaded onto an electrode?
How does the enzyme loading relate to the electrode porosity? How do enzymes interact
with electrode surfaces? How do they distribute within the electrode scaffold? What are
factors governing the catalytic activity of enzymes inside an electrode? These are key
questions to understand the enzyme-electrode interface, which also provide clues to optimise
the biohybrid systems for better catalytic performance. Using PSII as a model biocatalyst,
this thesis adopts a multidisciplinary approach combining conventional PF-PEC with an
orthogonal set of techniques to deliver insightful answers and to draw a clearer picture of
PSII-ITO biohybrid systems.

*Conditions: 535 pmol cm−2 Thermosynechococcus elongatus PSII on an IO-ITO photoanode (0.25 cm2,
pore size: 750 nm, thickness: 40 µm), 1 mM DCBQ, 40 mM MES, 20 mM CaCl2, 15 mM MgCl2, 50 mM KCl,
5% glycerol, pH 6.5, 25 ◦C, in air, E = 0.5 V vs. SHE, 10 mW cm−2, λ = 660 nm



18 | Introduction

1.6 Microbial hybrid systems

Compared with enzymatic counterparts, the microbial hybrid system is still in its infancy
but has provoked increasing interest in solar-to-chemical conversion, due to their synthetic
complexity, better stability and prospects for scalability.[130] Recently, CdS nanoparticles
were interfaced with Moorella thermoacetica (M. thermoacetica), an acetogenic and elec-
trotrophic bacterium, by in situ deposition (Figure 1.4c). M. thermoacetica could directly
use photogenerated electrons from the excited CdS to reduce CO2 into acetate via the intra-
cellular Wood-Ljungdahl pathway, while holes produced by CdS were quenched by electron
donors.[60] Likewise, CdS nanoparticles were deposited on the surface of the Methanosarcina
barkeri, a methanogenic bacterium, for photoinduced CO2 reduction to CH4.[131]

There are few attempts to directly interface microorganisms with photoelectrodes. The
difficulty is due in part to the large footprint of cells, which requires appropriate electrode
geometry to achieve a high loading density while maintain the light penetration. A notable
example is an array of Si nanowires that served both as a light-absorbing semiconductor and
a physical scaffold for the acetogenic bacterium, Sporomusa ovata (Figure 1.4d).[61] The
bacteria were electrochemically integrated with the Si nanowires by taking electrons from its
conduction band to sustain metabolism. The resulting biohybrid electrode was assembled
with a photoanode made of TiO2 nanowires for autonomous photoreduction of CO2 to acetate.
The PEC cell produced a stable photocurrent of 0.3 mA cm−2 for more than 120 h, yielding
an acetate titre of 20 mM and Faraday efficiency of 86%. Acetate could further be activated
into acetyl-coA, a common biochemical intermediate, to access a variety of biosynthetic
fine chemicals. The downstream synthesis could be performed by genetically-engineered E.
coli that transformed acetate into n-butanol, polyhydroxybutyrate polymer, and isoprenoid
compounds.[61]

1.7 Electrochemistry with electroactive bacteria

1.7.1 Electroactive bacteria

Geobacter and Shewanella are Gram-negative dissimilatory metal-reducing bacteria ubiqui-
tously thriving in subsurface and aquatic sediments and play an important biogeochemical
role in cycling metals and organics in nature. The hallmark feature of Geobacter is their
ability to anaerobically oxidise organic compounds into CO2 while reduce insoluble Fe(III)
and Mn(IV) oxides via outer membrane cytochromes and conductive bacterial nanowires.[132]
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Geobacter is the most abundant Fe(III)-reducing microorganisms on earth, and is so far
the most current-producing bacteria and the dominant species in microbial electrochemical
systems.[132,133] All Geobacter species can use acetate to assimilate carbon and conserve
energy for growth via the tricarboxylic acid (TCA) cycle.[134,135] Besides acetate, certain
Geobacter species can use a variety of substances such as formate, lactate, aromatics, al-
cohols and hydrogen as electron donors.[132,136,137] For example, G. sulfurreducens can
oxidise formate and lactate with Fe(III) as terminal electron acceptors by deploying different
metabolic routes.[137] Geobacter species can also use different electron acceptors for their
anaerobic respiration, including soluble nitrate, fumarate, metal ions and insoluble Fe(III)
and Mn(IV) oxides.[132] They can reduce soluble U(VI) and Cr(VI) into less soluble U(IV)
and Cr(III), which allows for bioremediation of wastewater containing heavy metals.[138,139]

Their ability to indiscriminately interact with various electron acceptors endows themselves
with native compatibility to inorganics, and by analogy, to synthetic electrodes for microbial
electrochemistry.[140]

Shewanella genus welds the most diverse respiratory pathways to survive in both oxic
and aoxic environments.[141] They can use a wide range of organic and inorganic compounds
as electron acceptors including Fe(III) and Mn(IV) oxides, nitrate, dimethylsulfoxide, sulfite,
thiosulfate and elemental sulfur.[142] Their metabolic versatility promises great potential in
bioremediation of environmental pollutants. Shewanella usually produces less current than
Geobacter, therefore Shewanella is less employed in microbial fuel cells.[143]

Besides producing electrons, G. sulfurreducens was found able to receive electrons from
graphite electrodes to reduce fumarate into succinate,[144] which promises its applications in
bioremediation. G. sulfurreducens has been employed to decontaminate the U(VI)-containing
wastewater with electrons supplied by a graphite electrode.[145] By this means, soluble U(VI)
was biotically reduced into insoluble U(IV) and immobilised on the electrode.

1.7.2 Extracellular electron transfer

The cell envelop is neither physically permeable to minerals nor electrically conductive,
Geobacter and Shewanella therefore have developed various extracellular electron transfer
(EET) mechanisms to fulfil their survival needs.[146] By coupling intracellular metabolism
with extracellular redox transformations, EET creates opportunities to leverage the microbial
metabolism for sustainable energy production and chemical synthesis. Despite a phylogenetic
diversity, EET can happen via three pathways: c-type cytochromes (cyt c), conductive
bacterial nanowires and self-excreted electron shuttles.[147]
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Figure 1.8 Microbial extracellular electron transfer pathways. a. In Geobacter, metabolic
electrons are transferred across the cellular membrane via outer membrane cytochromes
and conductive pili. b. In Shewanella, metabolic electrons are transferred via cytochromes,
conductive nanowires and self-excreted flavins.

Cyt c contains haems that comprise porphyrin rings and iron atoms and function as the
electron transfer centre. Genome analysis revealed that Geobacter sulfurreducens (G. sul-
furreducens) has 111 genes encoding cytochromes distributed in inner membrane, periplasm
and outer membrane.[148] Outer membrane cytochromes including OmcB, OmcE, OmcS
and OmcZ along with a periplasmic cytochrome PpcA have been identified underlying
the EET in Geobacter (Figure 1.8a).[147] PpcA acts as an intermediary electron carrier
between cytoplasmic electron donors and extracellular electron acceptors.[149] OmcZ is
thought essential for current production and long-distance electron transfer in biofilms.[150]

The physiological functionality of other cytochromes remains elusive.[146] The genome se-
quencing revealed 39 cytochromes in Shewanella oneidensis (S. oneidensis).[142] CymA is an
inner-membrane-bound tetrahaem cytochrome vital for Shewanella EET. It functions as the
major electron conduit across the periplasm by directly interacting with periplasmic redox
proteins (Figure 1.8b).[151] Metal-reducing proteins MtrA, MtrB and MtrC assemble into a
complex that carries electrons across the ∼40 Å outer membrane, and is the best-understood
pathway for microbial EET.[152–154]

Both Geobacter and Shewanella can grow conductive pili termed“bacterial nanowires” in
response to a deficiency of electron acceptors nearby (Figure 1.8).[155,156] The conductive
nanowires allow bacteria to access electron acceptors several micrometres away, and thus are
evolutionarily meaningful for them to survive in subsurface environments where metal oxides
are heterogeneously dispersed. Geobacter nanowires are assembled by micrometer-long
polymerization of the hexaheme cytochrome OmcS, with haems packed within ∼3.5–6 Å
of each other.[157] Distinct from Geobacter, Shewanella nanowires are extensions of the
outer membrane and periplasm, which contain the redox-active multihaem cytochromes
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Figure 1.9 The formation of biofilm during anodic growth. a. Typical anodic current of
microbial growth on an electrode. b. The redox and pH gradients (indicated by the colour
bars) inside a biofilm on an electrode.

(MtrA, MtrC, OmcA etc),and allow electrons to transport via a multistep redox hopping
mechanism.[158,159]

Besides the direct electron transfer via outer membrane cytochromes and bacterial
nanowires, Shewanella, but not Geobacter can also secretes flavins, mainly riboflavin and
flavin mononucleotide, to shuttle electrons. The mediated electron transfer accounts for
more than 70% of the EET capacity.[160–162] Whereas the ATP cost for synthesising flavins is
less than 0.1%, the EET kinetics is governed by the diffusion of electron shuttles, rendering
Shewanella less efficient in current production.[160,163]

1.7.3 Microbial electrogenesis

Some microorganisms can generate electrical current has been known for more than a cen-
tury.[164] Renewed interest in this phenomenon, termed microbial electrogenesis, stimulates
continuous research in microbial fuel cells to harness the power of microbial metabolism for
electricity production or wastewater treatment.[146,165] Microbial electrogenesis is undertaken
by electrogenic microorganisms that can discharge respiratory electrons to an anode by
EET.[154] Here, I outline the current understanding of the assembly of biofilms on electrodes
and electron transfer mechanisms with primary focus on G. sulfurreducens.

The development of a biofilm on an electrode undergoes three phases, namely lag
phase, exponential phase and stationary phase, which is registered as anodic current by
chronoamperometry (Figure 1.9a). During the lag phase, planktonic cells land on the
electrode surface and laterally proliferate into a monolayer biofilm with little current output.
The current begins to increase exponentially when the biofilm thickens and cyt c accumulates
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locally.[166] The mechanisms of intrabiofilm electron transfer still lack consensus due to
the unresolved contention between the metallic-like conductivity and redox conductivity
(electron superexchange).[167–171] The superexchange mechanism is progressively attested by
the mounting experimental evidence.[172–174] Within this framework, the following discussion
will depict how electrons traverse the biofilm with dozens of micrometre thickness and
pinpoint factors limiting the biofilm growth and maximum current density.[175,176]

The Geobacter biofilm conduction stems from multistep electron hopping mainly through
multihaem cyt c, which is driven by the redox gradient arising from the disparity in local
oxidation states of the biofilm far from and close to the anode surface (the local electron
concentration is higher farther from the anode surface) (Figure 1.9b).[172,175] Such scheme
also partly accounts for the upper limit of the thickness of anode-grown biofilms. At a certain
distance away from the electrode surface, local concentration of oxidised cytochromes in the
biofilm becomes too low to accept electrons, thereby inhibiting additional growth beyond the
existing thickness.[175,177] The other limiting factor is the pH gradient. The anode respiration
of one acetate molecule entails a stoichiometric production of eight protons. Inefficient pro-
ton dissipation incurs pH gradient in the biofilm, where the local pH near the anode surface
could decrease to 6.1 from neutrality (Figure 1.9b).[178] The local acidification suppresses
the metabolic activity of microbes, positively shifts the redox potentials of cytochromes,
and in consequence, hinders the continual growth of biofilm and its current production.[175]

Despite these gradients, it has been demonstrated that microbes throughout the biofilm are
active in metabolism and able to release electrons, regardless of their spatial locations.[179] In
enzymatic hybrids, efficient intraprotein electron relays render the protein-material interface
rate-limiting, whereas biofilm voltammetry analysis concludes that the anodic current is
largely governed by the intrabiofilm electron transport via redox cofactors.[176,180,181] Re-
actant diffusion within the biofilm, microbial metabolism with acetate and electron transfer
across the microbe-electrode interface are not likely to account for the finite current.[180]

1.7.4 Microbial (photo)electrosynthesis

Microbial (photo)electrosynthesis is carried out in a biohybrid system where microorganisms
are immobilised on electrodes to catalyse redox reactions driven by light or electricity
(Figure 1.10a). Underlying this process is the electron uptake ability of microorganisms
from the interfacing electrode (Figure 1.10b–d).[182] This can happen directly between the
electrode and microorganisms and also be mediated by H2 or diffusional redox couples. The
direct electron transfer is the preferred means for microbial electrosynthesis, as it bypasses the
handicap of low solubility of H2 and the diffusional limitations of electron shuttles. Besides,
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Figure 1.10 Microbial electrosynthesis. a. Schematic representation of a microbial elec-
trosynthetic cell powered with electricity that can be derived from renewable sources (solar
light, wind, et al). PEM: proton exchange membrane. At the anode chamber, an electrode
donor (e.g., H2O) is oxidised, providing electrons that are later energised by the energy
input. At the cathode chamber is a microbial hybrid electrode where microorganisms receive
electrons from the interfacing electrode scaffold and drive the reduction reaction (e.g. CO2
reduction). b–e. Mechanisms for electron transfer from electrodes to microorganisms. Elec-
trons from the electrode can be delivered to the microorganisms by H2 (b), redox mediators
(MedRed/MedOx, c), direct electron transfer (d) or interspecies hydrogen transfer (e).

it avoids the high overpotential necessary to generate H2 at poorly catalytic electrodes and the
potential toxicity of some mediators (e.g., methyl viologen).[183] As electricity can be finally
derived from solar light by photovoltaic devices, one can readily and flexibly extrapolate
the application of the microbe-electrode hybrid to photosynthesis, either by pairing with a
photoelectrode in a PEC cell or connecting with a solar cell for photovoltaic electrolysis.

Few light-absorbing semiconductors have been optimised to fit the dimension of microor-
ganisms. Integration of microbes into the electrode scaffold also poses challenges on the
chemical stability, biocompatibility, conductivity and surface chemistry of the semiconduct-
ing materials, not least the impact on light transmission. A more favoured strategy is to
immobilise microorganisms on electrodes with tailored morphologies while outsource light
harvesting to photoanodes or photovoltaics in tandem systems. Such way decouples photo-
chemistry with microbial metabolism, and thereby suppresses unwanted parasitic reactions
and eliminates possible oxidative stresses stemming from photoinduced ROS. The simplified
design also grants more flexibility in the making of electrode architectures to enhance the
loading capacity and engineer the electrode surface to improve the interaction. Therefore,
more efforts converge on interfacing microbial cells with tailored electrodes and improving
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the interfacial electron transfer and mass transport. Such exploitation can capitalise on
decades of research in microbial fuel cells,[184] and be guided by recent understandings of
the interaction between synthetic materials and microorganisms.[185]

The first report appeared in 2004 when graphite electrodes were employed to feed G.
sulfurreducens with electrons for fumarate reduction.[144] The H2-mediated electron transfer
was ruled out because the electrode barely produced H2 at the applied potential (0.3 V vs.
SHE, pH 6.8). Instead, G. sulfurreducens directly received electrons from the electrode
through a separate pathway other than its outward extracellular electron transfer.[186] The
same reaction could also be accomplished by S. oneidensis cultured on a graphite electrode
or in a three-dimensional reduced graphene oxide (RGO) scaffold.[187,188] But distinct from
G. sulfurreducens is that exogenously-supplied electrons were routed reversibly via the outer
membrane protein complex (MtrCAB) to the cell and engaged with cytoplasmic fumarate
reductase through CymA and menaquinone pool.[187] An envisioned application for microbial
electrosynthesis is bioremediation, namely, decontaminating the wastewater possibly powered
by solar energy.[165] For example, under applied negative potentials, G. sulfurreducens could
precipitate soluble U(VI) ions on electrodes, which can be easily collected.[145] Bacteria such
as G. lovleyi and Anaeromyxobacter dehalogenans with the ability to respire with chlorinated
compounds can also be exploited to dechlorinate contaminants (e.g., tetrachloroethene,
2-chlorophenol ) in this manner.[189,190]

1.7.5 Electrode architectures for microbial electrochemistry

Electrodes underlie the operation of microbial fuel cells in several ways: they intimately
interface with electrogenic microorganisms and collect electrons discharged from microbial
metabolism. Also, they provide a biocompatible scaffold for microbial proliferation and
during the course, ensure effective delivery of feedstock and dissipation of products. As such,
the chemical components, scaffold structure, as well as surface topology and chemistry of
electrodes, will fundamentally influence the physical interaction and electrical interplay at
microorganism-material interfaces.[140,185] The early studies used carbon-based electrodes
such as graphite and carbon cloth (Figure 1.11a,b), which are conductive, electrochemically
stable, biocompatible and inexpensive.[144,199,200] The later use of carbon nanomaterials, e.g.,
carbon nanotubes and graphene, introduced more topological features on the electrode surface,
and thereby created larger surface area accessible to microorganisms.[201–204] Metals like cop-
per, silver and stainless steel can also serve as microbial electrodes.[205] The main advantage
of metal electrodes is their exceptionally high conductivity (106–107 S m−1) that is several
orders of magnitude higher than that of carbonaceous counterparts. Yet their drawbacks arise
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Figure 1.11 Representative electrode scaffolds employed in microbial fuel cells. a. Carbon
cloth. Reproduced with permission from Ref.[191]. b. Graphite belt. Reproduced with
permission from Ref.[192]. c. Polyaniline nanowires. Reproduced with permission from
Ref.[193]. d. ITO nanowires. Reproduced with permission from Ref.[194]. e. Carbon
nanotube-chitosan scaffold. Reproduced with permission from Ref.[195]. f. Carbon nanotube
sponge. Reproduced with permission from Ref.[196]. g. Graphene sponge. Reproduced
with permission from Ref.[197]. h. Graphene aerogel. Reproduced with permission from
Ref.[198].

from high cost and incidental dissolution under applied electrochemical potentials, which
could incur unwanted electrode corrosion and possible cytotoxicity. Alternatively, conducting
polymers (e.g. polyaniline) and mental oxides (e.g. TiO2, ITO) were explored as conductive
scaffold to facilitate the extracellular electron transfer (Figure 1.11c,d).[193,194,206,207] A
more universal strategy is to hybridise different materials and combine their traits. Such
synergy has been realised on several binary or ternary composites with graphene as the
structural platform whilst metallic nanoparticles, metal oxides or conducting polymers as the
guest components.[198,208–211]

Single cell-level electrochemical studies revealed that the current output per cell (G.
sulfurreducens or S. oneidensis) fell in the range of 15–200 fA,[212–214] which promises an
areal current of ∼10 mA cm−2 or a volumetric current of ∼ 103mA cm−3 based on single
cell’s geometry and represents an intrinsic upper limit of the current density attainable from
a microbial fuel cell. These values are 2–3 orders of magnitude higher than those produced
by state-of-the-art microbial fuel cells.[140] Rational design of the electrode architecture
offers scope for improvement, by increasing the loading density of cells. Typical examples
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are monolithic three dimensional electrodes such as carbon sponges, graphene aerogels
(Figure 1.11e–h).[127,140,184,206] But their porosity was not compatible to the dimension of
cells, resulting in the formation of compact biofilms with sluggish electron transfer and
inefficient mass transport[175]. Thus, a hierarchical electrode with tailored structure is needed
to multiply the surface area available for microbial colonies, and improve the performance of
microbial electrogenesis and electrosynthesis.

1.8 Analytical techniques

Semi-artificial photosynthesis, in a broader context, also enables a suite of powerful analytical
tools to delve into fundamental questions relevant to physiological functionality, biocatalytic
redox chemistry and biotic-abiotic interaction.[32,215]

Figure 1.12 Analytic techniques employed in semi-artificial photosynthesis. a. A three-
electrode setup comprising a working electrode (W.E.), counter electrode (C.E.) and reference
electrode (R.E.) for protein film electrochemistry and microbial biofilm electrochemistry. b.
An enzyme-electrode interface. An enzyme adsorbed on the electrode surface catalysing a
redox reaction. Electrons from the electrode are delivered to the active site via intraprotein
electron relays. c. A rotating ring disk electrode with a biocatalysts-adsorbed disk electrode
and a Pt ring electrode. d. An ATR-IR setup with an electrode scaffold deposited on an
optical waveguide crystal (e.g., a Si prism). e. In situ spectroelectrochemistry that combines
vibrational/electronic spectroscopy with biofilm electrochemistry. f. A typical piezoelectric
chip for quartz crystal microbalance.
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Wiring enzymes or cells to an electrode allows electrochemical methods to probe their
redox chemistry and physiological functionality under turnover and non-turnover condi-
tions, through the electron transfer at the interface (Figure 1.12a,b).[63,216] Modulating the
electrode potential or altering reaction conditions (e.g. reactant/inhibitor concentration,
temperature, pH) can induce electron exchange between the electrode surface and the biocat-
alysts, which registers as a varying current that bears thermodynamic and kinetic features. A
wealth of information with mechanistic and physiological relevance can be extracted from
the interpretation of the potential-current interplay by theoretical or modelling means. For
example, protein film electrochemistry has been employed to determine redox potentials,
benchmark turnover rates, and delineate catalytic schemes of electroactive enzymes,[44,217]

while biofilm voltammetry is used to decipher the pathways of extracellular electron transfer
and unravel mechanisms of biofilm conduction.[180,218] The simplicity of the electrochemical
apparatus (typically in a three-electrode electrochemical cell) renders it readily compatible
with an extra light source to investigate the light-driven redox reactions of photoactive en-
zymes (Figure 1.12a).[103] Besides stationary electrodes, rotating electrodes, namely rotating
disk electrodes or rotating ring disk electrodes, provide an effective way to eliminate the
limitations in mass transport that often obscures catalytic features.[219] This technique has
recently been applied to monitor H2O oxidation by PSII films on electrodes and look into the
photocathodic current stemming from the generation of H2O2 (Figure 1.12c).[98] The scope
of electrochemical analysis can further be expanded with microelectrode-based platforms
such as scanning electrochemical microscopy or microelectronic chips. These techniques
allow probing the physiological functionality and catalytic activities of discrete enzymes or
cells down to the single-entity level.

Complementary to electrochemical methods are spectroscopic techniques. The spec-
troelectrochemical measurements allow for in vivo detection of electronic and vibrational
changes with relevance to enzymatic or cellular functionalities under electrochemical control
and provide structural or mechanistic insights that were otherwise intractable with elec-
trochemistry alone.[215] For example, infrared (IR) spectroscopy is a powerful method to
study the structure and functionality of proteins through their vibrational signatures. A
typical protein’s IR spectrum features two prominent amide bands (e.g., amide I at ∼1650
cm−1, amide II at ∼1550 cm−1) that are sensitive to protein’s secondary structure.[220] IR
spectroscopy can be performed in an attenuated total reflection (ATR) mode that generates
an evanescent wave to probe the surface-adsorbed entities (Figure 1.12d). The ATR-IR
technique has been employed to monitor the enzyme (H2ase and FDH) penetration inside
an electrode scaffold and study the nature of protein-material interaction.[221,222] Resonance
Raman spectroscopy can selectively probe the vibrational signatures involving metal ligands,
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which further unveiled more structural and electronic subtleties of the active site of H2ase
during the catalytic cycle (Figure 1.12e).[223,224] This technique has recently been extended
to MtrC loaded on a mesoporous ITO electrode, in attempt to elucidate its peroxidase activ-
ity.[119] UV–vis absorption spectroscopy has commonly been used to quantify the enzyme
loading on an electrode via innate chromophores, i.e., chlorophylls in PSII and haem groups
in MtrC.[59,118,119]

Beyond electrochemistry and spectroscopy, quartz crystal microbalance (with dissipation)
enables a sensitive method to measure the mass change down to the single-molecule level on
a piezoelectric quartz chip (Figure 1.12f).[56] This allows quantification of enzyme loadings
in an electrode scaffold, which is not readily accessible by electrochemical or spectroscopic
means and can be further extrapolated to evaluate the nature of enzyme interaction with
electrode materials.[221,222] With more tools being added to the toolbox, these emerging
analytic techniques can provide fresh insights from different perspectives to assemble a more
comprehensive picture of biohybrid systems.

1.9 Thesis outline

The aim of this thesis is to develop an array of electrodes that are versatile for biocatalysts
with different morphologies and functionalities. PSII and G. sulfurreducens were employed
as model biocatalysts in the form of enzyme and whole cell. Chapter 2 describes all the
experimental details in this thesis, including electrode preparation, enzyme loading, bacteria
culturing, electrochemical measurements and physical characterisation. Chapter 3 aims to
establish a relationship between electrode structure and enzyme activity, which will help
to formulate strategies for the design and optimisation of future photosynthetic biohybrid
systems. This was achieved by a side-by-side comparison amongst an array of IO-ITO
electrodes with different macro- and mesostructures, with the aid of confocal fluorescence
microscopy, ATR-IR and PF-PEC. Chapter 4 extended the methodology to inverse opal-
graphene electrodes as the host for PS II. The graphene electrodes underperformed in enzyme
loading and photoactivity compared with IO-ITO electrodes due to their structure flaws and
light absorption, which underlines the importance of electrode materials.

Chapter 3 cemented IO-ITO as a robust and versatile electrode scaffold for photoactive
enzymes. In view of strengths of whole cells as biocatalysts, Chapter 5 tailored the structure of
the IO-ITO electrode to host electroactive bacteria G. sulfurreducens. The IO-ITO electrode
provided conductive and hydrophilic surfaces and thus enabled bacteria to discharge electrons
arising from anaerobic respiration. A record high current density was attained with such
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electrode at 0.1 V vs. SHE, indicating a high population of bacteria actively metabolising
inside the scaffold. The anodic current was found dependent on the potential applied on the
electrode and differential gene expression analysis was performed to gain mechanistic insights
into such correlation. Chapter 6 utilised these bacteria-colonised hybrid electrodes to drive
reducing reactions within and beyond their native metabolic pattern, with electrons supplied
by an external circuit or ultimately outsourced to a photoanode. Chapter 7 summarises
key findings in this thesis and blueprints future directions of research in the field of semi-
artificial photosynthesis. This thesis represents an interdisciplinary approach to address the
challenge of sustainable solar-to-chemical conversion and is part of an ongoing exploration
that synergistically combines biocatalysis with synthetic materials to induce shifts in the
production of high value fuels and chemicals with renewable energy sources.





Chapter 2

Experimental Section

Experiments presented in this chapter were performed solely by the author of this the-
sis, unless otherwise stated in the text. Contributions from others are outlined here: Dr.
Tarek A. Kandiel developed the hydrothermal method of synthesising ITO nanoparticles; Dr.
Katarzyna Sokol developed the IO-ITO 750 nm electrode with Sigma-Aldrich ITO nanoparti-
cles. Prof. A. William Rutherford and Dr. Andrea Fantuzzi provided the purified PSII; Dr.
Qian Wang prepared the BiVO4-CoOx electrodes; Dr. Shafeer Kalathil cultured the bacteria,
performed the protein quantification and extracted RNA for sequencing; The RNA sequencing
and data analysis was conducted by Cambridge Genomic Services (CGS); Dr. Nina Heidary
set up the ATR-IR spectroscopy measurements and analysed the data; Dr. Giorgio Divitini
acquired the FIB-SEM images.

2.1 Electrode preparation

2.1.1 Synthesis of indium tin oxide nanoparticles

The ITO nanoparticles were synthesised following a solvothermal method developed by Dr.
Tarek A. Kandiel.[225] Typically, anhydrous InCl3 (4.5 mmol) and SnCl4 ·5H2O (0.5 mmol)
were dissolved in ethylene glycol (4 mL). To this mixture, a NaOH solution in ethylene glycol
(2.5 M, 6 mL) was added under continuous stirring at 0 ◦C. The final NaOH concentration
was 1.5 M. After 15 min of stirring, the suspension was transferred into a Teflon-lined
autoclave and heated at 250 ◦C for 12 h to obtain ITO nanoparticles with an average size of
10 nm or for 96 h to obtain 20 nm ITO nanoparticles. After cooling to room temperature,
the product was washed three times with ethanol and twice with water/ethanol mixture (50%
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Figure 2.1 Schematic illustration to the preparation of IO-ITO electrodes by a coassembly
method with PS beads and ITO nanoparticles.

v/v) then once with acetone and dried under vacuum at room temperature. For 40 nm ITO
nanoparticles, NaOH concentration was adjusted to be 1.0 M and the reaction time was 96 h.

2.1.2 Inverse opal-indium tin oxide electrodes

IO-ITO electrodes with 750 nm macropores (IO-ITO 750 nm) were prepared by a coassem-
bly method developed by Dr. Katarzyna Sokol and Dr. Dirk Mersch (Figure 2.1).[59,70].
Typically, ITO nanoparticles (35 mg) were dispersed in 300 µL of a mixture solution of
methanol and water (6:1, v:v) and sonicated for 3 h. Monodispersed PS latex (750 nm, 2.5
wt% in water) was purchased from Polysciences Inc. and stored at 4 ◦C. PS latex (1 mL) was
centrifuged at 7,000 rpm for 6 min to remove the supernatant and redispersed in methanol.
The PS dispersion was vortexed and centrifuged again to remove the supernatant. The
dispersion of ITO nanoparticles was mixed with the PS beads and the mixture was vigorously
vortexed and sonicated for 30 min in ice water (< 4 ◦C). ITO coated glass (Visiontek System
Ltd., 1 cm × 2.5 cm × 0.11 cm, 12 Ω cm−2) was pre-cleaned by sonicating in acetone,
isopropanol and ethanol, and stored at 150 ◦C. A Parafilm ring (φ = 0.56 cm) was placed
onto the ITO glass and heated at 125 ◦C for 1 min to define a geometrical area of 0.25 cm2.
Then PS-ITO mixture was dropcast into the defined area and dried in air for 20 min. To make
20 µm thick IO-ITO electrodes, the volume of PS-ITO mixture varied with different ITO
nanoparticles: 7.5 µL for 10 nm and 20 nm, 12 µL for 40 nm and 8.5 µL for Sigma-Aldrich
(SA) ITO nanoparticles. The electrodes were annealed in air at 500 ◦C for 20 min with a
ramping rate of 1 ◦C min−1 from room temperature.

IO-ITO electrodes with 3 µm macropores (IO-ITO 3 µm) were prepared by the coassembly
method with a modified formula. Typically, ITO nanoparticles (40 mg) were dispersed in
a mixture solution (350 µL) of methanol and water (11:1, v:v) and sonicated for 3 h. 1 mL
of monodispersed PS latex (3 µm, 2.5 wt% in water, Polysciences Inc.) was centrifuged
at 10,000 rpm for 3 min and washed with methanol. The dispersion of ITO nanoparticles
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was mixed with the PS beads and sonicated for 30 min in ice water (< 4 ◦C). Then PS-ITO
mixture was dropcast into the defined area (0.25 cm2) on ITO glass and dried in air for
20 min. To make 20 µm thick IO-ITO electrodes, the volume of PS-ITO mixture varied
with different ITO nanoparticles: 9 µL for 10 nm and 20 nm, 8 µL for 40 nm and SA ITO
nanoparticles. The electrodes were annealed in air at 500 ◦C for 20 min at 1 ◦C min−1.

IO-ITO electrodes with 10 µm macropores (IO-ITO 10 µm) were prepared following
a modified coassembly method. Typically, ITO nanoparticles (20 mg) were dispersed in a
mixture solution (125 µL) of methanol and water (11:1, v:v) and sonicated for 3 h in ice
water. 750 µL of monodispersed PS latex (10 µm, 2.5 wt% in water, Polysciences Inc.) was
centrifuged at 10,000 rpm for 3 min and washed with methanol. The dispersion of ITO
nanoparticles was mixed with the PS beads and sonicated for 30 min in ice water (< 4 ◦C).
15 µL of PS-ITO mixture was dropcast into the defined area (0.25 cm2) on ITO glass and
dried in air for 20 min. The electrodes were then annealed in air at 500 ◦C for 20 min at 1 ◦C
min−1.

IO-ITO electrodes with 20 µm macropores (IO-ITO 20 µm) were prepared following a
modified co-assembly method. Typically, ITO nanoparticles (15 mg) were dispersed in a
mixture solution (150 µL) of methanol and water (11:1, v:v) and sonicated for 3 h in ice
water. 1 mL of monodispersed PS latex (10 µm, 2.5 wt% in water, Polysciences Inc) was
centrifuged at 10,000 rpm for 3 min and washed with methanol. The dispersion of ITO
nanoparticles was mixed the PS beads and sonicated for 30 min in ice water (< 4 ◦C). 15 µL
of PS-ITO mixture was dropcast into the defined area (0.25 cm2) on ITO glass and dried in
air for 20 min. The electrodes were then annealed at 500 ◦C for 20 min at 1 ◦C min−1.

2.1.3 Inverse opal-graphene electrodes

Graphene oxide (GO) was synthesised by a modified Hummer’s method.[226] In brief, H2SO4

(20 mL, 98%), K2S2O8 (4.2 g), graphite powder (5 g, 325 mesh) were added to a 250 mL
round bottom flask. The mixture was vigorously stirred at 80 ◦C for 4.5 h, then cooled down
to room temperature. The mixture was then diluted with water and left overnight. The
mixture was repeatedly washed with 1 L water and dried in the air overnight to obtain a
pre-oxidised graphite. Next, a 250 mL round bottom flask was placed in an ice bath. H2SO4

(58 mL, 98%) and graphite oxide (2.5 g) were slowly added into the flask with vigorous
stirring. Then HNO3 (1.25 g) and KMnO4 (8.0 g) were slowly added during which the
temperature was kept below 10 ◦C. The mixture was then heated to 35 ◦C and stirred for 2
h, and then diluted with 58 mL water and stirred for another 2 h, followed by adding 350
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Figure 2.2 Schematic illustration to the preparation of IO-graphene electrodes by a
coassembly method with PS beads and GO microsheets.

mL water. H2O2 (25 mL, 30%) was added in dropwise to the solution and left overnight
for stratification. The supernatant was decanted and the GO was washed with water and 1
M HCl for five times to remove the metal oxides, washed with water until the supernatant
was nearly neutral. Finally, GO was dispersed in water and sonicated for 30 min to obtain a
brownish solution. GO powder was obtained by freeze-drying the GO solution at −76 ◦C for
72 h.

The IO-graphene electrodes were prepared by coassembling PS beads with GO, followed
by thermal reduction into reduced GO (RGO) (Figure 2.2). In this thesis, GO powder was
redispersed in water to make colloidal solutions of different concentrations (4 mg mL−1 and
10 mg mL−1, denoted as Gr I and Gr II respectively). 1 mL of PS latex (750 nm, 3 µm, 2.5
wt%) was centrifuged and washed with water. GO solutions were mixed with PS beads and
sonicated in ice water (< 4 ◦C) for 2 h. A Scotch tape ring was placed on ITO-coated glass
(Visiontek System Ltd., 1 cm × 2.5 cm × 0.11 cm, 12 Ω cm−2) to define a geometrical
area of 0.25 cm2. To make 20 µm thick electrodes, different volumes of PS-GO mixtures
were dropcast on the ITO glass and dried in air for 1 h: 18 µL Gr I-750 nm, 7 µL Gr I-3
µm, 9 µL Gr II-750 nm, and 7 µL Gr II-3 µm. The electrodes were annealed at 500 ◦C at
for 20 min at 1 ◦C min−1 in Ar flow (80 sccm) to remove PS beads and reduce GO. The
resulting IO-graphene electrodes were treated with a UV-ozone cleaner for 20 min to improve
hydrophilicity.

2.1.4 Inverse opal-titanium oxide electrodes

TiO2 nanoparticles (Evonik, Aeroxide, P25, 21 nm, anatalse:rutile (80:20), 5 mg) were
dispersed in a mixture of methanol and water (6:1, v:v, 75 µL) and sonicated for 2 h. 10
µm PS latex (1 mL, 2.5 wt% in water.) was washed and mixed with TiO2 nanoparticles by
sonicating for 30 min in ice water (< 4 ◦C). 5 µL of the PS-TiO2 mixture was dropcast onto
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ITO glass slides with a pre-defined area of 0.25 cm2.The electrodes then were annealed at
500 ◦C in air for 20 min at a ramping rate of 1 ◦C min−1.

2.1.5 Inverse opal-zirconium oxide electrodes

ZrO2 nanoparticles (20–30 nm, 20 mg) were dispersed in a mixture of methanol and water
(11:1, v:v, 150 µL) and sonicated for 2 h. 10 µm PS latex (0.75 mL, 2.5 wt% in water.) was
washed with water and methanol. PS beads were then mixed with the ZrO2 nanoparticles
dispersion by sonicating for 30 min in ice water (< 4 ◦C). 15 µL of the PS-ZrO2 mixture was
dropcast onto ITO glass slides with a pre-defined area of 0.25 cm2.The electrodes then were
annealed at 500 ◦C in air for 20 min at a ramping rate of 1 ◦C min−1.

2.1.6 Bismuth vanadate electrodes

The BiVO4-CoOx electrode was prepared by Dr. Qian Wang according to a previously-
reported method.[227] Bismuth precursor thin films were first electrochemically deposited
on FTO glass slides (Sigma Aldrich; 8 Ω cm−2) in a three-electrode system consisting of a
Ag/AgCl reference electrode (in 3 M NaCl solution) and a Pt counter electrode. Bi(NO3)3

solution (25 mL 0.1 M, in acetic acid, pH 4.8) was mixed with p-benzoquinone (20 mL,
0.3 M, in ethanol) as the electrolyte. Electrodeposition was performed on an FTO glass
slide with a pre-defined area of 1.0 cm2 at 2.3 V vs. Ag/AgCl for 7 min at 25 ◦C using
a potentiostat (MultiEmStat3+). The obtained bismuth precursor film was washed with
water and dried in air, followed by dip-coating with vanadyl diacetylacetonate (0.2 M in
dimethylsulfoxide/ethanol (1:1, v:v)). The electrode was then calcinated at 520 ◦C in air for
2 h at a ramping rate of 2 ◦C min−1. Then the electrode was washed with NaOH (1 M) for
10 min and water to remove excess VOx. The obtained BiVO4 electrode was immersed in a
Co(NO3)2 solution (20 mL, 10 mM, in 10 mM NH3 ·H2O, pH 8.4) for 30 min to load CoOx.
The BiVO4-CoOx electrode was then washed with water and annealed at 250 ◦C in air for 30
min at a ramping rate of 2 ◦C min−1.
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2.2 Photosystem II photoelectrochemistry

2.2.1 Photosystem II separation and purification

PSII used in this thesis was provided by Prof. A. William Rutherford and Dr. Andrea
Fantuzzi from Imperial College London and was prepared according to a previously reported
protocol.[89,228–230] In brief, thermophilic cyanobacteria Thermosynechococcus elongatus (T.
elongatus) (43-H strain) were grown in 3 L Erlenmeyer flasks in a rotary shaker (120 rpm)
at 45 ◦C under continuous fluorescent white-lamp illumination (≈ 80 µmol m−2s−1). The
cells were grown in a CO2-enriched atmosphere until they reached an optical density (OD)
1.0 at 800 nm. The cells were centrifuged and washed once with a buffer solution (buffer
I, pH 6.5) containing 40 mM 2-(N-morpholino)ethanesulfonic acid (MES), 15 mM MgCl2,
15 mM CaCl2, 10% glycerol, 1.2 M betaine and resuspended in the same buffer with 0.2%
(w/v) bovine serum albumin, 1 mM benzamidine, 1 mM aminocaproic acid and 50 µg mL−1

DNase I to make chlorophyll (Chl) concentration 1.5 mg mL−1. The cells were ruptured
with a French press (700 psi), followed by centrifugation (1000 ×g, 5 min) to remove the
unbroken cells. Thylakoids were pelleted by centrifugation (180,000 ×g, 35 min) at 4 ◦C
and washed twice with buffer I. Thylakoids were finally resuspended in buffer I and stored in
liquid N2 at a Chl concentration of 1 mg mL−1 before use.

Thylakoids (1 mg mL−1) were treated with 1% (w/v) n-dodecyl-β -maltoside (β -DM,
Biomol, Germany) in buffer I with 100 mM NaCl. After stirring in the dark at 4 ◦C, the
suspension was centrifuged (170,000 ×g, 10 min) to remove the non-solubilised material.
The supernatant was mixed with an equal volume of Probond resin (Invitrogen, Groningen,
The Netherlands) that had been pre-equilibrated with buffer I. The resulting slurry was
transferred to an empty column and the supernatant was removed after resin sedimentation.
The resin was washed with buffer II (40 mM MES, 15 mM MgCl2, 15 mM CaCl2, 100
mM NaCl, 15 mM imidazole, 0.03% (w/v) β -DM, 10% (v/v) glycerol, 1.2 M betaine, pH
6.5) until the OD value of the eluate at ≈ 670 nm decreased below 0.05. Then, PSII core
complexes were eluted with buffer III (150 mM MES, 15 mM MgCl2, 15 mM CaCl2, 200
mM NaCl, 300 mM imidazole, 0.1% (w/v) β -DM, 10% (v/v) glycerol, 1.2 M betaine, pH
6.5). The eluate was then precipitated with buffer I containing 15% (w/v) polyethylene glycol
8000 by centrifugation (170,000 ×g, 10 min). PSII core complexes were finally resuspended
in buffer I at a Chl concentration of 1–1.5 mg mL−1 and stored in liquid N2 before use.
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2.2.2 Loading photosystem II on electrodes

A PSII stock solution (4.25 mgChl mL−1, 136 µM PSII monomers) was diluted with a
stock buffer (pH 6.5) containing 40 mM MES, 30 mM MgCl2, 15 mM CaCl2, 10% (v/v)
glycerol and 1 M betaine. 1.25 µL of PSII stock solution (2.13 mgChl mL−1, 85.2 pmol PSII
monomers) was dropcast on each IO-ITO electrodes while 0.9 µL of PSII stock solution
(1.30 mgChl mL−1, 37.4 pmol PSII monomers) was dropcast on each IO-graphene electrode.
The PSII-loaded electrodes were incubated in air for 15 min in the dark.

The PSII monomers loaded on electrodes were quantified by UV–vis analysis after each
PF-PEC experiment.[116] The IO-ITO and IO-graphene scaffolds were scratched from the
ITO glass and dispersed in methanol (0.5 mL). After centrifugation (10,000 rpm, 4 min),
the supernatant was extracted and transferred into a quartz cuvette for UV–vis analysis.
Assuming each PSII monomer has 35 Chl a molecules, the amount of PSII monomers were
determined according to Equation (2.1)

ΓPSII =
A665 nm −A750 nm

35 · ε · l
·VMeOH (2.1)

where ΓPSII is the amount of PSII monomers; A665 nm and A750 nm are absorbance at 665 nm
and 750 nm respectively; ε is the molar attenuation coefficient (ε = 79.95 mL mg−1 for Chl
a molecules);[231] l is the path length of the light beam through the quartz cuvette (l = 1 cm);
VMeOH is the volume of methanol (VMeOH = 0.5 mL).

2.2.3 Protein film-photoelectrochemistry

PF-PEC experiments were performed in a three-electrode system in an electrochemical
cell that was enveloped with a water jacket (25 ◦C). A potentiostat (Ivium CompactStat)
was coupled with a monochromatic red LED light source (λ = 685 nm, I = 10 mW cm−2)
collimated by two plano-convex lenses (THORLABS N-BK7, d = 7.5 cm, f = 5.0 cm). The
working electrode was placed to face the LED light source with its front side. The light
intensity reaching the electrode surface was calibrated by a light meter (QRT1 Quantitherm,
Hansatech Instruments) before each experiment. A Pt mesh was used as the counter electrode
and Ag/AgCl (in 3 M NaCl solution) as the reference electrode. The electrolyte solution (pH
6.5) contained 40 mM MES, 20 mM CaCl2, and 5% (v/v) glycol. 40 µL of 2,6-dichloro-1,4-
benzoquinone (DCBQ) solution (0.1 M in dimethyl sulfoxide) was added to the electrolyte
solution for mediated photocurrent measurements. A potential of 0.5 V vs. SHE was applied
throughout all measurements. The PSII-loaded electrodes were kept in the dark for 90 s and
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then periodically irradiated for 15 s with an interval of 15 s. The TOF of PSII monomer was
calculated assuming 100% Faraday efficiency of oxygen evolution using Equation (2.2):

TOF =
MO2

ΓPSII
=

J
4eNA ·ΓPSII

(2.2)

where ΓPSII is PSII loading on electrodes; MO2 is the amount of oxygen evolution; J is the
photocurrent density (normalised by the geometrical area of electrodes); NA is the Avogadro
constant; e is the elementary charge.

2.3 Microbial electrochemistry

2.3.1 Culturing of bacteria

Bacteria used in this thesis were cultured by Dr. Shafeer Kalathil. Geobacter sulfurreducens
PCA (G. sulfurreducens) (ATCC 51573) and Shewanella loihica PV-4 (S. loihica) were
purchased from Leibniz-Institut DSMZ-Deutsche Sammlung von Mikroorganismen und
Zellkulturen GmbH, Germany. G. sulfurreducens was cultured anaerobically in a medium
solution (DSMZ 826) using sodium acetate (20 mM) as the electron donor and sodium
fumarate (50 mM) as the electron acceptor. The bacterial strain was inoculated in 20 mL of
the medium solution in a sterilised vial and was purged with N2:CO2 (80:20 v:v%) for 1 h.
The inoculated media were kept in a shaking incubator (30 ◦C, 180 rpm) for 5 days. S. loihica
was cultured aerobically in Luria-Bertani medium solution by keeping in a shaking incubator
(30 ◦C, 180 rpm) overnight. The concentration of bacteria suspension was determined
by measuring optical density at 600 nm using a UV–vis spectrometer (Varian Cary 50,
Agilent Technologies). To suppress the outer-membrane cyt c without altering their genes, G.
sulfurreducens was cultured in the standard medium solution containing 2,2′-bipyridine (30
µM) as the iron chelator to limit the iron availability.[232] G. sulfurreducens was first cultured
in an iron-lacking medium at 30 ◦C for 5 days. Then 30 µM 2,2′-bipyridine was added into
the medium and the bacteria were cultured anaerobically at 30 ◦C for another 5 days.

2.3.2 Microbial electrochemistry

The chronoamperometry and cyclic voltammetry were performed using a potentiostat (Multi-
EmStat3+) in a three-electrode system in a three-neck round bottom flask in a water bath
(30 ◦C) under continuous stirring (200 rpm). A Pt mesh was used as the counter electrode
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Table 2.1 Components of medium for G. sulfurreducens (DSMZ 826)

NH4Cl 1.50 g
Na2HPO4 0.60 g
KCl 0.10 g
NaHCO3 2.50 g
Trace element solution 10.0 mL
Vitamin solution 10.0 mL
H2O 980.0 mL

Table 2.2 Components of medium for trace element solution

Nitrilotriacetic acid 1.50 g
MgSO4 ·7H2O 3.00 g
MnSO4 ·H2O 0.50 g
NaCl 1.00 g
FeSO4 ·7H2O 0.10 g
CoSO4 ·7H2O 0.18 mL
CaCl2 ·2H2O 0.10 mL
ZnSO4 ·7H2O 0.18 g
CuSO4 ·5H2O 0.01 g
KAl(SO4)2 ·12H2O 0.02 g
H2BO3 0.01 g
Na2MoO4 ·2H2O 0.01 g
NiCl2 ·6H2O 0.03
Na2SeO3 ·5H2O 0.30 g
Na2WO4 ·2H2O 0.40 g
H2O 1000.0 mL

Table 2.3 Components of Vitamin solution

Biotin 2.0 mg
Folic acid 2.0 mg
Pyridoxine-HCl 10.0 mg
Thiamine-HCl ·2H2O 5.0 mg
Riboflavin 5.0 mg
Nicotinic acid 5.0 mg
D-Ca-pantothenate 5.0 mg
Vitamin B12 0.1 mg
p-Aminobenzoic acid 5.0 mg
Lipoic acid 5.00 g
H3BO3 0.01 g
H2O 1000.0 mL
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Table 2.4 Components of Luri-Bertani medium

Tryptone 10.0 g
Yeast extract 5.0 g
NaCl 10.0 g

and Ag/AgCl (in 3 M NaCl solution) as the reference electrode. Sodium acetate (40 mM)
was added into the medium solution (14 mL) as the electrolyte and purged with N2:CO2

(80:20 v:v%) for 40 min. G. sulfurreducens suspension (1 mL) was inoculated into the
medium solution (final OD: 0.6) and purged for 20 min. The IO-ITO electrodes were used as
the anode and poised at different potentials (0.0–0.4 V vs. SHE). Cyclic voltammetry was
carried out at a scan rate of 5 mVs−1 after the anodic current reached a plateau. To perform
microbial electrosynthesis, the electrolyte was replaced with a medium solution containing
sodium fumarate (50 mM) and purged with N2:CO2 (80:20 v:v%) for 40 min. A potential
of −0.45 V vs. SHE was applied on the microbial electrodes and the cathodic current was
recorded. To coculture with S. loihica, sodium lactate (40 mM) was added in the medium
solution (13 mL) as the electron donor to S. loihica, and purged with N2:CO2 (80:20 v:v%)
for 40 min. G. sulfurreducens suspension (1 mL, final OD: 0.6) and S. loihica (1 mL, final
OD: 0.6) were inoculated into the medium solution and purged for 20 min. The IO-ITO
electrodes were used as the working electrode and poised at a potential of 0.4 V vs. SHE.

2.3.3 Microbial photoelectrosynthesis

IO-TiO2 (pore size: 10 µm; thickness: 40 µm; geometrical area: 0.25 cm2) were cleaned
with a UV-ozone cleaner for 15 min before use. The IO-TiO2|RuP photoanode was prepared
by immersing the IO-TiO2 electrodes in [Ru(II)bis(2,2′-bipyridine)(2,2′-bipyridine-4,4′-
diylbis(phosphonic acid))]Br2 (RuP, 0.25 mM in H2O) for 16 h in the dark, followed by
rinsing with water to remove weakly adsorbed dyes. Stepped chronoamperometry of the
IO-TiO2|RuP electrode was conducted in TEOA (25 mM, pH 7.2, in 0.1 M NaCl solution)
in a N2:CO2 atmosphere (80:20, v:v%) with Pt and Ag/AgCl as the counter and reference
electrode, respectively. The electrode was under periodic irradiation (10 s in light, 30 s in
dark, I = 100 mW cm−2, AM 1.5G) at stepped potentials from −0.7 V to 0.4 V vs. SHE
every 40 s. The BiVO4-CoOx electrode (1.0 cm2) was directly used as the photoanode
without any pre-treatment. Linear sweep voltammetry of the BiVO4-CoOx electrode was
carried out in a phosphate buffered saline solution (20 mM Na2HPO4, 3.6 mM KH2PO4,
5.4 mM KCl, 0.274 M NaCl, pH 7.3) in N2:CO2 (80:20, v:v%) under periodic irradiation
(5 s in light, 5 s in dark, I = 100 mW cm−2, AM 1.5G) at a scan rate of 5 mV s−1 with Pt
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and Ag/AgCl as the counter and reference electrode, respectively. The photoanode and the
IO-ITO|G. sulfurreducens electrode were connected in a two-compartment, two-electrode
PEC cell separated by a Nafion membrane. A bare IO-ITO electrode without bacteria and an
IO-ITO hybrid electrode with G. sulfurreducens inactivated by 0.1% glutaraldehyde were
used for control experiments. TEOA (25 mM, pH 7.2, in 0.1 M NaCl solution) was used
as the electrolyte and electron donor for the IO-TiO2|RuP electrode, whereas a phosphate
buffered saline solution (20 mM Na2HPO4, 3.6 mM KH2PO4, 5.4 mM KCl, 0.274 M NaCl,
pH 7.3) was used as the electrolyte for the BiVO4-CoOx electrode. Sodium fumarate (20
mM, in medium solution) was used as the substrate and electrolyte for the cathode. The
PEC cell was purged with N2:CO2 (80:20 v:v%) for 40 min. The photoelectrosynthesis
was performed using simulated solar light (I = 100 mW cm−2, AM 1.5G) (LOT Quantum
Design) from a 150 W Xe lamp (Newport). Light intensity was calibrated by a thermal
sensor (S302C, Thorlabs) and power meter console (PM100D, Thorlabs). Zero bias (U =
0) was applied between the photoanode and the cathode during the PEC experiment. Dark
current was recorded for 30 min before and after irradiation for 24 h. Solution in the cathode
chamber before and after the light experiment was extracted for product quantification.

2.3.4 Protein quantification

The proteins in the electrodes were quantified by Dr. Shafeer Kalathil through a colorimetric
assay.[233] The microbial electrode was immersed in a sodium dodecyl solution (5 mL, 10
wt%) solution at 99 ◦C for 15 min to extract proteins from the electrode. Then the solution
was centrifuged (14,000 rpm, 10 min) to remove the impurities. The supernatant was used
to quantify the protein using the Bio-Rad protein assay. Typically, 100 µL of the protein
solution was added into a clean test tube, followed by adding 5 mL of the diluted dye reagent
and incubating at 25 ◦C for 10 min. Then the light absorbance at 600 nm was measured using
a UV–vis spectrometer. Bovine serum albumin was used as the standard protein to make the
correlation curve. The protein concentration was calculated from the standard curve. Each
protein solution was assayed in triplicate.

2.3.5 Differential gene expression analysis

The RNA sequencing and differential gene expression analysis was conducted by Cambridge
Genomic Services (CGS). IO-ITO|G. sulfurreducens electrodes were prepared at different
potentials following the method reported above. The plateau current density attained at 0.1 V
and 0.4 V vs. SHE were 1.12 ± 0.05 mA cm−2 and 2.82 ± 0.25 mA cm−2, respectively. The
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biohybrid electrode was scratched off the ITO glass slide and cells in electrodes were lysed
with TissueLyser II immediately after the chronoamperometry was stopped. The mixture
was sonicated for 1 min and centrifuged at 8000 ×g for 15 min. The resulting supernatant
was used for RNA extraction. G. sulfurreducens anaerobically cultured in acetate (20 mM)
and fumarate (50 mM) at 30 ◦C was used as control samples. RNA of G. sulfurreducens
were extracted by Dr. Shafeer Kalathil using a RNeasy protect bacteria mini kit (Qiagen,
USA) at room temperature. The extracted RNA were eluted in nuclease free water. The
quality control showed the q-score across all samples are above 30, signifying high sample
quality. Reads were mapped with G. sulfurreducens reference genome using STAR v2.5.2a.
Using the genes annotation defined in the G. sulfurreducens gtf file from Ensembl Bacteria.
The reads mapping into genomics features were counted using HTSeq v0.6.0. A feature
is considered as the union of all gene’s exons whose genomic coordinates are determined
from the G. sulfurreducens gtf. Reads with a mapping quality less than 10, or those that map
to multiple loci or to overlapping gene regions are discarded to avoid ambiguity and false
positives. Differential gene expression analysis was performed using the counted reads and
the R package edgeR version 3.16.5 for the 3 pairwise comparisons.

2.4 Physical characterisations

2.4.1 ATR-IR spectroscopy

ATR-IR spectroscopy of IO-ITO|PSII electrodes was conducted by Dr. Nina Heidary on a
Bruker Vertex 70 spectrometer equipped with a PIKE ATR set-up, a liquid nitrogen-cooled
mercury cadmium telluride detector (HgCdTe) and a Globar IR radiation source. The
spectrometer chamber was purged with N2 for all experiments. The customized ATR-IR unit
consisted of a trapezoidal silicon crystal with an incident angle of 60° and with an aperture
setting of 3 mm. Spectra were acquired in the spectral region between 4000 and 1000 cm−1

with a spectral resolution of 4 cm−1. Each spectrum was accumulated from 200 scans in 90
s. The IO-ITO films (SA, 750 nm and 3 µm) on the silicon prism were prepared according
to the same method previously described (Section 2.1.2). The 40 nm planar ITO film was
sputtered on the silicon prism by a sputter coater (Quorum Q150T ES) at a rate of 16 nm
min−1 and a sputter current of 100 mA, using a high purity ITO sputter target (Labtech
International Ltd). 1 µL of PSII stock solution (2.5 mg−1

Chl a mL−1, 80 pmol PSII monomers)
was dropcast on each electrode. The spectra of IO-ITO|PSII electrodes were corrected with a
stock buffer solution (pH 6.5, containing 10% glycerol, 30 mM MgCl2, 15 mM CaCl2 and 40
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mM MES). All the spectral data was processed with the OPUS 5.5 software. Biexponential
fitting A = A0 +A1e−t/τ1 +A2e−t/τ2 was applied in the first 25 min. A0, A1 and A2 present
the absorbance intensities of amide I or amide II band at the final adsorption time, at the first
and the second completed adsorption process, respectively. τ1 and τ2 present time constants
for the first and the second adsorption process, respectively.

2.4.2 Confocal laser scanning microscopy

Confocal laser scanning microscopy (CLSM) images of IO-ITO|PSII electrodes were ac-
quired on a Leica TCS SP8 confocal microscope using a ×10 objective in air. A 633 nm laser
(HeNe) was used for excitation and a hybrid dector (HyD) was used to collect the emitted
fluorescence in the range of 650–750 nm. CLSM images were captured with a high-resolution
galvano scanner (400 Hz, 512 × 512 pixels). Z-stack images were acquired by first focusing
on the electrode surface using the optical microscope and then scanning downwards for 20
µm (z-depth of 0.5 µm) to include the entire electrode. Images were processed by ImageJ
software to reconstruct a 3D view. Each IO-ITO electrode (geometrical area: 0.25 cm2) was
dropcast with 80 pmol of PSII monomers (1 µL of PSII stock solution ∼2.5 mg−1

Chl a mL−1)
while each IO-graphene electrode (geometrical area: 0.25 cm2) was dropcast with 37 pmol of
PSII monomers (0.9 µL of PSII stock solution ∼1.3 mg−1

Chl a mL−1). PSII-loaded electrodes
were then incubated in air for 30 min in the dark at room temperature before CLSM imaging.
CLSM images of IO-ITO|G. sulfurreducens electrodes were acquired on a confocal laser
scanning microscope (Leica TCS SP8) using a 488 nm laser and a hybrid detector (600–650
nm). 100 µL of 5-cyano-2,3-ditolyl tetrazolium chloride (10 mM in medium solution) was
dropcast on an IO-ITO|G. sulfurreducens electrode that was then incubated in the dark for
30 min at 25 ◦C.

2.4.3 General characterisations

Scanning electron microscope (SEM) images were acquired on a TESCAN MIRA3 at an ac-
celerating voltage of 5 kV. The energy dispersive X-ray (EDX) spectra and element mapping
images were acquired from an EDX detector (Brucker QUANTAX EDS), at an accelerating
voltage of 10 kV. Transmission electron microscope (TEM) images were obtained from a
transmission electron microscope (Tecnai G2) performed at an accelerating voltage of 200
kV. Scanning transmission electron microscope (STEM) images were acquired on a scanning
electrode microscope (TESCAN MIRA3) at an accelerating voltage of 30 kV. Cross-sectional
SEM images of IO-ITO|G. sulfurreducens were acquired by Dr. Giorgio Divitini on a
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focused ion beam-scanning electron microscope (FIB-SEM, ZEISS Crossbeam 540) at an
acceleration voltage 1.6 kV. Serial sectioning was carried out using FIB milling at a 3 nA
ion current and a slice thickness of 500 nm. Before SEM imaging, the bacteria-colonised
electrodes were treated with 2.5 wt% glutaraldehyde and 2 wt% osmium tetraoxide, and then
dehydrated with a series of ethanol solutions with increasing concentrations (30, 50, 70, 90
and 100%) and dried in air. X-ray microscopy image of the IO-ITO electrode was acquired
on a 3D X-ray microscope (Zeiss Xradia 510 Versa). Atomic force microscope (AFM)
images were acquired on an atomic force microscope (NanoIR2, ANASYS Instrument) in a
contact mode using a gold-coated silicon tip. Raman spectra and Raman mapping images
were obtained from a HORIBA LabRAM HR Evolution system with an incident laser of
533 nm. IR spectra were recorded on a Nicolet iS50 spectrometer in an ATR mode. The
powder XRD patterns of the ITO nanoparticles were collected on an X’Pert PRO X-ray
diffractometer (PANalytical B.V.). The contact angle measurement was conducted on an FTA
1000 drop shape analyser using ultrapure water. UV–vis absorption and transmission spectra
were recorded on a Varian Cary 50 spectrophotometer. The photoluminescence spectra were
obtained from a Spectrofluorometer FS 5 (Edinburgh instruments) using a front face sample
holder (SC-10). The iron contents of wild-type and cytochrome-suppressed bacteria were
determined by inductively coupled plasma-optical emission spectrometry (ICP-OES, Thermo
scientific). 1H NMR spectroscopy analysis was conducted on a Bruker 400 MHz NMR
spectrometer in D2O. Sodium 3-(trimethylsilyl)propionate-2,2,3,3-d4 (TMSP-d4, 1 mM) was
used as the reference and internal standard for quantification. NMR spectra were processed
with MestReNova v12.0.

All experiments were performed in three individual replicates unless otherwise mentioned.
Data are presented in bar diagrams as mean ± standard error of the mean (s.e.m.). The
mean values and standard errors of the mean were calculated from the number of repeats of
independent experiments. Statistical analyses were conducted using GraphPad Prism v.6.0
g. Statistical significance was determined by one-sided analysis of variance (ANOVA) for
multiple groups of samples and Student’s t tests for unpaired two samples. P < 0.05 was
considered statistically significant.



Chapter 3

Interfacing photosystem II with inverse
opal-indium tin oxide electrodes

The contents of this chapter have been published in a peer-reviewed article: Xin Fang,
Katarzyna P. Sokol, Nina Heidary, Tarek A. Kandiel, Jenny Z. Zhang, Erwin Reisner*, Nano.
Lett., 2019, 19, 1844–1850. Results presented in this chapter were obtained solely by the
author of this thesis, with contributions from others as outlined here: Dr. Katarzyna Sokol
developed the IO-ITO 750 nm electrode with Sigma-Aldrich ITO nanoparticles; Dr. Tarek
A. Kandiel developed the hydrothermal method of synthesising ITO nanoparticles; Prof. A.
William Rutherford and Dr. Andrea Fantuzzi provided the purified PSII; Dr. Nina Heidary
set up the ATR-IR spectroscopy measurements and analysed the data.

3.1 Introduction

Natural photosynthesis harvests sunlight to energise electrons and pump protons from water
oxidation for carbon dioxide fixation, which is carried out by a series of enzymes that are
orchestrated in thermodynamics and kinetics (Section 1.1).[10] PSII is the only enzyme known
able to photocatalyse the energy-demanding water oxidation reaction at a high TOF of ∼100
s−1,[90] extracting electrons from water and initiating the vectorial electron transfer in the
thylakoid membrane (Figure 1.5). Photoelectrogenesis in PSII starts from the excitation
of the reaction center chlorophylls (P680), followed by electron transfer from the excited
P680∗ to the terminal acceptor QB via pheophytin and QA. In nature, the fully-reduced
QB (QBH2) will dissociate from the reaction centre complex and donate the electrons to
PSI via a cyt b6 f complex.[5] The electron transfer pathway from PSII to the cytochrome
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can be intercepted by exogenous acceptors such as molecular mediators and synthetic
electrodes,[103,106] which enables unique opportunities to redirect the photosynthetic electron
flux for chemical synthesis and fuel production.

Semi-artificial photosynthesis combines strengths of both synthetic materials and biocata-
lysts to produce value-added chemicals with high selectivity and efficiency, which cannot be
achieved by synthetic biology or artificial photosynthesis alone (Section 1.4).[57,130] Photo-
synthetic enzymes have been wired into many synthetic electrodes via self-assembled mono-
layers, metal oxide scaffolds, and redox polymer matrices, but their responsive photocurrent
was limited by the low protein loading (Section 1.5). To overcome this limitation, hierarchi-
cal three-dimensional electrodes with high surface area were produced to enhance protein
loading and facilitate electron exchange at the protein-electrode interface (biointerface).
For example, IO-ITO electrodes allow proteins to penetrate through their interconnected
macropores, and have mesoporous skeletons with high surface area for protein binding and
electronic communication,[59,70,120,122,123] thereby increasing the mediated photocurrent up
to 1 mA cm−2.[59,70] A major challenge facing semi-artificial photosynthesis is that enzymes
integrated in electrodes often exhibit reduced activity when stripped from their in vivo envi-
ronment and that only a small fraction of enzymes at the biointerface are in an electroactive
orientation (Figure 1.6). Addressing these challenges requires an in-depth interrogation of
bioelectrodes to identify factors governing the photoelectrogenesis at the biointerface. Never-
theless, such investigations are lacking due to difficulties in accessing the nanoscale proteins
in complex three-dimensional structures, which renders the protein-electrode interaction and
its correlation with photoelectrochemistry largely unclear, and further confounds efforts to
enhance the photocatalytic performance of bioelectrodes.

This chapter presents a systematic study of PSII-integrated three-dimensional electrodes
to outline the structure-activity relationship underlying enzymatic water oxidation therein,
through a new approach combining material synthesis, microscopy, spectroscopy and elec-
trochemistry. IO-ITO electrodes with varied macro- and mesostructures were fabricated to
integrate with PSII, and confocal laser scanning microscopy (CLSM) and in situ ATR-IR
spectroscopy were employed to visualise the protein distribution and monitor their penetra-
tion into the electrode scaffolds, respectively. The yielded structural insights were finally
correlated with the enzyme activity that was quantified by PF-PEC. I find that the three-
dimensional hierarchical electrodes with smaller macropores and mesopores larger than the
protein size enabled higher loading capacity and better enzyme retention, whereas the indi-
vidual enzyme activity is more sensitive to the light intensity and electronic communication
at the biointerface, rather than the electrode morphology. These results reveal the relationship
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between the electrode structure and enzyme activity and provide useful guidelines for the
design and optimisation of photoactive bioelectrodes.

3.2 Electrode structures and properties

The IO-ITO electrodes were fabricated by coassembling PS beads and ITO nanoparti-
cles,[59,70] which were used as sacrificial templates to create macroporosity and building
blocks to form mesoporous scaffolds, respectively (Section 2.1.2). Given the size of a PSII
dimer (20 nm × 10 nm × 10 nm),[75] the benchmark IO-ITO electrode used 750 nm PS
beads and commercial polydispersed ITO nanoparticles from Sigma Aldrich (10–120 nm;
denoted as ITO-SA) to create ∼750 nm macropores and ∼150 nm wide channels for protein
penetration, and mesoporosity for protein binding. Here I employed 750 nm and 3 µm PS
beads to create different macropores: larger PS beads will give rise to larger macropores and
interconnecting channels for protein penetration after burning off the PS template, but reduce
the effective surface area for protein binding. To vary the mesostructure, I used polydispersed
ITO nanoparticles (ITO-SA) and synthesised monodispersed ITO nanoparticles with average
sizes of approximately 10 nm (ITO-10), 20 nm (ITO-20) and 40 nm (ITO-40) (Figure 3.1).
Powder X-ray diffraction (XRD) analysis shows the synthesised ITO nanoparticles have
the same cubic crystal structure with the commercial ITO (ITO-SA) (Figure 3.2). ITO-
10 and ITO-20 nanoparticles have comparable dimension with PSII, whereas ITO-40 and
ITO-SA nanoparticles are larger than the enzyme. The size differences resulted in different
topographical features on their mesoporous films, which reflects different mesostructures in
IO scaffolds (Figure 3.3a). The ITO-10 and ITO-20 films were uniform under the scan of
atomic force microscope (AFM), whilst the ITO-40 and ITO-SA films exhibited a distinct
granular texture that created large cavities to trap proteins. The contact angle measurements
show similar hydrophilicity of the ITO nanoparticles (Figure 3.3b).

All the electrodes had a controlled film thickness of 20 µm and a geometrical area of
0.25 cm2 (Figure 3.4, 3.5). The electrochemical properties of IO-ITO electrodes were
characterised by CV. CV scans of IO-ITO electrodes showed a typical electrical double layer
capacitive behaviour and no distinct redox waves appeared during the scan (Figure 3.6a,b),
suggesting the electrochemical inertness of IO-ITO electrodes within the potential window
of 0–0.5 V vs. SHE at pH 6.5. The structural complexity of the electrode scaffolds makes
measuring the surface area technically intractable. Results from N2 adsorption cannot
represent the surface area available for charge transfer in an electrolyte solution due to
interventions from surface wettability and mass transport. As the capacitance of an electrical
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Figure 3.1 Morphology and size distribution of ITO nanoparticles. a. Commercial (Sigma-
Aldrich) ITO nanoparticles. b–d. Synthesised ITO nanoparticles with average sizes of 10
nm, 20 nm and 40 nm respectively

Figure 3.2 Powder XRD patterns of commercial (SA) and synthesised ITO nanoparticles

double layer capacitor scales proportionally with the electrochemically active surface area
of electrode materials,[234] specific capacitance (C) was used as a measure of the surface
area accessible to electrolyte solution.[122] The specific capacitance of IO-ITO electrodes
decreased with increasing ITO particle size because smaller nanoparticles create higher
surface area exposed to electrolyte solution (Figure 3.8a).

The optical transmission of the IO-ITO electrodes was measured by UV–vis spectroscopy
(Figure 3.6c,d). The IO-ITO electrodes showed similar transmittance (< 4%) regardless of
macro- and mesostructures (Figure 3.8b). Due to its high work function (> 4 eV), ITO has
minimum light absorbance in the visible light spectrum, and therefore has been widely-used
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Figure 3.3 Morphology of the mesoporous ITO films made from different ITO nanopar-
ticles. a. Atomic force microscopy (AFM) images of mesoporous ITO films formed by
different ITO nanoparticles, which represents different mesostructures of the IO-ITO scaf-
folds. b. The contact angle of different mesoporous ITO films.

Figure 3.4 Photographs of IO-ITO electrodes (geometrical area: 0.25 cm2).

for transparent electrodes.[235,236] Thus, most of the light was likely to penetrate within the
20 µm thick IO-ITO scaffold aided by strong internal scattering.[237,238] As the light intensity
reaching the photoactive proteins in electrode scaffolds varies with the irradiation intensity
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Figure 3.5 Cross-sectional SEM images of 20 µm thick IO-ITO electrodes. Scale bars: 10
µm.

Figure 3.6 a,b. CV scans of 750 nm (a) and 3 µm (b) IO-ITO electrodes. d,e. UV–vis
spectra of 750 nm (d) and 3 µm (e) IO-ITO electrodes (geometrical area: 0.25 cm2).

and electrode thickness, photoactive protein films embedded deeper than 20 µm in electrodes
are less accessible to irradiation, which minimises their contribution to the photocurrent.
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Figure 3.7 Structures of the IO-ITO electrodes. SEM images of 750 nm IO-ITO electrodes
and 3 µm IO-ITO electrodes made with different ITO nanoparticles (ITO-SA, ITO-10,
ITO-20, ITO-40).

Figure 3.8 Electrochemical and optical properties of IO-ITO electrodes. a. Specific
capacitance (C) of IO-ITO electrodes derived from CV scans (mean ± s.d., n = 3). b. Light
transmittance at 665 nm of IO-ITO electrodes derived from UV–vis spectra.

3.3 Integration of photosystem II

PSII core complexes were isolated from the thermophilic cyanobacterium Thermosyne-
chococcus elongatus due to their relative robustness and high oxygen evolution activity
(Section 2.2.1).[103] Purified PSII was loaded on the IO-ITO electrodes by dropcasting and
incubating in the dark for 15 min, followed by rinsing with the electrolyte solution to remove
the weakly-bound PSII (Section 2.2.2). The appearance of the resulting PSII-loaded IO-ITO
electrodes (IO-ITO|PSII) turned into green (Figure 3.9), indicating the impregnation of PSII
within the electrode scaffolds. PSII monomers immobilised by electrodes were quantified
by UV–vis analysis (Section 2.2.2). Both macro- and mesostructure affected PSII loading
(Figure 3.10a). More PSII was retained in 750 nm electrodes than 3 µm ones. Although
ITO-SA 750 nm and ITO-SA 3 µm electrodes had comparable specific capacitance, the PSII
loading in 750 nm electrode was three times higher than that in 3 µm electrode, suggesting
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Figure 3.9 Photographs of the PSII-loaded IO-ITO electrodes. The appearance of the
PSII-loaded IO-ITO electrodes turned into green, indicating the impregnation of PSII within
the electrode scaffolds.

that the electrochemically-active surface area cannot be fully translated into the capacity for
protein binding. With the same pore size, ITO-40 and ITO-SA electrodes achieved higher
PSII loading, suggesting PSII was more likely trapped by the mesopores that were larger
than the dimension of the protein. At the centre of electrode design for bioelectronics is
creating large conductive surfaces to interface with redox-active proteins.[239] However, this
well-known principle should be complemented by considering the footprint of protein and
the resulting interaction with electrodes, so as to ensure the increased surface is accessible to
proteins.

Despite diverse hybrid electrodes developed for enzymatic water oxidation, PSII inte-
gration and distribution within electrodes has not been studied, which makes it difficult
to evaluate the merit of electrode structures. Here, CLSM was employed to visualise the
spatial distribution of PSII within the electrode scaffolds by its strongly fluorescent chloro-
phyll a molecules. CLSM is a powerful technique to image biofilms through inherent
or artificial fluorescent labels, which allows for optical imaging of biofilms embedded in
complex architectures that would otherwise be difficult for physical sectioning.[188,198,211]

Three control experiments were performed to rule out possible artefacts arising from light
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Figure 3.10 PSII integration within the IO-ITO electrodes. a. PSII (monomer) loadings
on IO-ITO electrodes obtained from UV–vis analysis (mean ± s.d., n = 3). b. Fluorescence
emission spectra of a bare and an IO-ITO|PSII electrode (ITO-SA 3 µm). The maximum
intensity at 680 nm is derived from chlorophyll a in PSII. c,d. CLSM images of the PSII
in ITO-SA 750 nm (c) and ITO-SA 3 µm (d) electrodes. e,f. 3D visualisation of the
PSII distribution within ITO-750 nm (e) and ITO-3 µm (f) electrodes. The 3D view was
reconstructed from z-stacking images that were acquired by scanning 20 µm downwards
from the electrode surface. Each electrode (0.25 cm2) was dropcast with 80 pmol of PSII
monomers. Excitation: λex = 633 nm; Emission: λem = 650–750 nm. Scale bars in e,f: 20
µm.

scattering or substrate interference. First, fluorescence spectra of IO-ITO|PSII electrodes
showed a maximum intensity around 680 nm which agrees with that of PSII and chlorophyll
a (Figure 3.10b).[103] Second, CLSM images show only the presence of PSII could produce
fluorescence. Moreover, by varying the filter, we acquired images at a span of every 10 nm
from 650 nm to 750 nm and their intensity changed in accordance with the fluorescence
spectrum (Figure 3.11a), confirming the fluorescence only stemmed from PSII without
the interference from artefacts. Third, IO-ITO electrodes were impregnated with excess
Rhodamine B solution for CLSM imaging. Fluorescence emitted by Rhodamine B (500–600
nm) could be imaged regardless of the depth of the focal planes in electrodes (Figure 3.11b),
which shows that the fluorescence intensity can be used as a qualitative reflection of the
protein population in the electrode scaffolds.
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Figure 3.11 Control experiments for CLSM imaging of IO-ITO|PSII electrodes. a. CLSM
images of an IO-ITO|PSII hybrid electrode of varying fluorescence wavelengths. It shows
that the fluorescence intensity varied according to the fluorescence spectra of PSII. Excitation:
λex = 633 nm. Scale bar: 100 µm. b. CLSM images of an IO-ITO electrode (ITO-SA 750
nm) dropcast with 5 µL of Rhodamine B solution (0.1 mg mL−1 in ethanol). Fluorescence
emitted by Rhodamine B could be imaged regardless of the depth of the focal planes in
electrodes, which shows that the fluorescence intensity can qualitatively reflect the protein
population in electrode scaffolds. Excitation: λex = 561 nm; Fluorescence: λem = 500–600
nm. A surface area of 1160 µm × 1160 µm (1.35 mm2) was captured. z = 0 indicates the
surface of an electrode.

Figure 3.12 3D visualisation of the PSII distribution in IO-ITO electrodes. A surface area
of 1160 µm × 1160 µm (1.35 mm2) was captured for each electrode. z-stacking images
were acquired by scanning 20 µm downward from the electrode surface to include the entire
electrode scaffold. Excitation: λex = 633 nm; Fluorescence: λem = 650–750 nm. Scale bars:
200 µm.

The morphology of PSII films reflects the macroscale structural features of electrodes such
as macroporosity and cracks (Figure 3.12). PSII uniformly distributed in 750 nm IO-ITO
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electrodes, whereas formed aggregates in 3 µm IO-ITO electrodes (Figure 3.10c,d). In both
cases, PSII can penetrate throughout the entire IO-ITO scaffold via channels interconnecting
macropores (Figure 3.10e,f). The depth profile of fluorescence indicates that most PSII
populated in the middle range of the electrode scaffold (Figure 3.13). Although the light
intensity will decay along the electrode depth, the light scattering within the electrode will
likely enable most PSII to access irradiation.

Figure 3.13 Integrated fluorescence intensity over the z-axis of the IO-ITO|PSII electrodes.
Zero depth (z = 0) indicates the electrode surface. The fluorescence intensity was integrated
from the relative fluorescence yield at each focal plane.

The protein-electrode interaction was further investigated from a dynamic perspective,
by monitoring the process of protein adsorption and desorption within the electrode scaffold.
This was possible by employing in situ ATR-IR spectroscopy to track the PSII penetra-
tion within the IO-ITO scaffolds. ATR-IR spectroscopy features its surface-sensitivity to
molecular vibration and can indicate protein unfolding or denaturation through changes in
its spectral bands.[222,240] The ATR-IR setup consisted of a 20 µm-thick IO-ITO scaffold
deposited on a silicon prism (Figure 1.12d, 3.14a). As the evanescent IR wave will penetrate
∼0.5 µm from the internal surface of the silicon prism,[241] the monitored spectral features
of protein amide bands can only stem from PSII at the bottom layer of the IO-ITO scaffold.
Hence, the dynamic adsorption process of PSII can be probed by its characteristic amide I
and amide II bands centred at 1656 cm−1 and 1546 cm−1, respectively.[220,240] The amide
I band corresponds mainly to C –– O stretching vibrations of the backbone peptide, whereas
amide II originates from a combination of C – N stretching vibrations and N – H in-plane
bending.[220,240] Compared with a PSII film deposited on a silicon prism, PSII adsorbed in
IO-ITO electrodes displayed a slight shift in band positions, indicating a minor change in
backbone conformations, possibly caused by the interaction with the mesoporous electron
skeleton (Figure 3.14b).
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Figure 3.14 ATR-IR spectroscopy of PSII-loaded IO-ITO scaffolds. a. Schematic rep-
resentation of the ATR-IR setup used in this study. b. ATR-IR spectra of the PSII film
on the silicon prism, in ITO-SA 750 nm and ITO-SA 3 µm scaffolds. PSII adsorbed in
IO-ITO scaffolds displayed similar amide band positions with that on the silicon prism,
indicating a well-retained protein secondary structure when immobilised on electrodes. c,d.
ATR-IR spectra of PSII adsorption at the bottom of ITO-SA 750 nm (c) and ITO-SA 3 µm (d)
scaffolds. e,f. 2D visualisation of the position and intensity of amide bands during the PSII
adsorption in ITO-SA 750 nm (e) and ITO-SA 3 µm (f) scaffolds. The colour bars indicate
the IR absorbance (mOD). g,h. Adsorption kinetics and electrolyte-induced desorption of
PSII loaded in ITO-SA 750 nm (g) and ITO-SA 3 µm (h) scaffolds. The PSII was desorbed
by electrolyte buffer solutions containing different concentrations of KCl. The biexponential
fitting is shown as grey lines in (g) and (h). Each electrode (0.25 cm2) was dropcast with 80
pmol of PSII monomers.

The ATR-IR setup used here only detect proteins at the bottom layer of the IO-ITO
scaffold where the IR evanescent wave can reach. Hence the protein penetration can be
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tracked by the increasing band intensities over time. When PSII was dropcast on the IO-ITO
scaffold, the growing intensities of both amide I and amide II bands indicated an increased
amount of PSII reaching the bottom of the IO-ITO structure, confirming the penetration
of PSII through the entire 20 µm-thick film (Figure 3.14c,d). Whilst positions of amide I
and amide II bands remained unchanged during the PSII adsorption in both 750 nm and
3 µm IO-ITO scaffolds (Figure 3.14e,f), their intensity followed a biexponential increase
consisting of a fast and a slow kinetic process (Figure 3.14g,h). The first exponential growth
was completed after 15 min for 750 nm and 1.8 min for 3 µm electrodes, which shows that
larger macropores favoured fast protein penetration within the electrode scaffold and further
suggests that smaller macropores enable more mesoporous skeletons available for protein
adsorption.

Figure 3.15 a. ATR-IR spectra of PSII adsorption on a planar ITO film (40 nm) sputtered
on the silicon prism. b. Adsorption kinetics and desorption experiments of PSII on the
surface of a planar ITO film demonstrated by the amide I and amide II band intensities
derived from the ATR-IR spectra in a. The decrease of amide bands indicates that PSII
on the planar ITO surface was desorbed by high ionic strength solutions, which suggests a
dominating electrostatic interaction between between PSII and the ITO. c–e. The distribution
of electrostatic potential of a PSII dimer (Protein Data Bank ID: 4ub6) from (a) side view, (b)
bottom view from the lumen side and (c) top view from the stromal side. The electrostatic
potential surface is generated by PyMOL with the adaptive Poisson-Boltzmann solver (ABPS)
plugin. The red surfaces indicate the negative potential and the blue surfaces indicate the
positive potential.

The nature of protein-electrode interaction was examined by a desorption experiment:
the PSII-loaded IO-ITO scaffolds were washed with the PSII stock buffer solution (10%
glycerol, 30 mM MgCl2, 15 mM CaCl2, 40 mM MES, pH 6.5) and buffer solutions with
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increasing KCl concentrations (0.5 M, 1.0 M, 3.0 M). In the 750 nm IO-ITO scaffold, the
desorption process caused only minor changes in the amide bands intensities (Figure 3.14g),
suggesting PSII was well retained within the scaffold. In contrast, the amide bands increased
steadily with KCl concentrations in the 3 µm IO-ITO scaffold (Figure 3.14h), indicating that
an increased amount of PSII was desorbed from the scaffold by high ionic strength solutions
and penetrated deeper into the IO scaffold thereafter. The difference in protein desorption can
be attributed to the macroporosity, where desorbed proteins are more likely to be recaptured
by the 750 nm IO-ITO scaffold but diffuse to the bottom in the 3 µm IO-ITO scaffold. The
protein desorption induced by the high ionic strength solutions can be further verified by a
desorption experiment on a planar ITO surface that eliminated the impact from hierarchical
structure. Most PSII adsorbed on the ITO surface was removed by a concentrated saline
solution, which points to a dominating electrostatic interaction between PSII and the IO-ITO
scaffold (Figure 3.15a,b). The positive charge of ITO nanoparticles (ζ -potential: + 32 mV at
pH 6.5) enables PSII to interact with the IO-ITO scaffold via its negatively charged surfaces
(Figure 3.15c–e). The PSII-ITO interaction is different with what has been reported between
FDH and TiO2, where 60–70% of FDH remained adsorbed on the TiO2 surface after multiple
rinsing, suggesting a substantial contribution from chemisorption.[222]

3.4 Protein-film photoelectrochemistry

The photoactivity of IO-ITO|PSII electrodes was quantified by PF-PEC (Figure 3.16, Ta-
ble 3.1). DET photocurrent of IO-ITO electrodes correlated broadly with the PSII loading,
except for ITO-40 750 nm that underperformed in DET compared with the ITO-SA 750 nm
electrode (Figure 3.17a). This may be due to thick PSII films that were inadequately wired
by the conductive scaffold in ITO-40 750 nm and monodispersed ITO-40 nanoparticles that
formed less contact sites with PSII compared with polydispersed ITO-SA nanoparticles. This
problem was mitigated by introducing a diffusional redox mediator (DCBQ) that can shuttle
electrons from proteins to the electrode, regardless of aggregates and orientation. Both ITO-
40 and ITO-SA 750 nm electrodes showed a comparable MET photocurrent (Figure 3.17a).
The MET photocurrent of 750 nm IO-ITO electrodes increased proportionally with the PSII
loading, whereas that of 3 µm IO-ITO electrodes showed a major deviation from the PSII
loadings, which may result from different mediator transport within protein films in different
electrodes (Figure 3.17a).
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Figure 3.16 Representative photocurrent traces of DET and MET of IO-ITO|PSII elec-
trodes. The photocurrent (corrected with the baseline in the dark) at the end of the third
irradiation was used for comparison and to calculate the TOF. 85 pmol of PS II monomers
were dropcast on each electrode (geometrical area: 0.25 cm2) and incubated in air for 15 min
in the dark. Conditions: λ = 685 nm, I = 10 mW cm−2, E = 0.5 V vs. SHE, DCBQ (1 mM
for MET), 25 ◦C.
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Figure 3.17 PF-PEC performance of IO-ITO|PSII electrodes. a,b. Photocurrent (a) and
turnover frequencies (TOFs) (b) of PSII-loaded IO-ITO electrodes (mean ± s.d., n = 3). c.
TOF dependence on light intensity for the ITO-SA 750 nm electrode (inset: representative
DET photocurrent traces, scale bar: 5 µA cm−2). d. TOF dependence on the concentration
of DCBQ for the ITO-SA 750 nm electrode (inset: representative MET photocurrent traces,
scale bar: 50 µA cm−2). Conditions: MPSII = 157 ± 7 pmol cm−2, λ = 685 nm, I = 10 mW
cm−2 (varied in c), E = 0.5 V vs. SHE, DCBQ (1 mM, for MET), 25 ◦C. e–h. UV–vis spectra
of PSII immobilised on IO-ITO electrodes and PSII desorbed in the electrolyte solution.
e,f. ITO-SA 750 nm: MPSII (Electrode) = 224.4 pmol cm−2; MPSII (Electrolyte) = 1.8 pmol
cm−2. g,h.. ITO-SA 3 µm: MPSII (Electrode) = 108.5 pmol cm−2; MPSII (Electrolyte) =
30.9 pmol cm−2. The insets in e,g are CLSM images of the bioelectrodes after the PF-PEC
measurement. Excitation: λex = 633 nm; Fluorescence: λem = 650–750 nm. Scale bars: 100
µm. Note: UV–vis spectra in e,g were measured using methanol as the solvent. Thus, the
maximal absorption peak (λ = 665 nm) differed with that measured in aqueous electrolyte
(λ = 680 nm) (f,h).

The TOF is calculated based on the photocurrent density and protein loading of the
electrode (assuming 100% of Faraday efficiency for water oxidation), which represents the
average photoactivity of PSII integrated in the electrodes (Figure 3.17b). Despite large
differences in photocurrent, 750 nm IO-ITO electrodes showed a similar TOFDET of 0.07
± 0.02 s−1. The highest TOFDET was achieved on the ITO-SA 750 nm electrode (0.10 ±
0.01 s−1) (Figure 3.17b). As the MET current largely varied with the PSII loading for 750
nm IO-electrodes, TOFMET of 750 nm electrodes remained close to 2.8 ± 0.5 s−1, which
suggests the individual activity of PSII was less affected by the mesostructure of electrodes.
Likewise, 3 µm IO-ITO electrodes showed a TOFDET of approximately 0.07 ± 0.01 s−1

(Figure 3.17b). The comparable TOFDET for 750 nm and 3 µm IO-ITO electrodes despite
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their significant differences in photocurrent and PSII loadings suggests that the enzymatic
activity is not dominated by the electrode morphology. When enzymes are integrated into
electrodes, their TOFs are typically much lower than the average activity of purified PSII used
in this study (TOF: ∼20–30 s−1), which indicates that most enzymes were not performing at
their optimal rate.

One limitation is the light intensity reaching PSII in electrode scaffolds. Both TOFDET

and TOFMET increased with irradiation intensity up to 20 mW cm−2 (Figure 3.17c). Further
increase of the irradiation likely caused more photodamaging, which offset the enhancement
of photoactivity and resulted in reduced photocurrents. Further possible limitations may re-
side in the insufficient wiring of proteins by the electrode scaffold, due to protein aggregation
and random orientations. The adverse influence of protein orientation can be eliminated by
modifying the surface chemistry of ITO to assist the electroactive orientation,[117] and by
optimising the surface mesoporosity of the electrode scaffold to multiply the contact sites
to the enzyme. We also find that TOFMET would be affected by the mediator concentration,
which may be due to the exogenous mediators quenching the excited antenna chlorophyll
molecules (Figure 3.17d).[242,243]

After PF-PEC measurements, less than 1% of PSII was released from the 750 nm
IO-ITO electrode, whereas 22% were desorbed into the electrolyte solution from the 3
µm IO-ITO electrode (Figure 3.17e–h), which is consistent with the results from ATR-IR
spectroscopy that the 750 nm IO-ITO scaffold enabled better retention with PSII. Long-term
chronoamperometry shows that the half-life of protein films inside the 750 nm IO-ITO
electrode was ∼4 min, significantly longer than that on a flat ITO electrode (< 1 min),
which manifests that the hierarchical structure is essential to secure the PSII within the
electrode (Figure 3.18a,b). Lastly, I examined the ITO-SA 750 nm electrodes with different
thicknesses. Despite having higher PSII loading, the 80 µm-thick IO-ITO electrode had
similar DET photocurrent with 40 µm-thick electrode (Figure 3.18c). With the presence
of diffusional mediators, the photocurrent correlated linearly with the electrode thickness
(Figure 3.18d). Such difference in DET and MET reveals that PSII in thick scaffold was less
inefficiently wired. TOFs for both DET and MET decreased with electrode thickness, which
is consistent with previous results,[59,70] and reflects the impact of light penetration with the
electrode scaffold.
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Figure 3.18 Longevity and thickness dependence of IO-ITO|PSII electrodes. a,b. Pho-
tocurrent traces of a PSII-loaded IO-ITO 750 nm electrode (a) and a flat ITO electrode (b).
c,d. Photocurrent traces of PSII-loaded ITO-SA 750 nm electrodes with different thickness.
c. DET. TOFs: ITO 20 µm, 0.27 s−1; ITO 40 µm, 0.27 s−1; ITO 80 µm, 0.10 s−1. d. MET.
TOFs: ITO 20 µm, 3.6 s−1; ITO 40 µm, 1.7 s−1; ITO 80 µm, 1.4 s−1. Conditions: λ = 685
nm, I = 10 mW cm−2, E = 0.5 V vs. SHE, DCBQ (1 mM for MET), 25 ◦C

3.5 Summary: structure-activity relationships

This chapter presents a systematic study on PSII-integrated IO-ITO electrodes to reveal
structure-activity relationships underlying enzymatic catalysis in biohybrid electrodes: (1)
the protein integration in an electrode scaffold will be determined both by material and mor-
phology. IO-ITO electrodes with small macropores and large mesoporosity tend to bind most
proteins by physical/electrostatic interactions; (2) DET photocurrent arising from electronic
communication between electroactive proteins and electrode surfaces correlates with the
protein loading in the electrode. The photoactivity of PSII is not sensitive to the electrode
morphology, but will be governed by the light intensity and electronic communication at the
biointerface; (3) MET photocurrent is convoluted by the interplay of protein loading and
mediator diffusion within protein films and thus is dependent on the scaffold morphology.
Overall, this study cements the ITO-SA 750 nm electrode as the benchmark platform for
PF-PEC due to the following advantages (Figure 3.19): (1) the hierarchical IO architecture
provides abundant conductive and hydrophilic mesoporous surfaces to secure proteins within
the scaffold; (2) the polydispersed ITO nanoparticles create cavities with dimensions similar
to PSII areal footprint and enable numerous contact sites to interface with the protein; (3) ITO
has low light absorbance, thereby allowing high light transmission and internal scattering in
the electrode scaffold.

Further studies are needed to elucidate the mass transport in protein films integrated in
hierarchical electrode scaffolds. The PSII-ITO hybrid electrode represents a model system in
enzymatic hybrid systems, and advances the current understanding of the protein-material
interface and interaction underlying enzymatic catalysis in an artificial platform. In addition,
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Figure 3.19 Comparison of different IO-ITO electrodes in surface area, PSII loading and
photoelectrochemistry. The performance in each item is indicated by the colour bar.

this study employed an array of analytic techniques to probe the biotic-abiotic hybrid system,
which could lend strengths to the ongoing research in semi-artificial photosynthesis.



Chapter 4

Interfacing photosystem II with inverse
opal-graphene electrodes

The contents of this chapter have been published in a peer-reviewed article: Xin Fang,
Katarzyna P. Sokol, Nina Heidary, Tarek A. Kandiel, Jenny Z. Zhang, Erwin Reisner*, Nano.
Lett., 2019, 19, 1844–1850. Results presented in this chapter were obtained solely by the
author of this thesis.

4.1 Introduction: graphene revisited

Graphene gains the reputation by its intrinsic properties: single layer graphene has a high
specific surface area of 2630 m2g−1, high electron mobility of 200,000 cm2v−1s−1, high
Young’s modulus of 1012 Pa, high thermal conductivity of 5,000 Wm−1K−1.[244] However,
there are several misleading ambiguities that should be clarified here. First, these numbers
are rarely achieved in reality because the properties of graphene vary enormously with its
preparation methods. Graphene synthesised via chemical routes reluctantly approaches its
benchmark properties that were often obtained from high-quality defect-less single-layer
graphene produced from chemical vapour deposition (CVD). Another confusion stems from
its nomenclature. In the beginning, the word “graphene” refers to monolayer two dimensional
atomic crystals that are composed of sp2 carbons, which underlines that its geometrical fea-
ture should be two dimensional single layer and chemical component should be exclusively
carbon.[245] Yet the name graphene has been generalised to its analogues and derivatives
such as GO, RGO and heteroatom-doped graphene. In this chapter, I followed a modified
Hummer’s method to prepare GO microsheets that were later reduced and assembled into
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Figure 4.1 IO-graphene electrodes to interface with PSII.

an inverse opal structure. Though RGO differs with CVD-produced graphene in chemical
components and physical properties, they bear the resemblance in two dimensional morphol-
ogy. Therefore, I generally address the obtained electrodes as inverse opal-graphene (IO-Gr)
electrodes.

Previous efforts to immobilise enzymes on electrodes highlight the importance of protein
loading and electrical wiring at the interface.[239] Here, I developed inverse opal-graphene
electrodes to interface with PSII in an attempt to gain understanding of how different materials
can influence the enzymatic photocatalysis, by means of a side-by-side comparison with
IO-ITO electrodes (Figure 4.1). Graphene-based materials, i.e., GO, RGO and heteroatom-
doped graphene have been widely utilised to interface with enzymes such cytochromes,
horseradish peroxidase and glucose oxidase for biosensing and electrocatalysis,[246–253]

in view of their large biocompatible surface that binds proteins with high affinity. Such
high surface area renders graphene sheets suitable as a public platform to mediate biotic
and abiotic catalysts for cascade reactions,[254] which is akin to their role in artificial “Z-
scheme” photocatalytic systems (Figure 1.2c).[23,255] In addition, they also bear a number of
advantages that are appealing to photoelectrochemistry: (1) GO and RGO can be prepared
in a large scale via wet chemistry;[256,257] (2) The surface chemistry (chemical components,
surface charge and hydrophilicity etc) of graphene materials can be readily subjected to
modifications by chemical or physical means,[258] which enables a versatile platform to
study the protein-material interaction; (3) The structural plasticity allows for assembly of
hierarchical architectures with various dimensions and morphologies, making electrode
design and optimisation highly flexible.[259] (4) Previous spectroscopic studies suggest GO
does not interfere with excitations occurring in PS II antenna complexes and therefore is
potentially capable of extracting electrons from PS II, with efficiency comparable to the
DCBQ-mediated electron transfer.[260]
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Figure 4.2 Preparation of IO-graphene electrodes. a. AFM image of GO sheets on a silicon
wafer. b. Distribution of the thickness of GO. Most GO are less than 4 nm, corresponding to
1–4 layers of graphene sheets. c–e. Raman spectra (c) and Raman mapping images (d,e) of
an IO-graphene electrode (Gr I-3 µm) and a GO film. The colour bar represents the intensity
ratio between D band (∼1350 cm−1) and G band (∼1580 cm−1). The ID/IG increased after
reduction, suggesting an increase in structural disorder arising from atomic arrangements.
f. IR spectra of an IO-graphene electrode (Gr I-3 µm) and a GO film. Bands representing
hydroxyl (∼3400 cm−1) and carbonyl (∼1731 cm−1) groups disappeared after thermal
reduction. g. The contact angle of GO, thermally reduced graphene and ozone-treated (20
min) graphene films. The contact angle increased after thermal reduction due to the removal
of hydrophilic oxygen groups pending on graphene basal planes. h. AFM image of the
surface topography of a graphene film after thermal reduction.

4.2 Electrode structures and properties

Three-dimensional graphene electrodes can be fabricated by hydrothermal self-assembly
from GO sheets or in situ growth on a template (e.g., Ni foams).[261–264] Hydrothermal
self-assembly usually produces sponge-like graphene with pore size spanning from 1 to
100 µm, which is several orders of magnitude larger than the geometrical size of PS II.[265]

The latter method allows for tailoring the porosity through templates, but entails high
temperature (900–1000 ◦C) for thermolysis of gaseous carbon precursors (e.g., C2H4), which
is incompatible of the ITO glass substrate.[266] In light of these limitations, here I prepared the
inverse opal-graphene electrode through a templated self-assembly strategy (Section 2.1.3),
which was performed at a lower temperature (500 ◦C) and yet attained a high degree of
regularity.[267–270]
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Figure 4.3 The morphology of IO-graphene electrodes. SEM images of the top and side
view of the IO-graphene electrodes. All the electrodes have a controlled film thickness of 20
µm and a geometrical surface area of 0.25 cm2.

GO was synthesised from graphite using a modified Hummer’s method (Section 2.1.3).[226]

The size of GO sheets ranged widely from submicro- to few micrometres (Figure 4.2a). The
AFM scanning profiles show most GO sheets are 2–4 nm thick (Figure 4.2b). Given the
thickness (∼1 nm) of a monolayer hydrated GO,[271] the synthesised GO comprised few lay-
ers of stacked graphene sheets. The IO-graphene electrodes were prepared by coassembling
GO with PS beads. Then GO was thermally reduced into graphene (RGO) by annealing
at 500 ◦C during which the PS template were decomposed forming macroporosity and
oxygenic moieties pending on the GO surface were partially removed, thereby restoring
conductivity.[272–274] Raman spectra and Raman mapping images show an increase of the
intensity ratio between D (∼1350 cm−1) band and G band (∼1580 cm−1) after the thermal
reduction, suggesting an increase in structural disorder arising from atomic arrangements
(Figure 4.2c–e).[274,275] The alteration in chemical components was also reflected in IR spec-
tra where bands representing hydroxyl (∼3400 cm−1) and carbonyl (∼1731 cm−1) groups
disappeared (Figure 4.2f).[274] The contact angle also increased after thermal reduction due
to the removal of hydrophilic oxygen groups on graphene basal planes (Figure 4.2g). The
hydrophilicity of reduced GO can be improved by treating with ozone,[276] and afterwards
the contact angle decreased from 56 ° to 12 °. The mesostructure of graphene electrodes is
composed of multilayer graphene sheets, which has less porosity and roughness compared to
their ITO counterparts (Figure 4.2h).

The structure of IO-graphene electrodes is tunable by varying the size of PS beads (750
nm and 3 µm) and the concentration of GO solutions (Gr I: 4 mg mL−1 and Gr II: 10 mg
mL−1). Four IO-graphene electrodes were prepared: Gr I-750 nm, Gr II-750 nm, Gr I-3
µm and Gr II-3 µm (Figure 4.3). All the electrodes have a controlled thickness of 20 µm
and a geometrical area of 0.25 cm2. In IO-graphene electrodes, the PS beads dictate the
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Figure 4.4 Electrochemical and optical properties of IO-graphene electrodes. a. CV scans.
b. Specific capacitance (C). CV was performed in air at 25 ◦C at a scan rate of 50 mV s−1

in a pH 6.5 electrolyte solution containing MES (40 mM), CaCl2 (20 mM), and glycerol
(5%). Pt and Ag/AgCl electrodes were used as counter and reference electrodes, respectively.
IO-graphene electrodes were treated with ozone for 20 min before the measurements. c.
UV–vis spectra. d. Light transmittance at 665 nm.

macroporosity, whereas the concentration of the GO solution mainly affects the surface area
and pathways for enzyme penetration. More graphene sheets provide higher surface area for
protein binding, but may also block channels for protein integration and attenuate the light
intensity. The major morphological difference with ITO counterparts is that macropores in
IO-graphene electrodes were not interconnected. Proteins therefore can only penetrate into
the electrodes via channels created by thermal PS decomposition.

CV scans of IO-graphene electrodes deformed slightly from a rectangular shape, possibly
due to a higher internal resistance and pseudocapacitive contribution (Figure 4.4a).[277] No
distinct redox waves appeared during the scan, suggesting the electrochemical inertness of
IO-graphene electrodes within the potential window (0–0.5 V vs. SHE, pH 6.5).[278] 750 nm
IO-graphene electrodes had higher capacitance due to more graphene sheets available for ion
adsorption in the electrolyte solution (Figure 4.4b). However, excess graphene sheets are
likely to overlay the 750 nm pores due to comparable dimensions, and thus inhibit the solution
infiltration. Macropores in Gr II-3 µm electrode are larger than graphene sheets and hence the
more graphene sheets increased surface area rather than blocked the macropores. Because
reduced GO is a strong absorber of visible light,[279] the light intensity will be attenuated
when light transmits through the IO-graphene electrode, undermining the photoexcitation of
enzymes therein (Figure 4.4c,d).
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Figure 4.5 Fluorescence emission spectra of a bare and an IO-Gr|PSII electrode (Gr I-3
µm). The maximum intensity at 680 nm is derived from chlorophyll a in PSII.

Figure 4.6 Control experiments for CLSM imaging of IO-Gr|PSII electrodes. a. CLSM
images of varying fluorescence wavelengths. It shows that the fluorescence intensity varied
according to the fluorescence spectra of PSII. Excitation: λex = 633 nm. Scale bar: 100
µm. b. CLSM images of an IO-graphene electrode (Gr I-750 nm) dropcast with 5 µL of
Rhodamine B solution (0.1 mg mL−1 in ethanol). Fluorescence emitted by Rhodamine
B could be imaged regardless of the depth of the focal planes in electrodes, which shows
that the fluorescence intensity can qualitatively reflect the protein population in electrode
scaffolds. Excitation: λex = 561 nm; Fluorescence: λem = 500–600 nm. A surface area of
1160 µm × 1160 µm (1.35 mm2) was captured. z = 0 indicates the surface of an electrode.

4.3 Integration of photosystem II

Purified PSII was dropcast on IO-graphene electrodes in a similar manner. The appearance
of PSII-loaded graphene electrodes barely changed due to the darkness of the graphene. The
protein film inside the IO-graphene electrode was also visualised with CLSM by its strongly
fluorescent chlorophyll a molecules. Control experiments were performed to rule out the
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interference from artefacts (Figure 4.5,4.6). PSII films were not as uniformly distributed
as in the IO-ITO electrode (Figure 4.7), which complicated the analysis of the protein film
morphology in electrodes, but the amount of graphene had a distinct influence on the protein
penetration. CLSM images show that the enzymes could penetrate through the IO-graphene
electrodes except the Gr II-750 nm electrode, where most PSII accumulated near to the
surface, due to excess graphene blocking pathways for protein penetration.

Figure 4.7 PSII distribution in IO-graphene electrodes. a. CLSM images of the IO-Gr|PSII
electrodes. A surface area of 100 µm × 100 µm (0.01 mm2) was captured for each electrode.
b. 3D view of the PSII films in IO-graphene electrodes reconstructed from z-stacking images
that were acquired by scanning 20 µm downward from the electrode surface. Excitation:
λex = 633 nm; Fluorescence: λem = 650–750 nm. Scale bars in a: 200 µm, in b: 20 µm. c.
Integrated fluorescence intensity over the z-axis of the IO-Gr|PSII hybrid electrodes. Zero
depth (z = 0) indicates the electrode surface. The fluorescence intensity was integrated from
the relative fluorescence yield at each focal plane.

4.4 Protein-film photoelectrochemistry

IO-graphene electrodes had much lower capacity in binding PSII due to the lack of inter-
connected channels (Figure 4.8a). The Gr I-750 nm electrode has retained most PSII (∼34
pmol cm−2) and increasing the graphene concentration (Gr II-750 nm) slightly decreased the
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Figure 4.8 PF-PEC of IO-Gr|PSII hybrid electrodes. a. Loadings of PSII monomers on
IO-graphene electrodes (mean ± s.d., n = 3). The amount of PSII monomers was quantified
by UV–vis analysis. b,c. Photocurrent of DET (b) and MET (c). d,e. TOFs of DET (d) and
MET (e). Conditions: λ = 685 nm, I = 10 mW cm−2, E = 0.5 V (vs. SHE), DCBQ (1 mM
for MET), 25 ◦C.

enzyme loading (∼28 pmol cm−2). Despite different capacitance, Gr II-750 nm had similar
PSII loading with Gr II-3 µm electrodes. This could be rationalised by their structural flaws
that inhibited the protein penetration, making most enzymes bound by surfaces, regardless of
the electrode porosity.

The DET photocurrent varied with PSII immobilised in electrodes, giving rise to similar
TOFs (0.03 ± 0.01 s−1) (Figure 4.8b,d, Table 4.1). With the presence of mediator (DCBQ),
we found graphene electrodes with larger pores (Gr I-3 µm and Gr II-3 µm) generated much
higher photocurrent and higher TOFs than that with smaller pores (Gr I-750 nm and G II-750
nm) (Figure 4.8c,e), though less PSII was immobilised. This is likely because large pores
will favour the diffusion of mediators within the electrodes.
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Compared with their IO-ITO counterparts, PSII in IO-graphene electrodes exhibited
less photoactivity (Figure 4.9, Table 4.1), which is likely due to the strong absorption of
graphene sheets attenuating the light intensity reaching PSII. Moreover, graphene electrodes
had less protein binding capacity, which can be attributed to their macrostructures that do not
have sufficient interconnected channels for protein penetration and their mesostructures that
lack topographical roughness to physically bind protein films. The nature of graphene-PSII
interaction remains elusive and ATR-IR investigations were not successful due to that the
vibrational signatures of GO overshadowed the amide bands of proteins. Graphene-based
materials have been used to interface with PSI, the analogue of PSII,[280–282] and hydrophobic
interaction has been suggested between PSI and the oxygenic groups on GO.[281] I thereby
speculate PSII might preferably interact with the thermally-reduced GO through a similar
fashion, which could be weaker than the electrostatic interaction taking place in IO-ITO
electrodes.

Figure 4.9 Itemised comparison between IO-graphene and IO-ITO electrodes in
electrochemically-active surface area (SEA, represented by specific capacitance), PSII loading
(MPSII), photocurrent (J) and TOFs of DET and MET.

4.5 Summary

Taking together, I have prepared an array of inverse opal graphene electrodes with dif-
ferent macroporosity. Interfacing PSII with these electrodes, a side-by-side comparison
was conducted to reveal how electrode material and structure can influence the enzymatic
photocatalysis. This chapter concludes that IO-ITO electrodes are superior to IO-graphene
as platforms for photoactive bioelectrodes, because their material and structures are more
favourable for protein integration and light penetration.



Chapter 5

Inverse opal-indium tin oxide electrode
for microbial electrogenesis

The contents of this chapter were obtained solely by the author of this thesis, with contribu-
tions from others as outlined here: Dr. Shafeer Kalathil cultured the bacteria and performed
the protein quantification and RNA extraction; Dr. Giorgio Divitini acquired the FIB-SEM
images; ICP-OES analysis was conducted by Ms. Laura Healy. The RNA sequencing and
data analysis was conducted by Cambridge Genomic Services (CGS).

5.1 Introduction

Interfacing the biocatalytic machinery of live cells with synthetic electrodes represents a
cross-disciplinary approach for sustainable energy production and chemical synthesis.[57,130]

While an array of biocatalysts are already being employed in synthetic chemistry,[283] mi-
croorganisms have demonstrated unrivalled synthetic potential due to sequences of well-tuned
biosynthetic routes and the advancing techniques of synthetic biology, which allows selective
synthesis of complex chemicals from the simplest feedstocks (e.g. CO2, H2O) under physio-
logical conditions.[46,284] Of particular interest are electroactive bacteria such as Geobacter
and Shewanella that have evolved unique mechanisms to discharge respiratory electrons by
reducing insoluble Fe(III) or Mn(IV) oxides.[143] These bacteria can transport endogenous
electrons across insulating and impermeable cell envelops to extracellular electron acceptors
via outer membrane cyt c, conductive bacterial nanowires and/or self-secreted flavins.[154]

Their ability to exchange electrons with inorganics via transmembrane electron conduits
couples intracellular metabolism with extracellular redox transformations,[285,286] and per-
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Figure 5.1 Schematic representation of microbial electrogenesis in the IO-ITO electrodes.
a. An IO-ITO|G. sulfurreducens electrode is assembled into a three-electrode system with a
counter electrode (C.E.) and a reference electrode (R.E.). b. SEM image of a bare IO-ITO
electrode. Scale bar: 50 µm. The inset shows a photograph of the electrode (S = 0.25 cm2). c.
Schematic representation of a biohybrid electrode where G. sulfurreducens colonised on the
IO-ITO scaffold. d. Extracellular electron transfer at the interface between G. sulfurreducens
and an electrode. Acetate is metabolised into CO2 via the intracellular TCA cycle and excess
electrons are discharged to an external electrode via outer membrane cytochromes (OMCs).

mits a biohybrid system to exploit the biological metabolism via artificial electronics for
electrogenesis and chemical synthesis.[146]

The biohybrid systems rely on electrodes that can host a colony of electroactive bacte-
ria with intact metabolic pathways.[140] Electrodes also allow probing and controlling the
bacteria’s physiological functionality with electrochemical methodologies. Carbon-based
electrodes, such as graphite and carbon cloth, are broadly applied in microbial fuel cells owing
to their electrochemical stability, biocompatibility and structural plasticity (Figure 1.11).[184]

Nevertheless, the architecture of these electrodes is not optimised for a large population of
bacteria whilst ensuring effective diffusion of nutrients and dissipation of wastes. In addition,
their hydrophobic surfaces are not conducive to electrical interaction with hydrophilic bacte-
ria.[287] Therefore, sessile bacteria on such electrodes tend to form compact biofilms with
sluggish electron transfer and inefficient mass transport, which engender adverse stresses
limiting their proliferation and productivity.[175]

The hallmark of G. sulfurreducens is its current-producing capability in microbial fuel
cells.[143] Its ability to metabolise organic pollutants and precipitate soluble heavy metals
promises its applications in bioremediation.[165] Moreover, its complete genome sequence
primes transcriptome analysis to probe its regulation strategies that maintain cellular home-
ostasis under various conditions.[148]
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Figure 5.2 The microscopic morphology of G. sulfurreducens. a. SEM image. b. AFM
image on a Si wafer.

In this chapter, I employed IO-ITO electrodes as a versatile platform for microbial
electrogenesis (Figure 5.1a). ITO is hydrophilic and the porous architecture provided
an easy access for bacteria penetration and colonisation (Figure 5.1b,c). When positive
potentials were applied, planktonic G. sulfurreducens were immobilised from the medium
solution. The sessile bacteria metabolised acetate to support its growth through the TCA
cycle, while discharging excess electrons to the electrode via outer membrane cytochromes,
which was registered as a continuous anodic current (Figure 5.1d). Transcriptome analysis
by RNA sequencing revealed that G. sulfurreducens regulated gene expression in order to
respire on electrodes. Furthermore, S. loihica was introduced together with G. sulfurreducens
on the IO-ITO electrode to achieve syntrophic electrogenesis by linking their metabolic
pathways, which would grant the system additional flexibility in using different electron
donors.

5.2 Electrode structure

G. sulfurreducens exhibits a typical rod-shaped morphology with a length of 1.5–2 µm and
diameter of 400–500 nm (Figure 5.2). IO-ITO electrodes were prepared by a coassembly
method using 10 µm PS beads as the structural template and ITO nanoparticles (average
size: 50 nm) as the electrode material to suit the dimension of G. sulfurreducens (Section
2.1.2). The resulting electrode features a hierarchical architecture with 8–10 µm macropores
and mesoporous surface (Figure 5.3a,b). These macropores are interconnected by abundant
channels formed during the course of template removal. The macroporosity is visualised
by CLSM with Rhodamine B that was adsorbed on the scaffold (Figure 5.3c). The IO-ITO
electrode was further characterised by X-ray microscopy and focused ion beam-scanning
electron microscopy (FIB-SEM) with structural details in three dimensions, which demon-
strated that the electrode scaffold enables a large surface and accessible pathways for bacteria
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Figure 5.3 Structure of the IO-ITO electrode for microbial electrogenesis. a. Top-view
SEM image. b. Histogram of the pore size distribution of the IO-ITO electrode. c. CLSM
image of the IO-ITO electrode, showing channels that allow bacteria to penetrate. 20 µL of
Rhodamine B solution (5 mM, in methanol) was dropcast on an IO-ITO electrode and dried
in the dark. Excitation: λex = 552 nm. Emission: λem = 590–640 nm. d. X-ray microscopy
image of the interconnected IO-ITO scaffold (coloured in blue). e. Serial cross-sectional
SEM images of the IO-ITO electrode acquired from FIB-SEM. Cross-sectional views of
every 10 µm are displayed.

penetration and colonisation (Figure 5.3d,e). The IO-ITO electrode used in this study had a
geometrical area of 0.25 cm2 and a thickness of ∼60 µm (Figure 5.1b).

5.3 Microbial electrogenesis

G. sulfurreducens was cultured on an IO-ITO scaffold from the electrolyte solution by ap-
plying a potential of 0.1 V vs. SHE on the electrode. During this process, planktonic G.
sulfurreducens landed on the electrode scaffold and metabolised acetate into CO2 while dis-
charging electrons to the electrode (Figure 5.4a). Bacteria then proliferated and progressively
colonised the entire electrode, producing an increasing anodic current that plateaued at 3 mA
cm−2 (500 mA cm−3) after 80 h (Figure 5.4b). This current density represents a benchmark
performance in microbial electrogenesis and approaches the volumetric current limit (1000
mA cm−3) of a single bacterium.[213] Control experiments were conducted to determine the
origin of the anodic current. First, heat-killed G. sulfurreducens produced the no current and
its CV scan showed redox waves stemming from the electrolyte (Figure 5.5a,b). Moreover,
the anodic current was partially reduced after the addition of malonic acid, which inhibits
the succinic dehydrogenase in the TCA cycle (Figure 5.5c). The current production was
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Figure 5.4 Microbial electrogenesis of G. sulfurreducens in IO-ITO electrodes. a.
Schematic representation of microbial electrogenesis. G. sulfurreducens is respiring on
an electrode surface with acetate as the electron donor whilst continuously releasing electrons
to the electrode. b. A representative current of G. sulfurreducens respiring inside an IO-ITO
electrode and a flat ITO electrode at 0.1 V vs. SHE with acetate (40 mM, pH 7.4). A bare
IO-ITO electrode was used as a control. The two arrows indicate the addition of 40 mM
acetate to the existing medium and the replenishing of a fresh medium containing 40 mM
acetate, respectively. c. FIB-SEM images of an IO-ITO|G. sulfurreducens electrode prepared
at 0.1 V vs. SHE for 80 h. Cross-sectional views of every 10 µm are displayed. Scale bar:
20 µm. The inset shows a photograph of the electrode (S = 0.25 cm2). d. G. sulfurreducens
(artificially coloured in red) attached on the surface of an IO-ITO electrode. e. CLSM images
of an IO-ITO|G. sulfurreducens electrode. The electrode was stained with CTC (10 mM)
and incubated in the dark for 30 min at 25 ◦C. Excitation: λex = 488 nm; Emission: λem =
600–650 nm.

completely terminated by glutaraldehyde, a sterilant (Figure 5.5d). These in all confirm that
the recorded current was exclusively derived from bacterial metabolism, making it a good
proxy for bacteria’s metabolic activity.

The high current density is attributed to the IO-ITO architecture, which compartmen-
talised bacteria colonies with conductive and hydrophilic scaffold, and thus allowed a large
population of bacteria to actively metabolise therein. In addition, the hierarchical porosity
enables efficient provision of electron donors (acetate) while effective dissipation of pro-
tons, thereby allowing for continual growth of bacteria. In contrast, G. sulfurreducens on a
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Figure 5.5 Control experiments of microbial electrogenesis. a,b. Chronoamperometry (a)
and CV scan (b) of the IO-ITO electrode with inactivated G. sulfurreducens. G. sulfurre-
ducens (OD 0.6) was inactivated by heating at 150 ◦C for 1 h in an autoclave. Conditions:
E = 0.4 V vs. SHE, 40 mM acetate, pH 7.4; CV: scan rate: 5 mV s−1, 30 ◦C, purged with
N2:CO2 (80:20, v:v%). c. Effect of a metabolism inhibitor on G. sulfurreducens. The black
arrow indicates the addition of malonic acid (10 mM) into the electrolyte solution. Malonic
acid inhibits the TCA cycle and partially suppresses the metabolism of G. sulfurreducens.
d. Effect of a biocide to G. sulfurreducens. The black arrow indicates the addition of
glutaraldehyde (0.1%), a typical biocide, into the electrolyte solution. Conditions: E = 0.4 V
vs. SHE, 40 mM acetate, pH 7.4, 30 ◦C, purged with N2:CO2 (80:20, v:v%).

flat ITO-coated glass gave rise to substantially less current (0.21 mA cm−2) and therefore
yielded a much thinner biofilm (< 5 µm) (Figure 5.4b, 5.6a,b). Likewise, the bacteria cannot
penetrate into the IO-ITO electrodes with 3 µm pores, but formed thick biofilms on top of the
electrode (Figure 5.6c). The presence of biofilms likely hindered the diffusion of acetate,
limiting the availability of electron donors in the electrode scaffold, which could account
for the resulting smaller plateau current. The current began to decay in the wake of acetate
depletion, which can be partially restored by supplementing acetate into the current medium
or replenishing with a fresh medium containing acetate (Figure 5.4a).

Figure 5.6 SEM images of the G. sulfurreducens on a flat ITO glass slide (a,b) and a 3 µm
IO-ITO electrode (c). Conditions: E = 0.1 V vs. SHE, 40 mM acetate, pH 7.4, 30 ◦C, purged
with N2:CO2 (80:20, v:v%).

The IO-ITO|G. sulfurreducens electrode after the anodic growth displayed a typical
reddish colour stemming from the redox-active multihaem cyt c (Figure 5.4c inset). FIB-
SEM imaging shows that the bacteria penetrated through the entire IO-ITO electrode and
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were closely interfaced with the mesoporous scaffold (Figure 5.4c,d). As conventional
fluorescent dyes (such as SYTO 9 and propidium iodide) adsorbed on the IO-ITO scaffold
would be unable to differentiate between live and dead cells, I used an alternative dye to
assess the bacterial viability. 5-cyano-2,3-ditolyl tetrazolium chloride (CTC) is a soluble non-
fluorescent compound whereas its reduced form, CTC formazan, is insoluble and produces
red fluorescence. Living bacteria respiring via the electron transport chain adsorb CTC dyes
and reduce them into insoluble CTC formazan that precipitates in the cell. Dead bacteria
and IO-ITO scaffolds cannot reduce CTC, thereby producing much less fluorescence.[288]

This method allows us to assess the bacterial viability inside the IO-ITO electrode by means
of evaluating their respiration activity, without being interfered by the scaffold. CLSM
images manifest that bacterial viability of G. sulfurreducens was well-retained in the IO-ITO
electrode scaffold (Figure 5.4e, 5.7).

Figure 5.7 CLSM images of a bare IO-ITO electrode (a) and IO-ITO|G. sulfurreducens
electrode (b). The electrodes were stained with 5-cyano-2,3-ditolyl tetrazolium chloride
(CTC, 10 mM) and incubated in the dark for 30 min at 25 ◦C. Excitation: λex = 488 nm;
Emission: λem = 600–650 nm.

Under turnover conditions, the IO-ITO|G. sulfurreducens electrode exhibited a charac-
teristic sigmoidal CV trace with an onset potential of −0.25 V vs. SHE (ECO2/CH3COO− =
−0.29 V vs. SHE, pH 7.0) (Figure 5.8a).[182] The CV profile points to a typical catalytic
response of a biofilm, where the catalytic current is limited by the extracellular electron
transport via outer membrane cyt c.[289] This is further evidenced by a control experiment
with cyt-suppressed G. sulfurreducens (∆Cyt). Instead of using genetic tools to create mu-
tants with limited cytochrome expression, here we adopted a chemical approach to suppress
the cytochrome synthesis by limiting the iron availability during growth.[232] This is pos-
sible because the synthesis of cyt c requires irons to constitute haem with protoporphyrin
IX.[290] Microorganisms have developed regulatory and transport mechanisms to maintain
iron homeostasis in response to variations in iron availability.[291,292] When culturing with
bipyridine, an iron chelator, G. sulfurreducens limits the production of cytochromes under
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Figure 5.8 Extracellular electron transfer via outer membrane cytochromes. a. Repre-
sentative CV scans of an IO-ITO|G. sulfurreducens electrode and a bare IO-ITO electrode
(control) with acetate. The redox wave near 0 V vs. SHE is derived from the medium
solution. Scan rate: 5 mV s−1. b. The Fe quantity of the wild-type (WT) and cyt-suppressed
(∆Cyt) G. sulfurreducens, determined by ICP-OES. c. Photographs of the WT and ∆Cyt G.
sulfurreducens. The reddish colour disappeared for ∆Cyt G. sulfurreducens due to lack of
iron-rich cytochromes. d. CLSM image of the ∆Cyt G. sulfurreducens that was stained with
the LIVE/DEAD BacLight bacterial viability kit (L7007) to distinguish the live (green) and
dead (red) cells. The CLSM image shows a majority of ∆Cyt G. sulfurreducens were live.
Excitation: 476 nm; Emission: 480–520 nm (SYTO 9) and 610–660 nm (propidium iodide).
e,f. Chronoamperometry and CV scan of the IO-ITO electrode with ∆Cyt G. sulfurreducens.
f. SEM image of the IO-ITO electrode with ∆Cyt G. sulfurreducens. Bacteria without cyt
c were unable to respire with the IO-ITO scaffold, thereby not forming biofilm within the
electrode. Conditions: E = 0.4 V vs. SHE, 40 mM acetate, pH 7.4; CV: scan rate: 5 mV s−1;
30 ◦C, purged with N2:CO2 (80:20, v:v%).

iron-deficient conditions. Elements analysis by inductively coupled plasma-optical emis-
sion spectroscopy (ICP-OES) shows a significant reduction of iron content in the resulting
bacteria strain, which is also reflected by the disappearance of the indicative reddish colour
(Figure 5.8b,c). Bacterial viability assessment suggests that the lack of cytochrome did not
induce damages to cellular integrity and changes in bacterium morphology (Figure 5.8d).
The ∆Cyt G. sulfurreducens produced negligible current (0.5 µA cm−2) and a non-turnover
CV wave (Figure 5.8e,g), which confirms the necessity of cyt c for microbial electrogenesis.
Electrons delivered from the bacterium were transferred through the conducting IO-ITO
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scaffold. A control experiment with an insulating IO-ZrO2 scaffold on ITO-coated glass
produced negligible current and no bacterial colony was formed (Figure 5.9), which demon-
strates that the conductivity of the electrode scaffold is essential for the bacterium’s outward
electron transfer and biofilm formation.

Figure 5.9 Control experiment with IO-ZrO2 electrode (Geometrical area: 0.25 cm2; pore
size: 10 µm; thickness: 50 µm). a. Chronoamperometry of the IO-ZrO2 electrode with G.
sulfurreducens. b,c. SEM images of the IO-ZrO2 electrode from the top (b) and side (c) view
of the IO-ZrO2 electrode after anodic culturing. There were no bacteria colonising within
the non-conductive scaffold. Conditions: E = 0.4 V vs. SHE, 40 mM acetate, pH 7.4; 30 ◦C,
purged with N2:CO2 (80:20, v:v%). The non-conductive IO-ZrO2 scaffold was prepared on
an ITO glass substrate following a similar co-assembly method using 10 µm PS beads and
ZrO2 nanoparticles (20–30 nm).

5.4 Potential dependence

The plateau anodic current was found variable with the applied electrochemical potential
(Figure 5.11a, 5.10). The highest current density was attained at 0.1 V vs. SHE (2.9 ±
0.1 mA cm−2, N = 10), whereas it reduced to 1.1 ± 0.1 mA cm−2 (N = 10) at 0.4 V
vs. SHE (Figure 5.11a). Colourimetric protein quantification revealed that the biohybrid
electrode at 0.1 V vs. SHE contained more proteins than at 0.4 V vs. SHE (Figure 5.11b).
We thus infer that bacteria can overcome the thermodynamic challenge arising from a
lower electrochemical potential to discharge electrons outward by adopting a different set
of pathways.[293] This would allow them to maintain competitive advantages in habitats
where redox states of electron acceptors are frequently varying due to environmental and
meteorological perturbations. It is common practise in the field to apply high potentials
(e.g. 0.4 V vs. SHE) to establish an electron sink for microbial respiration, but these results
suggest that such positive potentials might not be optimal for microbial electrogenesis.
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Figure 5.10 Potential dependent electrogenesis. Current density, CV scans and SEM
images of IO-ITO|G. sulfurreducens electrodes at different potentials with acetate (40 mM,
pH 7.4). a. 0.0 V vs. SHE; b. 0.2 V vs. SHE; c. 0.3 V vs. SHE; d. 0.4 V vs. SHE. Scan rate:
5 mV s−1. All the electrochemical experiments were performed prepared 30 ◦C in N2:CO2
(80:20, v:v%).
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Figure 5.11 Potential dependent electrogenesis and differential gene expression analysis.
a. Potential dependence of the current produced by IO-ITO|G. sulfurreducens electrodes.
Independent samples: 0.0 V: N = 3; 0.1 V: N = 10; 0.2 V: N = 6; 0.3 V: N = 6; 0.4 V: N
= 10. b. Colourimetric quantification of proteins in IO-ITO|G. sulfurreducens electrodes
prepared at 0.1 V and 0.4 V vs. SHE. N = 3 independent samples. Error bars represent
the standard error of the mean. Significance value: ∗∗∗∗p < 0.0001. c–e. Volcano plots of
differential gene expression of G. sulfurreducens in IO-ITO electrodes at 0.1 V and 0.4 V vs.
SHE. c, 0.1 V vs. control; d, 0.4 V vs. control; e, 0.1 V vs. 0.4 V. The control group was
the planktonic G. sulfurreducens anaerobically cultured in a medium solution with 20 mM
acetate and 50 mM fumarate (pH 7.2) at 30 ◦C. The expression difference is represented by
the log fold change in base 2 (log2FC) versus a baseline group (c,d, control; e, 0.4 V). The
expression difference is considered significant provided that the false discovery rate (FDR),
the adjusted p-value for multiple testing, is less than 0.05 (−logFDR > 1.3). Positive log2FC
values represent higher expression compared with the baseline group. The red points indicate
the genes encoding putative cyt c in G. sulfurreducens identified by Ref. [148]. Up-regulated
genes encoding electron-carrying proteins (OmcB, OmpJ, MacA) are indicated in c,d. Each
point represents the average value of one transcript in three replicates.

To understand whether the immobilisation and potential difference can induce tran-
scriptional responses, RNA sequencing was employed to compare the gene expression of
G. sulfurreducens grown on electrodes with different potentials and cultured in a medium
solution with a soluble electron acceptor (fumarate). RNA sequencing can produce a genome-
scale transcription map that enables a global view of transcriptome and reflects expression
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levels for individual genes.[294] The RNA sequencing and data analysis were performed in
Cambridge Genomic Services (Section 2.3.5). The workflow is briefly illustrated here: RNA
was extracted from G. sulfurreducens cultured within the IO-ITO electrodes and reversely
transcribed to cDNA. The cDNA was then fragmented and sequenced in a high-throughput
manner to obtain short sequences termed “short sequenced reads”, which were then aligned
to a reference genome to produce a genome-scale transcription map. Transcript expression
was calculated based on the number of reads aligned to each gene.

Table 5.1 Significance summary of differential gene expression analysis

Comparison Total genes
FDR <0.05 genes

Total Up-regulated Down-regulated
0.1 V vs. 0.4 V 3586 19 1 18
0.1 V vs. Ctrl 3612 978 250 728
0.4 V vs Ctrl 3602 907 234 673

Table 5.2 Three genes encoding proteins involved in extracellular electron transfer

Genes Proteins
0.1 vs. Ctrl 0.4 V vs. Ctrl 0.1 V vs. 0.4 V

Log2FC FDR Log2FC FDR Log2FC FDR
GSU2737 OmcB 0.83 0.003 1.19 <0.0001 - n.s.
GSU0466 MacA 0.38 0.006 0.29 0.034 - n.s.
GSU3304 OmpJ 0.43 0.020 0.43 0.018 - n.s.

Differential gene expression analysis shows a substantial down-regulation of gene ex-
pression when bacteria are grown on electrodes, compared with those cultured in a medium
solution with fumarate as the electron acceptor (Figure 5.11c,d). Amongst more than 3500
genes sequenced, ∼25% of genes were induced with significant changes (FDR < 0.05) in
expression on electrodes, with ∼75% of them down-regulated (Table 5.1). This suggests
that G. sulfurreducens deployed a different metabolic strategy that consumes less energy
when interfaced with an electrode.[295] Microorganisms survive and thrive under different
environments thanks to their acute and flexible regulatory mechanisms, which enable them to
maintain their homeostasis in response to environmental variations. Through various sensing
and transduction pathways, extracellular changes can be translated into intracellular signals
that induce transcriptional responses. G. sulfurreducens can use various forms of soluble and
insoluble electron acceptors.[132] Soluble electron acceptors such as fumarate can diffuse into
a cell and participate in intracellular metabolism, whereas insoluble electron acceptors such
as metal oxides cannot permeate through the cellular membrane and can only be utilised for
anaerobic respiration by extracellular electron transfer. In a biohybrid system, an electrode
with a poised electrochemical potential substitutes for natural minerals as an inexhaustible
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electron sink, which forms the basis of microbial electrogenesis. When G. sulfurreducens is
transferred to a new environment deprived of soluble electron acceptors (fumarate), bacteria
will regulate gene expression to align their metabolism with the physiological needs of
using an electrode as the electron acceptor. Although their cellular regulation has not been
completely deciphered due to many genes with unknown functionality,[296] several genes
that are found responsible for extracellular electron transport could shed light on part of their
adaptation strategies. Genome-wide study has identified 111 gene encoding putative cyt c
(109 of them found in this study) in G. sulfurreducens,[148] but only 16 multihaem cyt c were
found essential for extracellular electron transfer.[297]

The transcriptional regulation is likely to occur during the initial lag phase, when electron
transfer pathways are shifted to favour insoluble electron acceptors (electrodes). This is sup-
ported by the up-regulation of genes (GSU2737, GSU0466, GSU3304) encoding proteins that
are involved in extracellular electron transfer (OmcB, OmpJ and MacA) (Figure 5.4d, Table
5.2), thereby enhancing the bacterial interaction with extracellular electron acceptors.[298–301]

OmcB is an outer membrane cyt c essential for the Fe(III) reduction via extracellular elec-
tron transfer in nature.[299,302] OmpJ is an outer membrane protein (porin) that upholds the
structural integrity of the periplasmic space for the proper functioning of electron transport
components.[298] MacA is a periplasmic protein that mediates the electron transfer between
the inner and the outer membrane.[300] Nevertheless, there was no significant change in gene
expression at different potentials (0.1 V and 0.4 V vs. SHE) (Figure 5.4e), despite large
differences in current density (Figure 5.4a), suggesting potential variations cannot stimulate
extensive transcriptional responses. These findings imply that G. sulfurreducens adjusted
its gene expression to keep intracellular metabolism in tune with physiological needs with
different electron acceptors, whereas electrode potentials cannot induce tangible responses at
a transcriptional level. The question on how G. sulfurreducens can sense electrode potentials
and respond to potential variations remains unclear and requires further investigations.

5.5 Syntrophic electrogenesis

In nature, different bacteria form symbiotic partners via interspecies mass transport or electron
transfer to overcome environmental disadvantages.[303] This inspires a syntrophic strategy
for electrogenesis, which employs the syntrophy between mixed cultures of electroactive
bacteria, and thus grants the system additional resilience to environmental perturbations
such as limited electron donors. S. loihica is an electrogenic bacterium ubiquitously thriving
in aquatic and sedimentary environments. It has evolved robust sensing and regulatory
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Figure 5.12 Syntrophic electrogenesis. a. Schematic illustration of syntrophic electrogene-
sis in an IO-ITO electrode. S. loihica metabolises lactate into acetate and transfers electrons
to the electrode mainly through self-excreted flavins. G. sulfurreducens then consumes
acetate and releases electrons to the electrode. b. Representative currents of G. sulfurre-
ducens, S. loihica, and a mixed culture of G. sulfurreducens and S. loihica, with an IO-ITO
electrode at 0.4 V vs. SHE with lactate (40 mM, pH 7.4). The insets are 1HNMR spectra of
the electrolyte solution extracted after 100 h electrogenesis with IO-ITO|G. sulfurreducens,
IO-ITO|S. loihica, and IO-ITO|coculture. TMSP-d4 (1 mM) was used as the reference (0
ppm) and internal standard for quantification. 1HNMR peaks of acetate (singlet, 1.92 ppm)
and lactate (doublet, 1.34 ppm) are indicated. All the electrochemical experiments were
performed under a N2:CO2 atmosphere (80:20, v:v%) at 30 ◦C.

systems that confer its metabolic versatility.[304] S. loihica and G. sulfurreducens have similar
morphology and dimensions (Figure 5.13a,b), but differ in metabolic pathways: S. loihica
utilises lactate as the carbon and energy resource instead of acetate and it engages with
extracellular electron acceptors mainly through self-secreted flavins. By co-culturing S.
loihica and G. sulfurreducens in an IO-ITO electrode, lactate can be used as the sole electron
donor to support the electrogenesis of both strains. In this case, S. loihica metabolises
lactate into acetate that can be further utilised by G. sulfurreducens, while both bacteria
release electrons to the electrode (Figure 5.12a). Such syntrophic pathway can increase the
stoichiometric production of electrons and further attest that the IO-ITO electrode is a robust
and versatile host for various microbial communities.

As G. sulfurreducens poorly utilises lactate for metabolism,[137] the current output at 0.4
V vs. SHE (0.13 mA cm−2) with lactate was far below that with acetate as the electron donor
(1.07 mA cm−2) (Figure 5.12b). This is also evidenced by a reduced G. sulfurreducens
population on the electrode (Figure 5.13c). The current density produced by S. loihica (0.30
mA cm−2) with lactate was smaller than that of G. sulfurreducens with acetate at 0.4 V vs.
SHE, despite a large population of S. loihica on the electrode (Figure 5.13d). This results
from a diffusion-governed extracellular electron transfer by S. loihica, which is kinetically
less efficient compared with direct electron transfer via outer membrane cytochromes in
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Figure 5.13 Coculturing S. loihica and G. sulfurreducens in IO-ITO electrodes. a,b.
Scanning transmission electron microscope images of S. loihica (a) and G. sulfurreducens
(b). c–e. Cross-sectional SEM images of IO-ITO|G. sulfurreducens (a), IO-ITO|S. loihica
(b), and IO-ITO|coculture (c). The insets show the photographs of the hybrid electrodes. The
SEM images along with photographs representatively reflect the bacterial colony in different
electrodes, but they are unable to distinguish G. sulfurreducens and S. loihica due to similar
morphologies. All these hybrid electrodes were prepared at 0.4 V vs. SHE with lactate (40
mM, pH 7.4) at 30 ◦C in N2:CO2 (80:20, v:v%).

G. sulfurreducens. Inoculation of both S. loihica and G. sulfurreducens attained a higher
current of 0.68 mA cm−2, and yielded more acetate (∼2.9 mM) than S. loihica alone (∼1.6
mM) (Figure 5.12c). These together point to a syntrophy between G. sulfurreducens and S.
loihica: the presence of G. sulfurreducens perhaps assisted S. loihica in discharging more
electrons via interspecies electron transfer, which produced more acetate and facilitated the
growth of both strains (Figure 5.13e).

5.6 Summary

This chapter presents a semi-biological system employing electroactive bacteria integrated
inside a porous and hydrophilic IO-ITO electrode architecture. The resulting biohybrid
electrodes provided a platform to wire bacteria’s intrinsic physiological functionality with
artificial electronics, and allowed a high degree of control over system configuration and
operation. The biohybrid electrode attained a current density of 3 mA cm−2 at 0.1 V vs.
SHE and indicates a high population of G. sulfurreducens actively metabolising within the
electrode scaffold. Differential gene expression analysis revealed that G. sulfurreducens up-
regulated genes encoding electron-carrying proteins to facilitate the electron transfer toward
electrodes. G. sulfurreducens was further cocultured with S. loihica in the IO-ITO electrode
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to create a syntrophic pathway for electrogenesis. The bacterium-colonised electrode can
be used as a “living” electrode to perform chemical reactions at cathodic conditions. Such
applications will be discussed in the next chapter.



Chapter 6

Inverse opal-indium tin oxide electrode
for microbial photoelectrosynthesis

The contents of this chapter were obtained solely by the author of this thesis, with contribu-
tions from others as outlined here: Dr. Shafeer Kalathil cultured G. sulfurreducens and M.
barkeri; Dr. Qian Wang prepared BiVO4-CoOx electrodes.

6.1 Introduction

The anodic growth primes a microbial electrode populated with a large colony of electroactive
G. sulfurreducens. This chapter demonstrates how such hybrid electrodes can be utilised
to drive chemical reactions. This was carried out by poising negative potentials on the
resulting IO-ITO|G. sulfurreducens electrode. Under such conditions, G. sulfurreducens
accepts electrons from the electrode to sustain its metabolism and disposes respiratory
electrons by reducing soluble fumarate or heterogeneous GO. To outsource the electron
supply to a renewable source, the biohybrid electrode was coupled with a photoanode to
achieve photoelectrosynthesis without applying an external electrochemical voltage. G.
sulfurreducens could be further cultured with methanogens M. barkeri inside the IO-ITO
scaffold to form a syntrophic partnership that could conduct CO2 reduction to CH4 through
the direct interspecies electron transfer.
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Figure 6.1 Microbial electrosynthesis with the IO-ITO|G. sulfurreducens electrode. a.
Representative cathodic current of an IO-ITO|G. sulfurreducens V vs. SHE. A bare IO-ITO
electrode was used as a control. b. 1HNMR spectra of the electrolyte aliquoted during the
course of reaction. TMSP-d4 (1 mM) was used as the reference (0 ppm) and internal standard
for quantification. 1HNMR peaks of fumarate (singlet, 6.52 ppm) and succinate (singlet,
2.41 ppm) are indicated. c. Quantification of reactants and products and Faraday efficiency
during the course of reaction. d. Cathodic current of an IO-ITO|G. sulfurreducens electrode
reducing GO (0.1 mg mL−1) at −0.3 V vs. SHE. A bare IO-ITO electrode was used as a
control. The insets show photographs of GO solutions before and after reduction by a bare
IO-ITO and an IO-ITO|G. sulfurreducens electrode. All the reactions were performed in a
N2:CO2 atmosphere (80:20 v:v%) at 30 ◦C, with Pt and Ag/AgCl as counter and reference
electrode, respectively.

6.2 Microbial electrosynthesis

Electrosynthesis was performed with an IO-ITO|G. sulfurreducens electrode prepared at
0.1 V vs. SHE for 80–100 h, until the current stabilised. A prototypical reaction, fumarate
reduction, was used to exemplify the potential of harnessing intracellular metabolism for
chemical synthesis. Fumarate reduction to succinate is part of a biosynthetic pathway that
transforms CO2 into carboxylic acid and is an essential reaction for bacterium survival under
anaerobic conditions.[305] At −0.45 V vs. SHE, the IO-ITO|G. sulfurreducens electrode
generated a cathodic current that returned to zero after 80 h (Figure 6.1a). During the
process, fumarate was stoichiometrically reduced to succinate with Faraday efficiency of 93
± 12% (Figure 6.1b,c), whereas fumarate cannot be electrochemically reduced by a bare
IO-ITO electrode at the same potential (Figure 6.1a).[182]

Furthermore, this hybrid electrode can carry out reactions beyond the bacterium’s native
metabolic pattern. Planktonic Geobacter can reduce GO by extracellularly transferring
electrons to GO with the presence of electron donors.[306] The sessile G. sulfurreducens
in an IO-ITO scaffold could reduce GO in a similar fashion at −0.3 V vs. SHE. The
reduction of GO after 20 h is indicated by the increasing hydrophobicity of RGO and
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rise of intensity ratio of D and G band in the Raman spectra (Figure 6.1d, 6.2).[307] In
absence of bacteria, a minimum cathodic current was recorded (Figure 6.1d), suggesting
GO was reduced by G. sulfurreducens and not by the IO-ITO scaffold at −0.3 V vs. SHE
(conventional electrochemical GO reduction is implemented at a more negative potential;
−0.7 V vs. SHE at pH 7.2).[308] It shows that G. sulfurreducens could accept electrons
from the cathode and intracellularly reduce fumarate to succinate and extracellularly reduce
GO to RGO, and further demonstrates the synthetic versatility of the biohybrid electrode to
prepare functional materials beyond natural metabolites with reduced energy input under
physiological conditions to rival more energy-intense synthetic routes.

Figure 6.2 Raman spectra of the GO before and after reduced by an IO-ITO electrode
and a IO-ITO|G. sulfurreducens hybrid electrode at −0.3 V vs. SHE. The intensity ratio of
D (∼1350 cm−1) and G band (∼1580 cm−1): 0.57 (GO), 0.87 (IO-ITO), 1.00 (IO-ITO|G.
sulfurreducens).

6.3 Microbial photoelectrosynthesis

In this section, I seek to couple the IO-ITO|G. sulfurreducens electrode to a photoanode
so as to outsource the electron supply to photochemistry. I first employed an IO-TiO2 pho-
toanode (geometrical surface area: 0.25 cm2) sensitised with a photosensitive phosphonated
[Ru(II)(2,2′-bipyridine)3]-based dye (RuP, λmax = 457 nm) to enable visible-light absorption
(Figure 6.3a,b).[68,311] Under irradiation, the excited RuP* dye injects an electron into the
conduction band of TiO2 electrode, which travels to the cathode via an external circuit, while
the photogenerated hole is quenched by taking an electron from TEOA.

The onset potential of the IO-TiO2|RuP photoanode in the presence of TEOA (pH 7.2)
was determined at −0.6 V vs. SHE (Figure 6.3c), which corresponds to the quasi-Fermi
level of TiO2. The catalytic wave of fumarate reduction by the biohybrid electrode appeared
at −0.2 V vs. SHE (Figure 6.3d). Given EFumarate/Succinate = 0.03 V vs. SHE (pH 7.0), the
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negative shift of onset potential presumably relates to the redox potentials of outer membrane
cytochromes (−0.4–0.1 V vs. SHE),[176] which presumably take part in the electron uptake
from the electrode. The energy levels were thus well-aligned to permit autonomous light-
driven fumarate reduction without an electrochemical bias in two-electrode configuration
(Figure 6.3e). After 24 h of simulated solar irradiation (I = 100 mW cm−2, AM 1.5G), 0.79
± 0.10 mM succinate was detected, along with intermediate metabolites such as malate
(doublet of doublets, 2.7 ppm), pyruvate (singlet, 2.38 ppm),[285] corresponding to a succinate
yield of (7.8 ± 1.1)% (Figure 6.3f,g). The presence of additional metabolites indicates that
the bacteria retained their metabolic activity with electrons supplied by the photoanode
and thus reduced fumarate via intracellular biochemical pathways. No such products were
detected in absence of bacteria at the same condition. Note that the photocurrent decayed
during the course of PEC reaction, which was likely due to the photodegradation of the RuP
dye.[68]

The IO-TiO2|RuP photoanode employs a sacrificial reagent (TEOA) as the electron donor
and is prone to photodegradation. To overcome these drawbacks, I resorted to monoclinic
BiVO4 as the light-absorbing material in view of its well-suited band structure for water
oxidation to O2 (band gap: 2.4 eV; conduction band potential: −0.4 V vs. SHE, pH
7.0).[312] I employed BiVO4 deposited with a CoOx cocatalyst as the photoanode to directly
extract electrons from water (in a phosphate buffer solution, pH 7.3) (Figure 6.4a,b).[227]

The BiVO4-CoOx electrode displayed a photocurrent onset potential at −0.35 V vs. SHE
(Figure 6.4c,d), which is close to the conduction band of BiVO4. Compared with IO-
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Figure 6.3 Microbial photoelectrosynthesis in a tandem system with an IO-ITO|G. sulfurre-
ducens electrode connected to a dye-sensitised TiO2 photoanode. a. Schematic representation
of a PEC cell consisting of an IO-TiO2|RuP photoanode and an IO-ITO|G. sulfurreducens
cathode. Under irradiation, the excited RuP* dye injects an electron into the conduction
band of TiO2 electrode, which is further directed to the cathode via an external circuit.
The RuP+ dye is regenerated by extracting an electron from TEOA. b. SEM image of
an IO-TiO2 electrode. The inset shows the top view of the electrode (scale bar: 10 µm).
The IO-TiO2 electrode has a thickness of 40 µm and macropore size of 10 µm. c. Stepped
chronoamperometry of the IO-TiO2|RuP photoanode in TEOA (25 mM, pH 7.2), with Pt
and Ag/AgCl as the counter and reference electrode, respectively. The electrode was under
periodic irradiation (10 s in light, 30 s in dark, I = 100 mW cm−2, AM 1.5G) at stepped
potentials from −0.7 V to 0.4 V vs. SHE. The experiment was performed in N2:CO2 (80:20,
v:v%). d. Photocurrent from chronoamperometry of the IO-TiO2|RuP (0.25 cm2) photoan-
ode and a CV scan of the IO-ITO|G. sulfurreducens electrode in fumarate (10 mM, pH 7.2)
solution. Three-electrode configuration, scan rate: 5 mV s−1. e. Energy level diagram of an
IO-TiO2|RuP photoanode coupled with an IO-ITO|G. sulfurreducens cathode with respect to
an electrochemical potential scale at pH 7.0. Energy levels of TiO2 and RuP are taken from
Ref. [309]. As the mechanism of electron intake by bacterium remains elusive, here I tenta-
tively assume electrons are transferred inward via cyt c with redox potentials centred at −0.2
V vs. SHE.[176,310] The reduction potential of fumarate (0.03 V vs. SHE) is sourced from Ref.
[182]. f. Photocurrent of light-driven fumarate reduction with an IO-TiO2|RuP||IO-ITO|G.
sulfurreducens two-electrode tandem system at zero bias. A bare IO-ITO electrode without
bacteria was used as the cathode for a control experiment (grey trace). TEOA (25 mM, in
50 mM KCl) was used as the electron donor for the photoanode. The photocurrent was
normalised to the geometrical area of the cathode (0.25 cm2). g. 1HNMR spectra of the
solution extracted from the cathode compartment after 24 h of irradiation. TMSP-d4 (1 mM)
was used as the reference (0 ppm) and internal standard for quantification. The NMR peak of
succinate (singlet, 2.41 ppm) is highlighted and the doublet of doublets peaks at 2.7 ppm are
assigned to malate. Conditions: 20 mM fumarate, pH 7.2, E = 0 V, I = 100 mW cm−2, AM
1.5G, in a N2:CO2 (80:20 v:v%) atmosphere at 25 ◦C.

TiO2|RuP photoanode, the BiVO4-CoOx electrode enabled smaller energy margin to drive
photoelectrons toward the intracellular pathways (Figure 6.4e). As such, the resulting BiVO4-
CoOx||IO-ITO|G. sulfurreducens tandem PEC system generated a smaller photocurrent at
zero bias and yielded 0.51 ± 0.20 mM succinate after 24 h of irradiation (I = 100 mW cm−2,
AM 1.5G) (Figure 6.4f,g). In contrast, inactivation of the bacteria by biocide on the cathode
resulted in no succinate and other metabolites, confirming fumarate reduction was performed
through bacterial metabolism (Figure 6.4g).

Light-driven fumarate reduction has been previously realised using isolated flavoenzymes
as the biocatalyst,[313,314] but the system performance was highly limited by the fragility of
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isolated enzymes and susceptible to enzyme orientations that dictate the electron transfer at
biointerfaces. The microbial system here enabled higher catalytic capacity and improved
stability, thanks to the large number of robust bacteria integrated inside the IO-ITO scaffold.
Moreover, the proteinaceous electron conduits on bacterial membranes allow for omnidi-
rectional electron transfer toward electrodes, regardless of the bacteria orientation. The
photosynthetic biohybrid systems here decoupled light harvesting on the photoanode from
chemical transformation at the cathode, rendering the system optimisation highly flexible.
The photoanode can be facilely varied in morphology to enhance photocurrent, be substi-
tuted with better-performing light absorbing materials to improve photostability, and be
supplemented with water-oxidising electrocatalysts to eliminate the reliance on sacrificial
electron donors. The design and implementation of microbial photoelectrosynthesis can
further take lessons from mechanistic understandings and optimisation guidelines that are
well-established in the field of artificial photosynthesis.

6.4 Syntrophic electrosynthesis

The IO-ITO|G. sulfurreducens electrode has demonstrated the ability to catalyse both biotic
(fumarate reduction) and abiotic (GO reduction) reactions. However, the scope of reactions
is limited by G. sulfurreducens that cannot reduce CO2 due to the lack of carbon assimilation
pathways. Synthetic biology offers genetic toolsets that can integrate alien CO2-fixation
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Figure 6.4 Microbial photoelectrosynthesis in a tandem system with an IO-ITO|G. sul-
furreducens electrode connected to a BiVO4-CoOx photoanode. a. Schematic representation
of a PEC cell consisting of a BiVO4-CoOx photoanode and an IO-ITO|G. sulfurreducens
cathode. Under irradiation, BiVO4 absorbs light and donates excited electrons to the ex-
ternal circuit whilst oxidising water with the aid of the CoOx cocatalyst. b. Top-view and
cross-sectional SEM images of an BiVO4-CoOx electrode. The thickness of BiVO4 film
was 500 nm and CoOx cocatalysts were deposited on top. c. Linear sweep voltammetry
trace of the BiVO4-CoOx electrode in phosphate buffered saline (20 mM Na2HPO4, pH 7.3)
under periodic irradiation (5 s in light, 5 s in dark, I = 100 mW cm−2, AM 1.5G). Scan
rate: 5 mV s−1. Pt and Ag/AgCl were employed as the counter and reference electrode,
respectively. The experiment was performed in N2:CO2 (80:20, v:v%). d. Photocurrent
from chronoamperometry of the BiVO4-CoOx (1.0 cm2) photoanode and a CV scan of the
IO-ITO|G. sulfurreducens electrode in fumarate (10 mM, pH 7.2) solution. Three-electrode
configuration, scan rate: 5 mV s−1. e. Energy level diagram of a BiVO4-CoOx photoan-
ode coupled with an IO-ITO|G. sulfurreducens cathode with respect to an electrochemical
potential scale at pH 7.0. The conduction band (CB) edge of BiVO4 was taken from Ref.
[312] f. Photocurrent of light-driven fumarate reduction with a BiVO4-CoOx||IO-ITO|G.
sulfurreducens two-electrode tandem system at zero bias. A hybrid electrode with dead bac-
teria (inactivated by 0.1% glutaraldehyde) was used as the cathode for a control experiment
(grey trace). A phosphate buffered saline solution (20 mM Na2HPO4, pH 7.3) was used
for the photoanode compartment. The photocurrent was normalised to the geometrical area
of the cathode (0.25 cm2). g. 1HNMR spectra of the solution extracted from the cathode
compartment after 24 h of irradiation. TMSP-d4 (1 mM) was used as the reference (0 ppm)
and internal standard for quantification. The NMR peak of succinate (singlet, 2.41 ppm) is
highlighted and the doublet of doublets peaks at 2.7 ppm are assigned to malate. Conditions:
20 mM fumarate, pH 7.2, E = 0 V, I = 100 mW cm−2, AM 1.5G, in a N2:CO2 (80:20 v:v%)
atmosphere at 25 ◦C.

pathways (e.g. Calvin cycle) into heterotrophic microorganisms such as E. coli.[315] Yet G.
sulfurreducens has not been subjected to genetic engineering to this end, and the extensive
regulation and complex interactions between metabolic pathways can render such alterna-
tion problematic.[47] On the other hand, methanogenic archaea can reduce CO2 into CH4

during the course of anaerobic respiration, but have limited electron uptake ability from elec-
trode.[316] It has been shown that G. metallireducens can electrically interact with M. barkeri,
a cyt-containing methanogen, through direct interspecies electron transfer, which allowed
stoichiometric conversion of ethanol to CH4 unattainable by individual strains alone.[317]

Here I show such synergistic symbiosis can be leveraged to carry out CO2 reduction to
CH4 with IO-ITO electrodes colonised with mixed cultures of G. sulfurreducens and M.
barkeri (Figure 6.5). This process is reminiscent of the syntrophic electrogenesis where two
strains of bacteria cooperate to generate electricity, and is hereby termed as “synthrophic
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Figure 6.5 Coculturing G. sulfurreducens and M. barkeri in IO-ITO electrodes for syn-
trophic electrosynthesis. a. Schematic representation of light-driven syntrophic electrosyn-
thesis. A photoanode is used to harvest solar light and extract electrons from water to feed
the downstream chemical synthesis. A cathode is cocultured with G. sulfurreducens and M.
barkeri and reduces CO2 to CH4 via interspecies electron transfer. b. Schematic illustration
of an IO-ITO electrode scaffold populated by G. sulfurreducens (red) and M. barkeri (blue).

electrosynthesis”. Bacterial cocultures, i.e., electrotrophs and methanogens or acetogens,
have previously been employed to produce CH4 or acetate from CO2 with electrons supplied
by a graphite electrode and mediated by biotically-generated H2 between species (Section
1.7.4).[318] In the symbiotic system here, G. sulfurreducens can interact with M. barkeri in a
different manner, namely, by direct interspecies electron transfer.

IO-ITO electrode with 20 µm macropores were designed to provide sufficient surface for
the cocultures (Section 2.1.2). The syntrophic electrosynthesis was implemented following
a workflow illustrated in Figure 6.6a. First, G. sulfurreducens was cultured in an IO-ITO
scaffold at 0.4 V vs. SHE, with acetate as the electron donor (Figure 6.6b). Then the resulting
IO-ITO|G. sulfurreducens electrode was placed in a new medium containing methanol as the
electron donor to M. barkeri at 0.4 V vs. SHE. Possible electron acceptors (HCO3

– , CO3
2 – ,

CO2) were removed from the electrolyte. The current decay in the first 24 h was derived from
the consumption of acetate remained in the G. sulfurreducens biofilm and further suggests
that G. sulfurreducens could not metabolise methanol (Figure 6.6c). After inoculating M.
barkeri, the anodic current increased as a result of the metabolic conversion of methanol.
Negligible current was detected when M. barkeri was cocultured with an inactivated IO-
ITO|G. sulfurreducens electrode (G. sulfurreducens in the electrode was inactivated by
glutaraldehyde) (Figure 6.6c, the grey trace), suggesting M. barkeri discharged electrons
to the electrode via G. sulfurreducens. The attained coculture electrode was transferred to
a fresh medium in absence of both electron donors and soluble electron acceptors, so as
to consume the remaining methanol (Figure 6.6d). Lastly, the IO-ITO|coculture electrode
was poised with −0.4 V vs. SHE and furnished with CO2 (in the form of HCO3

– , CO3
2 – ).
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Figure 6.6 Workflow and chronoamperometry of syntrophic electrosynthesis with G. sul-
furreducens and M. barkeri. a. Workflow of syntrophic electrosynthesis. (1) G. sulfurre-
ducens is first cultured within an IO-ITO (20 µm) anode with acetate as the electron donor.
(2) M. barkeri is cultured within the IO-ITO|G. sulfurreducens electrode with methanol
as the sole electron donor to M. barkeri in absence of soluble electron acceptors (HCO3

– ,
CO3

2 – , CO2). (3) The resulting IO-ITO|mixed-culture is placed in a fresh medium without
electron donors and soluble electron acceptors at anodic conditions to consume methanol
remaining in biofilms. (4) A negative potential is applied on the IO-ITO|coculture electrode
to perform CO2-to-CH4 conversion by means of interspecies electron transfer. b. Anodic
growth of G. sulfurreducens in an IO-ITO (20 µm) electrode. Conditions: E = 0.4 vs. SHE,
pH 7.4, 40 mM acetate, N2:CO2 (80:20, v:v%), 30 ◦C. c. Coculturing M. barkeri within
the IO-ITO|G. sulfurreducens electrode. The arrow indicates the addition of M. barkeri
into the medium solution. Grey trace: coculturing M. barkeri with an inactivated IO-ITO|G.
sulfurreducens electrode. Conditions: E = 0.4 vs. SHE, pH 7.4, 123 mM methanol, without
HCO3

– , N2, 37 ◦C. d. Consuming remaining methanol in the biofilms. Conditions: E =
0.4 vs. SHE, pH 7.4, without HCO3

– , N2, 37 ◦C. e. Microbial reduction of CO2 into CH4
with the IO-ITO|coculture electrode. Grey trace: coculturing M. barkeri with an inactivated
IO-ITO|coculture electrode. Conditions: E = −0.4 V vs. SHE, pH 7.4, N2:CO2 (80:20,
v:v%), 37 ◦C.

The potential was judiciously selected to minimise the inference of H2 evolution whilst
maintain electron uptake by G. sulfurreducens. 0.93 ± 0.17 µmol CH4 was detected as the
only reduction product, corresponding to Faraday efficiency of 103 ± 22%. No CH4 was
generated with an inactivated IO-ITO|coculture electrode (Figure 6.6e, the grey trace).

However, several issues remained in this study: (1) G. sulfurreducens and M. barkeri
cannot be distinguished by SEM imaging (Figure 6.7). More efforts are needed to prove the
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Figure 6.7 SEM images of an IO-ITO|coculture electrode with G. sulfurreducens and M.
barkeri.

presence of M. barkeri inside the electrode scaffold, and furthermore, prove the interspecies
electron transfer that underlies the syntrophic symbiosis with G. sulfurreducens. (2) The
reduction current decayed within 10 h, which could arise from the inactivation of bacteria
or oxygen inhibition, and needs explanations from further studies. (3) Isotopic-labeling
experiments with 13CO2 are also required to confirm that the detected CH4 comes from the
CO2.

6.5 Summary

This chapter demonstrates the application of the bacterium-colonised electrode in chem-
ical synthesis. By virtue of the electron uptake capability, G. sulfurreducens can accept
electrons from its interfacing IO-ITO scaffold and catalyse the reduction of fumarate to
succinate within the cell. In addition, the bacteria can transfer electrons to extracellular GO
microsheets, producing RGO at mild reaction conditions. The IO-ITO|G. sulfurreducens
electrode was further coupled with a photoanode, i.e., IO-TiO2|RuP or BiVO4-CoOx to
generate electrons from light irradiation. At last, methanogenic M. barkeri was cocultured
with G. sulfurreducens in an IO-ITO electrode to drive CO2 reduction to CH4 by means of
interspecies electron transfer. The syntrophic electrosynthesis takes advantage of the syner-
gistic symbiosis in nature to extended the scope of attainable reactions. This microbial hybrid
electrode allows intercellular metabolism to function in concert with extracellular redox
transformations via the electrical interplay at the biointerface, and represents a promising
strategy to produce high-value chemicals with renewable sources.



Chapter 7

Conclusions

7.1 Thesis summary

The research works presented in this thesis are part of the ongoing explorations in semi-
artificial photosynthesis to realise solar-to-chemical conversion in an efficient, selective, and
productive manner. This was achieved by integrating biocatalysts in the form of enzymes
or microbes into electrode scaffolds with tailored structures. In particular, I developed an
array of inverse opal-structured electrodes to host photosynthetic enzymes and electroactive
bacteria (Figure 7.1), to carry out redox reactions that would otherwise be challenging to
pursue with synthetic chemistry, with the aid of photoelectrochemistry.

The IO-electrodes were prepared by a coassembly method with PS beads as the structural
template. Changing the size of PS beads, the electrode’s macroporosity can be varied to suit
biocatalysts with different dimensions. In this thesis, I have made IO-ITO electrodes with 750
nm, 3 µm, 10 µm and 20 µm macropores. 750 nm and 3 µm IO-ITO electrodes were used to
host nanosized PSII for PF-PEC, while 10 µm and 20 µm IO-ITO electrodes were employed to
culture bacteria with micrometre footprints for microbial electrogenesis and electrosynthesis.
Macropores in these electrodes were interconnected allowing biocatalysts to penetrate inside
the scaffold. Another dimension of the structure is mesoporosity that is assembled by building
blocks such as ITO nanoparticles and GO sheets. The mesoporosity forms the surface directly
in contact with the biocatalysts and can be varied through the particle size or concentration
of the GO solution. The electrode morphology plays a crucial role in dictating the interaction
and electronic communication with biocatalysts. In light of this, Chapter 3 looked into the
impact of these morphological changes on the activity of light-driven biocatalysis, in a model
biohybrid system consisting of PSII and the IO-ITO electrode. An array of IO-ITO electrodes
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Figure 7.1 Interfacing PSII (a) and G. sulfurreducens (b) with IO-ITO electrodes for
semi-artificial photosynthesis

with different macro- and mesostructures were prepared and subsequently loaded with PSII
for PEC investigations. PSII in the IO-ITO scaffold was quantified by UV–vis spectroscopy
and visualised by confocal fluorescence microscopy, which generated the correlation between
the protein loading capacity with electrode structures. Furthermore, in situ ATR-IR was
employed to probe the protein adsorption and desorption in the IO-ITO scaffold and shed
light on the nature of the protein-material interaction at the interface. Studies in protein
integration in the electrode revealed a two-fold interaction between PSII and the IO-ITO
scaffold: PSII was physically trapped within the mesopores formed by ITO nanoparticles
and electrostatically adsorbed on the electrode surface. The photocurrent measured by
PF-PEC proportionally correlated with the protein loading, giving rise to similar TOFs.
750 nm IO-ITO electrode made from polydispersed nanoparticles stood out as the best-
performing electrode in terms of high protein loading and photocurrent. The notable disparity
between DET and MET signified that a major limitation in enzymatic photocatalysis resided
in the electronic coupling between proteins and electrode surfaces, which is susceptible to
random enzyme orientations. The structure-activity relationship established here suggests that
structural optimisation may further enhance the protein loading, but has limited contribution
to the improvement of photoactivity that hinges on the electrical wiring and light transmission
within electrodes. The lessons learned in this chapter provide additional knowledge to the
field where the protein-electrode interaction was poorly understood, and hopefully can shift
the emphasis from structure design to interface engineering, when seeking better in vitro
enzymatic activity in artificial environments. The methodology developed in this chapter
can be applied for further interrogations into similar biohybrid systems with state-of-the-art
analytical techniques.



7.1 Thesis summary | 103

In addition to conducting metal oxide (ITO), I also utilised RGO as the electrode material
by virtue of its widely-appreciated high surface area and versatile surface chemistry. Chapter
4 investigated the PSII in IO-graphene electrodes following a similar paradigm with Chapter 3.
Nevertheless, IO-graphene electrodes generally underperformed in protein loading capacity
and PF-PEC compared with their ITO counterparts, due to structural flaws preventing protein
penetration and light absorption by RGO attenuating excitations. It is concluded that RGO
electrodes are not suitable as the platform to underpin the PF-PEC of photoactive enzymes.

Both PSII-ITO and PSII-graphene hybrid electrodes endured light-induced degradation
in performance that lasted for less than 10 min, which is a reflection of a general drawback
of enzymatic hybrid systems arising from enzyme fragility. In light of this, I turned to
another form of biocatalysts—whole cells that include biosynthetic pathways as an entirety
within the cell envelop. I chose G. sulfurreducens as the model bacterium because of its
naturally-evolved mechanisms to discharge electrons to insoluble electron acceptors. This
allows positively-poised electrodes to substitute for natural minerals as artificial electron
acceptors and provide conductive scaffolds for microbial proliferation. To this end, Chapter 5
employed IO-ITO electrodes with 10 µm macropores to accommodate bacterial colonies. The
bacterial growth in the IO-ITO was indicated by the continual anodic current arising from
anaerobic metabolism, and later examined by FIB-SEM. A benchmark current density of 3
mA cm−2 was attained at 0.1 V vs. SHE. Intriguingly, at 0.4 V vs. SHE, the microbial hybrid
electrode produced less current (1 mA cm−2). Such potential dependence was investigated
by differential gene expression analysis to yield more insights into bacteria’s response to the
redox potential of electron acceptors. It revealed that bacteria deployed a different metabolic
pathway to interact with an electrode and upregulated genes encoding electron-carrying
proteins to facilitate the electron transfer toward electrodes. Moreover, a second bacterium S.
loihica was cocultured with G. sulfurreducens in the IO-ITO electrode to produce electricity
via syntrophic partnership, which granted the system additional flexibility in using different
electron donors.

The anodic culturing primes a hybrid electrode populated by G. sulfurreducens that was
employed for electrosynthesis in Chapter 6. The electron uptake ability of G. sulfurreducens
allows direct use of electrons supplied by an electrode to drive reducing reactions within and
beyond intrinsic metabolic patterns. Fumarate reduction and GO reduction were selected
as model reactions to exemplify this idea. It showed that G. sulfurreducens could accept
electrons from the cathode and intracellularly reduce fumarate to succinate and extracellularly
reduce GO to RGO. To further implement the conception of “photoelectrosynthesis”, the
microbial hybrid electrode was coupled with a photoanode to outsource the electron supply to
photochemistry. IO-TiO2|RuP electrode provided higher driving force for electron transfer
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Figure 7.2 Multidisciplinary pattern underling the development of semi-artificial photo-
synthesis

but required sacrificial electron donors to avoid the kinetically-sluggish water oxidation,
while BiVO4-CoOx electrode could withdraw electrons directly from water but narrowed
the margin in energy required to drive the reaction. While the conversion yield and system
longevity are not yet high enough for scaled up applications, such proof-of-concept system
demonstrates that photoelectrochemistry and biological metabolism can work in synergy
via the electrical interplay at biointerfaces for solar-to-chemical conversion. At last, to
extend the scope of attainable reactions, methanogenic M. barkeri was cocultured into an
IO-ITO|G. sulfurreducens electrode to drive CO2 reduction to CH4 by means of interspecies
electron transfer. The syntrophic electrosynthesis takes advantage of the synergistic sym-
biosis in nature to perform synthetic reactions beyond the repertoire of individual strains of
microorganisms.

Taking together, this thesis deals with biohybrid systems that leverage biocatalysis in
chemical transformation, and combine strengths of synthetic materials and photoelectrochem-
istry. This thesis presents a cross-disciplinary approach to tackle pressing issues confronting
artificial photosynthesis and synthetic chemistry, and to create avenues in the production of
high value fuels and chemicals with renewable energy sources.

7.2 Looking forward

Semi-artificial photosynthesis shifts the paradigm of implementing solar-to-chemical con-
version by rationally integrating biocatalysts in the form of proteins and whole cells with
synthetic components, which traverses the fields of enzymology, microbiology, materials
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science, electrochemistry, and photocatalysis (Figure 7.2). The ultimate goal is to catalyse
the transformation of CO2, H2O, and N2 into fuels, value-added chemicals and fertilisers via
a sustainable path and synthesise complex fine chemicals with high yield and selectivity with
renewable energy sources. Within such framework, future possibilities can be generated from
the intertwining and expansion of these fields. Here I briefly sketch out several promising
opportunities.

At the biotic side, more enzymes or bacteria relevant to fuel/chemical production can
be added into the inventory. The methodologies established with model biocatalysts, e.g.,
electrode design, protein/microbe loading, interface engineering, can be extrapolated to new
biocatalysts to create new reaction pathways. For example, RuP-TiO2 particles were first
used to adsorb H2ases for photocatalytic HER.[58,69] The use of the same light absorber
was later extended to CODH and FDH for CO2 reduction.[222,319] CdS nanorods devel-
oped for CdS-H2ase complexes have been employed to drive N2-to-NH3 conversion with
N2ases.[320,321] Likewise, CdS nanoparticles have been in situ deposited on the surface of
E. coli and M. thermoacetica.[60,322] It is reasonable to envision that similar strategy can be
applied to other acetogens such as S. ovata and methanogens like M. barkeri. Knowledge
extracted from the previous systems also will be useful to guide the design and optimisation
of later derivatives.[323]

Biocatalysts are widely-appreciated for their high product selectivity, yet such catalytic
prowess is confined to naturally-occurring reactions. This drawback limits their application
in synthetic chemistry and biotechnology, but also shapes the stereotype how chemists
perceive biocatalysts in general. One way to expand the reaction scope is orchestrating
various catalysts, including biotic or synthetic, to drive cascade reactions toward more
complex products.[324] An enzyme cascade has been introduced into a tandem PEC cell to
reduce CO2 into methanol.[325] This thesis has exploited the symbiosis of electrotrophs and
methanogens to consume exogenous electrons and generate CH4 from CO2 (Section 6.4).
More opportunities are emerging is this respect to judiciously construct reaction pathways
and sensibly direct electron and carbon flux toward desired products.

The second approach arises when advancing genetic techniques interface with enzymol-
ogy and microbiology. With the derived methodologies, enzymes can be engineered with
improved promiscuity and stability. PSII has been introduced with a polyhistidine tag near
the stromal side in order to enhance the linkage with Ni-terminated moieties on an electrode
surface.[88] Similar surface modification can be envisaged for other enzymes to improve
the interaction with light-absorbing materials. Pathways in microorganisms can be altered
to maximise the chemical production or heterologously introduced to unlock non-natural
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reactions. Metabolic engineering can allow heterotrophic E. coli to synthesise sugar from
CO2,[315] and cyanobacteria to drive the reduction of C –– C bonds,[326] or produce valuable
aromatic compounds directly from CO2.[327] Engineered microbes conferred additional path-
ways can work with light absorbers to yield synthetically useful products beyond their natural
metabolites.[328] Moreover, genetic toolkit can alter the existing or enable new physiological
functionalities on model microorganisms. For example, current production of electrogenic
microorganisms can be enhanced by increasing metabolic fluxes, promoting electron shuttle
secretion, encouraging the biofilm formation, etc.[329] Heterologous electron conduits have
been transplanted into E. coli to confer extracellular electron transfer capability.[329,330] S.
oneidensis has been engineered to metabolise glucose as carbon and energy source.[331] Be-
yond this, these techniques also provide powerful means to generate insights into the poorly
understood questions posed in this thesis with regard to microbial metabolism strategies in
response to variations in electron acceptors and pathways for inward electron uptake from
electrodes, which, in turn, will facilitate the rational design of next-generation biohybrid
systems.

In parallel, progress at the artificial side can be translated into strengths to stimulate the
advancement of semi-artificial photosynthesis systems. Development of materials science
and synthetic chemistry will provide more opportunities in tuning materials’ composition,
morphology and property at various levels to improve the interaction with biocatalysts or
adapt to different reaction conditions. A recent report demonstrated the application of
metal–organic framework to confine FDH within its precisely defined volume and porosity
and stabilise enzymatic activity at non-physiological conditions.[332] Metal-organic frame-
work was also employed to encapsulate anaerobic bacteria (M. thermoacetica) so as to protect
them against oxidative stress arising from irradiation.[333] Such strategy is feasibly applicable
to other enzymes or bacteria. Another emerging possibility is to foster interaction with
biocatalysts at subentity level, instead of forming heterogeneous biointerfaces. This has
been realised by fusing dye molecules with cyt P450 to replace native redox partners,[334] or
anchoring Pt nanoparticles with PSI for light-driven H2 evolution.[335] At subcellular scale,
Au nanoclusters or molecular dyes have been exloited to intervene pathways within cells with
optical stimulation as bioorthogonal cues for intracellular modulation.[336–338] Furthermore,
the intracellular metabolism can be coupled with extracellular redox transformations to in
situ manufacture functional materials such as polymers and inorganic particles.[286,339,340]

These materials may provide additional benefits to promote extracellular electron transfer or
cytoprotection.[340]

Photochemistry provides another thrust in future development. Many photosynthetic
biohybrid systems reviewed in this thesis were limited by light absorbers that cannot afford
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sufficient driving force to perform reactions, or suffered from continuing degradation faster
than the inactivation of biocatalysts. Potential solutions may arise from the iterative cycle of
design, synthesis and characterisation in the field of artificial photosynthesis, which yields
a variety of photocatalysts with fine-tuned properties and morphologies. Progress in this
field can instantly contribute to the construction and optimisation of biohybrid systems. For
example, carbon nitride emerged as an attractive visible-light absorber due to its well-fit
band structure, low cost, and robustness,[48] and carbon nitride-H2ase complexes have been
shown effective in photocatalytic H2 production.[341,342] As such, more applications can be
anticipated by replacing H2ase with FDH, or substituting for toxic CdS to interface with
acetogenic bacteria. Studies into these newly-derived systems will gain more knowledge of
the biotic-abiotic interplay and generate guidelines of the making of better systems.

Lastly, the research in semi-artificial photosynthesis reverberates with the development of
analytic techniques (Section: 1.12). Protocols established for probing artificial photocatalytic
systems can be applied to study the biohybrid systems in a similar manner. For instance,
ATR-IR previously was deployed to track molecular catalysts and reaction intermediates
during catalytic cycles,[241] while it also assisted to probe the enzyme-electrode interaction
in H2ase-TiO2, FDH-TiO2 and PSII-ITO systems.[105,221,222] Their versatility renders these
tools readily transferable to biohybrid assemblies with different formulas, and offers a high
degree of flexibility to work in tandem with (photo)electrochemistry for in operando studies.
These cutting-edge techniques can also aid in elucidation of fundamental issues with respect
to interactions between biological entities and synthetic materials, which are inaccessible
by conventional methods. For example, transient absorption spectroscopy was employed to
elucidate the kinetics and pathways of electron transfer between H2ase and CdS,[343] and
will be helpful to pinpoint the rate-limiting steps in other enzyme-light absorber systems in
biohybrid portfolio, such as H2ase or FDH with carbon dots, carbon nitride, dye-sensitised
TiO2. This technique has also managed to delineate the inward electron transfer pathways
between CdS nanoparticles and M. thermoacetica.[323] While the electron uptake mechanisms
of other bacteria such as G. sulfurreducens, S. ovata and M. barkeri remain elusive, similar
investigations are much needed together with lessons learned from genetic studies to generate
a clearer picture of how these bacteria interact with artificial electron donors and utilise
electrons to sustain their metabolism. Semi-artificial photosynthesis synergises functional
components from different disciplines. Advances in each field will ripple through the rest
of the pattern, and yield new opportunities to further the development and implementation
of the biohybrid systems. Conclusions drawn from these studies will deepen the current
understanding of biology-materials interplay and form concrete steps to expedite the evolution
of semi-artificial photosynthesis toward maturity.
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I would like to end the thesis by reviewing an article published in 1912 by Giacomo
Ciamician, an Italian chemist.[344,345] This article envisages a future where solar energy was
utilised to drive synthetic reactions by means of “an artificial photochemical process”, and
thereby is deemed as the origin of the conception of artificial photosynthesis.

“Where vegetation is rich, photochemistry may be left to the plants and, by
rational cultivation, solar radiation may be used for industrial purposes. In
the desert regions, unsuitable to any kind of cultivation, photochemistry will
artificially put their solar energy to practical uses.

On the arid lands there will spring up industrial colonies without smoke and
without smokestacks ; forests of glass tubes will extend over the plants and glass
buildings will rise everywhere ; inside of these will take place the photochemical
processes that hitherto have been the guarded secret of the plants, but that will
have been mastered by human industry which will know how to make them bear
even more abundant fruit than nature, for nature is not in a hurry and mankind
is. And if in a distant future the supply of coal becomes completely exhausted,
civilization will not be checked by that, for life and civilization will continue as
long as the sun shines!”

In a sense, Ciamician’s prophecy has come true: his visions of the future seem much
like a typical chemical laboratory working at artificial photosynthesis where this thesis was
completed, and I hope this thesis has demonstrated how solar energy can be put to practical
uses with “the guarded secret of the plants”.
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