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Abstract

Coupling enzymes as selective catalysts to photosystems could propel the use of artifi-
cial photosynthesis as a method for sustainable fine chemical production. In this report
lignin peroxidase (LiP) has been coupled to two nanoscale photosystems; one based on
UV light, TiO2 nanoparticles, and another on visible light, silver nanoparticle photosen-
sitisers combined with TiO2 nanoparticles, via the photosynthesis of H2O2. LiP can upon
activation from present H2O2 oxidise veratryl alcohol (VA) to veratryl aldehyde (VAD),
a fine chemical used in the food and fragrance industry. Results show that the UV-light
based photosystem (Ph.S A), photosynthesising H2O2, together with LiP converts VA to
VAD. The visible photosystem (Ph.S B) could not generate any detectable H2O2 which
is attributed to the Ag NP photosensitiser being to unstable and degrading during pho-
tocatalysis. Further experiments with either a different capping agent on the Ag NPs or
replacing these with Au NPs or a ruthenium dye could be tried in the pursuit of a more
stable visible light sensitiser.



Abbreviations

VA = Veratryl alcohol (3,4-Dimethoxybenzyl alcohol)

VAD = Veratryl aldehyde (3,4-Dimethoxybenzyl aldehyde)

pABA = p-Aminobensoic acid (4-Aminobensoic acid)

LiP = Lignin Peroxidase

Au-TiO2 = TiO2 NP with physically attached Au NPs

NPs = Nanoparticles

Ph.S = Photosystem

HEs = Hot Electrons

AFM = Atomic Force Microscopy

DLS = Dynamic Light Scattering

UV-Vis = UV-Vis absorption spectroscopy

LSPR = Localised-Surface Plasmonic Resonance
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1 Introduction

Chemists have long dreamed of mimicking bacteria and plants ability to harness light
from the sun and store the energy in chemical bonds. Photosynthesis is one of the most
important chemical processes on earth and is responsible for creating and maintaining
the oxygen in the atmosphere as well as providing available biomass. The main source
of energy in the world today is fossilised products such as oil and natural gas. Oil and
gas is however not only used for energy, fine chemicals made in the chemical industry is
often synthesised from oil/gas derivative precursors such as benzene, toluene and olefin.
Approx. 40 % of the total world chemical industry market (3 trillion dollars in 2008) con-
stitutes petrochemicals [1]. Thus achieving a green and more sustainable society is not
only a matter of replacing fossil energy with renewable alternatives but also require the
establishing of a renewable chemical production industry. Mimicking photosynthesis of
plants and bacteria could be a way towards more sustainable chemical production. This
concept termed artificial photosynthesis is a growing endeavour within the field of sus-
tainable chemistry. Many types of artificial photosynthesis concepts and strategies exist,
ranging from the modification of photosynthetic bacteria to utilizing photo-organometallic
catalysts or a mix of the two as shown by the artificial leaf developed by Prof. Nocera at
MIT [2].

Catalysts of the heterogeneous type are the most common catalysts used in the chemical
industry. Heterogeneous catalysts are catalysts that exists in a different physical phase
than the reactant it is catalysing. Commonly used materials are typically transition
metals such as palladium, silver, nickel, etc, but can also be enzymes or zeolites [3].
Transition metal nanoparticles have emerged as promising artificial photosynthetic units
because of their unique optical properties and high catalytic activity. Nanoparticles of
the coin metals such as gold and silver will under illumination of light generate highly
excited electrons, hot electrons (HE), via localised surface plasmonic resonance (LSPR)
[4]. These electrons have very high energy, well above the Fermi level, but also a short
lifetime, in the fs-range, due to electron-electron scattering in the material [5]. Coupling
coin metal nanoparticles to semiconductors, such as TiO2, has been shown to increase
the lifetime of the HEs [5]. This permits their use in reduction processes such as water
splitting for hydrogen production [6]. Plasmonic materials have rapidly grown into a
large field of research with potential applications in solar cells, catalysis and bio-markers.

Artificial photosynthesis typically focus on synthesising general purpose molecules such
as CO, H2 or O2. These molecules can be further used in many chemical processes such as
being converted into fuels or materials. However, directly producing high value chemicals
require highly specific photocatalysts in order to do specific chemical modifications on a
molecule such breaking a particular bond or attaching a specific functional group etc. As
an alternative for designing new synthetic routes or synthesising novel catalysts, utilizing
the already available vast amount of highly specific biocatalysts, enzymes, could be an
option. Peroxidases are particularly interesting as it is a class of enzymes which can use a
general purpose molecule, H2O2, for performing specific chemical modifications. Coupling
a photosystem that produces a general purpose molecule with an enzyme, providing the
chemical specificity, is thus a very interesting route for artificial photosynthesis.
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2 Aim

The principal goal of this project is to investigate two nanoscale photosystems for either
visible light or ultra violet light driven photosynthesis of H2O2. The synthesised H2O2
will be used to trigger the enzyme lignin peroxidase (LiP) which oxidises veratryl alcohol
(VA) to the high value chemical veratryl aldehyde (VAD). The project is a qualitative and
exploratory endeavour seeking to show the proof of concept of photo-triggering enzymes
which could potentially be used in sustainable fine chemical synthesis. The project is
divided into two sections each focusing on photosynthesising H2O2. Firstly TiO2 and Au-
TiO2 catalysts will be used as UV light based photosystems, Ph.S A. Secondly the TiO2
catalyst is expanded with a Ag NP photosensitiser giving a photosystem using visible light
as a driving force, Ph.S B. Upon successful production of H2O2 the two photosystems
will be combined with LiP in a one pot set-up. In Figures 1 and 2 photosystem A (PhS.
A) and B (PhS. B) are illustrated.

Figure 1: Illustration of PhS. A and the photo-triggering of LiP. PhS. A use UV light for
band gap excitation of a TiO2 or Au-TiO2 catalyst for the reduction of O2 into H2O2. H2O2
subsequently activates LiP which oxidises VA to VAD.

Figure 2: Illustration of PhS. B and the photo-triggering of LiP. Visible light generates HEs
in the Ag NP sensitisers which are transferred to the TiO2 catalyst. The TiO2 subsequently
reduce O2 into H2O2. The photosynthesised H2O2 activates LiP which oxidises VA to VAD.

2



3 Theory

3.1 The photosystems

Common artificial photosynthetic systems always contain three critical components. First
a photosensitizer is needed to harvest light and convert it to another type of more useful
energy such as electronic energy that can be transferred via charge or energy transfer.
Secondly a catalyst is needed that uses the energy or charge carrier from the photo-
sensitizer for facilitating bond splitting or formation. Third and lastly a regenerating
mechanism such as a sacrificial donor molecule or another coupled catalytic process is
needed to replenish any charge carriers of the catalyst or sensitiser. In the case of the
two Ph.S A and B, they consist of exactly these three type of components.

Ph.S A consists of a TiO2 nanoparticle which acts as a dual photosensitiser and catalyst.
UV-light excites the band gap of the titania particle generating excited electrons and
holes. These electrons are then used in the reduction of O2, adsorbed on the surface of
titania, into H2O2 . To increase catalytic efficiency of the reduction of oxygen a modified
titania catalyst with physically attached Au NPs, Au-TiO2, can be used instead of regular
titania. When the Au-TiO2 catalyst is irradiated with UV light the band gap excited
electrons are transferred to the attached Au NPs, this is explained in section 3.4. The
O2 reduction occurs on the Au NPs instead of the TiO2 surface. It is important to stress
that the TiO2 and AuTiO2 NPs are functioning via band gap excitation of titania with
UV light. Au NPs are thus only acting as a catalyst and not photosensitiser.

In PhS. B Ag NPs, as mentioned in the introduction, harvest light and convert it to
electronic energy acting as a photosensitizer. Ag NPs ability to do this stems from a
phenomenon termed LSPR and is discussed in much greater detail in section 3.5. Betanin
is used as a surface protecting agent, capping agent, stabilising the Ag NPs in solution.
PhS. B will when irradiated with visible light, > 400 nm, generate HEs, electrons with
high energy, that can be injected into the TiO2 catalyst. The lifetime of the HEs is
increased by transferring them into titania thus making them useful for catalysis. The
transferred HEs in the TiO2 subsequently reduce adsorbed O2 species into H2O2. Between
the Ag NP and the TiO2 NP is a linker molecule p-aminobensoic acid(pABA). Introducing
a linker molecule, p-aminobensoic acid (pABA), has been shown to increase the efficiency
of photocatalysis in similar Ag TiO2 systems as recently shown for a novel hydrogen
evolution catalyst [6]. pABA binds to the TiO2 via the carboxylic group leaving the
amino group unbound that in turn can bind to other chemical species [7]. The pKa
values for pABA is 2.38 for the COOH group and 4.85 for the NH+

3 group meaning that
pABA is largely found in its anionic form at neutral pH [8]. pABA and TiO2 linkage can
be seen as a brown/yellow colour change from the characteristic white colour of TiO2 [7]

For both Ph.S A and B photosynthesised H2O2 is used for activating LiP which perform
alcohol oxidation of a variety of lignin model molecules such as VA. H2O2 binds to the
heme centre of the enzyme and oxidises the ferric-complex. This allows the enzyme to
oxidise other substrate molecules such as VA into VAD, this is discussed in greater detail
in section 3.2.2.
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3.2 Lignin peroxidase and catalysis of VA to VAD

3.2.1 Lignin peroxidase and VA/VAD

LiP is a heme, porphyrin-iron complex, enzyme from the white root fungi, Phanerochaete
chrysosporium, that is known for its oxidative de-polymerisation of lignin [9]. It has a
molecular weight of ∼ 41 kDa [10]. The enzyme uses H2O2, for this reason classified as a
peroxidase, to perform one and two step oxidation at low pH for various methoxybenzene
groups of the lignin molecule [9]. VA, Figure 3, is one such lignin model molecule that
LiP can catalytically oxidise into VAD [9]. The redox potential for VA is 1.45 V vs NHE
[11].

VAD is popular as a fragrance in perfumes and as a food additive for its distinct and
pleasant vanilla scent. VAD can be distinguished from VA with UV-Vis absorption spec-
troscopy by an absorption peak at 310 nm, extinction coefficient of 9300 M−1 cm−1 [9].
VAD also can be detected using Raman spectroscopy with a C=O vibrational peak at ∼
1600 cm−1 [12].

Figure 3: Chemical structure of VA and VAD.

The activity of LiP depends strongly on the pH and temperature. A pH between 3 to 4
and temperatures between 35 to 45 ◦C (at ionic strength of 0.03 M) optimises the activity
of the enzyme [13]. The low pH optimum is thought to originate from a hydrogen bonding
network between Ser-177 and Asp-201, unique for LiP [14, 15]. Increasing pH above 4
rapidly decrease the activity, with roughly 70 % decrease at pH 5, while also shifting the
optimum temperature to higher temperatures, <50 ◦C [13]. The concentration of H2O2
also effects LiP’s catalytic ability. In secondary substrate less conditions a number of
H2O2 heme equivalents greater than 1 is detrimental on the enzyme activity [16]. The
sensitivity to H2O2 also increases with lowered pH [16].

3.2.2 Catalytic mechanism of LiP

Peroxidase class enzymes generally follow a similar catalytic mechanism, presented in
Figure 4, namely the oxidation and reduction of the iron central atom and porphyrin
structure in the heme complex [17]. Resting LiP, also called ferric LiP, are thought to be
activated by H2O2 binding to the central atom giving an iron hydroperoxide intermediate
[Fe(III)-OOH] [17]. This state of the protein is commonly called compound 0 (LiP0).
A following two electron oxidation of the heme and the elimination of a water molecule
gives the catalytically active compound I (LiPI) generally characterised by a [Fe(IV)=O]
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Figure 4: General mechanism of the catalytic cycle of LiP.

complex and a porphyrin radical [17]. It is LiPI that is thought to oxidise the enzyme
substrate via reduction of the porphyrin radical forming complex II (LiPII) [18]. LiPII,
deficient of one electron, can further oxidise a substrate molecule returning the enzyme
to the ferric state [15].

In the case of VA, a mechanism including the formation of a veratryl cationic radical via
LiPI is largely accepted [19]. For the second electron removal step, leading to VAD, there
exist several proposed mechanisms. A common explanation is that VA+• is catalysed
further by LiP to VAD via a ping-pong mechanism [9]. There is also research proposing
that a VA+•-LiPII complex together with another VA molecule is involved [20]. As
previously mentioned LiP can be inactivated by a to high concentration of H2O2 resulting
in complex III (LiPIII). It has however been shown that VA hinders the formation LiPIII
via the back reaction of VA+• with H2O2 giving VA and oxygen evolution [21]. This is not
the case for phenols were clear inactivation by H2O2 has been shown [22]. LiP follows a
Michaelis-Menten kinetics expression in terms of H2O2 [16]. A general expression is seen
in Eq. 1 where the initial reaction rate, v0, is related to the maximum rate, Vmax, the
substrate concentration at half of Vmax, Km, and the substrate concentration, [S] [23].

v0 = Vmax[S]
Km + [S] (1)

3.3 Metal and semiconductor electronic structure

As opposed to molecules metals and traditional metal alloy semiconductors posses a
crystal structure described with a repeating crystal lattice of atoms. The most common
type of structure are for metals the cubic-closed packed or hexagonally closed packed
structures while for alloys many structures exists [24]. The electronic structure of the
material is related to the crystal symmetry and chemical composition of the material.
The fundamental origin of electronic structure in solids is that of overlapping atomic
orbitals. By extending molecular orbital theory and viewing the solid as a very large
molecule the electrons can be thought of as de-localised over the whole solid [24]. In the
case of two adjacent atoms with overlapping atomic orbitals these form per molecular
orbital theory a bonding and an anti-bonding orbital. The bonding orbital is lower in
energy than the constituent atomic orbitals and the anti-bonding higher in energy [25].
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Figure 5: Schematic showing the band structure of a conductor and a
semiconductor

A system with several atoms in proximity, such as in a crystal lattice of a solid, will
form several molecular orbitals. However, because of the Pauli principle these molecular
orbitals cannot have exactly the same energy. This causes a broadening of the allowed
energy levels of the molecular orbitals. In larger systems this broadening form bands of
energy states. The band structure itself originates from the translational symmetry of
the crystal lattice as electrons feel a repulsive potential from the charged nuclei, which
because of the periodicity of the lattice is itself also periodic. This is famously described
by Bloch’s theorem which relates the energy of an electron with the symmetry of the
crystal lattice.

In metals there is a continuum of overlapping energy states. In semiconductors bands of
energy states are separated by "forbidden" states also called a band gap. In Figure 5 an
illustration of the band structure of a conductor and semiconductor is shown. In Figure 5
a distinct energy level termed the Fermi level has been marked out. This level represents
the highest occupied energy level at T = 0 K and is adopted as a reference point [24].

3.4 Photocatalysis with TiO2 nanoparticles

TiO2 is a well-known, cheap and non-toxic material famous for its use in white paint, sun
screen, dye sensitised solar cells, electrode materials and as a photocatalyst [24]. TiO2
have for many years been known to split water into oxygen and hydrogen upon UV light
irradiation termed the Honda-Fujishima effect [26]. This discovery lead to a rapid increase
in the use of TiO2 as a photocatalyst in various applications. TiO2 is a semiconductor
which is a group of materials that have physical properties in between that of metals
(conductors) and insulators. The distinct feature of the semiconductor, on the electronic
level, is the height of the band gap separating the valence and conduction bands. As
opposed to insulators where the band gap is very large, > 5 eV, semiconductors have
much smaller band gaps often with energies within or just outside the spectrum of visible
light [24].

If light with energy larger than or equal to the band gap energy of the semiconductor is
irradiated onto the material charge carriers are generated. The excitation of an electron
is coupled to the excitation of a positively charged hole, generated from the vacancy left
behind by the excited electron in the valence band. This concept is called electron-hole
generation and is a fundamental concept in photocatalysis and solar cells [27]. Excited
electrons and holes can do bond splitting/formation in the presence of suitable redox
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active species. Electrons in the conduction band of semiconductors usually have a redox
potential between 0.5 to -1.5 V vs the normal hydrogen electrode (NHE) while the hole
in the valence band have redox potentials between 1.0 — 3.5 V vs NHE [28]. These
makes excited electron-hole pairs fairly strong redox species. If an adsorbed molecule has
a LUMO level lower than the energy of the conduction band it can be reduced by the
semiconductor. Similarly, an electron residing in an available HOMO level close to the
top of valence band energy can populate the hole and the molecule is oxidised. Much
of the research being made within the area of semiconductor photocatalysis is concerned
with increasing the separation between the excited electron-hole pair. This is because
the efficiency of the photocatalysis decreases if electron-hole pairs are recombined within
the semiconductor instead of being used as current carriers, solar cells, or redox species,
catalysis. As a measure of efficiency the concept of quantum yield, Eq. 2, is used. The
quantum yield, φ, is proportional to the rate of charge transfer, kCT , over the sum of the
rate of charge transfer and charge recombination of the electron-hole pair, kR [27].

φ ∝ kCT
kCT + kR

(2)

The surface of the semiconductor is paramount in respect to the material’s ability to
catalyse chemical reactions. The surface stabilises adsorbed molecules thus lowering the
activation energy barrier for product formation. Also, by fixating molecules to the surface
the probability of successful collisions between reactants increases as opposed to successful
collisions in the solvent. An adsorbate molecule’s affinity for the surface is governed by
the chemical composition of the surface, the crystal facet of the surface and any defects
or vacancies present there. It is thus not enough to have redox species that matches
the band gap of the semiconductor. The reactants must also have an affinity for the
semiconductor surface for catalysis occur.

In the case of TiO2 the two most commonly studied crystalline phases is rutile and anatase
[24]. Anatase is commonly used in artificial photosynthesis and battery applications as
the resistivity is low compared to other phases of TiO2 [29]. The surfaces of anatase are
largely dominated by the {101} facet while approx 10 % comprises the {100} facet typi-
cally concentrated at tips or corners of the crystal [31]. In Figure 6 the general bipyrimidal
crystal shape of anatase and the surface facets is shown. During band gap excitation of
anatase the electrons concentrate on the {101} facets while holes go to the {100}. The
{101} surface is thus preferentially a reduction surface while the {100} surface is prefer-
entially an oxidation surface [31]. When surface oxidation and reduction is conducted on
the same material such as during photcatalysis with TiO2 it is important to consider the
surface facet composition. As oxidation always must be coupled to a reduction to keep
the charge balance. Research concerned with tuning the relative proportions of theses
two facets has been shown to increase the photocatalytic ability of TiO2 [31].

In section 3.5 the coupling of semiconductors and plasmonic nanoparticles is discussed
where plasmonic NPs inject electrons, termed HEs, into the semiconductor. These HEs
can then be used for doing chemistry that are effectively driven by visible light. However,
injection of electrons into the metal NP from a semiconductor is also possible. This orig-
inates from the fact that metals such as Ag and Au have high work functions ("electron
affinity"), 4.26 for Ag and 5.1 for Au [34]. This makes them good electron acceptors. Cou-
pling Au particles to a semiconductor such as TiO2 and preferentially exiting the valence
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TiO2
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Figure 6: The crystal structure of the anatase phase of TiO2
along with the surfaces accumulating the {101} and {100}
facets [32, 33]

band electrons of titania can greatly increase the charge separation between the excited
holes and electrons [35]. This subsequently can increase the efficiency of photocatalysis .
Excited electrons residing in the conduction band of titania can transfer to the attached
Au NPs where the back electron transfer is inhibited by a Schottky barrier, Figure 13
[27]. Au particles effectively acts as electron sinks. The Schottky barrier is formed at
the metal-semiconductor interface. The barrier comes about as electrons are drawn into
the metal due to it having a greater work function. On the metal surface a charge layer
is built up as electrons are injected, effectively making the surface of the metal at the
semicondutor-metal junction negatively charged. To keep charge neutrality a positively
charged surface layer is developed on the semiconductor, which causes the semiconductor
bands to bend upwards towards the surface [27]. Further investigations of M-TiO2 (M =
metal) electron structure has shown that the increased efficiency of reduction processes
can be contributed to a Fermi level equilibration originating from the difference in work
function between the metal and the semiconductor [36, 27]. The Fermi level is pushed to
a more negative potential and subsequently equilibrates. This is attributed to the fact
that both gold and titania possess a charge accumulation ability. For titania negative
charge can be stored at Ti4+ sites on the surface [36]. Attaching Ag NPs on the titani

Figure 7: A semiconductor-metal interface with the formation of a Scottky Barrier.
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surface redistribute the accumulated charge during band gap excitation to the metal.
This happens for two reasons, firstly as already stated the work function is greater for Au
than TiO2. Secondly the space charge capacitance, i.e the capacitance resulting from the
separation of charge within the semiconductor, is lower than the double layer capacitance
on the metal surface from the surrounding solvent [36]. The electron distribution is thus
shared by gold and titania resulting in an increase in reducing power [37].

The catalytic activity of Au NPs towards O2 reduction is greatly dependent on the particle
size. Generally the catalytic activity increases with decreasing particle size with bulk gold
being almost inert [38]. In an acidic environment polycrystalline Au NPs promotes the
two electron reduction of oxygen to H2O2, Figure 8, while in basic conditions H2O2 is
further reduced to H2O [38].
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O2

H2O

e-

e-

Energy

Reduction Process

Oxidation Process

H2O2

OH O

H2O

H+

HOO

H2O

h+
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Figure 8: The reduction and oxidation process of
O2 and H2O via light genarated electron-hole pairs
on the surface of TiO2. The oxidation of water is a
four electron process while the reduciton of O2 is a
two electron process.
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Figure 9: The oxygen reduction reaction on
anatase TiO2 (101) leading to H2O2 production
and terminal OH− groups on the semiconduc-
tor surface

In the case of photocatalysed oxygen reduction to H2O2 and water oxidation to O2 on
TiO2 a general schematic is shown in Figure 8. The believed reduction mechanism is
shown in Figure 9 [39]. Reduction of O2 is a two electron process, in Eq. 3 the reduction
reaction and standard potential (vs NHE) is shown [40]. Water oxidation also can lead
to H2O2 but most commonly gives O2. In Eq. 4 the standard reduction potential is
shown for H2O2, intentionally written as a standard reduction reaction for the sake of
consistency [40]. The band gap of the anatase phase of TiO2 is 3.2 eV with the conduction
band just above the LUMO level of O2 [41]. The oxygen reduction mechanism is different
depending on the crystal phase of TiO2. For rutile molecular oxygen is reduced at oxygen
vacancies on the surface. However, for anatase O2 readily adsorbs at steps on the surface,
Figure 10 [41].

O2 + 2H+ + 2e− → H2O2 E◦ 0.7 V (3)

H2O2 + 2H+ + 2e− → 2H2O E◦ 1.76 V (4)
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Figure 10: Illustration showing surface defects such as kinks,
steps and vacancies.

3.5 Plasmonics and hot electron generation

Electric Field

Magnetic Field

Figure 11: Illustration showing the oscillation of the free electron gas, LSPR, through the interaction
with an electromagnetic wave

In the early 19th century the famous Lorentz-Mie theory (LMT) was developed by Gustav
Mie and Ludvig Lorentz, explaining the scattering and absorption of light for colloidal
nanoparticles [42]. LMT provides analytical solutions to Maxwell’s electromagnetic equa-
tions and makes it possible to predict the scattering and absorption of light depending on
the size and shape of the nanoparticles. The origin of light absorption for illuminated coin
metal nanoparticles is due to a unique optical phenomenon when electromagnetic waves
interacts with the loosely bound conduction electrons in the metal. This phenomenon
is called surface plasmonic resonance (SRP) and is most simply understood as the joint
oscillatory resonance of the conduction electrons with the frequency of the incident light
[43]. As previously stated the electrons in a solid can be considered de-localised and
therefore be thought of as a gas or plasma. Plasmonic resonance occur when the wave-
length of the irradiating electromagnetic wave is larger than the size of the nanoparticle
and the permittivity of the material is negative [43]. In short a negative permittivity will
amplify an electric field inside the dielectric medium. Due to nanoparticles being very
small, less than 100 nm, this puts restrictions on the SPR. Firstly, since the particle is
small the electron density is considered incompressible and is therefore forced the surface
of the metal as the electron cloud start to oscillate [44]. Secondly the geometry of the
particles effects the resonance frequency of the SPR as charge inside the NPs are localized
differently depending on the shape and symmetry [44]. These restricted, or discrete, type
of SPR are called localised-SPR (LSPR). Because noble metals have fairly high electron
density the absorption of the LSPR is in the visible spectrum. In Figure 11 a simplified
picture of the LSPR is shown. As the electromagnetic wave hits the nanoparticle the
electron cloud will be polarised to the surface of the particle due to the induced and am-
plified electromagnetic field caused by light. The polarisation of the electron cloud creates
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a dipole moment in the material and therefore a restoring coloumbic force that attracts
the electron cloud [45]. As the electric field from the electromagnetic wave changes sign
so will the induced dipole in the material. This results in an oscillation of the electron
cloud with the frequency of the incident light. The shape and size of the nanoparticles
effects the LSPR as it is highly dependent on symmetry of the nanoparticle. Generally for
spherical silver nanoparticles one LSPR absorption peak is visible in the blue part of the
spectrum [45]. Particles with decreased symmetry such as nanocubes or nanopyramids
exhibit a red shift in LSPR absorption due to greater charge accumulation in corners. A
greater charge separation decreases the attractive coloumbic force and thus decrease the
frequency of the LSPR [45].

ωp = h̄

√
ne2

mε0
(5)

A plasmon is the quasi-particle representing a discrete LSPR, much similar to the joint
lattice vibrations termed a phonon [43]. The frequency of the plasmon is described by
Eq.5 where n is the electron density, e the elementary charge, m∗ the effective mass of
the electron and ε0 the permittivity of vacuum [46].

Plasmons has been shown to generate hot electrons (HEs) in metallic nanoparticles within
100 fs [5]. As a plasmon decays it can do so via two processes as simply illustrated in
Figure 12. Either the plasmon relaxes by emitting a photon or it transfers its energy to
electrons leading to highly excited electrons [46]. The lifetime of the HEs in the metal is
very short as the excited electron can quickly relax non-radiativly because of the many
available energy levels. This makes metallic nanoparticles on their own inefficient for
direct use in catalysis [5]. Coupling plasmonic NPs to semiconductors provides a way
of increasing the lifetime of the HEs as charge separation in a semiconductor can be
prolonged due to their being a band gap. Electron transfer from plasmonics to adsorbed
molecules has also been shown where the plasmon can excite an electron that is directly
transferred to a LUMO orbital of an adsorbed molecule [4]. In Figure 13 a metal-adsorbate
systems is illustrated.

Nanoparticles of the coin metals, Au, Ag and Cu have an LSPR frequency corresponding
to that of visible light. In terms of practical applications Au is widely used because of its
greater stability compared to Ag. Ag has however a greater plasmonic effect compared
to Au. This is primarily due to the existence of an interband transition for Au close in
energy to that of the plasmon which decreases the lifetime of the plasmon [47]. Au NPs
is likely the most used plasmonic material but Ag has lately been given more and more
attention in research.
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Figure 12: The decay of a plasmon as either
photon emission, A, or hot electron generation,
B.

Figure 13: Electron acceptor molecules on the
surface of a plasmonic metal nanoparticle

3.6 Synthesis and growth of Ag nanoparticles

Nanoparticles of the coin metals have been used as early as the 9th century for colouring
glazes for various ceramic objects [48]. Ag NPs was used to give glass a intense yellow
colour while Au NPs would give a strong red colour. As a famous example from the 4th
century late roman period is the Lycurgus cup. The cup has gold nanoparticles suspended
in ruby glass to give it a red colour when illuminated from the inside [48, 49]. Coin metal
nanoparticles absorbs light in the blue/violet end of the visible spectrum which gives
them their unique colours.

The most common, and probably the simplest method, for making nanoparticles is via
chemical reduction which is a bottom up method. A metal salt such as silver nitrate or
silver perchlorate is mixed with a reducing agent and a capping agent, to keep nanoparti-
cles from agglomerating [50]. The reducing agent most widely used is NaBH4, citric acid
and ascorbic acid [51, 52]. Recently an increase in the use of plant extracts has been seen
as they are a greener alternative and can act as a combined reducing/capping agent [53].
Betanin, chemical structure shown in Figure 14, is part of the family of chromoalkoloids
called betalains and is a plant extract from beetroot [54]. It has traditionally been used
as a food colouring in the food industry. It has an absorption maximum at 535 nm with
an extinction coefficient of 6.5 × 104 M−1cm−1 [54]. Betanin has recently been used as a
combined reducing and capping agent for the green synthesis of silver nanoparticles [55].

The growth process of Ag NPs depends highly on the concentration of reducing/capping
agent. The general process of nanoparticle formation is described in Figure 15. As can
be seen in the figure, at optimum and high concentration of reducing/capping agent the
growth process is controlled by surface reduction of silver ions described by an initial
nucleation/cluster formation of silver atoms. This process is then followed by an autocat
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alytic step where silver ions is reduced on
the silver cluster surface leading to nanopar-
ticle formation [56]. The third stage is a de-
crease in silver ion concentration while par-
ticle size increases which is explained by a
phenomenon called Oswald Ripening [56].
The ripening effect is an important physi-
cal effect where smaller particles due to the
Gibbs-Thomson effect, higher surface energy
with decreasing particle size, dissolves. The
dissolved silver monomers subsequently adds
to larger NPs increasing their size further.
At low concentration of capping agent the
nanoparticles will easily agglomerate, more

Figure 14: Chemical structure of
betanin.

specifically called coalescence, in order to lower the total area of exposed surface [56]. The
combination of Oswald ripening and coalescence are the primary origins of broadening of
the particle size distribution of nanoparticles.

The stability of Ag NPs in solution is largely governed by the type of capping agent.
The capping agent provides stability via combination of electrostatic and steric repulsion
between capped NPs [57]. The electric potential at the NP surface is termed the zeta
potential and is defined as the electric potential across the double layer on the surface of
the NP [58]. The higher the zeta potential the greater is the colloidal stability. The salin-
ity greatly effect the double layer potential as counter ions can balance charge at the NP
surface thus lowering the double layer potential. Therefore, a high salinity decreases the
repulsion between the NPs and thus increases the degree of agglomeration or coalescence.
Steric repulsion stems from the mechanical bulkiness usually seen for capping agent of
larger polymers such as Polyvinylpyrrolidone (PVP). For PVP this is especially seen from
the fact that the hydrodynamic radius of PVP coated Ag NPs are largely unchanged in
solvents with different salt concentrations [57]. The magnitude of the steric repulsion as
less influenced by the salinity of the solvent compared to ionic capping agents [57].

Depending on the reaction conditions such as temperature, type of reducing/capping
agents as well as the corrosiveness of the reaction solution, Ag and Au NPs can be made
in many shapes and sizes. These shapes include spheres, pyramids, cubes, bars and plates
etc [59, 30]. The shape and size of the NPs has a great effect on their physical properties
such as their colour when illuminated [45].

Figure 15: General growth mechanism for silver nanoparticles.
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3.7 Spectroscopic methods

3.7.1 UV-Vis Absorption Spectroscopy

The wavelength of absorption from plasmonic NPs are highly dependent on size, shape
and the chemical environment they are in. For this reason UV-Vis absorption spec-
troscopy (UV-Vis) is a good first choice of method for studying plasmonic NPs. UV-Vis
absorption spectrum of plasmonics can provide information such as the general size of
the particles. An increase in the size of a NP is coupled to a red shift in its light ab-
sorption [45]. Measuring the UV-Vis spectrum in respect to time provides information
on the general stability, if the NPs are changing their shape or form. UV-Vis can also
be used to estimate the molar NP concentration in solution with Lambert Beers law and
by referring to previous literature [60]. Lastly, many molecules are active in the UV-Vis
spectrum. The quantification of such molecules is therefore possible with UV-Vis.

3.7.2 Raman Spectroscopy

Figure 16: Illustration showing a simplified Raman scattering process were light
excited a molecule either from the ground vibrational state, Stokes, or an excited
vibrational state, anti-Stokes, to a virtual state. The relaxation from the virtual
state emits a photon shifted in frequency. The Stokes branch is usually more intense
than the anti-Stokes as most molecules in solution are in their vibrational ground
state.

Raman spectroscopy uses scattered light as information carrier of molecules and materials.
Typically, a laser emitting visible light is used to excite a sample while the scattered
light is analysed. The scattered light is roughly divided into three components. Firstly,
the largest constituent of the scattered light is light with the same frequency as the
incoming light. This is termed Rayleigh scattering. A tiny part of the scattered light,
10−5 of the incoming light, exhibit a shift, up and down, in frequency called Stokes and
anti-Stokes scattering [61]. Mostly it is the Stokes shifted light that are considered in
Raman spectroscopic measurements. This shifted light carries information concerning the
vibrational states of the molecule. As light hits a molecule the molecule is vibronically
excited to a virtual state i.e a state not described by an eigen function such as the
vibrational energy states [61]. This process is illustrated in Figure 16. The origin of
the Stokes shift is the change in polarisability of a molecule when irradiated with light.
When light hits a molecule it induces an electric dipole moment, P . The magnitude of
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this dipole moment depends on the electric field strength, E, and the polarisability, α.
The polarisability factor is a function of the nuclear displacement, q, when the molecule
is vibrating with frequency νm. The nuclear displacement in turn is a function of t.

A total expression for the induced dipole moment is shown in Eq. 6. A derivation of Eq.
6 is not presented here but discussed by Ferraro et al [61]. It is seen how a molecule that
does not change its polarisation with a change in nuclear displacement, i.e ∂α

∂q
= 0, will

only show Rayleigh scattering, the first term of Eq. 6 [61].

P = α0E0 cos(2πν0t) + 1
2
∂α

∂q
q0E0[cos{2π(ν + νm)t}+ cos{2π(ν − νm)t}] (6)

This is a fundamental selection rule for assessing if a molecule is Raman active. From Eq.
6 we can also see by the other two terms that depend on the change in polarisability, how
the anti-Stokes and Stokes shift does not depend on the frequency of the incoming light.
Raman spectroscopy is a useful complement to IR-spectroscopy as it can provide similar
information. IR is difficult to use when probing molecules in aqueous environment due
to H2O being very IR active. Instead, Raman works very well for probing samples with
water present as H2O is not Raman active to a great extent [61].

3.7.3 Dynamic Light Scattering

Larger NPs scatter more light than smaller nanoparticles as described by Lorentz-Mie
Theory. This makes it difficult to determine the distribution of particle size in a solution
of nanoparticles using UV-Vis spectroscopy. Instead, the method of Dynamic Light
Scattering (DLS) can be used to extract information on the average size and the size
distribution of NPs. DLS is also used for the size characterisation of many types of
NPs such as polymers, oligonucleotides etc. DLS measures the intensity fluctuations of
scattered light when a laser shines on a dispersed sample of particles to determine their
diffusion coefficient [62]. Brownian motion of particles in solution will have scattered
light hitting a detector to fluctuate in intensity with respect to time. The scattered light
intensity as a function of time, C(t), can be written in terms of the systems first order
autocorrelation function, g1(t), and a system specific constant, γ, as seen in Eq 7.

C(t) = [1 + γ[g1(t)]2] (7)

The autocorrelation function is in turn dependent on the diffusion coefficient, D, the
angle and wavelength of scattered light combined into a scattering vector, q, and time, t.
This is described in Eq 8. Lastly the size or more specifically the hydrodynamic radius of
a particle in solution is related to its diffusion coefficient by the Stokes-Einstein equation,
Eq 9 [62]. If the particles are polydispersed i.e of varying size, the autocorrelation function
is written as a sum of exponentials [62]. For non-spherical particles the Stokes-Einstein
equation can be modified accordingly.

g1(t) = exp(−q2Dt) (8)

D = kbT

6πηR (9)
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4 Experimental

4.1 Materials and Reagents

All materials and reagents were purchased from Sigma Aldrich, unless otherwise stated,
and used as is. Au-TiO2 catalyst, ∼ 30 nm diameter TiO2 NPs with attached ∼ 3 nm Au
NPs, was purchased from The World Gold Council (Au-TiO2 reference catalyst #02-07:
Sued Chemie Catalysts Japan Inc.). TiO2 (Hombikat UV 100), 3 nm diameter catalyst,
were obtained from Sachtleben Chemie. All solutions were prepared using deionized water
(Milli DI). Hydrogen peroxide test sticks was purchased from Sigma Aldrich (Hydrogen
Peroxide Test Kit, 1 mg/mL - 100 mg/ML: Quantofix). All betanin reaction solutions
were mixed and adjusted to a reference absorption of 0.5 at 535 nm. This roughly
amounts to preparing a 4 mM solution of betanin powder assuming 100 % betanin. The
actual concentration of betanin determined by UV-Vis was 8 µM. Acetate buffers were
prepared by mixing appropriate amounts of 0.1 M sodium acetate and 0.1 M acetic acid.
Citrate/Phosphate (C/P) buffers were prepared by mixing appropriate amounts of 0.2
dibasic sodium phosphate and 0.1 M citric acid.

4.2 Material Synthesis

4.2.1 Synthesis of Ag NPs

For the synthesis of Ag NPs the following reagents and amounts were mixed in the
subsequent order; 1 mL of 4 mM betanin solution (Abs = 0.5), assuming 100 % betanin
as explained in section 4.1, 1 mL 0.4 M NaOH, and 2 mL of 1 mM AgNO3, were mixed
in a glass vial intended for microwave cooking. The content was placed in a microwave
reactor (Monowave 50; Anton Paar) and heated to 100 ◦C and kept at 100 ◦C for 20 min
with subsequent cooling to 60 ◦C.

The cooking solution was aliquoted into 1 mL Eppendorf tubes. The tubes were cen-
trifuged at 1000 g for 25 min after which the supernatant was placed in new Eppendorf
tubes. These were centrifuged at 20.000 g after which the new supernatant was discarded
and the pellet re-dispersed in Milli DI. This was repeated an additional time. The Ag
NPs were sonicated for 15 min in a sonication bath. The washed Ag NP solutions were
collected into a stock solution and wrapped in aluminium foil and stored in a refrigerator
(∼ 8 ◦C).

In order to roughly estimate the molar concentration of Ag NPs in the stock solution an
extinction coefficient of 4.18 ×109 M−1 cm−1 for an absorption max at 400 nm was used
[60]. This showed that the number concentration of Ag NPs were 2.47 ×1014 particles/L
or 0.4 nM.
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4.3 Material Characterisation

4.3.1 Characterisation of synthesised Ag NPs

The Ag NP stock solution were characterised with UV-Vis absorption spectroscopy (deu-
terium–tungsten–halogen light source, DH-2000- BAL; Ocean Optics and a USB4000
spectrometer; Ocean Optics) for size and plasmonic absorption determination. Further
characterisation of the size distribution of the Ag NP stock solutions were assessed with
DLS (Zetasizer Nano; Malvern Pananalytical) measurements using a 1:20 dilution in Milli
DI. AFM (Easyscan 2; Nanosurf ) images of the stock solution was taken to study the
size and degree of agglomeration of individual Ag NPs in more detail.

4.3.2 Stability of Ag NPs in acetate buffer

The stability of Ag NPs in acetate buffer with pH 4 and pH 5 was tested by mixing 100
µL of Ag NP stock solution with 400 µL of buffer in a disposable cuvette and monitoring
the UV-Vis absorption (deuterium–tungsten–halogen light source, DH-2000- BAL; Ocean
Optics and a USB4000 spectrometer; Ocean Optics) for 2 h.

4.3.3 Detection of VAD

UV-Vis spectroscopy was used to detect any produced VAD during the photo-triggering
of LiP and the reference measurements of LiP activity, section 4.3.4. Reference absorption
spectra of known concentrations of VA, 1 mM, and VAD, 0.1 mM, is presented in Figure
17.

Figure 17: Reference absorption spectra of 1 mM VA and 0.1 mM VAD. VAD can be distinguished
from VA by the absorption at 310 nm.

A Raman spectrometer (Detector QEPro; Ocean Optics, Laser 785 nm, 499 mW CW Fat
Boy Laser Module; Innovative Photonics Solutions) was used to measure solutions with
known concentrations of VAD in pH 4 acetate buffer. Solutions both with and without
TiO2 NPs, as described in section 4.3.5, was prepared to simulate in situ, with TiO2 NPs,
and ex situ, without TiO2 NPs, conditions. The measured VAD concentrations were 450

17



µM, 225 µM and 22.5 µM and additional blanks with no VAD added. The parameters
for the Raman spectrometer was optimized to attain as good as possible signal-to-noise
ratio and to minimize any interfering fluorescence from the solvent. The laser power was
set to 1.25 and the detector integration time set to 30 s. The solutions were measured in
the order of decreasing VAD concentration. In Figure 18 the VAD calibration for ex situ
conditions is shown while the in situ calibrations is seen in Figure 19.

Figure 18: Raman calibration spectra of solu-
tions with known VAD concentrations without
TiO2. A VAD C=O vibrational peak is situ-
ated at 1600 cm−1

Figure 19: Raman calibration spectra of so-
lutions with known VAD concentrations and
TiO2. A VAD C=O vibrational peak is situ-
ated at 1600 cm−1

4.3.4 LiP catalytic activity determination

The activity of LiP were assessed inspired by a method described by Bosco et al. which
included monitoring the absorption at 310 nm using UV-Vis [63]. 1.09 mg of LiP powder,
stored in a freezer, were mixed with 1 mL of acetate buffer (pH 4). The LiP solution were
stirred for approx. 15 min. To 1.960 mL of acetate buffer (pH 4), purged with oxygen or
argon gas for 10 min, in a quartz cuvette 600 µL 10 mM of VA solution and 200 µL of LiP
solution was added. 240 µL of 5 mM H2O2 were added to the enzyme solution. The final
H2O2 conc. was roughly 14 mg/L. The final LiP concentration was 1.8 µM during the
reaction. The absorption at 310 nm was monitored for 30 min with continuous bubbling.
Blanks with no added H2O2 was also done with the same procedure as described above.
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4.3.5 Preparation and evaluation of linked TiO2/pABA

The effect of buffer type, citrate/phosphate
and acetate buffer, on pABA and TiO2 NP
linking was studied by preparing TiO2 and
pABA stock solutions with different buffer or
Milli DI. All tested solutions are presented in
Table 1. The solutions were prepared by dis-
solving 10 mg of TiO2, abbreviated L, in 10
mL of appropriate solvent containing either
0.5 mM pABA or no pABA. All NP solu-
tions were sonicated for 20 min. The colour
of the solutions were compared to assess the
degree of linkage and any effect buffer and
pH had on this. All solutions were stored in
a refrigerator at ∼ 8 ◦ C.

Table 1: Prepared TiO2 and pABA so-
lutions.

Sample pH Enzyme Buffer
L1 4.1 C/P
L2 5.0 C/P
L3 4.0 Acetate
L4 5.0 Acetate
L5x 6.8 -
L6 4.6 -
L7y 4.3 -
L8y 4.1 -

x no pABA added
y With 1 mL enzyme buffer (pH 4) after
pABA TiO2 linkage in Milli DI.

4.4 Photocatalysis

4.4.1 Photocatalysis with UV light and PhS. A

600 µL of various solutions containing 1
mg/mL of titania, TiO2 or Au-TiO2, with
and without pABA linker (0.5 mM) were ir-
radiated with UV light to test for any pro-
duced H2O2. The tested solutions are pre-
sented in Table 2. Each solution was bub-
bled with oxygen for 30 s and then placed
on a platform as close as possible to a UV-
light bulb (25W Osram) and covered in alu-
minium foil to minimize any unintended UV-
light scattering. To solutions not prepared
in buffer four drops of acetate buffer solu-
tion (pH 4) was added before being irradi-
ated. All tested solutions were irradiated for
a maximum of 30 min, non-irradiated blanks

Table 2: Solutions irradiated with UV
light. All solutions contain 1 mg/mL tita-
nia NP catalyst and 0.5 mM pABA, when
indicated.

Sample Buffer
TiO2 + pABA C/P (pH 4)
TiO2 + pABA C/P (pH 5)
TiO2 + pABA Acetate (pH 5)
TiO2 + pABA Acetate (pH 4)
TiO2 Acetate (pH 4)
TiOx

2 Milli DI
TiOx

2 + pABA Milli DI
Au-TiO2 Acetate (pH 4)

x with four drops of pH 4 acetate buffer

were also prepared and tested. Any present H2O2 was detected and semi-quantified using
hydrogen peroxide sticks. The temperature of the solution was measured after turning
off the UV-light. In Figure 20 the spectrum of the used UV light for the photocatalysis
is presented.
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Figure 20: Intensity spectrum of the UV-Lamp used during photocatal-
ysis. The transient peaks are artefacts from the spetrum finger print of
the light bulb.

4.4.2 Photo-triggering of LiP using UV light and PhS. A

The photoactivation of LiP, set up in a black box, was prepared by first bubbling room
tempered, 20 ◦C, 2.2 mL 1 mg/mL of Au-TiO2 or TiO2, catalyst dissolved in acetate
buffer (pH 4), for 10 min with oxygen in a quartz cuvette. To the catalyst solution
600 µL of 10 mM VA, room tempered, was added along with 200 µL of LiP solution,
as prepared in section 4.3.4, totalling to 1.8 µM LiP. The solution was irradiated with
UV light, as described in 4.3.5, for 30 min with continuous bubbling of oxygen. Every
5 min the cuvette was shaken to re-disperse any sedimented NPs. Immediately after
turning off the UV-light the reaction solution was tested for any present peroxide using
a peroxide test stick. The temperature of the reaction solution was also measured. The
reaction solution was aliquoted in two 4 mL Eppendorf tubes and centrifuged at 1000 g
for 5 min to separate the catalyst from any products. The supernatant was collected in
a new quartz cuvette and measured with UV-Vis. The amount of produced VAD was
quantified by using the extinction coefficient 9300 M−1 cm−1 of VAD and the absorption
at 310 nm, normalised to the baseline. The above described experiment was repeated
one time for each catalyst. A blank experiment consisting of the same reaction solutions
and procedure as described above but without any UV-light irradiation was performed
for each titania catalyst.

4.4.3 Photocatalysis with visible light and PhS. B

The photocatalysis experiment with PhS. B was set up in a black laser box using a 405
nm laser (SDLaser 301, 5 mW), and UV-vis detector (DH-2000 BAL; Ocean Optics).
Solutions containing 1 mL Ag NP stock solution, washed or unwashed, was mixed with
100 µL 1 mg/mL of TiO2/pABA solution (0.5 mM pABA), pre-sonicated for 20 min, stock
solution in a small glass vial. The vial was left for a minimum of 3 h in a refrigerator
covered in aluminium foil. The Ag TiO2/pABA solutions were added to a quartz cuvette
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and bubbled with oxygen gas while a 405 nm laser was used to excite the sample. The
sample was irradiated for 60 min with the occasional stirring of the cuvette to re-disperse
any sedimented NPs. Hydrogen peroxide test sticks were used to detect and semi-quantify
any produced H2O2 at 15 min intervals.

To test for the effects of bubbling oxygen during the catalysis a repeat experiment using
argon bubbling instead of oxygen was performed as described in the previous paragraph.
The Ag TiO2/pABA system was also tested with only laser irradiation and no O2 bub-
bling. Another test was performed where the Ph.S was unperturbed, i.e no oxygen or
laser light, for 30 min. Methylene blue was in one experiment added to the system as a
hole scavenger, sacrificial donor. The effects of this was monitored first without shining
laser light for 30 min and then with laser light for the same amount of time.

5 Results
5.1 Enzyme activity
LiP showed similar catalytic activity during both O2 bubbling and Ar bubbling. In
Figures 21 and 23 the absorption spectra at the start and end of catalysis are shown with
both spectrum showing a distinct VAD peak at 310 nm after 30 min. In Figures 22 and
24 the kinetic trace monitored at 310 nm is shown during O2 and Ar bubbling.

Figure 21: Absorption spectrum at the start and
end of catalysis with LiP, VA and added H2O2 dur-
ing O2 bubbling. A clear VAD peak at 310 nm is
seen after 30 min.
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Figure 22: Kinetic trace at 310 nm of LiP
with VA and added H2O2 during O2 bubbling.

Figure 23: Absorption spectrum at the start
and end of catalysis with LiP, VA and added
H2O2, during Ar bubbling. A VAD peak at
310 nm is seen after 30 min.
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Figure 24: Kinetic trace at 310 nm of LiP with VA
and added H2O2 during Ar bubbling.
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5.2 H2O2 production with UV light and PhS. A

Figure 25: Peroxide indicators showing the approx. amount of peroxide produced after shining UV
light on a stock solution of TiO2, left also including an unused stick, and Au/TiO2, right.

Irradiated TiO2 NP solutions with UV light showed successful production of H2O2 for all
tested samples except the blanks, in section 4.4.1, after approx. 7.5 min. In Figure 25
two peroxide indicators are shown from photogeneration of H2O2 in TiO2 and Au-TiO2
solutions.

In Table 3 the amount of peroxide detected after 7.5, 15 and 30 min is shown for the tested
titani stock solutions. The Au-TiO2 catalyst generated the highest amounts of peroxide
which was still detectable after 30 min. Overall the amount of peroxide decreased with
time and after more than 30 min of irradiation no peroxide could be detected in any of
the TiO2 samples. It was noticed how the UV light bulb would get warm, after a couple
of minutes, and subsequently heat the TiO2 solution, 24 ◦C, and cuvette slightly. Adding
a few drops of acetate buffer to solutions not prepared in buffer increased the amount of
detectable peroxide. However, the decay of the peroxide also was faster for these samples.
Photocatalysis performed in pH 4 and pH 5 buffer did not show a significant difference.

Table 3: Irradiated solutions with PhS. A and the detected amount of peroxide
after set amount of time.

Sample Time / min Peroxide / mgL−1 Buffer
TiO2 + pABA 15 1-3 Acetate (pH 4)
TiO2 + pABA 30 < 1 Acetate (pH 4)
TiO2 + pABA 15 1 Acetate (pH 5)
TiO2 + pABA 30 1 Acetate (pH 5)

TiO2 7.5 3 Acetate (pH 4)
TiO2 15 1-3 Acetate (pH 4)
TiO2 30 < 1 Acetate (pH 4)
TiO2 7.5 3 -
TiO2 15 0 -

TiO2 + pABA 7.5 1 -
Au-TiO2 7.5 10 Acetate (pH 4)
Au-TiO2 15 10 Acetate (pH 4)
Au-TiO2 30 10 Acetate (pH 4)

TiO2 (Blank) 7.5 0 -
TiO2 (Blank) 15 0 -
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5.3 VA to VAD oxidation using PhS. A

Irradiating PhS. A mixed with VA and LiP showed absorption at 310 nm corresponding
to VAD after 30 min for both the TiO2 and the Au-TiO2 catalysts. In Figure 26 the
absorption spectrum of irradiated and non-irradiated Au-TiO2/LiP system is shown dis-
playing a clear VAD absorption peak at 310 nm after being irradiated for 30 min. The
same can be seen for the TiO2/LiP system but with less absorption at 310 nm. For both
systems H2O2 was detectable also immediately after turning of the light source indicating
∼ 10 mg/L of present peroxide for the Au-TiO2/LiP system and ∼ 3 mg/L of present
peroxide for the TiO2/LiP system.

Figure 26: Absorption spectrum of UV irradi-
ated and non-irradiated Au-TiO2/LiP after 30
min

Figure 27: Absorption spectrum of UV irradi-
ated and non-irradiated TiO2/LiP after 30 min

In Figure 29 a comparison is presented of
produced VAD in µM between Au-TiO2/LiP,
TiO2/LiP and the LiP ref. measurements,
section 5.1, along with corresponding non-
irradiated blanks. The Au-TiO2/LiP system
produced 69.7 ± 12.3 µM VAD, representing
the mean plus/ minus three standard devia-
tions, after 30 min. This corresponds to ∼
39 turnovers of the enzyme assuming a LiP
conc. of 1.8 µM. TiO2/LiP produced 40.2 ±
3.6 µM after 30 min of irradiation with ∼ 22
turnovers of LiP. The LiP reference, based on
absorption values of VAD including both ar-
gon/oxygen bubbling experiments, produced

Figure 28: Absorption spectrum of
AuTiO2/LiP system after 30 min of UV
irradiation under argon purge.

48.6 ± 6.3 µM of VAD after 30 min. This corresponds to 28 turnovers of LiP. No hydrogen
peroxide was detected for any of the blanks. The temperature of the irradiated samples
reached 27.5 ◦C. The Au-TiO2/LiP did not show any catalytic activity when running the
photocatalysis while bubbling with argon as seen in Figure 28.
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Figure 29: The average amount of produced VAD for the UV irradiated Au-TiO2/LiP and
TiO2/LiP along with LiP reference. Equivalent non-irradiated blanks are also shown for Au-
TiO2/LiP and TiO2/LiP. The LiP ref. blank contained no added H2O2. Error bars represents
an interval of three standard deviations.

5.4 Synthesised Ag NPs

In Figure 30 the absorption of the washed betanin coated Ag NPs is shown with a
broad absorption centred at ∼ 400 nm. The absorption spectrum also show that the
polydispersity of the sizes of NPs is large as there are absorption from 350-550 nm. The
washing routine decreased the concentration of nanoparticles while also increasing the
amount of large particles relative to the amount of small particles. The pH of the washed
solution was neutral.

Figure 30: Stability of washed Ag NP stock monitored over
time.
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Leaving the Ag NPs over several days only
showed a small change in absorption above
550 nm as seen in Figure 30. There were
a slight decrease in absorption between 450
and 550 after 8 days. The 400 nm charac-
teristic plasmon peak is however almost un-
changed if the shift in the baseline between
the measurement for the initial and after 8
days is taken into consideration. This in-
dicates that some coalescence is in effect in-
creasing the size of some particles. DLS mea-
surements of the washed Ag NPs showed a
broad distribution of sizes. However, the
DLS could not give an accurate estimation
of the mean particle size as the NPs are to
polydisperse. The small changes in absorp-

Figure 31: Synthesised Ag NPs.

tion seen when monitoring the Ag NPs with UV-Vis was not to any meaningful extent
seen in the DLS data. Individual scans showed a greater or similar difference when
compared to DLS scans taken initially and after 8 days.

Scan
Scan
Scan

Scan
Scan
Scan

Figure 32: DLS measurements with three scans per measurement of the washed Ag NP stock solution
initially, left, and after 8 days, right. Size refers to the diameter of the particles

Figure 33: The effect of pH 4, left, and pH 5, right, acetate buffer on the stability of Ag NPs
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There were a highly noticeable change in absorption of the Ag NPs in acetate buffer as
seen in Figure 33. The change was very similar for both buffer solutions pH 4, and pH 5.

AFM confirmed that the Ag NPs were polydisperse in terms of size. In Figure 34 the
3D and 2D AFM image of a sample of Ag NPs is shown. The largest detected NPs were
approx. 60 nm in diameter while some NPs with a diameter < 10 nm is also seen. In
Figure 35 the size profile of the Ag NPs is seen showing that the diameter of the Ag NPs
ranges from ∼ 4 nm to ∼ 60 nm.

Figure 34: AFM image in 3D, left, and 2D with added colour gradient, right, from Ag NPs of varying
size.

Figure 35: AFM profile plot showing the diameter values of
detected Ag NPs.
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5.5 Effects of buffer on pABA and TiO2 linkage

There were noticeable detrimental effects of
preparing TiO2 and pABA linkage in en-
zyme buffer compared to Milli DI. In Figure
36 the different TiO2/pABA solutions are
shown were a yellow colouration of the so-
lution indicates successful TiO2/pABA link-
ing. None of the solutions prepared in C/P
buffer, pH 4 nor pH 5, showed any yel-
low colouration meaning that the TiO2 and
pABA had not linked. The solutions in ac-
etate buffer showed yellow colouration for
both pH 4 and pH 5 buffer with a stronger
colour intensity for the pH 4 solution. 1 mL
of addition of buffer to the TiO2 solutions
not prepared in buffer showed that the C/P
buffer more strongly disrupts linking than
the acetate buffer.

Figure 36: The effect of buffer and pH on the
linking between TiO2 and pABA. Linking of TiO2
and pABA is seen as a yellow colouration of the
solution seen in L8, L6, L4 and L3. L6 is the
positive, no buffer, while L5 is the negative, no
buffer or pABA added.

5.6 H2O2 production with visible laser light and PhS. B

PhS. B did not function to the extent that any H2O2 could be detected. This was the
case when using both washed and unwashed Ag NPs. In Figure 37 the UV-vis spectrum
of the Ag TiO2/pABA system using washed Ag NPs is shown. It its seen how the Ag

Figure 37: UV-vis absorption spectrum from
the irradiation by 405 nm laser on the Ag
TiO2/pABA system with washed Ag NPs mea-
sured over time. The Ag plasmonic absorption
peak is seen between 350-490 nm while the bleach
at 405 nm is the laser.

Figure 38: UV-vis absorption spectrum from the
irradiation by 405 nm laser on Ag TiO2/pABA
system with unwashed Ag NPs. The peak be-
tween 350-490 nm is Ag plasmonic absorption
while the bleach at 405 nm is the laser.
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plasmonic absorption peak at around 350-
490 nm is gradually decreasing in the first 30
min. After 30 min the peak started to vanish
faster and after irradiating for 60 min it had
almost disappeared completely. The baseline
in Figure 37 had however also decreased with
time. The colour of the reaction solution in
the quartz cuvette had also gone from yel-
low/orange to white/brown with small dis-
persed black grains, Figure 39. Similar be-
haviour was seen during photocatalysis using
unwashed Ag NPs. The Ag NP plasmonic
absorption peak for unwashed Ag NPs had
completely vanished after only 10 min fol-
lowing turning on the laser, Figure 38. Re-
moving oxygen from the Ag TiO2 reaction
solution during laser irradiation resulted in
a slight increase of the absorption at 525
nm after 30 min as seen in Figure 40. This
is attributed to Ag NP size growth during
laser irradiation thus the Ag NPs are unsta-
ble when irradiated. The Ag NPs in the Ag
TiO2/pABA reaction solution did not show
any degradation when not perturbed by laser
light. Bubbling oxygen to the solution did
not result in Ag NPs degradation. In Figure
41, left, absorption spectrum of completely
non-perturbed Ag TiO2/pABA catalyst is
seen without oxygen bubbling nor laser ir-
radiation monitored for 30 min. The right
spectrum shows the absorption after 30 min
of oxygen bubbling.

Figure 39: Image showing the before, left,
and after, right, colour of the Ag TiO2/pABA
reaction solution irradiated with a 405 nm
laser and O2 bubbling for 30 min.

Figure 40: UV-vis absorption spectrum
showing the argon purged Ag TiO2/pABA
system irradiated by laser at 405 nm. The
laser bleach is seen at 405 nm while the plas-
monic absorption is seen between 350-490
nm.

Figure 41: UV-vis absorption spectrum of the Ag TiO2/pABA system measured over time. The peak
between 350-490 nm is the Ag plasmonic absorption. Left, The full system measured for 30 min without
bubbling oxygen or laser irradiation. Right, shows the full system monitored for 30 min with oxygen
bubbling but without laser irradiation.
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Figure 42: UV-vis absorption spectrum of the Ag TiO2/pABA system measured over time. The peak
between 350-490 nm is the Ag plasmonic absorption. The laser bleach is seen at 405 nm. The final peak
at 675 is methylene blue absorption. Left, shows the effect of adding methylene blue to the full system
while bubbling oxygen but not irradiating with laser after 30 min. Right, shows the full system with
irradiation by laser after 30 min

The effects of adding a hole scavenger, methylene blue, to replenish any generated holes
did not alter the extent of plasmonic absorption degradation. In Figure 42, left, the
absorption of the Ag TiO2/pABA system has almost disappeared after 30 min of laser
light irradiation. The methylene blue peak was seen to decrease slightly with time when
not irradiated, Figure 42 right.

6 Discussion

The results showed that photosynthesised H2O2 using Ph.S A, based on UV light, and LiP
converts VA to VAD with LiP most likely being triggered by the generated H2O2. The
absorption peak at 310 nm corresponds to the LiP reference and the spectrum matches
with the VA and VAD reference. The number of turnovers for Au-TiO/LiP, TiO2/Lip
and LiP ref. of the enzyme was in all cases above 20. This shows that the systems
are behaving catalytically and not stoichiometrically. The photocatalyst was shown to
outperform the LiP ref. in the case of the Au-TiO2 catalyst. By continuously irradiating
the titania a continuous production of peroxide can be achieved, reaching a steady state
concentration at ∼ 10 mg/L peroxide for the gold loaded titania and ∼ 3 mg/L peroxide
for the bare titania. The catalyst therefore effectively replenishes peroxide compared to
the reference scenario where the peroxide concentration gradually decrease with time.
This also explains why the absorption traces for the LiP reference measurements would
flatten slightly after 30 min. As the H2O2 is used it eventually becomes limiting since
it is not replenished. Temperature also explains the greater amount of produced VAD
as the temperature during photocatalysis would reach 27.5 ◦C due to heating from the
UV-lamp. The LiP reference experiment was held at room temperature, ∼ 20 ◦C. LiP is
highly temperature dependant and the activity is approx. doubled at 25-27 ◦C compared
to the activity at 20 ◦C [63].

Peroxide was still detected at the steady state concentration after 30 min of irradiation
during the enzyme and Ph.S A tests. This indicates that the reactions could most likely
be extended for far longer thereby increasing the amount of converted VA to VAD. The
results for the UV irradiation, presented in section 5.2, of only the titania catalysts
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supports this in the case of Au-TiO2 but not for TiO2. It was seen how the peroxide
concentration would decrease with time and eventually be undetectable. During the LiP
and Ph.S photocatalysis, section 4.3.4, the solution was continuously bubbled with O2
instead of only being initially O2 saturated. Thus, TiO2 is more sensitive to the amount
of present O2. This emphasise the fact that the mechanism for O2 reduction is different
on TiO2 compared to Au-TiO2. On Au-TiO2 O2 reduction is generally thought to occur
on the attached Au NPs. As explained in section 3.4 physically attached Au NPs on TiO2
causes the Fermi level to increase in negative potential thereby increasing the reduction
power. This partly explains why Au-TiO2 produces more peroxide with less present
oxygen than bare TiO2. Another reason for TiO2 low peroxide generation is the fact that
H2O2 is easily reduced further to H2O or can undergo decomposition to terminal OH
groups on the TiO2 surface [39].

It is important to stress that the control of the amount of photons actually being absorbed
during the H2O2 photosynthesis with titania was very hard to control. As the light source
was a regular UV-Lamp it is not clear how well and how much light is hitting the titania.
Therefore, the actual amount of produced H2O2 during these experiments should not be
over stated and only be used and compared with other experiments qualitatively.

Although no blank experiment containing only Ph.S A and VA with UV-light was tested,
it is unlikely that VA could directly be oxidised by the titania catalyst. This is due
to the high redox potential of VA, 1.45 V vs NHE, compared to other present species.
This would also contradict the fact that using the Au-TiO2 catalyst resulted in more
VAD production. Only electrons are transferred to the Au NPs upon irradiation. Thus,
oxidation would occur on the TiO2 of the Au-TiO2 catalyst via holes which would have
the same redox potential as for TiO2.

As stated in the theory section 3.4 photosynthesised H2O2 could potentially be achieved
via an oxidation process initiated by excited holes in the valence band of titania. However,
the results from purging the Au-TiO2/LiP with argon, effectively removing the majority
of solvated oxygen, showed that no H2O2 was present and that the enzyme had not been
activated. This indicates that H2O2 is produced via a reduction process. The fact that
the amount of H2O2 was increased using Au-TiO2 also points at a reduction process as
only electrons are accumulated in the metal and not holes.

LiP follows Michaelis-Menten kinetics for H2O2 [9]. However, since no kinetic studies
of the enzyme was performed during the project it is hard to specifically comment on
the effects of different H2O2 concentrations. Comparing with literature is also difficult
because of the differing conditions. Future work on this topic would therefore benefit
from kinetic studies of the enzyme under the used conditions. Much higher activity can
be reached if the temperature is increased or the pH decreased or a combination of the
two. This leaves a lot of room for future optimisation of PhS. A. Using a more acidic
buffer would not only improve the activity of the enzyme but also increase the amount
of H2O2 as the reduction potential is made more positive with increasing pH. The use of
buffer is not only important in terms of the activity of the enzyme but also maintains
the concentration of H+ in the solution. This hinders the reduction potential of O2 to
decrease due to changes in pH. Increasing temperature as previously mentioned increases
enzyme activity but higher temperature also decreases the solubility of oxygen. This
should be kept in mind.
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It is important to clarify that although the peroxide indicator sticks detected present
peroxide they are not exclusively biased toward H2O2. Any strong oxidant present can
cause a false positive. During UV radiation it is possible that for instance hydroxyl
radicals or superoxides are formed. Although generally short-lived, these species can
indeed interfere with the indicator on the peroxide test stick. However, as LiP is activated
by the photosynthesised oxidant this further points to fact that it is indeed H2O2 being
produced and detected.

Using Raman spectroscopy as either an in situ or ex situ method for detecting VAD
is only possible for high concentrations of VAD. The C=O bond peak at 1600 cm−1 is
indeed weak in the in situ conditions only slightly visible for the 450 µM VAD solution.
This is close to the solubility limit of VAD, < 0.1 mg/mL at 22 ◦C [66]. However as VAD
is accumulated during the reaction it might be possible to probe the reaction in situ if
the reaction is maintained for long enough. For ex situ detection of VAD UV-Vis is a
preferred and simpler method than Raman because of the greater sensitivity of UV-Vis.

The synthesised Ag NPs proved to be to unstable during photocatalysis, degrading very
fast once the laser was irradiating the sample. The origin of the high degree of degradation
is attributed to a combination of the high concentration of solvated oxygen from oxygen
bubbling and the high power of the laser. The Ag NPs are likely oxidised by oxygen into
larger silver oxide particles initiated when the NPs are excited with the laser. Adding
methylene blue as a sacrificial donor, specifically a hole scavenger, did not increase the
stability of the Ag NPs. Trying other hole scavengers may be fruitful but care must be
taken so that these molecules do not competitively oxidise H2O2. Hole scavengers which
are also chelating agents such as EDTA should be avoided as they easily bind to the heme
in LiP. The fact that Ag NPs cannot withstand the reaction conditions points to replacing
them with other plasmonic sensitiser that are more stable. Au NPs have previously been
extensively used due to their high stability also in corrosive environments. They do
however suffer from lower plasmonic efficiency. A third option would be to switch the
metal sensitiser with a dye molecule instead. Ruthenium dyes have been extensively
studied in the field of dye sensitised solar cells [67].

The Ag NPs was shown to be unstable in acetate buffer. However, the degradation of the
Ag NPs did not seem to depend on the pH. As the degree of degradation is almost the
same in both pH 4 and pH 5 buffer. This implies that a low pH is likely not the reason
for degradation but rather the salinity of the solvent/buffer. The salinity effects the zeta
potential, as discussed in section 3.6, over the double layer as counter ions can balance
any charge on the NP surface. This indicates that the stability of the betanin capped Ag
NPs are to some extent governed by electrostatic repulsion.

The pABA and TiO2 linkage was effected by the choice of buffer. The C/P buffer had
the largest effect on the linkage. This is attributed to fact that citrate contains three
carboxylic groups while pABA only has one. Citrate effectively can out compete the
pABA for the titania surface. A similar argument can be used for the acetate buffer as
well. The acetate ion is thus less of a competitor for titania than citrate. The replacing
of the pABA with the buffer acid will likely happen with any buffer based on carboxylic
acids.
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7 Conclusion

Photosynthesised H2O2 generated with Ph.S A together with VA and LiP was shown to
produce VAD. The fact that PhS. A was producing H2O2, likely via oxygen reduction,
also gives promise to a working PhS. B. The visible light driven Ph.S B did not produce
any H2O2. The main hurdle that needs to be solved for a working Ph.S B is a stable
sensitiser which allows for electron injection into TiO2. Once an electron is injected it
will likely undergo a similar fate as for the band gap excited electrons in TiO2. However,
it should be noted that the hole regeneration process is likely vastly different from Ph.S
A and B. Alternatives to the Ag NPs could be to try a Au NP sensitiser or a ruthenium
dye.

Au-TiO2 proved to be more efficient than TiO2 producing more H2O2 which subsequently
better triggered the LiP. However, Au-TiO2 is a more expensive catalyst than TiO2.
Although TiO2 did not produce as much H2O2 the main factors resulting in low enzyme
activity is likely not the concentration of H2O2. Rather, optimising the temperature and
pH would have a greater impact on the enzyme activity and amount of catalysed VA.
TiO2 may simply be good enough and thus rendering the use of Au-TiO2 excessive. Using
a linker molecule such as the one envisioned in PhS. B will probably prove difficult due
the nature of the buffer solution. One possible method may be to prepare the linked Ag
TiO2 system on a film rather than having it dispersed in solvent. In terms of increasing
the stability of the Ag NPs in buffer, changing the capping agent to one that relies more
on steric repulsion such as PVP may increase then colloidal stability. The need for a
more stable sensitiser in PhS. B may require that the Ag NPs are replaced with Au NPs
or a dye based system.

Lastly, combining artificial photosynthesis and enzymes could potentially vastly broaden
the applications for light driven chemistry. It would be interesting to try other peroxidase
enzymes with the Ph.S A. Besides finding its use in fine chemical synthesis another
application of the PhS. A could be waste treatment of polluted water. Peroxidases, such
LiP and horseradish peroxidase, and TiO2 NPs are already envisioned in waste treatment
[68, 69]. The future will tell how the fields of artificial photosynthesis and biocatalysis
will combine. Hopefully fruitfully.
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