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AN ABSTRACT OF THE THESIS OF

Remi Fayad for Master of Science
Major: Chemistry

Title: Hematite and Titania Inverse Opals and Photonic Glass Nanostructured Films for Solar
Energy Conversion and Water Splitting.

This thesis consists of three different studies. In one study, the photoelectrochemical
effects of order vs disorder was investigated at monodispersed disordered inverse opal and
ordered inverse opals with and without coupling to nc-TiO; film under front wall and back
wall illumination. While inverse opals (600-i-TiO,-0) show only slight enhancement at the
red edge of stop band (660-680 nm), inverse glass (i-TiO,-g) when not coupled to nc-TiO,
showed significant enhancement (compared to the conventional nc-TiO,) in the entire
spectrum. The observed enhancement was attributed to multiple internal scattering in the
film that leads to longer light-matter interaction. The gain was similarly observed under
front wall illumination and back wall illumination. Coupling nc-TiO, to i-TiO,-g film on
the other hand failed to enhance energy conversion as in the case of nc-TiO,/600-i-TiO,-0.
Internal scattering and back scattering at nc-TiO,/i-TiO,-g hindered light from reaching
the nc-TiO, layer where most of the dye is adsorbed and resulted in lower enhancements at
the red edge of the stop band. Photonic effects due to the presence of order are causing
localization of light within the nc-TiO, coupled to 600-i-TiO,-0 and that this effect does
not persist in the presence of significant disorder.

In a second study, the effect of doping NiBi films with iron for catalyzing the oxygen
evolution reaction was studied. NigoFegoBi and NigoFe4oBi exhibited the highest turnover
frequencies at high overpotentials whether anodized or non-anodized and hence had the
highest catalytic activity, while the slightly doped NigoFe1oBi films had similar catalytic
activity as NiBi films. To further confirm the catalytic effect of iron in Ni;.xFexBi films,
NisoFesoBi and NigoFeqoBi films were also compared with thin NiBi having similar
amounts of Ni. The higher turnover frequencies calculated for NigFegoBi and NigoFe4oBi
than the thin NiBi films (which had similar TOF as the thicker NiBi films) further proves
that it is iron that is enhancing the catalytic activity of the Fe- doped NiBi films. The
anodization procedure that activates the films and increases their catalytic activity cannot
merely be a result of incorporating iron in the film as deliberately introducing iron in non-
anodized films still led to lower activity for oxygen evolution as compared to anodized
NiBi films.

Finally, we studied the photoelectrochemical behavior of hematite inverse opals as
photoanodes for water splitting. Hematite inverse opals prepared from two different
polystyrene sphere assemblies (190 and 417 nm) were compared to unstructured films. At
high light intensity, i-Fe,O3-0 (417) exhibited the highest photocurrents compared to the
other studied films whether in the front wall or back wall illumination with currents
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reaching 0.79 mA/cm? at 100 mW/cm?. However, at lower light intensitiy (25 mW/cm?), i-
Fe,03-0 (190) and i-Fe,03-0 (417) showed similar photocurrents (0.16 mA/cm?). The
lower photocurrents measured at i-Fe;O3-0 (190) at high light intensity was attributed to
the high carrier concentration leading to increased rates of recombination at the film. i-
Fe,03-0 (417) films were decorated with photodeposited NiBi and NiggFe;oBi catalysts
which led to similar cathodic shifts of ~ 200 mV and resulted in a slower decay of the
photogenerated currents indicative of decreased recombination rates.
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CHAPTER 1
INTRODUCTION

1.1. Energy Conversion at Semiconductors:

Between 80% to 85% of our energy comes from fossil fuels, a product of ancient biomass
stored beneath Earth’s surface for up to 200 million years.® However, this natural reserve will be
depleted shortly. Solar energy, being a decentralized and inexhaustible natural resource places
solar energy conversion at the heart of extensive research. The magnitude of the available solar
power striking the earth’s surface at any one instant is equal to the energy supplied by 130
million 500 MW power plants.?® Utilizing this huge amount of power efficiently will solve our
energy problem on one hand and will decrease unwanted gas emissions and make Earth greener
on the other hand. Access to economically viable renewable energy sources is essential for the
development of a globally sustainable society.* The challenge lies in the need of finding new
inexpensive ways for capturing sunlight, converting this light to electrical energy or chemical
energy, then storing and delivering this energy in a low-cost effective way.? Based on Shockley
and Queisser calculations in 1961, the maximum theoretical efficiency limit for a single p-n
junction illuminated with unconcentrated sunlight is 31%.% However, this theoretical limit can be
exceeded by violating any of the assumptions used in the calculation, which include single p-n
junction, unconcentrated illumination, one electron-hole pair generation per each photon
absorbed, and thermal relaxation of the electron-hole pair energy in excess of the band gap. >’
Concentrating sunlight increases the limit to 41%, while employing infinite number of p-n
junctions with different band gaps that match the solar spectrum boosts the efficiency to 66%.

The most promising and significant increase is through multiple exciton generation by one



photon.™® Quantum confinement leads to the production of hot carriers which generates multiple
electron-hole pair per each photon absorbed. This is attributed to the fact that when the carriers
in the semiconductor are confined by potential barriers to regions of space that are smaller than
or comparable to their deBroglie wavelength or to the Bohr radius of excitons in the

semiconductor bulk, hot carrier cooling rates are reduced.?

1.2. Photonic Cystals and Photonic Glass:

Photonic crystals (PCs) are 3D ordered and periodic dielectric structures with alternating
refractive index regions.****1213 pCs possess a photonic gap and its position depends on the
size of the dielectric beads. These structures attracted attention because they selectively allow the
passage of certain wavelengths of light and inhibit the propagation of others. Within the photonic
gap, incident light rays cannot propagate and are therefore reflected.>**** In this way, PCs
behavior to photons is the same as semiconductors to electrons. A complete photonic gap exists
if incident light rays at any angle are reflected. For a PC to exhibit a complete photonic gap, it
should have high refractive index contrast (exceeding 2.8) and the sphere size should be in the
order of the wavelength of light'*. PCs were first reported in 1987 by Yablonovitch® and John®

separately. They paved the way towards new applications in electronics such as low threshold

15,16 17,18

lasers™®, optical polarizers'’*®, waveguides'®, perfect dielectric mirrors?’, and light-emitting

diodes?.

In this work, polystyrene beads of refractive index 1.55 and of sphere sizes 190 nm, 305
nm, and 417 nm were used to prepare Fe,O3 inverse opals and TiO, inverse opals. Hematite and

Titanium oxide both have high refractive indices of 2.8 and 2.55 respectively. After filling the



PC voids with material, PCs were calcined to remove the polystyrene. This results in an inverse
opal having 26 % material and 74 % air voids. The position of the stop band maxima can be

calculated using Bragg equation:

A =2xD4J(0.74xn?) +(0.26 xn?)

nsand ny are the refractive indices of the infiltrated material (Fe,O3 or TiO,) and air voids

respectively. D is 0.87 times the diameter of the polystyrene sphere used.

Photonic crystals have been also introduced to the solar cell technology. They were
incorporated in the assembly of nanostructured solar cells to study the energy conversion
efficiencies in these structures. The interest in this direction developed for 2 reasons. First, PCs
as mentioned above possess a stop band where light propagation is completely forbidden within
the stop band frequencies. Second, the group velocity of light near the band edges becomes very
small.**?? The dispersion curve (energy E vs wavevector k) has a slope that is proportional to the
group velocity. At wavelengths just before and after the stop band, dE/dk approaches
zero.19222324 Thys, the group velocity of light is greatly reduced near the band edges.?*? This
would therefore allow for longer light-matter interactions at the band edges. Electromagnetic
variational theorem predicts that light behaves as a standing wave at the band edges where light
at the red edge is confined in the high refractive index medium whereas light at the blue edge is

confined in the low refractive index medium.?

Owing the interesting optical properties, PCs were incorporated in solar cells to study
their energy conversion efficiencies. Recently, Bayram and Halaoui studied the energy

conversion efficiencies in Q-CdSe sensitized opal-based solar cells.?® Significant amplification in



photon-to-current conversion efficiency was measured in Q-CdSe i-TiO,-0 films with Se? as an
electrolyte. The authors reported a maximum average enhancement factor of 6.7 + 1.6 at 640 nm,
which lies 60 nm to the blue of the stop band center, relative to the nc-TiO, film with
comparable CdSe amounts. The gain was ascribed to the increased light-matter interaction as a
result of slow light effects near the band edge, in addition to some disorder in the PC as a result
of staking faults, cracks, and defects. Significant enhancement in energy conversion in Q-CdS

.13 An enhancement

sensitized TiO, inverse opals was previously reported by El Harake et a
factor of 4.7 + 2.6 was observed to the blue of the stop band positioned at 450 nm compared to
nc-TiO; film when sensitized with Q-CdS having absorption edge at 410 nm. Energy conversion
at polydispersed disordered films prepared by replicating polystyrene with different sizes was

investigated by El Harake et al.*®

Due to their polydispersity, these films do not show a stop band
in the absorption spectra. Enhancement factors of 4.8 + 2.4 at 420 nm and 5.1 £ 2.5 at 440 nm
relative to nc-TiO, were observed. The enhancement was attributed to multiple internal
scattering of light which increase the free mean path of light. These values are comparable with

those obtained in ordered media at the blue edge of the stop band.

Photonic glass (PG) are monodispersed disordered photonic crystals, meaning that the
size of the spheres is the same for all the particles, but the addition of salt destroys the order of
the assembled particles (figure 1.1). This is different from polydispersed disordered films where
the disorder is induced by mixing different polystyrene sizes. Different phenomena have been
studied in random disordered media including coherent backscattering enhancement?’, and
Anderson localization of light?®2*%_ While (ordered) periodic photonic media take advantage of
the periodicity in the dielectric constant, disordered ones — with no positional order — can still

strongly affect light transport.®*? A single dielectric microsphere with size comparable to the



wavelength of light (a Mie sphere), can sustain electromagnetic resonances.****%3> |f the film
have many spheres with different sizes, then these resonances are washed out. On the other hand,
when all the spheres are identical, these modes occur all at the same frequency.**** Resonance
modes in light are observed when light of wavelengths comparable to the optical diameter of the
spheres is shone on the PG. Polydispersed disordered PCs were fabricated previously in our lab
by mixing different ratios of different polystyrene sizes (150 nm, 190 nm, and 243 nm) during

the assembly of PC layer.*®

Figure 1.1: Photonic crystal (left), photonic glass (middle) and polydispersed disordered film
(right) and their respective inverse structures underneath.

1.3. Dye-Sensitized Solar Cells:

Dye sensitized solar cells (also known as Grétzel cell) which was developed in the early
1990’s consists of a wide band gap semiconductor such as TiO, with a dye (usually ruthenium
based) adsorbed on it as the photoanode, iodide/triiodide redox couple as the electrolyte, and a

conductive substrate as the cathode (usually platinized).***" Gratzel solar cells offer an



alternative to single-crystal solar cells for their low cost of fabrication, compact structure, and
high power conversion efficiencies. The highest record for a liquid-based DSSC efficiency
reached 13 % using cobalt(11/111) redox couple as an electrolyte.*® DSSCs mimic natural
photosynthesis and differ from conventional p—n junction devices because light collection and
charge transport are separated in the cell.* Light is absorbed by the sensitizer while electron
transfer occurs at the semiconductor surface. Upon illumination, a dye molecule gets excited and
an electron is promoted from the HOMO to the LUMO, and is injected into the conduction band
of the TiO,. Through diffusion among the semiconductor particles, the electron reaches the

conductive substrate, and moves through the external circuit. The photogenerated hole in the

valence band of the dye is reduced by the (1~ /1;) electrolyte.®*****42 (figure 1.2). The

efficiency of a DSSC is calculated as the following:

I Voo FF
="p

Where Jsc is the short circuit current density and is determined at V=0, the open circuit
potential (Voc) is determined at J=0, FF is the fill factor which describes the shape of the J-V
curve and Pj, is the power density of the incident light.*® Alternatively, incident photon-to-
current efficiency (% IPCE) allows us to study the spectral response of a particular DSSC at each

wavelength. % IPCE can be calculated as follows:

Jgy (Alcm?)  1240(eV nm)
l o, (W /cm?) A(nm)

%IPCE = x100

Besides the desired electron transfer reaction that can be harvested to produce photocurrent,

other recombination processes can occur in the cell. The photogenerated electrons located either



in band-gap traps or in the conduction band may recombine with the I, or I, ions in the

electrolyte or with the oxidized dye S*.** These processes can either occur on the TiO, layer or
on the conductive substrate.

Despite its attractive features, the DSSC suffers from several limitations whether at the level
of the dye or at the level of the electrolyte, particularly light absorption limitation is of great
importance. The widely used ruthenium dyes have very low or zero absorption in the longer
wavelength region. Yet, over 60% of the AM 1.5 solar power spectrum comes from wavelength
beyond 600 nm.* This presents a major obstacle in increasing the efficiency of a DSSC. On the
other hand and despite the excellent results achieved using I'/1'3 redox couple, it presents some
drawbacks such as evaporation, corrosion of several current collectors and partial absorption of

visible light below 520 nm, resulting in a efficiency loss.3***
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Figure 1.2: Dye-Sensitized Solar Cell.



Inverse opals are interesting material to be studied in a DSSC due to light localization
effects that can be observed in desired regions of the solar spectrum. Titania inverse opals
photoanodes consist of titania nanoparticles of sizes between 10 nm to 30 nm surrounded by air
voids in the nanometer to micrometer range. Mallouk and coworkers and Halaoui et al
investigated the effect of coupling of photonic crystals (PC) to nanocrystalline titanium dioxide

(nc-TiOy) on the optical absorption of DSSCs* *° #°

and observed a 30 % overall gain in the
short circuit photocurrent.?® The significant enhancement in the % IPCE in the red region of the
spectrum when a PCs,7 layer was coupled to nc-TiO; film was attributed to localization of heavy
photons near the edges of the photonic band gap, defect scattering in the inherent disorder
regions in the PC layer, and Bragg diffraction in the periodic lattice.*® Later, Mihi and Miguez
attributed the light localization in these architectures to the appearance of multiple resonant
modes resulting from the presence of an interface between photonic crystals and nc-TiO; and to
longer light-matter interaction.*” The lower efficiencies reported for a split-layer configuration of
the bilayer electrode proved that optical coupling necessitates the intimate physical contact
between the photonic crystal and nc-TiO, layers.”® The effect of disorder in the inverse opals
was studied in DSSCs and QD-sensitized solar cells. *** Halaoui et al observed an
enhancement factor of 1.5 at 680 nm compared to nc-TiO; film for the disordered films prepared
by mixing polystyrene of sizes 243 nm and 150 nm in 2:1 ratio. El Harake et al studied the
behavior of disordered inverse opals in QD-sensitized solar cell in films prepared by mixing
polystyrene spheres of sizes 150 nm, 190 nm and 243 nm. The enhancement factors for the
disordered films reached 4.8 (+2.4) at 420 nm and 5.1 (x2.5) at 440 nm compared to nc-TiO,

with comparable thickness. The high efficiencies reported for these disordered films were

attributed to multiple internal scattering of light.***> On the other hand, monodispersed



disordered photonic crystals (termed photonic glass) with sphere size comparable to the
wavelength of light can sustain electromagnetic resonances, called Mie modes.* To the best of
our knowledge, monodispersed disordered inverse photonic glass has not been fabricated yet. In
this work, we report the fabrication, characterization and Photoelectrochemical behavior of
inverse photonic glass films incorporated in Dye Sensitized Solar cells. These films were
prepared in order to decouple light localization effects from nanostructuring, and to assess the
roles of light localization and light scattering on enhancing light absorption in the different

studied films.

Besides nanostructuring and the different architectures used to enhance light absorption
in low energy spectrum, various attempts are being directed toward synthesizing new dyes that
can absorb at long wavelengths, and at the same time can compete with N719; the dye should be
stable, have a LUMO higher than the conduction band of TiO,. It should have some linkages that
would allow for its adsorption on the TiO, , as well as high extinction coefficient and high
efficiency.* ¥’ For regeneration purposes, the dye should have an oxidized state level that is more
positive than the redox potential of the electrolyte.* Until now, synthesis of such a dye was not
achieved yet. Alternatively, co-sensitization of multiple dyes was employed. Noda and co-
workers co-sensitized DSSC with a mixture of Ru complex (the black dye) and an organic
sensitizer (D131).3"*® Palomares et al employed CdS quantum dots in addition to the dye in the
sensitization for extended light absorption.** Another interesting approach is to incorporate
metal nanoparticles that exhibit plasmonic resonances such Au and Ag. **°*

In this respect, we studied the spectral response of inverse opal based DSSC sensitized by

T118. T118 was synthesized by Professor Tarek Ghaddar at AUB. This dye exhibits an

absorption peak at around 720 nm, in addition to the peaks at 520 nm and 430 nm. We aim at



investigating the light absorption enhancement in i-TiO,-0 and nc-TiO, sensitized with T118.

These films were compared with cells sensitized with the conventional dye N719.

1.4. Watersplitting:

Plants use water splitting for solar energy conversion and storage. The process occurs in
photosystem 11 in the cell membrane which upon excitation releases electrons.>® The holes
generated lead to the oxidation of the oxygen evolving complex (OEC), which comprises a cube
on 4 manganese atoms and 1 calcium atom, in a process known as the KOK cycle which splits
water into O, and H”. In the KOK cycle, cells use proton-coupled electron transfer to produce 1
0, molecule, 4 electrons and 4 protons at the end of the cycle.>® The photogenerated electrons
are transferred to the Photosystem | through a series of cofactors and reduce protons by the
action of ferrodoxin-NADP* reductase to from NADPH which in later steps is used to fix CO,

in the form of carbohydrates.

Since solar energy is an infinite energy source, it can easily provide enough power for all
of our energy needs if it can be efficiently harvested.>® Because solar energy is diurnal, energy
harvested from the sun needs to be efficiently converted into chemical fuel that can be stored,
transported, and used upon demands in a similar manner as plant carry on photosynthesis.>*
Direct conversion of sunlight into fuels, often termed solar fuels, involves converting solar
energy into energy stored in chemical bonds with the aid of an artificial photocatalyst.>>.Solar
water splitting is a hot area of research because if it is accomplished efficiently it will provide

sustainable and clean source of energy.

Efficiently splitting water into usable hydrogen could become a new industrial

photosynthesis that would provide clean fuel whose only waste product upon utilization is

10



water.? Since the pioneering work of Honda and Fujishima®®, research has been directed towards
finding and modifying materials with suitable band potentials that would be able to split water
requiring minimal overpotential, and of relatively low cost. Water splitting involves two half

reactions: the hydrogen evolution reaction (HER) and Oxygen evolution reaction (OER).

HZO+2h*—>2H*+%O2 OER
2H" +2e > 2H, HER
H,0 > H, +%o2 AE’=1.23 eV, AG°=237.2 KJ/mol

At normal conditions, only one electron/hole pair can be produced per each photon

absorbed. The standard Gibbs free energy for the reaction is 273.2 kJ/mol which corresponds to

AE" =1.23eV per each photon absorbed. So this process requires 2 electron-hole pairs (with
E=2.46 eV) per 1 molecule of H; or 4 electron-hole pairs (with E=4.92 eV) per 1 molecule of
0,.2 The photons in the solar spectrum provide sufficient energy to drive this reaction, but the
efficiency of the reaction depends upon how the reaction is carried out.>” Since water molecules
do not absorb appreciable radiation from the solar spectrum, one or more light/absorbing
materials must be used to transduce the radiant energy to chemical or electrical energy.>
However, even high absorbing materials need larger energy to carry out the reaction at a
significant rate. This is because electron-transfer processes at semiconductor/liquid junctions
produce losses due to the concentration and kinetic overpotentials needed to drive the HER and
the OER.? To split a pair of water molecules into Hz and O at a reasonable rate, four photons
of average energy 1.83 eV would be needed assuming no kinetic overpotential losses.®
Discovery of semiconductors that have appropriate light absorption characteristics and

are stable in aqueous solutions is a key issue.® Water splitting cells require semiconductor

11



materials that are able to support rapid charge transfer at a semiconductor/aqueous interface, that
exhibit long-term stability, and that can efficiently harvest a large portion of the solar spectrum.?
In addition, bands potential is the most important issue that need to be addressed while choosing
the appropriate semiconductor. As discussed earlier, the minimum energy required to split water
is between 1.6 eV and 2.4 eV, therefore the semiconductor should have a band gap in this range
or higher. Of the 51% of the total solar radiation that is absorbed by Earth, 95% of this radiation
extends beyond 400 nm. If solar energy is to be used for water splitting, the semiconductor’s
band gap should not be wider than 3.1 eV. Moreover, to be able to split water, the conduction
band of the semiconductor should be more negative than the reduction potential of H, and the

valence band need to be more positive than the reduction potential of 0,.>°
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Figure 1.3: Oxygen evolution reaction (OER) and hydrogen evolution reaction (HER) for
overall water splitting.
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Unfortunately, it is nearly impossible to find a semiconductor that satisfies all the

requirements for water splitting. Figure 1.4 shows the band potentials and gap for some widely

used semiconductors.?
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Figure 3.4: Conduction band (left bar) and valence band (right bar) positions vs NHE of common
semiconductors used in photoelectrolysis cell. Adopted from reference 2.

Up-to-date, no single semiconductor satisfies all the requirements for water splitting.

Alternatively, different configurations can be employed in which two or more materials are

assembled in one cell whereby a specific material is selected for each of the half reactions. This

could be a solution for 1) mismatch in the band potentials or 2) poor absorption characteristics

for a particular semiconductor. In the first case, a semiconductor having a valence band more

positive than the reduction potential of O (i.e., suitable for water oxidation) and another

semiconductor with a conduction band more negative than the reduction potential of H, (suitable
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for water reduction) are connected in tandem (figure 1.3) For the second case, 2 semiconductors
with complementary band gaps, i.e. one with wide band gap capable of absorbing the high
energy photons and one with narrow band that would absorb the low energy photons are
assembled side by side. This configuration makes use of an appreciable fraction of the solar
spectrum.
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Figure 1.5: Energy diagram for a dual band gap p/n-PEC configuration with n-type and p-type
photoelectrodes electrically connected in series.

OER is a hard, 4-electron, 4 H" process and is governed by sluggish kinetics. Among the
different photoanode materials that have been investigated, hematite (Fe,Os) is of particular
interest. Hematite has emerged as a strong candidate in the photoassisted water oxidation
reaction because it is stable, prepared from cheap and abundant elements, and possesses a band
gap that permits the absorption of visible light (E,=2.1 eV).*® The valence band potential of
hematite is at 2.5 eV vs. NHE thus making it suitable for water oxidation. Despite these

attractive characteristics, hematite is not yet an effective material for photoanode conversion of
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water to solar fuel.®* Its performance as a photoanode for water oxidation has been crucially
limited by poor optoelectronic properties that lead to both low light harvesting efficiencies and a
large overpotential for photoassisted water oxidation.>® Hematite has relatively low absorption
coefficient requiring thick films (400-500 nm) for complete light absorption®*%®3, |t has an
indirect band gap and absorbs weakly in the long wavelength range.®* This absorption is assigned
to Laporte-forbidden d-d transitions.***® At shorter wavelengths, the absorption is due to oxo-
iron transitions which corresponds to the ligand to metal charge transfer (LMCT).?* This is
manifested in the broad absorption bands in range of 400-600 nm.® It also exhibits short
minority carrier diffusion length (2-4 nm)® as a result of short exciton lifetime (~ 10 ps)®”® and
poor minority carrier mobility (0.2 cm?V™cm™)**%, The practical consequence of the short
transport length is that only those holes that are generated with a few to several nanometers of
the semiconductor/solution interface can reach the interface and can be used for water oxidation,
with the rest recombining with electrons and generating heat.*® In addition, hematite suffers
from poor majority carrier conductivity.”®® Doping hematite with atoms with higher valency
such as tin, titanium, silicon, etc has proven to enhance its conductivity simply by adding more
majority carriers and therefore creating steeper voltage gradients.™®

Attempts to circumvent the issue of bulk recombination in hematite are being directed
towards nanostructuring these hematite films in order to decrease the distance the hole must
travel to reach the interface. To this end, several approaches have been proposed. These include
nanoparticles, nanorods, or nanowires. Recent work on nanorods, synthesized with the aid of
anodic aluminum oxide, showed photocurrent densities of about 8 mA/cm? at 0.6 V vs Ag/AgCl
(sat KCI) in 1 M NaOH."® Nanoporous and nanotubular hematite which were prepared by Misra

et al with a wall thicknss of 5-6 nm produced 1 mA/cm? at 1.23Vge.”* Duret et al recently
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reported the synthesis of hematite leaflet structure consisting of 100 nm-sized platelets of 5-10
nm thickness bundled into 50 nm sheets oriented perpendicular to the FTO support by ultrasonic
spray pyrolysis. The authors reported a photocurrent of 1.3 mA/cm? at 1.23 Vg in 1 M NaOH
and 16 % IPCE at 370 nm and 1.2 Vg ."* Cauliflower nanostructures which were fabricated by
Kay et al using atmospheric pressure chemical vapor deposition (APCVD) and silicon (1V)
doping produced a photocurrent equals to 1.8 mA/cm? at 1.23 Vgpein 1 M NaOH.”>™, The
cauliflower structures feature fine dendrites that facilitate electron transport.

In this work, our group among the first groups that reports the fabrication of hematite
inverse opals that can be used as photoanodes for solar water splitting. The structure morphology
of inverse opals is advantageous in this respect because it provides short distances for the
minority carriers to reach the electrode/electrolyte interface. Our inverse opal films were
investigated in terms of nanostructuring only; light localization effects were not investigated in
this study because our films did not show the bragg diffraction peak in the UV-vis spectroscopy.
However, the inverse opal structure was confirmed using scanning electron microscopy (SEM).
Up to date, no one confirmed the presence of a stop band peak for hematite inverse opal. A
possible explanation is that the high annealing temperature (550 °C), that is required for ensuring
the electronic properties of hematite, is inducing a significant disorder in the structure, and thus
preventing the peak from showing up. Park and coworkers synthesized hematite inverse opals
from a 250 nm, 500 nm and 900 nm polystyrene templates and observed the best performance
for the 250 nm size which produced 3.1 mA/cm? at 0.5 V vs Ag/AgCl in 1 M NaOH.”* Other
groups used hematite to coat the surface of SiO,"®>and SnO,"® inverse opals. Depositing 15 nm of
Fe,O3 and 8 nm thick ITO on top of SiO; inverse opal film showed a photocurrent density equals

to 1.6 mA/cm?at 1.53 vs RHE in 1 M NaOH. "
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1.5. Kinetics of Oxygen Evolution:

Apart from the large thermodynamic requirement to carry the oxygen evolution reaction,
this reaction is also goverened by sluggish kinetics which is reflected in the high-surface-
mediated charge recombination processes, especially that hematite is known to have poor OER
catalytic activity.”>"""® Attempts to improve the interfacial kinetics of OER mainly focused on
attaching materials capable of transferring the photogenerated holes to the surface at a higher rate
and minimizing surface recombination on the semiconductor surface. Among the studied
cocatalysts, cobalt, iridium oxide, and nickel have shown effective results. Upon doping Co**
ions to the hematite cauliflower structure developed by Kay et al, the authors reported a 65%
increase in the photocurrent (2.2 mA/cm?) and 80 mV cathodic shift.” Tilley and coworkers
observed a 200 mV shift in the onset potential upon decorating hematite cauliflower with Ir,0O3
nanoparticles. An increase in the plateau current of 0.3 mA/cm? was also observed, which
according to the authors suggests that surface recombination exists even at high overpotentials.”’
Nocera’s research group has explored a very stable Nickel borate catalyst which can be deposited
under mild conditions in the presence of borate.” To enhance the catalytic activity of NiBi
catalyst, films were anodized for 2 hr after which the catalyst produced 1 mA/cm? at an
overpotential of 425 mV at near-neutral conditions.”® Anodization is thought to induce structural
changes in the NiBi film and change the oxidation state of Ni atoms to Ni (1V).2° Using nickel in
the presence of potassium borate as an electrolyte for catalyzing oxygen evolution proved that
the reaction is governed by proton coupled electron transfer (PCET). PCET reactions are of
significant importance because plants use this type of reactions in order to generate energy and

carry on the basic functions of cells.®"#
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Several reports showed that in fact incorporating iron into nickel oxide electrocatalyst
could enhance its OER performance. In his early report in 1987, Corrigan investigated the effect
of iron coprecipitation into nickel oxide on OER.% A decrease of 100 mV in the overpontential
was observed with 10% coprecipitated iron and tafel slopes decreased from 70 mV/decade in the
absence of iron to 25 mV/decade.®® Corrigan proposed that there must be a synergistic effect of
mixing iron with nickel which poorly understood, which either involves a change in the rate
determining step or increases the conductivity of the resistive quandrivalent NiO.** McFarland et
al electrodeposited binary Ni-Fe complex on Ti-doped hematite films from equimolar solution of
nickel sulfate and iron sulfate and showed that a 200 mV shift was observed for NiFe complex
compared to 50 mV shift for Ni electrodeposited on Ti-doped hematite in 1 M NaOH.%*
Electrodeposited Nij, gsFes 15 from sulfate precursors has demonstrated the best catalytic activity
for OER among the studied binary mixed-metal complexes having the smallest electron-transfer
coefficient (a=0.0008) and greatest exchange current density (J,=9.04pA/cm?) in 1 M KOH.%
Landon et al synthesized different compositions of mixed NiFe oxide via evaporation induced
self-assembly and showed that the highest catalytic activity was for NiFe (90:10) having the
smallest tafel slope of 40 mV/decade.” Louie and coworkers examined the catalytic effect of
iron (I1) incorporation in nickel oxide films prepared from their sulfate precursors and showed
that NigoFe4o shows the best catalytic performance and attributed the discrepancy in the optimal
iron content between 10% and 50 % found in the literature to the similar specific current
densities and overpotential values obtained within this Fe composition range.®® The authors
further showed using in situ Raman spectroscopy that aging of Ni films and Fe incorporation
induce similar structural effects on Ni films which was further supported by tafel slope

measurements.®® Smith et al showed that although NiO and CoO have demonstrated good OER
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catalytic activity, mixed Ni-Co oxide did not reveal better performance, while iron oxide that is
known to have low OER catalytic ativity, modest amounts of 20-40 % iron significantly
improved tafel slopes for mixed-metal oxide films with NiggFeso prepared via photochemical
metal-organic deposition showing the smallest slope of 34 mV/decade.®” Gong and coworkers
prepared NigoFe,o layered double hydroxide on multiwalled carbon nanotubes (NiFe-LHD/CNT)
from nickel acetate and iron nitrate precursors and showed that NiFe-LHD/CNT outperformed
the commercial iridium catalyst in terms of electrocatalytic activity and stability with tafel slope
reaching 31 mV/decade in 1 M KOH compared to 40 mV/decade for the Ir catalyst.®®

To the best of our knowledge, doping NiBi with iron has not been reported yet. In this
work, we investigated the effect of incorporating different amounts of Fe into NiBi films. Thin
films were electrodeposited on FTO from nickel nitrate and iron nitrate precursors. The amount
of Niy.xFe,Bi electrodeposited was limited to the passage of 1 mC/cm?. Films were anodized and
tested for their OER electrocatalytic activity using cyclic voltammetry and tafel slope

measurements and compared with NiBi films.
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CHAPTER 2
EXPERIMENTAL SECTION

2.1. Materials:

The following were used in this study: suspensions of monodisperse carboxylate
modified polystyrene particles of 305 nm and 417 nm sphere diameters (c < 3 %), 10 % w/v in
water, as determined by the manufacturer stored at 4 °C (Seradyn Co, Indianapolis); cis-
bis(isothiocyanato)bis(2,2’-bipyridy-4,4’-dicarboxylato)ruthenium(ll) bis(tetrabutylammonium)
(RuL2(NCS),-2TBA also known as Ruthenium 535 bis-TBA, or N719, Solaronix); polyoxy-
ethylene(5)nonyl phenyl ether surfactant, Igepal (Aldrich); boric acid, HsBO3 (99.5%, Aldrich);
ammonium hexafluorotitanate, (NH4),TiFs (99.99 %, Aldrich); titanium isopropoxide,
Ti(OCH(CHs)2)4 (98 %, Aldrich); ferric nitrate nanohydrate Fe(NO3)s. 9H,0 (98%, Aldrich);
nickel nitrate hydrate Ni(NO3), (99.999%, Aldrich); potassium hydroxide (Aldrich),
nanocrystalline titanium dioxide, nc-TiO; (<d> = 13nm, Solaronix, Switzerland); nitric acid
HNO; (65 %, Acros); absolute ethanol (99.8 %, Aldrich) , isopropanol (99 %, Acros); sodium
hydroxide (Aldrich); potassium chloride (99 %, Riedel-de Haér); The redox couple/electrolyte
solution consisted of iodide/ triiodide solution (lodolyte TG-50, Solaronix). Double distilled
water was used for cleaning. Deionized water (18uQ-cm, Nanopure Diamond, CRSL, AUB) was

used for solution preparations.

2.2. Preparation of Substrates:
The working electrodes were fluorine-doped tin oxide coated glass substrates (FTO,

SOLARONIX R=15 Q/sq). FTO substrates were first cleaned with detergent and water, cleaned
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by ultrasonication in isopropanol for 30 minutes, and then rinsed thoroughly with water.

Substrates were then ultrasonicated in water for 10 minutes followed by drying in air.

2.3. Experimental Section for the preparation of inverse opals, inverse glass and
nanocrystalline TiO; as electrodes for DSSC:
2.3.1. Fabrication of nanocrystalline TiO; films:

Nanocrystalline TiO, films were prepared using Squeegee method. A slurry of nc-TiO2
particles (13 nm diameter, anatase, Eg=3.2 eV; Seradyn) was applied on the FTO substrate and
spread on the surface with the aid of a round glass rod (using pasteur pipet). Scotch-tape was
used to control the thickness of the film. Two scotch-tape layers resulted in 5 to 7 microns
thickness as measured by Ambios X2 Profilometer. The solvent was evaporated at 80 °C on a hot
plate for around 10 seconds, and the films were sintered at 400 °C for an hour.

2.3.2. Preparation of Photonic Crystals for DSSC:

Polystyrene colloidal crystal templates were assembled on clean FTO substrates from
solutions of polystyrene spheres (PS) by evaporation-induced self-assembly. Photonic crystals
(PC) were assembled from a suspension of 0.05 % wt PS solution of 305 nm diameter prepared
by weighing 0.373 g of 10 % PS spheres and suspending the particles in 75 ml of deionized
water. 0.331 g of 0.5 % (wt/v) aqueous solution of igepal (CO-520) was added to minimize
agglomeration and to better create a meniscus at the air-solution interface. Disordered photonic
crystals (termed photonic glass, PG) were assembled from suspensions in 1 mM aqueous
solution of sodium chloride instead of water by adding 0.00439 g NaCl salt 75 ml deionized
water. Solutions were ultrasonicated for 40 min in an ultrasonic bath to disperse the polystyrene

particles in solution then transferred to wide shallow containers. FTO substrates were totally
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dipped in solution with their conductive side exposed to the solution. Water was then evaporated
from the solution to allow the polystyrene particles to self-assemble on the substrates by placing
the containers in a furnace oven at 55 °C for 48 hours. The resulting photonic crystal 305 nm and
photonic glass templates had a thickness of 5-7 pum.

2.3.3. Preparation of titanium dioxide inverse opals by Liquid phase deposition method

(LPD):

TiO, inverse opals were prepared by replicating the PS photonic crystals using a
reported liquid- phase deposition (LPD) followed by burning of the spheres.!#4%342% A seeding
layer is required prior to LPD. In the seeding process, the synthetic opals were immersed
vertically in a solution of 1.2 % (w/v) of titanium isopropoxide and 0.12 % (w/v) HNOg in
ethanol for 5 minutes. This solution was prepared by dissolving 0.84 g of titanium isopropoxide
and 0.084 g HNOg3 in 75 ml of ethanol. Seeding was followed by a hydrolysis step where the
samples were kept in air for at least one hour to form a titania surface seed layer.

Ti(OCH(CHs)2)s + 4 H,O/H* —— Ti(OH)y ——TiO, + 2H,0

Opals were then dipped in a 75 ml aqueous solution of 0.2 M (NH,;)2TiFs and 0.25 M H3BO; for
30 min. The solution was prepared by mixing 35 ml of an aqueous solution containing 2.769 g
of (NH,4)2TiFg with a 35 ml of an aqueous solution containing 1.082 g of H3BO3 after heating
each to 50 °C. The two solutions were mixed and their pH was adjusted to 2.9 with 1 M HCl and
then heated till 50 °C again before immersing the substrates. The temperature was maintained at
50 + 2 °C by a temperature controller unit (Corning) attached to a hot plate. After 30 min in this
solution, the substrates were dipped in water for 1 minute and kept to dry in air at room

temperature.

2 TiFe> + 3B0Os> + 10 H*  — 3 BF4- + 2 TiO, + 5 H,0

22



In order to remove the polystyrene spheres, FTO substrates were calcined in a
programmable furnace oven (Barnstead thermolyne, 48000) at 400 °C; the temperature was
raised from room temperature to 110 °C with a ramp of 3 °C/min, and kept at 110 °C for an hour.
It was then raised to 400 °C at a rate of 5°C/min where it dwelled for 8 hours, followed by
returning to 25 °C at a rate of 10 °C/min. FTO substrates were placed on an indium tin oxide
coated glass sheet (ITO, Delta technologies) with their conductive side facing the ITO sheet.
This results in the formation of TiO, inverse opal. Films were characterized using SEM,

TESCAN MIRA 3 and UV-vis Spectrophotometer (JASCO, V-570 UV/VIS/NIR).

Evaporate at 50 OC
for 48 hrs
S —-

Infiltration in 0.25 M
(NH,),TiF,+0.25 M
H,BO, for 30 min

|

Calcine at 400

l)C for 8 hrs
<

Figure 2.1: Scheme illustrating the preparation of the hematite inverse opals.

2.3.4. Preparation of Bilayer Structure:
Coupling of i-TiO,-0 and i-TiO,-g to conventional nc-TiO, film was achieved by
applying a slurry of nc-TiO, nanoparticles (<d> = 13nm) over the inverse opal by a squeegee

method to give a total film thickness (of inverse opal and nc-TiO,) of 8-11 um using a double
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scotch tape as spacer. The bilayer was dried over a hotplate after setting its temperature at 80 °C

for 10 seconds, then placed face-down on an ITO sheet in a furnace oven at 400 °C for 1 hour.

2.3.5. Ru-N719 dye sensitization:

0.3 mM solution of N719 dye (Mwt = 1188.5 g/mol) was prepared by dissolving
0.0107 g in 30 ml of absolute ethanol. The dye solution was stored in the dark. ~ All samples (i-
Ti0,-0, i-TiO2-d, nc-TiO,/i-Ti0,-0, nc-TiO,/i-TiO,-d and nc-TiO,) were dehydrated in the oven
at 120 °C for an hour prior to their dipping in the dye solution. The amount of the dye that was
adsorbed on the surface was determined by UV-vis spectroscopy after desorption in 3 ml 3.8 M
NaOH. Measurements were taken at fixed wavelength that corresponds to Amax at 520 nm.
Calibration curve was drawn from the absorbance of 4 standards of concentrations 0.0075 mM,
0.015 mM, 0.03 mM, and 0.06 mM prepared from the original dye solution and diluted by 3.8 M
NaOH. The concentration of dye adsorbed on a sample was determined from the calibration
curve. Multiplying the concentration by the volume used to desorb the sample (3 ml) gave the
number of moles adsorbed, which was divided by the geometric area of the sample to get the
amount/area reported in nmol/cm?. Desorption and amount determination of T118 dye was
different from N719 dye. Films were desorbed in 3 ml 3.8 M NaOH in H,O: Ethanol (50:50)
solution. The amount of dye adsorbed was calculated using Beer-Lambert law (A=¢bc); the
measured absorbance was multiplied by the path length (1 cm) and the extinction coefficient of
the dye at 520 nm (16633.2 Lmol™ cm™). The obtained concentration was multiplied by the

volume used to desorb the film to calculate the number of moles of dye adsorbed.
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2.3.6. Photoelectrochemistry of DSSC:

2.46.1. Photoelectrochemical setup:

Photoelectrochemical measurements were collected in a 3-electrode quartz cell using a
CHI Model 630A electrochemical workstation. Home-made silver/silver chloride electrode (in
saturated KCI) was used as a reference electrode. The working electrode was FTO/nc-TiO,/Ru-
N719 dye, FTO/i-TiO,-0/Ru-N719 dye, FTO/i-TiO,-0/nc-TiO,/Ru-N719 dye, FTO/i-TiO,-g/Ru-
N719 dye, or FTO/i-TiO,-g /nc-TiO2/Ru-N719 dye. A clean FTO was used as a counter
electrode. The light source used was a 300 W xenon lamp (Model 66901 lamp housing, Oriel
instruments) that operated at 300 W. A ¥ m grating monochromator (Oriel Instruments, Model
77200) was used to disperse the light for monochromatic measurements. A 20 micrometer thick
spacer (Solaronix) was sandwiched between the dye-sensitized photoelectrode and the FTO
counter electrode in the cell assembly. The working and the counter electrodes were pressed by a
binder clip and placed in quartz cell containing few drops of the 1713 iodolyte electrolyte. The

reference electrode was a home-made Ag/AgCI (saturated KCI).

Photocurrent measurement at the dye sensitized photoelectrode was carried using linear
sweep voltammetry by scanning the potential between -5 mV and 5 mV at a scan rate of 1
mV/sec. The photocurrent measured at 0 VV was used to compute the % IPCE under
monochromatic light illumination at 20 nm intervals from 400 nm to 720 nm. Two modes of
illumination were used in the photoelectrochemical experiment: front-mode and back-mode. In
the front wall illumination, light passes from the counter electrode to the working electrode
passing through the electrolyte, while in the back-wall illumination light passes by the working

electrode first and then to the electrolyte and then to the counter electrode.
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The same experimental setup was used for experiments on comparing T118 dye to N719
dye except that 2-electrode system was used, the working electrode being the i-TiO,-0 or nc-
TiO, and the counter electrode was a platinized FTO which was prepared by dropping 20 ul

platinic acid on an FTO followed by sintering at 400 °C for 30 min.

2.4.6.2. Incident photon to current conversion efficiency (% IPCE) at a fixed voltage:

Monochromatic incident-photon-to-current-conversion-efficiency (% IPCE) at a fixed

voltage was calculated according to the following equation:

Jgv (Alcm?)  1240(eV .nm)
lo, (W /cm?) A(nm)

%IPCE (atV ) = %100

J represents the photocurrent density calculated by dividing the monochromatic
photocurrent measured at a wavelength A by the illuminated area of the sample at an applied
potential V, and 1 is the light intensity at the wavelength A. Linear Sweep Voltammetry was used
to measure the photocurrents generated at a potential of 0 V vs. Ag/AgCl. Photocurrent densities
were calculated by dividing the photocurrent by the geometric area of the sample after dark
current subtraction. A thermopile light detector and power meter (Model 70260, Oriel
Instruments) was used to measure the power of light at each wavelength at the approximated
position of the electrode with 10 sec average light measurement. To calculate the power density,
the power was divided by the area of the light. Normalized % IPCE was calculated to compare
between different samples with different amounts of dye adsorbed. It was calculated by dividing

the % IPCE by the amount of the dye adsorbed on the sample per area (nmol/cm?).
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Figure 2.2: A scheme showing the bilayer architecture under front-wall and back-wall
illumination.

2.4. Experimental Section for the Preparation of Hematite Photoanodes:
2.4.1. Fabrication of Photonic Crystals for Hematite Photoanodes:

Polystyrene colloidal crystal templates were assembled on clean FTO substrates from
solutions of polystyrene spheres (PS) by evaporation-induced self -assembly. Thin films are
required for the photoanodes in order to minimize recombination processes. PC 190 nm and 417
nm were assembled from a solution of 0.025% wt containing 0.1863 g of 10 % PS spheres and
0.1656 g of 0.5 % (w/v) aqueous solution of igepal in 75 ml of deionized water. Igepal (CO-520)
was added to minimize agglomeration and to better create a meniscus at the air-solution
interface. Solutions were ultrasonicated for 40 min in an ultrasonic bath to disperse the
polystyrene particles in solution then transferred to wide shallow containers. FTO substrates

were totally dipped in solution with their conductive side exposed to the solution. Water was
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then evaporated from the solution to allow the polystyrene particles to self-assemble on the
subtrates by placing the containers in a furnace oven at 55 °C for 48 hours.
2.4.2. Preparation of Hematite Inverse Opals:

Photonic crystals were placed on a flat tile, 60 pl of 0.025 M solution of iron (I11)
nitrate solution in ethanol were dropped on 3 cm? sample. This solution was prepared by
dissolving 0.101 g of iron (I11) nitrate in 10 ml of ethanol. The area of the photonic crystal was
defined by the use of a scotch tape, to ensure that the solution was actually being adsorbed on the
sample and not running off the sample. The samples were air dried for 15 min, then dried in the
oven at 70 °C for 10 min. The deposited Fe(NOs); were thus hydrolyzed to Fe,03.xH,0.%° This
process was repeated 6-7 times. The samples were then calcined to burn the polystyrene spheres.
Calcination was performed at 550 °C using a programmable furnace oven (Barnstead
thermolyne, 48000); temperature was raised from room temperature to 550 °C at a ramp of
1°C/min, dwelled for 2 hours at 550 °C and then ramped down to room temperature at a rate of
10°C/min. This resulted in hematite inverse opals with thicknesses ranging between 2-4 um as
measured by Ambios X2 Profilometer. Films were characterized using UV-vis Spectrophotmeter
(JASCO, V-570 UV/VIS/NIR), SEM, TESCAN MIRA 3 and XRD (BRUKER D8 Discover X-
ray diffractometer oopertating at 4 k\V/40 mA using Cu-KR radiation with a scanning speed of

0.5 °C /min).
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Figure 2.3: Scheme showing the preparation of hematite inverse opals from synthetic opals.

2.4.3. Prepation of NaOH and KBi electrolytes:

1 M NaOH and 1 M KBi were used as electrolytes for cyclic voltammetry, and
chronoamperometry while 0.1 M KBi was used for photodepositions and electrodepositions. 1 M
NaOH was prepared by dissolving 40 g of NaOH in 1 L deionized water. The pH of the solution
was 13.6. 1 M KBi was prepared by dissolving 61.83 g of boric acid in 1 L of deionized water on
a magnetic stirrer and adding around 50 g KOH gradually to reach a pH of 9.1-9.2. 6.18 g of
boric acid and around 5 g of potassium hydroxide were dissolved in 1 L deionized water to

obtain 0.1 M KBi solute on with a pH of 9.1-9.2.

2.4.4. Preparation of Ni-borate and NiFe-borate Oxygen Evolving Catalyst on FTO by

Electrodeposition and on Hematite by Photodeposition:
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2.3.4.1. Preparation of Ni-borate and NiFe-borate solutions:

Electrodeposition and photodeposition of Ni-Bi and NiFe-Bi were carried in 0.1 M KBI
solution (pH~9.2). 0.4 M Ni(NO3); and 0.4 M Fe(NO3)s solution were prepared by dissolving
2.33 g of Ni(NO3)3.9H,0 and 3.23 g Fe(NOs)3.5H,0, respectively, in 20 ml of deionized water.
0.4 M NigoFe1o(NO3)s was prepared by mixing 2.09 g Ni(NO3)3.9H,0 and 0.32 g Fe(NO3)3.5H,0
in 20 ml of deionized water. For NigoFe4o(NO3)s, 1.40 g Ni(NO3)3.9H,0 was mixed with 1.30 g
Fe(NO3)3.5H,0 in 20 ml of deionized water while NigoFeg(NO3)s was prepared by mixing 0.93
g Ni(NO3)3.9H,0 and 1.04g Fe(NO3)3.5H,0. 0.4 mM Ni(NOg3); and 0.4 mM NiFe(NO3)3
solutions were prepared by diluting their respective solutions 1000 times with KBi. This was
done by adding 20 pl of each of the 0.4 M solutions to 20 ml of 0.1 M KBi. These solutions were

prepared directly before the electrodeposition.

2.3.4.2. Electrodeposition of NiBi and Ni;.xFexBi on FTO:

FTO substrates were cleaned as explained in section 2.2. Electrodeposition was
performed in a electrochemical cell containing 0.4 mM solution of Ni(NO3)3/0.1 M KBi or
NiFe(NO3)s/0.1 M KBi. It was carried out using amperometry (i-t) using a 3-electrode
configuration with Ag/AgCl (in saturated KCI) as a reference electrode and 2 mm diameter Pt
wire as the counter electrode at a potential of 0.953 V vs. Ag/AgCl. The amount of Ni and NiFe
deposited was controlled by halting the experiment when the charge reaches 1 mC/cm?.
Alternatively, Ni and NiFe can be deposited by cyclic voltammetry. The potential was scanned
between -0.6 V and 1.4 V vs Ag/AgCl at a scan rate of 100 mV/sec. The deposition by 5 CVs is
equivalent to the deposition of 1ImC/cm? as determined from integrating the Ni cathodic wave (at
~0.85 V vs Ag/AgCl). Films were anodized in 1 M KBi by holding the potential at 0.903 V for

2-3 hours with stirring.
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2.3.4.3. Photodeposition of NiBi and NiFeBi on Hematite Inverse Opals:

Photodeposition was carried out by dipping i-Fe,O3-0 sample in a quartz cell containing
20 ml of 0.4 mM Ni-Bi or NiFe-Bi and exposing it to light of intensity equals to 100 mW/cm?,
The light source was a 300 W xenon lamp (Model 66901 lamp housing, Oriel instruments)

without filter. Each photodeposition was carried for 10 minutes, and was repeated twice.

2.4.5. Photoelectrochemistry on i-Fe;0O3-0:

2.4.5.1. Cyclic Voltammetry Measurements:

Photoelectrochemical measurements were collected in 3-electrode quartz cell using a CHI
Model 630A electrochemical workstation. Photocurrents were measured using cylic voltammetry
in a 3-electrode configuration with i-Fe,O3-0 or FTO as working electodes, Ag/AgCl (saturated
KCl) as a reference electrode and 2 mm diameter Pt wire as a counter electrode. CV’s acquired
in two electrolytes: in 1 M NaOH (pH 13.6), and 1 M KBi (pH 9.2). The potential was scanned
between -0.6 V and 1.5 V vs. Ag/AgCl under light and dark conditions at 5 different scan rates:
10, 20, 50, 100, 200 mV/sec. The cell was subjected to white light from an Xe lamp with a power
of 25, 50, 100, and 200 mW/cm? measured using a thermopile light detector and power meter
(Model 70260, Oriel Instruments) in front-mode and back-mode illumination. In the front-mode,
light is absorbed by the hematite film first then the FTO substrate, while in the back-mode light
reaches the hematite from the FTO back contact. Cyclic voltamograms were collected before and
after NiBi and NiFeBi photodeposition at scan rates of 10, 20, 50, 100, and 200 mV/sec in front-

mode and back-mode illumination as well as in the dark.
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2.3.5.2 Amperometric Measurements:

I-t curves for the hematite samples were collected under chopped light illumination in
both electrolyte solutions using the same 3-electrode setup. I-t curves were collected for 60 sec at
different potentials ranging from the potential yielding the saturation photocurrent to the onset
potential. The potentials in KBi ranged from 1.2 mV to -0.2 mV while in NaOH from 0.8 mV to

-0.4 mV vs. Ag/AgCl.

2.3.5.3 Incident Photon to Current Conversion Efficiency (% IPCE):

The photocurrents were measured in a 3-electrode configuration electrochemical cell at 0.6 V
(vs Ag/AgCl) at i-Fe;03-0 (417), i-Fe;,O3-0 (190), and unstructured films using amperometric i-t
technique between 380 nm and 600 nm. Photocurrent densities were calculated by dividing the
photocurrent by the active geometric area of the sample after dark current subtraction. The lamp
power spectrum and light intensity were measured using a thermopile light detector and power

meter (Model 70260, Oriel Instruments) with 10 sec average light measurement.

2.3.5.4 Tafel plots:

Current-Potential data were obtained by carrying controlled potential electrolysis in a
solution of 1 M KBi electrolyte at pH 9.2. Prior to data collection, the open circuit potential and
the resistance of the solution were measured using iR test function to correct for ohmic potential
losses. Steady-state currents were measured at different applied potentials using amperometry (i-t
curves) while the solution was stirred (at 600 rpm). Films required 400 to 600 sec to reach steady
state. Currents were collected at potentials ranging between 1.12 V to 0.84 V vs Ag/AgClI (in sat.

KCI) at 20 mV increments in descending fashion.
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CHAPTER 3

EXPLORATION OF THE PHOTOELECTROCHEMICAL
EFFECTS OF ORDER AND DISORDER IN DYE-SENSITIZED
SOLAR CELLS

Dye-sensitized solar cells (DSSCs) are a promising alternative to conventional
photovoltaic devices based on amorphous silicon p-n junctions.®**! DSSCs, based on highly
porous nanocrystalline films of titanium dioxide, are of considerable technological interest
because of their appreciable power conversion efficiency (7-13% at AM 1.5), potential low cost,
and high semiconductor stability.*> Notably, DSSCs performance is insensitive to temperature
change. Raising the temperature from 20 to 60°C has practically no effect on the power
conversion efficiency,* whereas conventional silicon cells exhibit a drastic decrease in the
performance reaching ca. 20% within the same temperature range.” In addition, DSSCs exhibit

lower sensitivity to light incident angle and shorter energy payback time.**

DSSCs, however, exhibit lower energy conversion efficiencies than single-crystal
photovoltaic devices. One of the major challenges facing the progress in this technology is the
poor light absorption of the best dyes in the longer wavelength region. Yet, more than 60% of the
AM 1.5 solar power intensity corresponds to wavelengths beyond 600 nm.* The efficiencies of
DSSCs will be significantly enhanced if the absorbance of the dyes is increased in the lower
energy region without affecting the charge carrier transfer dynamics. Multiple attempts to
increase the light absorption in this region focused mainly on synthesizing photosensitizers that
show enhanced absorption in the red region of the visible spectrum (beyond 600 nm) and have
high extinction coefficient.* 3" Lowering the HOMO-LUMO gap of the dye to shift its absorption

to the red results in lowering the excited state free energy and thus lower rate for charge
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injection.®” N719 dye (di-tetrabutylammonium cis-bis(isothiocyanato)bis(2,2'-bipyridyl-4,4'-
dicarboxylato)ruthenium(I1)) remains the most suitable dye up to date; other dyes either suffered
from low efficiency, weak anchoring ability, or poor stability.****%“° Another approach to alter
the absorption of dyes than chemical modification is the enhancement of light-dye interaction by
modifying the optics in the dye medium. A prolonged light-matter contact can substantially

increase the absorption events causing more excitation processes.

Tuning the propagation of light in nanostructured materials is possible via several
mechanisms that greatly depend on the engineering of these structures in size, refractive indices,
material composition, order, crystallinity, porosity and shape. One of the approaches is to use
scattering nanolayers. An example is the addition of 300-nm titania spheres layers on top of
nanocrystalline TiO,,” or designing the TiO; layer in a certain architecture.TiO, inverse opals of
different diameter cavities can be constructed by using polycrystalline or single crystalline
polystyrene templates, infiltrating the voids with titania before calcination of the organic
spheres.?® Inverse opals are optically desired to attune the propagation of light because of their
stop-bands, when light depending on its specific wavelength can be slowed or reflected.™ Stop-
bands arise as a result of refractive index modulation in the inverse opal chemical and void
composition.™®*" Their positions in the light spectrum are then dependent on the size of the
cavities, the material filling the voids and the walls, as well as the percentage of each.®?** In
2003, Mallouk et al. successfully demonstrated the incorporation of inverse opals in DSSCs and
showed that coupling the nc-TiO, photoelectrode to titania inverse opal enhances the
photogenerated current.”® They studied the effect of “heavy photons™ on dye absorption and

light to photocurrent conversion near the band edges of the stop band. The authors reported a

pronounced red enhancement in the Ru- N719 dye absorbance relative to the conventional
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photoelectrode. In the region between 540 nm and 750 nm, the short circuit photocurrent
efficiency was increased by 30%, relative to an ordinary dye-sensitized nc-TiO; photoelectrode
when an inverse opal with stop band positioned at 610 nm was coupled to a film of TiO;
nanoparticles.”® The mechanism of enhancement in the light harvesting efficiency was
investigated by Halaoui et al by comparing the photoresponse of inverse opals with varying stop
band positions to nc-TiO, and to the bilayer electrode (nc-TiO,/486-i-TiO»-0).* In the region
extending from 580 nm to 800 nm, a substantial gain of 29% was observed for the nc-TiO,/486-
I-TiO,-0 bilayer. When the stop band position was shifted to 582 nm, the authors reported 38%
gain.”® The enhancement in the bilayer architecture was attributed to the enhanced beam intensity
of light at the nc-TiO, layer in proximity to the PC layer where light scattering in disordered
regions and Bragg reflection within stop band frequencies take place.**"*® The authors reported
higher % IPCE at the bilayer electrode (27 %) than the combined % IPCE of inverse opal (4 %)
and nc-TiO, (7 %) suggesting a synergistic effect of 16 % at 680 nm. Mihi and Miguez used
scalar wave approximation to study the optical response in inverse opal based DSSCs which
showed that the enhancement is due to the presence of resonant modes at the interface between
nc-TiO.and the inverse opal film.*" %% The effect of the inherent disorder in the PC layer on
light enhancement was further studied by assembling a disordered PC film from a template of
different polystyrene sizes (150 nm and 243 nm).*> An enhancement factor of 1.5 was reported
for the disordered film compared to the nc-TiO, with the same surface area. The enhancement

was attributed to multiple internal scattering in the disordered film.*

Recently, Lopez et al were successful in inducing disorder to photonic crystals assembled
from monodispersed polystyrene spheres by changing the ionic strength of the PS colloids

assembly medium.***>3! These newly disordered assemblies were termed photonic glass.
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Monodispersity in disordered structures can ideally exhibit interesting phenomena such as
coherent backscattering enhancement, Anderson localization, and random lasing which
potentially makes use of photonic glass in various fields.®*** The ability of photonic glass to
sustain resonance modes when their sphere size is comparable to the wavelength of light is a key

feature in these structures.>**®

In this study, we aimed at 1) fabricating and characterizing inverse photonic glass (i-
TiO,-g) structure by infiltrating a polystyrene photonic glass with TiO; and burning out the
polystyrene template, in a similar procedure to the preparation of inverse opals, 2) investigating
the light conversion efficiency in i-TiO,-g as well as in the bilayer inverse photonic glass (nc-
TiO,/i-TiO,-g) architectures and systematically comparing it to that of inverse opals and bilayer
inverse opal films to investigate the effects of order vs. disorder using the same polystyrene
sphere size and by sensitizing by the same dye, 3) showing a preliminary study on inverse opals
based DSSCs sensitized with T118 dye with absorption extending to the red of the solar
spectrum to investigate enhancement in the long wavelength region of the visible spectrum. T118
dye was synthesized by Professor Tarek Ghaddar, and it shows an absorption shoulder at 710 nm

in addition to the absorption peaks at 520 nm and 470 nm.

3.1 Characterization of the films using SEM and UV-Vis Spectroscopy:
The polystyrene opals used in this study were assembled from polystyrene colloidal
solution with 305 nm sphere diameter (termed PCsps). Adding 4 mg NaCl salt (ImM ionic
strength) to the colloidal solution resulted in monodispersed disordered photonic crystals (PGags).

Figure 3.1 shows the UV-Vis absorption spectra for PCsgs (Fig 3.1 a) and PGags (Fig 3.1 b)
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acquired in air. PC3gs exhibits a stop band peak at 660 nm. Bragg equation relates the position of
the stop band peak to the size of the polystyrene spheres based on face cubic centered (fcc)

structure with 74 % polystyrene and 26 % air voids according to the following relation:

A =2xD,/(0.74n2) +(0.26n?) (1)

where ns is the refractive index of the PS spheres (1.5), ny is the refractive index of the material
filling the voids (air in this case, n=1), and D is 0.87 times the diameter of PS spheres. Using
this relation, one finds a diameter equal to 273 nm indicating 10 % shrinkage for the PS3gs which
is due to solvent evaporation. The presence of disorder in PG3gs is evidenced by the

disappearance of the stop band peak at 660 nm.
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Figure 3.1: UV-Vis absorption spectra of photonic crystal PC3g5 (a) and photonic

glass PG3ps (b). The stop band peak of PCsqs is positioned at 660 nm, while PGggs
does not show any peak.
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SEM images of the assembled crystals are shown in Fig 3.2. The SEM image for PCsos shows
that the latex particles are arranged in fcc lattice and exhibit a narrow size distribution of
monodispersed spheres that are 275 = 10 nm in diameter. This corresponds to a 9.8 % shrinkage

which matches well with the calculated shrinkage based on the stop band peak.

SEM HV: 30.0 kV WD: 5.60 mm | | MIRA3 TESCAN SEM HV: 10.0 kV WD: 5.05 mm | MIRA3 TESCAN

View field: 15.3 ym Det: SE 2um View field: 16.3 ym Det: SE 5um
SEM MAG: 18.1 kx Scan speed: 7 AUB-CRSL SEM MAG: 17.0 kx Scan speed: § AUB-CRSL

Figure 3.2: SEM images of photonic crystal PC3gs (A) and photonic glass PGzgs (B).

PC305 and PG3gs were replicated with TiO; via liquid phase deposition and calcined at 400 °C to
result in the inverse opal (i-TiO,-0) and inverse glass (i-TiO,-g) structures. Figure 3.3 shows
UV-Vis absorption spectra of obtained i-TiO,-0 and i-TiO,.g acquired in ethanol (n=1.36) which
has a similar refractive index to the iodide/triodide electrolyte (n=1.34) used in
photoelectrochemical studies. i-TiO,-0 exhibits a stop band peak at 600 nm while i-TiO-g
doesn’t show any peak, yet they exhibit high background extinction that is indicative of
scattering. i-TiO2-0 is now assumed to have 74 % air voids and 26 % TiO,. When the air voids

are filled with ethanol, the 600 nm stop band corresponds to a diameter equals to 199 nm
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indicating 35 % shrinkage based on Bragg’s equation. Fig 3.4 shows SEM images of i-TiO,-0
and i-TiO,.g. Unlike the skeletal hexagonal closely packed order inherited from the ordered
photonic spheres revealed in the i-TiO;-0, the i-TiO,-g shows random nanostructured TiO, walls
that don’t reveal any patterned arrays except small areas of ordered side-by-side TiO, walls. The
calculated % shrinkage in the pore size was confirmed by SEM as it shows 195 + 12 nm pore

diameter corresponding to 36 % shrinkage. The observed shrinkage is due to infiltration and

calcination steps.
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Figure 3.3: UV-vis absorption spectra of i-TiO,-0 showing the stop band maximum at 600 nm. i-
TiO,-g does not show any peak, yet it shows higher absorbance as compared to i-TiO,-0. Plots
were acquired in ethanol to provide a refractive index similar to the electrolyte used in the
photoelectrochemical cell.
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Figure 3.4: SEM images for (A) i-TiO,-0 and (B) i-TiO»-g.

Figure 3.5 shows the UV-Vis spectra for 0.3 mM N719 Ru-dye solution in ethanol (Fig 3.5 A)
and nc-TiO, before and after sensitization with the Ru-dye (Fig 3.5 B). The dye shows two
absorption maxima at 375 nm and 530 nm in ethanol and on nc-TiO,. The two absorption peaks

correspond to the metal-to-ligand charge transfer (MLCT) transitions (4d — *).*®

The dye easily
loads the nc-TiO, films aided by the low surface tension of ethanol that allows for an almost
complete percolation of the mesoporous film. Nanocrystalline anatase TiO, with a band gap 3.2
eV exhibits an absorption edge at 388 nm and significant absorbance below 360 nm. Usami
predicted, based on Monte Carlo simulations for Maxwell equations, that about 99% of the
incident light penetrates a TiO, film made up of 30-nm particles without scattering thus making

nc-TiO, optically transparent.'®*
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Figure 3.5: UV-Vis absorption spectra of 0.3 Mm Ru-N719 dye solution (A). It has two
absorption maxima at 375 nm and 530 nm. Panel B shows the absorption spectra of nc-TiO;
film before (thin line) and after sensitization (thick line).

Figure 3.6 shows the UV-Vis absorption spectrum of i-TiO,-0 before and after sensitization with
N719 dye (Fig 3.6 A), the difference in absorbance between post-sensitization and pre-
sensitization (Fig 3.6 B), the normalized absorbance difference (Fig 3.6 C) and the absorbance
enhancement factor (EF) (Fig 3.6 D). The normalized absorbance was calculated by dividing the
difference in absorbance by the amount adsorbed on each sample determined
spectrophotometrically after desorbing the dye in NaOH. The absorbance enhancement factor
was computed by dividing the normalized absorbance of i-Ti0,-0 by the normalized absorbance
of nc-Ti0,. The UV-Vis spectrum of N719/i-Ti0;-0 exhibits a substantial enhancement in

absorbance to the red of the stop band (~ 3 fold at 620 nm) (Fig 3.6 D).

41



a
3 g os
A 8 B
25 4 2 |
5 04
2
g 2] £ 031
215 5 =}
e =
E g 0.2 A
= 117 &
= 01 1
05 -
0 0 T T T
420 470 520 570 620 670 720 420 220 620 720
Wavelength (nm) Wavelength (nm)
0.025 6
[]
g c s /P
8 002 - \L
o
(7] 4 -
2 0015 -
3 3 -
N
= 0.01 A
T 2 4
£
S 0.005 - 1 -
0 T T T 0 T T T
420 520 620 720 420 520 620 720
Wavelength (nm) Wavelength (nm)

Figure 3.6: UV-Vis spectra showing A) inverse opal film before and after sensitization with 27
nmol/cm? N719 dye, B) difference in absorbance, C) normalized absorbance of inv-PC (thick
line) and nc-TiO; (thin line). Higher normalized absorbance is observed to the red of the stop
band. Panel D shows the calculated enhancement factor. EF values exceeding 1 are observed
beyond 600 nm.

In the EF plots, values above unity signify enhanced absorbance in the i-TiO,-o0 film compared to
the nc-TiO;, films. Beyond 600 nm, an EF of more than one is observed. This is attributed to the
heavy photons at the red edge of the stop band which results in longer light-matter interaction as
previously observed.? Figure 3.7 shows the UV-Vis absorption spectrum for a monodispersed

disordered film before and after sensitization, difference in absorbance, normalized absorbance
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and absorbance enhancement factor. i-TiO,.g exhibits an enhanced absorbance in the low energy
region (i.e. beyond 600 nm) which is attributed to scattering. The films are highly scattering in
this spectral region as revealed by the absorption spectra of unsensitized films. However, the
absorbance enhancement alone does not necessarily lead to enhanced % IPCE as other factors

may interfere as will be discussed in the photoelectrochemical measurements section.
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Figure 3.7: UV-Vis spectra showing A) i-TiO,-g before and after sensitization with 26 nmol/cm?

N719 dye, B) difference in absorbance, C) normalized absorbance of i-TiO,-g (thick line) and
nc-TiO; (thin line). Panel D shows the calculated enhancement factor. Values exceeding 1 are
observed in the low energy region.

A bilayer electrode refers to an inverse opal film coupled to nc-TiO, overlayer. Figure 3.8 shows

UV-Vis spectra of nc-TiO,/i-TiO,.0 (Fig 3.8 A) and nc-TiO,i-TiO,.g (Fig 3.8 B). Due to the
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transparency of the nc-TiO,, the UV-Vis spectra acquired for the bilayer architectures (nc-

TiO,/i-Ti0,.0 and nc-TiO,/i-Ti0,.g) look similar to those of i-TiO,-0 andi-TiO,-g, respectively.
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Figure 3.8: UV-Vis absorption spectra of A) nc-TiO,/i-TiO,-0 and B) nc-TiO,/i-TiO,-g acquired
in ethanol (n=1.36).

Figure 3.9 shows SEM images of the bilayer structures. The images clearly show the

nanocrystalline layer and the underlying inverse opal/inverse glass. Due to their small size (~10

nm), nc-TiO; particles cannot be discerned under this SEM resolution. The film homogenous

thickness and even elevation can be also noted in these images, which minimize scattering losses

that might happen at rougher surface. A similar elevation of the nc-TiO; layer is noted on top of

the i-TiO,-g films. A scratch on the surface shows the underlying inverse opal architecture in

both i-TiO,-0 and i-TiO,-g.
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Figure 3.9: SEM images showing A) nc-TiO/i-TiO,-0 and B) nc-TiO/i-TiO,-g.

3.2 Photoelectrochemical Studies:
3.2.1 Photoelectrochemical Measurements at Ru-N719/i-TiO,-0, Ru-N719/i-TiO,-g, Ru-N719/nc-
TiO,/i-TiO,-0, Ru-N719/nc-TiO,/i-TiO,-g and Ru-N719/nc-TiO, photoelectrodes:

All electrochemical measurements were carried out in a 3-electrode configuration cell
with home-made Ag/AgCl reference electrode, and a clean FTO as a counter electrode in
iodide/triiodide electrolyte. The potential was scanned between -5 mV and +5 mV at a scan rate
of 1 mV/s using linear sweep voltammetry. For % IPCE measurements, 3 scans were acquired at
each wavelength, the photocurrent at 0 mV was averaged over the 3 scans after subtracting the
dark current. The photocurrent density was computed by dividing the photocurrent by the active

illuminated area of the photoelectrode. A thermopile light detector was used to measure the
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power at each wavelength. The % IPCE was then plotted vs. wavelength according to the

following formula:

Jav (Alcm?) 1240(eV .nm)
lg, (W /cm?) A(nm)

%IPCE (atV ) = x100 (3.1)

Where J is the photocurrent density calculated by dividing the monochromatic photocurrent
measured at a wavelength A by the illuminated area of the sample at an applied potential V, and I
is the light intensity at the wavelength A.

Photocurrent measurements were carried with two illumination modes, front wall and back wall
illumination. In the front wall illumination, the cell was illuminated from the counter electrode
side (FTO); light passes through the FTO and electrolyte before reaching the photoanode. In the
back wall illumination, the cell was illuminated from the photoanode side, thus light impinges on
the working electrode before going through the electrolyte and counter electrode (Scheme 3.1).
Back mode illumination is the commonly used illumination mode, however to be able to study

light localization effects of the PC, front mode illumination was also studied.
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Scheme 3.1: Bilayer electrode under front wall and back wall illumination.

In the low absorbance region, absorbance is directly proportional to the amount of dye adsorbed
and hence, power conversion efficiencies are also proportional to the amount of dye adsorbed on
the film. % IPCE was normalized to the amount adsorbed to account for differences in surface
area amongst the different studied films. The amount of dye adsorbed was determined using UV-
Vis spectroscopy at the dye maximum absorbance (520 nm). The dye was desorbed from the
titania films by immersing in 3 ml of 3.8 M NaOH solution for 3 min. A standard calibration
curve was plotted by measuring the absorbance of standards of 0.00375 mM, 0.0075 mM, 0.015
mM, and 0.03mM in 3.8 M NaOH. Figure 3.10 shows a standard calibration curve obtained
using the aforementioned standards. The amount of dye adsorbed on the samples was determined

using the equation of the calibration curve.
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Figure 3.10: Dye calibration curve for the determination of the amount of Ru-N719 loading the
titania films. Standards were prepared in 3.8 M NaOH and their visible absorbance was
measured at 520 nm against a 3.8 M NaOH blank.

3.2.2 Investigation of the Energy Conversion at Ru-N719/i-TiO,-0 and Ru-N719/i-TiO; -g: order
vs. disorder
Figure 3.11 represents a UV-Vis absorption spectrum that shows the relative position of the stop
band with respect to the dye absorption peaks. The stop band peak of i-TiO,-0 (centered at 600
nm) lies to the red of the dye maximum absorption peak. The red edge of the stop band coincides
with low absorbance of the dye. This is an essential requirement to investigate the effect of a stop
band edge on an enhanced light-dye interaction since the absorbance is proportional to the dye
amount only in the low energy region where the absorption is low. In other words, an inherent
high absorption of the dye would override or mask any enhancement effect caused by slowing of

light.
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Figure 3.11: UV-vis spectra showing the relative position of the stop band with the dye
absorption peaks.

Figure 3.12 A shows the plot of % IPCE vs. wavelength for nc-TiO; film under front wall and
back wall illumination modes. The % IPCE of nc-TiO, under front wall illumination is
suppressed below 520 nm. The UV absorption spectrum of I'/I5 is shown in Figure 3.12 B. I'/I5
exhibits a strong absorbance below 520 nm, which causes the observed suppression in the %
IPCE at the nc-TiO; film. However, front wall illumination is useful for investigating light

trapping effects at the bilayer electrodes as will be discussed later.
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Figure 3.12: A) Plot of % IPCE vs wavelength at a nanocrystalline TiO film with 134 nmol/cm?
Ru dye in the front mode (a) and back mode (b) illumination I'/I3 starts to absorb significantly
below 520 nm and that was reflected in the decreased % IPCE in the front mode illumination. B)
UV-Vis spectrum of iodide/triiodide electrolyte.

Table 3.1 shows the amount of dye adsorbed, thickness, % IPCE, and normalized % IPCE (in
parentheses) upon front wall (in green) and back wall (in blue) illumination obtained at 4 i-TiO,-
0 and 4 i-TiO,-g. Figure 3.13 shows % IPCE (Fig 3.13- A) and normalized % IPCE (Fig 3.13- B)
of the average of 4 i-TiO,-o films and the average of 4 nc-TiO, films plotted against the
wavelength. Since the amount of dye (determined spectrophotometrically) adsorbed on i-TiO2-0
(~26 nmol/cm?) is much less that the amount adsorbed on nc-TiOx films (~ 120 nmol/cm?), it can
be inferred that the surface area of the inverse opal films is smaller than that of nc-TiO, films due
to the relatively larger pore sizes and less TiO, material. As a result, the % IPCE values of Ru-
N719/nc-TiO, are much higher than that of i-TiO»-0 and thus % IPCE cannot be compared to
assess light localization effects. Instead, normalized % IPCE is used for comparing the
photoelectrochemical behavior of the different films. Normalized % IPCE show similar values
for nc-TiO; and i-TiO2-0 in the region of low dye absorbance. Panel C in Figure 3.13 represents

the average enhancement factor (EF) of i-TiO,-0. EF was calculated by dividing the normalized
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% IPCE of each i-TiO,-0 film by the normalized % IPCE of each nc-TiO, film to result in 4
enhancement factors which were further averaged. The reported EF values at 660 nm and 680
nmare 1.1+ 0.3 and 1.1 £ 0.4 respectively. This slight enhancement is attributed to localization
of heavy photons at the red edge of the stop band. Halaoui et al previously reported a similar
enhancement of 1.3 at 680 nm at 582-i-TiO,-o film which was attributed to localization of heavy
photons possessing energies around 100 nm to the red of the 582 nm stop band and to multiple
internal scattering processes at disordered regions.* In the high absorbance region i.e. below 560
nm, the absorbance is not proportional to the amount of dye present due to the inner filter effect
which causes most of the incident light to be absorbed in top layers of the titania film. Therefore,
EF>1 at wavelengths shorter than 560 nm does not necessarily reveal enhancement in this
region. No enhancement was observed within the stop band frequencies (560 nm-640 nm) due to

Bragg reflection losses.
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Figure 3.13: A) % IPCE and B) normalized % IPCE at a) 4 Ru-N719/i-TiO,-o films and b) 4 nc-
TiO; films upon front wall illumination. C) Enhancement factor calculated for the Ru-N719/ i-
TiO,-0 films

Figure 3.14 shows % IPCE (fig 3.14 A) and normalized % IPCE (fig 3.14 B) of the average of 4
i-TiO,-0 films and the average of 4 nc-TiO, films in the back wall illumination. Similar

photoelectrochemical behavior was observed in the back wall illumination. Slight enhancement
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at the red edge of the stop band is observed due to the localization on heavy photons. An EF

value of 1.2 + is observed at 660 nm.
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Figure 3.14: A) % IPCE and B) normalized % IPCE at a) 4 Ru-N719/i-TiO,-o films and b) 4 nc-
TiO; films upon back wall illumination. C) Enhancement factor calculated for the Ru-N719/ i-
TiO»-0 films.

Table 3.1 shows the amount of dye adsorbed, thickness, % IPCE, and normalized % IPCE (in
parentheses) upon front-mode (in green) and back-mode (in blue) illumination obtained at 4 i-
TiO,-g films. Figure 3.15 shows the plots of% IPCE, normalized % IPCE and enhancement
factors obtained for the average i-TiO,-g films. EF values of 2.01 £ 0.59 at 600 nm, 1.87 + 0.58

at 620 nm, 1.86 + 0.60 at 640 nm, 2.06 = 0.67 at 660 nm, and 1.77 + 0.66 at 680 nm were
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measured. Multiple internal scattering at disordered regions increases the path length of light and

therefore increases the local transient time leading to a pronounced light-dye interaction.
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Figure 3.15: A) % IPCE and B) normalized % IPCE at a) 4 Ru-N719/i-TiO,-g films and b) 4 nc-

TiO; films upon front wall illumination. C) Enhancement factor calculated for Ru-N719/i-TiO»-g
films.

Similar EF values are observed in the back mode (1.91 + 0.52 at 600 nm, 1.81 £ 0.49 at 620 nm,
1.84 £ 0.46 at 640 nm, 1.98 + 0.47 at 660 nm, and 1.65 + 0.51 at 680 nm). It is worth noting that

i-TiO,-g films, when not coupled to nc-TiO,, behave similarly in the front wall and in the back

wall illumination.
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Figure 3.16: A) % IPCE and B) normalized % IPCE at a) 4 Ru-N719/i-TiO,-g films and b) 4
nc-TiO; films upon back wall illumination. C) Enhancement factor calculated for the Ru/N719/i-
TiO,-g films.

Figure 3.17 shows the average enhancement factors of i-TiO,-g and i-TiO»-0 in the front wall
and back wall illumination. Inducing significant disorder in the photonic crystal architecture had
led to substantial amplification in the whole visible region including within the stop band
frequencies which is caused by multiple internal scattering events (although at short
wavelengths, enhancements cannot be reliable). i-TiO,-0 on the other hand, shows only slight
enhancement at the red-edge of the stop band that is the high refractive index medium

comprising the Ru-adsorbed titania.
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Figure 3.17: Enhancement factor for i-TiO,-g (2) and i-TiO;-0 (b) in the front wall (A) and back
wall (B) illumination. EF values of i-TiO,-g are above 1.5 in entire region, while i-TiO2-0 shows
only little enhancement at 660 and 680 nm in the low absorbance region.
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3.2.3 Investigation of the energy conversion at Ru-N719/nc-TiO/i-TiOz-0, and Ru-N719/nc-
TiO,/i-TiO,-g films

Earlier reported results by Halaoui, Nishimura and coworkers showed that coupling of
nanocrystalline TiO, layer to an inverse opal increased the efficiency of DSSC in 2 spectral
regions, 1) within the stop band region under front mode illumination, 2) at the red edge of the
stop band under both illumination modes.?®***® Table 3.2 shows the amount of dye adsorbed,
thickness, % IPCE, and normalized % IPCE (in parentheses) upon front wall (in green) and back
wall (in blue) illumination obtained at 4 nc-TiO,/i-TiO,-0, nc-TiO/i-TiO,-g while that of nc-
TiO, films are shown table 3.3. % IPCE and normalized % IPCE for the average of the 4 nc-
TiO,/i-TiO,-0 and 4 nc-TiO; films plotted against wavelength upon front wall illumination are
presented in Figure 3.18.The plot of enhancement factor vs wavelength is presented in panel C of

figure 3.18.
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Figure 3.18: A) % IPCE and B) normalized % IPCE at a) 4 Ru-N719 nc-TiO,/i-TiO,-0 films and
b) 4 nc-TiO; films upon front wall illumination. C) Enhancement factor calculated for the Ru-
N719 nc-TiO,/i-TiO,-0 films

Within the stop-band region (560 nm-640 nm), the photonic crystal acts as a mirror reflecting
light from the photonic crystal to the nc-TiO; layer where most of the dye is adsorbed. An
enhancement factor of 1.3 £ 0.1 relative to the conventional nanocrystalline structure is observed

in the front mode illumination due to Bragg reflection in the stop band of bilayer electrode
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between 560 and 640 nm. The enhancement is attributed to the enhanced beam intensity at the
nc-TiO; as a result of Bragg reflection of the photonic gap photons due to its interfacial position
with the PC layer rather than the internal localization in the photonic crystal.** The photoaction
spectra of Ru-N719/nc-TiO,/i-TiO,-0 bilayer electrode upon back mode illumination are shown
in Fig 3.19. In the back mode illumination, light of certain frequencies (within the stop band) is
reflected before reaching the nc-TiO; film which is highly loaded with the dye. This explains the
dip in the % IPCE and thus the lower EF value for the back-mode illumination within the stop
band (EF of 1.1 £ 0.1 between 560 and 640 nm). The observed slight enhancement perhaps can
be attributed to forward scattering at disordered regions. Mihi and Miguez investigated the
optical response of DSSC incorporating an inverse opal (having a cavity diameter of 220 nm)
using scalar wave approximation and deduced that the presence of a highly periodic photonic
crystal interfaced with a nonperiodically structured material (nc-TiO,) resulted in significant
absorption amplification. This amplification was reported to be due to partial localization of light

in the nc-TiO; layer due to multiple resonant modes within the stop band frequencies.
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Figure 3.19: A) % IPCE and B) normalized % IPCE at a) 4 Ru-N719/nc-TiO,/i-TiO,-o films and
b) 4 nc-TiO; films upon back wall illumination. C) Enhancement factor calculated for the Ru-
N719/nc-TiO,/i-TiO,-0 films.

On the red edge of the stop band, i.e. between 660 nm and 720 nm, an enhancement factor of 1.8

+ 0.2 is observed in the front wall illumination and 1.8 + 0.30 in the back wall illumination. This
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is attributed to the enhanced beam intensity at the nc-TiO, due to the presence of resonant modes
at the interface rather than the internal localization in the photonic crystal as was previously
reported by Mallouk et al*® and explained by Mihi and Miguez*’. The lower red enhancement
observed at the i-TiO,-0 alone (not coupled to the nc-TiO, layer) further proves the presence of
resonant modes at the interface between the PC layer and the nc-TiO, layer which in turn leads

to better absorption of the incident photons.*

The study of nc-TiO,/inverse opal was reported previously, but it was reproduced here to
compare it to the monodispersed disordered opals assembled in the bilayer architecture.
Disordered bilayer architecture was fabricated to decouple the effect of order vs disorder on light
localization. Figure 3.20 shows the % IPCE, normalized % IPCE of nc-TiO,/i-TiO,-g and
conventional nc-TiO; plotted against the wavelength. In the range between 560 nm and 640 nm
where the stop band of the photonic crystal is positioned, the normalized % IPCE of the photonic
glass and that of the nanocrystalline film are comparable (EF values of 1.09 and 0.99 for the
front and back-mode respectively). This implies that the disordered bilayer electrode is
converting light at the same efficiency as the nc-TiO; film, and hence regular scattering at
disordered films does not yield the same effect as in the case for photonic crystal bilayers.
Previous work was successful at confirming that the origin of light enhancement in the bilayer
architecture is due to Bragg reflection by shifting the stop band position. The absence of the stop
band in the disordered opals in the bilayer acts as a negative control to discuss the role of Bragg
reflection in the noted EF within stop band frequencies. Herein, we further confirm that within
the stop band frequencies, the observed enhancement (EF=1.3) is caused by the enhanced beam

intensity due to Bragg reflection at the interface.
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Figure 3.20: A) % IPCE and B) normalized % IPCE at a) 4 Ru-N719/nc-TiO,/i-TiO,-g films
and b) 4 nc-TiO, films upon front wall illumination. C) Enhancement factor calculated for the
Ru-N719/nc-TiO,/i-TiO,-g films.

Scattering is responsible for the enhancement in the region between 660 nm and 700 nm in the
front-mode illumination. We observe an enhancement factor of 1.2 + 0.1 at 660 nm, 1.1+ 0.3 at
680 nm, 1.3 + 0.4 at 700 nm. This enhancement might be due to the multiple internal scattering
at the disordered regions of the photonic crystal; This consequently halts the propagation of
light through the film and leads to its confinement within the nanostructure. The light
localization within the film increases the exposure time of the dye to the excitation field. The
low-energy photons can still excite the dye molecules if they correspond to the dye band gap
energy. The higher collision frequency between photons and dyes due to prolonged exposure
will augment the probability of generating photoelectrons. A suppressed enhancement is
observed in the back mode illumination (0.9 £ 0.1 at 660 nm, 0.9 + 0.2 at 680 nm and 0.9 £ 0.2
at 700 nm) which could be attributed to back scattering of light whereby light gets internally
scattered inside i-TiO,-g film without reaching the nanocrystalline layer where most of the dye
is loaded. Hence light will not be harvested in the cell. Figure 3.21 shows the % IPCE,

normalized % IPCE and enhancement factors of the back mode illumination of nc-TiO»/i-TiO,-

g.
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Figure 3.21: A) % IPCE and B) normalized % IPCE at a) 4 Ru-N719/nc-TiO,/i-TiO,-g films
and b) 4 nc-TiO, films upon back wall illumination. C) Enhancement factor calculated for the
Ru-N719/nc-TiO/i-TiO,-g films. The plot does not show any potential enhancement in the
whole region.

Coupling the photonic glass layer to nc-TiO, failed in enhancing light to current conversion. In
the front mode, the nc-TiO,/i-TiO,-g films exhibited similar phototelectrochemical behavior to i-
TiOz-o films in the low energy region, i.e. between 660-700 nm showing 1.1-1.2 enhancement in
the energy conversion relative to the conventional nc-TiO; films. This is attributed to the absence
of resonant modes at the interface between the photonic glass and the nc-TiO, layers. Multiple
internal scattering that leads to the enhancement in i-TiO»-g not coupled to nc-TiO, layer, does
not give the same result. This could be explained by the fact that scattering events are occurring
inside the disordered film without being able to reach the nanocrystalline layer. But since the
bulk of dye molecules get adsorbed on the nc-TiO, film, these scattering events are being lost
without being actually harvested. Another possible explanation would be the occurrence of
radiative or non-radiative decays of the photogenerated electrons before being collected by the
electrode due to the longer transfer distances in the presence of the underlying disordered opal
layer. This same effect was perhaps counteracted by the presence of resonance modes in the nc-

TiO,/i-TiO,-0 electrode.
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Figure 3.22: EF obtained for Ru-N719/nc-TiO,/i-TiO,-0 (a) and Ru-N719/nc-TiO-2/i-TiO,-g (b)
in the front wall illumination (A) and in the back wall illumination (B).

Inverse photonic glass showed the best performance among the different studied architectures
and gave the most potential enhancement reaching a 2-fold photoconversion amplification.

Multiple internal scattering at highly disordered films is more effective in light trapping than the
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light localization in ordered systems. However, when coupled to nc-TiO,, the disordered film
does not lead to an enhancement in the back wall illumination since back-scattering does not
allow light to reach the nc-TiO; layer. On the other hand, multiple internal scattering and back-
scattering in front wall illumination had led to enhancement factor of 1.2 in the low energy

region (660-700 nm).

Amount of % IPCE (normalized % IPCE) at
Ru-N719
2
(nmolfem’) | g i | 580 nm | 600 nm | 620 nm | 640 nm | 660 nm | 680 nm | 700 nm
(Thickness
um)
8.70 6.63 5.37 3.59 2.66 1.96 1.80 1.06
Ti0,0 (1) 28 (0.313) | (0.239) | (0.193) | (0.130) | (0.096) | (0.071) | (0.065) | (0.038)
(6.9) 10.87 8.28 6.60 4.56 3.59 2.78 2.62 1.65
(0.392) | (0.299) | (0.238) | (0.164) | (0.129) | (0.100) | 0.094 | 0.060
13.54 | 10.28 7.66 5.25 4.72 3.63 3.57 2.28
Ti0,0 (2) 22 (0.613) | (0.465) | (0.347) | (0.238) | (0.214) | (0.164) | (0.162) | (0.103)
(5.5) 14.86 | 11.30 | 8.90 6.52 5.48 3.98 3.84 2.46
(0.673) | (0.512) | (0.403) | (0.295) | (0.248) | (0.180) | (0.174) | (0.111)
10.27 7.84 6.61 5.15 3.67 2.98 3.11 1.70
Ti0,0 (3) 29 (0.358) | (0.273) | (0.231) | (0.180) | (0.128) | (0.104) | (0.109) | (0.059)
(5.5) 12.12 | 10.21 7.55 5.96 4.64 3.71 3.52 1.89
(0.423) | (0.356) | (0.264) | (0.208) | (0.162) | (0.129) | (0.123) | (0.066)
13.02 8.33 4.22 3.90 3.37 4.10 5.08 2.23
Ti00 (4) 29 (0.494) | (0.319) | (0.167) | (0.156) | (0.137) | (0.166) | (0.189) | (0.083)
(5.8) 11.59 8.16 7.31 5.11 4.25 4.48 4.09 1.89
(0.441) | (0.313) | (0.283) | (0.200) | (0.169) | (0.18) | (0.152) | (0.068)
Average 0442+ | 0322+ | 0.232+ | 0.173+ | 0.141+ | 0.123+ | 0.131+ | 0.071 +
ormalied 0.135 | 0.100 | 0.082 | 0.048 | 0.051 | 0.044 | 0.055 | 0.028
o4IPCE 0.480+ | 0.368+ | 0.294+ | 0.214+ | 0.174+ | 0.144+ | 0.136+ | 0.076 +
0.130 | 0.099 | 0.074 | 0.057 | 0.057 | 0.036 | 0.035 | 0.024
15.28 | 13.71 | 12.93 | 10.84 | 9.11 7.38 7.53 5.70
Ti0rg(1) 28 (0.541) | (0.485) | (0.458) | (0.383) | (0.322) | (0.261) | (0.267) | (0.202)
(6.1) 16.50 | 14.43 | 12.99 | 10.59 8.80 7.02 7.44 5.73
(0.584) | (0.561) | (0.460) | (0.375) | (0.312) | (0.248) | (0.263) | (0.203)
5 15.83 | 13.47 9.87 7.98 6.46 4.74 4.32 2.35
i-TiO>-g (2) (6.4) (0.644) | (0.548) | (0.402) | (0.325) | (0.263) | (0.193) | (0.176) | (0.096)
' (16.24) | 13.42 | 10.00 7.81 6.31 4.57 4.13 2.21
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0.661 | (0.546) | (0.407) | (0.318) | (0.257) | (0.186) | (0.168) | (0.090)
17.90 | 15.47 | 10.64 | 8.53 7.15 7.07 5.56 3.16
23 (0.644) | (0.548) | (0.402) | (0.325) | (0.263) | (0.193) | (0.243) | (0.138)
i-Ti0,-g (3) (6.0) 18.74 | 15.46 | 10.80 | 8.64 7.19 6.43 4.48 2.76
(0.819) | (0.676) | (0.472) | (0.378) | (0.314) | (0.281) | (0.196) | (0.121)
10.42 | 8.75 6.13 4.68 3.81 3.90 2.85 1.87
Ti0yg (4) 27 (0.782) | (0.676) | (0.465) | (0.373) | (0.313) | (0.309) | (0.104) | (0.068)
(5.8) 11.98 | 9.43 6.55 5.35 4.76 4.65 | 3.42(0. | 2.29
(0.437) | (0.344) | (0.239) | (0.195) | (0.173) | (0.169) | 125) | (0.084)
Average 0.587+ | 0.507 + | 0.387+ | 0.313+ | 0.259+ | 0.226+ | 0.197 + | 0.126%
e imalied 0.170 | 0.148 | 0.113 | 0.098 | 0.084 | 0.074 | 0.073 | 0.058
o4IPCE 0.625+ | 0.519+ | 0.394+ | 0.316+ | 0.264+ | 0.221+ | 0.188+ | 0.124%
0.159 | 0.137 | 0.107 | 0.085 | 0.066 | 0.052 | 0.058 | 0.055

Table 3.1: Amount adsorbed, thickness (in parentheses), % IPCE, normalized % IPCE (in
parentheses) of 4 i-TiO,-0 and 4 i-TiO,-g films in front wall illumination (green) and back wall
illumination (blue).

Amount of % IPCE (normalized % IPCE) at
Ru-N719
(nmol/cm?)
(Thickness | 560 nm | 580 nm | 600 nm | 620 nm | 640 nm | 660 nm | 680 nm | 700 nm
um)
30.48 | 32.30 | 29.86 | (32.12) | (29.16) | (25.94) | 24.22 | 19.52
Nc-TiO,/ i- 130 (0.234) | (0.248) | (0.229) | 0.247 | 0.224 | 0.199 | (0.186) | (0.150)
TiO,-0 (1) (10.5) 40.44 35.63 26.61 25.11 23.51 23.08 22.95 18.98
(0.310) | (0.274) | (0.204) | (0.193) | (0.180) | (0.177) | (0.146) | (0.098)
35.01 | (34.91) | (36.97) | (33.26) | 29.77 24.35 30.57 25.52
Nc-TiO,/i- 127 (0.276) | 0.275 0.228 0.262 | (0.23)5 | (0.192) | (0.241) | (0.201)
TiO,-0 (2) (13.4) 40.14 36.18 32.92 26.58 23.54 20.56 27.29 23.52
(0.316) | (0.285) | (0.260) | (0.210) | (0.186) | (0.162) | (0.185) | (0.129)
27.97 27.76 29.03 26.16 23.36 19.15 23.82 19.66
Nc-TiO,/i- 128 (0.219) | (0.217) | (0.227) | (0.205) | (0.183) | (0.150) | (0.186) | (0.154)
TiO,-0 (3) (11.7) 31.70 | 27.46 | 25.05 | 21.50 | 19.54 | 16.49 | 21.01 | 17.47
(0.248) | (0.215) | (0.196) | (0.168) | (0.153) | (0.129) | (0.137) | (0.092)
33.16 33.49 29.57 29.52 28.23 23.41 24.96 15.78
Nc-TiO,/i- 113 (0.294) | (0.297) | (0.262) | (0.262) | (0.250) | (0.208) | (0.221) | (0.140)
TiO,-0 (4) (11.8) 34.04 32.57 28.81 25.65 24.29 20.43 21.85 13.45
(0.304) | (0.289) | (0.238) | (0.227) | (0.215) | (0.181) | (0.119) | (0.082)
Average 0.259+ | 0.252+ | 0.244+ | 0.236+% | 0.223+ | 0.187 %+ | 0.209% | 0.161 %
normalized 0.035 0.029 0.027 0.029 0.029 0.026 0.027 0.027
% IPCE 0.295+% | 0.266% | 0.224+ | 0.199+% | 0.184 + | 0.162+ | 0.187 %+ | 0.147 *
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0.032 | 0034 | 0.030 | 0.025 | 0.026 | 0.024 | 0.022 | 0.028
27.83 | 26.08 | 2338 | 2455 | 2133 | 17.64 | 20.09 | 15.44
Nc-TiO,/i- 136 (0.205) | (0.192) | (0.172) | (0.181) | (0.157) | (0.130) | (0.148) | (0.114)
Tio,g (1) (10.9) 3245 | 28.00 | 22.73 | 2231 | 1834 | 1452 | 1659 | 12.17
(0.239) | (0.206) | (0.167) | (0.164) | (0.135) | (0.107) | (0.122) | (0.090)
23.09 | 2043 | 1836 | 18.44 | 2047 | 18.69 | 18.99 | 16.76
Nc-TiO,/i- 128 (0.180) | (0.159) | (0.143) | (0.144) | (0.159) | (0.146) | (0.148) | (0.131)
TiO,g (2) (11.5) 33.25 | 2820 | 22.22 | 20.85 | 16.68 | 12.86 | 13.79 | 9.82
(0.259) | (0.220) | (0.173) | (0.162) | (0.130) | (0.100) | (0.107) | (0.076)
31.78 | 3294 | 26.66 | 23.12 | 2094 | 14.69 | 11.04 | 6.93
Nc-TiO,/i- 127 (0.250) | (0.259) | (0.210) | (0.182) | (0.165) | (0.116) | (0.087) | (0.055)
TiO,g (3) (10.5) 29.10 | 2857 | 21.38 | 16.63 | 14.40 | 11.15 | 9.14 6.48
(0.229) | (0.225) | (0.168) | (0.131) | (0.113) | (0.088) | (0.072) | (0.051)
2843 | 3122 | 26558 | 23.96 | 23.44 | 18.74 | 16.64 | 14.01
Nc-TiO,/i- 136 (0.209) | (0.230) | (0.196) | (0.176) | (0.173) | (0.138) | (0.122) | (0.103)
TiO,-g (4) (10.8) 2851 | 2831 | 21.03 | 17.17 | 16.53 | 13.98 | 13.20 | 11.44
(0.210) | (0.208) | (0.155) | (0.126) | (0.122) | (0.103) | (0.097) | (0.084)
Average 0.211+ | 0.210+ | 0.180+ | 0.171+ | 0.163+ | 0.132+ | 0.126 + | 0.100 +
 imalied 0.029 | 0.044 | 0.029 | 0.018 | 0.007 | 0.013 | 0.029 | 0.033
% IPCE 0.234+ | 0.215+ | 0.166+ | 0.146+ | 0.125+ | 0.099 + | 0.100 + | 0.075 +
0.020 | 0.009 | 0.008 | 0.020 | 0.010 | 0.008 | 0.021 | 0.017

Table 3.2: Amount adsorbed, thickness (in parentheses), % IPCE, normalized % IPCE (in
parentheses) of 4 i-TiO,-0/nc-TiO,-0 and 4 i-TiO,-0/nc-TiO,-g films in front wall illumination
(green) and back wall illumination (blue).
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Amount of
Ru-N719 % IPCE (normalized % IPCE)
(nmol/cm?)
(Thickness
um) 560 nm | 580 nm | 600 nm | 620 nm | 640 nm | 660 nm | 680 nm | 700 nm
2834 25.99 20.78 19.86 16.80 13.67 11.00 7.37
134 (0.210) (0.193) | (0.154) | (0.147) | (0.125) | (0.101) | (0.082) | (0.055)
Nc-TiO, (1) (6.9) 35 82 31.26 23.87 21.99 18.09 14.57 11.73 7.83
(0.2'66) (0.232) | (0.177) | (0.163) | (0.134) | (0.108) | (0.087) | (0.058)
21.73 20.54 19.54 16.49 13.46 10.42 12.04 8.51
Ne-TiO, (2) 101 (0.216) | (0.204) | (0.194) | (0.164) | (0.134) | (0.103) | (0.119) | (0.084)
(5.5) 24.80 22.78 21.09 17.46 14.05 10.68 12.62 8.79
(0.246) | (0.226) | (0.209) | (0.173) | (0.139) | (0.106) | (0.125) | (0.087)
26.54 24.58 23.77 19.79 16.67 12.90 13.95 10.15
Ne-TiO, (3) 107 (0.247) | (0.229) | (0.221) | (0.184) | (0.155) | (0.120) | (0.130) | (0.095)
(6.2) 28.54 26.41 24.44 19.81 16.60 12.82 13.58 10.18
(0.266) | (0.246) | (0.228) | (0.185) | (0.155) | (0.119) | (0.127) | (0.095)
31.75 30.31 29.08 24.22 20.19 15.81 17.85 13.53
Ne-TiO, (4) 135 (0.236) | (0.225) | (0.216) | (0.180) | (0.150) | (0.117) | (0.133) | (0.100)
(5.8) 35.48 32.56 29.89 24.23 19.89 15.54 17.36 13.15
(0.263) | (0.242) | (0.222) | (0.180) | (0.148) | (0.115) | (0.129) | (0.098)
Average 0.227+ | 0.213+ | 0.196+ | 0.169+ | 0.141+ | 0.111+ | 0.116+ | 0.084
normalized 0.015 0.015 0.026 0.015 0.012 0.008 0.020 0.018
%IPCE 0.260+ | 0.236+ | 0.209% | 0.175%+ | 0.114+ | 0.112+ | 0.117 %+ | 0.084 £
0.008 0.008 0.020 0.008 0.008 0.005 0.017 0.016

Table 3.3: : Amount adsorbed, thickness (in parentheses), % IPCE, normalized % IPCE (in
parentheses) of 4 nc-TiO, films in front wall illumination (green) and back wall illumination

(blue).

3.3 Preliminary Study on the Photoelectrochemical behavior of inverse opals sensitized with

T118

Another approach to increase the efficiency of DSSCs was studied in this work. Recently,

Dr. Tarek Ghaddar synthesized a Ruthenium-based organic dye (T118) that shows interesting

characteristics. The structure and UV-Vis absorption spectrum of 0.1 mM T118 dye solution in

ethanol are shown in Figure 3.23. T118 exhibits an absorption peak in the low energy region of
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the solar spectrum at 700 nm. T118 shows very comparable short circuit current density (Js;) and
open circuit potential (Vo) values to N719. The Jsc and Vo of DSSC sensitized by T118 are 12.3
mA/cm? and 0.67 V and that of N719 are 11.7 mA/cm?®and 0.66 V, respectively in MPN 100

electrolyte.
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Figure 3.23: Structure of T118 and UV-Vis absorption spectrum of 0.1 mM T118 dye solution
(@) and 0.1 mM N719 (b) in ethanol.

Herein, we report preliminary results of inverse opal-based DSSC sensitized with T118. The
photocurrent measurements were acquired in 2-electrode configuration; Ru-N719/i-TiO,-0, Ru-
T118/i-TiO2-0, Ru-N719/nc-TiO,, or Ru-T118/nc-TiO, as the working electrode and platinized
FTO as the counter electrode. The monochromatic photoaction spectra of nc-TiO, sensitized with
either T118 or N719 are shown in figure 3.24. N719 still shows higher % IPCE values in the
region of high dye absorption (~450-660 nm). However, the % IPCE becomes higher for the
T118/nc-TiO, films beyond 670 nm. The % IPCE’s are 190 % higher than N719/nc-TiO, films in

the region extending from 680 nm-760 nm.
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Figure 3.24: Plots of % IPCE of the average of 4 nc-TiO, films sensitized with T118 dye (a) and
4 nc-TiO; films sensitized with N719 dye in the front-mode (A) and back-mode (B) illumination.

The photoresponse of T118 on inverse opals has been studied using 2 polystyrene templates of

particle sizes 305 nm and 417 nm. Figure 3.25 shows the UV-vis spectra of the photonic crystals

and their respective i-TiO,-0 structures. PC,17 and PCsos exhibited stop bands at 900 nm and 660

nm, and the stop bands of the resulting i-TiO,-0 structures are centered at 820 nm for 600 nm,

respectively.
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Figure 3.25: UV-Vis spectra of photonic crystal (a) and inverse opal (b) films. (A) PCy47 and
820-i-TiO2-0, (B) PC30s5 and 600-i-TiO,-0. The stop bands of PC417 and PCss are centered at 900
nm and 660 nm while those of i-TiO,-0 structures are at 820 nm and 600 nm respectively.

T118 absorption peak (at 710 nm) lies 100 nm to the red of the stop band of 600-i-TiO,-0 and
100 nm to the blue of 820-i-TiO,-0. The % IPCE and normalized % IPCE of the average of 3
820-i-TiO,-0 (13.8 + 1.9 nmol/cm?, 4.5 + 0.8 um) and 3 600-i-TiO»-0 (15.2 + 1.9 nmol/cm?, 4.9
+ 0.4 um) films are presented in figure 3.26. The plot of enhancement factor vs wavelength is
presented in panel C of figure 3.26. In the low energy region (beyond 620 nm), 600-i-TiO,-0
shows similar normalized % IPCE to nc-TiO, electrode. An enhancement to the blue of the stop
band was observed at 820-i-TiO,-0. Bayram et al previously observed enhancements 100 nm to

blue of the stop band at Q-CdSe/700-i-TiO,-0.%
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Figure 3.26: % IPCE (A) and normalized % IPCE (B) for the average of 3 820-i-TiO,-0 (a), 3
600-i-TiO2-0 (b) and 4 nc-TiO; films in the front mode illumination. Enhancement factor is
presented in panel C.

Previous reports have showed that adding a 300 nm TiO, scattering layer increased the

photoresponse on nanocrystalline TiO; films. Figure 3.27 shows the normalized % IPCE of
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T118/inv-PCy417 with and without a scatter layer. Adding a scatter layer to the Ru-T118/i-TiO-0

electrode significantly increased the photoresponse uniformly all over the region.
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Figure 3.27: Plot of % IPCE and normalized % IPCE of 820-i-TiO,-0 with and without scatter
layer.

We showed in this study that inducing significant disorder in the inverse opal film leads to

significant light absorption amplification caused by multiple internal scattering in the film and
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that was manifested by the high absorbance and high light-to-photocurrent conversion efficiency
reaching a 2-fold enhancement factor when compared to conventional nc-TiO; film with
comparable thickness. However, assembling the disordered inverse opal film in bilayer
architecture failed at enhancing light absorption. This demonstrates the importance of order in
maintaining the resonance modes which are responsible for light enhancement in nc-TiO,/i-
Ti0,-0 electrode. Sensitizing 820-i-Ti0,-0 film with T118 showed an enhancement to the blue of
the stop band. Future work will be directed to investigate the effect of light localization and the
energy conversion efficiency at Ru-T118/nc-TiO,/820-i-TiO,-0 and Ru-T118/nc-TiO,/600-i-

TiO,-0 bilayer architecture.
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CHAPTER 4

INVESTIGATING THE EFFECT OF IRON DOPING IN
NICKEL-BORATE CATALYST FILMS ON THE KINETICS
OF OXYGEN EVOLUTION

Water splitting involves two half reactions, the oxygen evolution reaction (OER) and
hydrogen evolution reaction (HER). Of the two half reactions, OER is the more demanding
reaction as it is a 4 electron, 4 proton process to produce 1 molecule of O, from two water
molecules. The naturally slow kinetics of the oxygen evolution reaction necessitates the use of a
catalyst to stabilize the OER intermediates and increase the rate of the reaction and thus to lower
the required overpotential on the electrode. Several oxygen evolution electrocatalysts have been
studied including iridium oxide, cobalt, cobalt oxide and nickel oxide as well as other mixed
metal complexes.”""1%%78 Thin Nickel oxo/hydroxo amorphous films prepared in borate
(termed NiBi films) has been previously explored as an effective OER electrocatalyst, exhibiting
low tafel slopes of 30 mV/decade following an electrochemical activation, and low overpotential

(~425 mV) to evolve oxygen at an activity of 1 mA/cm?.%®

Nickel hydroxide can exist in 3 different polymorphs, a, p and y.104 Figure 4.1 represents
the Bode diagram for the Ni(OH),. Until recently, B-NiOOH, having a valency of 3, has been
historically known to be the most catalytically active form toward oxygen evolution

reaction. 1910

In a recent report, Bediako et al showed that perhaps the higher valency y-NiOOH
(with 3.6 oxidation state) is a more efficient OER electrocatalyst.® This will be discussed in
more details later in the chapter. B- NiOOH and y-NiOOH forms possess the same Ni-Ni

distance, but y-NiOOH exhibit an expanded crystal lattice such that the spacing between the
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platelets are significantly greater than in the B- NiOOH phase (7 A° for y- NiOOH compared to

4.7 A° for B- NiOOH).2’
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Figure 4.1: Bode diagram of Nickel hydroxide. Taken from reference 104.

Several studies reported that incorporating iron into nickel oxide electrocatalyst could
enhance its OER performance.’®:108109110.1118583 |3 hiq early report in 1987, Corrigan
investigated the effect of iron coprecipitation into amorphous nickel oxide on OER prepared by
electrodeposition.®® A decrease of 100 mV in the overpotential was observed with 10%
coprecipitated iron while tafel slopes decreased from 70 to 25 mV/decade.®® Electrodeposited
Ni12.g5Fes 15 oxide from sulfate precursors has demonstrated the best catalytic activity for OER
among the studied amorphous binary mixed-metal complexes having the smallest electron-

transfer coefficient *%°

(0=0.008) in combination with relatively large exchange current density
(J,=9.04 pA/cm?) in 1 M KOH, while amorphous Ni oxide exhibited an electron-transfer

coefficient of 0.694 and J, of 37.3 pA/cm? in 1 M KOH.® Landon et al reported high catalytic
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activity at crystalline NiFe oxide (90:10), prepared via evaporation induced self-assembly
followed by annealing at 300 °C for 24 h, exhibiting 40 mV/decade tafel slope.” Louie and
coworkers prepared amorphous mixed Ni-Fe oxide by electrodeposition from sulfate precursors,
and showed that films with 40 % Fe had the lowest OER overpotential at 10 mA/cm?.% The
authors attributed the discrepancy in the optimal iron content between 10%% 78112 and 5006'**%
found in the literature to the similar specific current densities and overpotential values obtained
within this Fe composition range and showed using in situ Raman spectroscopy that aging of Ni
films and Fe incorporation induce similar structural effects on Ni films which was further
supported by tafel slope measurements.

In this study, we aimed to investigate the effect of incorporating different amounts of iron
in NiBi thin films prepared via electrodeposition. NiBi and mixed Ni_xFe,Bi were studied
electrochemically and kinetically using cyclic voltammetry and steady-state currents
measurements. Turnover frequencies, tafel slopes, transfer coefficients, and exchange currents
were extracted to assess the electrocatalytic behavior of the films and dependence on Fe content

before and after electrochemical activation (anodization).

4.1 Cyclic Voltammetry Studies:
Ni oxo/hydroxo films were prepared on FTO by controlled potential electrolysis from a
solution containing 0.4 mM Ni(NO3), in 0.1 M KBi pH 9.2. A total charge of 1 mC/cm? was
passed during electrodeposition at a potential on 0.95 V vs Ag/AgCl. The depostion required a

period of 40-60 seconds to be complete.
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Figure 4.2: Cyclic voltammogram of NiBi film acquired in 1 M KBi electrolyte at pH 9.2. Scan
rate is 100 mVs.

Figure 4.2 presents the cyclic voltammogram of NiBi film acquired at 100 mV/s in 1 M KBi pH
9.2 scanned to the positive first then back to the negative potential. The plot displays a sharp
anodic peak at 0.92 V vs Ag/AgCI corresponding to the oxidation of Ni"(OH), to Ni"'O(OH).
The return scan exhibits a cathodic peak at 0.69 V vs Ag/AgCI corresponding to the reduction of

the surface adsorbed species formed from the oxidation in the initial scan.

The amount of charge passed during electrodeposition cannot be used to measure the amount of
nickel in the film since oxygen evolution can occur with Ni electrodeposition and non-faradaic
double-layer charging currents cannot be ignored for short deposition times.?® Instead, the charge
was calculated by intergrating the nickel cathodic peak (NiO(OH)— Ni(OH),) from CV scanned
at 10 mV/s and equaled to 0.4 mC/cm? on average. Bediako et al estimated the number of
electrons transferred per Ni center by measuring the charge passed in the reduction of Ni*®* to

Ni?* and subsequently digesting the film to determine Ni loading using ICP-MS which was
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found to be 1.6 e/Ni center.’ Knowing of the number of electrons transferred per nickel center
and the charge under the cathodic peak, we calculated the number of moles of Ni centers by
dividing the charge Q by Faraday’s constant and the charge passed/Ni center. The integrated
charge corresponded to 2-4 nmol Ni/cm® and the thickness of the film was approximated to be
between 1-3 nm.® The obtained NiBi films had less Ni loading than the NiBi films reported by
Bediako et al which had 7 nmol Ni/cm? (calculation is based on 1.6 e/Ni center) and were 8 nm

thick."*

0.5 ~

E (V) vs Ag/AgCl

Figure 4.3: Cyclic voltammogram of NiBi film deposited on FTO in 1 M KBi at pH 9.2 at scan
rate 10, 20, 50, 100, 200 mV/s, (charge passed during electrodeposition is equal to 1 mC/cm?).

Figure 4.3 shows the cyclic voltammograms of NiBi film in 1 M KBi at pH 9.2 at different scan
rates (10, 20, 50, 100, 200 mV/s). Note the catalytic activity of the film increases slightly with
increasing the number of scans resulting from anodization of the film (discussed below). The
peak currents corresponding to the oxidation and reduction of Nickel (Ni"(OH), .., Ni"'O(OH))
increase with increasing scan rate. Figure 4.4 presents the plot of the cathodic peak current (i)
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against the square root of the scan rate (v*?). One finds that i, is linearly dependent on v'/?

according to the following formula'**:

i, =(2.69x10°)n**>AD;*Co0"? (4.1)
Where A is the area, D, is diffusion constant, C, is the concentration and v is the scan rate.
NiBi films were expected to show a linear dependence of the peak current on the scan rate, since
the reduction of Ni** is considered as an adsorption process on the surface of FTO, nonetheless a

better fit was observed with the dependence of peak current on v*?

. Since the process is a proton
coupled electron transfer and the medium is basic (pH 9.2), the electron transfer could be limited

by the diffusion of protons in the electrolyte which leads to the dependence of i, on the o2,

0.70 - y = 5E-05x - 5E-05
R*=0.9915 *

O-OO T T T T T T
2 4 6 8 10 12 14 16
v2(mV/s) 12

Figure 4.4: Plot of the peak current vs. the square root of the scan rate at NiBi film showing a

linear dependence of i, on v*”.

Mixed Ni/Fe oxo/hydroxo films (termed Niy.xFexBi) were similarly prepared as NiBi films by

controlled potential electrolysis at 0.95 V from a solution containing a mixture of
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Ni(NO3),/Fe(NOs)s3 (0.4 mM total concentration) at the indicated ratio in 0.1 M KBi pH 9.2. NiBi
and Nij-xFexBi films can also be electrodeposited via cyclic voltammetry. Figure 4.5 shows the
cyclic voltammogram of 2 NiggFe1oBi films, one deposited by 5 CV scans (shown in red) and the
other by controlled potential electrolysis at 0.95 V vs Ag/AgCl and the passage of 1mC/cm?
charge. From integrating the charge under the cathodic peak of Ni, the passage of 1 mC/cm? was

found to be equivalent to cycling the potential at 100 mV/s for 5 cycles.

0.5 0 -g.5

J (mIA/cmz)

E (V) vs Ag/AgCl

Figure 4.5: Cyclic voltammogram of NigFeioBi films deposited at 0.95 V vs Ag/AgCl set
potential (black line) and by 5 CVs (red line) acquired in 1 M KBi (pH 9.2) and at 10 mV/s.

Thin NiBi films (termed NiBiy 2s) were similarly prepared by controlled potential electrolysis at
0.95 V vs Ag/AgClI from a solution containing 0.4 mM Ni(NO3), in 1 M KBi pH 9.2 but with the

passage of 0.25 mC/cm? instead of 1 mC/cm?. NiBi s films had Ni loading (integrated charge)

in between NigoFesoBi and NisgFegBi.
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Figure 4.6 shows the cyclic voltammograms of the as-prepared NiBi, NiggFe1oBi, NiggFesoBi,
NigoFesoBI, NiBig 25 and FeBi films in 1 M KBi at pH 9.2 at 10 mV/s. Nij«Fe,Bi films are termed
in reference to the solution ratio, however this ratio does not necessarily indicate the ratio of
Ni:Fe in the films. The inset shows that the anodic and cathodic peak currents corresponding to
Ni"(OH), - Ni""O(OH) are decreasing as the percentage composition of Fe is increasing in the
deposition medium of Nis.xFexBi films. The graph shows that NiggFe4oBi exhibits the highest
catalytic activity followed by NigoFe1oBi, and then NiBi. The overpotential is calculated by
subtracting the thermodynamic potential from the applied bias after compensating for ohmic

resistance. The thermodynamic overpotential was calculated from Nernst equation as follows:

0.059

E(vsNHE) =1.23V —0.059pH + log 0.209 —0.197V (4.2)

where 1.23 represents the standard potential for O,/H,O couple, 0.209 is the partial pressure of
O, in the atmosphere at 293 K and 0.197 V is the standard redox potential of Ag/AgClI reference
electrode to convert to NHE scale. At a current of 1 mA/cm?, non-anodized catalyst films
evolved O, with an overpotential of 679 £ 18 mV for NiBi (N=3), 674 £ 21 mV for NigFe;oBi
(N=3), 637 £ 11 mV for NigoFe4Bi (N=3), 691 + 4 mV for NigFegBi (N=3) and 746 + 35 mV
for NiBig 25 (N=3) at near-neutral conditions of pH of 9.2 in 1 M KBi. At an activity of 1.5
mA/cm?, non-anodized catalyst films evolved O, with an overpotential of 708 + 18 mV for NiBi
(N=3), 706 £ 20 mV for NiggFe1oBi (N=3), 678 + 19 mV for NigoFesoBi (N=3), 759 £ 4 mV for

NigoFegoBi (N=3) and 797 £ 39 mV for NiBip 25 (N=3) in 1 M KBi pH 9.2 (see figure 4.7).
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Figure 4.6: Cyclic voltammograms of the as-prepared NiBi, NigoFe1oBi, NigoFe4oBi, NigFegoBi,
NiBig 25, and FeBi acquired at 10 mV/s in 1 M KBi pH 9.2. CV of bare FTO is shown in black.
The inset shows the decrease in the nickel peaks with increasing Fe content in Nij_xFexBi.
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Figure 4.7: Overpotentials at 1 mA/cm? (red) and at 1.5 mA/cm? (blue) for as-prepared NiBi
(0.44 mClcm?), NigFexoBi (0.47 mA/cm?), NigoFesBi (0.20 mA/cm?), NisgFegoBi (0.05
mA/cm?), and NiBigs (0.12 mA/cm?).
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Previous reports showed that NiBi films require oxidative treatment (termed anodization) to
attain a high OER catalytic activity.®® Bediako et al studied the effect of anodization of NiBi
films and showed that anodization induces significant structural changes and increases the
population of Ni (IV) centers. The mean oxidation state was reported to increase from +3.16 to
+3.6 during anodization.*® The as-prepared NiBi film was found to be structurally analogous to
B-NiOOH exhibiting Jahn-Teller distorted coordination geometry, while anodized NiBi films
were similar to y-NiOOH exhibiting edge-sharing NiO octahedra arranged into higher-order

layers.2°

Films were anodized following electrodeposition in stirred 1 M KBi solution by holding the
potential at 0.9 V for 3 hours. Figure 4.8 presents an amperometric i-t plots that follows the
anodization of NiBi and NigFe1oBi films. The current increased by an order of magntitude in the
course of anodization with the steepest change observed during the first 20 min and almost a

steady-state plateau after 3 hours.
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Figure 4.8: Amperiometric i-t plots showing the anodization of NiBi (A) and NigFe1oBi (B)
films which was carried for 3 hours by setting the potential at 0.9 V vs Ag/AgCl. The current
increased by an order of magnitude after anodization.

Figure 4.9 shows cyclic voltammograms of the as-prepared and anodized films. During
anodization, the efficiency of the films towards enhancing OER activity increases drastically; at
an overpotential of 500 mV, the currents obtained are one to several orders of magnitude higher
after anodization. NiBi and NiggFeoBi exhibited greater anodic and cathodic Ni-oxo/hydroxo
peak currents after anodization, however NigoFe4oBi and NigoFegoBi exhibited decreased anodic
and cathodic Ni-oxo/hydroxo peak currents after anodization. Note the Ni-oxo/hydroxo peak

current for NiBig o5 increased after anodization which is consistent with the thicker NiBi films.
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Figure 4.9: Cyclic voltammograms of NiBi (A), NigoFe1oBi (B), NigoFesBi (C), NisFegoBi (D)
and NiBip 25 (E) before (a) and after anodization (b) acquired at 10 mV/s in 1 M KBi pH 9.2.

Cyclic voltammograms of the anodized NiBi, NigoFe10Bi, NiggFesoBi, and NigoFegoBi films are
presented in figure 4.10. Anodized NiBi and NigoFe;oBi show similar catalytic activity requiring
452 + 10 mV (N=3) and 448 + 15 mV (N=3) to evolve O, at 1 mA/cm?. Slightly greater
overpotential was required at NigoFesoBi and NisFegoBi equaling 459 + 9 mV (N=3) and 478 *
12 mV (N=3) to maintain an activity of 1 mA/cm? respectively. This corresponds to a decrease
by 227 mV, 219 mV, 177 mV and 212 mV for anodized NiBi, NigoFe1oBi, and NiggFesoBi films,
respectively. NigoFesoBi and NisFegoBi required higher overpotential than NiBi films and
NigoFe1oBi but when compared to the thin NiBi films (NiBig 25) which required 504 + 27 mV, the
mixed NiFe catalyst required less overpotential and thus exhibited higher activity. The
overpotential required by the films to produce a current of 1.5 mA/cm? in 1 M KBi pH 9.2 was
as follows: 461 + 13 mV for NiBi, 457 £ 21 mV for NigoFe1oBi, 469 + 11 mV for NigoFesoBi,

490 = 4 mV for NigFegoBi, and 523 + 35 mV for NiBig 25 (see figure 4.11). The lower
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overpotential required by NiBi than NiBig 25 is attributed to the greater number of active Ni

centers in NiBi films. The lower overpotential required by NigoFesoBi and NisFegoBi compared

to NiBip 25 could be indicative of higher OER catalytic activity due to the presence of iron.
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Figure 4.10: Cyclic voltammograms of anodized NiBi, NiggFe1oBi, NigoFe4oBi, NigFegoBi,
NiBig 25, and FeBi acquired at 10 mV/s in 1 M KBi pH 9.2. CV of bare FTO is shown in black.
The inset shows a close up on the Ni oxo/hydroxo peaks.
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Figure 4.11: Overpotentials at 1 mA/cm? (red) and at 1.5 mA/cm? (blue) for anodized NiBi (0.29
mC/cm?), NigoFe1oBi (0.40 mA/cm?), NigFesoBi (0.15 mA/cm?), NisFesoBi (0.06 mA/cm?), and
NiBio.s (0.10 mA/cm?).

As a control experiment, we prepared NiBi film by passing 1mC/cm? charge in an
electrodeposition bath containing 0.16 mM Ni(NOs), in 0.1 M KBi solution, which has the same
concentration of Ni(NOs), present in solutions used to prepare NisFegoBi films. Figure 4.12
shows the cyclic voltammogram for the film prepared in the diluted Ni(NO3), electrodeposition
bath which looks very similar to NiBi film prepared from 0.4 mM Ni(NO3), solution. The as-
prepared film exhibited similar charge (0.31 mC/cm?) as NiBi films prepared from 0.4 mM
Ni(NOs3), indicating that the same amount of Ni deposit irrespective of initial concentration of

the Ni(NOs3), (in the absence of iron).

J (mA/cm?)

E (V) vs Ag/AgCl

Figure 4.12: Cyclic voltammogram of NiBi film prepared by passing 1 mC/cm? charge in an
electrodeposition bath containing 0.16 mM Ni®* in 0.1 M KBi pH 9.2, before (a) and after
anodization (b) acquired at 10 mV/s in 1 M KBi pH 9.2.

To asses the effect of iron if we assume that the Ni centers are the active sites, currents were

normalized to the amount of Ni in each film. Figure 4.13 displays the normalized current (1/Q) of
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NiBi (0.55 mC/cm?), NigFe1oBi (0.39 mC/cm?), NigoFesoBi (0.21 mC/ecm?), NigoFegBi (0.07
mC/cm?), and NiBigs (0.14 mC/cm?) before and after anodization. As-prepared and anodized
NiBi and NiggFe;1oBi exhibited the smallest normalized currents. NigFegoBi exhibited the highest
normalized currents (i.e. current per active Ni site) before or after anodization although the cyclic
voltammograms showed that such films exhibited the smallest current density. The normalized
current for the as-prepared NigoFesoBi were slightly higher than the thin as-prepared NiBig 25
film. On the other hand, the anodized NiBig 25 films exhibited slightly higher normalized currents
than the anodized NigoFe4oBi at high overpotential. If Fe had no effect on enhancing the catalytic
activity of NiBi films, then the normalized activity should be proportional to charge of Ni thus
NiBio.2s (0.14 mC/cm?) should exhibit normalized currents just halfway between the normalized
currents of NigoFesBi (0.21 mC/cm?) and NiFegoBi (0.07 mC/cm?). Since this was not the case
(before anodization, I/Qnigio.2s Was lower than those of NiggFesoBi and NisFegoBi, and after
anodization 1/Qnigio.2s Was comparable to that of NigyFe4oBi), one can conclude that Fe is

enhancing the activity of Niy.xFexBi.
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Figure 4.13: Normalized currents (1/Q) plotted against the potential of NiBi, NigoFe1oBi
NigoFesoBi, NisFegoBi, and NiBig 25 before (A) and after anodization (B).

4.2 Turnover Frequency Calculations:

The turnover frequency is defined as the number of times per second a single active site
(a metal center) evolves an oxygen molecule by accepting 4 electrons from water.'%® Since the
TOF depends on the current and the current produced depends on the applied potential (and
hence the overpotential) in accordance with butler-voltmer kinetics model'*, the overpotential at
which the TOF values are calculated should be reported. To calculate TOF in this study, the
following assumptions were made: 1) all the nickel centers that are electrochemically active (in
the Ni cathodic peak) are catalytically active for oxygen evolution, 2) the charge passed during
oxidation and reduction of the film is governed by the transfer of 1.6 electrons per nickel center
as was established by Bediako et al®®, and it is independent of the iron atoms present, 3)
catalytically active sites are assumed to be the nickel centers only (iron centers are not involved

in the calculation). TOF was calculated from the following relation:

ToF=A 43)
Fn
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Where 1 is the overpotential which was calculated by subtracting the equilibrium potential (E°)
from the applied bias after compensating for ohmic resistance. The equilibrium potential was

calculated from Nernst equation (as discussed in equation 2).

In equation 4.3, J represents the current density at an overpotential of 400 mV which was
extracted from cyclic voltammograms of the films at a scan rate of 10 mV/s, A is the area of the
electrodeposited film, F is Faraday’s constant which is equal to 96485 C mol™, and n is the
number of moles of Ni centers in each film. The currents were extracted from CV (rather than
from steady state) to compare TOF before and after anodization since measuring steady state
currents for the as-prepared films can lead to anodization. It is worth noting that the TOF for
anodized films do not differ if the current was extracted from CV or from steady state. The
number of moles of the electrodeposited Ni was estimated by intergrating the charge under the
cathodic peak and dividing it by Faraday’s constant and 1.6 (which corresponds the electron

transfer per Ni center).

Table 4.1 shows the charges on the 3 as-prepared films each of NiBi, NiggFe10Bi NigoFesoBi,
NioFesoBi, and NiBig s which was obtained from the integrated Ni"'/Ni" cathodic peak, the
geometric area of the film which was measured, the number of moles of Ni present calculated
from Faraday’s law, the current density produced at each film at overpotentials of 400 mV and
500 mV obtained from CVs at 10 mV/s, and the calculated turnover frequencies at 400 mV and

500 mV.
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J

J

Sample Q(c) (cr:z) ( C%Qz) n(nmol) | (mA/cm?) | (mA/cm?) T(:Va(tsﬁ())o T(;vaa(ts_Sl())O
at 400 mV | at 500 mV
NiBi (1) 3.42E-04 | 1.1 | 3.11E-04 2.01 2.79E-05 | 4.79E-05 0.04 0.07
NiBi (2) 6.05E-04 | 1.2 | 5.04E-04 3.27 2.02E-05 | 2.94E-05 0.02 0.03
NiBi (3) 5.46E-04 | 1.1 | 4.96E-04 3.22 2.66E-05 | 8.15E-05 0.02 0.07
NiBi 2.83 +0.58 0.03+0.01 | 0.06 +0.02
NigoFeioBi (1) | 3.90E-04 | 1.1 | 3.55E-04 2.30 3.53E-05 3.65E-05 0.04 0.05
NigoFeioBi (2) | 4.60E-04 | 1.32 | 3.48E-04 2.26 2.84E-05 6.56E-05 0.04 0.10
NigoFe1oBi (3) | 6.88E-04 | 0.99 | 6.95E-04 4.50 3.13E-05 5.94E-05 0.02 0.03
NigoFe1oBi 3.02+1.02 0.04+0.01 | 0.06 +0.03
NigoFeqoBi (1) | 1.96E-04 | 1.2 | 1.63E-04 1.06 2.05E-05 1.24E-04 0.06 0.37
NigoFesBi (2) | 2.08E-04 | 1.2 | 1.73E-04 1.12 1.66E-05 9.83E-05 0.05 0.27
NigoFesBi (3) | 2.72E-04 | 1.1 | 2.47E-04 1.60 2.18E-05 9.01E-05 0.04 0.16
NigoFesoBi 1.26+0.24 0.05+0.01 | 0.27 +0.08
NisFegoBi (1) | 6.76E-05 | 1.32 | 5-12E-05 0.33 1.09E-05 | 5.50E-05 0.11 0.57
NisFegoBi (2) | 5.72E-05 | 1.2 | 4.77E-05 0.31 1.21E-05 | 7.69E-05 0.12 0.77
NigFegoBi (3) | 7.02E-05 | 1.1 | 6.38E-05 0.41 1.87E-05 | 6.02E-05 0.13 0.42
NizoFegoBi 0.35 + 0.05 0.12+0.01 | 0.59+0.15
NiBig,s (1) | 1.37E-04 | 1.54 | 8.83E-05 0.58 2.40E-05 | 3.21E-05 0.17 0.22
NiBio,s (2) | 1.89E-04 | 1.32 | 1.43E-04 0.93 2.83E-05 | 3.80E-05 0.10 0.14
NiBi,s (3) | 1.59E-04 | 1.21 | 1.32E-04 0.85 3.00E-05 | 2.47E-05 0.11 0.09
NiBig s 0.79 £0.15 0.12+0.03 | 0.15+0.05

Table 4.1: Table showing the integrated charge, number of moles, current density, TOF and the
overpotential required to evolve O, at 1 mC /cm? for the different studied NiBi, NigoFe1oBi, NigoFesoBi,

NigoFegoBi, NiBig 25 films prior to anodization. The calculated average and standard deviation are shown in

bold.

TOF’s calculated for the as-prepared non-anodized NiBi, NiggFe1oBi, NigoFe4oBi, NigFesoBi, and

NiBio.s films at an overpotential of 500 mV were 0.06 (+0.02) s, 0.06 (+0.03) s™, 0.27 (+0.08)

st 0.59 (+0.15) s, and 0.15 (+0.05) s, respectively. At lower overpotential (400 mV), lower

TOF were calculated for all the films. TOF’s for the non-anodized films at 400 mV were as
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follows: 0.03 (+0.01) s™ for NiBi, 0.04 (+0.01) s™* for NigFe1oBi, 0.05 (+0.01) s™ for NigoFesoBi,
0.12 (+0.01) s™ for NisFegoBi, and 0.12 (+0.03) s* for NiBigs. NisFegoBi exhibited the highest
TOF at both overpotentials compared to films prepared at 1 mC/cm? implying that it is the most
catalytic film under non-anodization regime, while trace amount of iron deliberately introduced
in solution as in the case of NiggFe1oBi did not have an effect on enhancing the TOF; NiBi and
NigoFe10Bi had comparable TOFs. When compared to NiBi, NiBip 25 (having 3.6 times less
charge) had 4.1 times higher TOF at the low overpotential and 2.7 times higher TOF at the high
overpotential. While NiBig 25 and NisFegoBi had comparable TOFs at 400 mV overpotential, at
the higher overpotential (500 mV) NisoFesoBi exhibited more than 5 times higher TOF than
NiBig2s. This indicates that the decreased integrated charge and presence of iron are both leading
to higher TOF and that the effect of iron is more apparent at higher overpotentials (and hence
higher currents). NiBi prepared in 0.16 mM Ni(NOs3), electrodeposition bath exhibited a similar

TOF of 0.027 s™ at =400 mV to the NiBi films prepared from 0.4 mM Ni(NOs),.

Table 4.2 shows the charges of the same NiBi, NiggFe10Bi NigoFe4oBi, NisFesoBi, and NiBig 25
studied above but after their anodization, the geometric area of the films, the number of moles of
Ni present, the current density produced at each film at overpotentials of 400 mV and 500 mV,

and the calculated turnover frequencies at 400 mV and 500 mV.

J J
Sample Q(c) (c:12) ( C%;:z) n(nmol) | (mA/cm?) | (mA/cm?) T(r)ana(tsi())O T(I:1Fva(tsi())0
at 400 mV | at 500 mV
NiBi (1) 1.78E-04 1.1 1.61E-04 1.05 5.94E-05 2.32E-03 0.16 6.32
NiBi (2) 3.90E-04 1.2 3.25E-04 2.11 1.27E-04 6.15E-03 0.19 9.08
NiBi (3) 4.34E-04 1.1 3.95E-04 2.56 1.16E-04 5.04E-03 0.13 5.62
NiBi 1.90 £ 0.63 0.16 £ 0.02 7.01+1.49
NiggFe10Bi (1) 3.80E-04 1.1 3.45E-04 2.24 5.73E-05 4.97E-03 0.07 6.33
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NigoFeyoBi (2) | 3.82E-04 | 1.32 | 2.89E-04 1.87 6.44E-05 1.97E-03 0.12 3.59
NigoFe1oBi (3) | 5.60E-04 | 0.99 | 5.66E-04 3.66 1.32E-04 5.57E-03 0.09 3.90
NigoFeyoBi 2.59+0.77 0.09+0.02 | 4.61+1.22
NigoFesoBi (1) | 1.14E-04 1.2 | 9.50E-05 0.62 3.39E-05 2.44E-03 0.17 12.33
NigoFeqoBi (2) | 1.26E-04 1.2 | 1.05E-04 0.68 3.88E-05 | 3.01E-03 0.18 13.76
NigoFeqoBi (3) | 2.78E-04 1.1 | 2.53E-04 1.64 5.20E-05 | 2.94E-03 0.09 5.12
NigoFesoBi 0.98 + 0.47 0.15+0.04 | 10.40 +3.78
NigoFesoBi (1) | 6.96E-05 | 1.32 | 5-27E-05 0.34 1.74E-05 | 1.84E-03 0.17 18.43
NisoFeeoBi (2) | 6.40E-05 | 1.2 | 5.33E-05 0.35 1.70E-05 | 1.78E-03 0.15 16.02
NisoFeeoBi (3) | 7.76E-05 | 1.1 | 7.05E-05 0.46 2.20E-05 | 2.20E-03 0.14 13.72
NigoFegoBi 0.38 £ 0.05 0.16 +0.02 | 16.06+1.92
NiBios (1) 1.78€-04 | 1.54 | 1.15E-04 0.75 3.00E-05 | 1.34E-03 0.16 7.16
NiBio.s (2) 1.16E-04 | 1.32 | 8.76E-05 0.57 4.54E-05 | 9.58E-04 0.27 5.78
NiBig.s (3) 1.23E-04 | 1.21 | 1.02E-04 0.66 3.75E-05 | 4.74E-04 0.18 2.25
NiBig s 0.66 + 0.07 0.20£0.05 | 5.06+2.07

Table 4.2: Table showing the integrated charge, number of moles, current density, TOF and the
overpotential required to evolve O, at 1 mC Jcm? for the different studied NiBi, NigoFe1oBi, NigoFesoBi,
NigoFegoBi, NiBig 25 films following their anodization. The calculated average and standard deviation are
shown in bold.

The decreased Ni-oxo/hydroxo integrated charge after anodization in some films could be
indicative of loss of active Ni centers in the film. Yet, the current densities for oxygen evolution
in all the films increased after anodization with the highest increase observed for NiBi films.
Anodization has caused significant enhancement in the OER activity especially for NiBi films
where TOFs have increased from 0.03 (+ 0.01) to 0.16 (+ 0.02) s™* corresponding to more than 5
times increase at 400 mV overpotential. Trotochaud et al obtained the same TOF values for NiOy
but at higher pH in 1 M KOH and at an overpotential of 300 mV (considering a 1 e transfer).
TOF values reported by Bediako et al for 7 nmol/cm? anodized NiBi films were 0.9 s™ at 400 mV

overpotential in 1 M KBi and 1.7 s™in 1 M KOH at 325 mV (assuming the process involves 1.6
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e” transfer). NiBig s still showed the highest TOF (0.20 + 0.05 s™ ) at 400 mV overpotential after
anodization. Lower TOF was calculated for the anodized Ni;«FeyBi films at 400 mV
overpotential with the lowest value for NigoFe1oBi (0.09 + 0.02 s™). In a recent study, Trotochaud
et al proposed that perhaps iron traces present in reagent grade salts and electrolytes are getting
incorporated into the NiOOH structure during the course of anodization since earlier reports
showed that the ordered B-NiOOH is more catalytically active than the disordered y-NiOOH
formed during anodization.’® Non-anodized NigFe1oBi exhibited much lower TOF than
anodized NiBi which could mean that Fe does not play a role in enhancing the OER activity
during the course of anodization and it is only the Ni which is undergoing structural changes,
responsible for the increased OER performance. TOF calculated at higher overpotential (500
mV) showed that anodized NisFegoBi exhibit the highest TOF of 16.06 (+ 1.92) s, followed by
NisoFe4Bi (10.40 + 3.78 s™), while NiBi and NigFe1oBi exhibited lower TOF of 7.01 + 1.49 s™
and 4.61 + 1.22 s, respectively. TOF calculated at 500 mV for NiBigs (5.06 + 2.07 s*) were
lower than NigoFe4oBi and NisoFegoBi which further confirm that the presence of iron in the film
is enhancing the catalytic activity of the films. It is worth noting that all the films exhibited
higher TOF following their anodization. Since anodized NiBi films exhibited higher TOF than
non-anodized NigoFesoBi and NisFegoBi films and since NiBi exhibited the largest change after
anodization, one can infer that 1) anodization causes structural change different from Fe
incorporation and that 2) Fe incorporation possibly causes different structure which also becomes

more OER catalytically active upon anodization.

At low overpotential, incorporating iron in the films did not result in increased TOF (and hence
OER activity) in both anodized and non-anodized films. Although non-anodized NigoFe4Bi and

non-anodized NisFegoBi film had higher TOF than non-anodized NiBi films, TOF for the thin
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non-anodized NiBig s films were comparable to TOF for non-anodized NisoFegoBi. Incorporating
Fe in the films had a drastic effect on increasing the OER catalytics activity of the film at high
overpotentials. At 500 mV overpotential, non-anodized NigFegBi had the highest TOF which is
more than 10 times greater than non-anodized NiBi films and more than 5 times greater than
non-anodized NiBig 25 films. Anodized NisFegoBi films exhibited the highest OER catalytic
activity at 500 mV overpotential, and had TOF that is more than 2 times higher than those of

NiBi and NiBig_s films.

4.3 Tafel Plots:

The kinetics of oxygen evolution can be studied precisely using Butler-VVolmer kinetics model
given in the equation below,

onF (E — E°)

J=J,exp RT

(4.4)

Where J, represents the exchange current density, a is the electron-transfer coefficient, E is the
applied potential and E° is the equilibrium potential. Rearranging the above equation results in
the so-called tafel plot of n vs log i that is frequently used to extract the kinetic parameters for a

certain system, namely a and J,,

_23RT, . 23RT

oF °

log j (4.5)

where 1 is the applied overpotential. a is the transfer coefficient. a (and hence the slope of the
tafel plot) should have the lowest value possible for more active oxygen evolution catalyst since
it measures how much J changes to applying overpotential. The exchange current density J, is
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proportional to the standard rate constant k°and is a measure of how fast the forward and
backward reaction occur during dynamic equilibrium.? Ideally, J, should have the highest value

while o need to have the lowest value possible for optimum kinetic performance.

The steady-state current density (J) for oxygen evolution was determined as a function of the
overpotential 1 in stirred 1 M KBi electrolyte solution at pH 9.2 for NiBi and Niy.xFexBi films.
The applied potential was subtracted from the thermodynamic potential E° after compensating
for ohmic losses. Figure 4.14 shows the plots obtained for representative anodized NiBi,
NigoFe10Bi, NigoFesBi, and NigoFe4oBi films. NiBi and NiggFe;oBi films exhibited similar slopes
of 37.2 (£1.6) and 36.7 (£1.8) mV/decade respectively, while NigoFesoBi, NisFegoBi films had
higher slope of 43.6 (x0.7) mV/decade and 46.0 (x1.2) mV/decade, respectively. The obtained
tafel slopes for NiBi films are comparable to the slopes obtained by Bediako et al under
supporting electrolyte-free conditions.*® NiBi prepared from 0.16 mM electrodeposition bath
exhibited a tafel slope 36.8 mV/decade, which is comparable to tafel slopes obtained for films
prepared in 0.4 mM Ni(NO3), solution, while NiBijg 25 exhibited a tafel slope of 50.8 (+5.0)

mV/decade.
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Figure 4.14: Tafel plots obtained for anodized NiBi (4), Niy Fe Bi (), and Ni  Fe, Bi (e ),
Ni, Fe. Bi (a) n=E App-Eo-iR of the catalyst films operated in 1 M KBi, pH 9.2 where iR

accounts for the uncompensated solution resistance, and E’ is the thermodynamic potential of
water. The slopes calculated by regression of NiBi, Niy Fe, Bi, Ni  Fe, Bi, Ni, Fe  Bi were 37,

39.2, 43.6 and 47.8 mV/decade, respectively.

Anodized NigFegoBi and NigoFe4oBi exhibited the highest exchange current density with more
than an order of magnitude higher than NiBi and NiggFe;oBi. The exchange current density J,
which was extracted from the intercept of the tafel plots was (6.8+4.3) x10™* A/cm? for
NisFesoBi (N=3), (4.1+1.1) x10™** A/em? for NigoFesoBi films (N=3), (2.17+2.3) x10™ A/cm?
for NigoFe1oBi films (N=3), and (2.22+1.6) x10™*> A/lcm? for NiBi films (N=3). J, is the intrinsic
activity of the electrode at the thermodynamic potential and is independent of the applied
overpotential and thus can give an idea about the kinetics of the system. The higher J, obtained
for NigsoFegoBi and NigoFesoBi could be due to the presence of highly active Ni centers
neighboring Fe atoms. A summary on the kinetic values for the different studied films is shown

in Table 4.3.
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Tafel

Tafel

Sample slope intercept Jo (mA/em’)
NiBi (1) 354 0.55 2.87E-16
NiBi (2) 39.2 0.563 4.24E-15
NiBi (3) 37 0.543 2.12E-15
NiBi 37.2+1.6 (2.22 + 1.6) E-15
NigoFe1Bi (1) 39.2 0.559 5.46E-15
NisoFe10Bi (2) 35.6 0.55 3.51E-16
NigoFe1oBi (3) 35.3 0.535 6.99E-16
NiggFerBi | 36.7+1.7 (2.2 + 2.3) E-15
NigoFesoBi (1) 44.5 0.593 4.80E-14
NigoFesoBi (2) 43.6 0.58 4.88E-14
NigoFesoBi (3) 42.7 0.58 2.60E-14
NigFesBi | 43.6£0.7 (4.1% 1.1)E-14
NigoFesoBi (1) 47.8 0.6162 1.28E-13
NigoFeeoBi (2) 45.1 0.6086 3.20E-14
NigoFesoBi (3) 45.2 0.604 4.34E-14
NigoFewBi | 46.0 1.2 (6.8 4.3) E-14
NiBig.s (1) 57.4 0.6452 5.75E-12
NiBigas (2) 45.2 0.6242 1.55E-14
NiBigas (3) 49.7 0.6471 9.55E-14
NiBig 50.8 £ 5.0 (2.0 2.7 )E-14
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Table 4.3: Tafel data extracted from tafel plots of the studied NiBi, NigoFe1oBi, NigoFe4oBi,
NisoFesoBi, NiBig s films: tafel slopes, tafel intercept and the exchange current density. Average
values and standard deviation are shown in bold.

Driven by the fact that non-anodized NigoFe4oBi films exhibited higher catalytic activity in the
cyclic voltammetry study and TOF calculations, we sought at determining the tafel behavior of
non-anodized NiBi, NigoFe1oBi, NigoFesoBi and NigFegBi films and investigate whether Fe has

an effect in decreasing the tafel slopes of the films. Bell et al recently studied the electrochemical




oxygen evolution on Ni and mixed Ni-Fe film, with varying Fe percentage, electrodeposited
from their sulfate precursors on gold substrates.®® The authors showed that aging of Ni films
enhances the OER activity by modifying the redox and Raman characteristics of Ni in a manner
similar to that observed for Fe incorporation in mixed Ni-Fe films and reported similar tafel
slopes for aged Ni films and mixed Ni-Fe films (40 % in iron) of 40 mV/decade.?® Current
densities for tafel plots in this study were extracted from cyclic voltammograms acquired at 10
mV/s since measuring steady-state currents leads to partial anodization of the films. n values vs
log J were plotted to extract the tafel slope values. Table 4.4 shows the tafel data for the same
NiBi, NigoFe1oBi, NigoFe4oBi, NigFegoBi and NiBig 5 films prior to anodization. Non-anodized
NiBi films exhibited an average tafel slope of 129 + 7 mV/decade which is similar the tafel slope
for non-anodized NiBi films (100 mV/decade) reported by Bediako et al.**® Non-anodized
NigoFe10Bi, NigoFesBi, NisFegoBi films exhibited tafel slopes of 121 +5, 133 + 12 and 143 +
10, respectively. It was noticed that J, was about 6 orders of magnitude higher in the as-prepared
films than in anodized films. Incorporation of Fe therefore did not result in similar tafel slopes to
anodized NiBi films. It is noted, however, that the values of J, were higher at films containing
iron with the highest J, at NigoFe4oBi which is consistent with what was observed in the CV of

the as-prepared films (refer to figure 4.6).
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Sample Tafel slope | Tafel intercept | Jo (mA/cm?)
NiBi (1) 136.9 1.05 2.14-08
NiBi (2) 120 1.05 1.78E-09
NiBi (3) 131 1.03 1.37E-08
NiBi 129.3+7.0 (1.2+0.8) E-9
NigoFe1oBi (1) 126.6 1.06 4.24E-09
NigoFe10Bi (2) 123.6 1 8.12E-09
NigoFe1oBi (3) 115.3 0.99 2.60E-09
NigoFeyoBi 121.8+4.8 (5.0 £ 0.2) E-9
NigoFesoBi (1) 149.8 1.07 7.20E-08
NigoFesoBi (2) 124.5 0.99 1.12E-08
NigoFe4oBi (3) 125.7 0.99 1.33E-08
NigoFeoBi 133.3+11.7 (3.2+2.8)E-8
NigoFesoBi (1) 143 1.08 2.80E-08
NigoFesoBi (2) 129.9 1.04 9.86E-09
NigoFegoBi (3) 126.7 1.04 6.19E-09
NigoFegoBi 133.2+7.1 (1.5+0.9) E-8
NiBig 25 (1) 157.8 1.21 2.15E-08
NiBig 25 (2) 134.4 1.06 1.30E-08
NiBig 25 (3) 140.5 1.14 7.70E-09
NiBig 25 143.2+9.9 (1.4 £ 0.5) E-9
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Table 4.4: Tafel data for non-anodized studied NiBi, NigoFe1oBi, NigoFesBi, NigFegoBi, NiBig 25
films: tafel slopes, tafel intercept, and the exchange current density. Average values and standard
deviation are shown in bold.

In this study, we incorporated Fe into NiBi at different percentages. The presence of Fe in the
films was studied by comparing to two types of films: films prepared by passing the same
amount of charge (1 mC/cm?) as NiBi films but using a lower concentration of Ni in
electrodeposition bath, and films prepared by limiting the amount of charge passing while

keeping the concentration of Ni in the electrodeposition bath the same as that used to prepare




NiBi films. Non-anodized NisFegBi and NiggFesoBi showed better OER catalytic performance
than non-anodized NiBi, NigoFe1oBi, and NiBig s films at moderate overpotentials, and to a
higher extent at higher overpotential as apparent from TOF calculations and overpotential
measurements (and tafel slopes when compared to NiBig 2s). While at moderate overpotential,
anodized NigoFegoBi and NiggFesoBi films exhibited comparable OER activity to NiBi films,
NigFegoBi and NigoFe4oBi films were better than anodized NiBi and NigoFe;oBi at high
overpotential exhibiting more than 2-fold higher TOF of 16 + 2 and 10 + 3 s™ at n= 500 mV
respectively. This study shows an effect of Fe on enhancing the catalytic activity of amorphous
thin Ni oxo/hydroxo films. The effect of anodization in inducing structural changes is not one
caused directly by incorporating iron in the films as was proposed in more recent literature
reports. The effect of Fe is to make the films more active initially, but the effect of anodization is

more apparent with less iron content.
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CHAPTER 5

PHOTOELECTROCHEMICAL STUDIES AT Fe,03
INVERSE OPALS DECORATED WITH NiBi AND NiFeBi
SURFACE CATALYSTS

Solar energy and water are the two most crucial and abundant essentials that maintain life
on Earth. They have been used extensively by plants and cyanobacteria for carbon fixation as a
mean to store energy for later use by the process of photosynthesis which serves as a water
splitting machinery. Splitting water photoelectrochemically on a semiconductor is a promising
solution for sustainable clean energy supply in the midst of the overgrowing energy demand and
limited energy resources which dominantly come from fossil fuels (81% of total world’s

118 and allows the transformation of solar energy into chemical energy in the form of

energy)
molecular hydrogen. Ideally, a semiconductor material that can be employed in a water splitting
cell combines the following essential requirements: a small semiconductor band gap for ample
solar light absorption, conduction and valence band energies that straddle the water oxidation
and reduction potentials, facile kinetics and high conversion efficiency of photogenerated
carriers to the water splitting products, durability in aqueous environments, and low cost.>® Since
such material has not been found, research has been directed towards assembling different
materials each satisfying one or more conditions in one cell. Various materials have been
investigated for water splitting including GaP, InP, and p-Si as photocathodes for hydrogen
evolution™" 89 and Fe,03, TiO,, and W05 as photoanodes for oxygen evolution. 37”73
Hematite (a- Fe,03) has been extensively researched over the past decades to serve as a

photoanode for the oxygen evolution half-reaction.?®*3?° Hematite (Fe,Os) has been an

attractive photoanode material because it has a small band gap of 2.1 eV which permit visible
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light absorption, has suitable band edges for oxidizing water, is stable, abundant and cheap.
However, hematite photo-oxidizing water efficiency is limited due its low absorption in the
visible region, a very short excited-state lifetime (10™2s), a short hole diffusion length (2—4 nm)
and slow kinetics of the oxygen evolution reaction.>

Structuring hematite in certain nanoscale architectures that facilitate hole transfer to the
electrolyte solution by decreasing the distance the hole has to travel before reaching the
interface, is thought to lead to improvements in the efficiency of water photooxidation. Hematite
inverse opals, with large void structure and thin walls, provide an advantage of short distances
for the hole to reach the electrolyte. Different methods have been devised to deposit hematite

including thermal deposition of iron precursor such as FeCls6H,0,% pulsed laser deposition

121 120

from hematite targets, " spray pyrolysis of FeCl; " evaporative deposition of Fe in oxygen onto

a substrate,?

electrodeposition from various Fe precursors,”* chemical vapor deposition,?* and
dip coating.***

In this study, we aimed to fabricate hematite inverse opals (i-Fe,O3-0) from two different
sphere sizes (190 and 417 nm) and to investigate their photoelectrochemical behavior in
comparison with unstructured films similarly prepared in 1 M NaOH pH 13.6 and at benign pH
using potassium borate buffer (KBi) pH 9.2. i-Fe,O3-0 (417) were then surface decorated with

NiBi and NiggFe;oBi to investigate any differences caused by incorporating iron in the catalyst

film on the photoelectrochemical behavior.
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5.1

Absorbance

Characterization of hematite inverse opals and “unstructured” films using UV-vis

spectroscopy, SEM and X-ray diffraction:

Photonic crystals were prepared from polystyrene colloidal solutions of sizes 190 nm and
417 nm via evaporation-induced self-assembly. UV-vis absorption spectra for the photonic

crystals PCy90 and PCy17acquired in air are shown in figure 5.1.
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Figure 5.1: UV-vis absorption spectra showing the position of the stop band peaks of (A) PC1g
and (B) PCa17.

PC1g0 exhibited a stop band peak at 400 nm and PC,;7 exhibited a stop band at 900 nm. SEM
images for PC films are shown in fig 5.2. The two SEM images are acquired approximately
under the same magnification. Using Bragg equation, one finds that a stop band at 400 nm in air
corresponds to a sphere of diameter equal to 166 nm for the PC,9o diameter indicating an 12.6 %
shrinkage, and a stop band of 900 nm in air corresponds to a diameter equal to 373 nm for PCyy7
and hence a 10.6 % shrinkage. This shrinkage is confirmed in SEM images where diameters of

168 £ 8 nm (N=15) and 360 + 10 nm (N=13) are measured corresponding to 11.5 % and 13.7 %

shrinkage for PCigpand PCy;7, respectively.
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A =2d,/0.74n? +0.26n’ (5.1)

Where d is the interlayer spacing and equal to 0.87 times the diameter of the polystyrene sphere,
nsand ny are the refractive indices of polystyrene (n=1.5) and air (n=1), respectively.

Hematite inverse opal films were prepared by solvent casting 20pl/cm? iron (111 nitrate solution
in ethanol (25 mM) on top of the photonic crystal films in horizontal orientation. Films were air
dried then placed in oven at 70° C for 10 min. This cycle was repeated 6 times. The samples
were then calcined at 550° C to form iron oxide and burn the polystyrene spheres resulting in

hematite inverse opal structure.

SEM HV: 30.0 kV WD: 10.13 mm 111 MIRA3 TESCAN SEM HV: 30.0 kV WD: 8.63 mm | 1| MIRA3 TESCAN

View field: 14.2 ym Det: SE 2 ym View field: 15.9 ym Det: SE 5 pm
SEM MAG: 19.4 kx Scan speed: 7 AUB-CRSL SEM MAG: 17.4 kx Scan speed: 7 AUB-CRSL

Figure 5.2: SEM images showing opals PCygo (A) and PCy17 (B).

SEM images of resulting inverse opal films are shown in figure 5.3 and figure 5.4. According to
SEM measurements, i-Fe,0;-0 (417) and i-Fe;O5-0 (190) exhibited pores with diameter of 312 +
16 nm and 146 + 7 nm, after the first annealing step corresponding to 25 % and 23 % shrinkage,
respectively. Similar shrinkage of 26 % was observed in 450-i-TiO,-0 assembled from 243 nm

polystyrene spheres.** The hematite inverse opal structure shrank further when subjected to a
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second brief annealing at 800 °C and exhibiting pores of diameter 271 + 19 nm corresponding to
35 % shrinkage in i-Fe;0;-0 (417) and 103 £ 8 nm corresponding to 46 % shrinkage in i-Fe;Os-0
(190). Figure 5.5 shows UV-vis absorption spectra of the films acquired with water filling the
voids. The UV-vis spectra show broad absorption bands in the range of 400-600 nm that are due
to oxo-iron transitions corresponding to the ligand to metal charge transfer (LMCT)®®*, but do
not show stop band peaks for the inverse opals. Based on the sphere size measured from SEM
images, one can calculate the expected stop band positions of i-Fe,03-0 (417) and i-Fe;O3-0
(190) from Bragg equation With Nyater = 1.33 and Nhemaiie=2.9"2". The expected stop band peak for
i-Fe;03-0 (417) shall be positioned at 1014 nm while that for i-Fe,O3-0 (190) shall be centered at
475 nm after the first annealing. PS photonic crystals exhibited well-defined stop band peaks and
SEM images confirmed the obtained inverse opal structure, however with significant long range

disorder.

N

SEMHV:300kV |  WD:1.94mm ~ MIRA3 TESCAN
View field: 544 um |  Det:InBeam

SEM MAG: 25.4 kx | Date(midly): 06/19/13 AUB-CRSL

L
SEM HV: 10.0 kV WD: 5.61 mm MIRA3 TESCAN|

View field: 6.92 ym Det: InBeam

SEM MAG: 40.0 kx Scan speed: 7 AUB-CRSL

Figure 5.3: SEM images showing i-Fe;,O3-0 (190) after first annealing (A) and after second
annealing (B).
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SEM MAG: 37.9 kx Scan speed: 7 AUB-CRSL SEM MAG: 23.4 kx Scan speed: 7 AUB-CRSL

Figure 5.4: SEM images showing i-Fe,O3-0 (417) after first annealing (A) and after second
annealing (B).

This could be due to the significant disorder induced by the required high annealing temperatures
to improve the electronic properties of hematite which is crucial for enhancing the
photoelectrochemical properties of the films as photoanodes for water splitting. Films were
subjected to a second annealing step at 800° C for 20 minutes, because photocurrents are low
after the first annealing step. The second brief annealing step improves the film electronic

properties.
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Figure 5.5: UV-vis absorption spectra for hematite after first annealing (a) and after second
annealing (b) (A) i-Fe;03-0 (190) and (B) i-Fe,03-0 (417).

This step is believed to enhance the conductivity of hematite films possibly via the diffusion of
Sn from the underlying SnO; electrode at the high temperature.” Note that the absorbance also
increased after the annealing at 800 °C consistent with other reports.*?® The increase in
absorbance is attributed to the decrease in band gap as the sintering temperature

increase.120'126'127

Figure 5.6 shows the SEM image and UV-vis absorption spectrum of unstructured hematite film.
Unstructured hematite films were prepared using the exact same procedure but on conducting
glass electrode (FTO) in the absence of PC template for comparison. SEM images show that
unstructured films consisted of nanorods horizontally oriented having dimensions of 160 + 30
nm in length and 70 = 9 nm in diameter (N=8) (fig. 5.6 A). The absorption spectrum of the
unstructured films is very similar to that of the inverse opal samples (fig 5.6 B) exhibiting broad
band hematite absorption peaks between 400 and 600 nm. Note that the absorbance of the

unstructured hematite films also increased after being subjected to the 2" annealing step.
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Figure 5.6: (A) SEM image of unstructured hematite film showing particles with nanometer
dimensions, (B) UV-vis absorption spectra of the film.

X-ray diffraction pattern for an inv-PCy37 film is shown in figure 5.7. The plot shows several
diffraction peaks, five peaks of which correspond to hematite. These are at 33.2°, 35.7°, 40.9°,

49.5°, and 54.1° which are consistent with the diffraction of the (104), (110), (113), (024), and
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(116) planes of a-Fe,Os respectively.®® Note that all the other peaks correspond to FTO

background on which the hematite film was deposited.
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Figure 5.7: X-ray diffractograms of hematite inverse opal (i-Fe,03-0(417)) confirming the
structure of a-Fe,03 shown in black while that of the FTO substrate is shown in in red. Peaks
corresponding to hematite are labeled with an arrow.

5.2 Photoelectrochemical Studies:

5.2.1 Photoelectrochemical Measurements:

All electrochemical measurements were carried in a 3-electrode configuration cell with BASI
Ag/AgCl reference electrode, and 2 mm platinum wire as a counter electrode in 25 mm quartz
cell. Cyclic voltamograms were acquired by scanning the potential between -0.6 V and +1.5 V vs
Ag/AgCI at 5 different scan rates of 10, 20, 50, 100, and 200 mV/s. CVs were acquired under
white light illuminated from a 300 W Xe lamp at 100 m\W/cm? at the electrode position as
measured using a thermopile light detector. Two modes of illumination were employed, front
wall and back wall illumination; In the front wall illumination, light impinges on the surface of

hematite first from the electrolyte side while in the back wall illumination, light impinges on the
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interface of FTO/hematite as presented in scheme 5.1. Cyclic voltammograms were acquired
under 2 basic conditions: at pH 13.6 in 1 M NaOH, and at benign pH of 9.2 in 1 M potassium

borate buffer (KBI).

FTO i-Fe,0,-0 i-“?&-o /(F\TO
Front-wall Back-wall
illumination illuminati
illumination
<« >
E—
<
<
< —

Scheme 5.1: Scheme showing the front-wall and back-wall illumination at i-Fe,O3-0.

5.2.2 Photoelectrochemical Studies at Hematite Inverse Opals and Unstructured Films:

Hematite inverse opals were assembled from polystyrene spheres of different sizes to compare
the effect of pore size on the photoelectrochemical performance of the films as photoanodes for
oxygen evolution. PS colloidal solutions of sizes 417 nm and 190 nm of the same concentration
were self-assembled on FTO glass and then infiltrated by solvent casting method. Control
unstructured film was similarly prepared on a clean FTO. The photoelectrochemical response of
hematite films was studied under front wall and back illumination at 100 mW/cm? in 1 M NaOH

pH 13.6 and 1 M KBi pH 9.2.
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The average thickness of i-Fe;O3-0 (190) films is 2.3 £ 0.2 um (N=3), i-Fe,03-0 (417) films is
2.9 £ 0.5 um (N=3) and unstructured ranged is 1.9 £ 0.2 um (N=3). It is worth noting that since
all the films were infiltrated with the same amount of iron nitrate solution, it is expected that the
unstructured films will be the thinnest due to the lack of any polystyrene template, and that i-
Fe,03-0 (417) films will be the thickest owing to their large pores in the structure. So this study
aims at comparing i-Fe,O3-0 (417) with i-Fe,O3-0 (190) and unstructured films infiltrated with
the same amount of hematite rather than comparing the films of same thickness. Figure 5.8
shows a plot of the photocurrent density versus voltage collected at i-Fe,O3-0 (417) film under

chopped illumination at 100 mW/cm?. The maximum photocurrent is measured at 0.6 V vs

Ag/AgCIL.
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Figure 5.8: I-V curve under chopped illumination for i-Fe;,O3-0 (417) film in 1 M NaOH
acquired at 50 mV/s.
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Figure 5.9 shows representative |-V curves of i-Fe;03-0 (417), i-Fe;O3-0 (190), and unstructured

films under front wall illumination, back wall illumination and in the dark in 1 M NaOH at 50

mV/sec.
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J (mA/cm?)

-1 E (V) vs Ag/AgCl

Figure 5.9: I-V curves of the different studied films: (A) i-Fe;Os-0 (417) (3.2 um) (B) i-Fe,03-0
(190) (2.3 pm), (C) unstructured film (1.7 pm) in front wall illumination (a) and back wall
illumination (b) in 1 M NaOH and at a scan rate of 50 mV/s. I-V curves acquired in the dark are

shown in plots C.

At 0.6 V vs Ag/AgCl and 100 mW/cm? illumination, i-Fe;03-0 (417) (3.2 pm thick) produced
0.45 mA/cm? and 0.52 mA/cm? in the front-wall and back-wall illumination, respectively. Lower
photocurrents were measured at i-Fe;O3-0 (190) (2.3 um thick) and unstructured film (1.7 pum).
At 0.6 V, 0.29 mA/cm? and 0.33 mA/cm? were measured at i-Fe;03-0 (190) and 0.30 mA/cm?
and 0.46 mA/cm? were measured at the unstructured film in front wall and back wall
illumination, respectively.

I-V curves for the same samples acquired at 50 mV/s and 100 mW/cm? in 1 M KBi are presented
in Figure 5.10. Similar photocurrents were measured in 1 M KBi solution but at higher
overpotentials. At 1 V vs Ag/AgCl and 100 mW/cm? illumination, i-Fe;O3-0 (417) produced
0.38 mA/cm? and 0.48 mA/cm? in the front-wall and back-wall illumination, respectively. Lower

photocurrents were measured at i-Fe,O3-0 (190) and unstructured films; 0.33 mA/cm? and 0.36
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mA/cm? were measured at i-Fe,03-0 (190) and 0.20 mA/cm?and 0.34 mA/cm? were measured at
the unstructured film in front wall and back wall illumination, respectively. The difference in
photocurrents between the front wall and back wall illumination was only negligible for the
inverse opal films compared to a more significant difference in photocurrents (more than 1.7
times difference) at the unstructured films even though they are the thinnest. The nanocrystalline
compact structure of unstructured films makes it more difficult for the photogenerated holes to
reach the electrolyte solution before recombination. Electron-hole pairs generated near the
interface therefore have the greatest probability of leading to photocurrent generation, while
electron-hole pairs generated away from the interface will recombine before. This results in
photocurrents being significantly greater in back wall illumination compared to front wall
illumination. This demonstrates the importance of the pores in the inverse opal architecture

which provide shorter distances for the photogenerated holes.
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Figure 5.10: I-V curves of the different studied films: (A) i-Fe,O3-0 (417) (3.2 um) (B) i-Fe,03-0
(290) (2.3 um), (C) unstructured film (1.7 um) in front-mode (a) and back-mode (b) illumination
in 1 M KBI and at a scan rate of 50 mV/s. |-V curves acquired in the dark are shown in plots C.
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The overpotential for oxygen evolution is pH dependent and is governed by the following

equations:

n=E.,,— E° +E, (5.2)
Where Eapp is the applied bias, E° is the thermodynamic potential, and Eitis the potential of the
reference electrode (Ag/AgCl in this case). In turn, the thermodynamic E° is governed by Nernst
equation as such:*®

0.059
n

E° =E® —0.059pH + log P, (5.3)

where E° is the thermodynamic potential of O,/H,0 and is equal to 1.23 V, n is the number of
electrons transferred and is equal to 4. Py is the partial pressure of oxygen and is equal to 0.209

atm at 293 K.

Figure 5.11 shows cyclic voltammogram acquired at i-Fe;O3-0 (417) in the dark in 1 M NaOH
and 1 M KBi acquired at 10 mV/s. At 0.05 mA/cm?, the water oxidation current is shifted by 370
mV more positive in KBi electrolyte, which corresponds to 84 mV/pH unit. Nocera reported
similar shift (89 mV/pH unit) at NiBi films on FTO and suggested that the system is governed
by proton-coupled electron transfer and that the observed shift corresponds to the transfer of 1.5
protons per each electron lost’ which was also observed in the dimerization of Ir (IV) to form
iridium oxide catalyst.*?® Similar shifts were observed at i-Fe,0s-0 (190) and unstructured films

exhibiting shifts of 350 and 345 mV corresponding to 79 and 78 mV/pH, respectively.
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Figure 5.11: CV of i-Fe,03-0 (417) in the dark at 10 mV/s in 1 M KBi (a) and 1 M NaOH (b).

5.2.2.1 Photoaction Spectra and Dependence on Light Intensity:

The photoaction spectra of films were acquired in a 3-electrode electrochemical quartz cell with
Pt electrode as auxiliary and Ag/AgCl as reference in 1 M NaOH electrolyte (pH 13.6). I-t curves
were collected a 0.6 V by chopping the monochromatic light between 380 and 600 nm. This
chosen voltage corresponds to the voltage at which the maximum photocurrent was measured
(refer to figure 5.8). The monochromatic photocurrent density was measured by subtracting dark
current from the light current and dividing by the geometric area of the films. The photocurrent

density at each wavelength with the corresponding light power density were used to compute the

% IPCE.
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Figure 5.12 shows the % IPCE vs wavelength plots for i-Fe,O3-0 (417), i-Fe,03-0 (190), and
unstructured films in the front wall and back wall illumination. Slightly greater % IPCE was
measured at i-Fe,0O3-0 (190) than at i-Fe,O3-0 (417) in both front-wall and back-wall
illumination despite the smaller photocurrent measured under white light. At 400 nm, % IPCE
reached 2.4 % and 2.5 % in the front-wall illumination, and 8 % and 7.5 % in the back-wall
illumination for i-Fe,03-0 (190) and i-Fe,O3-0 (417) films, respectively. On the other hand,
unstructured film exhibited much lower % IPCE in the entire range (380-600 nm) with a
maximum value of 0.7 % in the front wall illumination and 3.5 % in the back wall illumination at
400 nm. Photocurrent magnitudes became very low (< 1 pA/cm?) for all the films at 600 nm. The
% IPCE values in the back-wall illumination were greater than front-wall illumination on all
hematite structures: 3.2 times higher at i-Fe,O3-0 (417), 3.4 times higher at i-Fe,O3-0 (190) and
3.9 times higher at unstructured films. The greater difference between front-wall illumination
and back-wall illumination for the unstructured films is consistent with the 1-V curves but the

difference in % IPCE is greater than in I-V curves.
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Figure 5.12: % IPCE plots vs wavelength of i-Fe,Os-0 (417) (a), i-Fe;Os-0 (190) (b) and
unstructured film (c) under front wall illumination (A) and back wall illumination (B) in 1 M
NaOH pH 13.6. I-V curves of films acquired at 50 mV/cm? in 1 M NaOH at 100 mW/cm? white

light illumination are presented in the inset.

In accordance to the I-V measurements under 100 mW/cm? illumination, i-Fe,03-0 (417) was
expected to exhibit the highest % IPCE and i-Fe;O3-0 (190) was expected to have similar
photoaction spectrum as the unstructured film. We sought to measure 1-V curves at different
light intensities to better understand this discrepancy between I-V curves and photoaction
spectra. 1-V curves at i-Fe,03-0 (417), i-Fe,03-0 (190), and unstructured films acquired at 25, 50,

100, and 200 mW/cm? in front-wall illumination and back-wall illumination are presented in

Figure 5.13 and Figure 5.14, respectively.
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Figure 5.13: I-V curves at i-Fe;03-0 (417) (a), i-Fe;03-0 (190) (b), unstructured film (c) acquired
at 50 mV/s in 1 M NaOH pH 13.6 in the front wall illumination at 25 mW/cm? (A), 50 mW/cm?

(B), 100 mW/cm? (C), 200 mW/cm? (D). The insets in (A) and (B) show a close up on the
measured maximum photocurrents.
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Figure 5.14: 1-V curves at i-Fe;03-0 (417) (a), i-Fe;03-0 (190) (b), unstructured film (c) acquired
at 50 mV/s in 1 M NaOH pH 13.6 in the back-wall illumination at 25 mW/cm? (A), 50 mW/cm?

(B), 100 mW/cm? (C), 200 mW/cm? (D). The insets in (A) and (B) show a close up on the
measured maximum photocurrents.

Photocurrents measured at 0.6 mV vs Ag/AgCl at different light intensities are presented in

Table 5.1 below.

J (mA/cm?)
i-Fe,03-0 (417) i-Fe;,03-0 (190) Unstructured film
| Front wall | Back wall Frontwall | Back wall | Frontwall Back wall
(mW/cm?
illumination | illumination | illumination | illumination | illumination | illumination
25 0.12 0.16 0.15 0.16 0.04 0.07
50 0.15 0.22 0.17 0.21 0.07 0.18
100 0.53 0.79 0.29 0.33 0.30 0.46
200 0.91 1.10 0.31 0.35 0.50 0.71
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Table 5.1: photocurrents measured at i-Fe;O3-0 (417), i-Fe;O3-0 (190) and unstructured film at
0.6 VV vs Ag/AgCl at 25, 50, 100, 200 mW/cm? in the front wall and back wall illumination.

At high light intensities (100 and 200 mW/cm?), i-Fe,03-0 (417) exhibited the highest water
photooxidation activity compared to i-Fe,O3-0 (190) and unstructured films with photocurrent
density reaching 0.91 mA/cm?in the front wall illumination and 1.10 mA/cm?in the back wall
illumination at 200 mW/cm?. On the other hand, at low light intensities (25 and 50 mW/cm?),
comparable photocurrents were measured at i-Fe,O3-0 (417) and i-Fe;O3-0 (190): 0.12 and 0.16
mA/cm? at i-Fe,03-0 (417) and 0.15 and 0.16 mA/cm? at i-Fe,03-0 (190) at 25 mW/cm?in the
front wall and back wall illumination, respectively. Photocurrents measured at i-Fe,O3-0 (417)
and unstructured films are proportional within experimental error to the light intensity, but this is
not the case for i-Fe,O3-0 (190) which could indicate that the high carrier concentration in i-
Fe,03-0 (190) at high light intensities is causing significant recombination in the film. At low
light intensity, i-Fe,O3-0 (417) and i-Fe,03-0 (190) exhibit similar behavior and are better than
unstructured film; at 25 mW/cm? i-Fe,03-0 (417) and i-Fe,03-0 (190) films exhibited 4 times
higher photocurrents in the front wall illumination and 2 times higher photocurrents in the back
wall illumination when compared to the unstructured film. The smaller difference in
photocurrents in back-wall illumination between i-Fe,O3-0 (417) and i-Fe;O3-0 (190) on one
hand and the unstructured film on another can be attributed to the smaller amount of hematite
contacting the interface for the inverse opals due to the porosity of the films. One can deduce
from the study of the photoelectrochemical response at i-Fe;O3-0 (417), i-Fe,O3-0 (190), and
unstructured films at different light intensity that i-Fe,O3-0 (417) having the larger pore size can
support greater carrier density which is consistent with the obtained I-V curves at 100 mW/cm?

white light. However, at low light intensity, and with monochromatic light, i-Fe,03-0 (417) and
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i-Fe,03-0 (190) exhibit similar photoelectrochemical behavior that is better than that of the

unstructured film.

5.2.3 Photoelectrochemical study of i-Fe,O3-0 (417) decorated with NiBi and NigyFe1Bi:
Earlier studies reported that Ni decreases the bias for oxygen evolution reaction and that
incorporating iron in nickel oxide enhances the OER activity.”*%10911011 The

photoelectrochemical response at i-Fe;O3-0 (417) decorated with NiBi and NigoFe;oBi was

investigated. NiBi and NigFe1oBi were photodeposited from 0.4 mM solutions of Ni(NO3), and

Ni(NOs), /Fe(NOs); respectively by illuminating with 100 mW/cm? white light intensity for 10

min. Catalysts were photodeposited for additional 10 min (tiw=20 min) to increase the surface

coverage on the hematite inverse opal film. Figure 5.15 shows the photoelectrochemical behavior

of i-Fe;03-0 (417) before and after NiBi photodeposition. Cathodic shifts of 188 mV after 10

min photodeposition and 194 mV after 20 min photodeposition were measured at 3 uA/cm? for

NiBi modified hematite inverse opal film in 1 M KBi. At 0.93 V vs Ag/AgCl, 0.45 mA/cm?, 0.60

mA/cm?, and 0.65 mA/cm? photocurrents were measured at the unmodified i-Fe,O3-0 (417), i-

Fe,03-0 (417)/NiBi-10 min, and i-Fe,O3-0 (417)/NiBi-20 min, respectively.
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Figure 5.15: Cyclic voltammogram showing i-Fe,03-0 (417) (2.7 um thick) before and after
modification with NiBi acquired at 10 mV/s in 1 M KBi pH 9.2). Unmodified hematite film (a),
i-Fe,03-0/NiBi-10 min (b), i-Fe,03-0/NiBi-20 min (c). Plots d, e and f represent the dark
currents at i-Fe,03-0, i-Fe;O3-0/NiBi-10 min, and i-Fe;O3-0/NiBi-20 min, respectively. The inset
shows a close up on the photocurrent onset potentials.

NigoFeioBi/hematite films were prepared in the same way as for NiBi/hematite films except that
the solution contained 10 % (by atom) iron. Figure 5.16 shows cyclic voltammograms acquired
at the NigoFe10Bi modified inverse opal film before and after photodeposition at 10 mV/sin1 M
KBi. A cathodic shift of 174 mV after 10 min photodeposition and 189 mV after 20 min after 20
min photodeposition were measured at 3 pA/cm? which is similar to the shift caused by NiBi
film on the inverse opal. Under 100 mW/cm?and 0.93 V vs Ag/AgCl, a photocurrent of 0.38
mA/cm? at the unmodified inverse opal, 0.43 mA/cm? after 10 min NigFe;oBi photodeposition
and 0.50 mA/cm? after 20 min NigoFeoBi photodeposition was measured. NiBi and NigoFe1oBi
catalysts not only decreased the overpotential required for water oxidation but also increased the

plateau photocurrents by ~0.1 mA/cm?. This observation has been previously reported by Tilley
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et al at iridium modified hematite cauliflower structure.”” This may indicate a catalytic effect of
the deposited complexes in this case since at large bias the hole is long-lived. The oxidation peak
observed at ~0.15 mV in both NiBi and NigoFe;oBi modified inverse opal hematite films (see
inset of fig 5.14 and 5.15) was previously observed by Halaoui et al on hematite nanorods
decorated with NiBi and is subject of a study to be published where the results are interpreted by
the surface modification increasing the hole lifetime and thus allowing for longer time before
recombination takes place for water oxidation to occur. Electrodepositon of NiBi and NiggFe;oBi

on bare FTO do not show the observed peak at 0.15 V vs Ag/AgCI (refer to fig 4.5).

0.2

-0.2

-0.4

J (mA/cm?)

-0.6

-0.8

-1 E (V) vs Ag/AgCl
Figure 5.16: Cyclic voltammogram showing i-Fe,03-0 (417) (2.5 um thick) before and after
modification acquired at 10 mV/s in 1 M KBi pH 9.2. Unmodified hematite film (a), i-Fe,Os-
0/NiFeBi-10 min (b), and i-Fe;O3-0/NiFeBi-20 min (c). Plots d, e and f represent the dark
currents at i-Fe,03-0, i-Fe;O3-0/NiFeBi-10 min, and i-Fe,O3-0/NiFeBi-20 min, respectively. The
inset shows a close up on the photocurrent onset potentials.
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Figure 5.17 shows the CV of i-Fe;O3-0/NiBi and i-Fe;O3-0/NiFeBi films in the dark at 10 mV/s
in 1 M KBI. Upon surface modification with NiBi and NiFeBi, cathodic shifts were observed in
the dark. 45 mV difference in the shift was observed between the 10 min photodeposition and 20
min photodeposition for i-Fe,O3-0/NiBi films. A similar increase in cathodic shift with
increasing surface coverage was observed at i-Fe;O3-0/NiFeBi films. Although surface coverage
did not significantly affect the cathodic shift under illumination, the dark cyclic voltammograms
show a smaller overpotential at i-Fe,O3-0/NiBi-20 min for water oxidation compared to i-Fe,O3-

0/NiBi-10 min. This can indicate that in the dark the OEC is catalyzing oxygen evolution.

A: i-Fe,0,-0/NiBi
0.1 - %

0.7 0.5 0.3 01 -01 -03 -05

J (mA/cm?)

E (V) vs Ag/AgCl
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Figure 5.17: CV of i-Fe,03-0/NiBi (A) and i-Fe,O3-0/NiFeBi (B) in the dark acquired at 10 mV/s
in 1 M KBi before electrodeposition (a), with photodeposition for 10 min (b) and with
photodeposition for 20 min (c).

5.2.3.1 Effect on Photocurrent Decay and Saturation Photocurrents:

Amperiometric I-t curves at hematite films were collected under chopped light illumination
using 3-electrode setup in 1 M KBi. I-t curves were carried for 60 seconds for each scan and at

different bias ranging from the potential leading to the saturation photocurrent to the onset

potential.

Figure 4.18 and 4.19 shows i-t curves collected at the inverse opal films before and after
modification with NiBi and NigoFe;oBi at 0.8 V, 0.4 V and 0.2 V vs Ag/AgCl in 1 M KBi,
respectively. For smaller applied bias, the initial photocurrent decreases with time and its decay
become steeper due to higher recombination. High overpotentials (at 0.8 V vs Ag/AgCl) on the
other hand cause more bending and hence seperation of charges which decrease recombination.

Attaching NiBi and NigoFe1oBi to the films increases the photocurrent and slows the decay
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especially at low overpotentials (below 0.4 V vs Ag/AgCl). We observed that the slower decay
was not significantly affected significantly by increasing NiBi (or NiFeBi) surface coverage. The
results show that the surface modification causes two effects 1) a slower decay of photocurrent at
low bias indicating a longer hole lifetime and 2) a greater saturation photocurrent, this latter

possibly indicating a catalytic effect.
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Figure 0.18: i-t amperometric curves for i-Fe;03-0 (a), i-Fe203-0/NiBi- 10 min (b), and i-Fe,O3-
0/NiBi-20 min (c) at 0.8 V (A), 0.4V (B) and 0.2 V (C) in 1 M KBi.
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Figure 0.19: i-t amperometric curves for i-Fe,03-0 (a), i-Fe,03-0/NiFeBi- 10 min (b), and i-
Fe,O3-0/NiFeBi-20 min (c) at 0.8 VV (A), 0.4V (B) and 0.2 V (C) in 1 M KBi.

We showed in this study that i-Fe,O3-0 (417) with their largest pore structure and hence greater
interface with the solution, exhibited the best photoelectrochemical behavior towards water
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oxidation producing photocurrents of 0.79 mA/cm? at 1 V vs Ag/AgCl in 1 M KBi pH 9.2 at 100
and 200 mW/cm?. At low light intensities i-Fe;03-0 (417) and i-Fe,03-0 (190) exhibited similar
photoelectrochemical behavior. Decorating i-Fe,O3-0 (417) films with few monolayers of NiBi
or NiggFe1oBi resulted in a comparable decrease in the onset potential by ~ 200 mV in 1 M KBi
pH 9.2. NiBi and NigoFe1oBi surface catalysts resulted in a slower decay in the photocurrent at
low potentials which resulted from a decrease in recombination processes, and had an effect also
on increasing the photocurrent produced at high bias which might indicate a catalytic effect.
Further research need to be directed towards fabricating photoelectrochemically efficient
hematite inverse opals without detoriating its ordered architecture to be able to study light

localization effects in these films.
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CHAPTER 5
CONCLUSION

In one project, we investigated the role of order vs disorder at bilayer electrodes assembled from
nc-TiO, coupled with photonic crystals and disordered photonic glass films. For this purpose we
fabricated disordered films from an assembly of disordered polystyrene photonic glass from one
sphere size by increasing the ionic strength. The photoelectrochemical behavior of the inverse
opals, inverse glass and bilayer electrodes were investigated in front wall and back wall
illumination. While i-TiO,-0 (with stop band at 600 nm) show only slight enhancement in energy
conversion at the red edge of stop band (660-680 nm), disordered inverse glass (i-TiO,-g) when
not coupled to nc-TiO, showed a significant enhancement (compared to the conventional nc-
TiO,) in the entire spectrum which was attributed to multiple internal scattering in the film that
causes longer light-matter interaction. The gain was similarly observed under front wall
illumination and back wall illumination. Coupling nc-TiO; to i-TiO,-d film on the other hand,
did not result in prominent enhancement as in the case of nc-TiO,/600-i-TiO,-0 which showed
enhancement within the stop band region in the front wall illumination, and at red edge of the
stop band extending to 720 nm for both illumination modes. Back scattering at nc-TiO,/i-TiO,-d
hindered light from reaching the nc-TiO, layer where most of the dye is adsorbed in the back
wall illumination. We concluded that photonic effects due to the presence of order are causing
the localization of light within the nc-TiO, film coupled to inverse opal and that this effect does

not persist in the presence of significant disorder.

In a second project, the effect of doping amorphous Ni-oxo/hydroxo films with iron for

catalyzing the oxygen evolution reaction was studied. NisoFegoBi and NiggFesoBi exhibited
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the highest turnover frequencies at high overpotentials whether anodized or non-anodized
and hence had the highest catalytic activity. The films were also compared with thin NiBi
having similar amounts of Ni. Thin NiBi films had similar TOF as the thicker NiBi films
further proving that it is the effect of iron that is enhancing the catalytic activity of the Fe-
doped NiBi films. We also showed in this study that the anodization procedure that
activated the films and increases their catalytic activity cannot merely be a result of
incorporating iron in the film, as deliberately introducing iron in anon-anodized films still
led to lower activity for oxygen evolution when compared to anodized NiBi and anodized
NiBi with iron in different proportions. Therefore, though it may be possible that Fe is
being introduced in trace amounts from the electrolyte, it is evident that the anodization

increases the activity because of possible structural changes (not merely incorporating Fe).

In a third project, we fabricated hematite inverse opals to be used as photoanodes for
water splitting. Two sizes of polystyrene templates were used in this study, 417 nm and
190 nm and were compared to unstructured films. At high light intensity, i-Fe,O3-0 (417)
exhibited the highest photocurrents compared to unstructured hematite films and to
hematite inverse opal films with the smaller pore size of 190 nm whether in the front wall
or back wall illumination. However, at lower light intensity (25 mW/cm?), i-Fe,03-0 (190)
and i-Fe,03-0 (417) showed similar photocurrents. The lower photocurrens measured at i-
Fe,03-0 (190) at high light intensity was attributed to the high carrier concentration
leading to increased rates of recombination at the film. i-Fe,O3-0 (417) was surface
decorated with NiBi and NigyFe;oBi catalysts which lead to similar cathodic shifts of ~
200 mV and resulted in a slower decay of the photogenerated currents which is indicative

of decreased recombination rates.
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