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ABSTRACT

Global warming, caused by the enormous use of fossil fuels to supply our energy
demand, is forecast to have a negative net impact on the life on Earth. To fight
the excessive heating of the planet, alternative energy technologies to replace the
burning of fossil fuels should be explored. In many contexts hydrogen economy
stands out as one of the most prominent alternative for the contemporary fossil
economy. Hydrogen can be separated from water in the form of hydrogen gas,
which reacts back to water when burned to heat or when used in an electrochemical
cell to produce electricity. Thus hydrogen can provide a CO,, free source of heat and
electricity if the processes for hydrogen gas production are CO, free. This thesis
deals with materials that are able to produce hydrogen gas from water using solar

power as the driving force.

In this thesis we describe the fabrication of adjustable porous weblike metal oxide
nanostructures from cellulose templates. The templated structures were tested in
solar water splitting (i.e. hydrogen production) as well as in dye-sensitized solar
cells. The fabrication begun by casting a porous cellulose template which then was
coated with titanium dioxide using atomic layer deposition (ALD). The ability of the
ALD-technique to make nanometer precision coatings enabled us to run optimization
on the coating thickness for more efficient solar to hydrogen conversion. Moreover,
as a result of varying the coating thickness we were able to reveal the progression of
ALD-TiO, film growth on the cellulose templates. Finally, in order to extend the
absorption of the TiO, photoanodes an additional ALD-Fe,O, layer was deposited
on the surface of TiO,. An increase in photocurrent was observed as a result of
extended range of visible light absorption which was attributed to the formation of

iron titanium oxides.

The results of this thesis clearly show that atomic layer deposition combined with
cellulose templating can be used to fabricate materials for sustainable CO,-free
energy production that complies with the current climate goals. In light of the results
presented here, we expect the ever developing atomic layer deposition techniques of
new materials together with the abundance of cellulose templates available in forms
of nanofibers and nanocrystals to have the potential to provide new high performance

materials for the needs of sustainable energy production.
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TIHVISTELMA

Fossiilisten polttoaineiden liiallisesta kdytostd aiheutuvan ilmaston ldmpenemisen
ennustetaan vaikuttavan negatiivisesti elamdmme laatuun. Lampenemisen pyséyt-
tdmiseksi tulisi etsid vaihtoehtoisia energiantuottotapoja Oljyn, hiilen ja kaasun
polttamiselle. Useissa tulevaisuudenndkymissid vety nostetaan esille kaikkein lu-
paavimpana vaihtoehtona fossiilisten polttoaineiden korvaajaksi. Vetyd voidaan
erottaa vedestd vetykaasuna, joka voidaan polttaa ldmmoksi tai muuntaa sdhkoksi
sahkokemiallisessa kennossa. Molemmissa prosesseissa vety reagoi hapen kanssa
muodostaen vettd ainoana padstondan. Néin ollen vety voisi taata hiilidioksidiva-
paan lammon- ja sahkonldhteen, mikali vedyn tuottamiseen kéytetty energia olisi
hiilidioksidivapaata. Téama vaitoskirja késittelee materiaaleja, jotka pystyvit tuot-

tamaan vetykaasua vedestéd kédyttden energianldhteend auringonvaloa.

Téssé tyossd valmistimme huokoisia metallioksidinanorakenteita selluloosamuotteja
apuna kayttden. Muottien avulla valmistettujen materiaalien tehokkuus testat-
tiin valokemiallisessa vedyntuotannossa seké vériaineaurinkokennojen elektrodeina.
Rakenteiden valmistaminen alkaa huokoisen selluloosamuotin levittamiselld, joka
paéllystetdan seuraavassa vaiheessa titaanidioksidilla kéyttéden atomikerroskasva-
tustekniikkaa (ALD). Titaanidioksidikerroksen paksuutta kyettiin optimoimaan ALD-
tekniikan nanometriluokan tarkkuuden avulla, jolloin vedyntuotannon tehokkuutta
pystyttiin parantamaan. Tutkiessamme useita eri pinnoitepaksuuksia onnistuimme
lisiksi kuvaamaan ALD:114 kasvatettujen titaanidioksidikalvojen kasvun etenemisté
selluloosamuottien péalla. Vaitoskirjatyon viimeisessd vaiheessa tutkimme titaani-
dioksidirakenteiden valon absorptiokaistan laajentamista lisdtylld rautaoksidipin-
noitekerroksella. Rautaoksidipinnoitteella onnistuttiin kasvattamaan valon absorp-
tiota, jolla saavutettiin suurempi valokemiallisten kennojen virta. Titaani- ja rautaok-
sidien havaittiin sekoittuvan keskendén valmistusprosessin aikana, minké todettiin

olevan valttdmatonta kennon toiminnan kannalta.

Tamén vaitoskirjatyon tulokset osoittavat, ettd yhdistamalla selluloosamuottitek-
niikan ja atomikerroskasvatuksen voidaan valmistaa materiaaleja hiilidioksidivapaan
energiantuotannon sovelluksiin. Néiden tulosten valossa uskomme, ettd yhé ke-
hittyvilla ALD-tekniikoilla sekd uusilla nanoselluloosamateriaaleilla on mahdollista

valmistaa entistd tehokkaampia materiaaleja ilmastotavoitteiden saavuttamiseksi.
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1. INTRODUCTION

Global warming is considered to be one of the biggest challenges of our time. To
prevent the heavy weather conditions to have its negative effect on us, global warm-
ing should be limited to 1.5 °C with respect to the pre-industrial levels, according
to the 2018 Special Report by IPCC.! Currently, the world is 1 °C warmer (see
Figure 1.1).12 Heart of the problem lies in the world’s immense energy need that is
met by burning fossil fuels. The fossil fuel combustion raises the level of greenhouse
gases in the atmosphere which in turn leads to the global temperature rise. In the
combat against climate change, the scientists’ task is to develop alternative energy

technologies free from greenhouse gas emissions to replace the fossil fuels.

The Sun radiates more energy onto the Earth in an hour, than the whole world
consumes in a year.? Therefore, due to its vast potential, in many scenarios solar
energy is projected to be one of the main sources of energy in the future. Solar
energy can be harvested — in a greenhouse gas free manner — using photovoltaic
technology that converts the solar irradiation into electrical energy or by using solar
thermal collectors that convert the irradiation into heat. The drawback of solar
technology is in its difficult storing. This is particularly inconvenient due to the
changes in the availability of solar energy. As a consequence, efficient ways to store

solar energy would be required for its large scale utilization.

Electrical energy produced with solar cells could be stored in batteries. However,
the high price of the present battery technology has limited the build-up of large
battery centers. Omne prominent approach for storage is to use solar energy for
hydrogen production from water. Hydrogen is an efficient fuel which can be stored,
and transported compactly in tanks in its liquid form. Hydrogen can be directly
burned to heat or converted to electric energy in a fuel cell. The only emission from

these processes is clean water.
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In the course of this work, we have combined the latest semiconductor fabrication
technology and nanocelluloses to prepare materials, which are capable of producing

hydrogen fuel from water, or which can to convert solar light to electricity.

Figure 1.1 Average temperature of Earth during 2014-2018 compared to that of 1951-
1980 (Credit by NASA’s Scientific Visualization Studio).?

1.1 Research objectives and scope of the thesis

In many applications, porous structures with high specific surface area are required
to reach high efficiency. The nanocellulose materials selected for the study possess
this property, however, cellulose itself is not photoactive. Therefore, this function
has to be implemented onto the cellulose from other materials which in this thesis
are semiconducting metal oxides, either TiO,, Fe,O,, or their combination. Among
the many possible thin film technologies, we chose atomic layer deposition (ALD) as
it can create metal oxide coatings with subnanometer precision therefore allowing

us to precisely tune the coating thicknesses.

In this thesis, the suitability of porous cellulose (aerogel)-based templates for ALD
of metal oxides is explored, and the application of the prepared structures in photo-
voltaic devices is demonstrated. We show that, combining ALD and cellulose based
templating allows the preparation of high specific surface area semiconducting elec-
trodes with control over multiple parameters: electrode thickness, composition of

the metal oxide layer, layer thickness, and porosity. In addition, we show that the
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electrodes can be prepared directly on the substrate (e.g. FTO) or they can be
transferred from the deposition substrate to that of the final application which can
even be curved. Moreover, the possibility to extend the light absorption range of
the TiO, with an additional ALD-Fe,O; coating layer is shown. The porous metal
oxide films are tested as photoelectrodes in dye-sensitized solar cells or in photoelec-
trochemical cells capable of solar water splitting. In short, the research questions

can be summarized as follows:

e Can atomic layer deposition of metal oxides be applied on porous cellulose
templates in order to make high specific surface area electrodes for photovoltaic

devices?
e What are the advantages and disadvantages of this approach?

e Can the performance of the templated metal oxide photoanodes be improved

further with yet another atomic layer deposited coating (e.g. ALD-Fe,0,)?

1.2 Outline

The thesis consists of a short Theoretical background chapter which will introduce
the reader to the main concepts behind this work. In the Materials and methods
chapter, the experimental procedures are described. Results and discussion chapter
will present in separate sections first the structure of the cellulose templated metal
oxides, and second their applications in photovoltaic devices. The main outcomes
of this work are summarized the chapter Summary and future outlook. The original

papers are included at the end of the thesis.



2. THEORETICAL BACKGROUND

In this chapter we give a general overview on the current status of the state-of-the
art photovoltaic devices. First, we describe the working principles of dye-sensitized
solar cells which were the application in Paper I, and then focus on solar water
splitting that was the application in Papers II, III and IV. These photovoltaic
applications especially benefit from a high specific surface area active electrode.
The remainder of this chapter is therefore devoted to the high specific surface area

structures.

2.1 Solar cells

Solar cells are devices that are able to convert the energy carried by light into another

form of energy. Photovoltaic solar cells convert the energy of light to electricity.

The energy of light is carried by photons, which are emitted by the Sun at varying
amounts depending on the photon’s energy. Figure 2.1a presents the solar spectrum
which shows the amount of photons that the Sun radiates on Earth as a function of
the photon’s wavelength. An ideal solar cell would absorb all of these photons, and
convert them to electricity. The maximum theoretical solar to electricity conversion
efficiency for a single junction solar cell is 33.7 % (under 1 Sun conditions) which
is obtained with a band gap of 1.37 €V.% This calculation is based on the detailed-
balance model first presented by Shockley and Queisser (see Figure 2.1b).7

Figure 2.2 shows how close different solar cell technologies are to the theoretical
limit.% In this sense the most mature technologies are c-Si, GaAs, and GalnP which
can provide efficiency that is more than 75 % of the Shockley-Queisser limit. Dye-
sensitized solar cells, together with organic, CZTS, and PbS quantum dot cells are
yet to achieve even half of the theoretical maximum. The record efficiencies® for
GaAs is 27.8 % and for ¢-Si 26.1 %. Multijunction cells employing the GalnP ab-

srober have reached 47.1 %. Noteworthy is that perovskite solar cells have surpassed
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CdTe technology with efficiency of 25.2 % against 22.1 %, despite the fact that per-
ovskite solar cells have been developed only for 10 years® while CdTe technology

has been developed since 1950s.1°

2.1.1 Dye-sensitized solar cells

The dye-sensitized solar cell is one of the many types of solar cell technologies
developed to date. The major breakthrough in the field occured in 1991 when Brian
O’'Regan and Michael Grétzel demonstrated 7-8 % efficiency which meant tenfold
increase over the state-of-the-art.* The idea behind dye-sensitized solar cells is to
enhance the light absorption of a transparent semiconductor with dye molecules
that are attached to the semiconductor surface. The breakthrough of O’Regan and
Grétzel was to use nanometer sized titanium dioxide particles to provide a high
specific surface area for dye coating that resulted in sufficient light absorption. A
10 micrometer thick film made of nanometer sized particles provides roughly 1000

times more surface for dye coating compared to a flat surface of the same size. 141°

The idea behind the dyeing process is illustrated in Figure 2.3.

Figure 2.3 Principle of using high surface area electrodes to achieve strong visible light
absorption in dye-sensitized solar cells.

In a dye-sensitized solar cell the functions of charge transport and light absorption
are divided between the TiO, electrode and the dye, making them distinctively
different to Si, CdTe, CIGS or III/V solar cells. Absorption of a photon by the

“Recommended reading of seminal work preceding the famous 1991 paper: Matsumura et al.
(1977) Dye-sensitization on the Photocurrent at Zinc Ozide Electrode in Aqueous Electrolyte Solu-
tion,!! Beley et al. (1981)Dye sensitization of ceramic semiconducting electrodes for photoelectro-
chemical conversion,? Desilvestro et al. (1985) Highly efficient sensitization of titanium diozide
(1985)13
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Figure 2.4 Energy diagram for charge transfer in a DSSC together with a schematic
drawing of an actual device. Numbers in the drawings refer to: 1) transparent electrode,
2) high specific surface area electrode, 3) electrolyte, 4) counter electrode.

dye excites an electron from the ground state S° of the molecule to the excited
state S* from where it is further injected to the conduction band of TiO,, leaving
behind an oxidized dye molecule S*. Timescale for these processes is in the range
of femtoseconds to hundreds of picoseconds depending on the dye. To complete
a cycle, charge is transferred through the external circuit to the counter electrode,
and further to the redox electrolyte that regenerates (reduces) the oxidized dye. The
regeneration cycle occurs in the range of 100 ns to 10 ps.'*1® The energy diagram
of a DSSC is depicted in Figure 2.4.

Coming back to Figure 2.2, we see that dye-sensitized solar cells can provide less
than 50 % of the theoretical maximum. The highest reported efficiency for a DSSC
is today 12.3 %,® therefore it’s obvious that there is still plenty of space for improve-
ment. The challenges lie in the carrier management which in the graph is given as
the product of fill factor (FF) and open circuit voltage (V;.).% State-of-the-art de-
vices today rely on TiO, nanoparticle electrode and liquid electrolyte which together

are responsible for the losses in voltage and fill factor.

One of the main challenges is the low redox potential of the commonly used iodide/tri-
iodide (I3~/3I7) electrolyte, which causes a large potential loss in the device.!®
Alternative electrolytes have been developed (e.g. cobalt complexes,'” copper com-
plexes,'® ferrocene based, and organic disulfide/thiolate based?%?!) which have
better matched redox potential with the dye, however, their large size causes slow

dye regeneration due to slow diffusion of the redox species within the TiO, pores.??
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Another challenge caused by the nanoparticle morphology is the large density of
trap states concentrated at the grain boundaries of the film. The electron transport
is therefore greatly slowed down by the trapping/detrapping events occuring during
their transport through the nanoparticle structure. 2324

The problems related to the diffusion of redox species and to the charge trans-
port through the nanoparticle electrode are preventing the dye-sensitized solar cell
technology to approach the Shockley-Queisser limit. These challenges, caused by
the nanoparticulate morphology, serves as a motivation to look for alternative high

specific surface area photoanodes.

2.1.2 Solar water splitting

Solar water splitting means making fuel out of water using the power of the Sun to
drive the reaction. This is achieved via a reaction where two water molecules are

split into two hydrogen molecules and one oxygen molecule according to reaction

2H,0 + sunlight — 2H, + O,,. (2.1)

Solar water splitting is typically achieved via either having an external solar cell
connected to an electrolyser (PV /electrolysis), or in a photoelectrochemical cell
(PEC) where the photoanode is immersed directly in water.?® Competence of these
devices is assessed based on the solar-to-hydrogen (STH) conversion efficiency given

as

. jphoto : (123 V - Vbias)
NsTH = )
-Plight

(2.2)

where jppoto (MA/ ch) is the photocurrent, Vi, is the applied bias voltage, and Bjgn
(mW /cm?) is the light intensity.?® The thermodynamical upper limit of solar-to-
hydrogen conversion for a single junction device is in the range of 29-34 %. However,
taking into account unavoidable losses in the system realistically achievable efficiency
lies in the range of 10-15 %.?° Obviously, multijunction systems can reach even
higher efficiencies. For a multijunction PEC device employing II1/V semiconductor
12.4 % has been reported.?” For a PV /electrolyser system 30 % STH conversion was

recently achieved.?
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The half cell reactions written down below (in alkaline electrolyte) describe the
hydrogen evolution reaction (HER) at the cathode and the oxygen evolution reaction
(OER) at the anode.? From these equations one sees that it takes two electrons to
produce one molecule of H,. However, the OER has been identified to be the rate

limiting step in solar water splitting because it is four electron reaction with slow

kinetics compared to the competing recombination processes.?’
HER cathode 4H,0+4e~ == 2H,+40H" E°, —0.828 V vs. NHE
OER anode 40H™ +4h"™ = 2H,0+0, E° = —0.401V vs. NHE
total 2H,0 = 2H,+0, EY,.. = —1229V vs. NHE

The redox potential, E ., for the overall reaction is —1.23 V meaning the semi-
conductor band gap should be at least 1.23 eV to be able to drive the reaction. In
practice, the band gap should be larger, 1.8-2.2 eV, to account for kinetic losses
due to overpotentials for OER and HER, and thermodynamic losses in the cell. 303!
In addition to having a correct size band gap, the energy levels of the semiconduc-
tor should be matched with the OER and HER potentials; the conduction band
edge should be above that of the HER potential and the valence band should be
below that of the OER potential.?0 Figure 2.5 shows some common semiconductors
and their band energies with respect to the water oxidation and reduction reaction

potentials.

In this work we use the PEC type solar water splitting i.e. we employ semiconductors
immersed in the electrolyte to directly drive the reaction on the semiconductor’s
surface (Figure 2.6). The advantage of the PEC technology over PV /electrolyser
is that fewer compounds are needed because the whole cell can be made to a single
monolithic device.?6 Although technically the system is less complicated, a lot is
demanded on the photoanode material. An ideal PEC photoanode should be good
light absorber, be able to perform water oxidation, have catalytic property for OER,
and be stable under the reaction conditions. In addition, to make it in large-scale
production the materials should be low cost, safe, and environmentally friendly.

Today there is no single material that would satisfy all the conditions. 2%:26:31
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Figure 2.5 Band energies of common semiconductors with respect to OER and HER
reactions.’® Reprinted by permission from Springer Nature: Nature volume 414, pages
388-344, Photoelectrochemical cells, Michael Grditzel, Copyright (2001)

Semiconductors used in this work

Hematite, a-Fe,0,, fulfills many of the aforementioned conditions for water split-
ting and has therefore been considered as a promising photoanode material. Hematite
has a 2.0 - 2.2 eV band gap,? fitting well into the ideal range of 1.8-2.2 eV. Further-
more, it is stable under neutral and basic conditions, abundant and safe to handle.
Despite the multiple favorable qualities of hematite, there are some notable down-
sides. Hematite has an extremely short hole (k") diffusion length 2-10 nm, 3334 that
prevents the holes generated in the bulk to take part in the water oxidation reac-
tion at the electrode surface. Another drawback is that its conduction band edge

is below that of the HER potential.®® This however could be overcome in a tandem
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Figure 2.6 Left) Schematic drawing of a water splitting cell: 1) transparent electrode, 2)
photoanode (e.g. TiO,), 3) electrolyte (water), 4) counter electrode. Right) A photograph
of the setup used in this work. The bubbles on the photoanode are oxygen gas and the
bubbles on the coiled counter electrode are hydrogen gas (large bias voltage was used to get
a high rate of gas generation for the photo).

PEC configuration. Coupled with an appropriate photocathode, the system could

reach 15 % STH conversion efficiency. 3!

Titanium dioxide, TiO,, was the first material on which photoelectrochemical
water splitting was demonstrated.3%3¢ Similarly to hematite, it fulfills many of the
conditions for an ideal photoanode material such as the non-toxicity and abundance.
Unlike hematite, TiO, does not suffer from short carrier diffusion lengths.373® More-
over, having the conduction band above the HER potential and valance band below
that of the OER it can perform fully solar driven water splitting without assistance
from external power sources as was shown by Fujishima and Honda in 1972.36 The
main disadvantage of TiO, is its large band gap 3.0-3.2 eV meaning it can only ab-
sorb UV-light therefore greatly limiting the obtainable efficiency. Figure 2.7 shows
the parts of solar spectrum that can be absorbed by hematite or TiO,,.

Due to the multiple attractive properties of hematite and titanium dioxide, in this
work, we study them and their combination as the photoanode materials for solar
water splitting. Successful combination of the favorable properties of the two materi-
als would lead to finding a safe and efficient material for hydrogen production which
is why this combination still is in the focus of researchers after decades of research.
The problem caused by the short hole diffusion length of hematite could be solved

by creating a porous material which would allow the infiltration of water into the
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Figure 2.7 The parts of solar spectrum absorbed by titanium diozide (TiO,) and hematite
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Figure 2.8 The benefits of using porous structures in solar water splitting. Left) A thin
photoanode results in low absorbance but the photogenerated holes can participate to the
OER reaction. Center) thick films have high absorbance but the photogenerated holes are
too far from the water interface. Right) porous structures create high absorbance and close
prozimity of the water interface.

pores. Now the photogenerated holes (h™) would have close proximity of water in-
terface thus being able to take part in the OER reaction. In order to work efficiently
the hematite layer shouldn’t be thicker than the hole diffusion length (2-10 nm). A
layer this thin would require another material to carry it which could be another
metal oxide — titanium dioxide for example. The concept bears high resemblance
to the idea behind dye-sensitized solar cells and is known as the scaffold-absorber
approach.®® Figure 2.8 illustrates the benefits of using porous materials in solar
water splitting.



2.2. High surface area electrodes 13

2.2 High surface area electrodes

Many applications benefit from nanostructuring in order to increase the active sur-
face area with respect to the geometrical surface area. Nanostructured materials
are commonly divided into four groups — 0D, 1D, 2D, 3D — according to the dom-
inant dimensionality.?® 0D materials include nanoparticles or quantum dots,*’ 1D
materials include nanorods, wires or tubes,*! 2D refers to sheets and plates,*? and
with 3D materials we mean porous structures such as hollow spheres or hollow fibers

creating an interconnected network.*3

Dimension of the structure will greatly define its properties. 0D nanoparticles can
be used to cast films with high surface-to-volume ratio (m?/m?) also known as high
specific surface area making them ideal for fabricating thin films with good visible
light absorption as in dye-sensitized solar cells.*® Quantum dots are yet another ex-
ample of 0D nanoparticles. 1D nanostructures in particular in the form of nanorods
have found applications in batteries as well as in solar cells due to the unidirectional
confined charge transport along the nanorod.*! The most famous example of a 2D
material is graphene that has found applications in many fields of electronics, and

photonics.

3D materials can be made in numerous different shapes that vary in pore size,
distribution, geometry, and the nature of the structure frame. Owing to the great
tunability of the 3D networks they are found in multiple applications including solar
cells, photocatalysis, energy storage, and even self-cleaning surfaces and antifogging

coatings.*3

The desired dimensionality can be achieved via various different synthesis routes
which can roughly be divided into two groups: template-free synthesis and templated
synthesis. Examples of template free approaches are sol-gel synthesis, solvother-
mal/hydrothermal methods, and electrochemical film growth.** While the template-
free synthesis is often simple, the downside is the resulting large variation in pore
size distribution or irregular pore shapes. In this work we used templated approach

which will be discussed in detail in the next section.

2.3 Templating for high surface area

Template-based methods often offer more regular pore size and shape distribution

compared to the non-templated methods.*? In a template-based method a separate
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structure (i.e. the template) that possesses the desired pore size, shape, and dis-
tribution is used to give these properties to the deposited material. More precisely

this is so called hard templating method in contrast to soft templating methods. 4

Commonly used hard template materials include metal oxides (e.g. silica and alu-
mina) or polymers (e.g. polystyrene, poly methyl methacrylate and celluloses). The
selected template should be compatible with the target material processing condi-
tions. The inorganic templates are very robust but the use of organic templates
might in some cases be limited due to for example thermal resistance issues. Some-
times template removal is desired leaving behind a hollow structure. Silica can be
removed using highly potent acids such as HF, and alumina using alkali solutions.
Polymer templates, however, are more easily removed with organic solvents or by
burning. Obviously, the coating (and the substrate) should withstand the template
removal process. 43

In exchange for the wet chemistry routes for the active material deposition, atomic
layer deposition stands out as an excellent candidate due to its high precision.
Kemell et al. were the first to combine cellulose templates and ALD-TiO, by apply-
ing the method on filter papers.*® Hyde et al.“%%7 studied the properties of ALD-
coated cotton. Korhonen et al.*® used nanofibrillated cellulose (NFC) as templates
and in addition to TiO, also deposited ZnO and TiO,. Buesch et al.* coated a cel-
lulose nanocrystal (CNC) template with ALD-Al,O4 to construct a high resolution
3D model of the template itself.

To summarize, one could consider using hard templating if the following conditions

are met:

e The template should have the desired morphology
e The template should survive the target material deposition conditions
e If required, the template should be removable

— The target material should survive the template removal processing con-

ditions
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3. MATERIALS AND METHODS

In this chapter a brief introduction to the material or method is given, after which

the experimental details used in this work are described.

3.1 Celluloses

Cellulose is one of the main constituents of plant biomass together with hemicellulose
and lignin.®° It is often said to be the most abundant renewable polymer on Earth.?!
In addition, cellulose is safe, non-toxic, non-petroleum based and bio-degradable
therefore making it ideal material for modern products that should not pose any

risk towards humans or environment.

Chemically cellulose is a linear chain polymer made of repeating glucose units. The
chain is linked via covalent bonds through oxygen that joins two carbons of adjacent
glucose units (i.e. 81 — 4 glycosidic bond). The polymer chain is strengthened with
hydrogen bonding between the hydroxyl goups and the oxygens in the cellulose ring.
Typically the degree of polymerization is between 10000 — 15000.%? The repeating

unit of cellulose is presented in Figure 3.1a.

The cellulose polymer chains stack together via hydrogen bonding between neigh-
boring chains (Figure 3.1b) forming fiber-like structures called nanofibrils. Fur-
thermore, the nanofibrils stack together to form microfibrils. This construction is
the main building block that gives green plants their structural stability.?? The mi-
crofibrils can be up to several micrometers in length and 50 nm in thickness. The
microfibrils separated into nanofibrils are the source for nanofibrillated cellulose
(CNF). Figure 3.2 illustrates how the nanofibrils are obtained from the microfibrils.
The nanofibrils contain crystalline and amorphous domains, therefore, upon removal
of the amorphous regions cellulose nanocrystals (CNC) are obtained.®® The CNCs
are rod-like particles 100-200 nm in length and 5-20 nm in diameter, and the CNFs

can be several micrometers long and around 5 nm in diameter.
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Figure 3.1 a) Molecular structure of cellulose.®? Carbons in the glucose rings are num-
bered to highlight position of the 8 1 — 4 glycosidic bond. b) Strand of cellulose at the
molecular level. The image shows how individual polymer chains group together via in-
terchain hydrogen bonding to form the fibrils. The hydrogen bond is drawn with dashed
line.

Fibril matrix structure in the cell wall

Microfibril separated
to nanofibrils

—

300 nm

Figure 8.2 a) An illustration of a cellulose microfibril and how it is made of a bundle
of nanofibrils.

CNCs and CNFs can used to make to very lightweight and high surface area aero-
gels. Common preparation methods include freeze drying and critical point drying. ®!
These nanostructured porous materials have found their way into multiple applica-
tions. CNC aerogels have been applied for example in superabsorbers (water or
dodecane),® heat insulations,® and supercapasitors.®® The literature on CNF ap-
plications is more extensive including use cases in humidity sensing,*® batteries, "

60:61:62:63 conductive substrates,® sound

7

flexible supercaps,® hydrophobic coatings,

absorbers, % dye-sensitized solar cell electrolyte fillings,% and drug release.®
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3.1.1 Cellulose film fabrication

Cellulose acetate films

Cellulose acetate (271 mg/ml) (CA-398-3 from Eastman) was dissolved in 1:5.64
(v/v) mixture of acetone and 1-methyl-2-pyrrolidinone. 5 mm wide stripe of solution
was spread on a FTO substrate using the doctor blade technique (i.e. tape casting).
Scotch Magic Tape 810 was used as the spacer. Immediately after spreading the
whole substrate was dipped into a 1:4 (v/v) mixture of Milli-Q water and 1-methyl-
2-pyrrolidinone for 3 s and then into Milli-Q water for 10 min. Then the films were
dried in air at room temperature overnight. The excess of the film was cut out using
a scalpel leaving a square (5 x 5 mm) of porous cellulose acetate in the middle of

the substrate (Fig. 3.3a). The method was adapted from earlier work.%®

These films were then placed in the ALD reactor for metal oxide deposition onto
the cellulose (Papers I & II).

Cellulose nanocrystal films

Sulfate half-ester functionalized CNCs (sCNCs) were produced by hydrolyzing ash-
less cotton filter aid (Whatman, GE Healthcare Life Sciences, CAT No. 1703-050,
Mississauga, Canada) in 64 wt% sulfuric acid.® The sCNCs were functionalized
with aldehyde groups using a sodium periodate oxidation route as described in
prior work resulting in aCNCs. " Hydrazine functionalized CNCs (hCNCs) were pro-
duced as described previously ™ by first oxidizing sSCNCs with 2,2,6,6-tetramethyl-
1-piperidinyloxy (TEMPO, Sigma-Aldrich). The resulting carboxyl groups on the
CNCs were activated using N’-ethyl-N-(3-(dimethylamino)propyl)-carbodiimide and
N-hydroxysuccinimide, then reacted with adipic acid dihydrazide to form hCNCs.

Aerogel films (1 wt% sol-gel concentration, 1:1 aCNC:hCNC weight ratio) were
patterned onto FTO-coated glass (TEC-15, Pilkington, UK, sheet resistance 15
ohm/sq) substrates using a recently developed pressure-aided freeze casting tech-
nique. Briefly, FTO-coated glass was cleaned with Piranha solution (5:1 H,SO,:H,O,
v/v) for 15 min at 110 °C to remove organic residue. A 7 pum-thick Parylene (Spe-
cialty Coating Systems, Indianapolis, IN, USA) film was deposited on the counter
electrode and the film was patterned by xurography to create (5 x 8 mm) molds. It
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should be noted that prior to Parylene deposition the substrate was spin coated with
surfactant (1 % v/v, Micro-90, International Products Corp., Burlington, NJ, USA)
to reduce Parylene-substrate adhesion. To ensure no interference with gel casting,
the surfactant was washed from the substrate by bath sonication in water for 15
min. Pre-mixed aCNC:hCNC sol-gel suspensions were drop cast on the mold and
immediately frozen at —30 °C while under pressure. The frozen gel was lyophilized
and the mold was subsequently lifted-off to reveal the aerogel of desired thickness

and pattern.

These substrates were then placed in the ALD reactor for metal oxide deposition
onto the cellulose (Paper IV).

3.2 Atomic layer deposition

In this work the cellulose templates were coated with a thin layer of TiO, that were
fabricated by the means of atomic layer deposition (ALD). Also all the other metal
oxide thin films used in this work (Fe,O5 & Ta,O;) were fabricated using ALD.

Atomic layer deposition provides the means for depositing conformal coatings with
ideally atomic scale control over the film thickness.”™ Typically the deposited film
thickness is in the nanometer range. Thanks to the high quality of the ultrathin
films fabricated by ALD, it has allowed the manufacture of ever smaller transistors
and has therefore become a key technology in computers and smartphones. Intel

Corporation took ALD into their production line already in 2007. 72

ALD is based on repeated cycles. One cycle typically consists of four steps: 1) first
precursor pulse, 2) Ny or Ar purge to remove excess precursor, 3) second precursor
pulse, 4) Ny or Ar purge to remove excess precursor. This cycle is repeated until the
desired film thickness is reached. Typically one cycle grows 0.01 - 0.3 nm of film. ™

3.2.1 ALD methods used in this work

ALD of TiO,

Throughout the work all depositions of TiO, were done using Picosun Sunale ALD
R200 Advanced reactor. Precursors used were TDMAT tetrakis(dimethylamido)titanium
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(99 %, Strem Chemicals, Inc.) and deionized water. The purging gas was argon
(99.9999 %, Oy AGA Ab). Pulsing times were 1.6 s for TDMAT, 0.1 s for H,O, and
6 s for argon. Two different substrate temperatures were employed: for the cellulose
acetate templates the substrate temperature during deposition was 100 °C (Papers
LII), and for the cellulose nanocrystal templates the substrate temperature was 200
°C (Paper IV).

Substrate temperature during deposition has an effect on the composition of the
TiO,, in particular on the Ti*"/Ti*" ratio. The Ti*" defects lead to the dark
appearance of the deposited ALD-TiO,, layers (Fig. 3.3b)."™

ALD of Fe,O,4

The Fe, Oy thin films were deposited using a F-120 ALD reactor (ASM Microchem-
istry, Finland) using a FeCl;/H,O process at 400 °C.™ When deposited on the
cellulose acetate templated porous TiO, (Paper II) pulsing times for FeCl, and
H,O were 2 s with 8 s purging after each reactant (Fig. 3.3d).

ALD of Ta,Oy

The Ta,Oy thin films were deposited using a Ta(OC,H;);/H,O deposition process
at 300 °C. The pulsing times were 0.8 s for Ta(OC,H;); and 1.0 s for H,O with 2.0
s purging (Paper III).

3.3 Device assembly

Solar cells

The dye-sensitized solar cells were assembled according to previous publication ™
apart from the porous TiO, fabrication. The porous cellulose acetate films coated
with ALD-TiO, were dipped into an acetone bath to detach the film from the sub-
strate and to wash away the excess cellulose acetate. The floating ALD-TiO,, film
was transferred onto a new clean FTO substrate in the bath and subsequently cal-
cined at 450 °C for an hour (Fig. 3.3c).
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Figure 3.3 Photographs of the films during different stages of fabrication. a) Cutting of
cellulose acetate template, b) cellulose template after ALD of TiO,, ¢) ALD-TiO, after
calcination, d) TiOy web coated with ALD-Fe,Og.

The TiO, was then stained in a 0.1 mM N719 (Ruthenizer 535-bisTBA from Sola-
ronix) solution of acetonitrile:tert-butanol 1:1 (v/v) for 16 h. Platinum catalyzed
counter electrode was prepared by depositing a drop of 5 mM H,PtCl; in EtOH
on another FTO substrate and annealed at 450 °C for 15 min. The TiO, electrode
and the counter electrode were glued together using a 25 pm thick hotmelt (from
Solaronix) plastic such that it made a frame around the TiO, film. Electrolyte was
injected into the cavity inside the frame in between the glass substrates through a
hole drilled into the platinum counter electrode. To make filling easier two holes
were drilled so that air could escape through the second hole. The electrolyte was
0.6 mM 1,3-dimethyl-imidazolium iodide, 0.03 mM diiodine, 0.1 mM guanide thio-
cyanate, and 0.5 mM 4-tert-butylpyridine in a 85:15 (v/v) mixture of acetonitrile
and valeronitrile. After filling, both holes were capped with a piece of microscope

glass using the hotmelt film.
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Water splitting

The ALD-TiO, coated cellulose acetate films were transferred (similarly as described
above for solar cells) onto FTO substrates that had a spin coated compact TiO,
layer.™ The films were then annealed at 450 °C (heating rate 7 °C/min) for 45
min, and cooled down slowly with the same rate. Additional ALD-Fe,O4 layer was
deposited onto these films according to method described above. These films were
still subject to one more thermal treatment at 680 °C for an hour (heating rate
20 °C/min). After the hour the samples were removed from the hot oven to room

temperature and let cool down.

The ALD-TiO, coated cellulose nanocrystal films were annealed at 500 °C (heating
rate 20 °C/min) for an hour, and cooled down using the same rate.

Prior to photocurrent measurement, excess of the substrates were insulated using
Kapton tape leaving only the templated ALD-TiO,, structure exposed. These sam-

ples were then tested as photoanodes in an electrochemical cell.

3.4 Photovoltaic characterization
Solar cells

The figures of merit (PCE, Iy, Voo, FF) for the dye-sensitized solar cells were
determined from [V-curves measured with a Agilent E5272A source measurement
unit in 4 wire setup under 1 Sun illumination. The light source was a 450 W Xe
lamp with a A = 315 — 710 nm bandpass filter (KG3 from Schott) in front of the
cells. The intensity was set to 1 Sun (100 mW /cm?) using a certified reference silicon
solar cell from Oriel Instruments (model 91150V).

Solar water splitting

The I'V-curves for solar water splitting were measured in a 3-electrode setup where
the sample was the working electrode, platinum wire the counter electrode and
aqueous Ag/AgCl (sat. KCl) the reference electrode. Electrolyte was 0.1 M NaOH
solution contained in a 5 x 1 cm quartz cuvette (Figure 2.6). IV-curves were

recorded with Agilent E5272A source measurement unit under 1 Sun illumination.
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The light source was 150 W Xe-lamp (Sciencetech SS150 - AAA Solar simulator)
equipped with an AM1.5G filter. The intensity was set to 1 Sun using the certified
reference silicon solar cell from Oriel Instruments (model 91150V). In Figures 4.8
and 4.11 the Ag/AgCl electrode potential is reported against the reversible hydrogen
electrode (V vs. RHE). Conversion was done according to formula Vapg = Vias +
0.05916 - pH + 0.197 V.
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4. RESULTS AND DISCUSSIONS

In this chapter we first focus on the structural characteristics of the cellulose tem-
plated metal oxide films and then look at their potential applications in photovoltaic

devices.

4.1 Cellulose templating for ALD of metaloxides

The objective of this work was to use cellulose acetate (CA) and later cellulose
nanocrystal (CNC) templates to fabricate porous metal oxide thin films by the means
of ALD. Cellulose acetate was selected as a starting point because it is commercially
readily available and can be cast to porous films according to a facile method ”” which
was adapted from earlier literature. %

Figure 4.1 shows characteristic SEM images of the porous cellulose acetate films
before and after the ALD-TiO, coating. Comparison of Figures 4.la and 4.1b
shows that the ALD coating preserves the weblike structure of the template. The
diameter of the openings in the web vary largely from 100 to 1000 nm, as well as
the string diameter varies from 100 to 400 nm. The variations are caused by the
variations in the cellulose template, and thus are not caused by the ALD process.
The ALD coating thickness on top of the film is exactly 30 nm targeted with 480
cycles of TDMAT /H,O-process at 100 °C. However towards the bottom of the film
the coating thickness decreases from the target value due to limited diffusion of
the ALD precursors through the porous structure. This issue is further discussed
in Section 4.1.3. Altogether, cellulose acetate was found to be suitable for the

fabrication of porous TiO, thin films by means of ALD-templating.

Cellulose nanocrystal films were also studied as potential template materials in ad-
dition to cellulose acetate films. Figure 4.2 shows SEM images of CNC films coated
with 145, 435, and 870 cycles of TDMAT /H,O-process at 200 °C that nominally
corresponded to 5, 15 and 30 nm of TiO, layer thickness. Similarly to CA templates,
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Figure 4.1 a) SEM image of a cellulose acetate template (with thin layer of silver to
facilitate the imaging), b) the template coated with 30 nm of ALD-TiOy, ¢) a larger image
of the TiOy coated web.
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Figure 4.2 On left column cross sectional SEM images of 145, 435 nm and 870 nm
ALD-TiO, coatings on cellulose templates, and on right column images from top of the
films.

the structure of the CNC template could be replicated with the ALD-TiO, coating
to a fine degree. In contrast to CA films, it was possible to coat the CNC films
thoroughly from top to bottom with uniform coating thickness. We expect this to
be enabled by the extremely low density of the CNC aerogel templates that allows

more free diffusion of the ALD precursor gases into the film.
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4.1.1 Calcining

Upon deposition, the ALD-TiO, coatings are amorphous.”™ Because in this work
the films were applied in photovoltaic devices, the films were calcined to crystallize
the TiO, which simultaneously lead to removal of the cellulose template from the
structure. Typical temperature was 450 - 500 °C and calcination time 1 h. Calcining
didn’t create any changes to film’s appearance which could have been observed by
means of SEM or by eye. XRD measurements proved successful crystallization to
anatase and XPS revealed slightly increased carbon contamination levels due to

burning of cellulose. "

4.1.2 Early stage film growth & thinnest coatings

Often opto- and nanoelectronic, medical, and catalytic properties are highly de-
pendent on the structure morphology. Therefore, the development of increasingly
competent devices requires techniques which are not limited by the shortcomings of
the fabrication methods. Instead, new technology should allow vast possibilities for
fine tuning and optimization. While the combining of ALD and cellulose templat-
ing has previously been demonstrated in literature, only a limited range of coating
thicknesses has been explored. Moreover, the question of sufficient metal oxide layer
thickness to form a self standing structure after cellulose template removal remained

unanswered prior to this work.

To address this question, a broad range of TiO, coating thicknesses were studied

k457778 of 30 nm down to the collapse

starting from a common literature benchmar
point of the structure upon template removal. The template was 10 pum thick CNC
aerogel. The thinnest self-standing structure fabricated by us had only 87 ALD-
TiO, cycles that equaled 7 nm coating thickness (see Figure 4.3 for SEM images).
TEM images together with close-up SEM images (Figures 4.4ab) revealed that the
structure is remarkably held together by weakly connected TiO, crystallites which
do not yet form a closed film on the surface. Hence, the structures fabricated this
way form a high surface area TiO, aerogel where the strings of the weblike structure
themselves are porous. To the best of our knowledge, this cellulose templated 3D
self-standing structure has the thinnest wall thickness so far reported. Eventually,
after 290 cycles (10 nm) the crystallites emerge to form a conformal smooth surface

(Figure 4.4c).
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Figure 4.8 SEM images of the TiO, stuctures with the thinnest coating thickness (87
cycles/7 nm, calcined). a) Cross section, b) imaged from top.
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Figure 4.4 a) TEM image of a templated structure having the thinnest ALD-TiO, coating
(87 cycles, 7 nm, calcined), b) corresponding SEM image, ¢) TEM image of a templated
TiOy structure with increased number of coating cycles (290 cycles, 11 nm, calcined).

Above we used the term nominal coating thickness because the measured (from
TEM images) value differed from the calculated value in the case of the thinnest
coatings due to the crystallite formation that precedes the conformal film growth.
In our case we found following relation between the number of cycles and actual
measured film thickness: 87 cycles (nominal 3.0 nm) equaled 7.2 &+ 2 nm, 145 cycles
(nominal 5.0 nm) equaled 7.2 £+ 2 nm, 290 cycles (nominal 10.0 nm) equaled 11.4
£+ 1 nm. After the 290 cycles the growth rate settled to a constant value 0.034

nm/cycle.

4.1.3 Fabrication of transferable thin films

Requirement for the template based methods is that the template and the template
processing are compatible with the substrate of the end-application. Obviously,
this might not always be the case for example due to solvent- or thermal resistance
issues or due to excess mechanical stress during processing. Therefore it might

be advantageous to be able to transfer the pre-processed templated films from one
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Figure 4.5 SEM images describing the transferable web preparation. a) Cellulose tem-
plate, b) coating of the top part of the template with ALD-TiO,, ¢) dissolution of cellulose
acetate, and subsequent calcination leaves behind only the porous TiO,.

substrate to another: from the fabrication substrate to that of the end-application.

Transferability was achieved using the observation that the ALD precursor gases
weren’t able to penetrate all the way through the CA template due to limited diffu-
sion within the pores of cellulose acetate. Using the selected processing parameters
the ALD coating thickness remained constant down to 3.5 um from the surface
towards the bottom but then gradually decreased to zero during the last 500 nm
leaving behind a layer of uncoated cellulose acetate between the coated film and the

substrate (see Figure 4.5b).

We discovered that it was possible to dissolve the uncoated cellulose acetate in an
acetone bath that lead to detachment of the film from the processing substrate. The
floating film could now be transferred onto a new substrate in the same bath. Be-
cause the TiO, films are amorphous after the ALD deposition they posses flexibility
that enabled the transfer even onto curved substrates as demonstrated in Figure
4.6.

4.2 Photovoltaic applications of the templated photoanodes

4.2.1 Dye-sensitized solar cells

Templating methods have been used in dye-sensitized solar cell technology in order
to overcome the limitations imposed by the nanoparticle TiO, electrode. While the

nanoparticles provide a high surface area for dye absorption the electron transport
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Figure 4.6 A TiOy-web transferred on a curved surface. Diameter of the glass rod is 6
mm.

through the nanoparticle electrode is hindered due to trapping within the particles
23;24

and at grain boundaries.
Taking advantage of the conformal coatings enabled by ALD, Hamann et al.”™ and
Chandiran et al.®® coated a nanoparticle SiO,, template with ALD-TiO, to transport
the electrons along the ALD-TiO, coating therefore enabling the charges to travel
around the nanoparticles rather than through them. Martinson et al. considered
ITO nanotube templates coated with ALD-TiO, to shorten the electron transport
pathway to the collector.8!

In contrast to the inorganic templates also organic templates, namely cellulose, have
been examined as alternatives to the traditional nanoparticle electrode. Ghadiri et
al.® mixed cotton fibers with NH,TiFg and H;BO,, to obtain cellulose templated
TiO, fibers upon calcination. These fibers were subsequently crushed and formulated
to a paste that could be used to cast a TiO, electrode for a DSSC. Ivanova et al.®3
elaborated on this approach mixing titanium ethoxide with cellulose nanocrystals

which could be directly cast into films and transformed into templated TiO, upon
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Figure 4.7 A representative IV-curve of a DSSC prepared using the TiOy web.

calcination. In this thesis, we replaced the wet chemistry routes with atomic layer

deposition to obtain cellulose templated TiO, photoanodes for DSSCs.

The cellulose acetate templated TiO, films (as in Figure 4.1) were used as pho-
toanodes in dye-sensitized solar cells to replace the common nanoparticle based
TiO, electrode. Using I~ /I3~ redox couple and the dye N719 we obtained PCE of
2.840.3%, FF of 65+2 %, Vo of 0.6940.01 V, and . of 6.2 £ 0.4 mA /em? (see
IV-curve in Fig. 4.7) at 1 Sun illumination. The main limiting factor for reaching
high performance was the low current density caused by small amount of dye ab-
sorbed; color of the TiO, after dyeing was light red in contrast to deep red color of
the nanoparticle electrode. Albeit the pore size in the cellulose acetate network is
measured in nanometers (100-500 nm) the state-of-the-art nanoparticle electrodes
provide roughly 10 times more surface for the dye absorption resulting in higher
current densities. This limitation could be overcome by replacing the cellulose ac-
etate template with the latest cellulose nanocrystal aerogels having porosity up to
190-320 m?/g.54:84

4.2.2 Photoanodes for water splitting

All the cellulose templated ALD-TiO, photoanodes developed in the course of this
thesis (i.e. the CA-templated & CNC-templated) were both tested in water splitting
application. To the best of our knowledge Papers IT & IV are the first demonstra-
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Figure 4.8 Comparison of CA-templated vs. CNC-templated webs in solar water splitting
(1 Sun, 0.1 M NaOH)

tions of using cellulose acetate or cellulose nanocrystals as templates for ALD-TiO,
in water splitting application. Performance of the two templates under 1 Sun illu-
mination in 0.1 M NaOH is compared side by side in Figure 4.8. Their performance
is very similar giving 90 pA/cm? for the CNC-templated and 80 pA/cm? for the
CA-templated at 1.23 V vs. RHE. However the current onset is clearly more sharp
for the CNC-templated indicating more ideal photoanode 3D web structure and im-
proved charge transport within the film. Furthermore, we were able to show that
the coating thickness could be brought down form the current literature benchmark
of 30 nm"""® down to 15 nm without losses in efficiency resulting in materials and

time savings.

Visible light sensitization of CA-templated ALD-TiO, by ALD-Fe,O4

TiO, is a wide band gap semiconductor and therefore absorbs only UV-light. Ex-
tending the light absorption to visible with an additional coating — similarly as in
dye-sensitized solar cells — was first demonstrated by Sivula et al.?? calling it the
scaffold-absorber concept. However, organic dyes degrade quickly during the oxi-
dation reaction® therefore inorganic sensitizers have been proposed instead. One
of the candidates is hematite (a-Fe,O,) since it has a band gap of 2 eV making it
a promising choice for the application.®® The problem in using hematite together
with TiO, is the unfavorable band alignment for charge injection from hematite to

Ti0,.32 Despite the obvious challenge multiple efforts have been made to combine
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TiO, together with hematite®” but the reports so far have been inconsistent. 8:3%:90

Therefore, further clarification on the topic had been requested.®”

Having the possibility to prepare iron oxide layers with ultrahigh precision using
ALD, we fabricated ALD-Fe,O, coatings on the CA-templated TiO, to study the
suitability of the TiO,-Fe,O5 pair in a scaffold-absorber configuration. The de-
posited ALD-Fe,O5 amounts were 100, 200 and 400 cycles corresponding nominally
to 5, 10 and 20 nm thicknesses. The SEM images in Figure 4.9 reveal that the
iron oxide grew on the TiO, scaffold as small crystallites which eventually coalesced
together when 400 cycles were applied. Large view images (Fig. 4.10) show that

the coatings were uniform throughout the films.

In the as-deposited condition no water oxidation was observed from the ALD-TiO,-
Fe,O4 photoanodes under illumination (see Figure 4.11a). However, upon annealing
at 680 °C water oxidation was enabled (Figure 4.11b). Moreover, an improvement
in the photocurrent over bare TiO, was obtained at 1.23 V vs. RHE and higher bias
voltages. Interestingly, the enhancement was obtained with the thinner coatings
(100 and 200 cycles) but not with the thickest coating (400 cycles). IPCE spectrum
(Fig. 4.12) revealed that the ALD-Fe,O, coating indeed extended the photocurrent
response range from UV to A = 600 nm confirming the hypothesis that the onset of
photocurrent generation of TiO, scaffold could be extended to longer wavelengths

using an ALD-Fe,O; absorber.

On the basis of Raman and XPS spectroscopy the reason for the broader wavelength
range for photocurrent generation was found to be the formation of Fe(III)Ti(IV)-
oxide on the surface of the TiO, scaffold upon annealing. The exact composition of
the formed oxide could not be resolved in this study possibly because of it existing
as a very thin layer on the scaffold surface. Further evidence on formation of a new
oxide on the surface is given by the change of the photocurrent onset in function
of WE potential (Figure 4.11b) when compared to the bare TiO, photoanode; the
onset for bare TiO, is at 0.3 V vs. RHE while for the iron oxide coated TiO, the onset
isat 1.0 V vs. RHE. The I'V-curves measured with 100 and 200 cycles coatings bare
close resemblance to those measured with Ti-doped hematite photoanodes. ?1:9%93

Furthermore, when 400 cycles were deposited a clear signal from hematite was ob-
served with Raman and XRD.%! Due to the unfavorable band alignment with TiO,,
the hematite layer formed an injection barrier which explains the decreased per-

formance compared to the 100 and 200 cycles coatings where no clear signal from
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hematite was detected.

Figure 4.9 SEM images of CA-templated ALD-TiO4 webs having a (a,b) 100, (a,d) 200
or (e,f) 400 cycles ALD-Fe,O4 coating applied to scaffold-absorber concept. Left column
as-deposited, right column annealed.
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Figure 4.10 Larger view on the TiOy-FeyO4 scaffold-absorber photoanodes. a) 100
cycles, b) 400 cycles (annealed).
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Figure 4.11 a) IV-curves of TiO, webs coated with X cycles of ALD-Fe,O4 a) before
and b) after annealing.
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Figure 4.12 a) Absorption spectra of annealed thin films: glass/FTO/ALD-TiO4(30
nm)/ALD-Fe,O4(X cycles), and the spectrum of hematite reference: glass/FTO/ALD-
Fe,04(400 cycles). All films were annealed at 680 °C . b) IPCE spectra of annealed TiO,
webs coated with X cycles of ALD-Fe,0s.
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A nm

Figure 4.13 Transient absorption spectra of a) reference hematite film, b) Ta-doped
hematite film, ¢) FeTiO film.

Photochemistry of ALD-Fe,Og4

Photoelectrochemical reactions of the material compositions that constitute the tem-
plated structures were studied using transient absorption techniques. Transient
absorption spectroscopy in the ps-ns timescale (in particular the pump-probe tech-
nique) provides information on the lifetimes of the excited states following the laser

excitation and the following recombination and charge transfer processes.

The strong positive absorption band centered at 575 nm (see Fig. 4.13) has been
assigned to the absorption of photoexcited electrons® in the hematite conduction
band. When doped with tantalum the spectrum bares high resemblance to that of
the reference hematite. However, when combined with titanium clear differences in
spectra were observed. A new broad absorption band formed at 450-680 nm which
we interpreted as charge transfer to TiO,. Furthermore, bleach observed for the
bare hematite and the Ta-doped hematite, is not visible for the ALD-Fe,O,-TiO,
sample which signifies clearly different charge transfer dynamics. The observation
that the difference occurred immediately after the excitation was taken as further
evidence of mixing of the TiO, and the Fe,O4 layers creating a FeTi-compound on

the surface as discussed above.
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5. SUMMARY AND FUTURE OUTLOOK

This work looked into the photovoltaic applications of porous TiO, films that were
fabricated by the means of cellulose templating and atomic layer deposition (ALD).
Studied cellulose templates were made of cellulose acetate or cellulose nanocrystal
(CNCQ) aerogels that were then coated with ALD of TiO,. Additional Fe,O coating
on top of the TiO, was also implemented. The cellulose nanocrystal templated films
were tested as photoanodes for solar water splitting while cellulose acetate templated
ALD-TiO, films were tested in dye-sensitized solar cells as well. The main findings

are summarized in the following paragraphs.

Cellulose aerogels are versatile template materials. They can be modified in shape,
structure of the aerogel pattern, thickness, density and porosity. When combined
with atomic layer deposition, these properties can be replicated in the deposited
metal oxide to the finest degree in addition to having nanometer precision in the
coating thickness. Cellulose aerogel templating opens a new diverse library of struc-

tures for applications that require porous metal oxides.

This thesis describes a method for fabrication of transferable cellulose acetate films.
Transferability function was achieved by coating the porous substrate halfway such
that the metal oxide coating layer did not form any contact with the supporting
substrate. This allowed the dissolution of the remaining template that resulted
in detachment of the ALD-coated film which could then be transferred to a new
substrate. The advantage of this approach is that the transferred film can adopt
the shape of the new support which can for example be curved. These films showed
good initial performance when tested in dye-sensitized solar cell photoanodes. This
work also served as the first demonstration of cellulose acetate templated ALD-TiO,
photoanode applied to DSSCs.

Cellulose nanocrystal templates coated with different thicknesses of ALD-TiO, were
tested in water splitting application. Highest performance was observed for 15 nm

TiO,, coating that is significantly thinner than the commonly used literature bench-
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mark of 30 nm. Increased performance, combined with reduced fabrication time and

materials savings substantially reduces the price of the produced solar hydrogen.

In the course of coating thickness optimization we looked into the mechanical prop-
erties of the fabricated porous TiO, networks. 10 micrometer thick CNC aerogel
ALD-TiO, replica was found to be self supporting at 7 nm coating thickness. Thin-
ner ALD-coatings resulted in the collapse of the structure. In addition, systematic
study of different coating thicknesses revealed the growth mode of the ALD-TiO, on
the CNC template. The growth begins as weakly connected crystallites that even-
tually coalesce together to make a smooth film once the coating thickness reaches

10 nm.

Additional ALD coating on top of the TiO, was tested in order to increase the light
absorption of the photoanode to visible range. Application of 100 or 200 cycles of
ALD-Fe, O, over the TiO, extended the effective spectrum range to red, from 400 to
600 nm, resulting in increased overall photocurrent under 1 Sun illumination. The
key enabler for the enhanced performance was found to be the formation of iron

titanium oxides on the surface.

Further evidence on the role of iron mixed into the TiO,, was explored by the means
of ultrafast transient absorption spectroscopy. Ti-Fe,O, ALD-films were compared
against tantalum Ta-Fe,O, films. Obtained data supports the formation of new iron
titanium oxides upon mixing of the ALD-Fe,O; and ALD-TiO,, layers while on the

other hand no evidence of tantalum iron oxides was observed.

Future outlook

The methods developed during the course of this work clearly demonstrate the pos-
sibility to use cellulose templating together with atomic layer deposition to fabricate
3D photoactive materials for solar cells or for solar water splitting. We propose that
the fibrous framework of the cellulose based templates could be further customized
to be more application specific. Tailored aerogel porosity optimized for light harvest-
ing and charge transport could result in increased DSSC and solar water splitting
performance over that what is reported here. For DSSCs the TiO, replica of the
CNC aerogel template has the potential to solve the problems related to the charge
transport across the currently employed nanoparticle electrode. Similarly, in par-

ticular for hematite based solar water splitting, the aerogel structures could provide
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close proximity of the water interface solving the problems related to the short hole
diffusion length related problems. However, this would require development of low
temperature ALD recipes for hematite growth in order to deposit the hematite di-
rectly on the cellulose aerogel. On a final note, owing to the high precision of ALD
and the structural diversity of cellulose based aerogels, we expect this combination
to enable the fabrication of high performance materials for various applications in

the field of nanoscience especially in energy harvesting, energy storage, and catalysis.
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Tailored Fabrication of Transferable and Hollow Weblike

Titanium Dioxide Structures
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Davide Barreca,” Pedro Fardim,® 9 Nikolai Tkachenko, Mika Valden,® and

Helge Lemmetyinen®

The preparation of weblike titanium dioxide thin films by
atomic layer deposition on cellulose biotemplates is reported.
The method produces a TiO, web, which is flexible and trans-
ferable from the deposition substrate to that of the end appli-
cation. Removal of the cellulose template by calcination con-
verts the amorphous titania to crystalline anatase and gives
the structure a hollow morphology. The TiO, webs are thor-

1. Introduction

Modern technologies related to energy storage and conver-
sion, catalysis, sensing, and medicine impose various demands
over the active materials and substrates. Nanoscale features,
porous structures, and flexibility are often required today."*
Porosity combined with nanoscale features is often the requi-
site for high catalytic activity, which is a result of increased sur-
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oughly characterized using electron microscopy, X-ray diffrac-
tion, and X-ray photoelectron spectroscopy to give new insight
into manufacturing of porous titanium dioxide structures by
means of template-based methods. Functionality and integrity
of the TiO, hollow weblike thin films were successfully con-
firmed by applying them as electrodes in dye-sensitized solar
cells.

face area, leading to high performance,”” whereas flexibility is
often sought for improved user experience and design.”!

Hollow structures increase the surface area even further rela-
tive to their solid counterparts by making the both inner and
outer surfaces possible active sites. Hollow structures are espe-
cially attractive in lithium-ion battery technology due to in-
creased lithium storage sites and large contact area with the
electrolyte. Furthermore, the hollow structure can alleviate
strain associated with volume changes related to battery cy-
cling processes.” Hollow structures for lithium-ion batteries
have been demonstrated in various geometries, including TiO,
spheres,” microboxes,”™ and ellipsoids.” In addition, TiO,
hollow structures are advantageous in sensor technology.'®™
Medical applications have multiple uses for hollow structures,
including the encapsulation of a drug inside the inner surface
of a nanoparticle and functionalizing the outer surface for
drug targeting.'?

Several methods have been developed to manufacture
porous structures; titanium dioxide is the workhorse materi-
al"™ In particular, wet synthetic routes are used to obtain
spherical structures with various geometries. The solution syn-
thesis, however, still requires several steps under strict reaction
conditions that are prone to cause undesired variations in the
end product. In addition, the use of inorganic templates (e.g.
spherical SiO,) means that they must be removed by using
strong chemicals, such as HF, which is still commonly em-
ployed to produce hollow TiO, spheres."” To overcome prob-
lems imposed by inorganic templates, organic templates can
be used due to their easy removal by calcination. In this con-
text, cellulose-based materials are attractive choices thanks to
their abundance and nontoxicity.

Previously, cellulose-templated metal oxide thin films have
been cast from a paste prepared from the crushed metal oxide

2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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nanostructure, as a result of template removal."'® Ivanova
et al. overcame this problem and showed that cellulose-tem-
plated metal oxide structures could be prepared directly on
the substrate from a nanocrystalline cellulose paste containing
a titanium dioxide precursor, followed by combustion of tem-
plate, and simultaneous crystallization of TiO,!'” Li etal."®
used atomic layer deposition (ALD) to deposit TiO, directly
on a thin nanocrystalline cellulose film. Their solution requires
that the substrate is suitable for template preparation. This is
not always possible because the substrate might have a com-
plicated geometry, be too small for template preparation, or
prevent template casting due to surface interactions. Herein
we describe an approach that enables the preparation of trans-
ferable templated TiO, films, which means that the substrate
of the final application needs to be compatible only with the
deposited functional material, but not with the template. This
is achieved by ALD of titanium dioxide on porous cellulose
acetate templates, which are easily processible and soluble in
common organic solvents such as acetone. Transferability is
a useful feature in nanoelectronic applications, including su-
percapacitors,?® water splitting,””! and dye-sensitized solar
cells (DSSCs).?

The transferable thin films have a porous weblike TiO, struc-
ture, which is flexible and has continuous interface-free paths
for electron transfer along the strings of the web. Template re-
moval by calcination at the crystallization temperature of TiO,
gives the web a hollow structure. The chemical composition of
the structure is of utmost importance in the development of
high-performance devices. The number of impurities, doping
levels, and the oxidation states modify material properties,
such as charge carrier concentration and mobility, and may
thus have an effect on the performance and lifetime of the de-
vices. Although template-based methods are widely employed,
and some reports include XPS results,”**> the detailed analysis
of the chemical composition of the materials under study for
different processing steps is often omitted. Herein, we include
an XPS study on the ALD-grown TiO, thin films before and
after template removal. Finally, the functionality of the TiO,
webs is demonstrated by testing them in DSSCs.

Today, ALD can be applied on a roll-to-roll process®” or even
open environment outside laboratory conditions on objects
such as cars.” This could make the proposed method applica-
ble on a larger scale as well.

1. ALD on top of a porous template
2. Excess of template is removed

substrate

Figure 1. A schematic illustration of transferable thin-film fabrication.

ChemPhysChem 2017, 18, 642 71 www.chemphyschem.org

3. Detachment from the substrate
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=
4000 nm

Figure 2. SEM images of the steps of the titania web thin-film preparation.
a) First a porous cellulose acetate template is cast, b) then it is coated with
titania by means of ALD, and finally c) the template is removed by dissolu-
tion and calcination.

2. Results and Discussion

The thin-film preparation process is schematically presented in
Figure 1 and SEM images of the process are given in Figure 2.
Commercially available, cheap, and easily processible cellulose
acetate was chosen as the template material for the TiO, webs.
A porous cellulose acetate film (Figure 2a) is cast by using
a method adapted from the literature® and used as a template

4. Transfer to curved substrates

2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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for ALD. Titania is deposited on the cellulose biotemplates by
means of ALD at 100°C, which results in an amorphous phase
at this temperature.*” We observed that it was possible to
vary reproducibly the penetration of the ALD precursors into
the template by changing the pulsing times, and thus, alter
the TiO, film thickness. To achieve transferability, pulsing times
that leave the bottom part of the template uncoated were se-
lected. By using the reported ALD method, the precursor gases
penetrated 4 um inside the 10 um thick cellulose template
(Figure 2b) to create a 4 um thick titania structure after disso-
lution of the excess template (Figure 2¢). It was possible to ac-
curately vary the titania layer thickness that grew around the
strings of the cellulose template by changing the cycle
number: 480 ALD cycles produced a 30 nm thick TiO, coating.
The film growth was verified ellipsometrically on a reference n-
Si(100)(P) substrate, which indicated a titania film thickness of
(30.04+0.3) nm, with a growth rate of 0.06220.063 nm/cycle.
Penetration of precursor gases into the template was further
studied by EDX spectroscopy (Figure S1 in the Supporting In-
formation) to verify titania coating on the upper part of the
film only.

The prepared weblike titania structure is shown in Figure 3.
It consists of titania strings (Figure 3a), which span a continu-
ous web that extends over the whole film. The diameters of
the openings in the web range from 100 nm to 1 pum with an
average value of approximately 400 nm. The diameters of the
strings vary from 100 to 400 nm, according to the cellulose
acetate string thickness in the template. After calcination, the
titania strings are hollow due to removal of the template. Fig-
ure 3b shows that the cavity diameter in the hollow structure
varies from tens of nanometers to a few hundred nanometers
with an average value of 250 nm calculated from SEM cross-
sectional images. The wall thickness of the titania strings mea-
sured from the SEM image matches well with the target value
of 30 nm. At the bottom of the web, the titania layer thickness
slightly decreases due to reduced diffusion of the ALD precur-
sor gases. The thickness decrease was quantified based on
SEM measurements. From the top to the middle of the sample,
the TiO, layer thickness is close to 30 nm. The thickness de-
creases down to 15220 nm at approximately 3.5 um depth
from the sample surface when 4 um thick films were targeted,
resulting in a thinner coating thickness for the last 500 nm.
Similar observations were made also for the calcined films.
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Figure 4. XRD pattern of the TiO, web before and after calcination.

Prior to calcination, the as-deposited titania is amorphous,
as verified by XRD measurements (Figure 4), during which the
only reflections observed come from the fluorine-doped tin
oxide (FTO) substrate. After calcination, titania is converted
into anatase form and the characteristic anatase peaks at 20=
25 and 47° appear in the spectrum (ref. ICDD: 98-016-1908).

Transferability of the TiO, webs was achieved through disso-
lution of excess cellulose acetate in an acetone bath. The web
detaches from the substrate in a few seconds and can then be
transferred onto another substrate in the bath. It was observed
that the film attaches strongly to FTO or glass substrates once
the solvent has dried, making them usable without further
processing. In the amorphous phase, the TiO, web is highly
flexible. Flexibility makes it possible to transfer the webs onto
curved substrates. Figure 5 shows a photograph of a TiO, web,
which has been transferred onto a round glass substrate. The
fast and easy transfer makes the reported method favorable
for practical applications. To obtain a hollow crystalline titania
structure, removal of the template was completed by calcining
the samples at 450°C in air at a slow heating rate. Calcination
could be realized even when the web had been transferred on
the curved glass substrate.

Figure 3. SEM images of the resulting titania films. An image a) from the top of the film and b) high magnification of the cross section.

ChemPhysChem 2017, 18, 642 71 www.chemphyschem.org
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Figure 5. Photograph of the web transferred onto a curved substrate 6 mm
in diameter.

XPS was employed to determine the chemical composition
of the titania web after ALD growth and after removal of the
cellulose acetate template by calcination. Figure 6 shows the
changes in the Ti2p;, and N1s photoelectron spectra due to
the calcining process. The as-deposited titania surface con-
tained 3.3% of Ti** suboxides (defects, oxygen vacancies), as
indicated by broadening of the Ti2p,, spectral features to-
wards lower binding energies (BEs). The symmetric synthetic
components were fitted at 458.6 (Ti**) and 456.9 eV (Ti**), as
shown in Figure 6a and b. The removal process of the cellu-
lose acetate template by calcining in air decreased the amount
of Ti*" defect states to half and slightly increased the amount
of (hydro)carbon contamination (Table 1).

XPS analysis on the cellulose acetate template before ALD
enabled us to confirm the absence of nitrogen; thus indicating
that both N 1s components shown in Figure 6c and d originate
from the deposition process. The assignment of the N1s pho-
toelectron peaks in the N—TiO, system is somewhat controver-
sial.®™ Based on previous works, the 399.8 eV component in
the N1s spectrum can be attributed to interstitial N centers
(N, in the TiO, lattice,*">” organic N-C—H species,®**¥ N,
species trapped at grain boundaries, and/or to N—-O bonds in
the TiO, matrix."” Nitrogen presumably originates from the
functional N—CH; groups of the tetrakis(dimethylamino)titaniu-
m(lV) (TDMAT) precursor. The higher BE component at
401.7 eV can be associated with chemisorbed N, adsorbed or-
ganic impurities, or N-O species (Ngpemaas)-*"*? Gole et al.*
and Chen and Burda™ also suggested that a component at
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Figure 6. XPS Ti2p;, (a,b) and XPS N 1s (c,d) spectra of the titania web sur-
face in as-deposited conditions and after removal of the cellulose acetate
template by calcining at 450°C in air.

Table 1. Chemical states, relative atomic concentrations, and core-level BEs of the elements determined by XPS on the web titania film.
Sample Relative concentration (in at %)
[component BE in eV]
Cls O1s N1s Ti2ps,
C-C/N/H c-o (0-)c=0 O-Ti 0-C/=C Nine Nenemvads Titt Tt
0-H

as-deposited 5.09 331 1.75 56.91 6.24 0.38 0.97 24.52 0.83

[285.0] [286.1] [289.0] [530.2] [531.5] [399.8] [401.7] [458.6] [456.9]
calcined 9.01 2.39 228 52.38 836 0.29 2 24.90 0.39
at 450°C [285.0] [286.5] [289.1] [530.1] [531.3] [399.4] 2 [458.8] [456.6]
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401.3 eV could be due to N doping and N-Ti—O bond forma-
tion, whereas others proposed that the component of substitu-
tional N was located at low BE values (3962398 eV).5*37:41:42
The obtained data demonstrated that titanium nitride (396.92
397.4 eV)®®¥ was not present on any studied samples. The re-
moval of the cellulose template by calcining removed all
chemisorbed/adsorbed nitrogen and decreased the nitrogen
doping level. The full XPS survey spectrum is presented in Fig-
ure S2 in the Supporting Information.

The presence of N in the TiO, film after calcination can be
assumed to be harmless, even useful, since several studies indi-
cate that the usage of N-doped TiO, in photoanode applica-
tions has advantages over those of pure TiO,. Nitrogen doping
can be used to tune the optoelectronic and photocatalytic
properties of TiO,, including band gap engineering, through
which the addition of electronic states above the valence band
maximum facilitates generation and transport of active charge
carriers to the surface under visible-light illumination.®”*

DSSCs were prepared by using the 4 um thick titania web as
the photoanode sensitized by N719 dye in conjunction with
the iodide/triiodide redox couple and platinum counter elec-
trode. Under simulated one sun illumination, a power conver-
sion efficiency (i) of (2.840.3)%, fill factor (FF) of (65 2)%,
open-circuit voltage (V,) of (0.69+0.01)V, and short-circuit
current (I,) of (6.240.4) mAcm 2 were obtained (the IV curve
is presented in Figure S3 in the Supporting Information). These
values are in the same range as previously reported results for
devices employing templated titania electrode morphologies,
which take into account that the choices for electrolytes, sensi-
tizers, and device architectures differ.">'7*"3% The solar cell
performances are compared in Table 2.

The amount of dye adsorbed on the titania web was deter-
mined by washing the dye from the structure with 1M NaOH
and measuring the absorbance of that solution."” The surface
density of dye was calculated to be 9x10°molcm™ for
a 4pm thick web. For comparison, a density of 3x
108 molcm™ was calculated for a film composed of TiO,
nanoparticles (Ti-Nanoxide T/SP from Solaronix) with a similar
thickness. A lower surface density of the sensitizing dye in the
case of titania web is expected because the characteristic pore
size of the web is much larger than that of the TiO, nanoparti-
cle film.

Structurally the continuous and interface-free strings of the
TiO, web are well-suited for electron transport compared with

CHEMPHYSCHEM
Articles

traditional nanoparticle-based electrodes,” which suffer from
hindered electron transport from particle to particle.”-*" Fur-
thermore, the reported method has advantages over previous
attempts to build cellulose-templated titania electrodes, which
required either milling of the nanofibers"*'® or several deposi-
tion steps to grow thicker structures."” We see these results as
a promising proof-of-concept for further development of trans-
ferable cellulose-templated titania thin films, which could be
applied as electrodes in multiple applications.

3. Conclusions

A method to produce weblike titanium dioxide structures by
applying ALD on porous cellulose acetate templates was devel-
oped. In the amorphous phase, the TiO,-web structures were
flexible and could be transferred easily to another substrate.
The template could be removed by calcination, making the
structure hollow and simultaneously converting the titanium
dioxide into anatase form. Transfer and subsequent calcination
was even achieved on curved substrates. An XPS study on the
webs revealed that the Ti®" states decreased to half and also
nitrogen doping of the oxide lattice decreased due to calcina-
tion. Photoactivity and functionality of the weblike TiO, struc-
ture was demonstrated by successfully applying them as pho-
toanodes in DSSCs.

Modification of cellulose™ is an approach to tune the tem-
plate properties to suit better particular requirements of the
targeted application, which would benefit from the hollow
structure, including lithium-ion batteries and sensors. More-
over, this structure could be beneficial for applications requir-
ing bigger pore sizes than those provided by a standard titania
nanoparticle film. In particular, the TiO, web could serve as
a photocatalytic water purification membrane due to suitable
pore sizes for bacteria filtration and photocatalytic activity of
TiO, for the degradation of organic pollutants.*”

Experimental Section
Preparation of Porous Cellulose Templates on Substrates

FTO-coated glass substrates (70290 Q/square) were cleaned by first
sonicating them in a detergent (2% Mucasol); rinsing with water
(Milli-Q); and again sonicating in Milli-Q water, acetone, and finally
2-propanol. Each sonication step took 15 min. After sonication, the
plates were dried at 150°C in air and allowed to cool to room tem-

Table 2. Comparison of DSSCs employing templated photoanodes. The method reported herein is marked in italics.
TiO, deposition method Dye, electrolyte 7 [%] FF [%] I, [mAcm?] Vo VI Thickness [um]
solution synthesis on cotton wool"*! C101, I7/1;~ 7.5 72 13.0 0.760 9
ALD on SiO, nanoparticles[”] YD2-0-C8,Co(ll/l) 7.1 71 10.6 0.9425 8
ALD on SiO, aerogel templates®®” N719, I/1;” 43 69 9.17 0.67 25
dip coating of nanocrystalline cellulose!”’ N719, I7/1; 3.12 70.9 6.02 0.731 1.8
spin coating on patterned photoresist*¥ N719, I7/1; 29+03 5842 6.1+03 0.8240.03 37403
ALD on weblike cellulose acetate N719, I"/15~ 28+0.3 65+2 6.21+0.4 0.69+0.01 4
ALD on ITO® nanotubes®’ N719, I7/1,~ 1.1 58 26 0.716 60
[a] ITO=indium tin oxide.
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perature. The 5 mm wide stripes of cellulose acetate were doctor
bladed on cleaned substrates by using tape (Scotch Magic Tape
810) as a spacer from a 271 mgmL " solution of cellulose acetate
(CA-398-3 from Eastman) in a 1:5.64 (v/v) mixture of acetone and
1-methyl-2-pyrrolidinone. After doctor blading, the film was
dipped into a 1:4 (v/v) mixture of Milli-Q water and 1-methyl-2-pyr-
rolidinone for 3 s and then into Milli-Q water for 10 min. The films
were dried in air at room temperature overnight and shaped into
5mmx5 mm squares by using a scalpel. The method to produce
the porous cellulose acetate films was adapted from earlier
WOI’k.[zg]

Atomic Layer Deposition of Titanium Oxide

ALD of titanium oxide thin-film deposition was performed on
porous cellulose acetate templates and n-Si(100)(P) reference sub-
strates at a substrate temperature of 100°C by using a Picosun
Sunale ALD R200 Advanced reactor. TDMAT (99%, Strem Chemi-
cals, Inc.), deionized water, and Ar (99.9999%, Oy AGA Ab) were
used as the Ti precursor, O precursor, and carrier/purge gas, re-
spectively. TDMAT reacted with surface hydroxyl species and ad-
sorbed as Ti[N(CH,),];* surface species. H,0O reacted with surface
methyl species and rehydroxylated the surface. Alternating TDMAT
and H,0 pulses at 100°C led to the growth of amorphous TiO,
films. 30

The choice of this precursor as an alternative to classical alkoxides
was motivated by the disadvantages associated with the alkoxide
tendency to produce oligomers, resulting in an undesired altera-
tion of mass transport properties.”” Alkoxide precursor decomposi-
tion also led to an undistinguished ALD temperature window,*”
whereas with the TDMAT/H,0O process growth could be performed
at the low temperature needed for a cellulose substrate with low
decomposition temperature. In addition, electrodes with TDMAT?
ALD TiO, films showed excellent stability compared with TTIP2ALD
TiO, devices.”"

The precursor vapor pressures were kept constant by sustaining
TDMAT bubbling at 76°C (P,~3.6 mbar) and water bubbling at
18°C (P,~21 mbar). The TDMAT connection line was maintained at
85°C to prevent condensation phenomena. Prior to each growth
experiment, the substrate temperature was stabilized for 30 min
before the start of deposition. Different ALD recipes were tested to
vary the film thickness and penetration depth into the porous cel-
lulose acetate template. After a preliminary optimization of the
ALD operating conditions, a 480 cycle recipe at 100°C substrate
temperature, producing the (30.0+£0.3) nm film thickness and
4 um penetration depth, was chosen. The ALD cycle consisted of
1.6 s exposure to TDMAT and 0.1 s exposure to H,O, with a 6.0s
purge after each exposure. A constant Ar flow of 100 sccm was
maintained in both precursor lines throughout the deposition
process.

One of the alternative growth recipes consisted of double pulsing
of each precursor. This method increased the penetration depth to
7.5 um (see Figure S4 in the Supporting Information). However, the
single pulsing recipe was chosen because the 4 um penetration
depth was already enough to demonstrate the fabrication and op-
eration of the transferable TiO, thin film.

Removal of Template and Calcination after ALD

Excess cellulose acetate was removed from the electrode by dip-
ping the films into acetone in a Petri dish. The removal of cellulose
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acetate caused the titania film to be detached from the FTO sub-
strate. The floating titania web film was carefully placed back on
the FTO or transferred to another substrate and removed from the
bath and left to dry. To convert the titania to anatase crystals and
to complete template removal, the electrode was calcined at
450°C (heating at an average rate of 7°Cmin~") in air for 45 min
and cooled at the same rate.

XPS of the Titania Thin Films

XPS was performed by utilizing non-monochromatized Al Ka X-
rays (h, = 1486.6 eV) generated by a DAR400 X-ray source (Omicron
Nanotechnology GmbH) operated at 300 W for excitation of photo-
electrons. Measurements were performed in normal emission with
a detection area of 2.93 mm?” Core-level spectra were collected
with a pass energy of 10 eV, producing a full-width at half-maxi-
mum (FWHM) of 1.09 eV for a reference metallic Ag3d;,, peak, em-
ploying an Argus hemispherical electron spectrometer (Omicron
Nanotechnology GmbH) installed in a multifunctional ultrahigh
vacuum (UHV) system with a base pressure below 1x
107'\0 mbar.[SZ]

The surface elemental concentrations and chemical states of com-
pounds were identified by analyzing the core-level photoemission
spectra of C1s, O1s, N1s, and Ti2p by using CasaXPS software
(version 2.3.16 PR 1.6).°* The BE scale was calibrated according to
the C1s C—C/H component at 285.0 eV. After a Shirley-type back-
ground subtraction, the peaks were least-squares fitted with a com-
bination of symmetric GaussianLorentzian line shapes. The rela-
tive atomic concentrations were calculated by using Scofield pho-
toionization cross sections®™ and experimentally measured trans-
mission functions of the Argus analyzer.

The sampling depths of the C1s, O1s, N1s, and Ti2p signals in
TiO, calculated by using the TPP2M formula®” were 7.2, 6.0, 6.7,
and 6.4 nm, respectively. Thus, the XPS signal was expected to be
collected exclusively from the 30 nm thick titania thin film without
contributions from the substrate.

XRD of the Titania Films

The phase structure of the titania films was defined by XRD (Pana-
lytical Empyrean multipurpose diffractometer) with Cu Ko radiation
(A=1.5405 A) and a cathode voltage and current of 45kV and
40 mA, respectively. The samples were scanned over 26=20290°
with a step size of 0.01°min~" and step duration of 24 s/step.

Ellipsometry of Titania/n-Si(100)(P)

The growth rate, film thickness, and refractive index of the ALD
grown titania layer on n-Si(100)(P) reference was determined by
Rudolph AutoEL Ill Null ellipsometer operated by a He/Ne laser at
A=632.8 nm. The parameters utilized in ellipsometry were as fol-
lows: substrate index of Si, ng=3.863; substrate extinction coeffi-
cient of Si, ks=0.162; angle of incidence, 70°; and approximate
film index of titania, n,.=2.3.

SEM Analyses

Field-emission (FE) SEM images were recorded with a Carl Zeiss
Ultra 55 instrument operated at 1 kV25 kV in in-lens mode.
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Solar Cell Assembly and Characterization

Solar cells were assembled according to a simplified version of
a method published elsewhere.”® The calcined TiO, web electrodes
were stained for 16 h in a 0.1 mm solution of N719 (Ruthenizer
535-bisTBA from Solaronix) dye prepared in acetonitrile/tert-buta-
nol 1:1 (v/v). Platinum counter electrode was prepared by deposit-
ing a drop of 5 mm H,PtCls in ethanol on a cleaned FTO substrate
and then heating it at 450°C for 15 min. The electrolyte was com-
posed of 0.6m 1,3-dimethyl-imidazolium iodide, 0.03m diiodine,
0.1 m guanide thiocyanate, and 0.5 M 4-tert-butylpyridine in a 85:15
(v/v) mixture of acetonitrile and valeronitrile. The electrodes were
sealed together by using a 25 pum thick hot-melt sealing film
shaped to a frame and the holes in the counter electrode were
covered by using the hot-melt film and a piece of a microscope
glass. The IV curves of the prepared solar cells were measured by
using an Agilent E5272A source measurement unit under simulat-
ed 1sun illumination that was set with a certified reference solar
cell from Oriel Instruments. The light source was a 450 W Xe lamp,
with a 2=3152710 nm bandpass filter (KG-3 from Schott) in front
of the solar cells.
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Iron and titanium oxides have attracted substantial attention in photoelectrochemical water splitting
applications. However, both materials suffer from intrinsic limitations that constrain the final device
performance. In order to overcome the limitations of the two materials alone, their combination has
been proposed as a solution to the problems. Here we report on the fabrication of an atomic layer
deposited (ALD) Fe,O3 coating on porous ALD-TiO,. Our results show that successful implementation
requires complete mixing of the TiO, and Fe,Os layers via annealing resulting in the formation of
a photoactive iron titanium oxide on the surface. Moreover, we found that incomplete mixing leads to
crystallization of Fe,O3 to hematite that is detrimental to the photoelectrochemical performance. IPCE
and transient photocurrent measurements performed using UV and visible light excitation confirmed that
the iron titanium oxide extends the photocurrent generation to the visible range. These measurements
were complemented by transient absorption spectroscopy (TAS), which revealed a new band absent in
pristine hematite or anatase TiO, that we assign to charge transfer within the structure. Taken together,
these results provide design guidelines to be considered when aiming to combine TiO, and Fe,Oz for
photoelectrochemical applications.
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1 Introduction

Photoelectrochemical hydrogen production from water could
provide a clean and inexhaustible source of energy if success-
fully realized on a large scale." For this reason, it has attracted
wide interest among researchers ever since the pioneering
reports on the topic were published.>® Efficient photo-
electrochemical water splitting has high demands on the
material properties, which have proven to be difficult task to
combine all in only one semiconductor. Therefore, a solution to
the problem has been sought from material combinations.
One strategy to combine two materials is to divide the
functions of light absorption and charge transport between an
absorber and a high surface area scaffold similarly to dye-
sensitized solar cells.* The scaffolding approach (also known
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as the host-scaffold/guest-absorber approach) was first
demonstrated in water splitting by Sivula et al. where a 60 nm
thick hematite layer was deposited on nanostructured WO,.*
Later, demonstrations of a 25 nm thick hematite layer on TiS,
nanonets, a 5 nm thick layer on ZnO nanorods,” and a few
nanometer thick hematite coating on porous ZnO® have been
reported. The suitability of TiO, as a scaffold for hematite has
been studied previously despite the unfavorable band align-
ment for electron injection. Successful combining of the good
electron transport properties of TiO, and light absorption of
iron oxide holds great promise for efficient solar water splitting
with safe, abundant and stable materials.

Successful implementation of hematite on TiO, has been
reported to require an underlayer (Nb,Os),” while at the same
time successful realization without an underlayer has also been
reported.® Moreover, annealing the TiO, with Fe,O; to create
a thin Fe,TiOs layer on the surface has been proposed to be the
mechanism to reach high photocurrents.” Therefore, the
varying experimental results implies that the question of how to
combine TiO, and Fe,0; in the scaffold/absorber configuration
requires further clarification. Furthermore, a recent review tells
that the working principles of the Fe,0,-TiO, heterojunction
devices still remain unclear and suggests further investigation
on this promising topic.'

The aim of this paper is to establish whether TiO, is a suit-
able scaffold for Fe,O; in the scaffold/absorber configuration.

This journal is © The Royal Society of Chemistry 2018
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To answer this question, we applied 100, 200 and 400 atomic
layer deposition (ALD) cycles of Fe,O; on porous TiO,. The
thicknesses correspond nominally to 5, 10 and 20 nanometers.
The composite materials were characterized by scanning elec-
tron microscopy (SEM), transmission electron microscopy
(TEM), X-ray photoelectron spectroscopy (XPS), Raman spec-
troscopy, X-ray diffraction (XRD), and they were tested as
anodes in a photoelectrochemical (PEC) water splitting cell. The
steady-state PEC experiments were complemented by transient
absorption (TAS) and transient photocurrent (TPC) measure-
ments to gain insight into the water oxidation dynamics.

Our results show that an annealing step which creates a thin
FeTi-oxide layer on the surface is necessary for successful device
operation. Importantly, we find that crystallization of ALD-
Fe,0; to hematite will lead to reduced photocurrent once
hematite begins to dominate the surface. The growth of
hematite can be avoided by using a low number of ALD cycles.
For our device architecture, we discover that 100 ALD-cycles is
sufficient to increase the absorption of the photoanode without
significant hematite crystal growth.

The results presented herein provide new insight into the
fabrication of porous TiO,/Fe,O; photoanodes with the
scaffold/absorber technique by clarifying the surface science of
the material composition from the perspective of solar water
splitting. While this study was carried out by the means of ALD
the here presented phenomena and the design principles
derived from them are applicable to other fabrication tech-
niques as well.

2 Results and discussion

The TiO, scaffolds used in this work were fabricated according
to a previously published method of ALD on cellulose
substrates."* The resulting weblike TiO, structure was selected
to this study for its large pore size allowing easy penetration of
ALD precursors. SEM and TEM images of the TiO, scaffolds
coated with 100, 200 and 400 cycles of ALD-Fe,O; after
annealing are presented in Fig. 1 (see Fig. S11 for a zoomed-out
image). TEM images show the hollow tubular structure of the
TiO, scaffold on top of which the ALD-Fe,O; grow. Based on the
SEM images, the application of 100 and 200 iron oxide depo-
sition cycles was found to form individual islands which cover
the TiO, scaffolds throughout. The islands are present already
prior to annealing. Increasing the cycle number resulted in
increased island sizes that grow large enough to coalesce
together.

X-ray photoelectron spectroscopy was implemented to
further characterize the surface of the structure. Table 1 shows
the relative elemental concentrations of Ti, Fe and O for the
TiO, sample with 100 cycles of ALD-Fe,O; coating. Upon
annealing at 680 °C the Ti/Fe ratio increases from 1.16 to 2.03,
which indicates diffusion of Ti towards the surface. Further-
more, annealing increases the Fe 2p and Ti 2p peak separation
by 0.3 eV (Ti 2p peak shifts to lower binding energy), which can
be assigned to the formation of a mixed FeTi-oxide. In the
studied samples, titanium was found to have oxidation state
Ti* and iron Fe*' suggesting the formation of a Fe(m)Ti(iv)

This journal is © The Royal Society of Chemistry 2018
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oxide. A similar peak shift has been previously observed and
associated to the formation of amorphous Fe,Ti, ,O,, where
a thin TiO, coating was deposited over Fe,O; nanorods.'> The
XPS spectra for Fe 2p and Ti 2p energy regions are given in the
ESI (Fig. S2t). No Sn was detected on the surface, while the
diffusion of tin originating from the underlying FTO has been
reported to occur upon annealing at high temperatures.*

X-ray diffraction (XRD) was used to identify the crystal
structures. As XRD is a bulk characterization method, all
samples indicated crystalline SnO, from the substrate and
anatase TiO,. In the as-deposited condition, the existence of
hematite was visible for the sample with 400 ALD cycles, as
indicated by its highest intensity {104} peak at 33.3° (see
Fig. S37 for the diffractogram). The hematite signal was not
detected for the 100 or 200 cycle samples suggesting an amor-
phous structure. Even though ALD metal oxide films obtained at
high temperatures are usually crystalline as-deposited, ultra-
thin films (<5 nm) regularly remain amorphous until a critical
film thickness value is reached.” Upon annealing, the high
intensity peak of hematite at 33.3° is intensified for the 400
cycles sample which suggests increased degree of crystallinity in
the hematite layers compared to the non-annealed ones.
Hematite was found in the annealed 100 and 200 cycle samples
only in trace amounts.

Raman spectroscopy was used as a complementary experi-
ment to study the annealed samples in more detail. The TiO,
scaffold shows typical anatase signal peaks at 144, 197, 395, 515
and 636 cm™*.** The hematite peaks' at 244, 291, 297, 410, 499,
610 cm ™! become clearly visible only after the coating thickness
increases up to 400 cycles (Fig. 2). For the 100 and 200 cycle
coatings the hematite signal is weak indicating that only
a minor amount of ALD-Fe,O; crystallized to hematite being in
line with the XRD results. The LO (longitudinal optical mode)
peak at 660 cm ™', which was observed only for the 400 cycle
coated sample, has been assigned to disorder within the
hematite lattice.”” The appearance of this peak has been also
previously observed to appear for high temperature (650 °C)
annealed Fe,0;-TiO, systems and assigned to a reaction
between hematite and TiO,."> This peak is not detected for the
100 and 200 cycle samples as the hematite signal itself is barely
visible.

Fig. 3 shows IV-curves for TiO, scaffold coated with ALD-
Fe,0; along with the bare weblike TiO, scaffold for comparison.
The IV-curves are measured after annealing at 680 °C, which
was found to be prerequisite for obtaining reasonable photo-
current from the ALD-Fe,O; coated samples (see Fig S4t for the
IV-curves of as-deposited samples). The TiO,-web shows an IV-
curve with photocurrent in the same order of magnitude that
has been previously reported for cellulose templated porous
ALD-TiO,.*® This allows us to conclude that the web worked as
expected and provided a suitable platform for the ALD-Fe,O3
coatings.

For the ALD-Fe,0; samples we found out that the 100 and
200 cycle coatings gave significantly higher photocurrent than
the thicker 400 cycle coating. Based on the results obtained by
Raman spectroscopy and XRD we can see that the drop of the
photocurrent is caused by the crystallization of ALD-Fe,0; into
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Fig.1 (a—c) SEMimages of a TiO; scaffold coated with 100, 200, and 400 cycles of ALD-Fe,Os, respectively. Images (d—f) are TEM images of the

corresponding samples.

hematite (see Fig. 2 & 3). This is in accordance with the obser-
vation noted previously by Sivula et al.* and Stefik et al.” that
hematite overlayers on titania results in no photocurrent. This
indeed is expected as hematite has a conduction band edge
below that of titania, creating an injection barrier for the elec-
trons photogenerated in the hematite layer.”" The photo-
electrochemical performance of our materials closely matches
those published earlier for Fe,~TiO, photoanodes prepared via
sol-gel.>

The XPS analysis indicated the formation of an FeTi-oxide
layer on the surface upon annealing. When the ALD-Fe,O;
cycle number is kept low, in our case 200 or below, the mixing of
ALD-Fe,O; with Ti during annealing is complete resulting in
FeTi-oxide on the surface. This explains why the 100 & 200 cycle

coated samples overperform the 400 cycle coated sample, where
part of the ALD-Fe,O; film crystallizes as hematite. Previously,
a Fe,TiOs (pseudobrookite) layer has been synthesized on TiO,
nanotubes by high temperature annealing of electrodeposited
Fe,03.° More frequently, however, the Fe,TiOs has been
designed to inject electrons to hematite’** in contrast to
what we report here.

Han et al** noted on the importance of not covering the
whole TiO, substrate with hematite in their system where the
photoactive material was the TiO,. Our system is significantly
different as the photoactive material is the mixed FeTi-oxide. To
prove that the improved efficiency stems from the increased
spectral response, originating from the mixed oxide, incident
photon-to-current-efficiency (IPCE) was measured. As expected,

Table1 Relative surface concentrations and core level binding energies (BE) of Ti, Fe and O for TiO, scaffold coated with 100 cycles of Fe,Os.
The BE scale was calibrated according to the C 1s C—C/H component at 285.0 eV. The relative surface concentrations of all the detected
elements including adventitious C and traces of N, Ca, Na, Mg and Si are shown in the ESI (Table S1)

Concentration, at% (XPS peak position, eV)

Sample Fe 2p;)» Ti 2p3/» O1s Ti/Fe A(Fe 2p3-Ti 2p;/2)
As-deposited 11.69 (710.62) 13.53 (458.84) 74.78 (530.07) 1.16 (251.78)
Annealed 7.44 (710.53) 15.07 (458.43) 77.49 (529.78) 2.03 (252.10)
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Fig. 3 [V-curves of the studied samples.

the bare TiO, gives rise to photocurrent only with UV excitation,
and no signal with visible light excitation due to the large band
gap of the material. However, upon coating of the TiO, electrode
with ALD-Fe,O; followed by annealing, the spectral response is
observed to extend into the visible range up to 600 nm. The
IPCE of the hematite containing sample (400 cycles) is reduced
compared to the 100 & 200 cycle samples, because hematite
cannot contribute to the photocurrent due to the conduction
band misalignment. The IPCE spectra are given in the ESIf
along with UV-Vis absorption spectra of the materials Fig. S5a
and b.T

Transient photocurrent (TPC) decays, measured with UV
(355 nm) and visible light (410 nm) laser excitation, comple-
ment the steady-state IPCE measurements. The TPC experiment
measures the decay of the photocurrent signal created by the
laser excitation. The signal is a sum of two decay pathways: the
electron-hole recombination and the electron extraction by the
external circuit.>*** Fig. 4 shows TPC decays for bare TiO, and
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Fig. 4 Photocurrent decays of the ALD-Fe,Os sensitized (100 cycles,
annealed) TiO; electrodes and the reference TiO, scaffold. Decays are
normalized relative to the TiO, 355 nm signal.

FeTi-oxide normalized relative to the TiO, 355 nm signal. All the
presented decays have similar kinetics, which imply that the
aforementioned processes are not significantly altered by the
coating within the resolution of the experiment. This similarity
of the decay curves is evidence that the FeTi-oxide layer is able to
inject electrons to the TiO, network through which the charges
diffuse to the FTO contact.

The charge carrier recombination dynamics were studied in
the ps-ns timescale using transient absorption spectroscopy of
annealed planar 200 cycles ALD-Fe,O; samples deposited on
FTO and TiO, coated FTO. The 200 cycle sample was selected for
the study to achieve high enough absorbance on the planar
samples. The excitation wavelength was set to 410 nm to
selectively excite only the ALD-Fe,O; overlayer. In this time-scale
the transient absorption is composed of a superposition of the
absorptions of both photoexcited holes and electrons.

The negative transient absorption band below 450 nm is due
to the bleaching of the ground state absorption. The strong
positive absorption band centered at 570-580 nm in the bare
hematite sample has previously been assigned to the absorption
of photoexcited electrons.>” However, recent investigations of
hematite photoanodes under applied bias voltages have
revealed a positive absorption at the same wavelength that is
formed due to high valent iron-oxo species.**** We have previ-
ously observed that a bias dependent bleaching of this
absorption occurs due to electron transfer into oxidised surface
states.** Thus, we conclude that this absorption band is most
probably due to photoexcited holes in the hematite bulk. The
decay of the photoexcited electrons is a multiexponential
process dominated by recombination and electron trapping.*
The decay of the TAS signal was best fit with three exponential
functions with lifetimes of 0.29, 17, and 320 ps (Fig. S6a—c &
Table S2+).

The transient absorption spectrum of the ALD-Fe,O; sample
deposited on top of TiO, and annealed at 680 °C shows the
formation of a new broad positive absorption band between
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450-680 nm (see Fig. 5b). Neither bare hematite or TiO,
(Fig. S6dt) show a positive transient absorption below 535 nm.
Additionally, the globally fitted three exponential decay of the
TAS signal now has lifetimes of 0.26, 4.7, and 320 ps. The
fastest and slowest components of the decay match those for
the bare hematite sample, whereas the middle component is
now significantly faster. We determine this new positive
absorption band to indicate that electrons have been trans-
ferred to the TiO, layer. The transfer of electrons between the
layers explains the faster decay component, and the positive
transient absorption spanning from 450 to 680 nm is assigned
to the free electrons transferred to the TiO, layer.*" Interest-
ingly, the ground state bleach observed for the bare hematite
sample below 450 nm is not visible for the sample deposited on
top of TiO,. This can be due to the transfer of conduction band
electrons away from the FeTi-oxide layer leading to the ground
state bleach disappearing, further supporting our determina-
tion of the electron transfer occurring through the mixed oxide
layer, as indicated by the TPC results. Typically, electron
transfer between unmixed layers should take place in the
picoseconds to nanoseconds timescale. The fact that the
change in the TAS spectrum occurs immediately after excita-
tion suggests towards the proposed mixing of the two metal
oxide layers.

[*]
AA (mOD)

A (nm)

t(ps)
AA (mOD)

A (nm)

Fig. 5 Transient absorption spectra of (a) hematite and (b) FeTi-oxide.
Timescale is linear until 1 ps and logarithmic for longer delay times.
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3 Conclusions

We have presented a case study on the combination of ALD-TiO,
and thin ALD-Fe,O; coating for water splitting purposes in
a scaffold/absorber configuration. Our results indicate that the
condition for the approach is to induce mixing of the Fe,O; and
TiO, layers at high temperature, resulting in photoactive
Fe(m)Ti(iv) oxide on the surface. Furthermore, growth of
hematite crystals when a large number of ALD-Fe,O; cycles was
applied resulted in decreased device performance. With 100 and
200 ALD-Fe,O; cycles crystallization to hematite was avoided, and
an increase in the photocurrent over TiO, was achieved. We
consider these results as a indication that ALD-TiO, and
ALD-Fe,0; is a suitable pair for a host-scaffold/guest-absorber
approach when appropriate post-treatments are applied. The
tunability of ALD offers vast possibilities for optimization of both
the scaffold and coating thicknesses. We propose that follow-up
studies should look into applying the same approach on trans-
parent porous TiO, structures, possibly fabricated by the means
of nanocelluloses, with even smaller ALD-Fe,O; cycle number to
reveal the full potential of the approach.

4 Experimental
4.1 TiO, thin film preparation

FTO substrates (TEC 7/2.2, 6-8 ohm sq*, Solems) were cleaned
with detergent and water, and subsequently sonicated in water
(Milli-Q), acetone and 2-propanol for 15 min in each solvent. A
titanium dioxide compact layer was prepared on the cleaned
substrates by spin coating from a titanium isopropoxide
precursor solution.”® On these substrates, the porous TiO,
structures were built by coating a cellulose scaffold with 30 nm
of TiO, using atomic layer deposition. The precursor for the
ALD-TiO, was tetrakis(dimethylamido)titanium(iv). After ALD
the samples were annealed at 450 °C to crystallize the TiO, and
remove the cellulose from the structure. The details of the
method, including the ALD procedure, have been published
previously."*

Planar samples for transient absorption measurements were
prepared by coating FTO substrates with 30 nm of TiO, using
the same ALD procedure as for the cellulose substrates, and
annealed at 450 °C. When used as a reference for the ALD-Fe,O;
coated samples, same post-annealings were applied to all.

4.2 Atomic layer deposition of Fe,0;

Hematite thin films were deposited in an F-120 ALD reactor
(ASM Microchemistry, Finland) by applying the FeCl; + H,O-
process at 400 °C.*® At this deposition temperature, the
growth rate of the hematite thin films on planar substrates is 0.5
A per cycle as determined via energy dispersive X-ray spectros-
copy (EDX) measurements. The EDX spectra were collected
using an Oxford INCA 350 microanalysis system connected to
a Hitachi S-4800 field emission scanning electron microscope
(FESEM). The film thicknesses were calculated from the EDX
spectra using the GMRfilm software** and assuming a bulk

density value of 5.3 g cm >,
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4.3 Annealing

The high temperature treated samples were annealed at 680 °C
for 1 hour using a 20 °C min~" heating rate. After annealing the
samples were taken out of the oven to room temperature while
still hot and let cool down.

4.4 Scanning electron microscopy

Field emission scanning electron microscopy images (FESEM)
images were taken with a Carl Zeiss Ultra 55 instrument.
Acceleration voltages varied from 1 to 5 kV.

4.5 Transmission electron microscopy

Samples for the transmission electron microscopy study of the
structure were prepared by scraping a small amount of the
sample in ethanol and casting a drop of the ethanol on
a carbon-coated copper grid. After evaporation of ethanol at
room temperature, the samples where studied with JEOL TEM
2010 with an acceleration voltage of 200 kv.

4.6 X-ray photoelectron spectroscopy

XPS measurements were performed utilizing a non-
monochromatized Al K, X-ray source (hv = 1486.6 V) and an
Argus hemispherical electron spectrometer (Omicron Nano-
technology GmbH) installed in a multifunctional UHV system
with a base pressure below 1 x 107'° mbar.*® The surface
elemental concentrations and chemical states of compounds
were identified by analyzing high-resolution XPS spectra using
CasaXPS software (Version 2.3.16 PR 1.6).* The binding energy
scale was calibrated according to the C 1s C-C/H component at
285.0 eV. After a Shirley-type background subtraction, the peaks
were least-squares fitted with a combination of symmetric
Gaussian-Lorentzian line shapes. The relative atomic concen-
trations were calculated using Scofield photoionization cross
sections®” and an experimentally measured transmission func-
tion of the Argus analyser.

4.7 X-ray diffraction

The crystal structures were defined by XRD (Panalytical Empy-
rean multipurpose diffractometer) with Cu K,, radiation (A =
1.5405 A) and a cathode voltage and current of 45 kV and 40 mA,
respectively. The samples were scanned over 26 = 20-90° with
a step size of 0.018° and step duration of 19 s per step. The
references were ICOD 00-046-1088, ICOD 01-070-6826/ICSD 98-
020-2243 and ICSD 98-008-8418 for SnO,, TiO, and «-Fe,0;,
respectively.

4.8 Raman spectroscopy

Raman spectra were collected in the backscattering geometry
using a confocal Raman microscope equipped with a 532 nm
laser source and a 100x objective (NT-MDT Ntegra). The laser
power was adjusted to 10 mW at the sample surface using an
ND filter. The acquisition time for each measurement was 600 s.
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4.9 IV-curves and IPCE

The IV-curves were measured using a three electrode setup
having the sample as the working electrode, a platinum counter
electrode and a Ag/AgCl reference electrode. 0.1 M NaOH was
used as the electrolyte contained in a 1 cm X 5 cm quartz
cuvette. The IV-curves were recorded with Agilent E5272A
source measure unit under AM1.5G 100 mW cm > (1 Sun)
illumination using Sciencetech SS150 - AAA Solar simulator as
the light source. The samples were illuminated through the
glass substrate. The light intensity was set with a calibrated
reference solar cell from Oriel instruments (model 91150V). The
photocurrents were scaled relative to the active area of the
samples that was typically a 50 mm? square. IPCE was measured
with the same setup filtering the light trough band pass filters
(FKB-VIS-40 from Thorlabs, FWHM 40 nm) that were placed in
front of the sample.

4.10 UV-Vis absorption

UV-Vis absorption was measured with Shimadzu UV-3600
spectrophotometer. The absorbance was recorded from FTO
substrates having a 30 nm ALD-TiO, layer on top of which ALD-
Fe,O; (100, 200 or 400 cycles) was deposited, and then
subsequently annealed at 680 °C. The reference hematite film
was prepared directly on the FTO substrate without the TiO,
layer.

4.11 Transient photocurrent measurement

The TPC decays were measured with the same three electrode
set up described above keeping the working electrode at
a potential of 0.5 V vs. Ag/AgCl. A 50 ohm resistor was connected
in series with the sample. The sample was excited with laser
pulses (355 nm & 410 nm) and the resulting voltage drop over
the resistor was measured as a function of time with an oscil-
loscope (Tektronix TDS 5032B).

4.12 Transient absorption spectroscopy

The transient absorption studies were performed using the
femtosecond pump-probe method. The primary laser pulses
were obtained with a Ti:Sapphire laser (Libra F, Coherent Inc.,
800 nm, 100 fs pulse width, repetition rate 1 kHz). Approxi-
mately 90% of the fundamental beam was directed to an optical
parametric amplifier (Topas C, Light Conversion Ltd.) to
produce the excitation pump pulses at 410 nm with approxi-
mately 1 mm beam diameter at the sample, attenuated to 0.65-
0.8 mW with neutral density filters with 500 Hz repetition rate.
The white light probe pulses were obtained directing the
remaining fundamental laser beam energy through a motorized
translational stage to a Ti:sapphire crystal for white continuum
generation. The measurement system (ExciPro, CDP systems)
was equipped with a Si CCD detector. The absorbance changes
were averaged 2500 times for each delay time, and the whole
measurement sequence was performed four times for each
sample to minimize variations caused by possible excitation
power fluctuations.

Sustainable Energy Fuels, 2018, 2, 2124-2130 | 2129



Published on 31 July 2018. Downloaded on 9/6/2018 11:41:10 AM.

Sustainable Energy & Fuels

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

M. L. and T. I. thank Academy of Finland (Centre of Excellence
in Atomic Layer Deposition), and EU-FP7 Grant “G-PHOTOCAT”
(Grant No. 309636). H. A. thanks the Academy of Finland (grant
nos 141481, 286713, 310359, and 309920) and the Jenny and
Antti Wihuri Foundation. K. L. thanks the Academy of Finland
(grant nos 141481 and 286713). A. H. thanks the Finnish
Foundation for Technology Promotion. A. H. and T. I. wish to
acknowledge the late Dr Leonid Khriachtchev for his assistance
in the Raman measurements.

References

1 T. Hisatomi, J. Kubota and K. Domen, Chem. Soc. Rev., 2014,
43, 7520-7535.

2 A. Fujishima and K. Honda, Nature, 1972, 238, 37.

3 P.]. Boddy, J. Electrochem. Soc., 1968, 115, 199.

4 K. Sivula, F. L. Formal and M. Gritzel, Chem. Mater., 2009,
21, 2862-2867.

5 Y.-K. Hsu, Y.-C. Chen and Y.-G. Lin, ACS Appl. Mater.
Interfaces, 2015, 7, 14157-14162.

6 D. Barreca, G. Carraro, A. Gasparotto, C. Maccato,
T. Altantzis, C. Sada, K. Kaunisto, T.-P. Ruoko and S. Bals,
Adv. Mater. Interfaces, 2017, 1700161.

7 M. Stefik, M. Cornuz, N. Mathews, T. Hisatomi,
S. Mhaisalkar and M. Grétzel, Nano Lett., 2012, 12, 5431-
5435.

8 L. Liu, Mater. Lett., 2015, 159, 284-288.

9 Q. Liu, J. He, T. Yao, Z. Sun, W. Cheng, S. He, Y. Xie, Y. Peng,
H. Cheng, Y. Sun, Y. Jiang, F. Hu, Z. Xie, W. Yan, Z. Pan,
Z. Wu and S. Wei, Nat. Commun., 2014, 5, 5122.

10 S. Kment, F. Riboni, S. Pausova, L. Wang, L. Wang, H. Han,
Z. Hubicka, J. Krysa, P. Schmuki and R. Zboril, Chem. Soc.
Rev., 2017, 46, 3716-3769.

11 A. Hiltunen, K. Lahtonen, ]J. Saari, A. Ojanperd, E. Sarlin,
H. Wondraczek, A. Efimov, K. Kaunisto, P. Vivo,
C. Maccato, D. Barreca, P. Fardim, N. Tkachenko,
M. Valden and H. Lemmetyinen, ChemPhysChem, 2017, 18,
64-71.

12 X. Li, P. S. Bassi, P. P. Boix, Y. Fang and L. H. Wong, ACS
Appl. Mater. Interfaces, 2015, 7, 16960-16966.

13 A. Annamalai, P. S. Shinde, A. Subramanian, J. Y. Kim,
J. H. Kim, S. H. Choi, J. S. Lee and ]. S. Jang, J. Mater.
Chem. A, 2015, 3, 5007-5013.

14 V. Miikkulainen, M. Leskeld, M. Ritala and R. Puurunen, J.
Appl. Phys., 2013, 113, 021301.

15 B. Lafuente, R. T. Downs, H. Yang and N. Stone, The power of
databases: the RRUFF project, in Highlights in Mineralogical
Crystallography, ed. T. Armbruster and R. M. Danisi, W. De
Gruyter, Berlin, Germany, 2015, pp. 1-30.

2130 | Sustainable Energy Fuels, 2018, 2, 2124-2130

View Article Online

Paper

16 B. Lafuente, R. T. Downs, H. Yang and N. Stone, The power of
databases: the RRUFF project, in Highlights in Mineralogical
Crystallography, T. Armbruster and R. M. Danisi, W. De
Gruyter, Berlin, Germany, 2015, pp. 1-30.

17 A. M. Jubb and H. C. Allen, ACS Appl. Mater. Interfaces, 2010,
2, 2804-2812.

18 Z.Li, C. Yao, Y. Yu, Z. Cai and X. Wang, Adv. Mater., 2014, 26,
2262-2267.

19 M. Gritzel, Nature, 2011, 414, 338-344.

20 E. Courtin, G. Baldinozzi, M. T. Sougrati, L. Stievano,
C. Sanchez and C. Laberty-Robert, J. Mater. Chem. A, 2014,
2, 6567-6577.

21 L. Wang, N. T. Nguyen, X. Huang, P. Schmuki and Y. Bi, Adv.
Funct. Mater., 2017, 27, 1703527.

22 ]J. Deng, X. Lv, J. Liu, H. Zhang, K. Nie, C. Hong, J. Wang,
X. Sun, J. Zhong and S.-T. Lee, ACS Nano, 2015, 9, 5348-5356.

23 D. Monllor-Satoca, M. Bartsch, C. Fabrega, A. Genc,
S. Reinhard, T. Andreu, J. Arbiol, M. Niederberger and
J. R. Morante, Energy Environ. Sci., 2015, 8, 3242-3254.

24 H. Han, F. Riboni, F. Karlicky, S. Kment, A. Goswami,
P. Sudhagar, J. Yoo, L. Wang, O. Tomanec, M. Petr,
O. Haderka, C. Terashima, A. Fujishima, P. Schmuki and
R. Zboril, Nanoscale, 2017, 9, 134-142.

25 B. C. O'Regan and F. Lenzmann, J. Phys. Chem. B, 2004, 108,
4342-4350.

26 S. R. Pendlebury, A. J. Cowan, M. Barroso, K. Sivula, J. Ye,
M. Gritzel, D. R. Klug, J. Tang and J. R. Durrant, Energy
Environ. Sci., 2012, 5, 6304-6312.

27 S. Sorenson, E. Driscoll, S. Haghighat and J. M. Dawlaty, J.
Phys. Chem. C, 2014, 118, 23621-23626.

28 B. Klahr and T. Hamann, J. Phys. Chem. C, 2014, 118, 10393~
10399.

29 O. Zandi, A. R. Schon, H. Hajibabaei and T. W. Hamann,
Chem. Mater., 2016, 28, 765-771.

30 T.-P. Ruoko, K. Kaunisto, M. Bértsch, J. Pohjola, A. Hiltunen,
M. Niederberger, N. V. Tkachenko and H. Lemmetyinen, J.
Phys. Chem. Lett., 2015, 6, 2859-2864.

31 T. Yoshihara, R. Katoh, A. Furube, Y. Tamaki, M. Murai,
K. Hara, S. Murata, H. Arakawa and M. Tachiya, J. Phys.
Chem. B, 2004, 108, 3817-3823.

32 S. Pathak, A. Sepe, A. Sadhanala, F. Deschler,
A. Haghighirad, N. Sakai, K. C. Goedel, S. D. Stranks,
N. Noel, M. Price, S. Hiittner, N. A. Hawkins, R. H. Friend,
U. Steiner and H. J. Snaith, ACS Nano, 2015, 9, 2311-2320.

33 ]J. A. Klug, N. G. Becker, S. C. Riha, A. B. F. Martinson,
J. W. Elam, M. J. Pellin and T. Proslier, J. Mater. Chem. A,
2013, 1, 11607-11613.

34 R. A. Waldo, Microbeam Anal., 1988, 23, 310.

35 K. Lahtonen, M. Lampiméki, P. Jussila, M. Hirsiméki and
M. Valden, Rev. Sci. Instrum., 2006, 77, 083901.

36 N. Fairley, CasaXPS: Spectrum Processing Software for XPS,
AES and SIMS, Casa Software Ltd., Cheshire, UK, 2009,
version 2.3.16 PR 1.6, http://www.casaxps.com/.

37 ]J. H. Scofield, J. Electron Spectrosc. Relat. Phenom., 1976, 8,
129-137.

This journal is © The Royal Society of Chemistry 2018



111

Charge carrier dynamics in tantalum oxide overlayered and tantalum

doped hematite photoanodes

by
Tero-Petri Ruoko, Arto Hiltunen, Tomi livonen, Riina Ulkuniemi, Kimmo
Lahtonen, Harri Ali-Loytty, Kenichiro Mizohata, Mika Valden, Markku Leskeld
and Nikolai V. Tkachenko

J. Mater. Chem. A, 2019, 7, 3206-3215

Reproduced by permission of The Royal Society of Chemistry



Open Access Article. Published on 14 January 2019. Downloaded on 8/22/2019 6:58:36 PM.

This article is licensed under a Creative Commons Attribution 3.0 Unported Licence.

(<)

ROYAL SOCIETY
OF CHEMISTRY

Joumal of

Materials Chemistry A

View Article Online

View Journal | View Issue

Charge carrier dynamics in tantalum oxide
overlayered and tantalum doped hematite
photoanodesy

’ '.) Check for updates ‘

Cite this: J. Mater. Chem. A, 2019, 7,
3206

® Riina Ulkuniemi,©
9 Mika Valden,©

Tero-Petri Ruoko, "/ $*2 Arto Hiltunen, '@ Tomi livonen,
Kimmo Lahtonen, 4 Harri Ali-Loytty, /€ Kenichiro Mizohata,
Markku Leskela® and Nikolai V. Tkachenko (/2

We employ atomic layer deposition to prepare 50 nm thick hematite photoanodes followed by passivating
them with a 0.5 nm thick Ta,Os-overlayer and compare them with samples uniformly doped with the same
amount of tantalum. We observe a three-fold improvement in photocurrent with the same onset voltage
using Ta-overlayer hematite photoanodes, while electrochemical impedance spectroscopy under visible
light irradiation shows a decreased amount of surface states under water splitting conditions. The Ta-
doped samples have an even higher increase in photocurrent along with a 0.15 V cathodic shift in the
onset voltage and decreased resistivity. However, the surface state capacitance for the Ta-doped sample
is twice that of the reference photoanode, which implies a larger amount of surface hole accumulation.
We further utilize transient absorption spectroscopy in the sub-millisecond to second timescale under
operating conditions to show that electron trapping in both Ta,Os-passivated and Ta-doped samples is
markedly reduced. Ultrafast transient absorption spectroscopy in the sub-picosecond to nanosecond
timescale shows faster charge carrier dynamics and reduced recombination in the Ta-doped hematite
photoanode resulting in the increased photoelectrochemical performance when compared with the
Ta,Os-overlayer sample. Our results show that passivation does not affect the poor charge carrier
dynamics intrinsic to hematite based photoanodes. The Ta-doping strategy results in more efficient
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rsc.li/materials-a surface passivation strategy.

problems associated with intermittent and localized solar
electricity production.

1 Introduction

Photoelectrochemical water splitting with stable metal oxide
materials produces environmentally friendly hydrogen gas that
can be transported over large distances to be burned in
conventional gas power plants or converted directly into elec-
tricity using fuel cells. This solution allows to store solar energy
directly into chemical bonds, thus potentially solving the
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Hematite (a-Fe,0;) has been regarded as one of the most
promising candidates for photoelectrochemical water splitting
ever since it was first used for this purpose by Hardee and Bard
in 1976." Hematite has numerous advantages as a photoanode
material, such as a near optimal band gap of 2.2 eV that results
in a theoretical solar-to-hydrogen efficiency of 12.9%,> high
chemical stability in non-acidic conditions, natural abundance,
and low production costs.>* However, the efficiencies of
hematite photoanodes remain low due to a few intrinsic draw-
backs: (i) a flat band potential that is too low for water reduc-
tion, (ii) poor electron mobility, and (iii) a small hole diffusion
length of 2-20 nm.*® Furthermore, surface states at the hema-
tite-electrolyte interface can also act as recombination centers
that drastically decrease the photoanode performance.’

Metal oxide surfaces are spontaneously hydroxylated in
aqueous conditions.’ Iandolo et al'* showed that hematite
surfaces are populated by OH- and O-terminations of the iron
oxide lattice, both of which act as surface states. The hydroxyl-
terminated surface states are occupied mid-gap states that act
as surface recombination centers at low applied bias voltages.

This journal is © The Royal Society of Chemistry 2019
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On the other hand, the oxo-terminated states are located ener-
getically on the top of the valence band, and take part in the
oxygen evolution reaction (OER) at medium biases. Passivation
of the hematite surface states has been shown to increase the
performance of hematite photoanodes.* Numerous different
methods have been employed to passivate hematite surfaces,
including high temperature annealing,”* acid treatment,"
deposition of possibly passivating catalysts such as cobalt
phosphate (Co-Pi), IrO, or NiFeO,,” " and depositing thin
metal oxide overlayers, such as TiO,*** Ga,0;,'" or
Al,03.14177192325 OQut of the metal oxide passivating layers used
for hematite photoanodes, TiO, has yielded inconclusive
results, varying from no improvement**?* to improvement only
after high temperature annealing® or a solution deposition
process.”® On the other hand, Ga,Oj; (ref. 14) and to some extent
also Al,O; (ref. 27) are susceptible to dissolution in basic elec-
trolytes. For these reasons we chose to study the effects of Ta,O5
as an overlayer and dopant in hematite photoanodes.

Ta,Os is a large band gap (3.9 eV)* metal oxide which is often
used in anti-reflective coatings for solar cells and sensors. Due
to its high-permittivity and excellent chemical stability it has
also found applications in the semiconductor industry, such as
in dielectric layers for transistors and storage capacitors.> The
band levels of Ta,O; straddle the water oxidation and reduction
potentials,*® making it a potential candidate for use as an
overall water splitting photocatalyst.** However, due to the large
band gap it cannot be excited with visible light irradiation,
greatly limiting the obtainable photocurrent. Ta,Os has previ-
ously been used as a dopant in hematite photoanodes, but the
results have been inconclusive. Ta-doping increases the
conductivity of hematite,* but photoelectrochemical improve-
ments due to the doping have varied from non-existent,* to
a 3.5 time improvement for water oxidation,* reaching all the
way to a 32 time improvement in photocurrent over pristine
hematite in the presence of scavengers.*® Ta,Os; was recently
used as a surface passivation layer for ZnO photoanodes,
leading to nearly two-fold improved photoelectrochemical
performance.* The chemical stability of Ta,O5 promises more
stable passivating layers in non-neutral solutions than Ga,O; or
Al,O3. Ta,O5 was recently utilized as an overlayer for hematite
photoanodes, which resulted in approximately a three-fold
increase in the photocurrent over pristine nanostructured
hematite photoanodes.*®

Herein, we utilized 50 nm thick hematite photoanodes made
by atomic layer deposition (ALD). The deposition method and
sample thickness were chosen to have a uniform sample
surface, while keeping the sample absorbance relatively low in
order to characterize the charge carrier dynamics using tran-
sient absorption spectroscopy (TAS). The Ta,Os-passivated
samples were prepared by depositing an ultrathin (roughly 0.5
nm) overlayer by ALD, whereas Ta-doped samples were
prepared by applying one Ta,Os deposition cycle once every
hundred hematite deposition cycles. This resulted in the same
number of Ta-precursor cycles for both overlayer and doped
samples. We observed a three-fold improvement in photocur-
rent with the same onset voltage using Ta,O5-overlayer hematite
photoanodes. Electrochemical impedance spectroscopy (EIS)

This journal is © The Royal Society of Chemistry 2019
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under visible light irradiation showed a decreased amount of
surface states under water splitting conditions, indicating that
the surface has indeed been passivated. However, the Ta-doped
samples showed an even larger increase in photocurrent along
with a 0.15 V cathodic shift in the onset voltage and decreased
resistivity. Remarkably, the surface state capacitance for the Ta-
doped hematite was two times larger than for the reference
photoanode. We utilized TAS in the sub-millisecond to second
timescale under water splitting conditions to show that electron
trapping in both Ta,Os-passivated and Ta-doped samples was
markedly reduced. Ultrafast TAS in the sub-picosecond to
nanosecond timescale indicated faster charge carrier dynamics
in the Ta-doped hematite photoanode to be a probable reason
for the increased photoelectrochemical performance.

2 Experimental

Hematite photoanodes were grown on fluorine doped tin oxide
(FTO) coated glass substrates (Sigma-Aldrich TEC7, ~7 Q sq™")
using the FeCl; + H,O deposition process®” in a F-120 ALD
reactor (ASM Microchemistry) operated in the cross-flow
configuration.*® The reference and overlayer hematite samples
were grown at 400 °C using 1000 ALD-cycles, after which the
samples were annealed at 600 °C for 60 minutes in air. The
resulting layer thickness was 50 nm. The Ta,Os-overlayer was
grown by applying 10 cycles of the Ta(OC,H;)s + H,O deposition
process at 300 °C on the annealed hematite surface.*® The
deposition temperature of the overlayer was lower in order to
avoid the thermal decomposition of Ta(OC,Hs)s, which
becomes significant at temperatures above 325 °C. The result-
ing overlayer thickness was 0.5 nm. The Ta-doped samples were
grown by repeating the Ta(OC,Hs)s + H,O cycle once after every
99 FeCl; + H,O cycles at 300 °C for a total of 1000 cycles, fol-
lowed by annealing at 600 °C for 60 minutes in air. All as-
prepared samples were finally annealed at 300 °C for 60
minutes in air to remove possible organic contaminants. The
ALD deposition process is presented schematically in Fig. 1.
Note that Fig. 1 does not represent the final sample structure
due to the rough FTO substrate and the annealing steps
inducing diffusion of tantalum within the samples.

X-ray photoelectron spectroscopy (XPS) measurements were
performed utilizing a non-monochromatized Al Ko X-ray source
(hv = 1486.6 eV) and an Argus hemispherical electron spec-
trometer (Omicron Nanotechnology GmbH) installed in

ALD a-Fe;0, 50 nm
ALD Ta,0, 1:100 cycles

L QB I
I
—
—
|
|
. ]
|
FTO FTO FTO
Reference Ta,O;-overlayer Ta-doped

Fig. 1 Schematic representation of the ALD deposition processes for
the reference, Ta,Os-overlayer, and Ta-doped hematite photoanodes.
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a multifunctional UHV system with a base pressure below 1 x
10~ '° mbar.* The binding energy scale of the XPS spectrometer
was calibrated according to the metallic Cu 2p;/, at 932.40 eV
and Ag 3ds,, at 368.00 eV. The surface elemental concentrations
and chemical states of compounds were identified by analyzing
high-resolution XPS spectra using CasaXPS software (Version
2.3.18 PR 1.0). After a Shirley-type background subtraction, the
peaks were least-squares fitted with a combination of symmetric
Gaussian-Lorentzian line shapes. The relative atomic concen-
trations were calculated using Scofield photoionization cross
sections® and the experimentally measured transmission
function of the Argus analyser.

Depth profiles for the hematite photoanodes were calculated
using combined data from time-of-flight elastic recoil detection
analysis (ToF-ERDA) and Rutherford backscattering spectros-
copy (RBS) measurements. The ion beam measurements were
done at the Accelerator Laboratory at University of Helsinki
using a 5 MV tandem accelerator.”” For the ToF-ERDA
measurements, a 50 MeV 127p0%
the RBS measurements were done using a 8 MeV *>C" ion beam.

Field emission scanning electron microscopy images were
taken with a Carl Zeiss Ultra 55 with an acceleration voltage of 4
kV. The absorption spectra of the hematite photoanodes were
measured with a Shimadzu UV-3600 UV-Vis-NIR spectropho-
tometer in transmission mode.

All measurements with bias voltages were carried out in
a three electrode photoelectrochemical cell (PECC-2, Zahner) in
0.1 M NaOH (pH = 12.8). The bias voltages were set using
a potentiostat (CompactStat, Ivium Technologies) or a two
channel source-monitoring unit (E5272A, Agilent Technologies)
using a Ag/AgCl reference electrode (RE-5B, BASi, 3 M NaCl) and
a platinum wire counter electrode. Electrochemical impedance
measurements were scanned in the frequency range of 10 kHz
to 10 mHz with a 10 mV AC signal. All voltages are reported
relative to the reversible hydrogen electrode (RHE) scale,
calculated using Egyg = E° + Eag/agc1 + 0.059pH, where E° is the
reference potential of the Ag/AgCl electrode (0.206 Vgyg at 25
°C), Eagiagal is the measured potential versus the Ag/AgCl elec-
trode. Current density-voltage and electrochemical impedance
measurements were performed under simulated sunlight ob-
tained with a class AAA solar simulator (Sciencetech SS150-AAA)
adjusted to one sun total intensity with a calibrated Si reference
cell (Oriel 91150V) with electrolyte-side illumination.

Transient absorption in the sub-ms to s timescales was
studied using the flash-photolysis method in transmission
mode. The third harmonic (F015, Solar TII, 355 nm, 0.2 m]J
em™?, electrolyte-side illumination) of a Nd:YAG laser (LF117,
Solar TII, 10 ns pulse width, 0.25 Hz repetition rate) was used as
the excitation pump. A stabilized halogen light source (SLS201/
M, Thorlabs, 9 W) was used as the probe beam. The mono-
chromatic (CM110, Digikrom) transient signal was detected
with a silicon photoreceiver (2051-FS, New Focus) and recorded
with a digitizing oscilloscope (TDS5032B, Tektronix). An in-lab
program was used to manage the experiment. The transient
decays were averaged over 200-1000 laser shots.

Transient absorption in the sub-ps to ns timescales was
studied using the pump-probe method in transmission mode.

ion beam was used whereas
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The fundamental laser pulses were generated with a Ti:Sapphire
laser (Libra F, Coherent Inc., 800 nm, ~100 fs pulse width,
repetition rate 1 kHz). 90% of the fundamental beam energy
was directed to an optical parametric amplifier (Topas C, Light
Conversion Ltd.) to produce the desired wavelength excitation
pump pulses (355 nm, approximately 0.5 mm diameter at the
sample, attenuated to 0.3 mJ cm ™2 with neutral density filters).
Roughly 10% of the fundamental laser beam energy was
directed through a motorized translational stage (delay line) to
a 1 mm thick water cuvette for white continuum generation of
probe pulses. The probe light was split into the reference and
signal beams. The measurement system (ExciPro, CDP Inc.) was
equipped with a Si CCD pair for monitoring the transient
absorption in the visible range. A chopper synchronized with
the fundamental laser pulses was used to block every second
pump pulse, and the absorbance change was calculated from
consecutive pulses. The spectra were averaged over 10 000
excitation pulses for each delay time.

3 Results and discussion

The ALD-grown hematite creates a uniform layer on the rough
FTO substrate, as shown in the scanning electron microscope
(SEM) images of the photoanode surfaces in Fig. 2. The depo-
sition of a 0.5 nm Ta,O; overlayer does not change the surface
morphology of the photoanode. However, the introduction of
the Ta,O; precursor during hematite film growth as a dopant
leads to the formation of a rougher surface texture with larger
crystallites of up to 500 nm in diameter. A disturbance of
hematite nanorod growth upon Ta-doping,* as well as a pref-
erential crystal growth along the {001} facet have been previ-
ously reported.* Thus, we conclude that the Ta-dopant disturbs
the uniform hematite growth, leading to the formation of larger
crystallites.

X-ray photoelectron spectroscopy (XPS) was employed for the
analysis of Ta addition on the chemical composition of the
hematite surfaces. The relative surface composition of elements
and chemical species is presented in Table S1.7 Fig. 3 depicts
the Fe 2p and Ta 4f spectra of the samples (spectra with fitted
components are presented in Fig. S11). The spectral features of
Fe 2p were similar for all samples, and the binding energies of
the Fe 2p;,, peak at 710.4 eV and the satellite peak at 719.5 eV
are characteristic to the oxidation state of Fe*" in, for example,
hematite (o-Fe,0;).** For the Ta-doped and Ta,Os-overlayer
hematite samples the binding energy of Ta 4f;,, at 25.5 eV can
be attributed to Ta®" in accordance with the value observed by
Zhang et al.** Neither Fe nor Ta species were observed at lower
oxidation states than 3+ or 5+, respectively, which indicates
a low amount of oxygen vacancies. No change in the Ta 4f peak
position was observed despite the change in the Ta/Fe ratio of
the Ta-doped and Ta,Os-overlayer hematite samples from 0.16
to 0.58, respectively. The high Ta/Fe ratio of the Ta-doped
sample compared to the bulk ratio (0.01) indicates annealing
induced surface segregation of tantalum and the formation of
a Ta diffusion profile through the sample, however, the even
higher ratio in the Ta,Os-overlayer hematite suggests the
formation of a surface layer.

This journal is © The Royal Society of Chemistry 2019
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Fig.2 SEM micrographs of the (a) reference, (b) Ta,Os-overlayer, and (c) Ta-doped hematite photoanodes. The scale bar represents 1000 nm.
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Fig.3 (a) Fe 2p and (b) Ta 4f XPS spectra of the hematite photoanodes.

We determined the elemental depth distribution within the
hematite photoanodes using time-of-flight elastic recoil detec-
tion analysis (ToF-ERDA) and Rutherford backscattering spec-
troscopy (RBS). The elemental depth profiles and the tantalum
distribution for the hematite photoanodes are presented in
Fig. 4 and S2.1

Diffusion of tin from the FTO substrate towards the surface
can be seen for all samples in Fig. S2, however, tin does not
diffuse all the way to the surface. The Tof-ERDA results show
very little carbon within the films, indicating that the carbon
that was observed in the XPS measurements is a surface
contaminant from the atmosphere. Tantalum is not observed
for the reference photoanode. The Ta,Os-overlayer hematite has
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Fig. 4 (a) ToF-ERDA elemental depth profile of the reference pho-
toanode and (b) Ta distribution in the hematite photoanodes.
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a very narrow distribution of tantalum with an extended tail,
showing that the Ta,Os deposition forms a clearly defined
overlayer with tantalum diffusing slightly into the hematite
layer in the post-deposition annealing. On the other hand, the
tantalum distribution in the Ta-doped hematite photoanode is
more uniform, suggesting that the annealing step has dispersed
the tantalum throughout the hematite layer. A slight surface
enrichment can also be seen in the Ta-doped hematite photo-
anode, as was suggested by the XPS results.

The absorption spectra of the reference and Ta,Os-overlayer
hematite presented in Fig. 5a are almost identical, supporting
the fact that the hematite layer thickness is identical for both
films. Ta,Os has a band gap of 3.9 eV,*® leading to an over-
lapping absorption with the glass substrate at around 315 nm.
The increase in absorption for the doped sample is a result of
the rougher surface of the photoanode scattering incident light,
leading to a seeming increase in absorption already at 800 nm.
However, the Ta-doped photoanode absorbance is roughly the
same as for the other photoanodes when the scattering is taken
into consideration.

Current density-voltage curves under 1 sun AM1.5G illumi-
nation are presented in Fig. 5b. The reference hematite films
give a photoresponse similar to what has been previously re-
ported for ALD-grown hematite films of similar thickness,*
allowing us to conclude that the photoanodes work as expected.
Passivating the surface with 10 cycles (~0.5 nm) of Ta,Os results
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Fig. 5 (a) Absorption spectra and (b) photocurrent density—voltage
curves of the hematite photoanodes under 1 sun AM1.5G illumination.
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in a three-fold improvement on the photocurrent over the bare
hematite photoanode in the whole potential range, while no
changes are observed in the onset potential. In a recent paper
Forster et al.*® concluded that the optimum Ta,Os overlayer
thickness lies between 0.5 and 2 nm, which also resulted in
approximately a three-fold improvement on the photocurrent of
nanostructured hematite photoanodes. The improvements in
photocurrent are attributed to a passivation of surface states
that act as recombination centers. However, our results show
that Ta-doping with the same number of ALD-cycles leads to an
even larger improvement in photoelectrochemical perfor-
mance. The Ta-doping approach results in a larger increase in
the photocurrent than the Ta,Os-overlayer, along with a 0.15 V
cathodic shift in the onset potential, leading to significantly
higher photocurrents in the whole potential range shown.
Furthermore, the slope of the photocurrent rise after the onset
potential is steeper for the Ta-doped sample, which indicates
lower resistivity. The decreased resistivity is presumably due to
the Ta-doping inducing preferential growth along the {001}
facet of hematite, which has previously been reported to lead up
to a one order of magnitude increase in conductivity.>*

We performed electrochemical impedance spectroscopy
(EIS) measurements in order to characterize the surface states
present in our materials. Representative Nyquist plots of the
materials held at 1.40 V vs. RHE under 1 sun AM1.5G illumi-
nation are presented in Fig. 6a. The reference hematite exhibits
two clear semicircles, which indicates the presence of two
capacitances in the system. The higher frequency (left side)
semicircle is only weakly bias dependent, whereas the lower
frequency (right side) semicircle first grows with increased bias
voltages before disappearing at higher potentials. For the
Ta,Os-overlayer hematite two semicircles are also observed, but
both semicircles have a much smaller diameter than for the
reference hematite. On the other hand, at this applied potential
the Ta-doped hematite only exhibits one semicircle, which
almost exactly matches with the high frequency semicircle
observed for the reference hematite film. However, two clear
semicircles are observed for this sample at lower applied
potentials.

To fit the EIS measurements we used the equivalent circuit
that has been recently employed for hematite photoanodes by
the groups of Hamann and Bisquert, shown in Fig. 6b.*?>%
The equivalent circuit is composed of five elements: the series
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Fig. 6 (a) Representative Nyquist plots of the hematite photoanodes

determined under 1 sun AML5G illumination at 1.40 V vs. RHE and (b)
the equivalent circuit used to fit the measured impedance spectra.
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resistance between the FTO and hematite R, the space-charge
region capacitance of bulk hematite Ci., the charge trapping
resistance to surface states Ry.p, the surface state chemical
capacitance Cg, and the charge transfer resistance from the
surface states to solution Re.”'"**

The surface state capacitance (Cgs) and charge transfer
resistance (R.) of the hematite photoanodes are presented in
Fig. 7 as a function of applied bias voltage. The C, has a nearly
Gaussian dependence on the bias voltage just above the onset
potential, indicating that water oxidation occurs through
surface states and via direct hole transfer from the valence band
at moderate and highly anodic bias voltages, respectively.>"* Cg
begins to rise at the same voltage as the photocurrent onset, and
reaches a maximum at the potential at which the photocurrent
rises most steeply, indicative of capacitive charging of the
photoanode surface.* The Ta,Os-overlayer hematite has a lower
surface state capacitance than the reference hematite while the
photocurrent is three times larger, indicating that the surface
has been efficiently passivated. On the other hand, the C of the
Ta-doped hematite photoanode is more than two times larger
than for the reference hematite, even though it exhibits the
highest photocurrent values. This is a clear indication that the
Ta-doping has not passivated the surface, yet it performs with
the highest efficiency. The R, of all of the photoanodes
decreases concomitantly with the increase in Cy until the
surface state capacitance drops due to hole transfer from the
valence band becoming prevalent. The R, for the Ta-doped
hematite is an order of magnitude lower at all bias voltages
where the surface state capacitance is observed. The charge
transfer resistance in our equivalent circuit is attributed to both
electron trapping and detrapping to and from the surface
states.” We believe that the increased performance of the Ta-
doped hematite can be attributed to decreased recombina-
tion, enabled by the higher conductivity of the material more
efficiently extracting electrons away from the photoanode.

The chemical nature of the surface states observed under
illumination with EIS for hematite photoanodes has been
convincingly attributed to the formation of a high valence
Fe(iv)=0 species by the Hamann group.**** They showed that
the formation of this oxidised surface species resulted in the
formation of a new absorption band centered at 572 nm when
the photoanode was kept under anodic bias voltages.*® Tran-
sient absorption spectroscopy (TAS) performed under operating

| 1
10 11 12 13 14 15 16 10 11 12 13 14 15 16
£ Vvs. RHE £,V vs. RHE

Fig. 7 (a) Surface state capacitances (Cs) and (b) charge transfer
resistances (R of the hematite photoanodes determined under 1 sun
AML.5G illumination.

This journal is © The Royal Society of Chemistry 2019



Open Access Atrticle. Published on 14 January 2019. Downloaded on 8/22/2019 6:58:36 PM.

This article is licensed under a Creative Commons Attribution 3.0 Unported Licence.

(<)

Paper

conditions has been used to show ultrafast sub-picosecond
electron trapping into a surface species on the hematite
surface, with the trapping extending well into the millisecond
timescale.””*® This trapping is observed as a bleaching (i.e.
reduced absorption compared to the ground state) at 575 nm
when an anodic bias voltage is applied. We believe that this
bleaching occurs when a photogenerated electron is trapped
into the surface state seen in the EIS measurements. We have
illustrated earlier that an increase in this electron trapping
results in the formation of an increased amount of long-lived
holes in the hematite surface, resulting in increased photo-
electrochemical performance.*® Thus, we performed sub-
millisecond to second timescale TAS measurements under
operating conditions to elucidate on the differences in charge
carrier dynamics and electron trapping between our
photoanodes.

The transient absorption decays of the hematite photo-
anodes at 575 nm at selected bias voltages are presented in
Fig. 8 and the corresponding biexponential decay component
spectra at 1.60 V vs. RHE are presented in Fig. S3.7 The decays
for the reference hematite photoanode have two components:
a negative bleach that disappears completely within 100 ms and
a positive transient absorption on longer timescales that is only
visible at bias voltages above the photocurrent onset potential.
The lifetimes of the components at 1.60 V vs. RHE are 6.4 ms
and 405 ms for the bleach and positive signals, respectively. The
fast bleach is attributed to prolonged electron trapping into the
surface states that we are able to observe with EIS, whereas the
positive transient absorption is attributed to long-lived holes in
the hematite surface that partake in the water oxidation reac-
tion.””** The bleach is a localised band with a minimum at
575 nm, whereas the positive transient absorption is observed
in the whole monitored region. The transient absorption decays
and decay component spectra of the reference hematite are
a good match to those we have published earlier for TiO,-doped
hematite photoanodes, even though the electron trapping life-
time of our reference hematite is longer than for the TiO,-doped
samples (6.4 ms vs. 0.3 ms, respectively).”® We attribute this
difference to the faster electron extraction dynamics from the
surface states due to the preferable band alignment of the TiO,-

View Article Online
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doped material.*” However, the water oxidation dynamics are
practically identical (exponential lifetimes 405 ms and 400 ms).

In this timescale the transient absorption amplitude for the
Ta,Os-overlayer hematite sample is zero at potentials below the
photocurrent onset voltage and increases with higher voltages,
indicating that all of the transient absorption signal observed
originates from long-lived carriers within the depletion region.
No negative transient absorption is observed. However, there is
a slight dip still visible at 575 nm in the decay component
spectra shown in Fig. S3.f This is further evidence that the
bleach component observed for the reference hematite sample
originates from trapping of photogenerated electrons into the
surface states that we observe with EIS. Since the Ta,Os-over-
layer passivates these surface states, they are not oxidised due to
increased anodic bias voltage, and thus cannot act as trap states
for electrons. The transient absorption Kkinetics are also
different when compared to the reference hematite sample. The
transient absorption decay at 575 nm is almost an order of
magnitude faster, with bi-exponential fit resulting in lifetimes
of 3.0 and 65 ms for the fast and slow decay components,
respectively. This indicates that water oxidation occurs faster on
the passivated hematite surface. The water photo-oxidation
kinetics on hematite surfaces are known to be sluggish.*® The
hole lifetime in nanostructured TiO, thin films was measured
under similar conditions to be ~50 ms by Cowan et al.,* which
is close to the lifetime of our Ta,Os-overlayer hematite. Thus, in
addition to the reduced recombination due to the surface state
passivation, some of the improved photoelectrochemical
performance of the Ta,Os-overlayer hematite films may be due
to a photocatalytically more favourable surface with a smaller
activation energy barrier.*® Tantalum, as a non-3d high valency
metal, may improve the catalytic activity via modulating the
oxygen evolution reaction energetics in 3d metal oxides, such as
hematite.**

The fast component in the transient absorption decays of the
Ta-doped hematite is the fastest of the samples with a lifetime
of 1.4 ms and smallest in amplitude. This is indicative of
reduced recombination of the long-lived surface states.*
Furthermore, the longer component assigned to the reaction of
long-lived surface holes with a lifetime of 95 ms is four times

a wy E M F o ! o Ry R T b 4 Yy o F L, bR TRl § B T ] c 4 Y L3 B YLl § LR S DL ] LS S L
SM —— 16V : —— 18V
T —— 14V Al —— 14V
8 8 5 —12V 8 2 —12V
« @ 1 [
2 = =
< < ! < !
= = =
0 0
T R TITY BT BT K d 1 lua
1E3 001 01 1 1E3 001 01 1 €3 001 04 1
[s is ts

Fig. 8 Sub-millisecond to second timescale transient absorption decays at 575 nm of (a) reference, (b) Ta,Os-overlayer, and (c) Ta-doped
hematite photoanodes held at selected bias voltages vs. RHE. AA is the change in absorbance in dimensionless optical density (OD) units.

This journal is © The Royal Society of Chemistry 2019

J. Mater. Chem. A, 2019, 7, 3206-3215 | 3211



Open Access Article. Published on 14 January 2019. Downloaded on 8/22/2019 6:58:36 PM.

This article is licensed under a Creative Commons Attribution 3.0 Unported Licence.

(<)

Journal of Materials Chemistry A

faster than for the reference hematite sample. We attribute this
to the surface of the material having enough tantalum to
influence the water photo-oxidation kinetics, making the reac-
tion faster as was observed for the Ta,Os-overlayer hematite.
This is further supported by the similarities between the decay
component spectra between the Ta-doped and Ta,Os-overlayer
hematite. The Ta-doped hematite exhibits a positive transient
absorption even at 1.0 V vs. RHE. This is presumably due to the
observed anodic shift both in the photocurrent and surface
state capacitance leading to accumulation of surface holes at
lower potentials. The decay at 1.0 V vs. RHE does not have
a long-lived component, indicating that the long-lived holes
decay rapidly due to electron back recombination.”” As
a conclusion, TAS measurements under operating conditions
indicate the reason to the increased photoelectrochemical
performance of the Ta-doped hematite to be due to reduced
recombination and charge trapping to defect states.

Although the Ta-doped hematite does have a dip in the
transient absorption centered around 575 nm that is very
similar to the surface passivated Ta,Os-overlayer hematite (see
Fig. S31), the EIS measurements show that it has the largest
surface state capacitance. We would expect that the bleaching in
TAS would be more pronounced with samples where the surface
state capacitance is larger if the electron trapping occurs to the
same surface states that are observed with EIS. From our results
it seems that this is not the case here. However, it is also
possible that the higher conductivity of the Ta-doped hematite
also increases the rate of photoelectron detrapping. We have
previously shown that electron trapping in hematite occurs
already in the sub-nanosecond timescale.*® Forster et al. showed
that an Al,Os-overlayer significantly increased the rate of
photoelectron detrapping in oxygen deficient hematite photo-
anodes,”” although the same group did not observe significant
changes in the detrapping rate with Ta,Os-overlayered hema-
tite.*® Thus, it is possible that the limited time-scale of our
measurement system may miss the trapping in the Ta-doped
hematite.

We next turn to transient absorption spectroscopy in the sub-
picosecond to nanosecond timescale to probe the ultrafast
charge carrier relaxation and recombination processes. The
transient absorption spectra are presented as contour plots in
Fig. 9. The normalized transient absorption spectra at selected
delay times are shown in Fig. S41 and the transient absorption
decays at wavelengths with the largest transient absorption and
bleach signals are shown in Fig. S5.f On this timescale the
transient absorption signal is composed of a superposition of
the absorptions of photogenerated electrons, holes, and the
ground state bleach. All three samples exhibit a strong positive
transient absorption band centered around 585 nm, with
a diffuse low energy tail and a sharp high energy edge around
the band gap energy. This transient absorption has previously
been assigned to originate dominantly from the absorption of
photoexcited electrons.”® However, recent investigations of
hematite photoanodes under applied bias voltages have
revealed a positive absorption at the same wavelength that is
formed due to a high valence iron-oxo species, as discussed
earlier. Furthermore, our previous results show that ultrafast
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electron trapping into oxidized surface states inverts the posi-
tive absorption ~580 nm into a bleaching signal that we can
observe still in the millisecond timescale in Fig. 8.* Thus, we
conclude that the main component of the positive transient
absorption is due to photogenerated holes in hematite.** All
three samples also exhibit a transient bleach signal below
550 nm, attributed to the bleaching of the ground state
absorption due to mostly photogenerated electrons, with
a secondary weak positive transient absorption band that is
split around 500 nm. However, it seems that the bleach inten-
sity grows in the order of reference, Ta,Os-overlayer, and Ta-
doped hematite. The major differences between the samples
in the transient absorption spectra lie in the range between 450-
550 nm. The transient absorption decays at selected wave-
lengths from this region are presented in Fig. 10. The four
exponential decay component spectra of the different lifetime
components are shown in Fig. S6.F

We will first consider the ultrafast dynamics in the reference
hematite photoanode in Fig. 10a. The initial relaxation of hot
electrons takes place with a lifetime of 0.21 ps,”*® with the
decay amplitude amounting to approximately 50% of the tran-
sient absorption immediately after excitation (see Fig. S5 and
S6t). This initial decay is mainly observed at wavelengths with
positive transient absorption above 570 nm, although a small
bleach recovery is observed at wavelengths below 450 nm with
this lifetime. The fast relaxation is presumably due to the
formation of polarons in the hematite bulk, partially trapping
the charge carriers.”” The generation of itinerant photoexcited
electrons® that are free to travel in the conduction band is most
clearly observed in the bleach that is formed with a lifetime of
1.6 ps at 530 nm, with a simultaneous decay observed over most
of the spectrum above 500 nm. The free conduction electrons
are trapped by midgap states,* which is seen as a reduction in
the bleach at 530 and 520 nm and a formation of a positive
transient absorption at 500, 485, and 470 nm with a lifetime of
46 ps. Interestingly, the 470 nm signal shows almost zero
transient absorption until the formation increases its transient
absorption. Finally, the remaining free and midgap trapped
electrons decay into the ground state with a lifetime of 2.4 ns.

The ultrafast dynamics of the Ta,Os-overlayer hematite
exhibit a few noted differences when compared with the refer-
ence hematite. Only the signal at 500 nm has a positive tran-
sient absorption immediately after excitation, having the same
0.21 ps decay component associated with the relaxation of hot
electrons. At 470 and 530 nm a bleach is formed immediately
after excitation, with further bleaching with a lifetime of 2.1 ps
assigned to the formation of free conduction band electrons
observed at 530, 520, and 485 nm. Thus, the formation of free
electrons in the Ta,Os-overlayer hematite is more rapid and
observed over a wider energetic range. The trapping of the
conduction band electrons by midgap states occurs with
a slower lifetime of 61 ps, with nearly identical amplitudes as for
the reference hematite. Furthermore, the decay of the free and
trapped electrons occurs with a lifetime of 3.4 ns, markedly
slower than for the reference hematite. We attribute the faster
generation and slower recombination dynamics of electrons to
a reduction in surface state assisted recombination.

This journal is © The Royal Society of Chemistry 2019
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Fig. 9 Transient absorption contour plots of (a) reference, (b) Ta,Os-overlayer, and (c) Ta-doped hematite photoanodes in air.

However, the transient absorption dynamics for the Ta-
doped hematite are drastically different from the reference
and Ta,Os-overlayer hematite photoanodes. The bleach at
470 nm is now three times larger in amplitude than for the
Ta,Os-overlayer hematite, whereas for the reference hematite
no bleach was observable at this wavelength. All other
wavelengths in the 450-550 nm range are also bleached
immediately after excitation, most clearly visible in the raw
and decay component spectra immediately after excitation as
shown in Fig. S7.t The bleach recovery has two recovery
components with lifetimes of 0.38 and 7.7 ps. We interpret
this strong bleach immediately after excitation as indication
that even the hot electrons are free to travel in the Ta-doped
hematite, instead of being excitonically bound. The 0.38 ps
component would then be the thermalization lifetime of the
free hot electrons, whereas 7.7 ps is the lifetime of the trapping
of these free electrons by the midgap states that form a positive
transient absorption at 485 and 500 nm. A small component
with a lifetime of 270 ps is observed to reduce the transient
absorption at all wavelengths in this range, followed by a decay
with a lifetime of 5.9 ns. The observation that free electrons are
more freely generated and decay with the longest lifetime in the
Ta-doped hematite suggests that the Ta-doping increases the
conductivity in the hematite bulk substantially. This conduc-
tivity increase alters the ultrafast charge carrier dynamics and

separation, leading to noticeable improvements in photo-
electrochemical performance.

4 Conclusions

We employed atomic layer deposition to prepare 50 nm thick
hematite photoanodes followed by passivating them with
a 0.5 nm thick Ta,Os-overlayer samples and compared them
with samples uniformly doped with same amount of tantalum
oxide deposition cycles. The passivating of hematite surface
states resulted in a three-fold improvement in photocurrent
with the same onset voltage, while electrochemical impedance
spectroscopy under visible light irradiation showed a decreased
amount of surface states under water splitting conditions. The
Ta-doped samples had the same increase in photocurrent along
with a 0.15 V cathodic shift in the onset voltage and decreased
resistivity. The surface state capacitance for the Ta-doped
sample was double that of the reference photoanode, which
implies a larger amount of surface hole accumulation to surface
states to which electrons may be trapped into. We utilized
transient absorption spectroscopy in the sub-millisecond to
second timescale under operating conditions that indicated
that electron trapping in both Ta,Os-passivated and Ta-doped
samples was markedly reduced. Ultrafast transient absorption
spectroscopy in the sub-picosecond to nanosecond timescale
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Fig. 10 Transient absorption decays at selected wavelengths of (a) reference, (b) Ta,Os-overlayer, and (c) Ta-doped hematite photoanodes in
air. The timescale is linear until 1 ps and logarithmic for longer delay times.
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illustrated increased electron mobility with free electrons
forming immediately after excitation. Furthermore, the
recombination in the Ta-doped hematite photoanode was
reduced, resulting in the increased photoelectrochemical
performance when compared with the Ta,Os-overlayer sample.
Our results show that the commonly employed passivation
strategy does not affect the poor charge carrier dynamics
intrinsic to hematite based photoanodes. The large effect on the
water splitting performance that electron trapping into surface
states has in hematite based photoanodes has only recently
been observed. Our Ta-doping strategy results in more efficient
electron extraction, solving the electron trapping issue and
leading to increased performance over the surface passivation
strategy.
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