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ABSTRACT
Taylor Hennessey Moot: Probing the Metal Oxide Local Environment for Thermochromic and
Photovoltaic Applications
(Under the direction of James F. Cahoon)

Energy demand is predicted to increase by 28% between 2015 and 2040, placing strain
on the current reserves of petroleum, coal and natural gas. There are two different approaches to
alleviating the demand on Earth’s natural resources: increase energy efficiency or utilize
renewable resources. Vanadium dioxide (VO2) thermochromic windows passively modulate
infrared (IR) transparency, aiding in reducing undesirable heat exchange from outside to indoors.
This occurs through a semiconductor to metal transition upon heating which is coupled with an
optical change from IR transparent to IR absorbing, respectively. The metallic phase exhibits a
plasmon resonance and we can control the local environment by embedding the VO
nanoparticles in a high refractive index material (i.e. a polymer) where the plasmon absorption

intensity increases as does the overall device performance.

Alternatively, to increase the production of renewable energy, p-type dye sensitized solar
cells (DSSCs) are studied as a precursor to tandem devices for solar fuel production. A novel p-
type semiconductor (photocathode), lead titanate was identified through a material informatics
approach and utilized in fundamental studies of the semiconductor-electrolyte interaction. By
tuning the electrolyte composition to increase the concentration of an efficient electron
scavenger, I, the photocurrent and fill factor approximately doubled resulting in a four-fold

increase in power conversion efficiency. Simply changing the concentration of I, and electron



scavenger, in the electrolyte allows for more efficient charge separation at the semiconductor-
chromophore-electrolyte interface, which improves two of the most problematic device

performance metrics in p-type DSSCs, low photocurrent and low fill factor.
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Chapter 1: INTRODUCTION

1.1  Energy Demand and Sustainability

The U.S. Energy Information Administration (EIA) predicts that world energy
consumption will increase 28% between 2015 and 2040.1 Non-renewable energy sources
(petroleum, coal and natural gas) make up the vast majority of energy currently produced, but the
percentage of renewable energy created is predicted to increase by an average of 2.8% per year
to a predicted 31% of total energy production by 2040.12 In the United States (U.S.), 36% of
generated electricity comes from renewable sources (solar, nuclear, hydropower, wind and
geothermal) where nuclear accounts for the majority of renewable electricity at 63%.2 Solar
energy makes up 2% of electricity generated from renewable sources and only a mere 0.9% of
electricity generated overall. However, in the U.S. over 66% of electricity is wasted and accounts
for the majority of all energy rejected as compared to residential, commercial, industrial and
transportation.?

This increase in energy consumption coupled with significant energy waste places a
strain on non-renewable sources of energy such as petroleum, coal and natural gas. Finite
resources of petroleum, coal and natural gas have consequential ramifications for energy supply
security and foreign energy dependency.® To combat the depleting energy resources and bolster
national security there must be significant change in the current energy production sources and
usage. There are two separate but complementary methods to combat an increase in energy

demand: increase the efficiency of energy usage and to create energy from renewable sources.



1.2 Thermochromic Windows

In the U.S. a total of 66% of all energy is unused, wasted through various mechanisms,
such as electricity transport through the grid or through heat losses.? Minimizing the wasted
energy through more efficient processes or technologies is equivalent to increasing the overall
amount of energy generated. Buildings are a major contributor to the overall growth in world
energy usage, where building energy consumption is projected to increase by 32% between 2015
and 2040.2 The residential sector is a useful market to focus on because of the trend towards
more energy efficient building materials and the regular construction of new houses allows for
quick incorporation of new energy efficient technologies. In U.S. homes, 48% of energy
consumption occurs through indoor heating and cooling and it is estimated that as much as one
third of heat loss occurs through windows and doors.* This accounts for 46% of all energy losses
in the residential sector, thus creating energy efficient windows would drastically improve the
energy efficiency of the residential sector.

There are a wide variety of energy efficient windows currently for sale and being
researched. The commercially available energy efficient windows can be broken down into two
categories: re-designed window structures or window coatings.>® To redesign the window
structure, companies have added more glass panes or included a high resistance to heat flow gas
between the panes to minimize heat losses. Various types of coating technologies are also
available, such as heat absorbing tints, low-emissivity coatings, reflective coatings and spectrally
selective coatings and all minimize the amount of sunlight via different mechanisms.>®

These window technologies are only useful for keeping a house cool instead of warm,
limiting their year round use and relevance in cold climates. Ideally, a window would be ‘smart’

and self-regulate the heat transferred into the house depending on the external temperature. For



example, if it was hot out, the windows would minimize heat transferred indoors, whereas when
it was cold heat transfer would be maximized. To this end, electrochromic window technologies,
among others, have been developed.’ Electrochromic windows are based on materials which,
under an applied bias, change their optical properties. Nickel oxide (NiO) and tungsten oxide
(WQ3) are common electrochromic window metal oxide semiconductors, where upon application
of a negative applied bias the black material turns white, likely due to Li* intercalation. "-°
However, electrochromic windows require an energy input and can be difficult to retro-fit
onto currently installed windows, minimizing their practical applications. Thermochromic
windows change optical properties upon a change in temperature, making them a better window
design than electrochromic windows because no input is necessary to modulate the heat transfer
based on fluctuations in the external temperature. The most promising material for
thermochromic windows is a metal oxide, vanadium dioxide (VO2). Vanadium dioxide has a
semiconductor to metal transition (SMT) at 68 °C coupled with an optical transition.1%1!
Specifically, at room temperature the semiconductor monoclinic (Mo) phase is infrared (IR)
transparent, whereas the high temperature metal rutile (R) phase is IR opaque. This modulates
the heat transfer into the building based on the outside temperature.** This change in IR opacity

upon a temperature change makes VO2 an ideal material for smart window applications.



A

Ag
T X S .
. ’
b‘: Jjj 0
@st h@
c
=3 m 20 -
= = ; Tvis
ToTor T<Ter 04 08 12 16 20
Wavelength (um)

Figure 1.1. Thermochromic windows. A) Schematic of an ideal thermochromic window, where
(left) at cool temperatures below the critical temperature (T¢r) of the semiconductor to metal
transition (SMT), T>T¢r allows all visible light (Tvis) and all IR light (Tir) in. Right, at warm
temperatures (T<T¢r), all IR light is reflected. B) Schematic of the performance parameters for
thermochromic windows where T.is (red shaded) is the percent of visible light transmitted sand
the change in IR transmittance (AT) from cool (dashed line) to warm (solid line) temperatures
upon heating (A).

To realize a VO based thermochromic smart window there are three main problems to
overcome. First, a SMT of 68 °C is too high for most commercial residential applications, and
ideally should be ~25 °C. To this end significant work has been spent studying the effect of
various dopants (W, Mg, Mo, etc.) on tuning the SMT, where W doping can tune the SMT to 35
°C.10-13 Second, the orange tint of VO, which originates from a d-d transition, must be
minimized for aesthetic purposes.!! Various dopants tune the visible absorption profile, such as
Mg, and the addition of antireflection coatings have been used to minimize the orange tint.*4-6
Finally, the IR modulation must be increased. The majority of research into VO, smart windows
has investigated how to increase the visible transmittance (Tvis) while simultaneously increasing
the IR modulation (AT). Typically thin films of VO2 have been used and by simply increasing
the film thickness, the AT increases. However, this method decreases the Tvis such that the Tyis IS
less than 50% at high AT values. To this end, various methods of optical tuning have been tried,
such as antireflective coatings, increased scattering through nanoparticle size modulation or

highly reflective hierarchical microstructures.!’-32



In Chapter 3 a method to develop high efficiency and easily processable VO-
nanoparticle based thermochromic smart windows is proposed. Exploiting the high temperature
VO (R) metallic character allows for the IR absorption profile to be tuned through specific,
wavelength dependent interactions between light and the nanoparticles free electrons, creating a
highly absorbing plasmon resonance. By using the sensitivity of the plasmon absorption profile
to the nanoparticle shape and local environment, we calculate the highest performance to date is
possible simply through synthesizing small nanoparticles (>30 nm) and using a high refractive
index polymer matrix.

1.3 Photovoltaic Devices and Parameters

To increase the amount of sustainable energy produced, more renewable sources must be
used in high efficiency devices. The sun offers limitless energy to be captured and converted into
energy, where photovoltaic devices are often the device of choice to absorb and convert sunlight
to usable electricity. There are many different types of photovoltaics, but they can be generalized
into two different categories, solid state devices and photoelectrochemical (PEC) devices. Solid
state devices are made exclusively of solid materials whereas PEC devices add a liquid
electrolyte to the solid state structure. Solid state multijunction devices, with concentrators have
produced the highest efficiencies to date, at 46.0%, or 37.9% without concentrators. Silicon and
cadmium selenide solid state photovoltaics, among others, are currently commercialized.

However, PEC devices offer some unique advantages over solid state devices, namely the
ability to do catalysis.3*3 A prime example of the strengths of PEC devices is the dye sensitized
photoelectrosynthesis cell (DSPEC). The DSPEC harnesses sunlight which is then used to
convert water and carbon dioxide to oxygen and formate or methane, i.e. solar fuels, which can

then be isolated for used similarly to natural gas or petroleum.®® The proposed DSPEC design



utilizes many different components to achieve the production of solar fuels, as shown in Figure
1.2 A. Specifically, a chromophore creates photoexcited charges, where on the oxidation side the
hole is transferred to a catalyst to oxidize water and the electron is injected into a transparent,
wide bandgap n-type semiconductor (photoanode). The resulting protons are used on the
reduction side to be used in the catalytic cycle, where the photoexcited chromophore transfers
electrons to the carbon dioxide (CO-) reduction catalyst and the hole is inject into a transparent,

wide bandgap p-type semiconductor (photocathode).*
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Figure 1.2. Photoelectrochemical device designs. A) DSPEC consisting of an n-type
semiconductor (photoanode) and a p-type semiconductor (photocathode) in series with the
denoted valence band (VB), conduction band (CB) and Fermi level (dashed line) with a
chromophore-catalyst assembly (CCA) bonded to the semiconductor surface. Finally, the
transparent conducting oxide (TCO) connects the circuit. B) A p-type dye sensitized solar cell
where instead of a CCA there is simply a chromophore (chrom.) and a platinum (Pt) counter
electrode replaces the photoanode. In each device the numbers denote the steps in the
functioning of the device.

The success of the DSPEC device performance is based on the performance of each
individual component, making it an extremely complicated device to realize but can be very

efficient once every component works succinctly in concert. To understand the fundamental



chemistry and physics behind the performance of each component in the DSPEC in detail, the
dye-sensitized-solar cell (DSSC) is a useful model system namely because it is a much simpler
device design which allows for each component to be isolated and studied. Additionally,
studying the DSPEC through two DSSCs, a p-type and an n-type in tandem, allows for
optimization of individual components to be pursued in parallel. The oxidation side and the n-
DSSC has been studied extensively, leading to improvements in photoanode, chromophore and
catalysis design which have translated to efficient water oxidation. However, there has been
significantly less work on the reduction side, and consequently it is the limiting factor to
achieving high performance or even creating solar fuels. Thus, the thrust of this thesis is to
improve efficiency of the reduction side through understanding the performance of the p-DSSC.
The DSSC consists of a wide bandgap semiconductor (working electrode) which is either
a photocathode (p-type DSSC) or a photoanode (n-type DSSC) loaded with a chromophore and
placed in a liquid electrolyte solution with a counter electrode, typically made up of platinum, to
complete the circuit.>’~*° The DSSC device (Figure 1.2 B) function is similar to that of a DSPEC
(Figure 1.2 A). Briefly, the photoexcited chromophore creates an excited state where the hole is
first injected into a photocathode material and then the electron reduces the iodide/triiodide
electrolyte, which is ultimately regenerated at the counter electrode. To measure the performance

of the DSSC, current voltage (J-V) curves are used.
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Figure 1.3. Standard current-voltage (J-V) curve with denoted performance metrics. The J-V
curve under one sun illumination (solid blue) and in the dark (dashed blue) have seven different
relevant parameters, short circuit current (Jsc), open circuit voltage (Voc), dark saturation
current (Jo), shunt resistance (Rsh), series resistance (Rs), and fill factor which is the ratio of the
area of a rectangle intersecting the Jsc and Voc (green dashed) and a maximum size rectangle
that fits underneath the J-V curve (green dashed and shaded) with the maximum power point
(Pmax, purple dot).

Typically, device performance is measured through a J-V curve in the dark and under
stimulated one sun illumination. From the J-V curve there are 7 key parameters that can be used
to parametrize performance, as shown in Figure 1.3. The short circuit current density (Jsc) and
the open circuit voltage (Voc) are where the J-V curve (solid blue) intersects with the y-axis and
the x-axis, respectively and the dark saturation current density (Jo) is where the dark curve
(dashed blue) intersects with the y-axis. The Jsc is typically related to the absorption profile and
extinction coefficient, and loading of the chromophore, although it can be affected by significant
recombination within the semiconductor, or at the semiconductor electrolyte interface.® The
open circuit voltage is the voltage difference between the Fermi level of the semiconductor and
the Nernst potential of the electrolyte, and is also negatively affected by recombination.®® The Jo
arises from current occurring through various recombination pathways that do not require

illumination to activate, and ideally is minimized.® The fill factor (FF) is the ratio of the area of



a rectangle intersecting the Jsc and Voc (green dashed) and a maximum size rectangle that fits
underneath the J-V curve (green dashed and shaded), which represents the maximum power

point (Pmax) and is calculated by:

FF = Lmax (1.1)

Voclsc

The fill factor is impacted by all recombination metrics that occur in the semiconductor
and at the semiconductor electrolyte interface, allowing it to be a relative measure of overall
recombination. To achieve a high efficiency device the fill factor, Jsc and Voc all must be

maximized, where the power conversion efficiency (PCE) (n) is calculated by:

_ VoclscFF
Pin

(1.2)

where Isc is the short circuit current, which is Jsc multiplied by the active area of the

photovoltaic and Pin is the input power.

In an ideal photovoltaic the J-V curve can be modeled through the ideal diode equation:

J=Jolexp (-25) 1| - 1y (13)

nkpT

where J.is the light generated current density, q is the elemental charge, V is voltage, n is the
ideality factor, kp is the Boltzmann constant and T is temperature. However, in reality the
photovoltaic performance deviates from ideal behavior through either alternate charge transport
pathways or through high resistances. The shunt resistance (Rsh) and the series resistance (Rs) are
denoted with red dashed lines and are the values of the inverse of the slopes of the J-V curve
intersects with the y axis and the x axis, respectively. The shunt resistance is the resistance to

charge transport through various alternate pathways and should be maximized in an ideal device.



The series resistance is the resistance of all components (working electrode, electrolyte, counter
electrode) in series and should be minimized in an ideal device. To understand how these

resistances affect the device performance, they can be modeled by modified ideal diode

equations:
J =1 = Jo [exp (L522)] (14)
J == Joexp () = o (15)

The series and shunt resistances can minimize the photocurrent but as well as affect the fill

factor. In general, the maximum theoretical fill factor (FFmax) is dictated by the Voc:

__ Voc—In(Vpc+0.72)

FE, . = — (1.6)
The effects of the shunt resistance and series resistance on fill factor are as follows:
2
FFy = FEpap(1 = 1175) + 2 (1.7)
_ _ Voct+0.7 FEnax
FF,, = FE,,, (1 Yo Pinex ) (1.8)

Where rs and rsh are the normalized series and shunt resistances, respectively which are equal to

the given resistance divided by the characteristic resistance of the photovoltaic device.

These set of parameters and the ideal diode equation, its derivations or resulting empirical
formulas help understand the specific cause to any deviation from ideality in device

performance.
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1.4  p-Type Dye Sensitized Solar Cells

The first reported mesoporous DSSC was by Gratzel and O’Regan in 1991 using a
titanium dioxide (TiO.) photoanode and a ruthenium(l)tris(bipyridine) (RuBPY)
chromophore.*! Currently, the record PCE is over 14% due to intensive research efforts into
novel chromophores and electrolyte designs. In 1999 the first p-type DSSC was reported, using a
nickel oxide (NiO) was the photocathode with a laser dye, erythrosine B and the same
iodide/triiodide electrolyte.*? Since that first report, significant research efforts have been spent
on understanding and re-designing the chromophore and the photocathode, and recently there has
been some effort to redesign the electrolyte.**=*° However, the standard and champion devices
achieve a PCE an order of magnitude lower than that of the n-DSSCs and are plagued with low
photocurrents and low fill factors.*6°-52 To understand the factors limiting device performance it
is imperative to understand the three main components of the p-DSSC: the photoanode, the
chromophore and the electrolyte.

NiQ is the standard photocathode material used in p-DSSCs. It is a wide bandgap
semiconductor; however all typical preparation methods result in a black material, indicative of
large amounts of trap states and/or impurities.>>>* Significant research efforts have been spent
understanding the identity, magnitude of the trap states and their effect on device performance.
Current literature suggests that the trap states are some combination of Ni**, Ni vacancy and Ni°
and those are causing the dark color of NiO, either through Ni?*/Ni** charge transfer or through
the innate dark color of Ni®.53-° The most remarkably device characteristic of NiO DSSCs is the
low fill factor, which is on average ~35%. The low fill factor occurs from a low shunt resistance,
indicative of significant recombination pathways, likely between the semiconductor and the

chromophore.>? Despite this, NiO p-DSSCs have achieved the highest PCE.*® Further detailed
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discussion of the trap state identity, magnitude and effect on device performance can be found in
Chapter 4.

To minimize the trap states and their detrimental impact on performance, various
modification and passivation techniques have been used to treat NiO. Doping NiO by lithium or
cobalt have shown small improvements in performance, namely by improving the open circuit
voltage.>=>" Surface modification and passivation techniques include an aluminum oxide atomic
layer deposition (ALD) layer, high temperature annealing and a modified ALD surface
passivation called targeted atomic deposition (TAD).>**® These methods have all shown
improvements in either the short circuit current or the Voc but have shown minimal
improvements in the fill factor.

Other research efforts focus on replacing NiO, but the parameter constraints on the new
potential photocathode materials are such that there are not many obvious candidates. The
semiconductor must be wide bandgap with the valence band edge above 1 V vs Ag/AgCl to have
efficient injection from the most oxidative chromophore, P1.4%4 Currently, the delafossite class
of semiconductors have been investigated as a replacement photocathode for NiO based upon the
expected higher hole mobility that arises from the partially metal character valence band edge.>®
To this end, delafossites have been investigated with a few standout materials, such as CuBO,
CuGa02, CuAIlO2, which have shown high fill factors and high open circuit voltages.**4=4° A
novel approach to identifying an alternate photocathode material, and experimental validation is
discussed in Chapter 5.

The absorption profile of the chromophore directly dictates the resulting photocurrent and
consequently substantial research efforts have been spent on designing novel chromophores with

broad absorption profiles and/or high extinction coefficients. Organic chromophores based off of
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triphenylamine, perylene, squarene, and porphyrin units have been developed.®® More recently,
donor-acceptor chromophores have been designed for p-DSSCs in attempts to increase hole
lifetime by physically separating the electron and hole onto the acceptor and donor, respectively.
To this end, various chromophore base groups have been studied and the length and identity
between the donor and acceptor has been modified.**1%2 Based on this model one most
commonly used chromophore, P1 was designed. P1 reached photocurrent values of 1.52 mA/cm?
and incident photon to current efficiency (IPCE) values of 18%.%* Additionally, the photocurrent
record of 7.4 mA/cm? was achieved by the chromophore BH4 which has a similar extended
structure to that of P1.%° Despite the major improvements, the fill factors achieved in these
devices are still low, indicating that there are major recombination pathways that are not affected
by the hole lifetime.

There is little research into the electrolyte specifically for p-DSSCs, where the majority
of discussion occurs around the photocurrent contribution of the electrolyte. It was determined
that I3™ can efficiently inject into NiO p-DSSCs and has been shown in other materials as
well.2®3 Although this increases the photocurrent and therefore the overall PCE, it is an
unwanted side reaction and in the ideal case all photocurrent is created exclusively from the
chromophore. The recent record for p-DSSCs was achieved using the iron based electrolyte,
where the increase in performance was driven by the improvement in the Voc from 243 mV to
645 mV based on the change in the Nernst potential of the electrolyte.*® To understand the role
of the typical iodide/triiodide electrolyte used in p-DSSCs, the literature from the n-DSSC field
will be reviewed.

The iodide/triiodide electrolyte is created through mixing a cation iodine salt (X1I) and I,

where the cation is typically Li, in a solvent, usually acetonitrile. The equilibrium constant for:
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I+ 1L, > I3 (1.9)
is 5 x 10 M in acetonitrile which results in a solution that has the below 7 redox couples, in

addition to the cation:%*

Table 1.1. lodine based electrolyte redox couples in acetonitrile.5

Eq. Reaction Redox Couple Potential (V vs NHE)
110 | I3 +e” =1, +1™ 13712~ -0.64
1.11 L+e =1y I2/12~ -0.34
1.12 I3 +2e” - 31~ Is/1 -0.19
1.13 I, +2e” - 21 /I -0.07
1.14 I, +e” - 21 I2°/1 0.36
1.15 31, + 2e” - 2I3 PYAEY 0.46
1.16 I'+e -1 I 0.75

First, the cation in solution (Li, Mg, H, etc.) affects the band edge position by creating a
dipole at the surface of the semiconductor.®® This has been studied extensively and, by
modulating the band edge position, affects the Voc, and even the Jsc thus can significantly affect
the overall PCE.®® The Nernst potential is set by the 2 electron reaction between the electrolyte
and the platinum counter electrode, and in p-DSSCs is the I37/1" redox couple (Equation 1.12).
All of the other redox couples can affect device performance through recombination pathways
between the semiconductor or chromophore and the electrolyte or through chromophore
regeneration, however little research has investigated this area in p-DSSCs. In n-DSSCs, I aids
in chromophore regeneration and either Is- or I, acts as an electron scavenger and causes
recombination between the chromophore and the electrolyte.8” %8 The specific effect of the
additives is still being debated, but it is known that the guanidinium thiocyanate both shifts the
band edge and minimizes interaction between I, and the chromophore.®®"° Based on the

extensive amount of literature on the effect of the electrolyte on n-DSSC performance, it is
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imperative that the effect of the electrolyte on p-DSSC performance is equally well understood
and is investigated in Chapter 6.

There is no clear picture on how to achieve high performance p-DSSCs that can rival n-
DSSC performance and this limits the ability for tandem devices, such as the DSPEC to be
realized. There are questions into how to design a high performance photocathode, what is and
how does the electrolyte affect device performance. To understand these questions, we focus on
investigating the semiconductor and electrolyte in reference to the interface and how it affects

recombination.
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Chapter 2: METHODS

2.1  General Analytical Characterization Techniques

Powder x-ray diffraction (XRD) was carried out on a Rigaku Multiflex X-Ray
Diffractometer with Cu source, typically using a scan rate of 2° 26/min, unless otherwise
specified. Differential scanning calorimetry (DSC) was done using a TA Instruments DSC Q200,
where the data was taken using a ramp of 5 °C /min and cool 10 °C /min from 0-100 °C in a tzero
hermetic aluminum pan. Thermogravimetric analysis (TGA) was done from room temperature to
550 °C in air, using a TA instruments Q5000. Film thicknesses were measured by a Bruker
DektakXT profilometer. Scanning electron microscopy (SEM) images were taken using a
Hitachi S-4700 Cold Cathode Field Emission Scanning Electron. Transmission electron
microscopy (TEM) and scanning TEM (STEM) images were obtained with an FEI Tecnai Osiris
operating at 200 kV with a sub-nanometer probe and equipped with a Super-X EDS system. This
system was used to acquire drift-corrected energy dispersive x-ray spectroscopy (EDS) elemental
maps of metal oxide (MOx) particles using the Bruker Esprit software, and standardless Cliff-
Lorimer analysis was performed on the deconvoluted EDS spectra for elemental quantification.
Absorption, transmittance and reflectance spectra were taken in a Cary 5000 UV—-Vis—NIR from
Agilent with integrating sphere attachment, or for solution absorbance a Hewlett-Packard UV-
Vis-NIR absorption spectrometer HP 8453 was used. The fluorescence of chromophore loaded
MOx was compared to chromophore loaded glass slide as a standard using a 532 nm laser
coupled to a Nikon D-Eclipse C1 SI microscope with a CCD detector. Raman spectroscopy on

the MOx was obtained using a 488 nm excitation source from an Ar+ laser in the Renishaw
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inVia confocal Raman microscope. X-ray photoelectron spectroscopy (XPS) was collected using
a Kratos Axis Ultra DLD spectrometer. All XPS data was corrected to the C 1s peak and
background corrected. The Kratos Axis Ultra DLD spectrometer also has ultraviolet
photoelectron spectroscopy capability (UPS) and all UPS data was collected from samples of the
MOy on fluorine doped tin oxide (FTO) substrates. Conductivity measurements were taken using
a Keithley semiconductor characterization system 4200-SCS four point probe with the Keithley
interactive test environment version 7.2 software modified with a TE Tech peltier stage for high
temperature measurements. All MOx samples were made on 1 cm? glass substrates. All
microscale optical pictures were taken using a Nikon D-Eclipse C1 si darkfield microscope (100
x zoom) and all macroscale pictures were taken using either a Nikon DSLR camera or an iPhone

ScC.

2.2  Vanadium Dioxide Nanoparticle Synthesis

Nanoparticle synthesis was adopted and modified slightly.” Briefly 0.5 g ammonium
metavanadate (Fisher Scientific) was added to 10 mL ethylene glycol (Fisher Scientific) at 160
°C and heated with vigorous stirring for 2 hours. The dark purple vanadyl ethylene glycol (VEG)
precipitate was collected by vacuum filtration and washed with ethylene glycol. Two drying
steps of 30 minutes at 250 °C in a petri dish followed with additional wash and rinse in between.

The resulting dark blue VO. (Mo) powder was collected.

2.3 Thermochromic Window Fabrication

0.012 g of the VO, was added to a 0.79 wt. % solution of PDMS (Sylgard 184, Dow
Corning) in heptane with 7.7 wt. % curing agent. The solution was sonicated for 1 hour and then

left to settle for 4 days until the solution changed from a dark blue/grey opaque solution to an
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orange/brown transparent solution. 50 ul-200 pl (in 25 ul steps) of resulting solution was
dropcast onto 1.5 cm x 1.5 cm glass slides. After 12 hours of drying, the films were transferred
dried in an oven at 150 °C for an additional 12 hr. Upon removal the films were entirely dry and
cured. To make pure PDMS films, the PDMS was peeled off the glass substrate using a razor

blade.

2.4  Thermochromic Window Infrared Modulation Analysis

Optical properties of each film were measured in a Cary 5000 UV- vis— NIR from
Agilent with integrating sphere attachment. Data was normalized against a glass standard to
reduce effect of background spectra on the curvature of experimental data. High temperature data
was collected using a homebuilt heating stage with a TE Tech peltier stage that was attached to
the UV-vis-NIR. Data was taken at room temperature (25 °C) and above the SMT temperature,

75-80 °C.
2.5 Mie Scattering Simulations

Extinction efficiency values for spherical VO2 (Mo) and VO: (R) nanoparticles ranging in
diameter from 10 nm to 200 nm in a PDMS matrix (refractive index=1.4) were obtained using
Mie Theory Calculator program with previously reported optical data. ">"3 Introduction of air
pockets was simulated by a 2.5 nm — 20 nm thick shell of air around a VO2 90 nm patrticle, all
embedded in a PDMS matrix. The resulting extinction efficiency values were used to calculate
transmittance spectra for VO2 (Mo) and VO3 (R) at 40 Lw values ranging from 0.0005-0.15.
These transmittance curves were used to calculate visible transmittance and IR modulation

figures of merit at each Lw value, for each particle size.
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2.6 Lead Titanate Synthesis and Paste Preparation

All reagents were purchased from Fisher Scientific and used without further purification
unless noted otherwise. In an inert, dry atmosphere lead acetate anhydrous (0.075 g) was
combined with glacial acetic acid (2 mL). Then, titanium isopropoxide (0.05 mL) was combined
with anhydrous ethanol (8 mL). The two solutions were combined and the resulting sol was
capped and removed from the glove box. To create structured films, 10 wt. % ethyl cellulose (22
cp) was added to the precursor sol solution. A drop of the sol gel solution was wiped across a
FTO glass substrate. To make thin films, 5 layers of the sol solution were spun onto FTO glass
substrate, with a 1 minute 150 °C heat treatment between each layer. All films were then

annealed in air for 70 minutes at 600 °C then cooled to room temperature.

2.7 Nickel Oxide Paste Preparation

NiO nanoparticles were bought commercially from Inframat Advanced Materials and
then mixed with ethyl cellulose, ethanol and terpineol which was then homogenized by horn
sonication, mechanical dispersion and ball milling as reported in literature.” TAD treatment was
done using Aluminum ALD as discussed in literature. For all experiments 5 cycles were used,

except for where specified.>

2.8 Fabrication of Dye Sensitized Solar Cell

Fluorine doped tin oxide (FTO) glass substrates (12-14 Q/cm?) purchased from Hartford
glass (TEC15) and cleaned with typical organic solvents and sonication. MOy was deposited on
the FTO as noted in Methods section 2.6 and 2.7 Processed films were submerged in a 0.5 mM

P1 (Dynamo) in acetonitrile solution for 20 minutes. Pt counter electrodes were fabricated by
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drop-casting H2PtCls in isopropanol solution onto an FTO glass slide, which included a powder-
blasted pinhole, and annealing for 30 minutes at 380 °C. The DSSC was fabricated by
sandwiching a 20 um Surlyn polymer gasket (Solaronix) between the working dyed MOy
electrode and the Pt counter electrode using a custom-built heating apparatus. Electrolyte
solutions were prepared by mixing 1.0M Lil and 0.1M 1> in acetonitrile, unless otherwise noted.
The devices were backfilled with electrolyte using a custom-built vacuum chamber. The pinhole

was sealed with a microscope coverslip and additional Surlyn polymer.

29 Photovoltaic Characterization

DSSC performance was investigated using a Newport Oriel 150W class ABB solar
simulator with an AM1.5G filter. The light intensity was calibrated to 1-sun using a certified
reference solar cell (Newport 91150 Vs), which was calibrated in June, 2011. A Keithley 2636A
SourceMeter was used for all electrical measurements. All photovoltaic performance
measurements were done in air at room temperature with a step size of +1 mV in the increasing
forward bias direction (except where explicitly stated otherwise in Figure 5.10) and a 0.1 second
delay. Average values and standard deviations for DSSC photovoltaic device metrics represent
measurements on n separate devices, as noted. The active area of each device was equivalent to
the size of the gaskets used to hold the liquid electrolyte; thus, no aperture or mask was used

during illumination.

2.10 Incident Photon to Current Conversion Efficiency

Incident photon-to-current efficiency (IPCE) measurements were obtained by
illuminating devices with a Newport Instruments tungsten lamp coupled to a Princeton

Instruments SP-2300 spectrometer with 1200 g/mm grating.
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2.11 Electrochemical Impedance Spectroscopy

Gamry Reference 600 electrochemical impedance spectrometer. Data was collected on
DSSCs under 1-sun illumination at an applied bias using 1-sun illumination, and the resulting

curves were fit to a simplified Randles circuit using the Gamry Software.

2.12 Semiconductor Electrochemical Analytical Methods

All techniques utilized a standard three electrode cell configuration that consists of a
MOy working electrode, a Pt mesh counter electrode and an Ag/AgCl reference electrode ina 0.1

M LiClO4 acetonitrile solution. Any deviation from this setup will be noted.

To obtain Mott Schottky data, spectra were taken a given frequency (Hz) in the standard
electrolyte solution with varying water percentages using a Gamry Reference 600
electrochemical impedance spectrometer. The large linear portion of 1/C? was fit with a linear
function, where the x-intercept was determined to be the Vs, and the slope was converted to

doping level as follows from the equation:

= (V =V — 2D, (2.1)

C2  gygegrA2%qNp

Cyclic voltammetry (CV) curves were obtained either on a Pine WaveNow Potentiostat
(solution) with a glassy carbon working electrode or a Gamry Reference 600 electrochemical
impedance spectrometer (MOx) using a scan rate of 20 mV/s, unless otherwise noted. Applied
bias conductance measurements were taken on a CH instruments 760E bi-potentiostat. Here, the

working electrode is a platinum interdigitated array electrode (IDA) obtained from CH
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instruments with NiO spincast on it. Silver paste was used to connect the IDA electrode to
copper wires to collect the current from IDA electrode 1 (I1) and from IDA electrode 2 (I2). A
small applied bias of 5 mV was applied between the IDA electrodes while the potential was
swept from -1 to 2 V vs Ag/AgCl at a scan rate of 20 mV/s using linear sweep voltammetry. The

conductance (G) was calculated by:

G = (I; — I,)/(2 * bias) (2.2)

To obtain photocurrent values in a three electrode setup, chronoamperometry was done using a
Gamry Reference 600 electrochemical impedance spectrometer. The MOy working electrode was
loaded with chromophore for ~20 minutes and then held at a given bias for 2-4 minutes while
being manually cycled between being under 1-sun illumination, or in the dark by blocking the
incident beam. The photocurrent values were obtained by calculating the difference between the
resulting photocurrent values in the dark and upon one sun illumination. Spectroelectrochemistry
of the NiO film was performed in the standard three electrode cell usinga 0.1 M
tetrabutylammonium hexafluorophosphate acetonitrile electrolyte which was degassed with N2
for 30 min before experimentation. Spectral changes of NiO under bias applied by a CHI 601D
potentiostat were monitored with an Agilent HP 8453 UV-Visible Spectrophotometer after 20

min polarization time for each potential step.

2.13 Density Functional Theory

Collaborators Lesheng Li and Yosuke Kanai ran the first-principles calculations, which
closely follow the computational details previously reported.” Density functional theory (DFT)
calculations were performed with the Hubbard correction using the Quantum Espresso code.®

The interaction of the valence electrons with ionic cores was described by Vanderbilt ultrasoft
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pseudopotentials, and the Kohn—Sham wave functions were represented in a planewave basis set,
where the energy cutoffs of the wave functions and the density were 48 and 300 Ry,
respectively.”” The Brillouin zone integration was performed with a 4 x 4 x 4 Monkhorst—Pack
k-point grid. Spin-polarized calculations were carried out in this present work because of the
antiferromagnetic nature of NiO.® In our calculations, the Hubbard U correction approach was
applied to the generalized-gradient approximation (GGA) of Perdew, Burke, and Ernzerhof
(PBE), because of the strong electron correlation of the partially filled d-shells in Ni atoms.”®-83
The Hubbard parameter U and exchange parameter J are not considered separately, but they are
combined as an effective parameter Uert (Uert = U — J).34 The value of Uert was set to 5.4 eV, as in
previous works.>*">#8% Tg simulate the NiO structure, a 64-atom supercell was used, modeling
the ideal bulk NiO. The Ni vacancy and OH/H>O-doping structures were modeled using this

bulk NiO structure by removing or substituting one nickel atom with an OH/H>O group.

2.14 Material Fingerprints and Similarity Search

Collaborators Olexandr Isayev and Alexander Tropsha encoded the electronic structure
diagram for each material as band structure fingerprints as previously reported.®® Along every
special k-point along the wave-vector, the energy diagram was discretized into 32 bins serving as
our fingerprint array. It is worth emphasizing that each of the 14 different Bravais lattices has a
unique set of k-points. The comparison of a set of k-points belonging to a single Bravais lattice
type will be considered a symmetry-dependent band structure fingerprint. To name a few
examples, the Brillouin zone path of a Cubic Lattice (/=X-M-I-R-X|M-R) will be encoded with
just four points (7, M, R, X) giving rise to a fingerprint array of length 128. Body-centered
orthorhombic lattice is much more complex (I'-X-L-T-W-R-X1—Z-I-Y-S-W|L1-Y|Y1-Z) and

represented by 13 points (I', L, L1, Lo, R, S, T, W, X, X1, Y, Y1, Z) or fingerprint array of length
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416. Conversely, the comparison of identical k-points not specifically belonging to any Bravais
lattice is always possible when considering the I point as it is common to all lattice types. In

present work, we limited our models only to the T" point of the band structure fingerprint.

Among many chemical similarity metrics used in cheminformatics, Tanimoto similarity
coefficient, Tc, between chemicals A and B is the most widely used.®* It is calculated as shown in

eqg. 2

Tc = L1 %ja%je (2.3)

(B, ()2 450, (xp) ST, Xja )

where ¥; is the value of the j" descriptor and n is the total number of descriptors. Tanimoto
similarities range from 0.0 (no similarity between chemicals A and B) to 1.0 (A and B are
identical). The known p-type photocathodes NiO, C030s, Cu20, Cul, CuAIO2, CuGaO.,

NiC0204, and ZnCo0204 were used as reference query materials.

The band structure data was extracted for 46,936 materials from the AFLOWLIB
repository, which represents approximately 60% of known stoichiometric inorganic materials
listed in the Inorganic Crystal Structure Database (ICSD).%% All referenced DFT calculations
were performed with the generalized gradient approximation (GGA) PBE exchange-correlation
(XC) functional and projector-augmented wavefunction (PAW) potential according to the
AFLOW standard for high-throughput computing.®* This standard ensures reproducibility of the
data, as well as provides visibility and reasoning for any parameter set used in calculations, such

as accuracy thresholds, calculation pathways, and mesh dimensions.
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Chapter 3: DESIGNING PLASMON-ENHANCED THERMOCHROMIC FILMS
USING A VANADIUM DIOXIDE NANOPARTICLE ELASTOMERIC COMPOSITE

Reprinted with permission from Moot, T.; Palin, C.; Mitran, S.; Cahoon, F. J.; Lopez, R; Adv.
Opt. Mater, 2016, (4), 578-583. Copyright Wiley 2016

3.1. Introduction

Approximately 40% of worldwide energy consumption is used to heat and cool interior
climates.®® Much of this energy usage is wasted through windows, placing an unnecessary strain
on an energy supply that will need to increase 56% by 2040.% In order mitigate losses through
windows, an efficient thermochromic *smart* window that passively reduces heat exchange by
altering its infrared opacity based on temperature is needed. To-date, the most promising
material for this application is vanadium dioxide (VO2), a well-known thermochromic material
whose key properties were discovered in 1959.%” VO passively switches from an infrared-
transparent semiconductor monoclinic (Mo) phase to an infrared-opaque metal rutile (R) phase
when heated above 68 °C.1%% This semiconductor-to-metal transition (SMT), with its coupled
change in optical properties, allows VO, to facilitate heating at low temperatures with VO2 (M)
and minimize radiative heating at high temperatures with VO2 (R). Until recently, most studies
on the thermochromic properties of this material has been focused on pure VO thin films, which
have reached top performance values of 47.2% visible transmittance and 15.1% infrared (IR)
modulation with the use of an anti-reflective overcoating.1%1":2324% The main drawback of thin
films is that in order to reach a reasonable IR modulation a sufficiently thick film must be used,

and the necessary thickness results in low visible transmittance. Additionally, VO thin-film
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fabrication usually requires high annealing temperatures and does not lend itself well to

manufacturing on the industrial scale or to retrofitting of existing windows.

The ideal thermochromic coating would be capable of high visible transmittance as well
as high IR modulation and would be processed on a flexible substrate using a facile, low-
temperature synthesis and fabrication method. A viable path towards this goal is VO-
nanoparticles suspended in polymer thin films.1? In fact, the use of various VO_ nanoparticle
composites have given impressive results, with many designs already outperforming the
traditional thin films, 1%21.22100.101 For jnstance, a VO, nanoparticle hydrogel composite currently
outperforms all other methods at a performance of 62.6% visible transmittance and an IR
modulation of 34.7%, although the window does not allow clear imaging in its high-temperature
form.?® Nevertheless, progress has been hampered by the difficulty of synthesizing
monodisperse, high-crystallinity nanoparticles using a low-temperature, ambient-atmosphere,
simple technique. Two main synthetic methods that have been studied, each with their own
drawbacks. Hydrothermal synthesis can produce a nanoparticle powder, although it requires
prolonged reaction times of 24 hours or more under high pressures. Sol gel, on the other hand,
requires high temperatures, and the particles must be formed directly on the desired surface,
hindering the use of a flexible low-temperature polymer substrate. Despite these synthetic and
nanofabrication drawbacks, simulations suggest that the VO> composite path is essentially the
most promising route to enhance the performance metrics and augment the potential for large

scale use of VO in thermochromic windows.?°

In this paper, we present simulations that suggest that taking advantage of the tunability
of the plasmon resonance in metallic VO2 could lead to the highest performing thermochromic

windows to date. We demonstrate the feasibility of this approach by creating VO nanoparticle
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composites in a flexible elastomer. A high-yield, low-temperature, ambient-pressure reaction
was used to create quality VO2 nanoparticles, which were then mixed with polydimethylsiloxane
(PDMS) in a simple film fabrication method. We were able to achieve an 11.9% IR modulation
at 50.7% clear visible transmittance. This method is substrate independent and has tunable
performance while requiring no temperatures higher than 250 °C for either nanoparticle synthesis
or film preparation. The optical and elastomeric properties of the VO colloidal films were
thoroughly investigated, including the beneficial effect of stretching the elastomeric matrix on

the thermochromic performance of the composite.

3.2. Experimental

For details on nanoparticle synthesis and film fabrication see Methods 2.2 and Methods
2.3, respectively. VO2 particle morphology, identity and quality were measured with SEM, XRD,
and DSC. XRD spectra was taken from 10°-60° 26 at a scan rate of 2° 26/min where the powder
was spread on a no background sample holder. Film thickness was measured by profilometry
where the heights from 5 different line scans evenly spaced across the film were averaged
together using the Vision 64 program. Optical pictures and macroscale pictures were taken. See
Methods 2.1 for details. Thermochromic window infrared modulation analysis — see Methods

2.4. Simulation details are discussed in Methods 2.5.

3.3 Results and Discussion

Simulations exploring the optical properties of VO nanoparticles have noted the
importance of the surface plasmon of metallic VO: (R) with a resulting absorption peak around
~1.2 um.*® The effect of the particle size and shape on the plasmon resonance has also been
studied, noting the changes in spectral location and width of this resonance by tuning the size

and the aspect ratio.!? However, the ability to tune the plasmon resonance spectral position has
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not been fully utilized to enhance IR modulation.®® In order to maximize performance, the
plasmon resonance must be tuned to the IR spectral range with the highest solar irradiance,
which is concentrated between 0.8 and 1.2 um. To understand the relationship between
nanoparticle size and plasmon resonance position, and to predict the potential performance of
VO, elastomer colloidal films, Mie scattering simulations were employed. The diameter of the
VO spherical nanoparticle was varied from 10 nm to 200 nm within a PDMS matrix. The

resulting extinction efficiency, Qext(A), for each particle was calculated as a function of

wavelength, A, and converted into a transmittance spectrum, %T (1), using:
%T (/1) = eXp(—NLﬂf 2Qext (ﬂ“)) (31)

where N is the number of nanoparticles per unit volume, L is the film thickness, and r is the
radius of the nanoparticle for calculating the geometrical cross section, r?.1%* N can be
parameterized to depend on the weight percent, w, of nanoparticles as N = Nmaxw, where Nmax IS
the maximum number of particles per unit volume assuming a close-packed simple cubic lattice
of VO nanopatrticles. The visible transmittance figure of merit, Tyis, was calculated separately

for VO2 (Mo) and VO: (R) using:

) %T(1)g( )
vis — J ¢(ﬂ) ( 32)

where ¢(1) is the AM1.5G solar irradiance and the integral runs from A = 350 to 750 nm and
then the two values were averaged values. The IR modulation, 47, was calculated using
Equation 3.2 with an integral from A = 750 nm to 2000 nm for both VO (M) and VO2 (R) and

taking the difference:
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AT =T —TF (3.3)

The experimentally tunable parameters L and w in Equation 3.1 were varied such that their
product, Lw, ranged from 0.0005 to 0.15 and then T.is and A7 were calculated using Equations

3.2 and 3.3 to obtain the possible performance values at each particle diameter.
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Figure 3.1. Optical simulation data of PDMS embedded with spherical VO2 nanoparticles
ranging in diameter from 10 nm to 200 nm. A, Normalized extinction efficiencies, Qext, (green
curves) for VO3 in the metallic R phase with various nanoparticle diameters. Gray curve depicts
the AM1.5G solar irradiance. B, Correlation of IR modulation, 47, with visible transmittance,
Tuis, for each particle diameter. Curves at each diameter correspond to the product lw ranging
from 0.15 on the far left to 0.0005 on the far right. All labels in panels A and B are in units of
nanometers.

The Qext spectra in Figure 3.1 A show a distinct peak at near-infrared wavelengths that
red shifts with increasing particle diameter from less than 1 um to nearly 2 um. The use of a
dielectric matrix, as opposed to air, enhances the plasmon resonance by changing the
permittivity, boosting overall performance. %2 The spectral position of the plasmon resonance
with respect to the solar irradiance intensity dictates the performance values achievable. A 10 nm

VO. nanoparticle colloidal film can achieve a performance of 50% IR modulation at a visible
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transmittance of 50% because of the placement of the plasmon resonance at ~1 um, where there
is strong IR solar irradiance. On the other hand, a 200 nm particle cannot achieve any IR
modulation at any visible transmittance because the plasmon resonance is tuned to approximately
2 um, where there is negligible solar irradiance. Intelligently using the nanoparticle size to tune
the plasmon resonance within a transparent dielectric matrix could enhance the performance of

VO, windows to achieve significantly higher performances than those reported to date.

The simplicity of a colloidal film design coupled with potentially impressive
performance, as suggested by the simulations, are the impetus to experimentally pursue VO2
colloidal films. There are a few requirements for the synthesis and film fabrication if it is to be a
simple and economically viable option for widespread adoption of thermochromic windows.
First, all procedures must be carried out at low temperature and in ambient atmosphere to ensure
industrial scalability of resulting films. Second, the synthesis must produce nanoparticles in
solution that can be dried to a powder in order to be incorporated into a polymer solution and
deposited on arbitrary substrates. Here, a slight modification of a facile, low-temperature,
ambient-condition synthesis was used to achieve a high yield of VO2 nanoparticles.” This
synthesis relies on the conversion of vanadyl ethylene glycolate (VEG) to VO through
thermolysis, which affords a high yield of nanoparticles with an average diameter of 45 + 25 nm
(Figure 3.2 A). By synthesizing VO- through thermolysis, the preferential rod crystal growth is
bypassed.1% Based on our simulations, the spherical shape and sub-100 nm size selection
provided by this synthesis is essential for the performance of the VO films. X-ray diffraction
(XRD) spectra (Figure 3.2 B) confirm full conversion of VEG to VO by the strong peak at
27.8°(JCPDS card no. 44-0252). The direct conversion to VO2 (Mo) ensures that there are no

other VO crystal phases present. Finally, differential scanning calorimetry (DSC) in Figure 3.2
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C shows the SMT occurs at a temperature of ~66 °C upon heating and ~57 °C upon cooling, with

a hysteresis of 9 °C. The transition temperature and wide hysteresis is typical of VO2

nanoparticles.1%
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Figure 3.2. Characterization of VO, nanoparticles. A, SEM image of nanoparticles with average
size of 45 nm. Scale bar 200 nm. B, XRD pattern of as-synthesized nanoparticles. C, DSC of
nanoparticles shows SMT temperatures of ~66 °C and ~57°C.

The as-synthesized nanoparticles were suspended in a dilute PDMS solution and varying

film thicknesses were achieved via drop-casting on glass substrates. This simple fabrication

method created high-quality films with thicknesses ranging from ~15 to ~75 um.
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Figure 3.3. Optical properties of representative films where the left column (A, B, G) is an ~15
um thick film, the middle column (C, D, H) is an ~40 um thick film and right column (E, F, I) is
an ~75 um thick film. A, C, E, Macroscale images of respective films. B, D, F, Dark-field
images of respective films, showing an increase in particle concentration via color change as
well as high dispersity of nanoparticles. Scale bar 8 um. G, H, I Optical properties of individual
VO films, where blue is transmittance, green is absorptance, and pink is reflectance. The dashed

line indicates room-temperature optical measurements for each color, and thick line indicates
high-temperature optical measurements.

Figure 3.3 A, C, E shows the visible film quality with varying thicknesses, with an
example of the thinnest, thickest and an intermediate film. There is a slight brownish tint to the
films, and the relatively minimal scattering makes the background design clearly visible through
the films. Figure 3.3 B, D, F shows dark-field microscopy images, where the increase in
background color with film thickness shows the increase in number of small nanoparticles, and
the overall lack of bright dots suggests a minimal number of particle aggregates or large
nanoparticles. The uniform dispersion of nanoparticles within the film is essential for obtaining

high performance because it minimizes large scattering centers that that do not exhibit the
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desired plasmon resonance (cf. Figure 3.1). Finally, the optical properties of each film were
studied at room temperature and above the SMT temperature, at 80 °C, as shown in Figure 3.3
G, H, I. The high transmittance at long wavelengths shows the high quality of the films, as there
should be negligible scattering or absorptance. The high absorptance at short wavelengths, giving
the films their color, is expected due to the inter- and intra-band absorptions of VO,.[°! At high
temperature, the metallic VO nanoparticle plasmon resonance absorbs most predominantly
around 1.2 um, which causes the decrease in infrared transmittance at the same spectral
position.!2 This observation is qualitatively in agreement with simulations; however, simulations
predict the absorptance peak at the plasmon resonance should be more intense and narrower than
the broad peak observed experimentally. This discrepancy can be reasonably explained by the
large size distribution of synthesized nanoparticles within the film, effectively averaging over a
distribution of plasmon resonances. A small number of rod-shaped particles within the sample
may also contribute to broadening of the plasmon resonance.®” The visible transmittance
decreases with an increase in film thickness, offset by an equal increase in absorptance, as

expected. 2° The reflectance is consistently low for each film thickness across all wavelengths.
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Figure 3.4. Performance values for films varying in thickness from ~15 to ~75 um. A,
Percentage of visible light transmitted (blue), absorbed (green), and reflected (pink). B,
Percentage of IR light modulated by transmittance (blue), absorptance (green), and reflectance
(pink) for the same films. C, Range of performances achievable by modulating the thickness of
the film.

The performance of VO films as a function of film thickness is summarized in Figure
3.4. The IR modulation for absorptance and transmittance nearly overlap, showing that the
performance is solely due to the increase in absorptance, which ultimately relies on the metallic
VO plasmon resonance. This result is in contrast to what is seen in VO3 thin films, where the
change in reflectance and absorptance both contribute to the IR modulation.*® The performance

was tuned from an IR modulation of 0.97 % at a visible transmittance of 85.8% to an IR

modulation of 11.9% at a visible transmittance of 50.7%.

We also examined the elastomeric properties of the colloidal films and the influence on
the optical properties and thermochromic performance. The elastomer matrix allows the
thickness of the films to be modulated simply by stretching. The film was simply peeled from the
glass substrate on which it was prepared, stretched, and measured for visible and IR
transmittance as before. For the film shown in Figure 3.5, the performance values achieved were
45.6% visible transmittance and an IR modulation of 7.6%. The film was then stretched ~36%

and the transmittance was measured again, producing a visible transmittance of 55.4% and an IR
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modulation of 8.1%. The general shape of the transmittance spectra of both the stretched and un-
stretched films are similar to the films on the glass substrate, and the broad resonance is still

clearly present.
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Figure 3.5. Effect of elastomeric properties of the film on thermochromic performance. A,
Transmittance spectrum of the un-stretched film (dark blue) and the stretched film (light blue),
where the dashed line indicates room-temperature transmittance and full line indicates high-
temperature transmittance. B, Tm-Tr spectrum of the stretched (dark-blue curve) and un-
stretched (light-blue curve), showing the slight blue shift of the stretched film. C, Schematic of
the change in film morphology and volumetric concentration upon stretching. D, Extinction
efficiency, Qext, 0f @ 90 nm VO2 nanoparticle with varying shell thicknesses of air from 0 to 20
nm, all embedded in a PDMS matrix. E, Resulting IR modulation values at varying Lw values
ranging from 0.0005 to 0.15.

Remarkably, the overall performance for both visible and infrared figures of merit improved
upon stretching the film. The Tmo-Tr spectrum (Figure 3.5 B) was calculated by taking the
difference between the high-temperature transmittance curve and the low-temperature
transmittance curve, and it shows a slight blue shift of the stretched film. This effect can be
explained by a change in the morphology of the film upon stretching (Figure 3.5 C). As the film

is stretched, the film thickness decreases, but the volume concentration of nanoparticles stays
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constant because the Poisson ratio of PDMS is 0.5 and the film is effectively incompressible.
Stretching the film induces strain onto the composite film, which is localized into high-stress
regions centered around the nanoparticles. VVoids are then likely to form at these high-stress areas
due to the ease of delamination at the interface of PDMS (hydrophobic) and the VO»
nanoparticles (hydrophilic). Similar effects have been observed in other elastomer composites.%®
The decrease in thickness by L-d is the primary reason for the increase of visible transmittance

upon stretching the composite film, as can be seen through the modification of Equation 3.1 to

TStretCh — Tvis + dNﬂ_rZQ

vis

(3.4)

ext

where the decrease in film thickness (d) is small. Mie scattering simulations (Figure 3.5 D) show
that the introduction of a shell of air, which represents the presence of a void in the near-field of
the particle, positively contributes to both the visible transmittance and IR modulation. The air
shell decreases the extinction efficiency intensity because of the introduction of a lower
refractive index material. This decrease in intensity increases the visible transmittance of the
films overall. The plasmon resonance spectral position is also affected, changing from ~1.2 um
to ~1 um with the introduction of an air shell. This beneficial shift to a higher solar irradiance
intensity region occurs because the plasmon resonance spectral position of VO in air is closer to
the visible spectrum. The experimentally observed blueshift of the stretched Tm-Tr Spectrum

does support the overall shift of plasmon resonances expected upon stretching.

The possible IR modulation was then calculated at Lw values of 0.0005 to 0.15 and it can
be seen (Figure 3.5 E) that the IR modulation does increase by introducing a shell of air up to a
shell thickness of 20 nm, caused by the improved position of the plasmon resonance relative to

the solar spectrum. The introduction of a small air shell at a constant w while decreasing | should
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give a large increase in IR modulation. Experimentally, the effect we observe is consistent with
this expectation but is somewhat smaller than expected, probably again due to the large
distribution of nanoparticle sizes and therefore air shell thicknesses. The ability to improve
visible transmittance and simultaneously improve IR modulation simply through stretching the
elastomeric colloidal film is a unique way to increasing performance. This improvement
introduced by air pockets opens the door to different potential avenues for improving the

performance by designing thermochromic films with enhanced performance.

Simulations demonstrated that VO, PDMS colloidal films had the potential of
outperforming all current thermochromic windows, and we have shown that this approach is
experimentally viable. Reasonable performance values well within the range of top performing
thermochromic windows have been achieved. The optical properties have been rigorously
analyzed. The impact of the plasmon resonance on performance is clear, and it can be shifted to a
more optimal spectral position by stretching the elastomer colloidal films. In order to improve
performance overall, the synthesis must be improved by both decreasing the nanoparticle size
and the size distribution. Additionally, this approach can be used in tandem with other known
methods for improving overall performance, such as doping the nanoparticles to lower SMT

temperature, or placing it in temperature sensitive performing polymers.

3.4. Conclusion

We have fabricated VO, elastomer colloidal films, all while using a low temperature,
scalable synthesis and fabrication method. Performances were ranged from an 0.97 % IR
modulation at 85.8% visible transmittance to an 11.9 % IR modulation at 50.7 % visible
transmittance by tuning the thickness. Optical extinction analysis elucidated the importance of

plasmon resonance in the IR modulation, thus the performance of the thermochromic window.

37



Upon stretching, the performance increases from 45.58 % visible transmittance and an IR
modulation of 7.6 % to 55.43 % visible transmittance and an IR modulation of 8.1 %. We have
demonstrated the viability of these films for real application experimentally and we have shown
through simulations that by tuning the nanoparticle size and thus the plasmon resonance it is

possible to achieve 50 % IR mod and 50 % visible transmittance within this framework.
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Chapter 4: PROBING THE VALENCE BAND DENSITY OF STATES OF NIO:
UNDERSTANDING THE IMPACT OF DEFECT STATES ON TRANSPORT,
CHARGE INJECTION AND RECOMBINATION

To be submitted by: Moot, T.; Li, L,; Shan, B.; Donley, C. L.; McCullough, S. M.; Taggart, A.
D.; Meyer, T. J.; Kanai, Y.; Cahoon, J. F.

4.1 Introduction

In any photovoltaic or solar fuel device the fundamental parameters of the
semiconductor, such as the band edge position, dopant type, defect density, and Fermi level (Es)
must be known in order to design efficient devices and effectively interpret results. Within
photoelectrochemical (PEC) devices such as a dye sensitized solar cell (DSSC), the energetic
difference between the Er and the Nernst potential set the theoretical maximum open circuit
voltage (Voc), significantly affecting the overall device power conversion efficiency (PCE).* In
tandem devices for solar fuel generation, such as a dye sensitized photoelectrochemical cell, the
conduction and valence band edges inform which materials are viable candidates for H.O
oxidation and CO> reduction.®®

In highly doped, low defect density semiconductors, the Es lies close to either the
conduction band edge (CBE) for an n-type semiconductor or to the valence band edge (VBE) for
a p-type semiconductor. This has allowed researchers investigating metal oxides for PEC
applications to use measurements of the Er as an approximation of the band edge position which
is preferable because the E; is typically easier to measure experimentally in an electrolyte
environment (solvent, cation, pH) which can significantly alter the band edge position.®>!1° Mott

Schottky is the most commonly used techniques to measure the Es in solution, or more
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specifically the flatband potential (V).2*1113 This measurement of Vs, as an approximation for
the band edge has proved fruitful to understand device results for low defect density n-type
semiconductors like TiOz, ZnO and SnO, commonly used in PEC applications.®®

However, the p-type semiconductor most commonly used for PEC applications, NiO,
does not have a low defect density. Although NiO is a wide band gap material (Egap 3.6-4.0), the
nanoparticle material is black when synthesized or bought commercially.> This dark color is
indicative of a large trap state density above the VBE. Significant effort has been devoted to
understanding the defect density magnitude and character within NiO, as it deleteriously affects
the device performance.>®>*114116 |t js currently believed that the trap states are due to a
combination of Ni° Ni®*, and Ni vacancy defects.>*>117 In terms of devices, NiO DSSCs have
reached fill factors at only ~40 %, whereas TiO, DSSCs have reached ~80%, which contributes
to the 7 times lower PCE of p-DSSCs as compared to n-DSSCs.*4651118 This lowering of fill
factor is largely due to the low shunt resistance in NiO, indicative of undesired trap-mediated
electron transfer.>? Furthermore, the current understanding of the VBE position and defect
density for NiO has not allowed for complete removal of the defect states without decreasing
device PCE.>*>>" For example, passivation techniques such as targeted atomic deposition
(TAD) or high annealing conditions result in a white colored material and show improvements in
the Voc, suggesting a passivation of states. However, the photocurrent drops precipitously
minimizing the expected improvements in performance. This suggests that the current
understanding of the trap state density is incomplete.

Due to the large amount of trap states reported in NiO, it is not clear if the assumption
that the Es is a valid approximation for the VVBE is true. The Anderson localization theory for

non-crystalline solids and the Cohen, Fritzsche and Ovshinksy (C.F.O.) model state that for low
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crystallinity materials with large amounts of defects the Ef can be shifted far from the band
edge.!® By re-assessing the assumption that the Er ~ VBE, we are able to more accurately probe
the Er and the VBE position which allows for a more complete understanding of the magnitude
and identity of the defect density, and finally how it affects device performance. Although our
focus is on the impact of the defect states on the photovoltaic performance of NiO, we expect
that these findings will be relevant to those using NiO for other applications, such as catalysis or
electrochromic applications.

To be consistent with as much of the literature as possible, the commercially available
NiO inframat nanoparticle powder was used in all studies. We employ a multitude of
electrochemical and material characterization techniques in conjunction with DFT+U first
principles calculations to understand the magnitude and identity of the trap states. Subsequently,
we probe the effects of the defects on charge injection, recombination and transport using a p-
type DSSC as a model system. We find that the Es is 1.5 eV above the VBE and that the defect
states exclusively control charge injection, recombination and transport through NiO.
4.2 Experimental

For information of NiO paste preparation and DSSC fabrication see Methods 2.7 and 2.8,
respectively. All characterization methods are discussed in Methods 2.1, 2.9, 2.12 and 2.13.
4.3 Results and Discussion

Mott-Schottky is one of the most commonly used techniques for probing the Es of
semiconductors in a solution by measuring the Vi, although is often reported as VBE. The
measurement is based in the change of capacitance from the band gap to the band edge, where a
high capacitance in the band gap drops by 1/C? to a low capacitance in the band as the density of

states increases.!*113 Surprisingly, there are only a few electrochemical measurements of Vs
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values reported for NiO, and all of them are consistent, regardless of solvent used.3940:46:74.116,120
The values should not be consistent given the effect of solution on the Vs, is well known and can
modulate the TiO2 Vi by up to 1 volt.%>¢110 |n order to thoroughly probe the Ef and VBE, we
use two different annealing conditions of the NiO inframat, one as typically prepared at 450 °C
for 0.5 hour (450-NiQO) and at 600 °C for 1 hour (600-NiO).

In Figure 4.1 A the measured Mott-Schottky curve at 100 Hz shows a Vs, 0of -0.12 V vs
Ag/AgCl for 450-NiO and 0.36 V vs Ag/AgCl for 600-NiO. Similarly, we see that the Es shifts
460 mV upon annealing (Figure 4.1 D) through changes in the secondary electron cutoff
(SECU) value. This is remarkably similar to the measured change in Vi, of 480 mV with
annealing. If NiO was defect free, there should be no change in the Es with annealing
temperature, however we see a change in Vs, of 0.48 V with annealing. Additionally, we note
that the value for 450-NiO is different from the typically reported value of between 0.3 V vs
Ag/AgCl and 0.5 V vs Ag/AgCl, but is expected because these values were measured in a water
based electrolyte.'?

Next, to understand the magnitude of trap state density the density of states (DOS) is
measured. The DOS of NiO was obtained from cyclic voltammetry (CV) by the equation

DOS=C/[(1-p)*q*L] 4.2)
where p is porosity, q is the elementary charge and L is the film thickness. C, capacitance, was
calculated from the current density/scan rate. For both 450-NiO and 600-NiO (Figure 4.1 B)
there are two main peaks at ~ 0.2 V vs Ag/AgCl, ~1.1 V vs Ag/AgCl and an exponential rise in
the DOS at 2.0 V vs Ag/AgCl.. The first peak is consistent with the reported large trap state
density of NiO.>**' Analysis of the UPS data shows a peak at 29.6 eV, which has been previously

shown to be a surface defect state.>* An exponential rise in DOS is indicative of a band edge for
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TiO,-like metal oxide semiconductors.'?! There is a significant decrease in intensity of the two
DOS peaks upon annealing, but still a clear exponential onset of the peak at 2.0 V vs Ag/AgCI.
Thus, we can confidently say that the peaks are all due to various trap sates in NiO and the VBE
is unmoved. Spectroelectrochemistry was used to measure a VBE value through probing the
change in optical absorption under applied bias, which resulted in a VBE of 1.51 V vs Ag/AgCl
(Figure 4.1 C, Figure 4.2).12212 We note that the VBE is likely > 1.5 V vs Ag/AgCl as the true
value is convoluted by factors such as increased faradaic current and the electrochemical solvent

window (Figure 4.3).
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Figure 4.1: NiO Vi, measured by Mott-Schottky and compared to DOS map. A) Representative
Mott-Schottky curve at 100 Hz with the fitted area denoted by the dashed line. B) DOS map of
NiO where the dashed line corresponds to the Vs, and the shaded region denotes filled states. C)
The change in optical absorption (AEg) between subsequent applied biases versus applied bias
where the x-intercept is the VBE. D) Left, UPS spectra secondary electron cutoff and right, UPS
spectra of the valence band edge. For all graphs 450-NiO traces are purple and 600-NiO traces

are blue.
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The V1, values are due to the onset of trap states as opposed to the VBE as Mott-Schottky
is sensitive to an abrupt change in the density of states, i.e. the Es, but not the type of state.
Consequently, the doping level values obtained for NiO from Mott-Schottky also corresponds to
the trap state onset and therefore are not rigorously correct. From a combination of the Vs, the
DOS spectra and an approximate VBE of 1.5 V vs Ag/AgCl, we determined the trap state density

of 450-NiO as 5.04 x 10% states/cm® and 600-NiO as 5.90 x107%° states/cm?®.
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Figure 4.3. Percent of total current arising from faradaic current for 450-NiO.

To determine the chemical identity of these trap states, multiple material characterization
techniques were used. We see that the black 450-NiO changes to light grey for 600-NiO (Figure
4.4 A), representative of a decrease in trap states. This color change supports the assertion that

the typically prepared NiO is not pure and/or contains significant defect states.>*®
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Figure 4.4. Characterization of NiO. A) UV-Visible spectra with inset of 450-NiO
nanoparticle film (left) and 600-NiO film (right). B) XRD of different annealing conditions of
inframat NiO. C) Thermogravimetric analysis of Ni(OH). and different annealing conditions of
inframat NiO. D) Raman spectroscopy. E) Cyclic Voltammetry in 1.0M LiClIO4 MeCN. F) XPS
spectra of Ni peaks with inset of Ni®* peak. All have the same colors corresponding to annealing
conditions as follows: Ni(OH)2 (red) and NiO inframat (pink), 450-NiO (purple), 600-NiO
(blue), and 600 °C for 9 hr (green)

To see if there are any other residual crystalline phases in the black NiO, X-ray
diffraction (XRD) was done (Figure 4.4 B). Although there is a significant change in the peak
height and full-width half-maximum with annealing temperature conditions there is no Ni° or

Ni(OH)2 peaks in the NiO XRD. 450-NiO has a crystallite grain size of 10 nm as calculated

through the Debye-Scherrer analysis, which increases to 21-24 nm for 600-NiO, where the



average nanoparticle size is ~ 20 nm. Thermogravimetric analysis (TGA) was subsequently done
to determine if the decrease in trap DOS was due to removal of a chemical species, or improved
crystallinity. Ni(OH)2 is a possible candidate for defects because it is a common NiO precursor,
and therefore was used as a comparison for NiO TGA. As seen in Figure 4.4 C, there is a quick
decrease in mass percent for Ni(OH)2 at ~280 °C where the majority of Ni(OH)2 conversion to
NiO and HO takes place, but there is still considerable mass loss between 300 °C and 500 °C.?°
A similar mass loss profile between 300-500 °C is seen for both the as-bought Inframat and the
450-Ni0O, suggesting that there is H2O being lost from amorphous residual Ni(OH). whereas the
mass loss for 600-NiO is negligible at < 1%. Raman spectroscopy (Figure 4.4 D) was then done,
where there is a significant decrease in the peak height at ~500 cm-1 with increase in annealing,
which has been reported as a state that arises due to defects.!?® The cyclic voltammetry peak for
450-NiO at 0.18 V vs Ag/AgCl is a redox active peak as characterized by two, almost equal in
area peaks where the peak maximum is slightly offset from each other (Figure 4.4 E). This peak
is in a similar potential range of the Ni(11)/Ni(I1l) redox peak from

Ni(OH)2 & NiOOH + H" + ¢ 4.2)
where the existence of Ni(OH)z is corroborated by the mass lost shown in TGA the (Figure 4.4

C) as well as the disappearance of the redox peak in the CV for 600-NiO. %117.127
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Figure 4.5. XPS of NiO, A) Auger peaks and B) Oxygen peaks of 450-NiO (purple) and 600-
NiO (blue)

Finally, there are slight changes in the Ni XPS that correspond to a decrease in intensity
at the Ni®* peak (~855.5 eV) with annealing (Figure 4.4 F, Figure 4.5).1!" The existence of a
Ni3* peak in correlation with a decrease in mass loss and the redox active peak strongly suggests
that there is residual amorphous Ni(OH). like defects left in NiO. The small decrease in XPS
peak intensity could be due the minimal amount of Ni(OH) like regions, at most ~10 wt. %
Ni(OH)2 as expected based on TGA. However, we note that the Ni and O XPS peaks for NiO are
quite complex, where there are 7 Gaussian peaks that must be fit for pure NiO and 7 Gaussian
peaks for Ni(OH)2.11” We emphasize that since XRD is not sensitive to amorphous regions or
single-site defects and the Ni XPS spectra is particularly complicated, TGA and Raman
spectroscopy are more sensitive at probing for any residual Ni(OH): left in NiO.

To probe the identity of this peak more extensively, we turn to density functional theory
(DFT) calculations with Hubbard correction to model the change in density of states with various
defects in NiO. Based on our assertion that there are amorphous Ni(OH)2 like regions left in NiO
there are two different possible defect types: a OH™ in the Ni vacancy, reminiscent of a NiIOOH
character, and a H20 in the Ni vacancy, reminiscent of Ni(OH). character. Additionally, it is

possible there are Ni vacancies, as that is often how binary metal oxides become p-type doped. In
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all of these simulations any charge is allowed to be delocalized across the entire crystal, but for

simplicity we will refer to the defects as noted above.
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Figure 4.6: Identification of the trap state character. A) DOS map of 450-NiO annealed B) DOS
calculated from DFT+U calculation of NiO with a Ni vacancy (left), Ni vacancy with an OH" in
it (center) and Ni vacancy with an H2O in it (right), where the shaded part is the filled states and
unshaded is unfilled as determined by the calculated Fermi level. C) Schematic of the atomistic
structure of Ni (blue), O (red) and defect state (grey dashed circle) corresponding to a Ni
vacancy (left), Ni vacancy with an OH™ in it (center) and Ni vacancy with an H2O in it (right). D)
Percent of total electron density per atom in the (020) (orange, top panel) and (110) (teal, bottom
panel) planes intersecting with the defect for a crystal with a Ni vacancy (left), Ni vacancy with
an OH" in it (center) and Ni vacancy with an H2O in it (right). Ni atoms are denoted by blue
shading, O as red, and the respective defect as grey.

The introduction of a Ni vacancy creates a single shallow peak above the band edge with
a breadth of ~0.5 V (Figure 4.6 B, left). The experimental DOS has 2 main peaks above the band

edge and the filled states extend over 1.5 V above the VBE (Figure 4.6 A), indicating that Ni
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vacancy cannot be the only defect present. The introduction of OH" into a Ni vacancy creates two
peaks above the band edge, where the filled states extend to ~1.25 V above the VBE (Figure 4.6
B, center). Introduction of H2O into a Ni vacancy creates two peaks, however only 1 peak has
filled states which extend to ~0.75 V above the VBE (Figure 4.6 B, right). The trap state density
resulting from a combination of the three different trap states matches well with the
experimentally determined DOS (Figure 4.6 A), where the experimental DOS peak at ~0.2 V vs
Ag/AgCl is primarily OH/H20 defect character and the peak at ~1.1 V vs Ag/AgCl is primarily
Ni vacancy character.

By mapping out the residual electron density caused by the defect we can see how the
electron density shifts to stabilize the defects (Figure 4.6 C, D). Specifically, the electron density
maps on the left shows a pictorial representation of the displaced electron density and on the
right, the top graph shows the percent electron density through the defect in the y direction and
the bottom graph shows the same but in the z direction. For the Ni vacancy (Figure 4.6 C, D
left) there is some electron density localized on the vacancy nearest neighbor Ni, which is
generally stabilized by the surrounding O. For the OH" (Figure 4.6 C, D center) and H.O defect
(Figure 4.6 C, D right) this is true, but even more highly localized close to the vacancy.
Interestingly, there is electron density at the defect site for both OH" and H2O defects, which
could help to explain defect passivation via the reactivity of the defect site to various acid and
ALD-like treatments.>*>> We also note that there is non-negligible electron density on a given Ni
immediately in the vicinity of the defect, reaching 11% for the Ni vacancy and 29% and 27% for
the OH™ and H20O defect, respectively.

There is currently an argument about the existence of Ni®* in NiO, where it has been

recently reported that NiO cannot have any Ni** states because the VBE is made up of almost
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exclusively O character, although other papers have characterized Ni®* in NiO through XPS 54117
The VBE is exclusively O character only in pure NiO, and we have shown here that typically
used NiO is not pure. Upon introduction of a defect, such as a Ni vacancy, OH" or H20, the Ni
character in the VBE increases to 37%, 27% and 28%, respectively, suggesting that it is possible
to have a Ni** in the as-typically used defect NiO. Our DFT+U calculations also show that it is
unlikely that a true Ni®* is present, and the Ni character is more similar to a Ni?3*, or
alternatively can be thought of as an increased probability of a true Ni* existing. We note that
we also see the XPS signature of Ni®* but again contend that the Ni XPS is very complicated and
the changes are small and we cannot rely on the simple XPS analysis done here to determine the
existence of Ni®*. We believe it is most likely that there is delocalized Ni®* like character around
the defect and that the specific charge on a defect adjacent Ni is between 2+ and 3+, and
therefore has weak characteristics of Ni®*. This charged Ni occurs to stabilize the OH" or H.0
defects.

The character of the trap states is well explained by the Anderson localization theory in
non-crystalline solids, which is appropriate given the polycrystalline nature of NiO.'° In this
theory, the states closest to the “true’ band edge occur from random variations in local potential.
In the NiO case, this corresponds to a Ni vacancy where the resulting electron density is
unevenly delocalized across neighboring oxygen and Ni atoms. The trap states towards the center
of the band gap are attributed to energetic broadening from bonding defects, such as dangling
bonds or occupied (D7) or unoccupied (D*) states. The Cohen, Fritzsche and Ovshinksy (C.F.O.)
model states that these dangling bonds can act as donors or acceptors, which parallels the OH"
/H20 reminiscent of Ni(OH)2/NiOOH redox peak seen towards the center of the band gap.t*® The

C.F.O model predicts that the Er should be near to where filled and unfilled states overlap,
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usually towards the center of the band gap for highly disordered materials. This was
experimentally verified through Vs, measurements which measure the Es to be ~1.5 V above the
VBE.

The C.F.O. model goes further to predict that if there are large enough trap state density
the charge transport can occur either through polaron hopping between localized neighboring
trap states or via hopping from the trap states to the band edge.'® Conductivity measurements at
different temperatures were taken (Figure 4.7 A) to determine the charge transport mechanism.
First, the room temperature conductivity of 450-NiO is 3.6 x 10 S/cm whereas the conductivity
of 600-NiO is nearly an order of magnitude lower at 2.2 x 10" S/cm. The 450-NiO value is
comparable to typically reported values of ~ 6 x 10 S/cm.”* Using the defect density as a proxy
for doping level we see that the mobility is similar for 450-NiO and 600-NiO at 3.8 x 10°
cm?/Vs and 2.0 x 10°° cm?/Vs respectively. Although the mobility seems exceptionally low, it is
within a reasonable range given that the literature conductivity values and the higher defect
density, or doping level, calculated here. For example, a conductivity of 5 x 10~ S/cm and
doping level of 10%° states/cm?® would give rise to a mobility of 3 x 107 cm?/Vs, but using a
defect density as the doping level of 10%, gives a mobility of 3 x 108 cm?/Vs.”* Because of the
linear relationship between In(c) and 1/T, the charge transport mechanism cannot be through
band transport.}*® In order to determine the charge transport mechanism, the conductivity data
was fit to the two below equations correspond to defect only hopping and defect to band hopping

behavior, respectively.

Ef—Ep+AW

o = o, exp [— %} (4.3)
N%

0 = 0, exp [— kB’;d] (4.4)
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Where o, is the bulk conductivity, Ep is the band edge energy, AWh,ab IS the defect to band
hopping barrier and AWhg is the defect only hopping barrier. From these equations we see that

the defect to band hopping barrier (AW}, ,, ) is 1.3 eV for the 450-NiO and 1.1 eV for the 600-
NiO, whereas the defect only hopping barrier (AW},,) is 0.2 eV for the 450-NiO and 0.4 eV for

the 600-NiO. We also note that the ‘bulk conductivity’ (a3) for 600-NiO is 2.4 S/cm, close to
single crystalline values and a bulk mobility of 0.02 cm?/Vs. This is in contrast to the 450-NiO
g, 0f 0.0095 S/cm and a bulk mobility of 1.4 x 10" cm?/Vs. Previous reports have suggested that
charge transport occurs through polaron hopping between localized trap states.>® It is possible
that both of these charge transport methods can occur, although all barriers are much higher than
keT. If the defect to band hopping mechanism occurred that would likely mean that the Ni
vacancy trap state is responsible for charge transport. However, if the defect only hopping
mechanism was correct, it would likely mean that the OH/H20 trap state is responsible for
charge transport.

To determine which hopping mechanism is most likely to occur, it must first be
determined which trap states can conduct. The conductance of the trap states was measured
(Figure 4.7 B) by measuring the conductance at different applied bias.'?® Each trap state has
some conductance, however the OH/H>O character trap state is approximately 4 times less
conductive than the Ni vacancy trap state. Because both trap states have conductance, it is
possible that either charge transport mechanism is possible and therefore depends on the energy
of the injected charge and the local concentration of defects. Based on the trap state density and
assuming an equal distribution of defects, the distance between OH/H>0 defects would be ~2

nm for 450-NiO and ~20 nm for 600-NiO.
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Next, the effect of the trap states on charge injection is probed through measuring the
change in photocurrent with applied bias in a three-electrode electrochemical cell. Here one of
the standard p-type DSSC chromophores, P1 was used. We see in Figure 4.7 C that at the low
applied bias (Vapp) 0f -0.4 t0 -0.2 V vs Ag/AgCl, the photocurrent is 0.35 mA/cm? and 0.25
mA/cm? for 450-NiO and 600-NiO, respectively. At Vagp of ~ 0 V vs Ag/AgCI the photocurrent
precipitously drops approximately 2 orders of magnitude for both 450-NiO and 600-NiO. Based
on recent transient absorbance (TA) spectroscopy work on NiO at various applied potentials, we
know that the decrease in photocurrent is due to recombination from NiO with the
chromophore.'* This drop in photocurrent occurs close to the onset of empty trap states,
suggesting that it is the OH/H>0 DOS peak that is primarily responsible for recombination and
also possibly the state charges are preferentially injected into. Within a p-DSSC we would expect
that the short circuit current (Jsc) would be proportional to the measured photocurrent at the Et.
Although the photocurrent at different Vapp are similar for 450-NiO and 600-NiO, the Et is quite
different, suggesting that the measured Jsc should be up to 2 orders of magnitude lower for 600-

NiO as compared to 450-NiO.
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Figure 4.7: NiO DOS and DSSC performance and analysis. A) In(conductivity) versus
1/temperature used to fit for hopping and tunneling barriers. B) Conductance versus applied bias
mapped agaist the DOS for 450-NiO. C) Photocurrent for the chromophore P1versus applied bias
with the dashed line marking the Es. D) Champion JV curves where the dark curve is denoted by
a dashed line. In all graphs the colors denote purple for 450-NiO and blue for 600-NiO.

To explicitly understand how these trap states affect p-DSSC performance, devices were
fabricated and tested (Figure 4.7 D). The 450-NiO performance consistent with the standard
device performance using the P1 chromophore and an iodide/triiodide in acetonitrile
electrolyte.5>°* The average performance metrics for 450-NiO are a Jsc of 1.54 + 0.24 mA/cm?, a
Voc of 87 £ 2 mV and a fill factor of 31.9 £ 0.7 %. These device performance metrics are
indicative of the problems plagued by NiO p-DSSCs: low Voc, low short circuit density (Jsc)
and particularly low fill factors, when compared to TiO, n-DSSCs.%>** We see a slight
improvement in Voc for 600-NiO at 93 + 11 mV, although a significantly lower Jsc of 0.24 + 0.3

mA/cm? and a lower fill factor of 25.8 + 0.04 %. The lower Jsc for 600-NiO is as predicted from

the photocurrent measurements. The slight increase in Voc is also expected because of the shift
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of the Ey, but is counteracted by the increase in recombination through some mechanism as
evidenced by the lower fill factor. However, we see a four-fold increase in shunt resistance from
94 + 20 Qcm? for 450-NiO to 404 + 7 Qcm? for 600-NiO indicative of a decrease in alternate
shunt pathways, or trap states.

More generally, using the DOS map in conjunction with the understanding of where
charges inject and the transport mechanism can succinctly explain NiO DSSC results that
previously were unclear. The low photocurrent is typically explained by a combination of fast
charge recombination between holes in NiO and the reduced dye, exacerbated by a high doping
level, and a resulting low charge collection efficiency.®® The low Voc is attributed to the close
energetic placement of Vi, relative to the Nernst potential. However, a combination of literature
reports and our results suggest that these arguments are inconsistent. First, many of the
chromophores designed to physically separate the reduced dye moiety from the NiO surface still
have fast charge recombination, suggesting that the recombination is not limited to surface
defects.

When re-examining all of these problems with the DOS map in mind, the magnitude and
energetic position of the trap state density can succinctly explain all of these problems. First, the
excited state oxidative potential of P1 (1.28 V vs Ag/AgCl), and all other p-type chromophores,
are such that it is energetically unfavorable to inject into the VBE and instead it is energetically
favorable to inject into trap states.** Once injected, charge transport via a hopping mechanism is
inefficient, particularly where AW, is 0.2 eV or 1.3 eV, which is ~10 or ~100 times larger than
ksT at room temperature. Additionally, the existence of OH" species in Ni vacancies likely act as
recombination centers. Both the presence of charge defects and tunneling contributes to high

recombination rates and consequently low charge collection efficiencies and low photocurrents.
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The Nernst potential of the 17/13” electrolyte is 0.12 V vs Ag/AgCl, meaning that there are
occupied states that can directly interact with the electrolyte. This, in addition to the previously
stated recombination pathways decrease the Voc.
4.4 Conclusion

Here we have shown the Es is poor approximation for the VBE in NiO due to its
significant defect density which is known to move the Er away from the band edge. Based on this
reassessment, we reassigned the NiO Efto -0.12 V vs Ag/AgCl and the VBE to > 1.5 V vs
Ag/AgCI, with ~1.5 V of filled trap states above the VBE. The trap state density is made of up
two peaks, one primarily due to a Ni vacancy containing an OH™ or H.O and the second primarily
due to a Ni vacancy. The introduction of defects, particularly OH™ and H2O increases the charge
on neighboring Ni atoms to ~Ni?3*. From this information, we are able to better understand the
charge injection, transport and recombination properties in NiO. Specifically we see that the OH"
/H20 defect state controls the charge recombination and both defect states, but not the VBE, take
part in the charge transport through polaron hopping. This is particularly important because any
effort to minimize or passivate the defects will also negatively affecting charge injection and
transport, as seen from DSSC performance of 600-NiO. To move forward with improving NiO
p-DSSCs it is best that DOS map are consistently reported and taken into account. We expect
that DOS maps and trap state analyses will prove fruitful for understanding the differences in
performance with different NiO synthetic preparations or any defect passivation method.
Redesigning chromophores to inject efficiently into the VBE, as opposed to the trap state

density, will likely result in more efficient devices.
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Chapter 5: MATERIAL INFORMATICS DRIVEN DESIGN AND EXPERIMENTAL
VALIDATION OF LEAD TITANATE AS AN AQUEOUS SOLAR
PHOTOCATHODE

Reprinted with permission from Moot, T.; Isayev, O.; Call, R.W.; McCullough, S. M.; Zemaitis,
M.; Lopez, R.; Cahoon, F. J.; Tropsha, A.; Materials Discovery, 2016, (6), 9-16. Copyright
Elsevier 2016

5.1 Introduction

The discovery of new materials with previously unknown or unexpected properties often
leads to paradigm shifts in well-established research fields. Examples include the discovery of
high-temperature superconductivity, organo-lead halide perovskite solar cells, and antibiotics!?®-
131 Historically, such discoveries have often been serendipitous, involving a combination of
intuition and the Edisonian approach, because of difficulties with predicting a material’s
properties or reverse engineering materials with desired properties. The Edisonian approach is
inefficient for exploring a broad landscape of cross-correlated parameters, and therefore, it fails
to spot many unexplored materials with potentially unique properties'®2. Given the large number
of feasible candidate materials, it is impossible to synthesize and evaluate all possible
experimental conditions or device configurations. An analogous problem is faced by the drug
industry, where computational medicinal chemistry and cheminformatics approaches rely on
virtual screening of chemical libraries for rational discovery of novel bioactive compounds'®-1%,

Thus, emerging materials-informatics approaches offer an opportunity to leverage available

databases and transform the serendipitous discovery process into a data- and knowledge-driven
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rational design and synthesis strategy, which can accelerate the identification of materials with

desired properties®138-147,

The development of solar-energy materials is an example of a challenge where a
particularly stringent set of materials properties must be satisfied to achieve high solar-to-electric
power-conversion efficiencies (PCEs). For the dye sensitized solar cell (DSSC) research
community, a long-standing problem has been the low performance of the p-type solar cells and
photocathode materials, which are needed for tandem devices!%®%8, Typically p-type DSSCs use
NiO as the photocathode, but there has not been a sustained rise in PCE above 4% since the

39,42,45,46,52,149 Newer

initial report in 1999 in part due to the consistently low fill factor
photocathodes have focused on a relatively small subset of potential semiconductors chosen
primarily by their similarity in crystal structure (e.g. delafossites) or elemental composition (e.g.
Cu(1))#-498150.151 'Degpite significant effort to replace NiO, thus far no candidate material has

surpassed NiO in overall performance metrics.

Here, we have applied materials informatics to this problem and employed a virtual
screening of ~50,000 materials representing a majority of known stoichiometric inorganic
compounds. This unique computational exercise was enabled by the use of novel materials
descriptors reported in our recent publication®®. We have identified PbTiOs, which does not
contain any typical features characteristic of a p-type DSSC, as the top computational “hit”
material®®. Experimentally fabricated p-type DSSC devices demonstrated record fill factors when
PbTiOz was used with an aqueous electrolyte. The success of this proof of concept study opens
the door for the expansive use of materials informatics, relying on materials descriptors, for
designing novel compounds with improved physical chemical properties for a wide range of

applications®.
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5.2 Experimental

Details for material fingerprints and similarity search are discussed in Methods 2.16.
PbTiOz film fabrication and DSSC assembly are discussed in Methods 2.6 and 2.9, respectively.
The electrolyte consists of 1.0 M Lil and both the solvent and the amount of I, was varied as
noted in text. Film morphology, thickness, and crystal structure were measured with SEM,
profilometer, and XRD. X-ray diffraction spectra were collected from 20°-60° 26 at a scan rate
of 2° 20/min. TEM, STEM and EDS elemental maps were taken of the PbTiOs nanoparticles.
Optical properties of each film were measured with an integrating sphere. Dye desorption
measurements and the absorption profile of dye-loaded films in solution were measured.
Macroscale pictures were taken. Fluorescence measurements were performed on dye-loaded
films. EIS and Mott-Schottky analysis were done, where Mott Schottky was taken at 10 Hz and 5
Hz. Cyclic voltammograms were collected at a scan rate of 100 mV/s with a glassy carbon
working electrode. For more information see Methods 2.1, 2.11 and 2.12 DSSC performance
was investigated as noted in Methods 2.9 on 7-10 devices for each parameter, where the average
active area of the devices is 0.42 + 0.06 cm?. IPCE data was taken as explained in Methods 2.10.
A comparison of the Jsc values calculated from IPCE spectra and collected during 1-sun
illumination is provided in Table 5.3. Note that the key metrics discussed, Voc and fill factor, are
not substantially affected by minor changes in light absorption and Jsc. The photovoltaic
performance has not been confirmed by an independent certification laboratory. All errors and

error bars represent one standard deviation.
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5.3 Results and Discussion

Tracing back to the ancient “like dissolves like” principle, the concept of similarity is one
of the most common rational principles of deducing new knowledge based on existing
knowledge. For pharmaceuticals, this concept is predicated on the basic idea of the Similar
Property Principle, which states that molecules that are structurally similar are likely to have
similar properties®®?-1%5, When identifying new materials with the desired property, the
knowledge-driven approach would entail searching for materials with crystal structures similar to
that for a known material with the same property. For materials, however, this principle is not
sufficient and additional characteristics, in particular the similarity of electronic band structures,
are likely to be as or more important than crystal structure similarity. In addition, quantifying
similarity is another non-trivial task requiring the definition of unique characteristics

(descriptors) of individual materials and the design of specific similarity metrics.
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Figure 5.1. General knowledge-driven workflow. The process involves (1) virtual screening of
materials using B-fingerprints for similarity assessment, (2) rational selection of top candidate
materials, and (3) experimental verification through an iterative process of material synthesis,
film fabrication, and electrolyte optimization to obtain the best DSSC performance
characteristics.

As illustrated in Figure 5.1, we have developed a robust knowledge-driven approach for
the discovery of novel p-DSSC materials using our recently-introduced materials descriptors that
encode band structures (B-fingerprints)®. In the B-fingerprint, a material’s energy band diagram
is discretized into 32-bit vector representations, where each Brillouin zone has a unique set of
high-symmetry points that together give rise to a symmetry-dependent fingerprint (see Figure 5.2
and Methods for a detailed explanation). Known photocathodes, such as NiO or Cu20, were used
as reference query materials; their band structures were calculated with the density functional
theory (DFT) PBE functional and converted into B-fingerprints. We assume that multiple
semiconductor properties that give rise to good p-type DSSC performance will be implicitly
encoded within the B-fingerprint material descriptors'®®1*’. To identify new materials, we

performed a virtual screening with the AFLOWLIB database of ~50,000 inorganic compounds to
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identify the top three “hit” materials for each reference query (see Appendix Table 0.1)%1%8,

The similarity was assessed with the Tanimoto coefficient, T¢ as described in Methods.

Band Structure Flngerprlnts

(32 bins per K point) ._lsl__l_\l103 UCSD_??ST}__

" . d !
a2 |l Il il It
B2 i i mom m meomon
z I P A S 1 i Wi
EC E e ==t =
H
;
Energy (eV) "It | 1| il |
ii:8s8 8 L R R = '!'
s N Biyl,Te, “CS.[? 10500_)
r M A f I T
» ; i
6 I |
2 lif il
1] 1 |
i g4
5o B i
-8-2 4 B8|-8-2 4 8|8 8(-8 = A0 o i
Energy (eV) 1 il
48 883888180388 1008: 8588338333
[ y ol el
Y ; WOE
materials ii:|

v
Matching between
any material

with the same Bravais lattice

Figure 5.2. Construction of materials fingerprints from the band structure (B-fingerprints). At
every high-symmetry point of the Brillouin zone (BZ), the energy band diagram (shown on the
right for KNOs and BilTe) is discretized into 32 bins. Each bin contains a value of the number of
bands that fall within its range, as shown schematically on the left. Each BZ has a unique set of
high-symmetry points that combine to create the B-fingerprint. Image is adapted from ref. 4%,

Out of the ca. 50,000 materials in the database, about 3,400 are in the acceptable range of
band gap and over 1,900 have a compatible valence band edge position. Therefore, simple
filtering criteria are not sufficiently selective to prioritize a single material for experimental
validation. Among the twenty materials with the highest T values, two perovskite (BaMnOs and
PbTiOs) and two spinel (MnFe204 and NiCr204) materials exhibited a high degree of B-
fingerprint similarity to several of the query materials. The four selected material candidates
were further ranked according to the properties typically used to vet potential photocathodes:

stability, synthetic feasibility, and transparent color (band gap >3 eV).
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Figure 5.3. Assessment of similarity between NiO, PbTiOsz and SrTiOs. The comparison is based
on a, structural geometry and b, electronic band structure using B-fingerprints.

As expected, the materials identified through virtual screening are similar in terms of
their electronic band structure but not similar in terms of either geometric structure or elemental
composition, i.e., most commonly considered materials properties, as illustrated by the examples
in Figure 5.3. For instance, PbTiOs and SrTiOs are structural analogues (Figure 5.3 a) with a
perovskite structure; however, their electronic structure properties are dissimilar, yielding a
relatively low T¢ of 0.5 (Figure 5.3 b). In contrast, NiO and PbTiO3z do not appear similar based
on their elemental composition or crystal structure (Figure 5.3 a). However, they are similar by

their band structure (Figure 5.3 b), as reflected by their relatively high T. of 0.8.

PbTiO3 was selected as a top choice because it was identified as the most similar to NiO
among all screened materials based on B-fingerprint representation with a T. of 0.8. No other
candidates were chosen for experimental validation. Based on the DFT calculations, the valence

band position of PbTiOs3 is similar to NiO (-5.02 eV vs vacuum), with a large band gap (3.96
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eV). This allows for efficient hole injection from standard p-DSSC chromophores and minimal
deleterious semiconductor absorption, respectively. Lead titanate is known to be a ferroelectric
and have a high dielectric constant (¢~200); both of these properties have been noted as
potentially beneficial for photovoltaics™. In addition, the perovskite crystal structure is
analogous to SrTiOs, a well-known photoanode material, as well as the organolead materials
reaching record PCEs of over 20%'%°. Other computational studies show a high calculated hole
mobility for PbTiOz'®.

However, the choice of PbTiOs is not particularly obvious when considering all 1,900
potential candidates. Traditionally, scientists looked into materials analogous to NiO, such as 3d
transition metal oxides, but with a property that is clearly advantageous. For instance, a deeper
valence band position could produce a larger open-circuit voltage (Voc) in DSSCs**#’. Cu
delafossites have recently been highlighted because they have a hybrid metal-oxygen valence
band character which is favorable to hole transport®®. Finally, any new material to be used as a
photocathode also requires a nanoparticle synthesis method with a low sintering temperature
that will maintain a high surface area electrode for high chromophore loading and therefore a
high short-circuit current density (Jsc).

There are no obvious markers that indicate PbTiOz would outperform NiO. The oxidation
states of Pb and Ti make it ambiguous which metal vacancy will act as a dopant, and literature
suggests a nearly intrinsic doping level, lending uncertainty as to p- or n-type behavior!l, A
comparison of crystal structures points to the well-known photoanode SrTiOs, which requires
aggressive synthetic conditions to introduce dopants!®?. PbTiOs has a similar DFT-calculated
valence band edge to NiO, so there would be no improvement in Voc. Finally, a high sintering

temperature would limit surface area and therefore Jsc!. The lack of clear advantageous
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properties, coupled with the apparent synthetic difficulty of a highly-doped, high surface area
material, PbTiO3 would not be seen as a good candidate. Thus, PbTiOz represents a good test
case to see how materials informatics can successfully identify a non-obvious but promising new
material that is worthy of continuing study. As a critical component of this approach, the
similarity search in the electronic structure space allows for unique hypothesis generation and
prioritization of material candidates without the typical bias arising from known structural
prototypes or specific emphasized parameters.

PbTiO3 has been widely explored for its ferroelectric properties but has not been widely
investigated for solar-energy applications!®*. A modified sol-gel synthesis (see Methods) was
used to prepare white, porous, and compositionally-uniform films of PbTiOz on conductive glass
substrates, as shown by the optical and electron microscopy images in Figure 5.4163165-167 The
porous films are ~700 nm thick (see profilometry measurements in Figure 5.5) and composed of
grains ~30-300 nm in size, as shown by the scanning electron microscopy (SEM) image in

Figure 5.4 a.
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Figure 5.4. Characterization of porous PbTiOz films. a, SEM image of a PbTiOs film with grains
30-300 nm; scale bar: 200 nm. b, Photograph of a PbTiOs film ~700 nm thick on a glass slide
before dye loading (upper) and after dye loading (lower) with the organic chromophore P1. c,
TEM image (left) and EDS STEM map (right) of a nanoparticle aggregate from a PbTiO3 film,
showing Ti in green and and Pb in red with a Pb:Ti ratio of 1.1:1.0; scale bar: 50 nm. d, XRD
spectrum of PbTiOs on FTO glass. Peaks from FTO are denoted with *. e, Tauc plot for PbTiO3
with a direct bandgap of ~3.3 eV. Dashed line represents a linear fit of the data. Inset:
absorptance (green), reflectance (purple), and transmittance (blue) data of a PbTiOz film ~700
nm thick.

The as-deposited films visually appear white and opaque (upper image in Figure 5.4 b),
which is consistent with scattering caused by the large size distribution of particles within the
film. Transmission electron microscopy (TEM) imaging and energy dispersive X-ray
spectroscopy (EDS) mapping of an agglomerate of particles (Figure 5.4 c) show that the
material is compositionally uniform with a Pb:Ti ratio of 1.1:1.0. In addition, the x-ray
diffraction (XRD) spectrum in Figure 5.4 d shows strong diffraction peaks consistent with
perovskite crystal structure of phase-pure, crystalline PbTiO3>. Absorption data and a Tauc plot
(Figure 5.4 e) confirm that the direct bandgap of the material is ~3.3 eV, similar to other

literature reports®®. In order to examine the DSSC performance of PbTiOs, films were dye loaded
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with the organic chromophore denoted P1%, yielding bright red films (lower image in Figure 5.4
b). A dye loading of ~5 nmol/cm? (Figure 5.6) was measured, which is approximately one-third

of that typically reported for P1 on NiO at similar film thicknesses*3168,
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Figure 5.5. Profilometry of PbTiOs films. A representative profilometry cross section, where the
red highlighted area denotes the clean FTO substrate and the green denotes the PbTiOs film
edge. The height was calculated by taking the average height within the film (green highlighted
region) and subtracting the average substrate height (red highlighted region).
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Figure 5.6. Absorbance spectra of PbTiOz films dye-loaded with the chromophore P1. a. A dye
loading of 0.44 nmol/cm? for dense thin films and 5 nmol/cm? for porous films was determined,
which corresponds to a dye loading 0.3 A absorbance. b. Normalized difference spectra showing
the absorbance profiles of P1 in acetonitrile (black), P1 loaded on film in air (blue), P1 loaded on
film in water (pink), and P1 loaded on film in 100% water electrolyte solution (purple). Arrows
correspond, by color, to the peak absorbance of each spectrum located at 486, 495, 508, and 532
nm.

Initial DSSC devices were fabricated with the I/13” electrolyte in acetonitrile using 0.1 M
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I> and 1.0 M Lil. However, the pure acetonitrile-based devices produced photoanodic current
under 1-sun illumination, as shown by the current density-voltage (J-V) curve in Figure 5.7 a.
This result is the opposite of our expectations based on valence band edge derived from DFT
calculations. However, it is known that the semiconductor/electrolyte interface can substantially
alter the effective band edge position, so we explored alternate electrolyte solutions. Acetonitrile
is an aprotic solvent, but the introduction of protons can significantly shift the band edge position
through protonation/deprotonation equilibrium at the interface®1%° Thus, we introduced water
into the electrolyte solution to probe the effect on device performance. Note that films in
acetonitrile exhibited some desorption of dye but did not in aqueous solution, which is consistent

with the limited solubility of P1 in water (Figure 5.8).
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Figure 5.7. Photovoltaic characteristics of PbTiOs in water/acetonitrile solutions. a, Photoanodic
J-V curves for the champion PbTiO3 DSSC devices in an acetonitrile electrolyte solution under
1-sun illumination (solid line) and in the dark (dashed line). b, Photocathodic J-V curves for
champion PbTiO3 DSSC devices under 1-sun illumination (solid lines) and in the dark (dashed
lines) where labels denote the volume percent water. Pink, purple, dark blue, light blue, and
green curves represent 30, 50, 75, and 100 volume percent water, respectively. In panels a and b,
negative Jsc values represent photoanodic current whereas positive Jsc values represent
photocathodic current. ¢, Photovoltaic metrics of DSSC devices as a function of the water
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content, showing the Jsc (upper left), Voc, (upper right), fill factor (lower left), and PCE (lower
right). Blue squares denote champion devices and green circles denote average values. d, Dark
photovoltaic metrics of DSSC devices as a function of the water content, showing the ideality

factor (left) and Jo, dark saturation current, (right).

Table 5.1. Average and champion? photovoltaic characteristics for different electrolyte water
percentages. ®champion photovoltaic characteristics correspond to the highest value for each
metric, independent of device, under 1-sun illumination.

Water % | ng Jsc (mA/cm?) Voc (mV) FF (%) PCE (%)

0 8 Average -0.018 £0.002 263 £ 30 321+£2 0.0015 £ 0.0002
Champion -0.021 298 34.8 0.0019

30 7 Average 0.025 +£0.024 68 £40 2692  0.0007 £+ 0.0009
Champion 0.066 124 30.2 0.0025

50 9 Average 0.133 £0.069 146 £ 17 39345 0.0083 £ 0.0060
Champion 0.263 160 494 0.0208

75 9 Average 0.205 +£0.031 116 £32 438+ 7 0.0109 = 0.0044
Champion 0.265 139 51.7 0.0174

100 10 Average 0.220 +£0.021 109 £ 8 455+5 0.0110=+0.0024
Champion 0.251 118 50.2 0.0146

Table 5.2. Average and champion? dark curve characteristics for different electrolyte water
percentages.  champion photovoltaic characteristics correspond to the highest value for each
metric, independent of device, under 1-sun illumination.

Water % | ng Dark Saturation Current (A/cm?) Ideality Factor

0 g Average (3.15+4.34)x 10”7 434210
Champion 1.44 x 10-8 2.10

30 7 Average (2.02£3.21)x 106 1.72+ 0.19
Champion 852 x 108 1.48

50 9 Average (1.78 £ 1.65) x 106 1.56 £0.16
Champion 2.54x 107 1.25

75 5 Average (4.03 3.31)x 106 1.52+0.44
Champion 890x 10-7 1.08

100 | 10  Average (5.22+4.61)x 100 1.23+0.21
Champion 1.20 x 10-6 0.99
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Figure 5.8. P1 chromophore desorption. a, Desorption spectra of P1 on PbTiOz in water after O,
60 minutes, and 62 days. b, Desorption spectra of P1 on PbTiOs in acetonitrile after 0, 30, 60
minutes. Spectra were collected by placing a P1 loaded PbTiOz film at the bottom of a cuvette
with the respective solvent and measuring the desorbed chromophore absorbance of the solution.

J-V characteristics of champion PbTiOs DSSC devices in the dark and under 1-sun
illumination are shown in Figure 5.7 b, and trends in photovoltaic metrics for various ratios of
acetonitrile and water are shown in Figure 5.7 c¢. All metrics are tabulated in Tables 5.1 and 5.2.
Figure 5.9 displays J-V curves characteristic of average performance, and minimal hysteresis
was observed in the J-V curves (Figure 5.10). Notably, the Jsc changes sign between 0 and 30%
water and then plateaus at 0.2-0.3 mA/cm? for 75% water and above. The Voc of photocathodic
devices reaches a maximum of 146 mV in 50% water and then decreases to a maximum of 109
mV in 100% water. The fill factor increases with water content, and a champion fill factor above
50% is measured for both 75% and 100% water. Finally, the increase in fill factor, coupled with

the increase in Jsc, improves the PCE tenfold when changing from a pure acetonitrile to pure

water solution.
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Figure 5.9. Average performance J-V curves of PbTiOs devices. Labels denote the vol. % water,
where 0% (pure acetonitrile) is pink, 30% is purple, 50% is dark blue, 75% is light blue and
100% (pure water) is green. The average J-V curve is a single J-V curve that is most
representative of the average photovoltaic metrics.
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Figure 5.10. Representative J-V curve hysteresis for 100% PbTiOs devices. The forward bias
(dark green) device performance metrics are a Jsc of 0.258 mA/cm?, Voc of 121 mV, a fill factor
of 53%, and a power conversion efficiency of 0.016 %. The reverse bias (light green) device
performance metrics are a Jsc of 0.273 mA/cm?, Voc of 121 mV, a fill factor of 51%, and a
power conversion efficiency of 0.017 %. Hysteresis device metrics were not included in the
average or champion performance metrics.

The change in the sign of Jsc upon the addition of 30% water to acetonitrile indicates
shift from photoanodic to photocathodic behavior, where the cathodic behavior was maintained

with increasing water percentages. Contrary to observations with TiO2 aqueous DSSCs, PbTiO3
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devices have a higher PCE in an agueous environment compared to acetonitrile, which is
advantageous for future development of humidity-stable DSSCs and water-splitting solar fuel

devices’0171,
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Figure 5.11. Cyclic voltammetry of the acetonitrile and water electrolyte solutions. 0.1 M I, and
1.0 M Lil in a, acetonitrile and b, water. The E/, values (denoted by the vertical dashed lines)
are 0.20 V vs Ag/AgCl (-4.89 eV) and 0.82 V vs Ag/AgCI (-5.51 eV) for acetonitrile,
corresponding to the 17/~ and I37/I2 redox couples, respectively. In contrast, the single E1/2 value
15 0.43 V vs Ag/AgCI (-5.13 eV) in water and can potentially correspond to a variety or redox
couples, including I-/12, 137/12, and 17/13~. Measured values vs Ag/AgCl were converted to values
relative to vacuum by V (eV vs vacuum) = —((V(V vs Ag/AgCl) + 0.197) — 4.5).

The Voc values obtained from PbTiO3z with 50% water or higher are comparable to those
obtained from NiO*®1%8, The slight decrease in Voc above 50% water is correlated with an
increase in the dark saturation current density Jo (Figure 5.7 d, right) which is likely due to a
change in the 12/13”equilibrium constant, which shifts the electrolyte Nernst potential more
positive on the electrochemical scale by ~0.2 V from 0% to 100% water (Figure 5.11). In
addition, the average ideality factor of the devices (Figure 5.7 d, left) decreases from 1.56 to
1.23 when moving from 50% to 100% water, which may also contribute to a decrease in Voc*'*.
The high fill factors of the devices, with a champion value of 52% in 75% water, is ~50% larger

than the values typically measured from NiO and is a record for p-type DSSC devices using P1
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and an iodide-based electrolyte®?14%, The maximum theoretical fill factor, based on a Voc of
~150 mV, is estimated to be ~58% (Figure 5.12), indicating that ~90% of the potential power is

generated given the available photocurrent and photovoltage.

FFExperimentaI / FFIdeaI (%)

0 10 20 30 40 50 80 70 80 90 100
Water Content (vol. %)

Figure 5.12. Percent of ideal fill factor. Percent of the ideal fill factor obtained at each water

electrolyte concentration with champion values (blue) and average values (green; with error
bars).
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Figure 5.13. Photoresponse of dye-loaded PbTiO3 films and devices. a, Left-hand axis:
absorbance spectra of the PbTiOz film (green), the 100% water electrolyte solution (orange), and
the P1 chromophore on the PbTiO3 surface in 100% water electrolyte solution (purple). The P1
peak red shifts from 495 to 508 to 532 nm when changing between the dry state, pure water, and
electrolyte solution, respectively. Values are normalized to the maximum intensity across all
spectra. Right-hand axis: IPCE spectrum (dashed black line) of a solar cell device without dye in
100% water electrolyte solution. Inset: molecular structure of the P1 chromophore. b, IPCE
spectra of DSSC devices with 0 (pink), 30 (purple), 50 (dark blue), 75 (light blue), and 100
(green) volume percent water. Dashed black line is the absorption spectrum of the P1
chromophore as shown in panel a. Inset: fluorescence signal from the P1 chromophore on glass
(red) and on the PbTiOs film (black). The intensity is normalized to the peak absorption value of
the P1 chromophore in the visible range.

The origin of the Jsc values and changes in Jsc with water content were investigated by
measuring the wavelength-dependent photoresponse of the PbTiOz films and devices.
Absorption spectra of the PbTiOs film, electrolyte solution, and the P1 chromophore loaded onto
PbTiOs3 films are shown in Figure 5.13 a. An incident photon to current efficiency (IPCE)

spectrum of a device without a dye in 100% water is shown as the dashed black line in Figure
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5.13 a. The device without dye produces a Jsc of 0.06 mA/cm? (Figure 5.14) and exhibits an
abruptly increasing IPCE spectrum below 400 nm that matches the absorption profile of the
electrolyte. The generation of photocurrent from the electrolyte was confirmed by varying the I»
concentration in devices, showing an increase in photocurrent with increasing I> concentration

(Figure 5.15), a result that is consistent with other p-type devices3®14910,

Table 5.3. Current density values calculated from incident photon to current efficiency spectra.
Jsc values were calculated from the reference AM1.5G spectrum and the IPCE spectra (Figure
4b) at each electrolyte water percentage. These values are compared to the Jsc measured under 1-
sun illumination using a solar simulator equipped with an AM1.5G filter. Qualitatively, both
values are in good agreement.

Water % |Jgc from IPCE (mA/cm?2) Jgc (mA/cm?)
0 -0.005 -0.018
30 0.050 0.011
50 0.197 0.140
75 0.292 0.219
100 0.294 0.251
100
(no dye) 0.096 0.063
0.30
0.25F
__0.20f
E
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Figure 5.14. Photovoltaic characteristic of PbTiO3 in 100% water without any chromophore.
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The device performance metrics are a Jsc of 0.063 mA/cm?, Voc of 18 mV, a fill factor of 27%,
and a power conversion efficiency of 3.0 x 10~ %.
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Figure 5.15. Photoactive species analysis for water electrolyte solutions with 1.0 M Lil and with
0.01 M I2 (yellow), 0.10 M I (orange), and 0.50 M I (red). a, J-V curves for the electrolyte
solutions. b, Absorbance spectra of the electrolyte solutions. ¢, IPCE spectra of DSSCs with each
electrolyte solution. d, Normalized IPCE spectra of DSSCs with each electrolyte solution.
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Figure 5.16. Absorbed photon to current efficiency (APCE) spectra. Labels denote the vol. %
water in acetonitrile, where 0% (pure acetonitrile) is pink, 30% is purple, 50% is dark blue, 75%
is light blue, and 100% (pure water) is green. Absorbance spectra of a P1 chromophore loaded
onto a PbTiOs film in electrolyte was used for the APCE calculation.

78



IPCE spectra of dye-loaded films at each water percent (Figure 5.13 b) show substantial
additional intensity in the visible range, which is consistent with the absorption profile of the P1
chromophore. We estimate that absorption by the P1 chromophore produces ~50% of the
measured Jsc in the devices. Absorbed photon to current efficiency (APCE) spectra (Figure
5.16) were also calculated, with an APCE of ~4% at the P1 absorption peak of 532 nm for 100%
water. To understand the origin of the low APCE values, fluorescence measurements (inset of
Figure 5.13 b) were used to determine if the photoexcited P1 chromophore either injects holes or
relaxes back to the ground state via fluorescence. On PbTiOs films, the fluorescence signal is
quenched by only ~50%, which indicates that a large fraction of the photoexcited P1 dye does

not inject into the valence band of PbTiO:s.

100
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Potential vs Ag/AgCl (V) Potential vs Ag/AgClI (V)

Figure 5.17. Mott-Schottky analysis of PbTiOz with various solvents in 0.1 M LiClOg solution at
5 Hz. Labels denote the vol. % water in acetonitrile, where a, 0% (pure acetonitrile) is pink, and
b, 30% is purple, 50% is dark blue, and 100% (pure water) is green Vs, values were determined
by fits to the linear regime, and measured values vs Ag/AgCl were converted to values relative to

vacuum by V¢, (eV vs vacuum) = — ((Vfb(V vs Ag/AgCl) +0.197) — 4.5). We note that

the solvent window of acetonitrile prohibited the exact Vi, from being measured for 0%. The
average doping level was calculated to be 2 + 2 x 10%° cm™,

To understand the low injection yield into PbTiOz, we measured the flatband potential
(Vi) in various solvent ratios by Mott-Schottky analysis (Figure 5.17). The Vs, was used to

estimate the conduction and valence band edges, as shown in Figure 5.18 a. A significant shift
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of Vi by more than 0.5 eV, from >2 V in pure acetonitrile to 1.51 £ 0.01 V vs Ag/AgClI in 30%
water, is observed, after which the further addition of water has little impact on Vs,. As expected,
the more positive electrochemical potential in pure acetonitrile is favorable for electron injection
whereas the more negative Vs, upon addition of water is more favorable for hole injection.
However, the oxidative potential of the P1 excited state still has relatively minimal overlap with
the valence band of PbTiOs even in pure water. Thus, we would expect the rate of hole transfer
to the valence band to be slow, which is consistent with the observed fluorescence of P1 and the

low Jsc and APCE values*’?.
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Figure 5.18. Analysis of the PbTiO3 DSSC performance. a, Left: schematic of the conduction
and valence band edges of PbTiOz as a function of water content as estimated by averaging 10
Hz and 5 Hz Vs, from Mott-Schottky analysis, which is approximated as the valence band edge.
Middle: oxidation and reduction potentials, with Gaussian linewidths, of the P1 chromophore as
measured in acetonitrile solution**. Right: Nernstian potential for the redox couple in acetonitrile
(pink) and water (green). All values are reported relative to the vacuum level. b, Charge-transfer
resistance, Rcr, as a function of applied potential as determined by EIS (squares) and by the
differential resistance of J-V curves (circles) for 0 (pink), 30 (purple), 50 (dark blue), 75 (light
blue), and 100 (green) volume percent water. The simplified Randles circuit used to model EIS
data is shown on the right, including Rcr, interfacial capacitance C, and series resistance Rs.

Similarly large shifts in the Vs, of TiO2 in water have been observed and explained by the
protonation/deprotonation equilibrium at the semiconductor surface®®1%, Consequently, the
addition of water affects the protonation/deprotonation equilibrium on the surface of PbTiOz and
shifts the V. Previous reports on Pb(Zr, Ti)Os solid-state devices have reported a shift from
anodic to cathodic performance, which was postulated to be a result of the ferroelectric

surface!®. It should be noted that the theoretical maximum Voc from these Vs, is ~1 V, despite
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the experimental Voc of ~150 mV. This difference cannot be explained by the dark saturation
currents (Figure 5.7 d), which are reasonably low at ~5 x 10° A/cm? (Table 5.2) in all
solvents!*®. We suspect that the low photocurrent as well as the large difference between the
work function of the metallic back contact and the Vs, of PbTiOs may play a role in diminishing

the Voc, as is commonly seen in organic photovoltaic devices!”.

3 3000 —r———T—1—1— b 400 ——————1—1—1—
i 300} i
2000 | 1
= =
5 1 & 200f -
£ 1000 l i P .
N e N 100k 75 _
1y A i 50 i
0 1 1 L L i \ 0 190 1 L 1 L 1 1 L
0 2000 4000 6000 0 100 200 300 400 500
Z' (Ohm) Z' (Ohm)

Figure 5.19. Electrochemical impedance spectroscopy (EIS) measurements of DSSC devices at
Voc under 1-sun illumination. Marker symbols correspond to raw data and solid lines correspond
to a fit to the simplified Randles circuit for a, 0% (pink) and 30% (purple) water b, 50 % (dark
blue), 75 % (light blue) and 100% (green) water electrolyte solutions.
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Table 5.4. Electrochemical impedance spectroscopy extracted parameters using a simplified
Randles model. Measurements were taken at the noted bias voltage under one sun illumination.

Water % | Applied Bias (V) ReT (Q cm?) Rg (Q cm?) Capacitance (F)
0 (423 £0.452)x 104 191 + 43 (2.77+£0.021) x 106
0 0.150 (7.06 = 0.074) x 103 41+ 6 (2.51+0.018)x 106
0.240 (2.01£0.017) x 103 25+2 (2.39+£0.018) x 106
0 (2.96 +0.025) x 103 25+2 (3.18+0.021) x 10-6
30 0.040 (2.49 +0.025) x 103 517 (3.29+0.034) x 106
0.073 (1.99+0.016) x 103 30+3 (3.13£0.025) x 106
0 (2.29 +£0.025) x 103 39+3 (2.42+0.019) x 106
50 0.100 (3.64 £0.034) x 102 17+1 (2.10+0.018) x 10-6
0.155 (7.52£0.070) x 101 13+0.1 (1.87 +£0.020) x 1076
0 (1.71 £0.017) x 103 28+3 (2.26 +0.019) x 10-6
75 0.075 (3.82+0.036) x 102 19+ 1 (2.07+0.018) x 10
0.130 (7.68 £ 0.079) x 10! 18+0.2 (1.97 £0.027) x 106
0 (2.14+£0.022)x 103 27+2 (2.28+£0.017)x 106
100 0.075 (2.55+0.022) x 102 17+04 (2.09 +0.018) x 106
0.122 (5.11 £0.054) x 10! 16+0.2 (2.06 + 0.030) x 106

Table 5.5. Beta values calculated from differential resistance values versus applied bias.
Differential resistance values were calculated from JV curves that were representative of average
performance at each electrolyte water percentages.

Water % B
0 0.15+0.01
30 0.08 £0.01
50 0.50+0.03
75 0.63+0.02
100 0.80+0.02

The change in Vs, explains the shift from anodic to cathodic performance but does not
fully explain the improved overall performance in water over acetonitrile. We hypothesize that

large changes in the diffuse double layer and dynamics at the semiconductor/electrolyte interface
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are likely the main causes of increased performance. To further explore this interface, we
performed electrochemical impedance spectroscopy (EIS) of DSSC devices (Figure 5.19). If
interpreted using a simplified Randles circuit (Figure 5.18 b), the EIS data indicates there is no
substantial change in the series resistance, Rs, but a large change in charge-transfer resistance,
RcT, at the semiconductor-solution interface upon the addition of water (see Table 5.4). The
recombination differential resistance, Rrec, Of the devices, calculated as (dJ/dV), is in good
agreement with Rcr, as shown by the similarity of the data in Figure 5.18 b, indicating Rrec =

Rer. Rrec Shows an exponential dependence on applied voltage and can be fit as'’*:
Rrec = Ro eXp(—qBV/kBT) ( 51)

where 3 is the recombination coefficient, R, is a pre-exponential term related to Jo, kg is the
Boltzmann constant, q is elementary charge, and T is temperature. B increases from 0.15 at 0%
water to 0.80 in 100% water (Table 5.5), which corresponds well to the previously measured
ideality factors, where p = 1/n'"*, The increase in B with increasing water concentration suggests
a substantial change in the mechanism of recombination at the semiconductor-solution interface
and could indicate a decreased role of trap states above the valence band edge!’®. The results
highlight the significant role of the interface in determining device performance, and additional
investigation will be necessary to elucidate the details of the novel PbTiOs-water system for

high-performance DSSC devices!”.
5.4 Conclusions

The unique performance features of PbTiOs p-type DSSCs give rise to many interesting
questions about the role of solvent and the semiconductor-electrolyte interface as well as the role

of a high dielectric constant, and related ferroelectricity, as an important material property. The
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results also point to the need for design and synthesis of chromophores with higher oxidative
potentials than P1, which would likely dramatically improve the Jsc of PbTiOz devices and thus
the overall PCE. Beyond these specific questions, this work highlights the utility of material
informatics approaches to both identify important semiconductor properties and prioritize
previously unexplored materials for experimental studies. This proof-of-concept discovery of a
novel DSSC material illustrates the power of materials descriptors that enable the application of
the virtual screening approach for rapid and effective identification of diverse materials in large
databases with properties similar to those of a query. Potentially, the same approach can be used
for different DSSC components, such as the chromophore, to ultimately, design each component
of the device. In sum, this approach could allow for expedited design of each device component
for a highly optimized DSSC. We hope that this investigation will help establishing materials
informatics as a common tool to accelerate the design and discovery of novel functional

materials with the desired performance characteristics.
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Chapter 6: THE BENEFICIAL ROLE OF IODINE ON INTERFACE
RECOMBINATION IN P-TYPE DYE SENSITIZED SOLAR CELLS AND ITS
IMPLICATIONS FOR AQUEOUS ELECTROLYTES

To be submitted by: Moot, T.; McCullough, S. M.; Taggart, Lopez, R.; Cahoon, J. F.

6.1 Introduction

Despite extensive research into improving the efficiencies of p-type dye sensitized solar
cells (DSSCs), the power conversion efficiencies (PCE) still lag significantly behind the n-type
DSSC counterparts by nearly an order of magnitude.*®5°%! This is important for solar energy
production in general, but is of particular relevance due to the necessity of a high performance
photocathode side to realize any tandem device for solar fuel production such as a dye sensitized
photoelectrosynthesis cell (DSPEC).>* There are three main components to the dye sensitized
solar cell: the semiconductor, the chromophore and the electrolyte, which all must work
efficiently in concert.*® The chromophore must absorb visible light and quickly transfer a hole
into the semiconductor and then transfer the electron to the electrolyte. The semiconductor and
electrolyte must be able to efficiently transport charges away from the interface to the back
contacts to complete the circuit. Additionally, the semiconductor and electrolyte should not have
other recombination pathways that complicate the expected charge transfer processes.* In
reality, these additional recombination pathways prove to be a significant problem in p-
DSSCs 52115

Standard p-DSSC devices typically have fill factors of < 40% as compared to ~60% for
n-DSSCs and achieve photocurrents ~1/10" of those reached in n-DSSCs.55274 The low

photocurrent and fill factor in p-DSSCs is due to various recombination pathways, either
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between the semiconductor and chromophore or electrolyte.>? To minimize these recombination
pathways, the majority of research efforts have been focused on designing novel photocathodes
and novel chromophores.*®%° Many promising materials, such as the delafossites, have been
studied, however nearly all devices result in similarly low fill factors and low
photocurrents.*+4%10.176 Chromophores designed to physically separate the electron and hole to
minimize recombination have shown improvements over more conventional chromophores, but
the hole lifetime is still an order of magnitude less than that of electrons in n-DSSCs.%84%114 This
suggests that there is another component to the DSSC that is affecting the recombination rates
more than either the semiconductor or the chromophore and is obfuscating much of the expected
improvements.

The electrolyte comprises of a cation, such as Li*, iodine species, I, I3 and I, which
result in 7 separate redox couples, and possibly various additives.®” The role of each electrolyte
component has been intensely studied in the context of n-DSSCs. Different cations from the
iodine salt have been shown to control the band edge position, affecting recombination kinetics
and injection efficiencies.®®!’” The solvent affects the I7/15” equilibrium constant which affects
the equilibrium concentrations within solution, affecting recombination.® It is generally accepted
that in n-DSSCs I regenerates the oxidized chromophore via hole scavenging.®” Recent work in
n-DSSCs demonstrates that the main recombination pathway is through the electron scavenger
I, although it was previously believed to be 157.°8 Within the n-DSSC the equilibrium
concentrations of a standard 1.0 M/0.1 M iodide/triiodide electrolyte are 0.9 M I, 0.1 M I3” and
10 M 12, minimizing opportunity for electron scavenging from I, and thus recombination.
Importantly, any electrolyte additives, such as guanidinium thiocyanate (GUSCN), minimize

recombination pathways between the chromophore and the electrolyte.’® In fact, an in depth
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analysis of n-DSSC performance suggests that the largest improvements in PCE come from
changes in the electrolyte, particularly inclusion of the additives.t’817

Despite this impact, there has been little to no analysis of the electrolyte with respect to
the p-DSSC. In an ideal electrolyte for p-DSSCs, there would be ample opportunity for electron
scavenging and minimal opportunity for hole scavenging. Designing the appropriate electrolyte
to realize this ideal would likely affect the recombination rates significantly and thus improve
device performance. We hypothesize that the electrolyte, specifically I», significantly affects
recombination in p-DSSCs. To begin to understand the effect of electrolyte on p-DSSC
performance, we probe the role of 1> on device performance. We hypothesize that by increasing
concentrations of I> will enable efficient dye regeneration, thereby turning off major
recombination pathways from the chromophore to the semiconductor or the electrolyte and
increase p-DSSC device PCE. This also suggests that an aqueous electrolyte would be
advantageous for p-DSSCs because the I7/13 equilibrium constant (Keg) for I" + I 2 137is 7.5 x
102 M in water (H20) whereas Keq is 5 x 10° M7 in acetonitrile (MeCN), favoring a larger
equilibrium concentration of I2 (I2]eq) in water.
6.2 Experimental

PbTiOs, NiO and TAD Al NiO film fabrication and DSSC assembly are discussed in
Methods 2.6, 2.7 and 2.9, respectively. For experimental details on J-V curves, IPCE, EIS and
Cyclic voltammograms, see Methods 2.9, 2.10, 2.11 and 2.12.
6.3 Results and Discussion

To probe the effect of the electrolyte on device performance, lead titanate (PbTiO3) was
chosen because of its previously reported ideal diode like behavior and minimal recombination

pathways culminating in a record fill factor of 48%.17® Three different electrolytes were used to
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probe the effect of I, on p-DSSC performance. The first electrolyte (standard) is comprised of
1.0 M Lil and 0.1 M 12 which results in an [I2]eq)of 4 x 10°8. To modulate [I2]eq two different
methods were used: modifying the starting Lil:I> ratio and modifying the solvent. The second
electrolyte (high [I2]eq) modulates the starting Lil:1 ratio to 0.55 M Lil, 0.55 I, which produces
an [lz]eq of 4 x 104, The third electrolyte (aqueous) modulates the solvent to an aqueous 1.0 M
Lil and 0.1 M I electrolyte, which results in an [l2]eq of 4 x 10*%. All of the starting and
equilibrium concentrations are summarized in Table 6.1. For the standard and high [l2]eq
electrolytes a solvent system of 1:1 MeCN:H>O was used to appropriate shift the flatband

potential (V) of PbTiOs to allow for hole injection from the chromophore P1.176

Table 6.1. Electrolyte compositions in the initial concentrations and the calculated

concentrations at equilibrium (equilib.).

Standard High [I2]eq Aqueous

Initial [Lil] (M) 1.0 0.55 1.0
Initial [I2] (M) 0.1 0.55 0.1
Equilib. [I-] (M) 0.9 5x10-4 0.9
Equilib. [13-] (M) 0.1 0.55 0.1
Equilib. [I2] (M) 2x10-8 5x10-5 2x10-4
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Figure 6.1: Average p-DSSC J-V curves of PbTiOz under one-sun illumination (solid) and in the
dark (dashed) using an A) standard (green), high [l2]eq (blue), and B) aqueous (purple)
electrolyte.

90



The average current density-voltage (J-V) curves in the three electrolyte systems are
shown in Figure 6.1 and the device parameters are summarized in Table 6.2. Upon increasing
the [l2]eq, either by using the aqueous or high [I2]eq electrolyte, the fill factor increases from an
average of 28.2 % to 51.3 — 52.2 %. The short circuit current density (Jsc) increases with an
increase in [l2]eq, Where the high [l2]eq electrolyte device has a Jsc of 0.38 mA/cm? and the
aqueous electrolyte has a Jsc of 0.28 mA/cm?, two orders of magnitude higher than the average
Jsc of 0.05 mA/cm? obtained in the standard electrolyte . The open circuit voltage (Voc) varied
by approximately 20 mV, although it is likely due to the shift the Nernst potential.5”1® The
Nernst potential for the standard electrolyte is 0.12 V vs Ag/AgCl whereas the Nernst potential
for the high [l2]eq and aqueous electrolyte are at 0.21 V vs Ag/AgCl and 0.4 V vs Ag/AgCl,
respectively. There is an increase in the power conversion efficiency (PCE) of 10.6 — 16.7 x

upon increasing the [l2]eq, driven by the improvement in the fill factor and Jsc.

Table 6.2: Average PbTiOs p-DSSC device performance metrics

Standard High [I2]eq Aqueous
Jsc (no dye) (mA/cm2)[  0.10+0.02 021 £0.06 0.14+£0.02
Jsc (mA/cm2) 0.05 +0.01 0.38 + 0.04 0.28 +0.03
Voc (mV) 120+ 12 1459 128 +£2
FF (%) 282+1.1 522+1.2 51323
PCE x 10-2 (%) 0.17+0.05 2.89+0.03 1.84 £0.02
Rsh (Qecm?) 2920 + 322 2506 + 674 3275 + 567
Rs (Qecm?2) 1763 = 390 78+ 5 104 £ 17

To understand the origin of the differences in Jsc, incident photon to current efficiencies

(IPCE) were measured for each electrolyte system (Figure 6.2 A,B) where the IPCE of the P1

91



chromophore was monitored at the absorption maximum at 535 nm. All of the chromophore
IPCE values are low, due to the energetic misalignment between PbTiOz Vs, and the
chromophore which does not allow for efficient injection.*>1’® Regardless, there is a 1.5 x
increase in IPCE when switching from the standard to the high [I2]eq electrolyte and a 2.6 x
increase in IPCE when comparing the standard to aqueous electrolyte. Since the chromophore
loading is constant across all systems any increase in IPCE is due to an increase in the absorbed
photon to current efficiency (APCE), suggesting that the chromophore is more efficiently
injecting holes into the photocathode-achieved simply by modulating the [I2]eq. However, it
should also be noted that in all electrolyte systems the electrolyte contributes significantly to the
Jsc via hole injection from I37, as is commonly noted for p-DSSCs. 06374150176 T quantify the
contribution of the electrolyte to the Jsc, devices without any chromophore were fabricated using
each of the three electrolyte systems and the resulting J-V and IPCE curves were measured
(Figure 6.3). In each case, the electrolyte injection accounted for approximately half of the total
Jsc, indicating that the increase in Jsc obtained with the high [I2]eq electrolyte was ~ 45 — 51 %

due to an increase in chromophore IPCE.

92



>
w

IPCE (%)
IPCE (%)

0\

500 600 700 500 600 700
Wavelength (nm) Wavelength (nm)
D E

-

0 60 120 180 0 2 40 2 4
Applied Bias (mV) Density of States
(states/Vem3) x1021

o

2]

104

'y

= Rer

’.::!:.;,,__R‘S*ET}

e, C

[=)

—_

-
(=)
[

Resistance (Q-cm?)
=]
w
| |
Voltage (V) vs Ag/AgCI

N

Figure 6.2. PbTiO3 p-DSSC performance mechanism. IPCE spectra of the chromophore
for an average device with an A) standard (green), high [l2]eq (blue), and B) aqueous (purple)
electrolyte. The IPCE spectra is obtained by measuring the IPCE of a device with and without P1
and subtracting the contribution from the electrolyte. C) Device resistance (circles) and charge
transfer resistances (squares) of an average device with a standard (green), high [I2]eq (blue), and
aqueous (purple) electrolyte. Density of states of PbTiOs in D) 1:1 MeCN:H20 and E) NiO water

where the dashed line is an approximation of the valence band edge and the shaded area denotes
the trap state density.

93



>
mw

60
04
t:E) -\\\ X 40
<02 \ 8
E I € 20
S [
0 s
K— 0 —
0 100 200 350 450 550 650
c Applied Bias (mV) D Wavelength (nm)
60
0.4
‘% & 40
20.2 i}
E \\ £ 20
=
0 -
‘\ H".‘ 0
0 100 200 350 450 550 650
Applied Bias (mV) Wavelength (nm)

Figure 6.3: Average PbTiOs p-DSSCs fabricated without any chromophore. A, C) J-V curves
under one-sun illumination (solid) and in the dark (dashed) B, D) IPCE curves, all using either a
standard (green), high [l2]eq (blue), and aqueous (purple) electrolyte.

The fill factor had the largest improvement in any device performance metric upon
increasing the [l2]eq. The fill factor for any photovoltaic is affected by the series resistance (Rs)
and the shunt resistance (Rsn). Upon increasing the [l2]eq, Rsh does not change with any trend, and
all values are reasonably high at around 2000 Q-cm?. However, Rs consistently decreases with

increasing [l2]eq from 1763 Q-cm? to 73 Q-cm? and 103 Q-cm? for the standard, high [I2]eq and

aqueous electrolyte, respectively. Rs can decrease the fill factor by:
2
FF, = FFy(1 — 1.1r,) + % (6.1)
where FFo is the fill factor without any shunt resistance and rs is the normalized series resistance,

which are equal to Rs divided by the characteristic resistance of the photovoltaic device. The

drop in Rs accounts for 60-75% of the fill factor improvement between the standard and high

[12]eq electrolyte.
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Any device resistance (Rqc) can be further separated into an interfacial series resistance
(Ris) and a charge transfer resistance (Rct) (Figure 6.2 C) using electrochemical impedance
spectroscopy (EIS).>21" Rer at Voc is an approximation of the Rcr of device Rs and decreases
significantly from 535 Q'cm? to 204 Q-cm? and 125 Q-cm? for the standard, high [l2]eq and
aqueous electrolyte. This decrease in Rcr is the origin of the decrease in Rs. Additionally, a
measure of the amount of states available for recombination, 3, can be calculated from the slope
of the resistance versus applied bias, where 1 is ideal.1”* B, is calculated to improve from 0.20 to
0.49 to 0.64 for the standard, high [l2]eq and aqueous electrolyte, respectively. Typically, B is
discussed in terms of semiconductor trap states, thus the density of states of PbTiO3 was
measured in both 1:1 MeCN:H-O and in water to determine if the change in solvent is affecting
the trap state density. Although there are slight changes in the shape of the trap states (Figure 6.2
D,E), the trap state density is approximately constant at 3.26 x 10%° states/cm®and 3.83 x 10%°
states/cm®. This suggests that the number states available for recombination is not based on the
semiconductor trap state density and is likely due to electrolyte-chromophore recombination
pathways.

Mechanistically, improvement in fill factor and any improvement in Jsc upon increasing
[I2]eq both stem from a decrease in Rs, which is primarily due to a decrease in Rct. The decrease
in Rct likely allows for increased electron transfer from the reduced chromophore to the
electrolyte, catalyzed by the higher [I2]eq, Which is a potent electron scavenger.®® This allows for
faster chromophore regeneration which improves the IPCE, and consequently the Jsc, and
minimizes alternate recombination pathways between the excited state chromophore and the
electrolyte or semiconductor. This is further supported by the increase in f which suggests that

the increase in [l2]eqg minimizes the efficacy of other potential interface recombination sites.
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We expect that the improvement in Jsc and fill factor resulting from an increased [12]eq, OF
more generally an increase in the concentration of the given electron scavenger, would be
applicable to any photocathode system. To probe the generality of this electrolyte design, two
photocathode systems were used: the standard NiO and targeted atomic deposition of aluminum
(TAD Al) NiO, which has a lower defect density.>* The solvent for the standard and high [l2]eq
electrolyte is pure MeCN. To compare to literature performance of TAD Al NiO, a device with
the same electrolyte was fabricated (Figure 6.6). We expect that TAD Al NiO will act as an
intermediate between PbTiOs and NiO, in terms of ideal-like behavior due to the intermediate
amount of trap state density. Additionally, the chromophore P1 can easily inject into both

photocathode systems thus the effects on the Jsc and IPCE may be clearer than in the PbTiO3

devices.*3%*
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Figure 6.4: Average p-DSSC J-V curves of A, B) NiO and C, D) TAD Al NiO under one-sun
illumination (solid) and in the dark (dashed) using a standard (green), high [l2]eq (blue), and
aqueous (purple) electrolyte.

In Figure 6.4, the device performance for NiO and TAD Al NiO are shown where an

increase in [l2]eq decreases device performance for NiO and increases device performance for
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TAD Al NiO. The device performance metrics are summarized in Table 6.3 and 6.4. The NiO
device (Figure 6.4 A, B) appears to be entirely shunted upon an increase in [l2]eq, either by using
the high [I2]eq or aqueous electrolyte, where the fill factor drops to ~25 %. Conversely, the TAD
Al NiO devices (Figure 6.4 C, D) show an approximately constant fill factor of 39.7 % to ~ 33
% upon increasing [l2]eq. Most notably in the TAD Al NiO devices, the Jsc increases by an order
of magnitude from 0.09 mA/cm? to 0.66 - 0.82 mA/cm? upon increasing the [I2]eq. There is a
decrease in the Voc in TAD Al NiO, upon increasing the [l2]eq, although it is likely due to the
positive shift the Nernst potential towards the valence band edge and possibly exacerbated by
some recombination mechanism that also slightly lowers the fill factor. Overall, the PCE
increases 3.8 — 4.2x upon increasing [l2]eq, mostly due to the increase in Jsc. We note that the
TAD Al NiO performance is lower than that previously reported, but is mostly due to the use of

a different electrolyte and the deposition of 5 cycles.>

Table 6.3: Average NiO p-DSSC device performance metrics
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Standard High [I2]eq Aqueous
Jsc (no dye) (mA/cm?2) 0.04 £ 0.006 084+0.10 0.45+£0.06
Jsc (mA/cm?2) 1.65+0.22 0.99 +£0.58 090+0.14
Voc (mV) 85+7 31+5 18 +2
FF (%) 319+ 0.6 25.6+03 25.1+0.1
PCE x 10-2 (%) 4.42 +0.49 0.79+0.52 0.41 £0.07
Rsh (Q+cm?2) 8619 46 + 32 21+4
Rs (Qecm?2) 33+5 43 + 31 204



Table 6.4: Average TAD Al NiO p-DSSC device performance metrics

Standard High [I2]eq Aqueous
Jsc (no dye) (mA/cm2) 0.04 + 0.006 0.84+0.10 0.45 + 0.06
Jsc (mA/cm2) 0.09 + 0.03 0.66 + 0.04 0.82+0.18
Voc (mV) 186+ 9 128 + 19 95+ 5
FF (%) 39.7+1.5 332+34 33.0+0.7
PCE x 10-2 (%) 0.67 +0.24 2.83+0.74 2.57+0.57
Rsh (Qecm2) 6170 + 1049 387 + 132 235 + 67
Rs (Qecm2) 837 + 268 110 £ 10 70 + 13

IPCE spectra of TAD Al NiO in each electrolyte was measured. The increase in

photocurrent results from a 4.7% - 8.7x increase in the chromophore IPCE when increasing the

[I2]eq (Figure 6.5 A). The impact of electrolyte injection on the JSC was further investigated by

fabricating devices without any loaded chromophore and measuring the resulting J-V and IPCE

curves (Figure 6.6). The electrolyte contribution to the IPCE increased 3-7x upon increasing the

[I2]eq where it is estimated that the increase in chromophore injection made up ~35 % of the total

increase in Jsc for TAD Al NiO. This increase in both the chromophore and electrolyte injection

is much larger than was seen in the PbTiOs devices, likely due to the available states for efficient

injection in TAD Al NiO.
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Figure 6.5. IPCE spectra of an average TAD Al NiO device with an A) standard (green),
high [I2]eq (blue), and B) aqueous (purple) electrolyte. The IPCE spectra is obtained by
measuring the IPCE of a device with and without P1 and subtracting the contribution from the
electrolyte. C) Device resistance (circles) of an average NiO device with a standard (green), high
[I2]eq (blue), and aqueous (purple) electrolyte. Density of states of NiO in D) MeCN and E) H.O
where the dashed line is an approximation of the valence band edge and the shaded area denotes
the trap state density. F) Device resistance (circles) of an average TAD Al NiO device with a
standard (green), high [l2]eq (blue), and aqueous (purple) electrolyte. Density of states of TAD Al
NiO in D) MeCN and E) H>O where the dashed line is an approximation of the valence band
edge and the shaded area denotes the trap state density.
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Figure 6.6: Average p-DSSCs fabricated without any chromophore. A, B) NiO J-V curves. C)
TAD Al NiO with 1 cycle J-V curve in Z960 electrolyte D, F) TAD Al NiO J-V curves and E,
G) TAD AI NiO IPCE curves. All J-V curves were taken under one-sun illumination (solid) and
in the dark (dashed). All devices were made using either a standard (green), high [l2]eq (blue),
and aqueous (purple) electrolyte, except for the specific Z960 electrolyte (grey).

The changes in Rsh and Rs for both NiO and TAD Al NiO were calculated to aid in
understanding both their impact on any fill factor changes and also to understand the

semiconductor dependent change in device performance. In the high [l2]eq and aqueous

electrolytes both NiO and TAD Al NiO have a low Rs, similar to PbTiOs. However, unlike
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PbTiOs, in either electrolyte with an increased [I2]eq Rsh is significantly lower at 387-234 Q-cm?
for TAD Al NiO and 46 - 20 Q-cm? for NiO. There is a significant change in Rsh upon the
increase of [l2]eq for TAD Al NiO and to a lesser extent, NiO, suggesting that there are specific
I2-photocathode recombination pathways present. Additionally, the improvement in 3 observed
for PbTiO3 p-DSSCs is not consistent with the NiO or TAD Al NiO systems. Upon increasing
[I2]eq B decreased from 0.33 to 0.09 for NiO and stays approximately constant at ~0.29 for TAD
Al NiO, which is similar to the trend in fill factor. There is minimal change in the trap DOS in
either photocathode upon switching solvents (Figure 6.5 D, E, G, H).

Although there are significant differences in p-DSSC performance for each
photocathode, in each photocathode system the Rs decreased to a similar value upon increasing
the [I2]eq. This suggests that the electrolyte consistently affects the Rs, regardless of the
photocathode system. The differences in Rsh and B for each photocathode suggest that each
photocathode system can have unique interactions with the electrolyte that can increase the
likelihood of recombination. The photocathode dependent differences in Rsh and B likely stem
from the disparities in trap state density since, by definition, Rsn is the resistance to alternate
pathways through the device. Upon increasing the [l2]eq, NiO has the lowest Rsh and has the
largest trap state density of ~4 x 10! states/cm® whereas PbTiO3 has the highest Rsh and the
lowest trap state density of 3.26 x 10%° states/cm®. TAD Al NiO has an intermediate trap state
density of 1.54 x 10 states/cm?® and similarly has an intermediate Rsh, although it is closer to
that of NiO because the trap state density is closer to that of NiO. This similarly explains the

disparities in fill factor and in turn the PCE.
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6.4 Conclusion

p-DSSCs PCEs have long trailed those of n-DSSCs likely due to, in part, a low efficiency
electrolyte. By determining that I, is a potent electron scavenger, and increasing the [l2]eq in the
electrolyte, the PCE increased 4-16x, depending on the photocathode used. This improvement in
PCE was driven by an increase in both the Jsc and fill factor which can be explained by a
decrease in Rs, or more specifically Rct. An increase in [l2]eq decreased the resistance of electron
transfer from the excited state chromophore to the electrolyte, which increased the efficiency of
chromophore regeneration and minimized the potency of alternate recombination pathways.
However, simply increasing the concentration of the electron scavenger in the electrolyte does
not guarantee an increase in overall PCE. The density of trap states of the photocathode
significantly affects device performance, where a high trap state density will decrease Rsh.

We have demonstrated that tuning the electrolyte is a simple an effectively way to
increase performance improvement and we expect that this is applicable to any photocathode
system. Separating out the effects of the semiconductor and the electrolyte on device
performance to specific device parameters (Rsh and Rs) will aid in understanding the cause of
device performance in future studies. Further studies into the electrolyte for p-DSSCs are likely
to continue to increase PCE. For example, these findings, and the importance of a high
concentration of electron scavenger, likely can aid in understanding the mechanism behind the
high performance of p-DSSCs using a Co or Fe based electrolyte.
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Chapter 8: CONCLUSIONS

To combat the increased energy usage, electricity must be used efficiently and made from
sustainable resources, different approaches are required. Here, thermochromic windows and p-
type dye sensitized solar cells are investigated as potential technologies for increased energy
sustainability. Although these approaches seem different, the same overarching viewpoint can be
used to efficiently combat both issues. By focusing on the local environment of the relevant
metal oxide, improvements in device efficiency were achieved as well as a better understanding

of the fundamental metal oxide properties for the given application.

By taking advantage of the tunability of plasmon resonance of the metallic phase of
vanadium dioxide, through either nanoparticle size or the refractive index of the surrounding
matrix, we calculate that fabricating VO2 nanoparticle-polymer composite thermochromic films
has the potential to reach 50 % IR mod and 50 % visible transmittance. Experimentally,
performances were ranged from an 0.97 % IR modulation at 85.8% visible transmittance to an

11.9 % IR modulation at 50.7 % visible transmittance by tuning the film thickness.

By focusing on the electrochemical environment of the metal oxide photocathode for p-
type dye sensitized solar cells, a detailed understanding of the trap state density in NiO was
determined. In NiO there is ~1.5 V of trap states, where the trap states exclusively control charge
injection, transport and recombination. Utilizing the semiconductor-electrolyte interface in
conjunction with a material informatics approach, the novel photocathode PbTiO3 was identified

and experimentally tested, where in an aqueous electrolyte achieved record p-DSSC fill factors
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of 48%. Finally, by focusing on the recombination kinetics at the semiconductor electrolyte
interface, the electrolyte was redesigned to increase the concentration of the electron scavenger,
Io. By increasing the equilibrium concentration of 1> by four orders of magnitude, the fill factor
and photocurrent approximately doubled, causing the overall power conversion efficiency to
increase by nearly four times. Continued emphasis on the local environment, specifically in the
p-DSSC field is likely to lead to significant breakthroughs in understanding of device

performance, recombination pathways and in turn, the efficiency.

This work suggests that more in depth studies into the effect of the electrolyte on p-DSSC
performance is integral to understanding both the current poor device performance and how to
improve the PCE. This includes, but is not limited to, the effect of the cation on device
performance and the design and implementation of p-DSSC specific additives. Through these
studies, using an ideal like photocathode, it is estimated that p-DSSCs can reach an equivalent
PCE to that of their n-DSSC counterparts, allowing for the tandem solar fuel devices such as the

DSPEC to be realized.

105



APPENDIX

Table 0.1. Top materials retrieved by the similarity search screening

Al1B104Pbl

ICSD 98572 -436 0.66 502 -7.18  orthorhombic Co304 071
I(?\Slch_li;;;le =575 -2.11. -6.07 rhombohedral NiO 0.52
|CAISl[§)_‘gZ;6 -3.77 1.85 5.63 | -857 | orthorhombic Co304 0.74
K;A\Sllzjc_zggfss -455 1.7 | 6.26 -7.08 cubic Co304 0.75
AlléE;ZS_ollgCY);O -54 054 594 -7.49 monoclinic Co304 071
féégiﬁgig}l -3.72 035 4.07 -594 monoclinic Co304 0.73
ﬁfgl;i%ii?? -3.73 -0.62. -6.49 monoclinic Co304 0.75
|CBSZ|:;\I_ijl(?£85 -448 08 528 -7.19 monoclinic Co304 0.76
|C§g:_e412%101 -492 0.67 559 @ -7.84 | orthorhombic Co304  0.77
|Cilg\l_i31$o7 -455 0.34 489 -7.54 | orthorhombic Co304 0.85
?(I:lscl:;ifllglzzé -457 -241 216| -3.44  orthorhombic Cu20 0.71
|gi82[|;|_gll48129 -3.58 -0.94 -3.86 monoclinic Co304 0.75
%Z?Dbigogeszgl -451 -1.53 -7.26 | orthorhombic Cu20 0.75
|§é2|30_2\é\%4 -4.15 -0.43 -7.09 | orthorhombic Co304 0.71
é:é?i;geeil -4.46 -0.79 -5.69 monoclinic Co304 0.7
Icg:al_c%;n et R -2.43 cubic NiO 0.6
Clléggf::;;;l -4.25 -194 232 -3.27 rhombohedral Cu20 0.82
?gg;f:;zszgl -4.52 -0.94 -5.23 orthorhombic Cu20 0.72
IgélDR_r:lgib -3.61 -3.64 monoclinic Cu20  0.72
?gé%ig; -5.12 -0.68 4.44 -5.58 orthorhombic Co304 0.75
é;é?;(;ég -3.89 019 4.09 -7.77 | orthorhombic Co304 0.73
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Co0204Si1

ICSD 859 | 16 182 -6.71 cubic Co304 08
IC(::SrlDCiZ;gzzsg -3.72 -0.57 -6.41 hexagonal Cu20 0.77
|§Srég;§0462 -3.71 -0.26 -7.12 tetragonal Co304 0.77
|g;2|30_21;;4 -459 -1.93 -6.91 tetragonal Co304 081
Clélskg_l:;zlzl -4.61 -2.37 224 4.5 orthorhombic Co304 0.71
l((Z:SuIZl)Tséloszg -3.63 -0.73. -7.16 monoclinic Co304 0.73
CIEZSF;iB?ellGS; -431 -22 211 434 tetragonal Cu20 0.7
?gszgilessz;lgslé -4.37 -1.49. -4.56 orthorhombic Co304 0.72
I(;:SUIIZ)S)420I?)2157 -449 -241 208 -4.36 monoclinic Cu20 0.72
I((::;gsigsi;s -4.03 B -399  tetragonal Cu20 072
ICI::;:;;OE,Z -3.85 -0.91 -5.22 orthorhombic Cu20 0.78
Ilzfslgz?;g -4.04 -0.23 -7.92 monoclinic Co304 0.8
lgngo_if);B -363 071 434 -7.47 monoclinic Co304 0.72
ICS??%;?,Q -4.21 -1.52. -6.37  orthorhombic Co304 0.71
|CFSeé(ijSOi;52 -459 -046 413 -7.26 cubic Co304 0.73
|CF;é?f:5i;23 -537 -054 482 -6.71 cubic Co304 0.75
ICG§lD,\_/|1961(g;24 -544 -124 419 -6.17 orthorhombic Cul 0.7
ICC-Z‘:eleI\/I_ %23334 -356 0.79 436 -6.32 monoclinic Co304 0.74
I(?gllD,\ii62905(L)l8 49 '1'33. -5.68 cubic C0304 085
|CGSe[lffO%23;5 -397 0.04 4.01 -5.82 monoclinic Co304 0.74
I:]éls_iéggi?; -453 -1.19 -7.17 hexagonal Co304 0.73
I(!,ngL_iiooezas -3.95 -0.31 -5.38 tetragonal Cul 0.76
ILéls%eis,c_)gzl\éi -3.64 -0.36 -7.57 monoclinic Co304 0.77
Icéuljlf)lg\z/s%ze -7  -233 467 -4.16 tetragonal Co304 0.82
ICZuDl?zj\s/égs -433 112 544 -6.34 tetragonal Co304 0.78
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LulO4Vv1

ICSD 419281 -556 -0.26 5.3 -5.27 tetragonal Co304 0.78
Icéu;jj\;;% -5.6 -0.84 4.77 -5.43 tetragonal Co304 0.85
g'lsgtl)(_)fozggg -3.51 -5.74 cubic Co304  0.73
|¥n|311\112782i1193 59 -2.22 -8.14 | orthorhombic Co304 0.7
II(\:/ISnéC_)85585|524 -488 091 579 -7.82 monoclinic Cu20 0.75
IC,S\ADO_1§82401 -4.69 -2.06 -6.28 rhombohedral NiO 0.65
Igngo_j;—z:,;g -4.74 -0.96 -6.64 rhombohedral NiO 0.51
Ichézgf)lé\zls%zg -421 -1.6 -6.71 monoclinic NiO 0.54
K’:\ISbé?foSZr;; -4.63 -0.85 -8.02 monoclinic Co304 0.75
ll\géo[ii:; -3.8 0.78 458 -5.16 orthorhombic Co304 0.74
|C’S\I|i:)1_P6lOSZ?;41 -3.76 -1.21. -4.43 monoclinic Co304 0.71
ICNSié?fOSOi;M -5.27 -0.39 483 -6.24 cubic Co304 0.83
|CS%2_2$389 -5.41 -1.95 -6.05  orthorhombic Co304 0.75
Igzlgj_l;;llo -5.02 -1.06 -7.03 tetragonal NiO 0.8
|csoéf;$282 -46 -2.28 -5.44  orthorhombic Co304 0.77
ICSOD4_31§§156 -5.57 -2.41 -6.05 monoclinic Cu20 0.72
IC(S)Iis_Ziog -554 -2.11 -6.05  orthorhombic Co304 0.78
|Cossgfj(-)r769155 -5.02 -1.46 -5.55 monoclinic Co304 0.75
|c?362t1112:§2 -4.04 -0.46 -6.07 hexagonal Cu20 0.72
l(?;;E?Zg;B -3.67 -0.68 -7.11 monoclinic Co304 0.73
|2;S5r1g§§6 -4.37 -1.63 -8.14 monoclinic Co304 0.83
ICSSDZ_\Q(/)12367 -493 -2.14 -7.07 rhombohedral NiO 0.55
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