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Abstract

The focus of this research is to determine the extent to which poly 3-hexylthiophene
(P3HT) can be used as a photoelectrode for solar water splitting. Research in the area of
solar water splitting mostly focuses on inorganic materials but conjugated polymers,
such as P3HT, offer several advantages. Most metal oxides used as photoelectrodes
are only able to carry out water oxidation, require thick films to absorb significant
amounts of light, and absorb light mainly in the ultraviolet part of the sun’s spectrum.
Conjugated polymers are able (thermodynamically) to reduce protons, require thinner
films, and absorb mostly in the visible region of the electromagnetic spectrum.
Additionally, conjugated polymers are processed from solution at room temperature and

pressure, and can be cast onto many different types of substrates (rigid or flexible).

The ability of P3HT, on its own, to produce hydrogen gas (H,) from acidic aqueous
solution is first examined. Figures of merit such as photocurrent and incident photon to
current efficiency as a function of thickness are determined through photoelectrolysis in
a homemade cell. In addition, the oxidation state of the polymer film in contact with
aqueous acid area investigated using spectroelectrochemistry. Platinum was also
employed as a hydrogen evolution reaction (HER) catalyst, either by
photoelectrochemical deposition of nanoparticles directly on the polymer or as a colloidal

dispersion.

Thermodynamically, P3HT should reduce protons following light absorption. However,
no H, was detected in the absence of a HER catalyst. Hydrogen was produced when
platinum was photoelectrochemically deposited. This deposition technique resulted in
the formation of Pt nanoparticles on the polymer film. Also, this demonstrates that a
single layer conjugated polymer device is capable of performing H, evolution under

illumination.
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Chapter 1.
Introduction

1.1.1.  Introduction to Conjugated Polymers

Conjugated polymers are a unique class of materials that, unlike their electrically
insulating cousins, have many properties that make them useful for a number of modern
applications. The conjugation of the polymer backbone results in semiconducting
behaviour (see Section 1.1.1), which makes these materials useful in light-emitting
diodes (LEDs)® and photovoltaics (PVs).*®> The ability of conjugated polymers to be
reversibly oxidized and reduced results in near metallic conductivity and gives these
materials charge storage properties that have been made use of in batteries®® and in
capacitors.”™ The discovery of metallic conductivity was first made using polyacetylene,
the conjugated polymer with the smallest monomer unit (C,H,), in the 1970’s. When the
polymer (trans-polyacetylene) was oxidized by exposure to chlorine, bromine, and iodine
vapours, its conductivity increased to 10°Scm® from a neutral value of
3.2x10°S cm™.'®"® The increase in conductivity due to oxidation was likened to
addition of electron donating or accepting species in an inorganic semiconductor, known
as doping, which results in the same effect. This discovery led to the Nobel Prize in
Chemistry being awarded to Alan J. Heeger, Alan G. MacDiarmid, and Hideki Shirakawa
in 2000.

Conjugated polymers are organic materials, and as such, a wide array of
synthetic techniques can be applied to tailor properties such as solubility and electronic
structure. Polymers such as polypyrrole (PPy) and polythiophene (PTh) (Figure 1.1) are
insoluble in water and organic solvents limiting their processability. Electrochemical
oxidation of the monomer can produce films of various thickness but this technique limits
the substrates to conductive materials that are usually rigid (glassy carbon, indium:tin

oxide, Pt, Au) and typically results in porous films.*** Judicious choice of solvent and



oxidant can result in meta-stable solutions where the polymerization occurs slowly at first
then speeds up as the solvent evaporates and the monomer and oxidant concentration
increases'®!’ The meta-stable solution can be used to coat non-conducting substrates

such as glass or porous conducting material such as carbon paper.**

Polyacetylene
(PA)

Polypyrrole /@\
(PPy) . S
H
Polythiophene
(PTh) Poly(3-hexylthiophene)
/ \ (P3HT)

Poly(3,4-ethylene

dioxythiophene)
(PEDOT) / \

Poly(3-alkylthiophene)
(P3AT)

R = Methyl, Butyl, etc.

Alkoxy-substituted Ag_/—/Poy G, ; ::;st:xyg’!octyloxy) O‘S_/J
poly para &E?)Sir\]? vinylene -cyanoterephthalylidene) CcN
(CN-PPV)
n
—0

Figure 1.1 Example of conjugated polymers

A major advancement in solubility for conjugated polymers was achieved by the

122 side chains. Long side chains allowed

addition of long, flexible alkyl®®® or alkoxy
polymers of high molecular weight to be dissolved in organic solvents (most chlorinated
solvents, toluene, THF). The alkyl chains prevent the strong aggregation polymer chains.
Aggregation leads to interchain conductivity, so if the alkyl chains are too long the
conductivity of the film will be negatively affected. For example, hexyl chains used in
poly(3-hexylthiophene) (P3HT) give a good compromise between solubility and

conductivity.?



The electronic structure of polymers can be manipulated by the incorporation of
electron donating or withdrawing groups along the polymer backbone. For example,
cyano-substituted poly para-phenylene vinylene (CN-PPV) has a higher electron affinity
than the unsubstituted polymer and can more easily accept an electron.?*® Poly(3,4-
ethylenedioxythiophene) (PEDOT) is a derivative of PTh where the 3- and 4- positions of
thiophene have been replaced by a cyclic dioxy substituent. The oxygen atoms donate
electron density to the conjugated backbone resulting in a lower oxidation potential.?**’
Electron rich and electron deficient units can even be incorporated in same polymer as
alternating donors and acceptors, respectively. Alternating donor-acceptor structures
lead to more red-shifted absorbance and greater charge carrier mobility.?®2°

Conjugated polymers also benefit from a large absorption coefficient (a).
Poly-[2-(3,7-dimethyloctyloxy)-5-methyloxy]-para-phenylene-vinylene (MDMO-PPV) has
a = 2.0 x 10° cm™ at wavelength (A) = 500 nm.*® This corresponds to a penetration depth
(8,= a™) of 50 nm which is the distance light will travel through a material before its
intensity is reduced by 1/e (~37 %). Inorganic materials have smaller absorption
coefficients, for example: Fe;03 8, = 125 nm at A = 550 nm,*"** Si §, = 684 at 516 nm,*
and TiO, &, = 250 nm at 308 nm.** To absorb >90 % of the incident light, a material's

thickness should be about 2.3 times it’s 8, >

1.2. Organic Semiconductor Properties

1.2.1. Electronic Band Gap

The semiconducting properties of conjugated polymers are due the formation of
an energy gap (band gap) between the 1 (bonding) and T (antibonding) orbitals of the
highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital
(LUMO), respectively. In monomers the energy gap is between discrete energy levels. In
a conjugated polymer the energy level of each monomer's m and 1 level remains
discrete but close in energy to its neighbor monomer. The HOMO and LUMO of the
polymer appears as a band of continuous energy levels made up of the closely spaced
monomer energy levels (Figure 1.2). The continuous energy bands of the HOMO and

LUMO of conjugated polymers are analogous with the conduction band (CB) and



valence band (VB) of inorganic semiconductors and are sometimes referred to as such
( HOMO / valence band and LUMO / conduction band).

e AN AN

O
m

X

LUMO —

AE AE

HOMO

>
>
m
‘
>
m

VB

Figure 1.2  Anillustration of the changes that happen to the energy levels as
acetylene goes from a molecule to a polymer. The energy difference
AE = HOMO-LUMO. In a polymer chain the LUMO and HOMO are
approximated by bands, the conduction band (CB) and valence band
(VB), respectively.

The magnitude of the energy gap, or band gap, (Ey) is also relevant to the
classification of conjugated polymers as semiconductors. Figure 1.3 shows examples of
simple band diagrams for materials based on the size of E;. Conductive metals have a
band gap of zero. The conduction band is only partially full and electrons are able to
move freely with only thermal energy input. Insulators, on the other hand, have such a
large band gap that the energy required to promote an electron from the VB to the CB
would result in chemical or physical breakdown of the material. Conjugated polymer
semiconductors have a band gap on the order of 1-3 eV.**® This makes excitation
possible by photons in the UV-visible-NIR portion of the electromagnetic spectrum,

making conjugated polymers useful for electrochromic, PV, and LED applications.
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Figure 1.3 Simple band diagrams for conductive metals, semiconductors
(p- and n-type), and insulators showing the energy gap (Ey) between
the conduction band (CB) and valence band (VB). The diagram also
indicates the relative position of the Fermi level (Eg) for p-type vs. n-
type semiconductors.

Semiconductors can be further classified into n- and p-type based on their
majority charge carrier and the Fermi level (Er) position. Semiconductors with a nearly
full valence band/HOMO are called “p-type” and holes are the majority charge carriers. If
the valence band/HOMO is completely full and the conduction band/LUMO is partially
full the semiconductor is called “n-type” and electrons are the majority charge carriers.
The non-majority charge carrier is simple called the minority charge carrier. The Fermi
level represents the electrochemical potential i of the electrons in the solid. It also
represents a hypothetical energy level with a 50 % probability of being occupied by an
electron. Therefore, in p-type semiconductors, Er lies closer to the valence band/HOMO

whereas in n-type semiconductors, it is closer to the conduction band/LUMO.

The band gap can also be referred to as a zone of forbidden states meaning that
no accessible energy levels exist between the top of the valence band to the bottom of
the conduction band. Oxidation or reduction, however, introduces states in the band gap

and allow electrons to move about freely, which results in a huge increase in



conductivity. lodine-doped polyacetylene can achieve conductivities up to 10° S cm™,
comparable to the conductivity of copper.*® Conductivities of 2100-1000 S cm™ have been
reported for electrochemically grown PPy*® and PEDOT films prepared using iron(lll)
tosylate as a chemical oxidant for polymerization.”> The types of charge carriers

produced by electrochemical oxidation are described in more detail in Section 1.5.4.

1.2.2. Photophysics

Charge generation due to absorption of light in organic semiconductors does not

4-44 In conventional

follow the same process as in inorganic semiconductors.
semiconductor solar cells (CSC), such as Si solar cells, light absorption results in
generation of electron-hole pairs that are immediately separated into free charge carriers
by an internal electric field. In organic semiconducting devices, charge carriers
(electrons and holes) must undergo several transitions before current is generated by a
PV device or reactions can be performed at the surface of a photoelectrode. Initially, a
photon with energy equal to or greater than the band gap of the chosen semiconducting
material (S) is absorbed and an electron is promoted to the LUMO, leaving a hole in the
HOMO and placing the material in an electronically excited state (S*). These two charge
carriers form a bound pair, known as an exciton, which is delocalized over several
repeat units along a conjugated polymer chain. To be useful, the exciton must dissociate
into a separate hole and electron before they can recombine. For this reason, organic
semiconductor PV devices are referred to as excitonic solar cells.*® Exciton dissociation

occurs at the interface with an electron acceptor, A (or donor, D):

g™ g (1.1)
S*+A->St+ A" (1.2)
(1.3)

S*+D-S +D*

Where A accepts an electron from S* and D donates an electron to S* to fill a hole.

Reaction equations ( 1.2 ) and ( 1.3 ) are reversible so either the back reaction should be

6



slow or the products, A" and D", should be removed quickly. In the equations above only
photoexcitation of S is considered and S* would be considered the donor and acceptor
in reaction ( 1.2 ) and ( 1.3 ), respectively. In polymer solar cells, the conjugated polymer
donor is layered or mixed with an electron accepting material. Several reviews of the
45,46

history, physics, and construction of devices include those produced by Heeger,
Wudl et al.,”® and Brabec et al.*’

The inability of organic semiconductors to separate excitons is due to the small
dielectric constant, €, and small electron-hole pair radius (analogues to the Bohr radius
of a hydrogen atom), rs, when compared to inorganic material.***® The dielectric
constant determines the ability of a material or solvent to overcome the electrostatic
charge binding an electron-hole pair or electrolyte salt, respectively. Organic
semiconductors have a dielectric constant € = 3-4***° compared to an inorganic
semiconductor, such as Si where € = 11.9.%% In inorganic semiconductors, all atoms are
covalently bound to their nearest neighbors in three dimensions resulting in
delocalization of electron wave functions and a large rg. In polymer semiconductors,
electrons are delocalized along a chain resulting in strong intrachain interactions but
interchain interactions are weak, giving a small value for rg. Figure 1.4 shows the effect
of dielectric constant on the binding energy of an exction when € =4 and € = 15. With a
much narrower potential energy well (due to large €) and larger rg, thermal energy (T ~
300 K, kgT =26 meV where kg is Boltzmann's constant, 1.38 x 102 JK™) is strong
enough to dissociate electron-hole pairs in inorganic semiconductors (g€ =15). As
mentioned above, excitons in polymer semiconductors must reach an interface with an
electron accepting or donating material in order to dissociate into free charge carriers.
Photo generated excitons reach the interface by diffusion where one diffusion length is
typically <10 nm.>* Additionally, it is common for the LUMO of the acceptor to be about
0.3 eV more negative than the donor LUMO to overcome the excitons binding energy

and prevent back reactions.>
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Figure 1.4  Schematic representation of the fundamental difference between
conventional semiconductors (CSC) and excitonic semiconductors
(XSC). When the size of the electron-hole pair radius (rg) sits inside
the Coulomb potential well (rc) excitonic behavior is observed. T ~
300 K for the thermal energy line (kgT). Reprinted figure with
permission from ref. [42]. Copyright 2011 by Cambridge University
Press.

1.2.3. Poly(3-Hexylthiophene)

Poly(3-hexylthiophene) is the highly soluble (in organic solvents) derivative of
polythiophene and is a benchmark material in solar cell research. Previously, solar cell
research focused on poly para-phenylene vinylene (PPV) derivatives mixed with a
fullerene derivative, phenyl-C61-butyric acid methyl ester (PCBM), as an acceptor but
efficiencies in devices were limited to 3 %.%*° Efficiency was increased to over 4 %
when P3HT was used as the donor material and the films were annealed following
deposition.***” Thermal annealing allowed the P3HT:PCBM mixture to phase separate
into crystalline domains.® Lack of crystallinity in the solid state reduces charge carrier
mobility.>*®* Polymer chains of P3HT, on the other hand, stack perpendicular to the -
conjugated backbone which improves interchain charge transport.®*

Another important factor is the regioregularity of the polymer backbone. P3HT is
considered regioregular if the coupling between monomer units is >90 % head-to-tail
(HT).®* Other couplings that are possible are head-to-head (HH) and tail-to-tail (TT) and

8



can result in regioisomers. The possible couplings are illustrated in Figure 1.5 using
poly(3-alkylthiophene) as an example. If the HT content of a polymer is <90 %
planarization of the backbone is more difficult, interrupting T-stacking, lowering the
crystallinity, and decreasing conjugation of the polymer chains.®®*® Advances in
synthesis by Rieke®” and McCullough®®® make it possible to prepare P3HT with very
high HT ratios (>98 %).

/

S
R R R
/ \ S / \ S / \ s
* O\ o\ o\
R R R
HT HH T
(Head-to-Tail) (Head-to-Head) (Tail-to-Tail)

Figure 1.5 A monomer of 3-alkylthiophene and an illustration of the possible
HT, TT, and HH coupling for poly(3-alkylthiophene).

The performance of P3HT, however, degrades when exposed to air and oxygen.
A low ionization potential (defined as the top of the HOMO band) leads to oxidation of
the material when the film is exposed to ambient conditions.” The air oxidation threshold
is approximately 5.27 eV’* compared to the HOMO level of P3HT which is approximately
5.0 eV.””" This leads to photobleaching of the film in the presence of light and
oxygen.>*®* Chain scission and oxidation destroys the conjugation of the polymer chains

and leaves the polymer transparent to visible light.



1.3. Photoelectrochemistry

1.3.1. Introduction

Photoelectrochemistry (PEC) studies the redox reactions at semiconductor
electrodes under illumination.”®’® These systems are similar in operation to a
photovoltaic cells, but a portion of the solid state device is replaced with a
semiconductor-electrolyte junction. For an organic PV device to usefully produce energy,
the photogenerated electron-hole pair must be separated. Equations (1.1 ), (1.2), and (
1.3) can be applied to PEC as well except that the acceptor (A) and donor (D) can be
redox species in solution. One important difference between solid state photovoltaic cells
and PEC is the lack of a true chemical reaction in the solid state device. Electrons
generated in solar cells travel through an external circuit to generate current but in a
PEC system the electrons and holes are shuttled through the electrolyte by redox
couples (these charge carriers are not independently stable in solution).®® The type of
reaction (oxidation vs. reduction) and energy level of the species in solution dictates
which semiconducting material should be used.

Figure 1.6A shows the band structure of a n-type semiconductor before
immersion in an electrolyte solution containing a redox couple (A/A). When a
semiconductor electrode is placed in solution containing a redox species, the Fermi
levels, i, of both equilibrate (Figure 1.6B). Equilibration is achieved by charge transfer
across the interface. An electric field forms due to the energy difference between the
surface and the bulk of the material. This electric field drives the mobile majority carriers
into the bulk of the material. A zone starting at the semiconductor/electrolyte interface
and extending into the material is called the “depletion layer” because it has been
depleted of majority carriers. It is also referred to as a space charge layer because the
immobile minority charge carriers are spread out to a measureable depth from the
electrode/electrolyte interface. Band edges bend upwards or downwards across the
depletion layer depending on the initial positon of the semiconductor Er. An electric field
is generated due to the potential difference between the new positions of the bands at

the surface relative to the bulk.
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When a photon with energy hv=E, is absorbed by the active material, an
electron is promoted to the conduction band/LUMO and hole is left in the valence
band/HOMO (Figure 1.6C). If the photon is absorbed within the depletion layer, the
internal electric field drives the photogenerated minority carriers towards the surface and
majority carriers migrate into the bulk. In other words, any exction generated in the
depletion region is immediately separated. Also, any exciton generated one diffusion
length away from the depletion region could be separated following diffusion into the
depletion zone. An illuminated p-type semiconductor electrode can carry out reductions
and is referred to as a photocathode. Photogenerated electrons of a p-type
semiconductor can only reduce species in solution that have a redox couple below the
conduction band edge; i.e., the electrons must be thermodynamically energetic enough
to carry out the reaction. Similarly, photogenerated holes produced by n-type
semiconductors can only carry out oxidation if the species redox couple is above the

valence band.

Figure 1.7 shows the competing pathways that exist for charge

recombination.®8!

Charge recombination negatively impacts photoelectrolysis by
decreasing the steady state concentration of charge carriers. For films with thickness (d)
greater than the depletion region (Lp), the electric field established at the surface due to
band bending will prevent recombination in the depletion layer (J4). Recombination in
the bulk (Jy) is a major loss mechanism for these types (d>>Lp) of systems. As the
thickness of a material is decreased below the depletion layer thickness (d<<Lp), the
electric field at the surface weakens or disappears altogether. When this happens,
recombination near the surface becomes possible (J4). Majority carriers are no longer
swept to the bulk and instead can participate in reactions at the surface (J; and Jg).
Surface states present in inorganic semiconductors have been shown to act as
recombination centers and affect the charge transfer of minority carriers, generated by

illumination, to redox couples in solution.®
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Figure 1.7 Recombination pathways of photogenerated charge carriers in an
n-type semiconductor-based photoelectrochemical cell. The
electron-hole pairs can recombine through a current density in the
bulk of the semiconductor Jy,, the depletion region, Jg, or at defects
(trap states) at the semiconductor/electrolyte interface, Jss. Charges
can also tunnel through the electric potential barrier near the
surface, J;, or transfer across the interface, J«. The bold arrows
indicate the favorable current processes in the operationof a
photoelectrochemical cell. Reprinted with permission from ref. [81].
Copyright 2005 American Chemical Society.

1.3.2. Photoelectrolysis of Water

One of the most important PEC reactions studied is the photoelectrolysis of water
by illuminated semiconductors.® Light from the sun can provide 4.3 x 10%° J in one hour
which is comparable to amount of energy used on Earth in one year (4.1 x 10% J).®
Harnessing that energy would give us the ability to generate sustainable fuels as an
alternative to non-renewable fossil fuels. H, production from solar water splitting is seen
as a major goal for PEC. Currently, H, is produced by steam methane reforming which

uses methane as a fuel and produces CO, as a by-product.

Under acidic conditions solar energy would have to drive the following half

reactions in order to carry out solar water splitting:
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1
H20 +2h* - 20, + 2H* (OER)

2H* +2e” - H, (HER)

Solar water splitting was first demonstrated by Honda and Fujishima using a TiO,
photoanode. Here, water is the donor and protons generated by water oxidation are the
acceptors under acidic conditions. The photogenerated holes of TiO, are energetic
enough to oxidize water but the conduction band is too low to reduce protons so an

additional bias is supplied by an external source (potentiostat).

There are many materials that are useful for solar water splitting and several
reviews on the subject have been published.**®*® Some of these materials are
discussed in Section 1.4. There are several figures of merit to be considered when
evaluating a materials use as a photoelectrode such as the size of the band gap, the
position of the band edges, and stability of the material in contact with an electrolyte

solution (in the dark and under illumination).

An ideal semiconductor must supply a voltage of 1.23 V plus any required
overpotential. Another important characteristic is the position of the band edges. The
valence band (or HOMO) must be more positive than the water oxidation potential so
that photogenerated holes are sufficiently energetic to carry out the reaction. At pH 0 this
value is Eo,H,0 = +1.23 Vyue. The conduction band must be more negative than 0 Vyue
at pH 0 for photogenerated electrons to reduce protons. The vacuum energies of these
reactions are -5.73eV for water oxidation and -4.5eV for proton reduction. A
photoelectrode must be chemically, electrochemically, and photoelectrochemically stable
in the environments it will most likely find use, which is, in water and, possibly, in low or
high pH. Figure 1.8 shows the band diagram for an ideal material that possess all these

characteristics.

14



ol A
Ecb F'y
> 4 | = —-gE°(H'H,)
-
> E hv 1.23 eV
@ g
e
ul l - — '— .gE°(0,/H,0)
— Evb w
L h
- -

semiconductor  liquid

Figure 1.8 Ideal semiconducting material for splitting water at its surface under
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and the electrochemical potentials given by —qE°, where E° is the
reduction potential for both (H*/H, and O,/H,0) redox couples.
Reprinted with permission from ref. [85]. Copyright 2010 American
Chemical.

1.3.3. Devices

There are several device structures possible for solar water splitting, some of
which are shown in Figure 1.9. The most basic design is a single band gap device, while
more complex structures involve multiple semiconductors (either layered or as separate
electrode). Solar water splitting can also be achieved without semiconductor/liquid
junctions using a standalone PV device connected to an electrolyser or without any

electrodes at all in the case of photocatalysts.
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Figure 1.9 Energy diagram for a single band gap photoanode (n-SC = n-type
semiconductor) with metal cathode back contact (A); a dual band
gap p-n PEC configuration with p-type and n-type photoelectrodes
electronically connected in series (B); n-type photoelectrode in
series with an integrated p-n PV cell to provide additional bias and
connected to a metal cathode for hydrogen evolution (C). Adapted
with permission from ref. [85]. Copyright 2010 American Chemical.
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Single band gap devices (Figure 1.9A) have the advantage of being the least
complex. The band edges of any single band gap device would have to straddle the
redox potential of water. Although the voltage difference needed to split water could be
obtained by photons with energy of 1.23 eV, any real device will have to overcome
additional overpotentials (catalyst and wiring for example). Single devices are impacted
by the fact that the size of the band gap (and energy per photon) is inversely
proportional to the number of solar photons that can be absorbed. Single band edge
water splitting systems may also refer to dispersed photocatalyst where semiconductor

nanoparticles are dispersed in aqueous solutions and illuminated.

Tandem devices (Figure 1.9B) use a layered architecture which provides several
advantages over the single layer device. More light can be absorbed by using
semiconductors with different band gaps. For example, a typical device would have a
large band gap material stacked on a small band gap material. The first absorber would
absorb light with A < Ay, where Ay is the longest wavelength light that will excite an
electron to the conduction band. The sun’s lower energy (longer wavelength) light will be
absorbed by the second layer (Ay; < A < Ag). Another advantage is that by having the
layers connected in series, the chemical potential produced from each layer is combined
and the stack can carry out higher energy reactions than each semiconductor could
carry out alone. Using water splitting as an example, the top layer would have a valence
band/HOMO positioned for water oxidation and the bottom layer would have a
conduction band/LUMO positioned for proton reduction.

Other tandem or multijuntion devices are possible. The layered structure can be
replaced by duel photoelectrodes where both band gap materials form
semiconductor/liquid junctions (similar to Figure 1.9B). The advantage of this system is
that the mixing of product gases is prevented because the electrodes (which are
connected in series) operate in separate compartments. Another type of layered device
uses a buried p-n junction PV layer (Figure 1.9C). The p-n junction layer is considered
buried because it is covered with a photoelectrode material which is capable of either

water oxidation or proton reduction. The PV layer is chosen so that it is able to provide
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the additional voltage needed to perform the other half of the water splitting reaction at a

metal electrode.

An early attempt to determine the optimal band gap under solar illumination was
made by Bolton et al. in 1985.%” These early researchers considered single and dual, or
tandem, band gap devices for complete water splitting. A device with Eg4 = 1.6 eV
(775 nm) gave the highest efficiency in the single absorber category with an ideal limiting
solar conversion efficiency of 30.7 %. When considering a tandem device, a maximum
efficiency of 42.4 % was calculated for a device with a top layer that absorbed light up to
655 nm (Eg = 1.9 eV) and a bottom layer that absorbed up to 930 nm (E; = 1.3 eV). It
should be noted that the model does not consider kinetics of the hydrogen and oxygen

evolution reactions, HER and OER, respectively.

A more detailed analysis of tandem cells was conducted by Hu et al. which
included variables such as the absorber fill factor (FF), solution resistance, and
electrocatalyst (Pt, RuO,, NiMo and NiFeO,) efficiency.88 The FF of a solar cell is the
ratio between the cell’'s maximum power and the product of the open circuit voltage (Voc)
and the short circuit current (Is¢), the FF is also inversely related to the equivalent series
resistance. Tandem devices were also compared to photoanode-photocathode and a
system were a standalone PV is connected in series to an electrolyser. Solar light was
simulated using 1 sun which provides 1000 W m™ of irradiance over the wavelength
range 0.3-4.0 um. The spectra of the sun is recorded under AM 1.5 (air mass 1.5)
conditions where the sun is at a zenith angle of 48.2° and light travels 1.5 times longer

through the atmosphere than when the zenith angle is 0°.

Under 1 sun illumination (100 mW cm™, AM 1.5) an ideal system composed of a
top absorber with E; =1.60 eV and a bottom absorber with E;=0.95 eV with an
FF = 0.85 for all three systems produces a solar-to-hydrogen (STH) (equation ( 1.4))
efficiency of approximately 29 %. The tandem and photocathode + photoanode system
used Pt and RuO, as HER and OER electrocatalyts, respectively and the PV +
electrolyser used a 73 % efficient electrolyser. Despite the similarity in efficiency there
are very different design considerations. Any PV + electrolyser system will have to

ensure that the standalone components are current and potential matched.
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Photocathode + photoanode systems would require both electrodes to be facing the sun,

doubling the area required compared to tandem devices.

A recent review by Ager et al. has compared the STH efficiency of spontaneous

solar water splitting devices going back to 1977.%° The STH efficiency is given by:**°!

_(1.23V)Uop)
S

(1.4)

where Jo, is the operational photocurrent density (mA cm?) and P, is the incident
irradiance (mW cm™). Devices which split water spontaneously require no external
applied bias. Due to the lack of standardized testing conditions in the solar water splitting
field the results must be accepted as approximate. Most devices are fabricated using
inorganic non-metal oxide semiconductors. Electrode arrangements range from having
at least one semiconductor-liquid junction to photovoltaic-based electrosysthetic cells
(PV + electrolyser). The top performing device was an AlGaAs/Si PV with Pt (HER) and
IrO, (OER) electrodes (a PV + electrolyser device) which achieved a STH of 18.3 % over
14 hours.” There are seven other reports of devices with efficiency over 10 %, and
almost all are stable for 1-24 hours. This summary is an estimate but indicates that there
is still a significant distance to go in terms of reaching the predicted efficiencies from the

studies described above.

In addition to this study, researchers at the Joint Center for Artificial
Photosynthesis (JCAP) have also conducted numerous studies on other aspects of
water splitting systems using a physics and multi-phase model where charge and
species transport, fluid flow and electrochemical reactions are considered. This model
has been used to characterize different device structures,® variability of solar irradiation

95,96

and temperature effects,* different membrane separators, and the effects of catalyst

coverage on a photoelectrode.’’

Other studies examined potential large-scale hydrogen production facilities.*®%

Technologies considered have been mentioned above (tandem device + electrocatalyst

and photoanode + photocathode systems) as well as photocatalyst suspensions.
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Designs considered include single and dual bed particle suspensions, fixed panel arrays,
and arrays that track sunlight and concentrate it on the photoelectrode. Use of particle
suspensions is a very simple and low cost route to produce hydrogen and oxygen from
water. The predicted cost of H, via this route is $1.60-$3.20 per kg of H,, below the U.S.
Department of Energy target of $4 per kg of H,.'® This is on par with the cost of
producing hydrogen by steam methane reforming which costs $1-$5 per kg H,.***

There are safety issues with these systems, however. A system using a single
particle capable of splitting water requires separation of the produced gases for purity
and to avoid explosive mixtures of H, and O, (4 % H, in O, or air).* Facilities employing
panel arrays (photoelectrodes) would be more expensive at $4.10 per kg H, for a
tracking concentrator system and $10.40 for fixed panels, but are safer and could
produce purer fuel. Use of membranes, impermeable to gas but not ions, between
hydrogen and oxygen evolving compartments could increase safety.®® This type of
system, also called an integrated PEC device is seen as a good compromise between

technological maturity and cost (Figure 1.10).'%

H+0,
o
H2 e
02 H2 : :
PV/electrolyzer integrated PEC mixed colloid
B
mature technologies ﬁ unproven technologies
high cost low cost

Figure 1.10 Schematic of three device architectures available for solar-driven
water splitting, ordered according to their relative technological
maturity and projected costs to manufacture. Reprinted with
permission from ref. [102]. Copyright 2014 American Chemical.
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1.4. Brief Summary of Photoelectrode Materials

1.4.1. Titanium Dioxide

The first demonstration of photoassisted water splitting was made by Honda and
Fujishima using a TiO, photoelectrode and a platinum black counter electrode in 1972.'%
To this day, TiO, continues to be one of the most heavily researched semiconducting
materials for water splitting due to its low cost and high chemical stability. TiO, is an n-
type semiconductor meaning that oxidation reactions are promoted under illumination
because holes accumulate at the surface. TiO, can be employed as either a

4

photocatalyst dispersed in solution’® or deposited on an electrode to be used in a

photoelectrochemical system.

There are some drawbacks to its use, however. The band gap of TiO; is 3.2 eV
which means UV light is needed to excite electrons from the valence band to conduction
band. The efficiency of a TiO, only device is greatly hampered because UV light only
accounts for 10 % of the solar spectrum. The conduction band edge of TiO, is positive
relative to the proton reduction level so either a bias or a complementary photoelectrode

also is required.

Some of these limitations can be overcome by manipulation of the morphology or
doping with other elements. Mor et al. have shown that titania nanotube arrays greatly
enhance photocurrent due to increased surface area and decreased path length for
electron diffusion.'® Nanotube arrays were prepared by anodization (10 V) of a titanium
sheet in an HF + acetic acid electrolyte mixture. The highest photocurrent was obtained
for nanotubes prepared at 5°C had the thickest walls (34 nm) and were longer (224 nm)
than tubes prepared at higher temperatures due to temperature dependence of the
chemical etching (by HF) and solubility of the product. Above 1 Vagagcr photocurrents
reached 17 mA cm™ but only under UV illumination (100 mW cm®, 320-400 nm). The
decrease in photocurrent with tube thickness is due to the fact that as the scale of the
material decreases the space charge layer decreases and so does the strength of the

internal electric field which results in less effective charge separation.
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By treating TiO, with different gases at high temperature, the band gap can be
tuned to extend absorbance to visible wavelengths. Hoang et al. have shown that a
hydrogen and nitrogenation co-treatment extends the absorption edge of TiO, to 570 nm
compared to 420 nm for pristine TiO,.'% Nitrogen doping raises the valence band while
hydrogen gas treatment increase the concentration of Ti** present in the bulk which

introduces a new level below the conduction band.

1.4.2. Silicon

Silicon has a band gap of 1.1 eV and can be either p- or n-doped. A significant
portion of the visible spectrum is absorbed by silicon. The small band gap also means
that a single layer Si device cannot split water but the conduction band is positioned well
for proton reduction. Two methods for making Si photoelectrodes involve either
nano/microwires (N/MW) or multijunction devices. Nano or microwire devices have the
advantage of high surface area for light absorption and redox reactions as well as
decreasing the distance charge carriers have to travel which reduces the recombination
rate. Multijunction solar cells are stacks of differently doped Si semiconductors, which
allows the band gaps to be varied, increasing the portion of sunlight absorbed, and

complementary band edges which extend the redox power of the device.

Microwires of silicon (Si MWSs) have been shown to be an improvement over

1077109 5 MW (p-type) with diameter < 2 pm have been shown to have

planar electrodes.
large minority carrier (electron) diffusion lengths of 10 pm'® to 30 pm.*™* It is also
possible to use lower quality material (higher impurity concentration leads to higher
possibility of recombination) as, following photogeneration, charge carriers only need to
travel a short distance to reach the electrode surface and participate in electrochemical
reaction. Microwires embedded in membranes have been envisioned for unassisted
solar water splitting (no additional bias applied).'® Membranes with ionically or
electronically and ionically conducting (nafion and nafion/PEDOT:poly(styrenesulfonate)

(PSS)) materials have been considered.®*31

Surface oxidation of silicon can occur over time and research into protecting the

surface focuses on small organic molecules or metal oxides, such as TiO, and
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Fe,0:. > In addition to increasing stability some of these material combinations have
been shown to reduce sensitivity to pH.** Seo et al. showed that Si|R|TiO,|Pt, where R
is a Ph(OMe),, has an onset potential of +207 mVgye for proton reduction in 0.5 M
H,SO, under 1 sun illumination (100 mW cm?, AM 1.5G) and high stability to air

storage.''®

1.4.3. Compound Semiconductors

Compound semiconductors are alloys of group 13 and 15 elements and also
called I1I-V semiconductors. One of the first examples for solar water splitting using a
compound semiconductor is of p-GalnP, tandem with p-/n-GaAs."™® The bandgap of
p-GalnP, is 1.83 eV; theoretically this semiconductor could split water on its own.
Unfortunately, it valence band is a few hundred millivolts too negative to oxidize water.
Use of p-/n-GaAs as an underlayer extends the energy of photogenerated holes to levels
where water oxidation is possible. As an additional benefit, the band gap of p-/n-GaAs is
1.42 eV allowing lower energy infrared light to be absorbed. This device achieved a
photocurrent of 120 mA cm™ (decaying to 105 mA cm™ over 20 hours) and solar to
hydrogen conversion of 12.4 %. In an attempt to split water with p-GalnP, on its own and
to reduce some of the complexity and cost of this device, present efforts are focused on
lowering valence band edge through surface modification with small molecules® and

transition metals.'?

GaP is also a useful compound semiconductor because its band edges are
positioned for water oxidation and proton reduction. The band gap of GaP is 2.26 eV and
p-GaP is very stable under acidic condition.'? Hole injection in the film can be
accomplished using dye-sensitization which improves the performance under visible
light.?® Similar to silicon, the stability has been further improved by modifying the

surface with methyl groups.*?*

1.4.4. Iron Oxide

Iron oxide is another metal oxide semiconductor that has received much attention

in the literature, specifically hematite (a-Fe,0s). Like TiO,, a-Fe,O3 is inexpensive and

23



robust. Hematite is an n-type semiconductor with band edges positioned for water
oxidation but not proton reduction. It also has a band gap of 2.2 eV making it more active
in the visible region than TiO,. Some of the disadvantages of hematite are its low molar
absorptivity (a ~ 8 x 10* cm™ at A = 550 nm)*"*? requiring thick films, short hole diffusion

length (2-4 nm)** and poor oxygen evolution reaction kinetics.*?®

The performance of a-Fe,O; can be improved by using nanostructured films and
employing an oxygen evolution catalyst. Gratzel et al. have shown high photocurrent
with nanostructured a-Fe,O; following deposition of IrO,, an excellent OER catalyst.126
Films were prepared by atmospheric pressure chemical vapor deposition, using Fe(CO)s
as a source, and achieved currents of 3 mA cm?. The photocurrent of nanostructured
a-Fe,0; exceeds the photocurrent obtained by single crystal, planar electrodes by two

orders of magnitude.*?’

Smith et al. have shown that planar films can be prepared with lower temperature
techniques.’® Planar films were prepared by spin coating a solution of iron(lll)
2-ethylhexanoate followed by irradiation with 185 and 254 nm light. Annealing at 500°C
or greater produced crystalline films but annealing at 100°C produced films that
displayed electrocatalytic (no illumination) properties in 0.1 M KOH. Transition metal
electrodes are typically subjected to high temperatures in order to form the crystal phase
of interest so this research provides a method for forming films on more substrates

(plastics that decompose at high temperature for example).

1.4.5. Organic Semiconductors

Several early studies on photoelectrolysis with organic semiconductors were
undertaken by Abe and co-workers.'® Their work focused on p/n bilayers of small
organic molecules and fullerenes (Figure 1.11). The organic materials used were either
p-type (phtalocyanine with cobalt (CoPc), zinc (ZnPc), or non-metallated (H,Pc)) or
n-type 3,4,9,10-perylenetetracarboxylic acid bisbenzimidazole (PTCBI)."™****? Fullerenes
used were n-type and consisted of Cg or its soluble derivative PCBM. By alternating
which layer was deposited first, the bilayer could act as a photoanode or photocathode.

For example an indium tin oxide (ITO)/Cso/H,Pc electrode acts as a photoanode and has
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been used to oxidize thiols™° and an ITO/H,Pc/Cg, electrode acts as a photocathode

and has been used to reduce ferricyanide, [Fe(lI)(CN)]*.***
b
hv
' R
O

~ n-type  p-type

Figure 1.11 A schematic of the photoinduced reaction at a p-type
semiconductor/water interface in a single layer (a) as well as the p/n
bilayer (b). R and O denote reductant and oxidant, respectively.
Reprinted with permission from ref. [129], with permission from
Elsevier.

In the area of solar water-splitting Abe demonstrated that an ITO/H,Pc/Cg
electrode can reduce protons when a Pt catalyst is used.”* The photoactive material
was deposited by vapor phase deposition and had a final thickness of H,Pc = 75 nm and
Ceo = 125 nm. Platinum was photoelectrochemically deposited from a H,PtCls> solution.
Hydrogen evolution was achieved in a phosphoric acid electrolyte solution (pH 2) under
white light intensity of 100 mW cm™. A total of 333.5 uL of H, was produced over 3 hours
at an applied bias of -0.1 Vagagcisa): The proton reduction potential at pH 2
iS -0.32 Vagagcisar)y Meaning 0.22 V was gained by illumination. A two compartment
system consisting of an ITO/H,Pc/Cg/Pt photocathode in phosphoric acid solution (pH 2)
in one half and an ITO/PTCBI/H,Pc photoanode in a KOH (pH 11) and thiol solution was
constructed to demonstrate full photoelectrolysis with organic material.”** The two
compartments were separated by a salt bridge (agar and KNO3). Without any applied

bias, 2.5 mL of H, was produced over 30 hours.

The photocathodic activity at conjugated polymers for water splitting applications
has resurfaced as an area of interest, as demonstrated by a number of recent reports, in
which multiple layers are employed to increase photocurrent or photostability. For

example, Lanzani et al. demonstrated that P3HT:PCBM films on ITO generates stable,
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unbiased, photocurrent in the sub-uA cm™ range in aqueous NaCl.**" The observation of
gas bubbles on the film led to the conclusion that the photocurrent was due to proton
reduction at the P3HT:PCBM bulk heterojunction (BHJ) electrode and oxidation of CI at
the counter electrode. Bourgeteau et al. used the deposition of TiO,/MoS; layers on top
of P3HT:PCBM coated on PEDOT:PSS to promote photocathodic hydrogen evolution.**®
Photocurrents of 200 pA cm™ at 0 Ve in 0.5 M H,SO, were obtained upon employment
of MoS; co-catalyst, stabilized with TiO,. Gustafson et al. studied photocurrent of ITO-
polyethylene terephthalate (PET)/PEDOT:PSS/P3HT:PCBM films, employing sputtered
Pt on top of the BHJ film,**® and demonstrated that by changing the underlying hole
transport layer (PEDOT:PSS) to an electron transport layer (ZnO) the electrode
behaviour changed from photocathodic to photoanodic. Guerroero et al. demonstrated
dual photoanode (ITO/ZnO/P3HT:PCBM) and photocathode
(ITO/PEDOT:PSS/P3HT:PCBM) behavior in organic solvents and obtained
photocurrents up to 4 mA cm™? and 1.5 mA cm?, respectively.*® Hydrogen evolution was
also achieved in acidified acetonitrile in the presence of a cobalt-containing,
organometallic catalyst (cobaloxime). Recently, Haro et al. employed an insoluble cross-
linkable PEDOT:PSS hole transport underneath a P3HT:PCBM BHJ, onto which a low-
temperature processable TiO, interfacial layer is deposited followed by sputtered uniform
Pt Layer. These multilayer systems achieve photocurrents up to 1 mA cm? and a H,

generation rate of 1.5 pmol h™* cm?2.**

1.5. Characterization Techniques

1.5.1. Photoelectrochemical Cell

Photoelectrochemical measurements require a specialized cell in order to keep
the atmosphere in the cell contained (in other words, air tight) and have at least one flat
face or a window to allow illumination of the working electrode. The cell used for the
work in this thesis was designed and built in-house (Figure 1.12). Typically, quartz is
used to make PEC cells because it transmits UV and visible light but borosilicate glass
was used for the cell in Figure 1.12 because P3HT (the material used to make the

photoelectrodes) primarily absorbs visible light.
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gas/headspace
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Window for working holder
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Figure 1.12 Glass cell used photoelectrochemical measurements. The working
electrode is illuminated through a window at the front of the cell.
Along each side are two 14/20 ground glass ports for a counter
electrode, reference electrode and two other accessories (other
probes or a nitrogen line for example). The working electrode hangs
in the center.

1.5.2. Linear Sweep and Cyclic Voltammetry

Linear sweep voltammetry is a dynamic electrochemical method where the
current at a working electrode is measured in response to a linearly applied potential
(measured with respect to a reference electrode). The potentials scanned in linear
sweep voltammetry are between two points. Cyclic voltammetry is an extension of linear
sweep voltammetry where, after reaching a defined endpoint in the scan, the direction of
the scan is changed. Cyclic voltammetry makes it possible to measure the reversibility of
an electroactive species.

The cyclic voltammogram of a P3HT coated glassy carbon electrode in 0.1 M
tetrabutylammonium perchlorate (TBAP)/acetonitrile (MeCN) is shown in Figure 1.13.
The potentials are reported with respect to the ferrocene/ferrocenium (Fc*/Fc) redox
couple, a common standard for non-aqueous electrochemistry.**? The film is initially in its
neutral and insulating state (potentials < 0 V vs. Fc'/Fc). As the potential is scanned to
the right (larger, positive values) the film begins to oxidize as indicated by a large
increase in current. The onset of oxidation (Eqxonset) represents the ionization potential
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(IP) of the polymer, the lowest potential that can remove an electron from the material,
which is equivalent to the HOMO level. Eqy onset C@N be approximated by extrapolating the
linear parts the voltammogram (Figure 1.13).”44®
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Figure 1.13 CV of P3HT coated glassy carbon electrode in 0.1 M
tetrabutylammonium perchlorate, scan rate was 100 mV s™.

The IP (in units of eV) can be calculated from:
15
IP = —(4.8 eV + Eyx onset) ( )

The value 4.8 eV is the IP of ferrocene or the vacuum level position of the

ferrocene/ferrocenium redox couple'** and Ey onset is Obtained from Figure 1.13.

1.5.3. Electrochemical Impedance Spectroscopy

Electrochemical impedance spectroscopy (EIS) is an alternating current
technique that is used to determine reaction mechanisms at electrode surfaces and
properties of films coating electrodes. In a typical three electrode cell, a time varying
potential is applied to the working electrode and the current response is measured. The
dynamic nature of the potential-current relationship results in the measurement of the

impedance of the system.
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In the context of semiconductors, EIS is used to measure the flat band potential
(Ew). Flat band potential is the applied potential where the energy levels of the
semiconductor (CB, VB, Ef) are flat while in contact with a redox containing electrolyte
solution (Figure 1.14). When the bands are flat there is no electric field inside the surface
of the semiconductor and, therefore, no depletion region. Without an internal electric
field to separate charge, Ey, represents the limit where illumination of the electrode will
produce a photocurrent. Consider the band structure of an n-type semiconductor
pictured in Figure 1.14B. The applied potential, E (in units of volts, V), equals the flat
band potential, Es,. When E > Eg, (the applied potential is more positive than Eg), a
depletion layer forms and photocurrent will be generated when the semiconductor is
illuminated. When E < Ejy,, the band bending is reversed (compared to Figure 1.14A) and
electrons will begin to accumulate at the interface.
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Figure 1.14 Band structure of an n-type semiconductor in contact with an
electrolyte solution containing a redox couple (A/A’) when there is
no applied potential (A) and when the applied potential = Eg, (B). Ecp,
E.w, and Er are the energy levels of the valence band, conduction
band, and Fermi level respectively.

The value of Ey is extracted from EIS data using a Mott-Schottky plot
(Csc?vs. E, the applied potential) and the Mott-Schottky relation given in
Equation ( 1.6).
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where Cqc is the space charge layer capacitance (UF cm®), N is the number of charge
carriers (cm™), g, the permittivity of free space, ¢ is the dielectric constant of the
material, A is the electrode area (cm?), q is the charge of an electron, E is the applied
potential (V), kg is Boltzmann’s constant, and T is the temperature in Kelvin (K). In a
Mott-Schottky plot the value of Eg is obtained by extrapolating the linear part of the
curve to Csc = 0. Csc is calculated using Equation (1.7 ):

P (1.7)
¢ T 2nfz,

Where Z, is the imaginary impedance (y-axis of the Nyquist plot) and f is the
frequency (Hz). The capacitance calculated from the imaginary impedance can be
assigned to the space charge layer because it is the only one that contributes
significantly to the total capacitance (Cy). The total capacitance is calculated from a

series combination, Equation ( 1.8 ):

11 1 1 1 (1.8)

Ctot_a E CGouy Cbulk

where Cy is the capacitance of the Helmholtz layer, Cgo.y is the capacitance of the Gouy
layer, and C, is the capacitance in the bulk of the material. Each layer is pictured in
Figure 1.15. The bulk regions are neglected due to lack of charge accumulation. The
Gouy layer is a space charge layer in solution due to excess of either cations or anions.
If the electrolyte concentration is = 0.01 M there is no contribution to the capacitance by
the Gouy layer. The high concentration of the electrolyte (= 0.01 M) The Helmholtz
double layer formed by two planar sheets of charge, one sheet consisting of free
charges in the solid electrode and another sheet made up of adsorbed ions or ions in
solution. With metal electrodes, the majority of the potential drop in the system is across

this layer. The space charge layer is several orders of magnitude larger than the
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Helmholtz layer and Cy can be neglected because capacitance is inversely proportional

to the distance between the plates (thickness of layers in this case).
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Figure 1.15 All regions that can contribute to the total capacitance when a
p-type semiconductor is in contact with an electrolyte solution.
SC,bulk and Sol,bulk represent the bulk of the semiconductor and
solution, respectively. E¢, and E,, are the energy levels of the
valence band and conduction band, respectively.

1.5.4. Spectroelectrochemistry

Spectroelectrochemistry (SEC) is a very useful technique that combines
spectroscopic information with the ability to fix the oxidation state of a thin solid film or
redox couple in solution. In a typical setup, a Pt or Au mesh is used as a working
electrode for redox couples in solution or ITO coated glass slides with a thin film of the
material of interest. A Pt wire counter electrode and appropriate reference electrode
(non-agueous or aqueous) are used in a typical three electrode cell. The cell includes a
cuvette where the working electrode is placed, a separate compartment for a counter
electrode, and a tube extending half way down the cuvette for bubbling the solution
(Figure 1.16).
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Figure 1.16 The cell used in spectroelectrochemical experiments. The cell
contains three openings. The counter electrode compartment is
separated from the working and reference electrode compartment
by a glass frit.

In the context of conjugated polymers, SEC has been used to observe the
introduction of states within the band gap due to oxidation.*** Under ambient conditions
a thin polymer film will be in its neutral or oxidized state, depending on the reduction
potential of the polymer. Placing the film in a solution containing a chemical oxidant
might offer some control over the polymer’s oxidation state, but multiple oxidants of
different strength would be required to obtain a series of spectra. Electrochemistry offers
the ability to dial in the oxidation state of the conjugated polymer by controlling the
potential, which is especially useful because two distinct charge carriers are formed at

different levels of oxidation.

Polarons and bipolarons are generated along the polymer backbone during
oxidation. A polaron is a radical cation (in the case of oxidation) formed along the
polymer backbone when an electron is removed. Bipolarons are formed when the
electrons of two polarons combine or one polaron is oxidized as the potential is made
more anodic (positive) or a stronger oxidant is used. Both charge carriers can be
identified by UV-Vis-NIR spectroscopy. The UV-visible absorbance of the polymer
decreases and is replaced by peaks in the NIR as the polymer is oxidized (Figure 1.17).

The band gap states introduced due to polaron and bipolaron formation provide lower
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energy pathways for electron transfer from the HOMO and therefore lower energy

photons are absorbed.
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American Physical Society.

Figure 1.17

1.5.5. Gas Chromatography

The most common technique for analysing PEC cell head space for hydrogen or
oxygen is with gas chromatography (GC) and the most common analyser is a thermal
conductivity detector (TCD).**® GC is used so that all gases in the cell can be separated

out. Also, a syringe with a gas tight valve is used. While sampling the cell headspace
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then injecting into the GC, the needle is open to air and some oxygen and nitrogen is
detected. TCD is used because it is non-selective detector. Other common GC detectors
are flame ionization detector (FID) and electron-capture detector (ECD). FID is used to
detect organic molecules and hydrogen is used as the fuel for the flame so hydrogen

detection is impossible. ECD is selective for halogen containing compounds.

1.6. Thesis Scope

In the preceding decades, research into photoelectrochemical water splitting has
focused on the use of inorganic materials. Conjugated polymers have received
comparatively little attention despite good visible absorption and band edges suited for
proton reduction. Conjugated polymers also have strong light absorption, requiring only
thin films and are solution processable and can be coated onto many different substrates
at room temperature. This thesis research focuses on using single layer P3HT
photocathodes for proton reduction.

Chapter 2 examines the characteristics of a P3HT photocathode in aqueous acid
without the use of any HER catalyst. Films are prepared on both glassy carbon and ITO.
The dependence of the photocurrent and photon conversion efficiency as a function of
thickness and incident light power are determined. Spectroelectrochemisty was also
performed in order to determine if the polymer remains neutral and semiconducting
under the conditions of photoelectrolysis. A mechanism for the photocurrent is proposed
based on these results and photoluminescence spectroscopy of films in contact with

aqueous acid and deionized water.

A HER catalyst (Pt) is employed in Chapter 3 and Chapter 4. P3HT s
thermodynamically able to reduce protons but kinetically this may be difficult to
accomplish. The use of a HER catalyst should improve the electron transfer from the
photo excited polymer to protons in solution. In Chapter 3 nanoparticles are formed on
P3HT photocathodes by photoelectrochemical deposition. In Chapter 4, platinum is
dispersed in solution in the form of a colloid and an electron relay (methyl viologen) is

used to transfer charge between the polymer and the catalyst.
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Chapter 2.

Aqueous Photocathode Activity of Regioregular
Poly(3-hexylthiophene)

This chapter is reproduced from: Graeme Suppes, Edward Ballard and Steven
Holdcroft, Polymer Chemistry, 2013, Vol. 4(20), 5345-5350 with permission from The
Royal Society of Chemistry. E. Ballard assisted in making thickness dependence

measurements in Section 2.3.2.

2.1. Introduction

The current average rate of energy consumption on Earth is approximately 14
TW.3* Energy from the sun is on the order of 120, 000 TW so it is not surprising,
therefore, that strategies to capture as much of this energy as possible, and as
inexpensively as possible, are gaining increasing momentum. In the solar energy sector,
the photovoltaic (PV) industry is regarded as undergoing the fastest growth.'*’ The PV
industry is currently dominated by inorganic-based semiconductor materials. However,
organic semiconductors are being intensely investigated because they offer potential
attributes of low cost and low mass, and are easy to process as ultrathin films, compared
to inorganic-based counterparts.’****° Another application area of interest for
photoactive  semiconductors is their employment as photoelectrodes in
photoelectrochemical systems, which use solar radiation to drive specific chemical
reactions to produce energy carriers, products, or destroy unwanted reagents.'*™*** As
with inorganic semiconductors, organic semiconductor analogues are being investigated
for photoactivity in solution to drive desired reactions. Examples include hydrogen

production, CO, reduction, and degradation of organic pollutants,**3°°%/

m-Conjugated
polymers are prime candidates for photoelectrode activity because they absorb visible

light, and generate electrons and holes with significant redox power upon irradiation. 1r-

35



Conjugated polymers are typically p-type semiconductors, which means that during
illumination in an  electrochemical cell, electrons flow towards the

semiconductor/electrolyte interface and result in electrochemical reduction reactions.

A ubiquitous example of a Tr-conjugated polymer is poly(3-hexylthiophene)
(P3HT).™® In PV devices, P3HT can provide power conversion efficiencies (PCESs) up to
6.5 % in conjunction with an electron acceptor .**® The first report of P3HT being used as
a photocathode in a photoelectrochemical (PEC) cell was reported by El-Rashiedy and
Holdcroft.*® It was discovered that application of a potential bias more negative than the
Fermi energy [+0.3 Vscg], in agueous solution, resulted in a depletion layer at the
polymer/solution interface, and that upon photoexcitation a photocathodic current was
produced. Photovoltages generated were linearly related to the pH of the solution, in
accord with the variation in reduction potential of the H*/H, couple. Photocurrent and
guantum efficiency, while dependent on the solution pH, irradiation intensity, excitation
wavelength, and film thickness were, however, low. More recently, Yang et al.
constructed PEC cells based on Langmuir-Blodgett (LB) films of P3HT.'®%!%2
Sub-pA cm? photocurrents were reported that increase by at least an order of
magnitude upon incorporation of mono-metallofullerenes. Cathodic photocurrents were
further increased by the introduction of oxygen or other electron acceptors into solution.
Mechanisms for cathodic photocurrent generation, in the presence of methyl viologen,
were proposed for films composed of P3HT and fullerene (Cg) or metallofullerene
(Dy@Csgy) and showed that PEC is useful way to gain insight into solar cell performance
and design. More recently still, Abe et al. reported photoanode activity of a composite,
P3HT/PCBM, in aqueous solution which was further enhanced in combination with a p-
type zinc phthalocyanine surface modification.’®® The authors determined, based on
transmission electron microscopy and PEC measurements, that photogenerated holes
accumulate at the solid/solution interface due to maldistribution of P3HT towards the

surface of the film.

Work carried by El-Rashiedy et al.®

investigated the use of regiorandom (RRa)
P3HT as a photocathode in aqueous solution. RRa-P3HT is prepared by oxidative
polymerization using ferric chloride and possesses < 70 % head-to-tail couplings.*® It is

widely known that increasing the regioregularity of P3HT modifies the polymer’s optical
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properties and greatly enhances charge carrier mobility,***

which may partly explain the
low photocurrents and photo-efficiencies originally observed. In this report | demonstrate
significantly enhanced photocurrents of regioregular (RR) P3HT in aqueous solutions
when used in a photoelectrochemical cell according to Figure 2.1. | examined the
electrochemistry of P3HT films in aqueous and non-aqueous solution in order to gain

insight into the mechanism of photocathodic activity.

e \ Red

\' Ox

Red

+ <

Polymer Ox
@ Electrolyte Counter Electrode

Figure 2.1 Photocathode activity of P3HT.

2.2. Experimental

2.2.1. Materials

Materials were used as received without any further purification. The monomer,
3-hexylthiophene, was purchased from Rieke Metals. Dodecylmagnesium bromide
(1.0 M in ether), N-bromosuccinimide, and Ni(dppe)Cl, were purchased from Aldrich.
Regioregular P3HT was prepared according to the GRIM method.'®>**® Preparation of

the 2,5-dibromothiophene was carried out following a literature procedure.*®
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2.2.2. Regioregular P3HT Synthesis

To 80 mL of dry THF, 2,5-dibromo-3-hexylthiophene (7.86 g, 24.11 mmol) and
dodecylmagnesium bromide (1.0 M in ether, 24 mL) were added. The solution was
stirred at reflux for 1 hour. The catalyst, Ni(dppe)Cl, (64 mg, 0.12 mmol), was added and
the solution was stirred for 45 minutes at reflux. After cooling to room temperature, the
polymer was precipitated into 1 L of methanol. The solid was purified by Soxhlet
extraction using successively methanol, hexane, and chloroform. The polymer dissolved
in the chloroform fraction and was collected by rotary evaporation of the solvent.
Molecular weight of the polymer were determined by gel permeation chromatography,
GPC, (Mn = 31.7 kDa, PDI = 1.2). The degree of regioregularity was determined from *H
NMR and found to = 98 % HT-HT coupling (Figure A-1). Yield: 62 %.*°**°’

2.2.3.  Thin Film Preparation

Solutions of (RR) P3HT in dichlorobenzene (10, 20, 25, 30, 35 and 40 mg mL™)
were stirred and heated overnight at 60° C and spin cast at room temperature onto
indium-tin oxide (ITO) coated glass (Q ~ 10 ohms) in a glove box at 1000 rpm for 60 s to
prepare films of variable thickness. The films were solvent annealed under a petri dish
for 30 min followed by thermal annealing inside a glove box (H,O and O, < 0.1 ppm) at
150° C for 30 min.

2.2.4. Characterization

Absorption spectra were recorded on a Cary 300 Bio UV-visible
spectrophotometer. Photoluminescence (PL) spectra were obtained using a Photon
Technology International PTI Felix32 system. Film Thicknesses were determined using
an Alpha-Step 1Q profilometer (KLA-Tencor). A Xe/Hg 200W lamp was used as the light
source in combination with an AM1.5D filter (Photon Technology International LPS-
250B.) and neutral density filters to achieve 100 mW cm™. The incident light power was
measured using a broadband power meter 841-PE (Newport) equipped with an Ophir
thermal detector head (3A-P-SH-V1). The cell configuration was designed to irradiate
the polymer/electrolyte interface through the electrolyte. A water filter was placed in front

of the electrochemical cell to remove excess heat. Electrochemical measurements were
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performed using a Pine Bipotentiostat (AFC-BP1) and the data processed using
Aftermath  Scientific  Data  Organization  Software  (ASTP-BO1  Module).
Photoelectrochemical measurements were performed in a 3-electrode cell using an
Ag/AgCI (sat. KCI) (0.199 V + 0.059 * pH relative to NHE) reference electrode and a
platinum foil counter electrode in 0.1 M H,SO, (unless otherwise stated).

2.3. Discussion and Results

2.3.1. P3HT Band Edge Determination: CV, UV-Visible Absorbance,
and EIS

Films of RR-P3HT possess a broad absorption between 350 and 650 nm and an
absorption maximum at ~550 nm. A UV-visible spectrum is shown in Figure 2.2 (inset).
From the onset of the absorption (665 nm), the optical band gap (Ey) is estimated to
1.8 eV. RR-P3HT was deposited on a glassy carbon electrode and voltammetry was
performed with a Pt counter electrode and a silver wire reference in 0.1 M TBAP /
acetonitrile. As shown in Figure 2.2, the onset potential corresponding to the reduction
and oxidation of RR-P3HT is -2.23 V and -0.01 V, respectively, vs. Fc*/Fc , from which
the energy levels of the valence band (Eyg) and conduction band (Ecg) are estimated to
be -5.22 eV and -3.00 eV, respectively. **® For any redox couple lower than Ecg,
electrons promoted to the CB of RR-P3HT have sufficient energy to drive the reduction

of material with a higher (more positive) redox couple.
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Figure 2.2 Cyclic voltammogram of P3HT coated on glassy carbon in 0.1 M
TBAP-MeCN at a scan rate of 100 mV s™. The dashed and solid line
represents the oxidation and reduction, respectively, of the neutral
polymer Inset: UV-visible absorbance of a 100 nm thick film on ITO-
coated glass. The scale bar indicates the absorbance.

Electrochemical impedance spectroscopy (EIS) was used to obtain a Mott-
Schottky plot for RR-P3HT films (Figure 2.3). The plot consists of a linear portion with a
negative slope, which is characteristic of a p-type semiconductor. Using the Mott-
Schottky equation (Equation ( 1.6 ), the intercept with the x-axis and the slope, the flat
band potential (Eg) and the charge carrier density (N) was estimated. The parameters
and constants in the Mott-Schottky equation are the dielectric constant, € (3 in this
study); '°*'"° the permittivity of free space, €, the charge of an electron, q, the
Boltzmann constant, kg; and the applied potential , E. For RR-P3HT in 0.1 M H,SO,, E,
is ~+0.15 V (at 25 °C) (Ag/AgCl,sat.), or -4.7 eV. N was calculated to be 1.0 x 10*" cm™.
The charge carrier density obtained for RR-P3HT is on the same order of magnitude
reported for other conjugated polymers, including polybithiophene (3.5 x 10'" cm™®),
poly(4,4"-dimethoxy-3-methyl-2',5',2"-terthiophene) (1.18 x 10*° cm), and

poly(3,4-dimethoxythiophene)/poly(styrene sulfonate) (2.6 x 10*" cm™®).1"*-173
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Figure 2.3 Mott-Schottky plot of RR-P3HT obtained using electrochemical
impedance spectroscopy in 0.1 M H,SO,4 (aq.), recorded in the dark
at 100 kHz. Geometric area of working electrode is 0.07 cm?.

2.3.2. P3HT Photoelectrochemistry in Aqueous Acid

A typical photo-assisted current-voltage curve for P3HT-coated ITO in 0.1 M
H,SO, is shown in Figure 2.4. A cathodic photocurrent (J,,) is observed under
illumination and increases with increasing applied negative potential. This current-
voltage response is characteristic of a p-type semiconductor. A photocurrent density of
~20 pJA cm? is measured at -0.4 Vagagc. A plot of photocurrent at -0.2 Vagaga VS.
thickness is plotted in Figure 2.5. The thinnest films studied (40 nm) yield a photocurrent
of ~6 WA cm™, which increases to 10 pA cm™? at -0.2 V with increasing thickness (250
nm), approaching a limiting value. A plot of transmittance of light vs. thickness, also
shown in Figure 2.5, illustrates that light penetration at the polymer/electrolyte interface
falls to 10 % of its original value over a distance of 130 nm. As the thickness of the film is
increased, the number of photoactive units increases, explaining both the increase in
photocurrent and decrease in transmittance. The electrical resistance of the film,
however, also increases with film thickness, which may be responsible for the limiting
value of the photocurrent. Furthermore, as photo-generated excitons in P3HT films

possess relatively short diffusion lengths (< 10 nm),*"**"

excitons generated deeper into
a thick film, i.e., more than an exciton diffusion length away from the space charge layer

that exists at the P3HT/electrolyte interface, are unlikely to reach that interface. These
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results are similar to other thickness dependant studies on RRa-P3HT and

P3HT/metalofullerene composites 169161176
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Figure 2.4 Current-voltage plots of RR-P3HT (film thickness 126 nm) on
ITO-glass in the dark and under illumination in 0.1 M H,SO, (aq.).
Light intensity was 100 mW cm™ (AM 1.5D).
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Figure 2.5 Dependence of the photocurrent (empty diamonds) and
transmittance (solid squares) on the film thickness of RR-P3HT
coated ITO. For photocurrent measurements Light intensity was
100 mW cm™ (AM 1.5D) in 0.1 M H,SO, (aq.) at E =-0.2 V (Ag/AgCl).
Thin film transmittance data at A,,., 550 nm.

The incident photon conversion efficiency (IPCE) was calculated from the
photocurrent at -0.2 Vagagcr Using Equation ( 2.1 ), where j,, is the photocurrent (A cm?),
A is the wavelength of incident light (nm), |, is the incident power absorbed (W cm™), and
the constant, 1240, has units of W A* nm™. A plot of IPCE vs. film thickness is shown in
Figure 2.6. An IPCE of 0.55 % was observed for the thinnest films studied, but this
dropped to 0.2 % for film thicknesses > 100 nm. The IPCEs are two orders of magnitude
lower than observed for solid state, bilayer, organic PV devices (30-40 %)'"*"® that
incorporate an electron accepting layer, but similar to single layer component organic PV
devices (0.5 %).” The plateau in efficiency for films > 100 nm thick is considered to be
due to the limited depth of light penetration and the inability of excitons formed deep in
the polymer film reaching the polymer/electrolyte interface. The relationship between the
IPCE and incident power, recorded at -0.2 Vagagcr and 550 nm, is shown in Figure 2.7.
Increasing the incident power increases the photocurrent but decreases the efficiency.
With higher incident power, a greater number of excitons are generated, increasing the
photocurrent. The likelihood of exciton recombination, however, also increases with

increasing exciton population.
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Figure 2.6 Dependence of quantum efficiency on film thickness of RR-P3HT
films under illumination of 550 nm light. Light intensity was
100 mW cm™ (AM 1.5D) in 0.1 M H,SO, (aq.) at E = -0.2 Vagagar.
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Figure 2.7 Dependence of quantum efficiency and photocurrent of RR-P3HT
coated ITO electrodes on incident 550 nm light power. Electrodes
were biased at -0.2 Vag/aga in 0.1 M H,SO, (aq.).
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2.3.3.  Thin Film Spectroelectrochemistry and Fluorescence

The photocurrents produced are stable and no degradation of the material is
observed after hours of irradiation. The photocurrent is clearly due to photoelectrolysis of
solution species and not, for example, due to a simple irreversible photoelectrochemical
reduction of the film. This assertion is supported by considering the charge required to
completely and irreversibly reduce the film and by spectroelectrochemistry. | calculated
that 168 uC of Coulombic charge is needed to completely reduce a 100 nm thick P3HT
film on a 1.5 mm radius disk, assuming 1.5 e per 4 thiophene units for n-doping,*’”® and
a polymer density of 1.10 g cm®'® Thinner films would require proportionally less.
However, over a period of two hours photoelectrolysis, > 30 000 uC of cathodic
photocurrent are typically passed, much larger than that possible due to electrochemical
reduction or degradation of the film. Moreover, the films are electrochemically inactive in
the absence of light in agueous solution, indicating the films do not undergo irreversible
electrochemical reduction in aqueous solution. In fact, even the characteristic
electrochemically-induced oxidation and re-reduction cycles of P3HT that are typically
observed in non-aqueous electrolytes are completely suppressed in aqueous solution,
as illustrated in Figure 2.8. In non-aqueous electrolyte, such as acetonitrile, swelling of
the polymer allows counter ions to penetrate into the film and balance charge formed
during oxidation. Oxidation of the polymer occurs at positive potentials and the
absorbance in the visible region decreases due to the formation of polaronic/bipolaronic
states in the band (Figure 2.8A). In contrast, electrochemical activity in aqueous solution
(Figure 2.8B) is completely suppressed, the polymer resists oxidation, and no change in
absorbance is detected. More relevant to this study, P3HT films are electrochemically
inactive at negative potentials, as determined by cyclic voltammetry and
spectroelectrochemistry (Figure 2.8C). The apparent lack of electrochemical activity in
agueous solution is attributed to the hydrophobicity of the P3HT which prevents swelling

and access of the electrolyte into the film.
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Figure 2.8 Spectroelectrochemistry of RR-P3HT (~100 nm thick) coated ITO
electrodes in (A) 0.1 M TBAP-MeCN at positive potentials, (B) 0.1 M
H,SO, (aqg.) at positive potentials, and (C) 0.1 M H,SO, (aq.) at
negative potentials, vs. Ag/AgCI (sat.). The indicated potentials were
applied for 2 min. before and while recording the spectra.
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Since oxygen is rigorously excluded from the apparatus, the most reasonable
explanation for the origin of a continuous photoelectrolytic current is the reduction of
protons to dihydrogen. Electrons in the conduction band of P3HT have sufficient
reductive power to reduce protons.”® However, | have yet to succeed in detecting
hydrogen gas as a product because the photocurrents and quantity of gas produced is
too small. For example, cumulative charge passed over two hours under illumination of
P3HT (-0.7 V vs. Ag/AgCl, 100 mW/cm? irradiation) corresponds to only 3.8 pL of
generated hydrogen.

A mechanism for photoelectrochemical hydrogen evolution at conjugated
polymers films has not been addressed in the literature. However, It is well documented
that polythiophenes are susceptible to protonation. Original work in this area reports that
protonation of a thiophene oligomer is observed when strong acid is introduced into a

1

solution of the oligomer,*®* as evidenced by a new single peak in the proton NMR

spectrum. A red shift in the UV-visible absorption is also reported, similar to that
observed for electrochemical and chemical oxidation of conjugated polythiophenes.*®*!%
Sulfonic acid derivatives of poly 3-alkylthiophenes also exhibit absorption peaks above
800 nm without electrochemical or chemical oxidation.'® These peaks are similar to
polaron/bipolaron peaks observed during electrochemical oxidation but are attributed to
protonation of the polymer or “self-acid doping”. An attempt to observe protonation of
RR-P3HT in contact with different concentrations of acids in aqueous and non-aqueous
solutions was carried out using UV-visible absorption spectroscopy. Spectra are shown
in Figure 2.9. As can be observed in Figure 2.9A, the absorbance of RR-P3HT films
remains unchanged when immersed in solutions of pH 7 to 1.4. | interpreted these
observations to mean that RR-P3HT is too hydrophobic to allow access of acid into the
film, as in the case of electrochemical analysis in agueous solutions, rather than an
inherent tendency of the polymer not to protonate. In fact, the same experiments
performed in acetonitrile, in which films swell and allow acid to penetrate, shows a clear
reduction of the band associated with the -1 transition (see Figure 2.9B), indicative of

protonation.
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Figure 2.9. UV-visible absorbance of RR-P3HT films in solution. The effects of
proton concentration on absorbance are observed in (A) aqueous

solution with different concentration of H,SO,4 and (B) H,SO, in
MeCN.

Notwithstanding the observation that the RR-P3HT appears impenetrable to
agueous acid, the possibility that protonation occurs at the polymer film’s surface, at the
polymer/electrolyte interface, cannot be disregarded—it is simply not detectable by
transmission absorption spectroscopy. However, | noted that the fluorescence intensity
of films of RR-P3HT decreases substantially upon exposure to aqueous acid solution

(Figure 2.10). Given that photogenerated excitons are quenched by protonated
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TI-conjugated species, and that excitons can diffuse through the film, this is interpreted
as indirect evidence for the existence of protonated species at the polymer/electrolyte

interface.
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Figure 2.10 Photoluminescence spectra of RR-P3HT films. Upper spectrum
(squares), dry films; lower spectrum (diamonds), the same film in
contact with 0.1 M H,SO,. Excitation wavelength, 550 nm.

| propose a mechanism to explain the photocathodic activity of RR-P3HT in
aqueous solution, illustrated in Figure 2.11. This mechanism is based is on the known

self-doping phenomenon of poly(3-thienyl)alkanesulfonic acids,'®

and on protonation
studies of oligomers®®* which is reported to occur through the addition of hydrogen at the
o-site of the thiophene ring. In this mechanism, protonated P3HT at the
polymer/electrolyte interface receives electrons that are photogenerated in the bulk of
the film, resulting in the release of hydrogen and reformation of the neutral polymer at
the surface. The latter is subsequently reprotonated, and primed for the next reduction
cycle, while photogenerated holes in the film migrate to the anode to complete the

circuit.
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Figure 2.11 Proposed mechanism of RR-P3HT photocathodic activity in aqueous
solution.

electrode

2.4. Conclusions

RR-P3HT is photoelectrochemically active in aqueous solution yielding tens of
uA cm of photocurrent. Thicker films provide larger photocurrents but at reduced power
efficiencies. Photocurrents and power efficiencies are 10 times greater than
RRa-polymer analogues. Spectroscopic and electrochemical evidence suggests RR-
P3HT is protonated at the polymer/electrolyte interface, leading to the speculation that
photocathode activity of RR-P3HT originates from reduction of the protonated surface,
with subsequent elimination of molecular hydrogen. Elucidation of the mechanism and
rate-determining steps should provide the insights needed to increase photo-conversion

efficiencies.

Despite favourable thermodynamics, photogenerated electrons on P3HT failed to
produce H,. Lack of H, may indicate that a catalyst that promotes proton reduction, such
as platinum, is needed. Most photoelectrochemical or photochemical systems require a
catalyst in order to carry out solar water splitting.’® Catalysts can be deposited
physically (spin or spray coating) or electrochemically by photoelectrochemical reduction
of metal, or metal-containing ions in solution. The most common catalyst used for
hydrogen evolution is platinum and | use it as a co-catalyst with P3HT (Chapter 3 and

Chapter 4). In addition to achieving hydrogen generation it is important to demonstrate
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that polymer photoelectrodes are compatible with common materials and techniques for

performing solar water splitting.
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Chapter 3.

Photoelectrochemical Hydrogen Evolution: Single
Layer Conjugated Polymer Films Bearing Surface-
Deposited Platinum Nanoparticles

Sections of this chapter have been reproduced in part with permission from:
Graeme M. Suppes, Patrick J. Fortin, and Steven Holdcroft, Journal of the
Electrochemical Society, 2015, Vol. 162(8), H551-H556. Copyright 2015, The
Electrochemical Society. The work presented in this chapter was my (G. Suppes)
contribution to the paper.

3.1. Introduction

Photoelectrochemistry (PEC) of redox species in aqueous solutions has
undergone a resurgence of interest due to a desire to develop inexpensive, renewable
fuels. In the seminal work of Fujishima and Honda, oxygen and hydrogen gas were
produced upon the photo-assisted electrolysis of water at an illuminated n-type TiO,
electrode and Pt black counter electrode.'® PEC of n-type TiO, has two main
drawbacks. The first is that, whereas, photo-generated “holes” arising from the valence
band are sufficiently energetic (thermodynamically) to oxidize water to dioxygen,
conduction band electrons are insufficiently energetic to reduce water to dihydrogen,
hence the requirement to negatively bias the counter electrode. The second drawback is
that TiO, absorbs a relatively small fraction of the solar spectrum due to its large band
gap (=3 eV); the “solar’ efficiencies obtained are, therefore, relatively low. As a
consequence, research effort is being directed to the study of other inorganic

187-190

semiconductors including alternative metal oxides, silicon and other compound

109,119,191,192 193-195

semiconductors, and composites of the two, with the intention of
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enhancing photoelectrochemical water splitting reaction kinetics and solar-to-fuel

efficiencies.

An alternate strategy to employing a single semiconductor to generate electrons
and holes that simultaneously split water photoelectrochemically is to design individual
n- and p-type semiconductors with the specific task of oxidizing and reducing water,
respectively. Using this approach dioxygen is evolved at photoanodes and dihydrogen at

196,197

photocathodes or from tandem semiconductor devices.?®'*® Another approach

fosters consideration of materials other than metal oxides and inorganic

semiconductors,113199-202

Organic semiconducting polymers would appear prime
candidates for photocathode materials because they absorb visible light, are typically
p-type, meaning that during illumination electrons flow towards the electrode surface,
and they participate actively in electron transfer reactions. Optoelectronic studies of
poly(3-hexylthiophene) (P3HT) indicate that the LUMO energy levels (-3.1 eV, -1.4 Vyue
at pH 0) possess sufficient reductive power to reduce protons to water (0 Vyue), whereas
the HOMO energy levels (-5.1 eV, 0.6 Vyue at pH 0) is insufficient oxidize water to
oxygen (1.23 Vyue).2*?* Moreover, there is a plethora of research using organic

polymers in photovoltaic devices from which to learn.

Examples of conjugated organic polymers used in sacrificial water splitting
systems can be found as early as 1985 wherein it was reported that irradiation of a
suspension of poly(p-phenylene) in the presence of diethylamine led to the
photoreduction of protons to hydrogen gas.?® It was subsequently reported, using a
photoelectrochemical system, that regiorandom P3HT exhibited photocathode activity in
agueous solutions and that photocurrent could be increased by incorporation of electron
acceptors, such as fullerene.'® The importance of the stereochemistry of these
polymers was later realized; it was demonstrated that improving the regioregularity of
P3HT greatly improved the structural organization of the polymer films and enhanced
their charge conductivity.®®?% Photoelectrochemical studies of regioregular (RR) P3HT
in aqueous solution exhibited improved photocathode activity, reaching 20 pA cm?
under 100 mW cm™ AM 1.5D irradiation, and led to 0.55 % photon-to-current conversion

efficiency, i.e. ten times greater than with regiorandom P3HT.?%
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It has been determined that the photocurrent on bare P3HT is actually due to
reduction of trace oxygen, left behind even after sparging the solution with Ar for up to 2
hours.?® Semiconducting materials used for water splitting typically need a catalyst in
order to perform water oxidation or proton reduction.*®® Conducting polymers have been
used as scaffolds for noble metal catalyst in order to carry out reactions such as

1

methanol oxidation,?*?'° hydrazine oxidation,”* as well as oxygen reduction®? and

proton reduction®**'* but not under photoelectrochemical conditions. Polymers, such as

polypyrrole,
electrochemically, wherein a monomer in an electrolyte solution is oxidized at an inert

213,215 211,216 209,210,217

polythiophene, and polyaniline are  prepared
metal (or glassy carbon) electrode and reacts with other oxidized monomers (or n-mers)
to “grow” the polymer film on the electrode surface. Electrochemically prepared polymer
films are porous and provide a high surface area matrix for dispersing metal
nanoparticles which should result in improved electrocatalytic efficiency.”??!® Metal
nanoparticles, such as Pt, Ir, or Au, can be deposited on the surface or embedded in the
film using electrochemical®® or electroless methods.?® Several recent results using
conjugated polymer photovoltaic device structures for solar water splitting are discussed

in Section 1.4.5.

Given the advancements in the field that indicate an apparent need for catalysts
to promote hydrogen evolution at irradiated conjugated films, a technological preference
to employ a single layer film rather than the more complex, multilayer architectures (akin
to organic PV devices), and that single layer organic PV efficiencies can reach relatively
high values (up to 7 %),?** | investigated the aqueous PEC of Pt nanoparticles (Pt NPs)

deposited on single layer polymer films (Figure 3.1).
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Figure 3.1 Photoelectrochemical setup for single layer poly(3-hexylthiophene)
(P3HT) photocathodes (100 nm thick) with a platinum counter
electrode. Light absorption leads to excitation of electrons from the
valence band to the conduction band. In the absence of an
electrocatalyst photogenerated electrons carry out the reduction of
0, (0, + e~ - 037) (A). Pt nanoparticles deposited on P3HT
enhances the photocurrent, generating hydrogen (B).

3.2. Experimental

3.2.1. Materials

P3HT was purchased from Rieke Metals (RMI-001E, MW = 69,000 g mol™,
regioregularity = 96 %). K,PtCls (Johnson Matthey), chlorobenzene (Sigma-Aldrich),
H,SO, (Anachmia), NaOH (BDH chemicals), NaCl (Fisher), Na,SO; (Fisher) were all
used as received. All aqueous solutions were prepared using ultrapure water obtained
from a Milli-Q water purification system (18 MQ, EMD Millipore). Indium tin oxide (ITO)
coated glass slides (Merck Display Technologies Ltd.) were cleaned by sequential
sonication in each of the following solutions: isopropyl alcohol, acetone, H,O: H,O,:
NH4OH (5:1:1) solution and distilled water.
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3.2.2.  Film Preparation

Films were prepared from a 20 mg mL™ solution using P3HT (Rieke) dissolved in
chlorobenzene. Film thicknesses were determined using an Alpha-Step 1Q profilometer
(KLA-Tencor). Silver conductive paste (MG Chemicals, 8331-14G) was used to connect
a wire to the ITO electrode after wiping away a small part of the polymer with a cotton
tipped applicator (Puritan). The edges of the film were completely covered with an
electronically insulating and chemically resistant epoxy (T20-3004 HVGR50, Epoxies,
Etc.).

3.2.3. Characterization

Photoelectrochemistry. The light source was a 200 W Xe/Hg lamp (Uhsio
America, Inc.), used in combination with a 300-700 nm band pass filter (FSQ-KG3,
Newport Corp.) and neutral density filters (Thorlabs Inc.), to achieve 100 mW cm?
irradiation, as measured using a broadband power meter (841-PE, Newport Corporation)
equipped with an Ophir thermal detector head (3A-P-SH-V1). The cell configuration was
designed to allow irradiation of the polymer—electrolyte interface through the electrolyte.
A water filter was placed in front of the electrochemical cell to remove excess heat.
Electrochemical measurements were performed using a Pine Bipotentiostat (AFC-BP1).
PEC measurements were performed in a 3-electrode configuration using a saturated
standard calomel electrode (SCE) (+0.24 V vs. NHE) and a Pt wire as the reference and
counter electrodes, respectively. Solutions were sparged with argon (Praxair, purity
99.999 %) for 1.5 to 2 hours in a glass PEC cell and sealed under a flow of argon. Pt
was photoelectrochemically-deposited onto P3HT-coated ITO electrodes from K,PtClg in
1 M H,S0O, solutions under 100 mW cm irradiation. Concentration of K,PtCls, applied

potential and time of deposition were varied.

Hydrogen Gas Detection. The headspace in the electrochemical cell was
sampled using a 5 mL syringe, fitted with a gas tight valve (Series A-2, VICI Precision
Sampling), and analyzed using an Agilent Technologies 6890N GC system equipped
with a thermal conductivity detector. A 2.13 m Agilent J&W GC packed column in

stainless steel tubing was used (inner diameter of 2 mm, HayeSep N packing material,
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60/80 mesh size). Argon was used as a carrier gas at a flow rate of 30 mL min™ under
46.2 psi.

Microscopy. Scanning electron micrographs were collected using a FEI
Dualbeam 235 SEM set to an accelerating voltage of 5 kV and spot size 3. Films were
prepared on ITO as described above and fixed to an aluminum stub using carbon tape
(SPI supplies). The system is equipped with an energy dispersive X-ray system (EDAX)

for elemental analysis.

3.3. Results

3.3.1. Pt Deposition on P3HT Photocathodes

In contrast to the one-electron reduction reactions of oxygen and MV?, any
mechanism leading to hydrogen evolution at an illuminated conjugated polymer must be
congruent with two one-electron transfer events that lead to a juxtaposition of C-H bonds
(each formed by electron transfer to H*), and which combines to eliminate H,. H,
elimination from a polymer backbone would appear to be a highly speculative and
unlikely process. In order to differentiate photo-absorption and charge separation
processes from the electrocatalytic event, the use of Pt nanopatrticles (Pt NPs) deposited
on the surface of P3HT-coated ITO electrodes was investigated with the intent on

establishing that an electrocatalyst is significant in the PEC at P3HT films.

To deposit Pt NPs, | used the photoreductive power of P3HT; the reduction of
PtCle> anion is 0.49 Vsce,?? which lies substantially below the conduction band edge of
P3HT. Hence, irradiation (100 mW cm™, 300-700 nm) of P3HT, under negative biases
vs. SCE in 0.1 mM K,PtClg/1 M H,SO,, resulted in the generation of photocurrent
(> 10 pA cm™®) as shown in Figure 3.2, which is attributed to reduction of PtCl¢>. In the
absence of PtCls” the photocurrent is << 1 pA cm™. Moreover, SEM micrographs of the
resultant polymer film (Figure 3.3A) reveal the surface deposition of NPs, the
composition of which, is proved to be Pt using energy dispersive X-ray for elemental

analysis (Figure A-3 and A-4). The amount of Pt deposited (typically sub-ug cm®) was
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controlled by adjusting the charge passed. A P3HT film without platinum is shown in

Figure 3.3B and is featureless at the same magnification.

’ Light on

0 . 10 20 30 40 50 60
Time /s

Figure 3.2 Photoelectrolysis of a P3HT-coated ITO electrode in 0.1 mM K,PtClg /
1 M H,SO,. A potential of -0.1 Vsce Was applied for 1 minute. Light
intensity: 100 mW cm™ (300-700 nm), blocked for the first 5 seconds.

Figure 3.3 SEM micrograph of (A) P3HT-Pt and (B) P3HT coated ITO. Pt loading,
0.23 pug cm™. Inset: magnified view.

Deposition of Pt NPs was optimized by changing the concentration of K,PtCls
used, the time of deposition and the applied potential. As described in the experimental
section, the deposition solution was K,PtClg/1 M H,SO, and the light intensity was
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100 mW cm™ (300-700 nm). Deposition time was varied from 60 s to 300 s,
concentration of K,PtCls was 0 mM, 0.1 mM, 0.25 mM, or 0.5 mM, and applied potential
was -0.1 Vsce or -0.3 Vsce. Figure 3.4 shows the chopped linear sweep voltammetry
(LSV) of P3HT-Pt NP films in 0.1 M H,SO,. Rather than perform one experiment in the
dark and one under illumination, blocking and unblocking the light source allows that
information to be collected in one linear sweep. When the light source is unblocked
current transients can give information about charge generation and recombination (vide

infra).

These films are prepared (Pt NPs deposited) at -0.3 Vsce. When the deposition
time is 0's, 60 s, and 100 s the amount of deposited Pt is 0 ug cm?, 0.54 pg cm?, and
2.48 pug cm?, respectively. The platinum loading is calculated from the charge passed

during deposition and it is assumed that 100 % of the current is due to PtCls> reduction.

The P3HT and P3HT-Pt NP films respond very quickly to illumination changes as
the light source is blocked/unblocked. Films with Pt show a much higher photocurrent
than Pt-free films but as the depaosition time is increased | observed an increase in the
dark current. Without illumination the current should decrease to very low values due to
the loss of photo-generated charge carriers. The appearance of current without
illumination implies another pathway for charge transfer such as contact of Pt with the
underlying ITO electrode or exposure of the ITO to the solution. The fact that the dark

current increases with Pt loading seems to indicate some deposition on the ITO.
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Figure 3.4 Linear sweep voltammetry (LSV) of P3HT-Pt with various loading (O,
0.54, and 2.48 ug cm) in 0.1 M H,S0,. Light intensity was
100 mW cm™ over 300-700 nm (bandpass filter). The scan rate was
5mV s and the light source was blocked every 5 seconds. A
platinum wire was used as a counter electrode. The different Pt
loadings were achieved by varying the time of photoelectrolysis
(at -0.3 Vscp) in the deposition solution.

A similar trend is also observed when the deposition time is held constant but the
concentration of K,PtClg is varied. Figure 3.5 shows the chopped LSV for P3HT-Pt NP
films in 0.1 M H,SO,. These films are prepared (Pt NPs deposited) at -0.3 Vsce. When
the concentration of K,PtCls is 0 mM, 0.1 mM, 0.25 mM, and 0.5 mM the amount of
deposited Pt is 0 pg cm?, 0.54 pgcm?, 2.01 pg cm™, and 2.83 pg cm™, respectively.
Again, as the amount of deposited platinum increases so does the dark current.

These results imply that in order to have good P3HT-Pt NP films deposition
should be carried out using low concentration of K,PtCls (£ 0.1 mM) and for short
duration under 100 mM cm™ (300-700 nm) illumination. A good film is one where any
current generated under illumination is due to photoelectron transfer from the polymer to

the metal nanopatrticle.
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Figure 3.5 LSV of P3HT-Pt NP films with different loading (0. 0.54, 2.01, and
2.83 ug cm™@) in 0.1 M H,SO, at 5 mV s™*. The different Pt loadings
were achieved by varying the concentration of Pt in the deposition
solution and applying a potential of -0.3 Vsce for 60 seconds under
illumination.

The accuracy of the platinum loading calculation may be affected by proton
reduction when the deposition potential is -0.3 Vsce. The proton reduction potential
is -0.26 Vsce in 1 M H,SO,4 (pH 0.3). A portion of the photocurrent, and therefore charge
passed, may be due to proton reduction at deposited Pt NPs. Figure 3.6 compares the
photocurrent to the calculated amount of platinum deposited for P3HT-Pt NP films.
When the deposition is carried out at -0.1 Vsce the calculated amount of platinum
deposited is in the range of 0.2-0.4 pg cm™ and a deposition potential of -0.3 Vsce results
in a range of 2.6-4.2 ug cm™? (deposition time was 60 seconds for all cases). The
photocurrent produced when these films are biased at -0.24 Vsce in 0.1 M H,SO, and
illuminated with 100 mW cm® (300-700 nm) light is approximately 30 pA cm?™
(0.2-0.4 ug cm™®) and 60 pA cm™ (2.6-4.2 pg cm@). The amount of platinum deposited,
according to the calculation, increases by an order of magnitude but the photocurrent

only doubles.
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Figure 3.6 Photocurrent vs. platinum loading of P3HT-Pt coated ITO in
0.1 M H,SOq, at -0.24 Vsce. Light intensity was 100 mW cm™ over
300-700 nm (bandpass filter). Platinum deposition conditions:
Photoelectrochemical deposition at -0.1 Vsce (~9 pA cm™)
and -0.3 Vsce (~120 pA cm™?), 60 s in 0.1 mM K,PtClg/1 M H,SO,, light
intensity was 100 mW cm™ over 300-700 nm (bandpass filter). A
platinum wire and SCE were used as a counter and reference
electrode, respectively.

Finally, it can be deduced how well charge is transferred between the P3HT and
the platinum NPs by comparing the flatband potential (Ep) with the onset of
photocurrent. Recall that Eg, is the applied potential required to flatten the conduction
and valence band of a semiconductor electrode following contact with solution
containing a redox couple (see Section 1.5.3). For a p-type semiconductor a
photocathodic current should be produced when any potential more negative than Eg, is
applied. Figure 3.7A shows the Mott-Schottky plot of a P3HT coated ITO at 100 kHz in
0.1 M H,SO, and under dark conditions. The linear portion of the curve has a negative
slope as expected for p-type semiconductors and extrapolation to the x-axis reveals
Eq = 65 MVgee.
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Figure 3.7 Mott—Schottky (A) plot of P3HT coated ITO obtained using
electrochemical impedance spectroscopy in 0.1 M H,SO, under dark
conditions at 100 kHz. Eg, measured is 65 mVsce. Linear sweep
voltammogram (B) of a P3HT-Pt NP (0.34 pug cm™) film (solid line)
and a P3HT film (dashed line) in 0.1 M H,SO, with scan rate 5 mV s™.
Light intensity: 100 mW cm™ (300-700 nm). The light source was
blocked every 5 seconds. The arrow points to E = 65 mVgce.

Figure 3.7B shows the chopped LSV of a P3HT-Pt NP (0.34 ug cm?®) film in
0.1 M H,SO,. Chopped LSV gives a qualitative estimate of Ex.**° The potential where
photocurrent begins in Figure 3.7B coincides closely with Eg calculated from EIS for Pt
free films indicating that photogenerated electrons are transferred easily to the Pt NPs.
LSV of films without Pt NPs also show a photocurrent onset near the calculated Eg. This
photocurrent is most likely due to reduction of O, as determined by other work done by
the Holdcroft lab.?*®

Other photoelectrode materials, such as hematite (a-Fe,O3), require the
application of a large overpotential before generating photocurrent which has been
shown to be due to charging of surface states.”*** Klahr et al. determined Ey, in a pH 7
solution (phosphate buffer) to be 0.25 Vagagcr but photocurrent onset was just above
0.6 Vagaga.>>® The onset can be cathodically shifted (for water oxidation photoelectrodes)

126

by use of a catalyst, such as Ir0,'* or cobalt-phosphate,”??® but some overpotential

still exists.
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A closer inspection of the light on-off cycle at a single potential (-0.24 Vscg) is
shown in Figure 3.8. A high transient cathodic current is observed for the first on/off
cycle for PSHT-Pt NP and P3HT films and is not present for subsequent cycles of P3HT-
Pt NP films. This transient is present for P3HT films but with a reduced magnitude
(Figure 3.8 inset). The first cycle transient current may be due to oxidation of trapped
charges caused by some oxidation of the film when exposed to air and light during the
cell setup or from any unreacted material in the case of P3HT-Pt NP films. Transient
anodic current in n-type metal oxide semiconductors used for oxygen evolution (water
oxidation) is due to slow electron transfer kinetics at the surface.?”-**° When initially
illuminated photogenerated electrons and holes separate and produce a large current.
Hole accumulation at the surface, for n-type semiconductors, due to slow transfer
kinetics with water and recombination with electrons increases until a steady state is
reached. A similar explanation could be applied to transient currents observed for P3TH
photocathodes. When Pt NPs are used the transient cathodic current is negligible,

indicating photogenerated electrons are consumed as soon as they reach the surface.
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Figure 3.8  J-t curve for a (solid line) P3HT-Pt NP (0.34 pg cm™) and a (broken
line) P3HT coated ITO electrode in 0.1 M H,SO, at -0.24 Vsce. Light
intensity was 100 mW cm (300-700 nm). Inset: close up of one of
the P3HT electrode’s light on/off cycles.

Deposition of platinum on P3HT is possible with low concentrations of K,PtClg
(0.1 mM) and short electrolysis times (~60 seconds). By applying a potential slightly
more negative than the flat band potential of P3HT in 0.1 M H,SO, (-0.1 Vsce and
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+0.065 Vsc, respectively) sub-pg cm™?amounts of Pt are deposited. These P3HT-Pt NP
films produce high photocurrents (relative to un-platinized films) which quickly decreases

to almost zero when the light source is interrupted.

3.3.2. Photocurrent versus pH

To ensure that platinum is being deposited and useable as a co-catalyst, the pH
dependence of the photocurrent was examined. Figure 3.9 shows the effect of pH on
photocurrent of a P3HT-Pt NP film with 0.34 pg cm™ of platinum deposited. As expected
the photocurrent increases with decreasing pH. For P3HT-Pt films prepared by
deposition of Pt at -0.1 Vscg, either a slight increase or no increase in photocurrent
(result from several films) is observed when pH is decreased from 1.2 to 0.3. The Figure
3.9 inset shows the chopped LSV of a P3HT film without Pt. The film shows a similar
response to changes in pH but produces significantly lower photocurrent.
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Figure 3.9 LSV of a P3HT-Pt NP (0.34 pug cm™) coated ITO electrode in
0.1 M NaCl (pH 6.0), 0.1 M H,SO, (pH 1.2), and 1 M H,SO, (pH 0.3).
Light intensity was 100 mW cm™ over 300-700 nm (bandpass filter).
The scan rate was 5 mV s™. A Platinum wire was used as a counter
electrode. Inset: LSV of a P3HT coated ITO in 0.1 M H,SO,4 at pH 6
and pH 0.3 with the same scan rate and light intensity.

The similarity in the photocurrent at low pH may be due to saturation of the

surface by protons and the limited number of charge carriers a semiconductor possess.
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This non-linear response of the photocurrent with concentration was seen when methyl
viologen (MV?) was used as an electron acceptor in solution (Section 4.3.1). As the
concentration of MV* was increased from 5 mM to 10 mM the photocurrent changed
only slightly and eventually becomes independent of concentration. Other

photoelectrodes display a similar behaviour in response to pH changes.?**2%

3.3.3.  Hydrogen Evolution at P3HT-Pt NP Films

Irradiation of the P3HT-Pt NP films (0.38 ug cm™ Pt) on ITO, in 0.1 M H,SO,,
yields significantly higher photocurrent compared to pristine P3HT-coated ITO films. Gas
bubbles accumulate on the illuminated P3HT-Pt NP surface, and H, generation is
confirmed through GC analysis of the headspace (Figure 3.10 inset). Chronocoulometric
measurements in 0.1 M H,SO, at -0.24 Vsce under illumination (100 mW cm?,
300-700 nm) were performed and the cell headspace analysed for H, by GC every hour
for six hours. The charge passed was equivalent to 1.1 pmoles H,, assuming 100 %
current-to-gas efficiency. The H, measured by GC was ~0.7 pmoles. The change in
photocurrent over time and total hydrogen produced are shown in Figure 3.11.
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Figure 3.10 Linear sweep voltammogram of a P3HT-Pt NP electrode (0.38 pg cm™
Pt) before (solid line) and after (dashed line) 6 hours of
photoelectrolysis at -0.24 Vsce in 0.1 M H,SO,. Scan rate was
5mV s*, light intensity: 100 mW cm™ (300-700 nm). The light source
was blocked every 5 seconds. Inset: GC trace of the
photoelectrochemical cell head space before and after illuminating
P3HT-Pt NP (0.38 pg cm™) for 6 h in 0.1 M H,SO, at -0.24 Vsce.

The photocurrent at P3HT-Pt NP films steadily decays with prolonged PEC, and
the rate of H, generation falls accordingly. The LSV of the P3HT-Pt NP film (Figure 3.10)
shows that in addition to photocurrent loss there is also a slight increase in the dark
current. The UV-visible absorbance of P3HT-Pt NP films was recorded before and after
prolonged photoelectrolysis (Figure 3.12). The UV-visible absorbance of the P3HT film
shows no change over 6 h of electrolysis, indicating the polymer film was not irreversibly
photo-oxidized, as has been observed for P3HT films exposed under ambient
illumination under non-PEC conditions.”®®* One possibility for the decrease in
photocurrent is the result of loss of Pt NPs through physical detachment from the
surface—a phenomenon that could be addressed by adopting strategies that make use
of stronger interactions between the polymer and Pt. Another explanation is that the
P3HT film reacts with any trace oxygen, left after sparging or produced from the counter
electrode, which would reduce the photoactivity of the film but not oxidize it.?**2%
Chronocoulometric measurements in 0.1 M H,SO, at -0.24 Vscg Were carried out

using an ITO and a P3HT-coated ITO electrode without Pt. The current measured using
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a blank ITO was on the order of nA cm™ and became positive after the first hour. P3HT
without Pt produced a photocurrent of ~2 pA cm™ under 100 mW cm? (300-700 nm)
illumination. No H, was detected by GC for either sample. Interestingly, the photocurrent
of the P3HT coated ITO did not decay over the 4 hours unlike all samples with Pt. A
P3HT-Pt NP film was tested under the same conditions but without illumination. The
current produced under dark conditions was < 1 pA cm™ and no H, was detected after 5

hours.
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Figure 3.11 Photocurrent (black squares) and H, measured (red circles) at a
P3HT-Pt NP (0.38 ug cm™) electrode (biased at -0.24 Vsce in
0.1 M H,S0,). Light intensity: 100 mW cm™ (300-700 nm).
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Figure 3.12 UV visible absorbance of a P3HT-Pt (0.38 pg cm™) film before (black
solid line) and after (red dashed line) constant potential electrolysis
at -0.24 Vsce under illumination (6 hours in 0.1 M H,SO,).
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3.3.4. Control Experiments

Previous reports have shown that poly(3,4-ethylenedioxthiophene) is
photocatalytically active for oxygen®* and proton?’ reduction but more recent research
indicates that reduction may actually occur at the gold electrode on which the polymer is
deposited.”® Several control experiments were performed to elucidate the relationship
between P3HT, ITO, and deposited platinum. It is important to be confident that any
hydrogen observed is due to proton reduction at platinum on P3HT and not from
platinum deposited on the ITO backing material. First, platinum was deposited onto
blank ITO then coated with P3HT to see the effect of a platinum substrate on P3HT
photocurrent. Second, P3HT-Pt films (platinum photoelectrochemically deposited on
P3HT) were rinsed with CHCI; to remove P3HT and their linear sweep voltammograms
in 0.1 M H,SO,4 were compared to blank ITO and ITO-Pt.

Figure 3.13 shows the chopped light LSV of P3HT with and without platinum
pre-deposited on the ITO in 0.1 M H,SO,, the inset shows the CV of ITO and ITO-Pt
(1.2 pg cm™) electrodes prior to coating with P3HT. Both films still show a photocurrent
when illuminated but performance of films with Pt underneath is greatly reduced. The
appearance of significant dark current is similar to films were a large amount of platinum
was used in the deposition (Figure 3.5, 0.5 mM K,PtCls). The dark current observed here
could mean that the dark currents observed for films in Figure 3.4 and Figure 3.5 could
be due to platinum deposition directly on the ITO. The decrease in photocurrent for
P3HT(ITO-Pt) compared to P3HT(ITO) was not expected and could mean the platinum
under layer quenches the excitation of P3HT. Film thickness was measured and found to
be similar to P3HT films without a Pt underlayer, eliminating the possibility of a thinner

film being responsible for the decrease in photocurrent.
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Figure 3.13 LSV of P3HT coated onto ITO and ITO-Pt (1.2 ug cm?) in 0.1 M H,SO,.
Light intensity was 100 mW cm™ over 300-700 nm (bandpass filter).
The scan rate was 5 mV s and the light source was blocked every 5
seconds. A platinum wire was used as a counter electrode. The inset
shows the CV of a ITO electrode with platinum electrochemically

deposited and a blank ITO in 0.1 M H,SO,4. The scan rate was
100 mV s and a platinum wire was used as a counter electrode.

Experiments were performed to confirm that the photocurrent was a result of
PEC at the P3HT-Pt NP/electrolyte interface, not underlying ITO. In these experiments,
P3HT-Pt NP films were rinsed with CHCI; to remove P3HT (and the overlying Pt). Linear
sweep voltammograms of the electrodes in 0.1 M H,SO, were compared to blank ITO
and to ITO electrodes onto which Pt had been directly electrochemically deposited.
Figure 3.14A shows the voltammogram of a P3HT-Pt NP film (0.43 pg cm? and 2.38 ug
cm? Pt) and a blank ITO electrode under chopped light conditions. Both P3HT-Pt NP
films are prepared by photoreduction of PtCls® using a light intensity of 100 mW cm™
(300-700 nm) at -0.1 Vs for 60 seconds in 0.1 mM and 0.5 mM K,PtClgs which results in
0.43 pug cm™ and 2.38 pg cm, respectively, of deposited Pt. The P3HT-Pt NP film with
0.43 ug cm™ vyields a large photocurrent but no dark current. When the loading is
increased to 2.38 ug cm®, however, we see the appearance of dark current
below -0.25 Vsce. ITO films subject to the same illumination conditions show no
photocurrent response. P3HT is easily removed by rinsing the films with CHCl;. If Pt had
been depositing directly on the ITO its presence would have been observable, by

electrochemistry, after removal of P3HT. Voltammetry of the rinsed film, Pt(0.42), (Figure
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3.14B) shows a I-V curve similar to a blank ITO, indicating no Pt deposition under the
P3HT film. A large reduction current is recorded for the film with the higher platinum
loading, Pt(2.38), following removal of the P3HT in CHCIs;. The |-V curve of an ITO
electrode having Pt directly deposited on to it (0.28 pg cm™®), shown for comparison,
exhibits a large onset of dark current at -0.24 Vsce. The similarity between the 1-V
response of Pt(2.38) and an ITO-Pt electrode provides evidence that Pt is deposited on
the surface of P3HT-coated ITO electrode and not the underlying ITO.
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Figure 3.14 Voltammetry of P3HT-Pt NP (0.43 ug cm™and 2.38 pg cm?) in 0.1 M
H,SO,before (A) and after (B) rinsing the film with CHCIs. In (A), the
P3HT-Pt NP films are compared to a blank ITO electrode under
illumination. Light intensity: 100 mW cm™ (300-700 nm), blocked
every 5 seconds. In (B), the P3HT has been removed by rinsing the
electrode in CHCI; and is compared to a blank ITO electrode and an
ITO-Pt (0.28 ug cm™) electrode. The scan rate was 5 mV s™ for both
(A) and (B).

3.4. Conclusion

I demonstrated that Pt can be deposited (photoelectrochemically) on to P3HT

coated ITO as a co-catalyst for proton reduction. Low loadings of PtNPs
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(0.2-0.4 pg cm™) result in photocurrents of ~ 30 pA cm™? at -0.24 Vsce and production of
H, in 0.1 M H,SO, solution. Increasing either the time of deposition or the concentration
of platinum source (K,PtClg) resulted in high dark currents due to deposition of Pt directly
on ITO. The photocurrents produced are several orders of magnitude lower than what is
possible with inorganic photoelectrodes (see Section 1.4) but show that a P3HT
photoelectrode is compatible with a commonly used hydrogen evolution catalyst.

Photoelectrolysis of P3HT/Pt NP films resulted in H, production but the rate
decays quickly and after a few hours hydrogen production ceases. The loss of
photocurrent is possibly due to the loss of Pt NPs from the surface or degradation of
P3HT photoactivity through reactions with trace amounts of O, in solution. The size of
platihum NPs can be tuned by including an organic additive, such as
polyvinylpyrrolidone.?®® The presence of an organic additive is thought to help the
adsorption of metal ions at the surface on metal electrodes. Its presence here may
additionally help to anchor the Pt NP to the polymer film. Methods to protect the film from
O, should also be considered. Air stability of organic polymer solar cells has been shown
to be enhanced significantly when a TiO, layer is deposited between the active material
and the metal cathode.?*® The polymer itself can be made more resilient to the presence
of oxygen by increasing the ionization potential (make the polymer harder to oxidize)
which has been shown for poly carbazole derivatives.** Incorporation of TiO, and/or

new polymers is discussed in more detail in Chapter 5.
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Chapter 4.

Poly (3-hexylthiophene) as a Photosensitizer in a
Hydrogen Generating, Multicomponent System

4.1. Introduction

Multicomponent systems take advantage of the chemical reactions between
several different types of materials that, when acting in concert, lead to the conversion of
light energy into chemical energy. These systems are almost exclusively homogenous
(i.e., all components are dissolved or dispersed in water), consisting of a soluble
sensitizer (light absorber), charge relay, and a dispersion of noble metal as a gas
evolution catalyst. Tris(2,2'-bipyridene)ruthenium(ll) dichloride (Ru(bpy)sCl,) was the
most common choice of sensitizer for early investigators, with more modern examples
being porphyrins,?* platinum(ll) terpyridyl acetylide,?*® and CdSe/CdS nanostructures.**
Platinum colloid is a common choice for hydrogen evolution catalyst and it can be
stabilized with a variety of organic materials, such as polyvinylalcohol and sodium
citrate.>* An electron relay is necessary to transfer charge between the photosensitizer
and the catalyst because electronically excited Ru(bipy)s** does not carry out proton
reduction itself. Methyl viologen (MV*', Figure 4.1) is a common choice as it is known
that *Ru(bipy)s** can reduce MV?*.24%24" |n addition, it is well established that hydrogen is
evolved in the presence of a platinum catalyst following MV?* reduction to its cation

radical (MV**):%4®

MV* + H* o MV?* + SH, (4.1)
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Figure 4.1  Methyl viologen dichloride

2CI°

_ &\

Multicomponent systems have a few disadvantages. They are designed to carry out only
hydrogen or oxygen evolution reaction, HER and OER, respectively, (i.e., not full water
splitting). A sacrificial electron donor or acceptor is necessary to reduce or oxidize the
photosensitizer following charge transfer to the relay.

One early system reported by Moradpour et al., consisted of 6 umol Ru(bpy)sCl,
as a photosensitizer, 0.06 mmol MV*" as an electron relay, 2 umol of platinum or gold
colloid as HER catalyst, and 0.6 mmol ethylenediaminetetraacetic acid (EDTA) as a
sacrificial electron donor in 30 mL of buffer solution (Figure 4.2).>*° Hydrogen production
was highest at pH 4-5 but decreased at higher (pH 7) and lower (pH 3) values. At neutral
pH, the water reduction potential is very similar to the MV?* reduction potential
(EH'H, = -0.42 Vype VS. EmvZImv = -0.44 Vyye)®™® and would result in a decrease of
electron transfer between the MV** and Pt catalyst. Hydrogenation of MV?* in acidic
solutions was suspected but a decrease in the luminescence quenching of Ru(bipy)s”*
by MV?* was detected by transient absorption spectroscopy. No hydrogen was produced

when one of the components was removed from the system.

12 Pt
EDTA DCRU(MPV)BN ) CMV*' >l C 2H"
EDTA* Ru(bipy)s®* MvZ* H,
Figure 4.2  Multicomponent system described by Moradpour et al.?*® All
components (except H,) are dissolved/dispersed in a buffer solution.

A nearly opposite trend of H, evolved vs. pH was shown by Gratzel et al. when
triethanolamine (TEOA) was employed as an electron donor.”®* Using transient

absorption spectroscopy to observe MV*® (A = 632.3 nm), TEOA" was found to oxidize
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MV*® back to MV?" following electron donation to Ru(bipy);*” at pH 5. Hydrogen
generation was not observed at pH 9 because at high pH the water reduction potential is
too negative compared to the MV*/MV' redox couple (same reason as

.#%). The transient absorption signal of MV** does not, however, decay

Moradpour et a
as it does at lower pH. At pH 5, the signal decays to zero in approximately 5 ps whereas
at pH 9 there is no decay. The difference in transient absorption is speculated to be due
to the acid/base chemistry of TEOA™ which is deprotonated to a neutral molecule, at high
pH, and does not react with the cation radical. McLendon et al. also showed a pH
dependence of the electron donor with EDTA.*? Reduction of Ru(bipy);** by EDTA was
diminished at pH < 4, possibly due to protonation of EDTA. Following this report were
many papers detailing the dependence of Pt colloid size,?* solution pH, and viologen
reduction potential on the hydrogen evolution efficiency of the system.???* These

reports show that this system is very complex.

This chapter examines the wuse of a single layer photoelectrode
(poly 3-hexylthiophene (P3HT) coated on indium tin oxide (ITO) electrodes) in place of
the soluble sensitizer (Figure 4.3). The main advantage is that this system no longer
requires a sacrificial reductant because photogenerated holes are collected by the ITO.
During photoexcitation, electrons are excited to P3HT’s LUMO leaving holes in the
HOMO. Excitons diffuse to the surface where electrons are accepted by the MV?* in
solution and holes diffuse to the back electrode contact. The semiconductor film remains
neutral and does not require a reducing agent to be made available again to perform

photoreduction of the electron relay.

Film Electrolyte

Pt
B XMV“ )lC )
P3HT" MvZ H;
Figure 4.3 Multicomponent system where the soluble photosensitizer has been
replaced with a P3HT photocathode.

To counter
electrode Q

Oll
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4.2. Experimental

4.2.1. Materials

Regioregular P3HT was synthesized according to a literature procedure (details
of the synthesis are presented in Section 2.2.2).°® The number-average molecular
weight of the polymer was 31,700 kDa with a polydispersity index (PDI) of 1.2 as
determined by gel permeation chromatography using tetrahydrofuran (Sigma-Aldrich,
HPLC grade) eluent, three Waters uStyragel columns at 40°C, a Waters 1515 isocratic
HPLC pump, a Waters 2414 differential refractometer, and a Waters 2487 dual UV
absorbance detector (A = 254 nm). Polystyrene standards (Waters) were used for
calibration. The degree of head-to-tail regioregularity was determined to be 94 % by 'H
NMR spectroscopic analysis (Figure A-1), according to standard literature

procedure. 4167

A colloidal solution of Pt was synthesized following a published method.?>%¢ A

solution of 7.8 mg H,PtClgs (Sigma-Aldrich) in 49 mL of ultrapure water was prepared and
brought to a boil using an oil bath. Once boiling, 1 mL of 0.84 M sodium citrate solution
was added. The mixture was left to reflux for 45 minutes. After 45 minutes the mixture
had become dark grey and was allowed to cool in an ice bath before storing it in a fridge.
Nanoparticles were characterized by UV-visible absorbance spectroscopy of the
solutions (Figure A-2).2°%%7

Chlorobenzene (Sigma-Aldrich), methyl viologen dichloride hydrate (Sigma-
Aldrich), Na,SO,4, and H,SO, (Anachemia) were used as received. Aqueous solutions
were prepared using water obtained from a Milli-Q water purification system (18 MQ,
EMD Millipore). ITO coated glass slides (Merck Display Technologies Ltd.) were cleaned
by sequential sonication in each of the following solutions: isopropyl alcohol, acetone,
H,0: H,0,: NH,OH (5:1:1) solution and distilled water.

4.2.2.  Film Preparation

Films for P3HT-O, photoelectrochemistry were prepared from a 20 mg mL*

chlorobenzene solution that had been stirred overnight at 65°C. The solution was
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spin-cast onto chemically cleaned ITO in a glove box (H,O < 0.1 ppm, O, < 1 ppm) at
1000 rpm for 1 minute, affording polymer films ~100 nm thick. Silver conductive paste
(MG Chemicals, 8331-14G) was used to connect a wire to the ITO electrode after wiping
away a small part of the polymer with a cotton tipped applicator (Puritan). The edges of
the film were completely covered with an electronically insulating and chemically
resistant epoxy (T20-3004 HVGR50, Epoxies, Etc.)

4.2.3. Characterization

Photoelectrochemistry. The light source was a 200 W Xe/Hg lamp (Uhsio
America, Inc.), used in combination with a 300-700 nm band pass filter (FSQ-KG3,
Newport Corp.) and neutral density filters (Thorlabs Inc.), to achieve 100 mW cm?
irradiation, as measured using a broadband power meter (841-PE, Newport Corporation)
equipped with an Ophir thermal detector head (3A-P-SH-V1). The cell configuration was
designed to allow irradiation of the polymer—electrolyte interface through the electrolyte.
A water filter was placed in front of the electrochemical cell to remove excess heat.
Electrochemical measurements were performed using a Pine Bipotentiostat (AFC-BP1).
Photoelectrochemical (PEC) measurements were performed in a 3-electrode
configuration (Figure 4.4) using a saturated standard calomel electrode (SCE)
(+0.24 V vs. NHE) and a Pt wire as the reference and counter electrodes, respectively.
Solutions were sparged with argon (Praxair, purity 99.999 %) for 1.5 to 2 hours in a
glass PEC cell and sealed under a flow of argon. Solution pH was measured using a
(Metrohm 848 Titrino Plus and pH electrode, model number 6.0262.100).
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SCE reference Pt counter electrode

i

Solution of / P3HT
MV?* /Pt 0 Photocathode

Figure 4.4  Three-electrode cell configuration used for experiments. The
counter electrode compartment is separated from the main body of
the cell by a glass frit.

Hydrogen Gas Detection. The headspace in the electrochemical cell was
sampled using a 5 mL syringe, fitted with a gas tight valve (Series A-2, VICI Precision
Sampling), and analyzed using an Agilent Technologies 6890N GC system equipped
with a thermal conductivity detector. A 2.13 m Agilent J&W GC packed column in
stainless steel tubing was used (inner diameter of 2 mm, HayeSep N packing material,
60/80 mesh size). Argon was used as a carrier gas at a flow rate of 30 mL min™ under
46.2 psi.

4.3. Results and Discussion

4.3.1. Photoelectrochemical Reduction of MV?* at P3HT
Photocathodes

The energy level of the MV?*/MV** redox couple lies below the LUMO energy
level of P3HT as determined from literature.?>** The literature value of MVZ'/MV*
is -0.44 Vyue Which corresponds to a vacuum energy level of -4.1 eV. The conduction
band/LUMO level of P3HT was determined to be -3.1 eV (see Section 2.3.1).
Photogenerated electrons in P3HT are, therefore, thermodynamically able to reduce
MV?* to MV**. It has been described above that MV** can transfer an electron to colloidal
Pt. MV?* is regenerated and proton reduction, forming hydrogen gas, is carried out on

the Pt colloid. Figure 4.5 shows the steps in this process.
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Figure 4.5 Energy level diagram of P3HT’s HOMO and LUMO, methyl viologen
(MV?"), and proton reduction at a platinum colloid (Pt-col).

This section first demonstrates the ability of P3HT to reduce MV?* when
illuminated. The linear sweep voltammetry of a P3HT-coated ITO electrode in
0.2 mM MV?*/0.1 M NaClO, (aq.) with chopped (periodically interrupted) illumination is
presented in Figure 4.6. In the dark, the observed cathodic current is <1 pA cm? and
remains steady, showing no signs of a Faradaic process. Under illumination a significant
increase in current density is observed. The photocurrent, without interruption of
illumination, is shown as a dashed line in Figure 4.6. The large spike in current
at -0.3 Vsce (solid curve) is associated with the most rapid change in current. The
stability of the photocurrent was monitored over four hours (Figure 4.7). After one hour,

the cathodic current equilibrated and maintained a value of ~ 2.6 pA cm™.
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Figure 4.6

P3HT + MVZ* — MV* + P3HT*
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Linear sweep voltammogram (dashed line) of a P3HT coated ITO
electrode in 0.2 mM MV** /0.1 M NaClO, obtained using a scan rate
of 5mV s™ with illumination. A Pt wire was used as a counter
electrode. The light intensity was 100 mW cm™ (300-700 nm) and the
light source was interrupted every 5 seconds (solid line). Inset:
stability of the same P3HT film under illumination and constant
applied potential (-0.4 Vscg).
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Figure 4.7 Stability of the P3HT coated ITO electrode in 0.2 mM MV*" /
0.1 M NaClO,4 under illumination and constant applied potential
(-0.4 Vsce). A Pt wire was used as a counter electrode. The light
intensity was 100 mW cm™ (300-700 nm)

The photocurrent was found to be dependent on the MV*" concentration (Figure
4.8). As the MV* concentration is increased, the photocurrent increases. The
relationship between photocurrent and MV?* concentration further confirms that
photogenerated electrons of P3HT are able to reduce MV?* to MV**. The photocurrent
increases linearly to 5 mM MV?" but approaches constant value (~ 70 pA cm?) for
greater concentrations, indicating saturation of the electrode surface by the electron
acceptor, which has also been observed in PEC studies of P3HT:fullerene (and
metalofullerene).’® This may be due to the smaller number of charge carriers on a
semiconductor when compared to metal electrodes. For example, the charge carrier
density for P3HT is 10*" cm™.2°"%*® The charge carrier density for a metal conductor such

as copper is 1.43 x 10 cm=.%°
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Figure 4.8 Photocurrent generated by P3HT coated glassy carbon electrode at
E =-0.65 Vsce in the presence of increasing amounts of methyl
viologen (MV?). A platinum coil was used as a counter electrode

and 0.1 M NaClO, was used as a supporting electrolyte. Incident
light power was 100 mW cm (300-700 nm).

4.3.2. Hydrogen Evolution Measurements

For chronoamperometric photoelectrolysis experiments, a concentration of 2 mM
MV?* was chosen. Several different conditions were used for the photoelectrolysis of the
three component system. The results for P3HT films biased at -0.4 Vsce at pH
7, -0.4 Vsce at pH 4, and -0.2 Vsce at pH 4 are presented in Figure 4.9, Figure 4.10, and

Figure 4.11, respectively. The expected sequence of reactions under illumination is:

hv (4.2 )
P3HT = P3HT*
P3HT* + MV2* — P3HT* + MV+* (43)
mv+e 1+ e e 4 1y, (4.4)
2
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Where P3HT* denotes the excited state of the polymer. Equation ( 4.3 ) shows that the
production of the current under illumination is due to charge transfer between P3HT* and
MV?Z*, After the transfer, the hole left on P3HT" diffuses to the back contact (interface
between P3HT and ITO) and returns the polymer to a neutral state, P3HT. Note, this
process is not shown in the reaction scheme. In the dark, the reaction in Equation ( 4.2 )
does not occur and thus no current is produced in the dark (see panel A, solid line, in
Figure 4.9 to Figure 4.11).

Three component systems are typically used in neutral solutions to balance the
effects of an increasing overpotential for proton reduction vs. the MV*™/MV?* redox
couple and the acid-base chemistry of the electron acceptor as described above
(Section 4.1). In all cases the dark current (dark CV, solid line, from panel A, Figure 4.9
to Figure 4.11) is < 1 pA cm?, therefore all current produced under illumination is
considered photocurrent (due to reaction of photogenerated electrons from the P3HT
LUMO with an electron accepting species in solution, i.e., Equation ( 4.3)). Initially, the
photocurrents follow the expected trend: As the pH is lowered and the applied potential
is made more negative (-0.2 Vsce to -0.4 Vsce), the photocurrent increases (Table 4.1).
This trend is expected because as the pH is lowered the proton reduction potential
becomes less negative (E H'/H, = 0 Ve at pH 0, becoming more negative by 59 mV for
every pH unit increase) and is more easily reduced by MV** in the presence of colloidal
Pt. At pH 7, for example, Emv*/mv** = -0.44 Ve and E H'/H, = -0.42 Ve (Section 4.1)
resulting in very little driving force for electron transfer from MV*" to Pt colloid.
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Table 4.1 Initial and final photocurrent (after 4 hours of photoelectrolysis).
Light intensity was 100 mW cm™ (300-700 nm).

-Current / pA cm™

Conditions t=0hr t=4hr
Figure 4.9 -0.4 Vseg, pH 7 13 2.4
Figure 4.10 -0.4 Vsce, pH 4 3 20
Figure 4.11 -0.2 Vscg, pH 4 1.8 5

The cathodic photocurrent increased in all three systems over the course of four
hours of photoelectrolysis (panel C in Figure 4.9, Figure 4.10, and Figure 4.11). The
steady increase in current may indicate a change in the resistance of the film and/or
deposition of electroactive material on the polymer (discussed later). lllumination of the
film was periodically interrupted to measure the dark current. Although the current
decreased when the light was blocked, the magnitude of the dark current increased with
time. CVs of the films after electrolysis (panel B in Figure 4.9 to Figure 4.11) reveal that
any photogenerated current is swamped by dark current. The loss of photocurrent

indicates a new, lower resistance pathway for reactions at the electrode surface.
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Figure 4.9 Cyclic voltammetry of a P3HT coated ITO electrode before (A) and

after (B) 4 hours of photoelectrolysis. Films were measured in the

dark (solid black line) and under illumination (broken red line). Scan

rate was 100 mV s™. Photoelectrolysis (C) of the same film over 4

hours at -0.4 Vsce. The solution was comprised of 2 mM MV#,

0.31 mM Pt colloid, and 0.1 M Na,SO,, adjusted to pH 7 with H,SO,.

The incident light power was 100 mW cm™ (300-700 nm).
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Figure 4.10 Cyclic voltammetry of a P3HT coated ITO electrode before (A) and
after (B) 4 hours of photoelectrolysis. Films were measured in the
dark (solid black line) and under illumination (broken red line). The
broken blue line in B shows the initial illuminated voltammogram
from A. Scan rate was 100 mV s™. Photoelectrolysis (C) of the same
film over 4 hours at -0.4 Vsce. The solution was comprised of
2 mM MV?*, 0.31 mM Pt colloid, and 0.1 M Na,SO,, adjusted to pH 4
with H,SO,. The incident light power was 100 mW cm™ (300-700 nm).
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Figure 4.11 Cyclic voltammetry of a P3HT coated ITO electrode before (A) and

after (B) 4 hours of photoelectrolysis. Films were measured in the
dark (solid black line) and under illumination (broken red line). The
broken blue line in B shows the initial illuminated voltammogram
from A. Scan rate was 100 mV s™. Photoelectrolysis (C) of the same
film over 4 hours at -0.2 Vsce. The solution was comprised of

2 mM MV#, 0.31 mM Pt colloid, and 0.1 M Na,SO,, adjusted to pH 4
with H,SO,. The incident light power was 100 mW cm™ (300-700 nm).

The physical appearance of the films changes as a result of electrolysis.

Photographs of the P3HT electrode used to collect data shown in Figure 4.9, before and

after photoelectrochemistry, are shown in Figure 4.12. The film is initially flat but can be

seen to have a significant amount of bubbling following electrolysis. The nature of the

bubbling is not known. Two possibilities are that water penetrates the film and remains

between the ITO and P3HT or, if Pt is present on the ITO, small bubbles of hydrogen are

formed. When the film is left to dry overnight the bubbles disappear.
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Before After

Figure 4.12 P3HT coated ITO before and after 4 hours of photoelectrolysis
at -0.4 Vsce in a pH 7 solution of 2 mM MV?* /0.1 M Na,SO,. The
incident light power was 100 mW cm™ (300 700 nm).

The headspace of the cell is sampled after 4 or 6 hours of constant
photoelectrolysis and analyzed by gas chromatography. Figure 4.13 presents the gas
chromatographs following PEC of a P3HT electrode in a MV?*/Pt colloid solution at pH 7
with Eapp = -0.4 Vsce (Figure 4.13 triangles) and pH 4 with Epp = -0.2 Vsce (Figure 4.13
circles). A sample from a cell where H, was produced from a platinum electrode (Figure
4.13 solid curve) and a cell that was purged with argon (Figure 4.13 squares) are shown
for comparison. Using a platinum electrode in 0.1 M H,SO, and applying a bias
of -0.325 Vsce for 5 minutes resulted in -105.8 mC of charge being passed and 0.55
pmol H, produced (calculated from charge assuming 100 % efficiency). A sample of the
headspace produces a peak in the chromatography with a retention time of 1.178 min
and is associated with dihydrogen. All gas chromatography samples taken from cells
after photoelectrolysis of the P3HT electrode-MV?*-Pt colloid system did not produce any
dihydrogen and showed no difference when compared to samples from cells prior to
photoelectrolysis. Comparing the charge passed, some hydrogen formation should have
been observed. At pH 7, with applied potential of -0.4 Vsce for 6 hours, -170.5 mC is
passed which would translate into 0.88 umol H, (assuming 100 % charge conversion
efficiency). obtained by sampling the cell headspace following several experiments.
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Figure 4.13 Gas chromatograph of the photoelectrochemistry cell headspace
after various experiments: (solid curve) platinum electrode in
0.1 M H,S0O, at -0.325 Vsce for 5 min (-105.8 mC, 0.55 pmol Hy);
(circles) P3HT coated ITO in 2 mM MV?*/0.31 mM Pt / pH 4
at -0.2 Vsce for 4 hours (-68.3 mC); (triangles) P3HT coated ITO in
2mM MV?# /0.31 mM Pt/ pH 7 at -0.4 Vsce for 6 hours (-170.5 mC);
(squares) empty cell prior to any photoelectrochemical
measurements but after Ar sparging for 2 hours. The curves are
offset for clarity.

Additional interactions of MV?* and Pt colloid with the P3HT surface must be
considered. Three component systems are almost exclusively homogenous except
where the photosensitizer was replaced with an electrode to measure kinetics.?%%2%*
Introduction of a solid film may lead to issues not present in previously examined

systems. Some control experiments have been performed to examine this.

Any change in the concentration of MV**, whether through degradation of the
material or regeneration through the reaction of MV** with Pt colloid, would result in a
loss of current. If MV?* were absorbing on to the P3HT surface this could result in
passivation of the surface. Metal deposition on the ITO or oxidation of the polymer from
its semiconducting, neutral state to a conducting state would result in higher currents.
Deposition of Pt was examined using glassy carbon electrodes in solutions consisting of

the Pt colloid, MV#, or neither (all with supporting electrolyte). Figure 4.14 compares the
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CV of a blank glassy carbon electrode in 0.31 mM Pt colloid solution with a 2 mM MV?#*
solution. In the platinum colloid solution, the current increases with the number of scans
indicating deposition of some electroactive material. The onset for deposition is
approximately -0.6 Vsce which is close to the onset of MV?Z*  reduction at
approximately -0.5 Vsce. The closeness of these potentials would make reduction of the
MV?* difficult to achieve without some reduction of the Pt colloid. Deposition of material
was confirmed by cycling the glassy carbon electrode 0.1 M HCI (Figure 4.15), which is
free of Pt colloid. Prior to polishing the electrode a CV similar to platinum is generated
with a current onset of about -0.26 Vsce. The potential for proton reduction in 0.1 M HCI
(pH 1) is -0.3 Vsce (this equation is used to convert from NHE to SCE,
Esce =-0.24 V - 0.059 V * pH). Atfter polishing with an alumina suspension the observed
CV is that of a blank glassy carbon electrode.

0.3 1
0.2~

0.1

0.0+

-0.1+

j/mAcm

-0.24

-0.34

-0.4 v T v T v T v T v 1
-1.2 -0.8 -04 0.0 04 0.8

E/ Ve,

Figure 4.14 Cyclic voltammetry of a glassy carbon electrode in 2 mM MV** /0.1
M NaClO,, scan rate 50 mV s™ (red broken line) and the 1%, 5™, and
9™ scan of a glassy carbon electrode in a 0.31 mM platinum colloid /
0.1 M Na,HPO,/ 0.1 M HCI (pH 7) solution, scan rate 100 mV st
(black solid line).
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Figure 4.15 Cyclic voltammetry of a glassy carbon electrode in 0.1 M HCI before
(solid black line) and after (red broken line) polishing with an
alumina suspension. Scan rate 100 mV s™. The electrode was
previously cycled in a solution containing platinum colloid.

4.4. Conclusion

This chapter has demonstrated that a three component system where a P3HT
coated electrode is used as a photo-absorber does not produce H,. Photocurrent
generated by MV# reduction can reach 70 pA cm™ with 10 mM MV?" and high stability
(in 0.2 mM MV?", Figure 4.6 inset). Addition of Pt colloid to the system does not produce
H, and may be depositing on the P3HT and/or the ITO. Deposition of the catalyst directly
on the film (physically or electrochemically) has been shown to work for inorganic
photoelectrodes and may provide a more reliable method for producing H, from P3HT.
Platinum in solution could also be replaced with a solid electrode. Bard et al. have
shown that photocurrent is produced at platinum electrodes in the presence of
suspended TiO, and an electron trap (MV?, Cu®*, or Fe®").?>** Generation of
photocurrent begins immediately when the cell is illuminated and stirred due to
photogeneration of an electron-hole pair from TiO, followed by electron capture by the
electron trap (the hole is irreversibly trapped by a sacrificial donor). The reduced electron
trap is oxidized at the platinum electrode, where the current is measured. Interruption of

illumination causes a slow decay as the as the reduced electron trap is oxidized and
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stops immediately when the stirring is shut off. Shutting the stirring off under illumination
also causes the current to drop to zero. Derivatives of methyl viologen with a more
negative redox potential have been shown to produce more hydrogen when all other
variables are left the same.?® The ability of these powerful reducing agents (following
electron donation from an excited photo sensitizer) may not be fully realized as these
systems still require pH balancing due to the acid-base chemistry of the sacrificial

electron donor.
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Chapter 5.
Conclusion

This thesis has shown that poly 3-hexylthiophene (P3HT) can be employed as a
photocathode for solar water splitting following deposition of a hydrogen evolution
catalyst (HER) on the film. For several decades, the majority of solar water splitting
research has focused on inorganic materials. Despite significant progress in using
organic materials (conjugated polymers in particular) in solar cells, little has been
reported for photoelectrochemistry. Conjugated polymers have large absorption
coefficients, which results in the possibility of creating thinner devices. Additionally, the
solubility of conjugated polymers in organic solvents allows for processing of room
temperature solutions for coating a variety of substrates. In solar cell devices, the
polymers are paired with an electron accepting material to improve performance but this
thesis research demonstrates that a single layer device can perform proton reduction

when used with a HER catalyst.

In chapter 2, | demonstrated that regioregular P3HT produces photocurrent in
aqueous acid and at a higher efficiency when compared to regiorandom P3HT. A series
of photoelectrochemical experiments were performed using films of varying thickness
and the illumination intensity. One important result was provided by
spectroelectrochemical studies of P3HT electrodes in agueous acid and acetonitrile. In
agueous acid, P3HT remains neutral and semiconducting between potentials of 0.8 V
and -0.5 V vs. Ag/AgCl (values vs. NHE) but can be oxidized above 0.4 V vs. Ag/AgCI
in a non-agqueous electrolyte system. However, no H, was detected, implying that a HER

catalyst is needed.

Chapter 3 built upon the work in Chapter 2 and demonstrated the evolution and

detection of H, when platinum nanoparticles (Pt NPs) were employed as a HER catalyst.
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Pt NPs were deposited on P3HT by photoelectrochemical reduction of PtCl¢®. P3HT/Pt
NP photocathodes produced much higher photocurrent in 0.1 M H,SO, (~ 30 pA cm?)
than just P3HT alone (~ 2 pA cm™). Bubbles were observed on the surface of P3HT/Pt
NP films during photoelectrolysis and H, generation was confirmed by gas

chromatography by sampling the cell headspace above the electrodes.

Platinum as a HER catalyst was also employed in Chapter 4 but as a platinum
colloid, not fixed to the film’s surface. The colloid was dispersed in an aqueous solution
with methyl viologen (MV?") as an electron acceptor/relay. P3HT photocathodes produce
a photocurrent in solutions containing MV?* because photogenerated electrons (from
P3HT) have sufficient energy to reduce MV? to MV**. Another electron transfer occurs
between MV*® and Pt colloid which has been shown to produce H, from proton
reduction. Unfortunately, no H, was detected and the photocurrent produced by P3HT
was guenched after a few hours of photoelectrolysis. Electrochemical experiments using
glassy carbon electrodes (without any polymer film) in the Pt colloid solution indicate
deposition of platinum onto the electrode is occurring.

Research in the Holdcroft group indicates that trace amounts O, (< 0.01 ppm)
may be present in aqueous solutions even after 2 hours or sparging with argon or
nitrogen.?® Furthermore, O, is known to be detrimental to P3HT performance in the
context of photovoltaic (PV) devices and has also been shown to degrade the
photocurrent produced through photoelectrolysis in agueous solutions. Two strategies to
mitigate the effect of O, are to protect the polymer film with TiO, and/or use a polymer

that is more air stable (higher ionization potential).

Lee et al.?*® have shown that the air stability of a P3HT:phenyl-C61-butyric acid
methyl ester (PCBM) PV device can be improved by including a layer of TiO, between
the active layer and the metal cathode. Oxygen vacancies present in TiO, cause it to be
a good scavenger for oxygen.”® The TiO, layer was produced using a sol-gel and
resulted in Ti:O = 1:1.34 ratio (measured by XPS) rather than the 1:2 ratio expected for
TiO,. Devices with and without TiOy layers were stored in air for over 100 hours and their
photon conversion efficiency (PCE) was measured periodically. The PCE of devices

without TiO, layers degraded by over 2 orders of magnitude in this time but devices with
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TiO, only degraded by approximately a factor of 2 (both devices had an initial
PCE = 4 %).

In addition to air stability, TiOy layers could improve performance when an HER
catalyst is used. Bourgeteau et al.”*®* have shown the P3HT:PCBM photoelectrodes
produce hydrogen only when both TiO, and MoS; are present. Cobaloxime is a cobalt
containing coordination compound HER catalyst (Figure 5.1) that is typically only active
in organic solvents (such as acetonitrile).?’ Lakadamyail et al.*®® have shown that
cobaloxime can be anchored to TiO, particles and produce hydrogen in water and in the
presence of oxygen. The TiO,-cobaloxime system was dispersed in solution but it may

be possible to use the anchoring technique to deposit the cobalt catalyst on a TiO, film.
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Figure 5.1  The structure of cobaloxime, where R = H or PHO; . PHO; is used
for anchoring to the TiO, nanoparticles.?®®

Modeling results by Jin et al.® have shown that a large pH gradient can develop
near the surface of the photoelectrodes. The pH near the surface of the photocathode
can be as high as 13.5, even when the solution is buffered to pH 9.2. A decrease in pH
is observed at the photoanode and the system experiences a voltage loss due to the pH
gradient. One possible method of maintaining the pH at the surface of the photocathode
is by employing a strongly acidic Nafion polyfluorosulphonic acid (PFSA) ionomer. The
ionomer is available as a dispersion and could be mixed with TiO, dispersions to form
films through spray and spin coating techniques. The area around a catalyst (Pt for
example) should have the highest pH as that is where protons are consumed. If the
catalyst is surrounded by PFSA that may make more protons available and help keep
the pH stabilized.
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New polymers should also be considered. Cho et al. synthesized a poly(2,7-
carbozol derivative, poly[N-9”-hepta-decanyl-2,7-carbazole-alt-5,5-(4’-7’-di-2-thienyl-
2',1’,3’-benzothiadiazole)] (PCDTBT) (Figure 5.2) that is thermally stable in air when
annealed to 150 °C and in an N, atmosphere when annealed to 350 °C.2* Thermal
stability was determined by observing changes in the UV-visible spectra as a function of
annealing temperature. The stability of the polymer is due to the position of the HOMO
level at -5.5 eV below vacuum energy level,” which is below the air oxidation threshold
(ca. -5.27 eV).”* Oxidation of the polymer backbone when exposed to air is accelerated
when the temperature is elevated.

CgHy7

- g

CgH47

Figure 5.2  The structure of poly[N-9”-hepta-decanyl-2,7-carbazole-alt-5,5-(4’-7’-
di-2-thienyl-2’,1°,3’-benzothiadiazole)] (PCDTBT).?*

These recommendations focus heavily on the improving the stability of a polymer
photocathode in the presence of O,. Other figures of merit, such as the photocurrent and
catalyst loading, will also require improvement or investigation. Protection against O,, in
my estimation, is very important as it seems that some O, will always be present. Any
future device based on polymer photoelectrodes should be straightforward to operate
and supply with water. Even if fresh, pure water is available, techniques used to remove

0O,, such as freeze-pump-thaw and sparging with inert gas, may not be feasible.
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Appendix

Supporting Information

P3HT NMR
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Figure A-1: H* NMR (400 MHz) of P3HT, &/ppm (CDCls): 6.80 (s, 1H), 2.53 (t, 2H), 1.55
(m, 2H), 1.32 (m, 6H), 0.90 (t, 3H).
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Platinum Colloid UV-Visible Absorbance
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Figure A-2: UV-visible spectroscopy of a 0.31 mM Pt colloid solution (A) and
comparison to a literature spectra (B) of Pt colloid solution (all 0.1 mM Pt°) prepared

using radiolysis (1), hydrogen gas (2) and sodium citrate (3).
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Energy dispersive x-ray
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Figure A-3: Energy dispersive x-ray analysis of a P3HT-Pt NP film (0.23 pg cm®). The
red crosshair indicates the position being analysed and the presence of platinum is
observed.
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Figure A-4: Energy dispersive x-ray analysis of a P3HT-Pt NP film (0.23 pg cm™). The
red crosshair indicates the position being analysed and no platinum is detected. Note:
the expected position of platinum was labeled to confirm its absence.
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