DIGITAL ACCESS 10 -
SCHOLARSHIP sr HARVARD T e i Schotaty Communicatin

DASH.HARVARD.EDU

Earth-abundant water-splitting catalysts coupled
to silicon solar cells for solar-to-fuels conversion

Citation
Cox, Casandra R. 2014. Earth-abundant water-splitting catalysts coupled to silicon solar cells for
solar-to-fuels conversion. Doctoral dissertation, Harvard University.

Permanent link
http://nrs.harvard.edu/urn-3:HUL.InstRepos:13070034

Terms of Use

This article was downloaded from Harvard University’s DASH repository, and is made available
under the terms and conditions applicable to Other Posted Material, as set forth at http://
nrs.harvard.edu/urn-3:HUL.InstRepos:dash.current.terms-of-use#LAA

Share Your Story

The Harvard community has made this article openly available.
Please share how this access benefits you. Submit a story .

Accessibility


http://nrs.harvard.edu/urn-3:HUL.InstRepos:13070034
http://nrs.harvard.edu/urn-3:HUL.InstRepos:dash.current.terms-of-use#LAA
http://nrs.harvard.edu/urn-3:HUL.InstRepos:dash.current.terms-of-use#LAA
http://osc.hul.harvard.edu/dash/open-access-feedback?handle=&title=Earth-abundant%20water-splitting%20catalysts%20coupled%20to%20silicon%20solar%20cells%20for%20solar-to-fuels%20conversion&community=1/1&collection=1/4927603&owningCollection1/4927603&harvardAuthors=36069cf1a0470070f3470804bc17bf6a&departmentChemistry%20and%20Chemical%20Biology
https://dash.harvard.edu/pages/accessibility

Earth-abundant water-splitting catalysts coupled to

silicon solar cells for solar-to-fuels conversion.

A dissertation presented

by

Casandra R. Cox

to

The Department of Chemistry and Chemical Biology

in partial fulfillment of the requirements
for the degree of
Doctor of Philosophy
in the subject of

Chemistry

Harvard University
Cambridge, Massachusetts

September 2014



© 2014 by Casandra R. Cox

All rights reserved.



Casandra R. Cox Daniel G. Nocera

Earth-abundant water-splitting catalysts coupled to silicon

solar cells for solar-to-fuels conversion.

Abstract

Direct solar-to-fuels conversion can be achieved by coupling
semiconductors with water-splitting catalysts. A 10% or higher solar to fuels
conversion is minimally necessary for the realization of a robust future technology.
Many water-splitting devices have been proposed but due to expensive designs
and/or materials, none have demonstrated the necessary efficiency at low-cost that
is a requisite for large-scale implementation. In this thesis, a modular approach is
used to couple water-splitting catalysts with crystalline silicon (c-Si) photovoltaics,
with ultimate goal of demonstrating a stand-alone and direct solar-to-fuels water-
splitting device comprising all non-precious, technology ready, materials.

Since the oxygen evolution reaction is the key efficiency-limiting step for
water-splitting, we first focus on directly interfacing oxygen evolution catalysts
with c-Si photovoltaics. Due to the instability of silicon under oxidizing conditions, a
protective interface between the PV and OER catalyst is required. This coupling of
catalyst to Si semiconductor thus requires optimization of two interfaces: the
silicon|protective layer interface; and, the protective layer|catalyst interface. A
modular approach allows for the independent optimization and analysis of these

two interfaces.
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A stand-alone water-splitting device based on c-Si is created by connecting
multiple single junction c-Si solar cells in series. Steady-state equivalent circuit
analysis allows for a targeted solar-to-fuels efficiency to be designed within a
predictive framework for a series-connected c-Si solar cells and earth-abundant
water-splitting catalysts operating at neutral pH. Guided by simulation and
modeling, a completely modular, stand-alone water-splitting device possessing a
10% SFE is demonstrated. Importantly, the modular approach enables facile
characterization and trouble-shooting for each component of the solar water-
splitting device. Finally, as direct solar water-splitting is far from a mature
technology, alternative concepts are presented for the future design and integration

of solar water-splitting devices based on all earth-abundant materials.
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Chapter 1- Introduction:



1.1 The need for clean-energy

One of the greatest challenges facing the world today is the need for clean-
renewable energy resources to supply the needs of a quickly growing world-
population. Current world energy consumption is 524 quadrillion BTU (5.5 x 1020
Joules or 17.5 TW per year).! Due to an increase in world population to 3 billion
people by 2050, the world energy consumption is expected to increase by 56% and
double by the end of the century. 1-3 Most of this population growth is occurring in
the developing world, which presently does not have the infrastructure or wealth to
keep up with this demand.*

Presently 86% of the current world-energy is supplied by fossil fuels and it is
projected that even with increase world population, fossil fuels can continue to
power the planet for many years to come.>® However, increasing levels of CO2 in the
atmosphere have been rising since the industrial revolution when the world
population was seven times less than today. Given that human activity led to
increased concentrations of COz in the atmosphere with a considerably smaller
population, the impact of today’s rapidly growing world population could lead to
much more severe results. The common goal amongst scientists and policy makers
is to prevent the concentrations of COz in the atmosphere from reaching levels such
that the change in global temperature is more than 2°C.” While it remains unclear
what impact the increased global temperature will have, it seems unwise to perform

an uncontrolled experiment on the environment.



This quandary necessitates new technologies to produce and store
renewable energy that minimizes the environmental consequences associated with

burning fossil fuels.

1.2 Renewable Energy

Due to the inefficiency of photosynthesis (1%)8 and the spatial limitations of
wind power,? neither biomass nor wind is a viable option to fully meet the world
energy needs. The sun is by far the most abundant source of energy as more energy
from the sun strikes the earth in just one hour than is presently consumed in one
year. Impressively, covering 0.1% of the Earth’s surface with solar cells with an
efficiency of 10% would satisfy present energy needs.1%.11 Unfortunately due to the
intermittent and diurnal nature of sunlight, in order to make solar-energy as a

viable resource requires capture, conversion, and storage.

1 SUN
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Figure 1.1 Schematic showing (1) solar capture of solar energy by a photovoltaic
device, (2) conversion of solar photons into a wireless current, and (3) storage via
breaking the bonds of H20 to make Hz which can be used as a fuel. Adapted from ref.
5.



1.3 Capture of solar power and conversion to electrical power

An elegant technological approach to directly convert sunlight into electricity
without moving parts or environmental emissions is to utilize semiconductors.
Semiconductors take advantage of the fact that photons with energy equal to the
optical band-gap (similar to HOMO-LUMO transition for molecules) can create an
electron-hole pair that can be separated between two different materials, thus
effectively establishing a potential difference across the interface. However, since
semiconductors are transparent to photons below the band-gap and photons having
energies much higher than the band gap rapidly release heat to the lattice of the
solid the upper bound conversion efficiency of solar power input to electric power

output of a single-absorber is 32% based on a semiconductor with a band-gap of

1.4 eV.12
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Figure 1.2 Solar irradiance at the surface of the Earth. The band-gap of silicon is
overlaid as an example showing that photons absorbed at the band-gap can be
converted and those absorbed above the band-gap are wasted as heat.



After photogenerated electrons and holes are created, an electric field is
required to separate charges such that they can be transferred to an external load.
An electric field can be established by interfacing a semiconductor with another
material containing a different work function (also called Fermi level, electron
affinity). This can include a metal, another semiconductor, doping two sides of the
same semiconductor, or an electrolyte containing a redox couple. Once interfaced,
charge transfer between the two materials occurs until equilibrium is established.
This produces a region in each material that is depleted of majority charge carriers
(electrons for an n-type semiconductor and holes for a p-type semiconductor),
which is depicted as band-bending within the semiconductor (upward for n-type,
downward for p-type). This translates to a built in potential due the electric field
formed at the junction. Upon illumination, a non-equilibrium concentration of
photogenerated electrons and holes disturb the previously established equilibrium
formed at the interface and the electric field serves to separate the photogenerated
electrons and holes such that they can be extracted to do electrical work. The
electrical power generated could be used directly. However due to the intermittent
nature of sunlight, it is also important to store the electrical power generated in a

fuel.

1.4 Conversion of electrical power into fuels

The best-known example of converting solar energy and storing it as
chemical energy can be found in nature. Photosynthetic organisms capture sunlight
and convert water and carbon dioxide into oxygen and reduced organic species,

which can be used as fuels. Fuels are a particularly attractive modality for storage



due to the high energy density the chemical bond. The primary steps in
photosynthesis are absorption of solar energy by chlorophyll and other pigments,
after which the photogenerated electrons and holes are separated in the
Photosystem II (PSII) reaction center. The oxidative power of the photogenerated
holes in PSII are transferred to the oxygen evolving complex to split water,
producing molecular oxygen which is released into the atmosphere, as well as
protons and electrons which are transferred and consumed in Photosystem I (PSI)
to reduce NADP* into NADPH (natures form of hydrogen), which is ultimately used
to reduce CO; to carbohydrates. Since products from the water-splitting reaction
are subsumed in subsequent photosynthetic processes, water-splitting is the most
critical step in photosynthesis.6-13.14

The thermodynamics of water-splitting can be described by the following oxygen

evolution and hydrogen evolution electrochemical half reactions (OER and HER,

respectively):
2H,0 - 0, +4H" + 4e~ Enode = 1.23V - 0.059(pH) vs. NHE (1.1)
4H+ + 46_ d 2H2 Eocathode = OV - 0.059(pH) VS. NHE (1.2)

combining equations (1) and (2) indicates that a total voltage of 1.23 V is required
to drive the uphill water-splitting reaction. However, additional voltage is necessary
to drive the reaction kinetics or rate of the reaction for a given current density (Jec)

making the overall voltage for water-splitting (Vec):



VecUgc) = NMen + MoerUrc) + MuerUec) + MrUec) (1.3)

where, noer and nger are the anodic and cathodic overpotentials, respectively, that
arise from the intrinsic activation barrier for the electrochemical half-reaction
occurring at the electrode-solution interface and nraccounts for resistive losses
which can arise from resistance through the electrodes, contacts, or mass transport
limitations. Water-splitting catalysts can minimize nogr and nuer. While the impact
of nr can be minimized through optimal cell designs,!>-17 the activation
overpotentials are intrinsic properties of the catalysts utilized at the anode and
cathode. This overpotential, which is also a metric for catalyst activity, is typically
reported in units of mV decade-!, and is logarithmically related to the current

density (/) as given by the Tafel law18:

J = blog <i> (1.4)

where b is the Tafel slope and Jo is the exchange current-density that characterizes
the intrinsic activity of the electrode under equilibrium conditions. In order to
optimize the efficiency for water-splitting, that is the ratio of the thermodynamic
potential for water splitting to the thermodynamic potential, catalysts exhibiting

high Jo and a low Tafel slopes are necessary.



1.5 Photoelectrochemical water-splitting

The concept of a photoelectrochemical (PEC) device was first popularized by
the 1976 paper of Fujishima and Honda. ' They described immersing a TiO>
semiconductor in solution, illuminating it with UV light, and observing upon
application of a potential bias the evolution of both hydrogen and oxygen. Since this
study, hundreds of device-constructs have been investigated as PECS. They can
broadly be classified as those that either employ a solution junction (S]) or buried
junction (BJ) for charge separation.2021.22 While the physical principles underlying
the operation of the methods are quite similar,?! the position of charge separating
interfaces relative to interfaces injecting charge into water redox couples has
important consequences for implementation of either method. S]-PEC operates on
the principle that upon submerging a semiconductor in a solution containing a
redox couple, charge transfer at the interface will occur provided appropriate
alignment between the semiconductor Fermi level (Er) and the Nernst potential of
redox species. The depletion region formed due to band-bending within the
semiconductor allows for charge injection into the solution. For the case of water
splitting by a S]-PEC, the quasi-Fermi level for photogenerated electrons or holes
must straddle the thermodynamic potential for the water-splitting reaction (i.e.
1.23 V).23 Due to the previously mentioned kinetic overpotentials the actual voltage
required for water-splitting lies between 1.6-2 V. Since the photovoltage generated
from a semiconductors is typically at least 0.4 V less than its band-gap,?* this
requires the semiconductor to have a band-gap in excess of 2 V. Therefore, even

with proper band-alignment, only a small fraction of the solar spectrum can be



utilized limiting the efficiency to 7%.2325> Furthermore, semiconductors are rarely
good water-splitting catalysts.?¢ This limitation may be addressed by depositing
water-splitting catalysts on the semi-conductor surface. But surface modification
often affects the efficiency of light absorption and charge separation through the
semiconductor-electrolyte interface (SEI).2728 Since charge separation and catalysis
are intimately tied together, optimization of optimization of the individual
components of such a device is challenging and such devices have only

demonstrated solar-to-fuel efficiencies (SFE) of less than 1%.2°

4H*/2H,

VB

electrolyte

SEI

Figure 1.3 Qualitative schematic of an n-type semiconductor/electrolyte junction
for photoelectrochemical water-splitting.

1.5.1 BJ-PEC requirements
Many of the aforementioned challenges with S]-PEC can be overcome by
relying on a solid-state semiconductor-semiconductor junction (also referred to as

a buried junction) to perform charge separation. In the BJ-PEC configuration a



solid-state junction is formed either between two semiconductors or by doping two
sides of the same semiconductor. By controlling the doping-levels, the width of the
depletion region can be optimized for maximum charge separation.3? Thirty years of
ongoing research in the photovoltaic (PV) community has led to doping as a mature
technology and optimal charge separation and photovoltage characteristics has
been achieved.3! The buried-junction can be connected to relevant interfaces (e.g.
for charge injection to catalysts) through Ohmic contacts, which can be either thin-
metal films or conductive oxides deposited on the surface of the semiconductor.
Since the semiconductor surface is completely protected from the aqueous
environment, semiconductor stability no longer poses a problem. Ultimately, the
only requirement is of the BJ-PEC is that an appropriate voltage is supplied to drive

the HER and OER conversions.2?

4H*/2H,

SSI

Figure 1.4 Qualitative schematic of a buried semiconductor/electrolyte junction for
photoelectrochemical water-splitting.
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Furthermore, decoupling the absorption and charge rectification properties from
the water-splitting catalysis enables independent optimization of all the required
components. The Ohmic contacts can be optimized by choosing highly conductive
materials with proper band-alignment to allow facile charge transport.32:33 Water-

splitting catalysts can be independently evaluated and interfaced.

1.5.2 B]J-PEC devices

Many buried junction BJ-PEC devices have been demonstrated in the last 30
years. To date the highest solar-to-fuels efficiency (SFE) devices utilized either
expensive multi-junction I1I1-V solar cells,3*35 low efficiency amorphous silicon (a-
Si) solar cells,3>-38 and most recently copper indium gallium diselenide (CIGS) solar
cells.3240 In all cases the integrated B]J-PEC device suffered from either low SFE,36-38
and/or were composed of expensive PV materials, expensive catalysts, and operated
in strongly acidic or basic electrolytes hindering long-term stability.34353%940 For
these reasons, none of these devices were realistic for economic viability. In order to
make this technology realistic from both a cost and stability perspective, low-cost
high efficiency PV materials and high efficiency earth-abundant catalyst that

operate in benign aqueous environments are necessary.

1.6 Crystalline Silicon
Silicon is prime candidate material for buried-junction devices owing to its
almost optimal band-gap of 1.1 eV which absorbs a large fraction of the solar

spectrum and it is the second most abundant material on the planet. Additionally

11



silicon solar cells and modules are one of the most mature technologies developed
for solar capture and conversion.3! Currently, the record solar conversion efficiency
for c-Si solar cells has hit 25%, which is quite impressive considering the
thermodynamic limit of 29%.3141.42 Traditionally silicon PV’s have been thought to
be too expensive.11.1343.44 However, after 30 years of optimization the price of silicon
solar cells has declined and the conversion efficiency has improved. 314145 From
2004-2008 crystalline silicon (c-Si) PV modules remained steady at $3.5-$4 per
peak watt (Wp~1). However, due to the price decrease in polycrystalline silicon,
which is used a feedstock material for c-Si, in 2008 the price decreased by half and
in 2011 fell below $1 Wy 1.41-47 In order to be cost competitive with current the

baseload fossil fuel electrical utility plants in the US without subsidies the price
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Figure 1.5 Chinese c-Si PV module prices since 2006. The data was adapted from
ref. 43.

needs to further decrease to $0.5-0.75 Wp-1. Modeling and outlined pathways show
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that this goal should be achievable by the year 2020.4748 However, even the current
status of c-Si PV’s has made them a cost-competitive technology with the current

resources used in developing nations such as Africa, the Persian Gulf, and India.#>

1.7 Earth-abundant water-splitting catalysts

Traditionally catalysts for water-splitting include rare earth elements of
noble metals including Pt, Ir, Ru.#9->1 Our labs changed the paradigm by discovering
active catalysts composed of Earth-abundant materials. Oxidation of Co?* salts in
buffered solutions yield a cobalt-oxide water-oxidation catalyst self-assembles
onto conductive substrates.>2°3 This technique has been extended to other earth-
abundant metals such as Ni and Mn.>4-56 These catalyst are stable by virtue of a self-
healing mechanism,57-6% and they operate under a variety of pH ranges,>>56.61.62 and
in the presence of impurities. 61.62 Additionally, it has been shown that these
catalysts can be easily interfaced with semiconductors®3-68 and specifically with
buried-junction silicon PV’s.36.69-71 Since these OER catalysts operate under a variety
of pH neutral conditions, the choice of catalyst for the hydrogen evolution reaction
(HER) has not required platinum.36.72 Specifically, NiMo(Zn) alloys for hydrogen
evolution, which also self-assemble onto conductive substrates from an aqueous
solution containing Ni?*, sodium molybdate and anhydrous zinc chloride in the
presence of pyrophosphate, bicarbonate, and hydrazine. Subsequent leaching in
base produces a high surface area material.” Theses alloys are able to achieve

current densities of 700 mA cm~2 at 100 mV overpotential and, with continued
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leaching, can attain activities as high as at 1000 mA cm~2 at an overpotential of 35

mV. 72,74
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Figure 1.6 Depictions of the molecular structure of our Mn, Co, and Ni water-
oxidation catalysts. Reprinted with permission from Mike Huynh.

1.8 Overview

The following chapters of the thesis will discuss the interfacing of water-
splitting catalysts with c-Si photovoltaics to produce B]-PEC devices using a
completely modular approach. Chapter 2 focuses on directly depositing OER
catalysts onto single-junction c-Si PV’s to create a light-assisted photoanode. Of
particular importance is the ability to protect silicon from the oxidizing conditions
required for water-splitting with a protective interface. Fabrication of these silicon
photoanodes requires optimization of two interfaces: a silicon-protective layer
interface and a protective layer catalyst interface. Optimization of both lead to a
lower overpotential (as determined by Tafel analysis) required for OER.

Since a single-junction c-Si solar cell does not supply the voltage required to
achieve water-splitting without the use of an external potential bias, in order to

realize a stand-alone water-splitting device based on c-Si, multiple single-junction
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c-Si solar cells need to be connected in series. Given that the technical aspects of
device integration can be quite challenging, it is beneficial to predict the behavior of
a coupled photovoltaic-electrochemical device (PV-EC). In Chapter 3, steady-state
equivalent-circuit analysis of a PV based on a string of single-junction c-Si solar
cells driving an electrochemical load based on the OER-catalysts developed in our
lab allows us to predict the coupled behavior between the PV and EC components.
Importantly this allows us to observe the impact solar-to-fuel efficiency based on
parameters such as choice of catalysts as well as resistive losses.

Guided by modeling and simulation, a modular PV-EC device is presented in
Chapter 4 that is constructed from c-Si and non-precious catalysts. A 10% solar-to-
fuels efficiency is demonstrated. This chapter illustrates how a modular approach
allows for independent characterization of each component.

The final chapter discusses future directions for the improved design of
buried-junction devices for solar-to-fuel conversion. Concepts are presented for
improving PV-EC design integration and minimizing cell resistances. Utilization of
alternative photovoltaic materials is presented such as perovskite solar cells, which
in only the last 5 years have immerged as a cheap PV material with efficiencies
competitive with c-Si. 7576 Additionally, in order to facilitate the interfacing of
water-splitting catalysts with PV materials, a brief overview and preliminary results
are presented that establish the potential of vapor-deposition techniques to provide

an alternate route to deposit OER-catalysts.
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1. 9 Conclusion

Direct solar-to-fuel conversion has been identified as a “holy grail” of
science.l3 However, a commitment to solution-based PECs over the last 50 years has
impeded progress and few water-splitting devices demonstrating the necessary
efficiencies have been conceived. The following chapters will highlight how utilizing
a modular approach to design buried junction devices allows for independent
characterization, optimization, and choice of all components, with the eventual goal
of creating a highly efficient stand-alone water-splitting device composed of all

non-precious technology ready materials.
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2.1 Introduction:

The general requirements for direct solar-to-fuels conversion as well as
device constructs were described in Chapter 1. However, of the two half-reactions
required for water-splitting, the complex nature of the proton coupled electron
transfer (PCET) chemistry of the water-oxidation reaction-> requires the largest
overpotential (typically around 250-400mV overpotential at 10mA cm2)¢ and thus
limits the overall efficiency for solar-water-splitting devices.”.8 For this reason most
of the research and development for creating solar-water-splitting devices has
focused on creating photoanodes that are capable of driving the water-oxidation
reaction as well as demonstrating stability under the highly oxidizing conditions.?10

The primary focus has been on large band-gap n-type metal oxide
semiconductors.’ Large band-gap materials should be able to supply large
photovoltages needed as well as remain stable under oxidizing conditions.!!
However, even after decades of research, these metal-oxide photoanodes still face
numerous challenges. First since they possess large band-gaps, they absorb very
little of the solar spectrum. Second, they are very rarely configured within a buried-
junction, so they suffer from all the aforementioned limitations of the solution-
junction approach. Additionally, since the water-oxidation reaction requires four
hole equivalents, under operating conditions, photogenerated holes accumulate in
the space charge layer at the semiconductor-solution interface and recombination
competes with water-oxidation.12-14 Lastly, since the kinetics of the oxygen
evolution reaction (OER) are rate limiting, oxygen evolution catalysts (OECs) must

be placed on the electrode surface.l> Surface modification with catalysts can affect
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the charge-separation quality; since catalysts typically aren’t transparent only thin
monolayers can be used otherwise they can hinder light absorption.16

Creating a photoanode with a buried-junction configuration can circumvent
many of the challenges outlined above. Years of research have led to optimization of
doping crystalline semiconductors with smaller band-gaps that absorb a large
fraction of the solar spectrum. The focus and technology ready materials consist of
group III-V semiconductors (GaAs, GaP), silicon (crystalline or amorphous), or most
recently focused on copper indium gallium diselenide (CIGS). Due to the abundance
and overwhelming market advantage of silicon discussed in Chapter 1, it seems a
prime materials candidate to construct a photoanode for water-oxidation.

Requirements to enable the use of silicon as a photoanode material include
the need to overcome the instability of silicon under highly oxidizing conditions!” as
well as to decrease the kinetic limitations for the water-oxidation reaction by
interfacing silicon with OECs. It has been known that silicon surfaces can be
protected with thin metal films or conductive oxides.!8-23 The function of the
protective layer is two-fold: it must protect the silicon surface from oxidation and
enable photogenerated carriers to migrate freely from the buried silicon junction to
immobilized OECs. In other words, an Ohmic contact has to be established between
the PV element and the catalytic sites, allowing for charge transport with minimum
voltage drops. This requires optimization of two interfaces, first the silicon-
protective layer interface and second the protective layer/catalyst interface. Herein

we present a controlled study on silicon photoanode performance as it relates to
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interfaces and choice of both the protective layer (ITO, FTO, Ni) and OER catalysts

(CoP;, CoB,, NiB;, NiFeO).

2.2 Results

Fig. 2.1 shows a schematic of a single-junction crystalline silicon (c-Si)
photoanode used for these studies. It is worth noting that since illumination occurs
at the n-side, the p-side can be coated with a protective layer that is either a
transparent conductive oxide (TCO) typically either tin-doped indium oxide (ITO)
or fluorine-doped tin oxide (FTO), or an opaque thin metal film. Additionally, since
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Figure 2.1 Schematic of the OER-catalyst functionalized silicon solar cell used in
these studies. For electrochemical measurements, an external voltage may be
applied to the contacts at either side of the cell with or without illumination. A. The
solar cell is operating under reverse bias conditions with voltage applied to the front
metal contacts on the n-side in the dark. B. The voltage can be applied directly to
the protective-layer, in which case the PV is bypassed and the current-voltage
characteristics are those of the OER-catalyst on an electrode. C. The solar-cell is
illuminated with AM 1.5 illumination and the current-voltage behavior reflects the
activity of the OER-catalyst functionalized solar cell.

the OER catalyst is deposited on the protective material, which is on the p-side of

the photoanode, there are no limitations as to the thickness of the catalyst layer
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since light absorption occurs at the n-side. Because the Co-OECs and Ni-OECs
developed in our lab are porous in nature, this allows us to deposit thicker films,
which contain a larger number of active sites.?42> The second more noteworthy
detail is the addition of an optional highly doped p*-Si layer, which was previously
demonstrated to be necessary for the Ohmic behavior between the silicon and

protective layer interface.?0

:|:1 mA/cm?
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Figure 2.2 CV curves of (top) npSi|ITO|CoPiand (bottom) npp*Si|[ITO|CoP; in 0.1 M
KP; electrolyte at pH 7 in the dark with V,pp through the n-side of the cell ( ,
black), with V,pp thought the n-side under 1 sun AM 1.5 illumination ( , green) ,
and in the dark with V,pp through the ITO layer bypassing the PV ( , blue). Taken
from reference 20.
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The importance of the p*-Si layer is illustrated Fig. 2.2, which shows a shows
the cyclic voltammagrams (CV) for a npSi|ITO|CoP; photoanode and npp*Si|ITO|CoP;
operating in 0.1 M KP; electrolyte at pH 7. At pH 7, the thermodynamic potential for
water-oxidation is 0.82 V vs. the normal hydrogen electrode (NHE). In the dark,
measuring the anodic current by applying the potential across the front metal
contacts on the n-side (under reverse bias), the current is negligible as it should be
for a high quality PV device.?¢ The anodic potential can also be applied between the
ITO and catalyst layer. In this case the PV is bypassed and the current-voltage
characteristics measured simply reflect the properties of the CoP; catalyst on an ITO
electrode. The CV shows that the onset for water-oxidation occurs at 1.2 V vs. NHE,
which is in agreement with the overpotential required to drive the water-oxidation
reaction using the CoP; catalyst on commercial ITO electrodes.?” When illuminating
the photoanode from the n-side with a light intensity of 100mW cm-2 (AM 1.5
illumination), the potential onset for water-oxidation has decreased as compared to
the measurement where PV-bypassed indicating that some of the photogenerated
holes generated in the silicon are injected into the ITO layer, and go on to participate
in the water-oxidation reaction with the CoP; catalyst. However, the increase in
current as a function of applied potential exhibits a modest slope after the onset
potential. In the absence of an interface oxide, which would render the p-Si|ITO a
Schottky-type contact, this interface can be represented with a traditional
semiconductor|metal contact band-diagram. As p-Si (Er= 5.0-5.2 eV)?8 is brought
into contact with ITO (Er= 4.4-4.7 eV),2%30 which is an n-type semiconductor

degenerately doped to the metallic limit, electrons flow from ITO generating a
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space—charge layer (up to 1 um) in p-Si that is associated with downward band-
bending (Fig. 2.3A). The relatively low density of acceptors in lightly doped p-Si
yields a large space-charge layer, which in conjunction with downward band-
bending provides a barrier for hole transport (Fig. 2.3B). This barrier can be
mitigated by heavily doping p-Si to create a p*-layer, which contains a higher
density of acceptors. The resultant reduction in width of the space-charge layer
provides a path for photogenerated holes to tunnel from p*-Si into ITO. This
interface can now be considered an Ohmic contact (Fig. 2.3B). Furthermore,
addition of a p*-layer introduces a back-surface field, which acts as a barrier for the
migration of photogenerated electrons toward p*-Si|ITO interface that could result

in deleterious charge recombination.26

B.

p-Si ITO p-Si ITO p*-Si ITO
Figure 2.3 Schematic showing the band-diagrams at the p-Si|ITO interface. A.

Before contact. B. After equilibration of Fermi levels after interfacing p-Si with ITO.
C. After equilibration of the Fermi levels after interfacing p*-Si with ITO.

The effects of the p*-layer are exemplified by examining at the CV of the
npp*Si|ITO|CoP; photoanode under illumination in Fig. 2.2B; in contrast to the

npSi|ITO|CoP; the current increases much faster with applied potential. Additionally,
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now the difference in the onset potential for water-oxidation between the light and
the situation where the PV is bypassed, matches the Voc of the solar cell.

The steady-state performance of the catalyst functionalized silicon solar cells
can be evaluated by using Tafel analysis. While Tafel analysis is typically used to
determine mechanistic behavior, for the experiments described here, mechanistic
information about the OER-catalysts from the Tafel plot is convoluted by the
electrical properties of the PV and TCO/Ni components of the anode. Accordingly,
the Tafel data is examined solely as a measure of the steady-state activity of the
photo-assisted anode as a function of applied potential. Fig. 2.4 shows the Tafel
analysis of the npp*Si|ITO|CoP; in the dark shows a high slope of 285 mV decade?,

again corresponding to a high quality junction. In the configuration where the PV is
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Figure 2.4 Tafel plots for npp*Si|ITO|CoP;with potential applied to the metal front
contact for measurements in dark (black squares, W), at 100 mW cm=2 (green
squares, W), and 1000 mW cm-? (orange red squares, M) illumination. The blue
triangles (A ) correspond to a measurement in dark where the potential was applied
through the ITO film at the back of the sample. Figure taken from ref 20.




bypassed, the slope is significantly lowered 110 mV decade-1. The slope under
illumination is identical and the only difference is that the applied voltage for the
water-oxidation reaction is decreased by the Voc of the solar cell. This implies that
the addition of the p*-layer allows for optimal conduction from the PV to the
catalyst. However, a slope of 110 mV decade-! is still higher than the 60 mV decade-
1 slope we would expect based on studies of the CoP; catalyst on commercial ITO
electrodes. This indicates that there is hindered conduction across the ITO layer to

the OER catalyst.20

2.2.1 Optimization of OER-catalyst functionalized silicon solar-cells

The solar cells used in the previous study demonstrated less than optimal
performance. The J-V curve for generation 1 solar cells displayed Jsc= 26.7mA cm,
Voc=0.57V, and fill factors of 0.47 giving PV efficiencies of 7.1%. This limits the
electrochemical experiments to ~3 mA cm~2, which is adequate for the purposes of
general electrochemical characterization, but with the eventual goal would be to
implement these solar cells into a stand-alone water-splitting device improvement
is necessary.2? For generation 2 solar cell, a Si3sN4 layer was employed on the n-Si
surface to act as a passivation layer by tying up dangling bonds and as an anti-
reflection coating. Additionally, the front metal contact grid was patterned
photolithographically such that both series resistance and shadowing were
minimized. The resulting generation 2 solar cells possessed Jsc = 28-34 mA cm~2, Voc
= 0.5-0.53 V, and fill factors ranging from 0.7-0.77, resulting in PV efficiencies of

10-13%.
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Figure 2.5 Representative J-V curve for generation 2 npp*-Si solar cells used in this
study in the dark ( , black) and under AM 1.5 illumination ( , blue).

The previous results suggest that the activity of the OER-catalyst
functionalized silicon photoanode depends on both intrinsic catalyst activity as well
as the protective material used to interface the OER-catalyst with the solar cell. For
typical experiments used to isolate the activity of an OER-catalyst, high quality
commercial electrodes and precisely controlled deposition conditions are used such
that the observed current-voltage behavior is truly indicative of the catalyst’s
mechanism. However, most fabrication procedures that enable such high quality
electrode materials implement high temperature deposition conditions that are
detrimental to solar cells. In order to achieve maximal anode activity, it is preferable
if the current-voltage behavior closely mimics the intrinsic behavior of the catalyst

and the protective material used has little influence over anode activity.
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Additionally, since ITO is a rather expensive material, it has been known to show
exhibit changes in electrochemical properties at anodic potentials,3! and poor long-
term stability!? it is preferable to substitute ITO with alternative materials such as
FTO or thin metal films. For this reason, a variety of silicon solar cells with various
protective-layer/catalyst combinations were examined to establish design
principles that need to be considered when interfacing catalysts with silicon solar
cells. For example, Fig. 2.6 shows scanning electron micrograph (SEM) images of the
CoBi catalyst deposited on FTO and Nij, respectively. In both cases the morphology of
the CoBicatalyst is similar and comprises a roughened surface that exhibits
spherical nodules; the FTO|CoB;electrode shows larger aggregates of these nodules
owing to a longer deposition time to achieve the same amount of charge passed.
Since Ni is prone to oxidation at the same potentials required for deposition, the
amount of charge passed over a given time period does not correspond to a

controlled catalyst thickness, as is the case of an ITO or FTO electrode.

Figure 2.6 Plane view SEM images of OER-catalyts deposited on surface-protected
npp*Si|electrodes. From left to right A npp*|FTO|CoBi and B npp*Si|Ni|CoBi.

The oxidation of Ni can be further confirmed by measuring the Faradaic
efficiency of the OER-functionalized silicon electrode, which allows us to assess the

extent to which the current produced from the cell is consumed in the 4e--4H*
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Figure 2.7 O production measured by a fluorescent sensor ( , red) and the
amount produced based on current passed assuming 100% Faradaic efficiency
( , green) for (left) npp*-Si|FTO|CoBiand (right) npp*-Si|Ni|CoBi.

Fig. 2.7 shows a comparison between Ni and FTO passivated solar cells, both
functionalized with the CoB; catalyst. The Faradaic efficiency of a FTO-protected
electrode is unity whereas that of the Ni protective coating is ca. 80%.

Fig. 2.8 shows representative Tafel plots for a CoBi-functionalized solar cell
with the three different interfaces materials ITO, FTO, and Ni. Consistent with
previous results, in all cases, the onset for water oxidation is shifted negatively by
0.5 V at any applied overpotential, thus indicating that the photovoltage of the solar
cell is efficiently harnessed for solar-to-fuel conversion. Despite the similar voltage
offset, different Tafel slopes are observed for the three systems. The remaining
variation in the slopes of the blue and red dots can be fully attributed to different
electrical resistances across the protective layer/catalyst interface, since the
composition of the protective layer is the only parameter that is varied between Fig.
2.8 a-c. The Tafel slopes presented in Fig. 2.8 embody the behavior of the inherent

activity and interfacial resistance.
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Figure 2.8 Tafel plots of (a) npp*Si|lITO|CoBi (b) npp*Si|JFTO|CoBi and (c)
npp*Si|Ni|CoB;. With the potential applied to the metal front contact for
measurements in the dark (@), under 1 sun AM 1.5 illumination (@), and in the dark
with the potential applied through the protective coating at the back of the sample

(®).

Resistive losses at this interface will reduce the activity of the electrode, since
the resulting voltage drop results in an effective lower potential available for OER
catalysis. Other OER-catalysts such as NiB; and NiFeO were also employed in order
to observe the influence of catalysts with better activity than the CoB;. For example,
The CoBi and NiB; catalysts have intrinsic Tafel slopes of 60 and 30 mV decade-!,
respectively, arising from a one- electron and two-electron pre-equilibrium prior
to a chemical rate-determining step.27:32:33 For the case of NiFeO, the Tafel slope is
known to exhibit variance in the rate-limiting step depending on the Fe content, but
is generally reported to be 45 mV decade-1.34-36

The Tafel slopes for the various systems are summarized in shown in Graph 2.1
and in all cases the overall Tafel slope exceeds the intrinsic Tafel slopes of the
catalysts, thus indicating that there is a series resistance resulting from the
interface. Metal interfaces are known to make very good Ohmic contacts® whereas

the electrical properties of the TCO’s depends strongly on the deposition conditions

36



of the TCO.1837.38 [t should be noted that for these studies the electrical and quality
of the interface materials used were based on ease of fabrication and deposition
conditions that were non-detrimental to solar cell operation as opposed utilizing
high temperature commercial deposition techniques such as atomic-layer
deposition or chemical vapor deposition (ALD and CVD, respectively), which
produce more uniform, high quality materials. For example, the sheet resistance of
the protective coating used varied for different materials. The resistance of

sputtered Ni was measured to be very low (13 Q sq1). But the sheet resistance of

the FTO, as measured in a four-point probe measurement on an FTO deposited on

glass, was found to be 41 Q sq L. For commercial FTO on glass (prepared by CVD at
600 °C), the sheet resistance is 7 Q sq1. Using profilometry, we determined that our

sprayed FTO had a thickness of 400 nm, so the voltage drop due to resistive losses
within such a thin FTO and/or ITO are presumably not very large. However, we
cannot exclude the presence of local inhomogeneities in the FTO/ITO that could

potentially lead to local voltage drops.

2.3 Discussion

The different Tafel slopes shown in Fig. 2.8 and shown in Graph 2.1 depend
both on catalytic activity and Ohmic resistances arising primarily between the
catalyst|Si interface, and the variability in the data can be explained by one or a
combination of the above explanations. To isolate the latter, we examined the anode

activity of a variety of catalyst-protective coating combinations on the Si buried
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junction. For a given OER catalyst, the trend is the same. The Tafel slope for a FTO-

coated electrode is lower than that of ITO, and Ni-coated electrodes exhibit high

variability.
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Figure 2.9 Graph showing the variability in Tafel slope for various combinations of
OER-catalyst functionalized c-Si solar cells. The red lines indicate the value based

on previously reported Tafel analysis.

We believe that the variance of the Ni interface arises from oxidation of the
Ni to NiO.3% The attenuated Faradaic efficiency of the Ni-coated electrode supports
this contention inasmuch as some current would be appropriated for the oxidation
of Ni to NiO. We note that formation of a NiO layer does not need to be detrimental
to the overall OER process since NiO is known to be conductive and hence will not
necessarily impair hole transport from the buried junction.?240% This suggests that
Tafel slopes do not always just reflect Ohmic resistances but that the current does

not necessarily translate to water splitting as indicated by Fig. 2.7. It is conceivable
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that during oxidation of Ni to NiO, the contact of the protective Si surface changes,
leading to inhomogeneous interfacial properties and changes in anode activity, as
we observed. We show in Table 1 that the consequences of Ni oxidation may be

mitigated by using a more dense catalyst such as NiFeO (Faradaic efficiency of 92%).

Table 2.1 Summary of Faradaic efficiencies for

npp*-Si | interface | catalyst films.

Electrode Faradaic
Efficiency (%)
npp*Si|ITO|CoB; 100
npp*Si|ITO|NiB; 100
npp*Si|FTO|CoB; 100
npp*Si|FTO|NiB; 100
npp*|Si|FTO|NiFeO 100
npp*Si|Ni|CoB; 86
npp*Si|Ni|NiB; 80
npp*Si|Ni|NiFeO 92

Importantly, recent results in the literature have shown that thin metal films
such as Ni have been deposited on silicon using (using Electron-beam evaporation
or ALD) have demonstrated that they can be used to serve as both a protective
coating and once oxidized, as the OER-catalyst.2241 Given the good Ohmic contact
between silicon and Ni or other metal films, such an approach may contribute to

optimization of electrode activity.

2.4 Conclusion

The above demonstrates that the overpotential for water splitting by a

buried-junction photoelectrochemical device (BJ-PEC) can be significantly
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improved through optimization of the interface between the Si junction and OER
catalyst. Although the conductivity and quality of the interface materials could be
improved by optimizing deposition conditions (ALD, CVD etc.), what remains clear
is that the materials used to interface semiconductors with water-splitting catalysts
influence photoanode activity. Furthermore, the ability to independently
characterize and optimize each component of the photoanode highlights the
modular approach that can be used with buried-junction devices. While the single-
junction solar cells used do not supply enough voltage to split water without the use
of an external potential bias, the design principles reported here show that the
interface optimization between the silicon solar cell and OER catalyst results in a
higher activity photoanode, which can be used to construct a stand-alone water-

splitting device.

2.5 Experimental

Solar cell fabrication. Solar cell fabrication generation 1 and 2: For the
studies included, two iterations of solar cell fabrication procedures were employed.
Boron-doped p-type silicon was commercially purchased (International Wafer
Service) and used as a starting material (3” diameter, 0.3-0.5 mm thick). The
resistivity was 3 Q cm-2, corresponding to a dopant concentration of 5x1015 cm-3.
Prior to phosphorous diffusion, wafers were cleaned using the RCA process to
remove organic and metallic contaminants as described in the Handbook of
Semiconductor Wafer Cleaning Technology (41). An np-Si junction was created via

phosphorus diffusion by heating the substrate in a tube furnace while flowing
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phosphoryl chloride (POCI3) in a nitrogen carrier gas at 822 °C for 20 min, followed
by 20 min of annealing in an O2-N; atmosphere at 822 °C. In this configuration,
phosphorus diffusion occurs on both sides of the wafer, resulting in an npn-wafer.
The processing yields an emitter with a sheet resistance between 60-70 () square-1.
As a result of the high-temperature treatment in air, the surface of the npn-wafer
was covered with a phosphorus silicate glass surface layer, which was removed by
dipping in 10% HF solution. To create the optional p*layer, a 1um film of
aluminum-doped silicon (1% Si) was sputtered onto one side the npn-wafer
followed by a rapid thermal annealing (RTA) step in N2 at 900 °C. During the RTA
step, Al diffuses through the n-Si layer and converts it to an npp*-Si wafer. For
generation 2 solar cells, a SizsN4 layer was employed on the n-Si surface as a
passivation layer and as an anti-reflection coating layer. The SizN4 layer was formed
in a Tystar furnace by low-pressure chemical vapor deposition using a 3:1 mixture
of ammonia and dichlorosiline (pressure =250 mTorr) at 770 °C for 20 min, yielding
a 80 nm-thick film with a refractive index of 2.01. Additionally, the grid was
optimized for both series resistance and shadowing. Using photolithography seven
equally spaced grid lines (width 25 mm) collected current from a 1.10 cm? device.

A contact-passivation layer was deposited atop the aluminum contact to
isolate it from catalytic processes. Films of indium-tin-oxide (ITO) or Ni were
deposited on the p*-side of the npp*-Si wafer using an AJA International sputtering
system (Orion 5). The AJA system is equipped with three 300 W guns, two of which
are RF for either conductive or dielectric materials, and one of which is DC for

conductive materials only 100 nm thick ITO was reactively sputtered in an 11:1
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mixture of Ar:02. To improve conductivity of the ITO layer3” the entire silicon wafer
was then annealed in a Nz atmosphere at 400 °C for 45 min. Nickel films 100 nm
thick were sputtered in a pure Ar environment. In all cases, the pressure was ~4 x
10-¢bar and deposition rates of all films were measured using a quartz crystal
monitor (QCM) in a preliminary ‘conditioning’ run. FTO was deposited on the p*-
side of the silicon wafer by spray pyrolysis. In a typical spray deposition, 60 mL of
ethanol containing 4.2 g SnCls¢5H20 and 0.7 mL saturated NH4F was used to coat
one 3" diameter wafer with FTO. Before the spray pyrolysis, the silicon wafer was
heated to 400 °C in air. After spraying the FTO precursor solution, a transparent film
formed on the wafer. This FTO coated wafer was annealed at 400 °C in air for 1 h.
Ti/Pd/Ag metal contacts were deposited (20 / 20 / 250 nm, Ti adjacent to Si) on the
n-side of the silicon wafer; the residual Al from the formation of the p* layer was
used to contact the base of the PV device. Following metallization, the 3" diameter

wafer was cut into 1.5 x 2.5 cm? pieces using a 1064 nm YAG laser cutter.

Electrochemical Methods. Electrochemical experiments were performed
using a CH Instruments 760D potentiostat and an Ag/AgCl reference electrode
(BASi, MF-2052). All electrode potentials were converted to the NHE scale using
E(NHE) = E(Ag/AgCl) + 0.197. Platinum mesh (Alfa Aesar) was used as the auxiliary
electrode. Unless otherwise stated, the electrolyte was 0.5 M potassium borate (B;)

ata pH of 9.2 with 1.5 M KNOs3 as a supporting electrolyte.

Catalyst Film Preparation. Catalyst films were deposited on completed PV-

devices that included a contact-passivation layer. Catalyst films of CoB; and NiB;
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electrodeposited in a two-compartment electrochemical cell with a glass frit
junction of fine porosity. The working compartment was charged with ~50 mL of
solution of 25 mL of 0.2 M B; electrolyte and 25 mL of 1 mM Co?* or Ni?* solution.
The auxiliary compartment was charged with ~50 mL of 0.1 M B; electrolyte. The
working electrode was a 1.5 x 2.5 cm? piece of npp*-silicon solar cell, fabricated as
described above. Typically, a 1 cm? area of the working electrode was immersed in
the solution and electrolysis was carried by applying 0.85 V vs. NHE directly to the
TCO/Ni side until 26 mC cm~2 of charge had passed for CoB; deposition, and 2.6 mC
cm~2 of charge had passed for NiB; deposition. High-activity NiB; is achieved by
anodizing NiB; films in 1 M KB; by passage of 3.5 mA cm~2 for 1 h with stirring.3342
NiFeO catalyst films were deposited by reactive sputtering using the AJA
International sputtering system, mentioned above. Films of 100 nm thickness were
deposited by reactive sputtering from an iron-doped nickel sputtering target (19%

Fe) in an Ar:02 atmosphere of 3:1.34

Photoelectrochemical Methods. Photoelectrochemistry experiments were
performed in a one-compartment quartz cell. The light source was a Sol 2A solar

simulator (Newport Corp.).

Tafel Data Collection. The Tafel behavior of surface-passivated, catalyst-
functionalized, solar cells was measured in the region of water oxidation over a 200
mV range in 10-30 mV increments. Depending on the whether P; or B; analogous of

the catalysts were used, measurements were conducted in a solution containing 0.5
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M KB;/KP; and 1.5 KNO3 at pH 9.2, using an Ag/AgCl reference electrode and a Pt
auxiliary electrode.

02 Quantification. An Ocean Optics oxygen sensor system (NeoFox® Phase
Measurement System) was used for the quantitative detection of Oz. The experiment
was performed in a custom built two-compartment gas-tight electrochemical cell.
The electrolyte was a 0.5 M KB; and 1.5 M KNO3 solution at pH 9.2; the solution was
purged by bubbling with high purity Ar for 2 h with vigorous stirring and it was
then transferred to the electrochemical cell under Ar. The two-compartment cell
comprised a catalyst-functionalized silicon solar cell working electrode, an Ag/AgCl
reference electrode, and a Pt mesh counter-electrode. Measurements of the FOXY
probe were recorded at 10 s intervals, and the data was converted into the partial
pressure of Oz in the headspace using a calibration curve defined by air, 20.9% 0>
and high purity N2 (0% 0O2). After recording the partial pressure of Oz for 2 h in the
absence of an applied potential, the sample was illuminated with 1 sun AM 1.5 light
and electrolysis was initiated at 0.6 V vs. NHE. Due to variations in the PV
characteristics for each samples, a potential bias of 0.6 V produced operating
current densities ranging from 1.5-5 mA cm-2. Electrolysis with Oz sensing was
continued for ~12 h. Upon terminating the electrolysis, the O; signal was recorded
for an additional 2 h to ensure that the O; yield reached a plateau. At the conclusion
of the experiment, the solution and the headspace volumes in the working
compartment were measured (around 55 mL and 62 mL, respectively). The total
charge passed in the electrolysis was divided by 4F to get the theoretical O yield.

The partial pressure of O; was converted into pmols, and corrected for dissolved 0>
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in solution using Henry’s Law. The total O; yields from both the theoretical and the

experimental results were used to determine the Faradaic efficiency.
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Chapter 3- Modeling a coupled photovoltaic
electrochemical device using steady-state

equivalent circuit analysis.
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Winkler MT, Cox CR, Nocera DG, Buonassisi T (2013) Modeling integrated
photovoltaic-electrochemical devices using steady-state equivalent circuits. Proc.

Natl. Acad. Sci. 110, E1076-E1082.
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3.1 Introduction

Direct solar-to-fuels conversion can be achieved by integrating a
photovoltaic device with water-splitting catalysts. In Chapter 2, single-junction
crystalline silicon (c-Si) solar cells were functionalized with oxygen evolving
catalysts (OECs) to construct a photo-assisted device for promoting the water-
oxidation reaction. However, single-junction c-Si (Voc = 0.5-0.7 V) does not supply
enough voltage for water-splitting (Vi = 1.23 V) without the use of an external
potential bias. In order to supply the full potential needed for water-splitting based
on c-Si solar cells, multiple single-junction c-Si solar cells need to be connected in
series. Steady-state equivalent circuit of analysis of a series connected string of
single-junction c-Si solar cells, coupled to the electrochemical process of water-
splitting allows us to predict the coupled behavior of a PV-EC device. Specifically,
for a PV component consisting of a string of series-connected c-Si solar cells, we can
predict the number of solar cells needed to produce a 10% or higher steady-state
solar-to-fuels efficiency (SFE) based on the choice of water-splitting catalysts as
well as assess resistive losses. This is highly beneficial since one of the primary
challenges in creating a stand-alone photovoltaic-electrochemical (PV-EC) device is
design integration. The ability to predict the coupled PV-EC behavior before
undertaking the complicated materials-related integration aspects allows

considerable research struggles to be circumvented.
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3.2 Efficiency considerations
The steady-state solar-to-fuels efficiency (SFE) of a photovoltaic used to

drive and electrochemical load has been described previously!-7 and is given by:

Nsre = Npy X Ngc X N¢ (3.1)

where, npv, NEc, 1c are the efficiencies of the PV device, the EC components (including
electrodes and wires), and the efficiency of the coupling between the two.38
The maximum efficiency of a single-absorber solar cell is limited by the solar
spectrum. For maximum conversion efficiency to be achieved, a single-absorber
solar cell must absorb a large portion of the solar spectrum to generate a large
photocurrent with a concomitant large phototvoltage. The latter contradicts the
former since in order to generate a large photovoltage a large band-gap is required,
which in turn results in the absorption of only a small fraction of the solar spectrum,
thus leading to a small photocurrent. Additionally, due to various types of charge
recombination mechanisms, typical solar cell performance is usually 300-400 mV
lower than the band-gap at room temperature.*?°

The actual efficiency of a given solar cell can be determined by examining the
current-voltage characteristics of the solar cell under illumination (Fig. 3.1). The
open-circuit voltage (Voc) and short-circuit current (Jsc) are the maximum voltage
and current of the cell, respectively. However, since the Voc occurs when no current
is flowing and the Jsc occurs where the voltage is zero, the actual maximum power

(Pmax) output of the solar cell occurs where the product of voltage and current is the
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greatest (Puwax = Vmp x Jup) and is referred to as the maximum power-point (MPP).
The fill-factor (FF) describes the ratio of the maximum power of the solar cell to the
product of Voc and Jsc. Therefore, the PV efficiency given at Air Mass (AM) 1.5

spectrum with an incident power density of 100mA cm-?, is then defined by:

(3.2)

r’ =
i Py

For silicon with a band-gap of 1.1 eV, the upper-bound solar power to
electrical power efficiency of 29%.10.11 At present c-Si solar cells have reached a
fabrication maturity such that the a record efficiency of 25% has been achieved!?
technology ready available PV efficiencies are in the 18-20% range with module
efficiencies of 14-20%.13.14

The additional voltage required to compensate for reaction kinetics, for a
given operational current-density, dominates the efficiency of an electrochemical
process such as water-splitting. The efficiency for water-splitting is determined by
how much voltage is needed to drive the reaction (Vor) as compared to the

thermodynamic potential (Vi) and is given by:

Vin
Nec = 5 - (3.3)

opP

For water-splitting in which the oxygen-evolution reaction occurs at the

anode and the hydrogen evolution reaction occurs at the cathode, Vic accounts for
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the thermodynamic potential and the overpotential for each half-reaction, as well as
cell resistances (nr) (i.e. resistance through electrodes, contacts, and solution

resistance). The total voltage required is:

VecUgc) = Ven + NoerUrc) + MuerUrc) + MrUkc) (3.4)

where the noer and nuer are the overpotentials for the oxygen-evolution and
hydrogen-evolution reactions (OER and HER) and for a given current-density Jop

are given by the Tafel law:

Jo
Voerugr = blog OER,iIER (3.5)
o)

where b is the Tafel slope and J, is the exchange current density. The overall
efficiency for water-splitting is typically limited by complex nature of the proton-
coupled electron-transfer (PCET) chemistry of the water-oxidation reaction1>-20 In
order to minimize the overpotential catalysts are used to effect the half reactions
and different catalysts operate under different mechanisms, which determines the
rate for the reaction. For example, mechanistic studies for the Co-OEC’s and Ni-
OEC’s developed in out lab exhibit different Tafel slopes of 30 and 60 mV decade!,
respectively, which are indicative of a mechanism involving a one versus two-
electron reaction that is proceeded by a rate-limiting chemical step for oxygen

evolution.21.2223 Typically, the relevant figure of merit is the overpotential required
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to operate at a current density of 10mA cm-2, which for most OER catalysts requires
an overpotential of 250-400mV.242> Commercial alkane electrolyzes exhibit
efficiencies around 60-75%,2%27 and given the best water-splitting catalysts
developed in our group a comparable efficiency may be achieved.?8

The efficiency of coupling between the PV and EC components is not
fundamentally limited by any physical constraint, but is entirely dependent on how
well matched the maximum power output of the PV is to the electrochemical load
for water- splitting. The simplest mode of coupling the PV and EC components is to
perform the anodic half-reaction (OER) on the positive terminal and the cathodic

half reaction (HER) on the negative terminal of the PV-device. This type of coupling

stainless steel

1 SUN
N 4H'+0, 2H,
AH" + O,
—_
i 2H0 4N
2H,0
A
OER HER OER HER
catalyst catalyst catalyst catalyst

Figure 3.1 Schematic of a wired and wireless PV-EC based on silicon solar cells.
Regardless of the mode of coupling between the two, the equivalent circuit is
identical.

enforces the two-half reactions to be equipotential with the two terminals of the
PV-device, which is true regardless if the PV is a buried-junction stack or series-
connected single-junction solar cells wired to an anode and cathode (i.e. a wired

and wireless configuration, Fig. 3.1).92% Fig. 3.2 illustrates that this direct electrical
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connection is equivalent to constraining the currents and voltages of the PV-EC
system to be identical: Jpv = Jgc and Vpv = Vic. The point of intersection (as shown in

Fig. 3.3) between the PV-curve and EC-curve also defines the operational point for a

Sy J
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(O
(O}

Q
o
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Figure 3.2 Block diagram for a photovoltaic (PV) powered electrochemical cell (EC),
where direct electrical connection constrains Jpy = Jec and Vpy = Vic

coupled PV-EC device.®730 Perfect coupling occurs when the intersection of the PV
and EC curves occurs at the Pvax of the solar cell meaning that the maximum power

output of the PV-component is utilized by the EC-component and is defined by:

_ Vor XJop
FF X Vye X Jsc

Mc (3.6)

Using the above definitions for npv, nec, and nc of the, equation 3.1 can be re-written

as:

FF XVoe XJs¢ Vi Vor XJop _ Vin X Jop
Psyn Vop  FF X Ve X Jsc Psyn

NsrE = (3.7)

56



However, at AM 1.5, 100mW cm~2 of solar irradiance reduces the expression to

1.23V x ]op.

Incident solar power:
100 mW cm=

o~
O
h

; Operating
coupling loss

<« point of the
PV-EC
device

©)
T

kinetic

stored power loss

Current density / mA cm=
-

0 V VOF’ VOC

th

Potential / V (vs. NHE)

Figure 3.3 The generalized current density-voltage (/-V) diagram of a coupled PV-
EC system where the point of intersection of the PV-curve ( , blue) and EC-
curve ( , red) represents the operational point and SFE of the coupled PV-EC
device. The SFE is maximized when the operating point is equal to Puax.

3.3 Steady-state equivalent circuit analysis
Solar cells and electrochemical reactions do not operate at thermodynamic
limits. The steady-state electrical behavior of practical PV and EC systems can be

described using equivalent circuits. Circuit analysis enables accurate modeling of
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PV-EC devices and provides insight into their realistic performance and efficiency
limitations. The equivalent circuit of a PV device is well known and has been
described extensively in the literature and textbooks.3! For the purposes of

equivalent circuit analysis of the PV component, the relevant circuit elements are

Current density / mA cm™

Potential / V

Figure 3.4 Impact on the J-V curve for a PV due to shunt (
( , dark green) resistance compared to an ideal J-V curve (

, dark red) or series
, dark blue).

discussed. Briefly, in a PV device light absorption generates a current of excited
electrons and holes. Some are separated by the internal junction and flow through
an external circuit with current density Jpy and some are lost to recombination
processes and contribute to the dark current of the solar cell Jo. Typically, only two
recombination mechanisms are considered to be relevant. The first recombination
mechanism is dominant at high voltages when bulk and surface recombination are

more prevalent. In this case the ideality factor n, which is a measure of how closely
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the solar cell follows the ideal diode equation, is close to 1. At lower voltages,
recombination within the junction itself is the dominant recombination mechanism
and makes the ideality factor n=2. Both of these recombination mechanisms are
modeled by adding two diodes in parallel to the light generated current Ji.. Ohmic
losses can be modeled by introducing shunt (Rsn) and series resistances (Rs). Shunt
resistance is caused by manufacturing defects and provides an alternate pathway
for light generated charge-carriers to flow ultimately decreasing the output
current-density (Fig 3.4). Series resistance is due to either resistance through
contact resistance or front metal contacts to silicon and decreases the output
voltage of the solar cell. The output current-density Jpy is the difference between the

light generated photocurrent Ji, and the recombination currents:

a(V+ JpyRs) aV+JpvRIl  V + Jp, R

]PV(V) = ]L - ]o,n=1e[ nakpT ] - ]on Ze[ nzkpT _R—S (38)
sh

where q is the electron charge, T is temperature, and kg is Boltzmann’s constant. If
multiple solar cells are connected in series then the output voltages are additive and
the current density of the system will decrease by dividing the current by the active
area under illumination.

Since the Tafel law can be rearranged to appear identical to the diode
equation, each electrochemical half-reaction can be represented as a diode under
reverse bias equal to the thermodynamic potential for water-splitting. Given the

constraints imposed by coupling the two PV and EC components, the equivalent
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circuit in Fig. 3.5 can be solved numerically for the point of intersection between the

two resulting in the predicted SFE (recall 1.23 V x Jop) for the coupled system.

Jpv JEC
N;@AC — I| |

Rs Vin OER
JrL Rgp JD’ll JD’Ql J OER

0
® 3 ¥ |en 3R
by er
v ~| HER

00 1L ’

VAppI

Figure 3.5 Steady-state equivalent circuit of a PV-EC system. An applied voltage is
incorporated to illustrate analysis of an externally assisted system.

3.4 Results and Discussion

The PV parameters used herein assume that the system is powered by
multiple high-performance c-Si solar cells with npv=20% (Table 3.1). Since the OER
reaction is typically efficiency limiting, two different sets of OER-catalyst
parameters based on the Co-OEC’s and Ni-OEC'’s developed in our lab were used for
comparision (Table 2).7.22.2328,32-35 For the HER reaction the Tafel behavior is based

on a NiMoZn alloy.?8 36
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Table 3.1 Solar cell parameters for the modeling

Solar cell parameters

Jo 4x10-19mA cm-2
Rs 1.5 Q cm?
Voc 669 mV
Jsc 41 mA cm-2
Efficiency (%) 20

Table 3.2 Electrochemical parameters for the modeling.

Electrochemical parameters

Tafel slope Exchange current
(mV decade1) density (A cm2)
CaseI: 30 5x10-18
Ni-OEC
OER kinetics Case II: 60 2.1x10°12
Co-0EC
HER kinetics 30 1x107°

3.4.1 Impact of npv on SFE
Fig. 3.6 shows a comparison between a comparison between two PV’'s where
one PV is improved above the baseline npv = 20% to npv = 23.3% via a higher Jsc (47

mA cm~2) and the other is improved via a higher Voc (0.75 V). The first realization
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Figure 3.6 Impact on SFE via improvement in PV efficiency compared to the
baseline npy = 20% (-———-

o
o

, grey dash). Given optimal coupling between the PV and
EC components (top) a higher relative SFE can be obtained by improving the Jsc
( , green) as opposed to the Voc (

, dashed green). Given poor coupling
between the baseline PV and EC (bottom), only minor improvements in the SFE can
be obtained.

is that for Case I EC parameters in which there is good coupling between the PV and
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EC components (i.e. the EC curve intersects to the left of Pvax), improving npy via
increasing Jsc gives a larger relative increase in SFE as compared to increasing the
Voc (15% vs. 1%). Additionally, the higher voltage PV hardly improves the SFE
compared to the baseline npy = 20%. However, for Case II EC parameters, (i.e. when
the EC curve occurs to the right of Puax), the higher current and higher voltage PV’s

show a similar increase in SFE.

3.4.2 Impact of ngc efficiency on SFE
The equivalent-circuit analysis also allows us to determine the number of

solar cells needed to achieve a high SFE given choice of catalyst as well as

<\|| 40| 1
& catalyst activity
O < >
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E 30—
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Figure 3.7 J-V curves of multiple series connected solar cells with npy=20% ( ,
grey) and EC curves ( , dark blue). The number of solar cells required changes
based on choice of catalyst which causes the EC curve to shift left or right and
resistive losses due to Rso cause the EC curve to tilt down.

63



resistive losses. Since an ionic conductivity is at least four orders of magnitude less
than electronic conductivity (i.e. resistance through electrodes or wires) we choose
to specifically focus on solution resistance Rsor. Figure 3.7 shows that choice of
catalyst shifts the EC curve horizontally and that Rsor, causes the EC curve to tilt
down and both change the number of solar cells required.

Fig. 3.8 shows the SFE as a function of solution resistance given the npv=20%
parameters and two sets of EC parameters (Tables 3.1 and 3.2). In order to maintain
an SFE of 10% or higher, the number of solar cells changes and 3-5 solar cells are
required. For Case | EC parameters an SFE of 10% based on 3 solar cells is only
achieved with minimal solution resistance Rsor and rapidly drops below 10%.
However, by increasing to 4 cells, a 12% SFE can achieved until the RsoL surpasses
90  cm?. Interestingly, given the set of PV parameters, increasing to 5 cells
produces just under a 10% SFE because Jop / 5 is less than the minimum current-
density needed to give a 10% SFE (i.e. 8.13 mA cm~2). The trends are the same for
Case II EC parameters. However the lower Tafel slope of the NiB; catalyst results in a
larger ngc, producing a 14.5% SFE using 3-cells and maintains > 10% until RsoL
attains 20 ) cm?, in which case 4 cells are needed. Again, utilizing 5 cells results in a

Jop that is too small to produce a 10% or higher SFE.
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Figure 3.8 Impact of solution resistance and EC parameters on SFE given npv= 20%.

Case I EC parameters (; , green) are based on utilizing the Co-OEC and Case II EC
( ,navy) are based on utilizing the Ni-OEC.

3.5 Model validation

As a case study, we used this steady-state equivalent circuit analysis to
analyze the OER half-reaction in an experiment identical to those discussed in
Chapter 2. In this experiment, the CoB; catalyst was deposited on the p-terminal of a
single-junction c-Si solar cell. Since additional voltage (Vapp1) was applied to assist in

the OER reaction equation 3.4 was modified as follows:

Vec + Vappt = Ven + NoerUgc) (3.9)

where Vi, is now the Nerstian potential for the water-oxidation reaction which is

0.68 V vs. NHE at pH 9.2. This is represented in Fig. 3.9, which shows the J-V
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characteristics of the PV device used and J-V behavior for the OER reaction
(obtained via steady-state Tafel analysis in isolation from the solar cell) which is
shifted to lower potentials by Vapp1 until the two-curves intersect, resulting in the

predicted behavior of the PV-assisted OER reaction.
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Figure 3.9 Graphical demonstration of how the predictive analysis works for PV-
assisted reactions, where the PV-curve ( , blue) is based on the J-V
characteristics of an in-house built single junction c-Si PV and the EC-curve ,
red) is based on the CoB; water-oxidation catalyst operating in pH 9.2 solution.

In Fig. 3.10 the predicted behavior of the coupled PV-EC system is compared
to the experimentally measured Tafel analysis of a PV-assisted photoanode. By
using the J-V properties of the solar cell depicted in Fig. 3.9, and the independently
measured Tafel analysis of the CoB; catalyst, the coupled behavior is determined; the

measurement and prediction agree to within < 10mV. Furthermore, as mentioned in
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Chapter 2, the voltage offset between the Tafel slopes for the OER-functionalized c-
Si photoanodes under the light configuration and the configuration in which the PV
is bypassed is exactly the Voc of the solar cell. Since Tafel analysis is conducted at
very low current-densities of 1 mA cm~2 or lower, this requires that the system

must be coupled near the Voc of the solar cell.
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Figure 3.10 Predicted Tafel behavior of a PV-assisted water oxidation system
similar to the experiments described in Chapter 2. The electrical properties of the
PV (shown in Fig. 3.8) and EC systems were measured independently (@, black
dots) and used to predict the coupled behavior ( , black). The Tafel analysis of
the PV-assisted photoanode (®, red dots) and predicted behavior match to within

10 mV.

3.6 Conclusion

A framework is outlines for integrating a series of single-junction c-Si solar
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cells with recently developed water-splitting catalysts for direct solar-to-fuels
conversion. The steady-state equivalent circuit analysis gives a tool that allows us to
predict the efficiency for a coupled PV-EC system. This analysis allows us to
determine the optimal number of solar cells required for a stand-alone water-
splitting device based on catalyst choice and considering resistive losses. The model
is validated by correctly predicting the J-V characteristics of a PV-assisted OER
photoanode. These results pave a path to our goal of designing a stand-alone water-
splitting device based on all terrestrially ready materials exhibiting a solar-to-fuels

efficiency of 10% or higher.

3.7 Experimental

Sample Fabrication. Crystalline silicon solar cells were fabricated according
to previously published procedures.3” The CoB; OER-catalysts was deposited via
bulk electrolysis in a two-compartment electrochemical cell with a glass frit of fine
porosity. For the electrodeposition, the working compartment was charged with
~50mL solution (25 mL of 0.2M KBi electrolyte and 25 mL of 1mM Co?* solution).
The auxiliary compartment was charged with 0.1 M KB; electrolyte at pH 9.2. The
working electrode was the surface passivated c-Si solar cell. Typically, 1 cm? are of
the working electrode was immersed in the solution and electrolysis was carried out
at 0.85 V vs. NHE until 26 mC cm~2 of charge passed.

Photoelectrochemistry experiments. Photoelectrochemistry experiments
were performed in a one-compartment quartz cell. The light source was a Sol 2A

solar simulator (Newport). The Tafel behavior of the surface-passivated, catalyst-
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functiaonlized solar cells was measured in the region of water-oxidation over a 200
mV range in 10 to 30 mV increments. The measurements were conducted in a
solution containg 0.5 M KB; and 1.5 M KNO3z at pH 9.2, using an Ag/AgCl reference

electrode and Pt auxiliary electrode.
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Chapter 4-10% solar-to-fuel efficiency with non-

precious materials
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4.1 Introduction

In order to make a solar-water-splitting device economically viable the
commonly accepted metric is that a 10% or higher solar-to-fuels efficiency (SFE) is
required.!-3 Currently, the record-holding SFE for solar water-splitting devices is
between 16-18%.1* Both of these were based on expensive group I1I-V multi-
junction solar cells and precious water-splitting catalysts such as Pt and Ru. More
recently, devices constructed utilizing cheaper PV components such as triple-
junction amorphous silicon (a-Si) >-%and copper indium gallium diselenide (CIGS)
have also been demonstrated.1911 Of these demonstrations, few used earth-
abundant water-splitting catalysts and many operated in highly acidic or basic
solutions, which impaired long-term stability. Currently, the record SFE for a stand-
alone water splitting device composed of all earth abundant and technology ready
materials operating in benign solutions is 4.7%.712 This result was based upon “the
artificial leaf,” which was composed of a triple-junction a-Si solar cell, a CoB;
oxygen-evolution catalyst (OEC) and a NiMoZn alloy hydrogen-evolution catalyst
(HEC). HOwever, given the efficiency limitations of triple-junction a-Si solar
cells314 a 10% or higher SFE cannot be achieved until the PV technology has
improved.

In Chapter 3, equivalent circuit analysis of a coupled PV-EC system based on
a string of single junction c-Si solar cells and earth-abundant catalysts predicted a
SFE of 10% could readily be achieved. Guided by steady-state equivalent circuit
analysis described in Chapter 3, here we demonstrate that an SFE >10% can be

achieved with all non-precious, low-cost, commercially ready components and
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materials. Specifically, we present a rational systems design approach to evaluate
each component of a modular PV-EC device comprised of a c-Si PV mini-module
and non-precious catalysts for the hydrogen-evolution and oxygen-evolution
reactions (HER and OER, respectively). Although this approach does not result in a
monolithic structure in which catalysts at directly deposited on the PV device (a.k.a.
an artificial leaf), as discussed in Chapter 3 the equivalent circuit for both constructs
is identical.’> This approach allows for modular independent optimization, after

which the components could be integrated into a monolithic design.

4.2 Results

Water-splitting catalysts can be integrated with a c-Si PV module either
directly by depositing catalysts onto silicon (Fig. 4.1) or indirectly by wiring the PV-
module to electrodes (Fig.4.2). In order to make the PV-EC device with minimal
fabrication and adopt a completely modular approach such that every component
can be tested, characterized, and replaced systematically we chose apply the
indirect method. Such a configuration also allows us to utilize electrodes that are not
restricted to the PV area. However, for all of the measurements conducted herein
the electrode area was kept proportional to the PV-module area such that all
photoelectrochemical (PEC) measurements would be reflective of an equivalent
monolithic device.

Since the PV-EC modular configuration allows for independent optimization
of the PV-component and electrochemical components (electrodes and catalysts),

the operating point for the coupled PV-EC device can be illustrated graphically as
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the intersection point of the independently measured current-voltage (J-V) curves

for the PV and EC for water-splitting.
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Figure 4.1 Schematic of a PV-EC device based on series-connected single-junction
c-Si solar cells and water-splitting catalyst. In this configuration the OER-catalyst is
directly deposited on the back of the last solar cell in the stack.
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Figure 4.2 Schematic of a PV-EC device used in these studies. In this modular
configuration each component can be easily evaluated and replaced independently.

The point of intersection give the operational current density, Jop, which is related to
the SFE by multiplying by the thermodynamic potential for water-splitting and

Faradaic efficiency, nrar:

1.23V) - .
SFE = ( ) ]OP NFar
Pyyn(mW cm™2)

(4.1)

For maximum SFE, the intersection of the PV and EC J-V curves occurs at a
voltage above the minimum voltage required for water-splitting (i.e.
thermodynamic potential, plus additional kinetic overpotentials and cell

resistances), but below the voltage at the maximum power-point of the PV module,
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Vmpp. This later point is supported by Eq. 4.1, whereby the efficiency is proportional
to Jor and maximized at voltages below Vwpp as shown in Fig. 4.3 which shows the J-
V curve for the mini-modules used for the PV-EC device. The modules were
constructed from either 3 or 4 commercial single-junction c-Si solar cells connected
in series. When connecting the cells in series, the /-V properties show that upon
addition of solar cells the voltages are additive, while the current density decreases
as 1/area (see Table 4.1 for PV-module characteristics). It should be noted that the

overall PV efficiency is maintained upon connecting N cells in series because the
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Figure 4.3 J-V curves of the individually measure PV and EC components making up
the PV-EC device. The grey curves represent the /-V curves for the PV modules
composed of either three (———-, grey-dashed) or four ( , grey-solid) single-
junction c-Si solar cells measure under AM 1.5 illumination. The red curves
represent electrochemical load J-V curves using NiBjand NiMoZn catalysts, where
the ideal EC curve (——--, red-dashed) is based on previously reported Tafel
analysis and the actual EC curve ( , red) measured in a 2-electrode experiment
(0.5M KBi/ 0.5M K2S04, pH 9.2). The point of intersection represents the Jop (@,
orange circles) and the SFE of the coupled system.
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module voltage will be xN larger than the indivdual cell, and the current density will
be x1/N that of an indivdual cell.

Table 4.1. PV characteristics for the 3 and 4-cell c-Si mini-modules.

PV module characteristics 4- cell 3-cell
Voc (V) 2.46 1.79
Jsc (mA cm-2) 51.0 52.2
Active Area (cm?) 6.0 4.5
Fill Factor 76.9 76.2
Efficiency (%) 16.0 15.8

The choice of water-splitting catalysts was based upon independent studies
of the catalysts developed in our group. Presently, the NiB; OER catalyst is the most
active OEC, requiring only 430 mV of overpotential to achieve a current density of
10mA cm~%, making it an order of magnitude better than the previously developed
Co-0EC’s given the same amount of material.1® For the HER-catalyst a NiMoZn alloy
was used which has been previously shown to achieve current densities of 700 mA
cm~2 at 100 mV overpotential and, with continued leaching in 6M KOH can attain
activities as high as at 1000 mA cm~2 at an overpotential of 35 mV.7.1217 Given our
modular approach the current-voltage characteristics of out EC-component can be
independently evaluated.

Considering a PV-EC device based on commercially available single junction-

Si solar cells and literature values for the previously reported Tafel behavior of the
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catalysts utilized herein, equivalent-circuit modeling predicts a 10% or higher SFE
can be achieved using three single-junction c-Si devices series connected in a mini-
module with a PV efficiency of 15% or higher (red dashed curve Fig. 4.3). However,
this is only the case if all resistive losses are negligible; if resistive losses are
present, the operating point can occur to the right of Vvpp, reducing Jor and SFE.
Modeling indicates that using a 4-cell c-Si module overcomes the impact of resistive
losses on SFE.15

To test these predictions, the steady-state current-voltage characteristics of
the NiB; anode and NiMoZn cathode were measured in a two-electrode setup in KB;
buffer at pH 9.2. The intersection at which the overlaid current-voltage
characteristics of the half-reactions with the /-V curve of the PV mini-modules
illustrates Jor and the resulting SFE for the coupled PV-EC device. Confirming the
design considerations for resistive losses, we estimate a SFE of 2.8% for a 3-cell

module and 10% for a 4-cell module (Fig.4.3).

4.2.1 Device integration

The simplest way to integrate the PV and EC components and verify the
independently estimated SFE is to connect the PV module with the NiB; anode and
NiMoZn cathode. The photocurrent through the integrated device can be measured
and should match the predicted Jor obtained in Fig. 4.3. The key criteria used to
validate the PV-EC device are the reporting protocols established by Chen et al.18
These protocols include measurements utilizing a 2-electrode setup without the

influence of an potential bias, product quantification (i.e. H2 and 02), and assessment
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of the long-term stability of the device under AM 1.5 illumination. In addition to
product quantification, we wished to ensure that parasitic currents due to product
crossover reactions do not influence Jop. The impact on the SFE due to H; oxidation
can be estimated by examining the mass-transport limited current density, which is

given by:

__nFDcy
]L - 6

(4.2)

where, n is the number of electrons, F is Faraday’s constant, ¢y, is the bulk
concentration of species in solution, D is the diffusion coefficient (5.11 x 10-> cm?2s-1
for H; in water), and 6 is the Nernst diffusion layer thickness. Assuming H>
saturation in water ¢, = 7.8 x 10-7 mol cm-3, and a reasonable value for 6 (given a
planar electrode with no artificially imposed convection) is around 0.05 cm?? this
estimates that a current density of 8.13 mA cm~2 (10% SFE) would have a parasitic
current of 0.15 mA cm~2 (reducing 10.0% SFE to 9.8% SFE). However, the NiBiis a
specific OER catalyst and Fig. 4.4 shows that the steady-state current density of the
catalyst under Ar and H: is identical, indicating that this crossover reaction is

negligible.
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Figure 4.4. Steady-state current voltage behavior for the NiB; operating in 0.5M KB;
/ 0.5 M K>S04 pH 9.2 in H; saturated solution (@) and in Ar saturated solution (A ).
Since the voltage required to achieve a given current density under both conditions
is almost identical indicates that the contribution of Hz oxidation at the anode is
negligible.

Fig. 4.5 shows the measured Jop of the PV-EC device, which initially starts at
8.35 mA cm2 corresponding to an SFE of 10.2%. During the first few min of
illumination Jop decreases to a steady-state value of 7.8 mA cm~2. The initial decline
in Jop is consistent with heating of the PV-module under illumination causing a

decrease in solar cell voltage, which shifts the maximum power point toward the

origin.
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Figure 4.5 Current under chopped illumination representing Jop for the PV-EC
device in 0.5M KB; / 0.5M K;SO4 pH9.2. The chopped illumination illustrates the
recovery in SFE and reproducibility in measuring Jop through the PV-EC device

This is confirmed by measuring the Voc of the mini-module as a function of time
showing ~130 mV decrease which is consistent in a temperature change of 15 °C
(Fig. 4.6).29 In line with PV module heating, turning the lamp off for 5 min and then

turning it back on causes the SFE to recover to 10.2% (Fig. 4.6).
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Figure 4.6 Decay of the open-circuit voltage of the 4-cell PV mini-module over the
course of ~15 min. The initial Voc at 2.42 V decays to a steady-state of 2.27 V after
the first 10 min ( , orange), which contributes to the initial decline in the SFE of
the coupled PV-EC device. After overnight illumination, the Voc was measured
( , blue) and shows a slight recovery to 2.31 V, which corresponds to the initial
increase in SFE of the PV-EC device during the first 24 h.

4.3 Discussion

The largest efficiency losses for the PV-EC device result from series
resistance through the electrodes (Rg1) and solution resistance (Rsor). The former is
straightforward to address by using metal electrodes as substrates for the OER and
HER catalysts. Presumably the use of metallic substrates makes resistance through
the electrodes as well as contact resistance negligible. Solution resistance in
buffered electrolytes, as opposed to strong acids or bases, remains a challenge. The
primary reason for a less than optimal RsoL is the limited solubility of the buffer.?! In

the case of borate buffer this is the solubility limit of boric acid, which is around 1 M
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corresponding to a specific conductance of 26 mS cm-1. The specific conductivity can
be improved by adding an inert salt as a supporting electrolyte (Fig. 4.7). For
example, when utilizing KNOs3, the specific conductance of 0.5 M KB; / 1.5 M KNOs is

126 mS cm-L.
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Figure 4.7 Specific conductance measurements for various electrolytes considered
to minimize Rsor. KOH (m, red squares) is the most conductive electrolyte; in order
to operate in pH near neutral regimes 0.5M KB; was used with additional supporting
electrolyte, such as KNOs (@, green circles) or K2S04 (@, black circles).

The choice or supporting electrolyte is straightforward in typical
electrochemical experiments where only one half-reaction at either the anode or
cathode is of interest. When considering deleterious side-reactions for both the
anode and cathode, the supporting electrolyte must be inert over a wider potential
range. Given our modular approach, the choice of supporting electrolyte was

determined by measuring the Faradaic efficiency for each electrode/electrolyte
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configuration independently before being implemented into the PV-EC device. For
example, Fig. 4.8 shows when operating the NiMoZn cathode for HER at current
densities of 10 mA cm~? analysis of hydrogen via gas chromatography (GC) analysis
showed no hydrogen production indicating that NO3- is preferentially reduced as

opposed to protons.
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Figure 4.8 Gas quantification for NiMoZn cathode operating in (left) 0.5 M KBi /
K2S04 and (right) 0.5 M KB; / KNOz both at pH 9.2. The black line represents 100%
Faradaic efficiency based on the charge passes during electrolysis. The green circles
represent Hz measured by gas chromatography. The red arrow indicates when
electrolysis was stopped. GC analysis was conducted until the moles of gas
measured in the headspace reached a steady-state. The lag period (: , black) in
gas generation is due to the buildup of gases in the headspace of the EC cell.

Alternatively, using K2S04 as a supporting electrolyte results in a Faradaic

efficiency of 100%. Fig 4.9 shows that the NiB; anode operating in 0.5 M KB; / K2S04

86



H 9.2) also demonstrates a 100% Faradaic efficiency.
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Figure 4.9 Gas quantification for NiB; cathode operating in (left) 0.5 M KB;/ K2S04
and at pH 9.2. The black line represents 100% Faradaic efficiency based on the
charge passes during electrolysis. The green circles represent 0; measured by gas
chromatography. The red arrow indicates when electrolysis was stopped. GC
analysis was conducted until the moles of gas measured in the headspace reached a
steady-state. The lag period (: , black) in gas generation is due to the buildup of
gases in the headspace of the EC cell.

Although the following gas quantification measurements indicate that 0.5 M
KBi/ 0.5 M K>S04 solution is a reasonable choice, K2SO4is sparingly soluble at 0.5 M,
once again limiting the specific conductivity of our electrolyte to 90 mS cm-1 (Fig.

4.7).
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Figure 4.10 Current under chopped illumination representing Jop for a PV-EC
device composed of a 3-cell PV-module, a NiB; anode, and NiMoZn cathode
operating in 1M KOH. Because KOH is a more conductive electrolyte, a 12% or
greater SFE can be obtain with a 3-cell PV module as opposed to a 4-cell module.
The initial drop in SFE is due to the decrease in PV efficiency, due to heating of the
PV-module. The chopped illumination represents the recovery in SFE.

By moving to a more conductive electrolyte, such as 1 M KOH (pH 14),a 12%
SFE can be obtained with a 3-cell mini-module as opposed to a 4-cell module (Fig.
4.10). This also shows how minimizing Rsor, shifts the EC curve closer the ideal curve
obtained based on the Tafel analysis of the catalysts used herein (Fig. 4.11).
However, it is preferential to avoid the deleterious effect of concentrated base on PV
materials by maintaining neutral and near-neutral conditions. We thus prefer to

minimize Rsor, by utilizing a flow-cell design and optimized cell geometry.22-24
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Figure 4.11 /-V curves of the individually measure PV and EC components making
up the PV-EC device operating in 1M KOH. The grey curves represent the /-V curves

for the PV modules composed of either three (————- , grey-dashed) or four ( ,
grey-solid) single-junction c-Si solar cells measure under AM 1.5 illumination. The
blue curves represent electrochemical load J-V curves using NiB; and NiMoZn
catalysts, where the ideal EC curve (----- , blue-dashed) is based on previously
reported Tafel analysis and the actual EC curve ( , blue-solid) measured in a 2-
electrode experiment. The point of intersection represents the Jop (®, orange circles)
and the SFE of the coupled system.

The operational stability of the coupled PV-EC system showed no decline in
Jop for over a week of operation in 0.5 M KB; pH 9.2 solution (Fig. 4.12).
Interestingly, the SFE, inferred from the current, appears to slightly increase during
the first 24 h of operation. This small recovery is attributed to a recovery cell
voltage over the course of 24 h of illumination (blue line in Fig. 4.6). Initially, the
module absorbs heat from the solar simulator photon flux, causing the initial
decrease in PV efficiency.?? Then, under constant illumination at higher

temperatures, the observation of a gradual improvement in the current density over

89



a timescale of tens of hours is consistent with the evolution of the “oxygen-boron
defect” a well- studied phenomenon in p-type Czochralski silicon.2526 Importantly,
the observed fluctuations in Jop can be attributed to fluctuations in the PV module

output and are not related to the PV-EC coupling or EC reactions.
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Figure 4.12 SFE inferred from Jop for the PV-EC device operating in 0.5M KB;/ 0.5M
K2S04 pH 9.2 measured for over 7 days of operation showing no decrease in SFE
over operation time. Spikes are due to the addition of solution to maintain the
solution level and pH.

4.4 Conclusion

We demonstrate that an SFE efficiency of 10% can be achieved utilizing non-
precious materials and c-Si. This proof of concept capitalizes on the declining cost of
high—quality PV devices and earth-abundant catalysts operating under near neutral

pH conditions. This modular design of the PV and EC components allows for a wide
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variety or PV opposed materials, catalysts, and electrolytes to be implemented
where no one component is constrained by the other. This methodology permits
facile optimization and characterization. As PV-EC device sub-components reach
technological maturity, an increasing emphasis will be placed on system design and

integration.

4.5 Experimental

Materials and Methods. Nickel (II) chloride hexahydrate, boric acid,
potassium hydroxide, potassium nitrate, potassium sulfate were purchased from
Sigma Aldrich and used as received. Steel foil and nickel mesh were purchased from
Strem.

Mini-Module Fabrication Crystalline silicon mini-modules were fabricated
using commercially available single-junction Czochralski silicon solar cells with
stand-alone efficiencies of 18%. Mini-cells were cut out of commercial size wafers
by laser scribing with a 1064 nm pulsed laser and mechanical cleaving. Mini-cells
were electrically connected via solar tabbing wire and silver epoxy. The mini-
module was constructed by sequentially layering glass, EVA, solar cells, and EVA.
The glass maintains structural integrity while EVA provides water protection. The
mini-module was encapsulated using a double layer vacuum press heated to 120 °C.
With the module in the lower chamber of the vacuum press, both the upper and
lower chambers were held under vacuum for 5 min. The upper chamber was vented
to atmospheric pressure for 5 min to remove air bubbles through the induced

pressure difference between the two chambers. The lower chamber was vented and
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the mini-module was allowed to cool to room temperature. Excess EVA was
removed and the mini-module was stored to protect against mechanical and water
degradation.

After laser-cutting the commercial cells, connecting four in series, and
encapsulating them with ethylene vinyl acetate, the mini-module efficiency was
16%. The equivalent mini-module for a three-cell series is 15.8%.

Electrochemical methods. Electrochemical experiments were performed
using a CH-Instruments 760D potentiostat. For three-electrode measurements
potentials were measured against an Ag/AgCl reference electrode (BASi) and
converted to NHE by adding 0.197 V. For two electrode experiments the working
electrode lead of the potentiostat was connected to the anode and the reference and
auxiliary leads of the potentiostat were connected to the cathode.

Catalyst formation. The NiB;janode was electrodeposited in a two-
compartment electrochemical cell with a glass frit junction. The working
compartment was charged with ~25 mL of 0.2 M B; electrolyte and 25 mL of a 1 mM
Ni2+ solution. The working electrode was a steel substrate, and the NiB; catalyst was
deposited by applying a voltage of 0.95 V (vs. Ag/AgCl) for 1 h. To improve anode
activity the electrodes were then anodized at 0.9 V (vs. Ag/AgCl) in 1 M KOH for 1 h

The NiMoZn cathode was electrodeposited from a solution of nickel(II)
chloride hexahydrate (9.51 g L-1), sodium molybdate dihydrate (4.84 g L-1),
anhydrous zinc chloride (0.0409 g L-1), tetrabasic sodium pyrophosphate (34.57 g
L-1) and sodium bicarbonate (74.77 g L-1; VWR). Hydrazine hydrate (1.21 mL L-1)

was added immediately before plating. NiMoZn was deposited onto a Ni mesh
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substrate that had been pre-treated at 2 V vs. Ag/AgCl in 0.5 M H2S04 for 3 min. The
NiMoZn alloy was deposited at a voltage of 1.8 V (vs. Ag/AgCl) for 30 min. The
deposit was left to de-alloy overnight in 6 M KOH.”/17

NiB; product crossover. H; oxidation at the NiB; anode was examined via
the steady-state activity of the anode in Ar saturated and H; saturated 0.5 M KB; /
K2S04 solution at pH 9.2. The amount of voltage required to achieve a given steady-
sate current-density in both cases was the same indicating that the contribution Jop
as a consequence of Hz oxidation is negligible.

Photoelectrochemical measurements. The NiB; anode and NiMoZn
cathode were connected in series with the c-Si mini-module. The light source was a
Sol 2A solar simulator (Newport Corp.). The current through the PV-EC device was
measured by using the potentiostat as an ammeter. In all cases, the area used to
convert current to current-density was the active-area of the c-Si mini-module.
Additionally, the geometric area of the anode and cathode was scaled to match that
of the mini-module. For long-term stability measurements, fresh KB; buffer solution
was added in order to maintain the solution lost to evaporation as well as pH.

Gas quantification. The Faradaic efficiency for each electrode was evaluated
using gas chromatography. The experiment was performed galvanostatically using a
three-electrode configuration in a custom built two-compartment gas-tight
electrochemical cell. The working electrode was either NiB; on a steel substrate for
02 quantification, or NiMoZn on a nickel mesh substrate for Hz quantification. The
working electrode operated at a constant current density of 10 mA cm~-2 for 2 h.

During the course of the experiment, samples of evolved gas were removed from the
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headspace and injected into the GC. In order to ensure that the evolved gas reached
a steady state value in the headspace, GC measurements were recorded for 1 h after
cessation of electrolysis. The data was converted into partial pressure of gas in the
headspace using calibration curves defined from known mixtures of H2/N> or O2/No.
The partial pressure of gas was converted to umol, and corrected using Henry’s law
to account for the gas dissolved in solution. The total charge passed during
electrolysis was divided by nF (n corresponding to the number of electrons in each
half reaction) to furnish the calculated gas yield. The total calculated and

experimental gas yields were used to determine the Faradaic efficiency.
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5.1 Introduction

The previous chapters present a completely modular proof-of-concept
approach for direct solar-to-fuels conversion using all earth-abundant and
technology ready materials. Stand-alone photovoltaic-electrochemical (PV-EC)
devices have been created with few design constraints on each component.
Continued advances may be made with consideration of alternative materials and
concepts for various components of a PV-EC design. Given the versatility of utilizing
buried-junction photovoltaics, modifications to the PV-EC design are
straightforward. The following chapter discusses alternative concepts and
preliminary results for each component of the PV-EC device, which may allow for

further improvements in efficiency, cost reduction, and design integration.

5.2 Alternative PV materials

Although crystalline silicon (c-Si) is a high quality material and is an
economically viable PV resource, the fact that the solar-to-electrical power
efficiency is reaching its thermodynamic limit sets a ceiling on drastic
improvements in SFE.12 Additionally, a large portion of the current price for c-Si PV
modules is encumbered by balance of systems costs (BOS) as opposed to the price of
silicon itself, and it remains unclear if these BOS costs can be significantly reduced.3#
Very recently, thin-film PV’s consisting of a perovskite absorber, typically
CH3NH3PbX3 (X = Br, I), sandwiched between a TiO; electron conducting layer and
an organic hole transporting material (typically spiro-OMeTAD), have emerged as a

formidable alternative to c-Si PV’s. Perovskite PV’s were first introduced in 2009.5
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Since that time, laboratory scale cells have shown a rapid improvement in solar-to-
electrical power efficiency from 10% in 2012 to a record 19.3%%;%7 a band-gap of
~1.5 eV with a predicted practical efficiency of 20% speaks to their promise as a
future PV material.2 Moreover, perovskite PVs can be constructed from various low-
cost liquid phase chemical reactions and deposition methods such as spin-coating
or spray-pyrolysis.? Although yet to be implemented on commercial scale, the
estimated cost for a perovskite solar cell could be as low as $0.30 Wp-1,10

Despite the swift emergence of high efficiency perovskite PVs, current
drawbacks include scalability, stability, and environmental safety. Currently, most
of the high efficiency perovskite PV’s have only been demonstrated to perform on
small scales of 0.1 cm? or less.!! Larger scales devices result in lower fill factors,
decreasing the PV efficiency. The reason for the loss in fil-factors is unclear, but it is
proposed that it due to series resistance through the device.l? Additionally since
perovskites are water-soluble, there is concern about the long-term operation time
and the possibility of Pb leaking into the environment. Substitution of Sn?* for Pb2*
is promising from the viewpoint of toxicity, but Sn-based perovskites so far have
only been stable in a nitrogen environment and have yet to reach efficiencies close
to the Pb-based devices.!3.14

For solar-water-splitting applications, perovskites should be investigated. In
order to use perovskite PVs either a series—connected approach can be adopted or
alternatively perovskites could be used the top cell in a tandem configuration. For
example a perovskite-silicon tandem PV constructed from a 17% efficient

perovskite PV and a 23-24% c-Si solar cell could produce a 29.6% PV efficiency.!>
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These properties suggest that these materials combined in a buried junction

approach may be a very promising future line of inquiry.

5.3 Alternative catalyst deposition methods

So far the research our group has focused on solution-based
electrodeposition of Co, Ni, and Mn oxygen evolution catalysts (OECs) and NiMoZn
alloys for hydrogen evolution catalyst (HECs). Years of research has given insight on
film formation and optimization of catalyst activity.16-20 However, due to the highly
oxidizing or reducing conditions required for electrodeposition methods, it may not
always be the most viable option for direct integration of catalysts with PV
materials. An alternative approach for catalyst deposition, vapor deposition
techniques such as atomic-layer deposition (ALD), chemical vapor deposition
(CVD), electron-beam deposition (E-beam), and sputtering may be an interesting
approach for catalyst integration to the PV. Vapor-deposition techniques for direct
integration of catalysts with PV devices are superior in terms of controlling film
thickness and conformity. Additionally, vapor-deposition techniques and may be
better in terms of high throughput manufacturing. Recently E-beam evaporation
and ALD have been used to deposit ultra-thin nickel or cobalt films onto silicon and
function as both a protective layer and upon oxidation an OER catalyst.?1-23
Interestingly, it has also been observed that the oxidation of such crystalline cobalt
and nickel films used for OER catalysts become amorphous over the course of
operation and then resemble electrodeposited versions of Co or Ni-OEC’s developed

in our lab.21.2425 These structural changes are important since amorphous
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electrodeposited OECs are known to exhibit a porous film morphology. Therefore,
while a compact vapor-deposited film may initially appear promising as a dual
protective-layer and catalyst material, over the course of operation time it may
become porous to expose the underlying PV. It is important to determine if the
vapor-deposited films will demonstrate the same electrochemical activity as the
electrodeposited versions and if structural changes occur over the course of
operation time.

Preliminary studies have evaluated the catalytic activity via Tafel analysis for
water-oxidation of a sputtered NiFeO film. Tafel analysis shows that this catalyst
achieves a 45 mV decade-! Tafel slope making it a highly active OER catalyst. Of

significance, in contrast to the electrodeposited Co, Ni, and Mn-OECs, which are
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Figure 5.1 Tafel plot of a sputtered NiFeO OER catalyst operating in 0.5 M KB; /
1.5M KNOs3 pH 9.2. A Tafel slope of 45 mV decade! is observed for a 50nm (m),
100nm (@) and 200nm (A) thick NiFeO film. Inset: SEM image of a NiFeO shows a
very dense, compact film.

porous in nature, NiFeO appears to show little improvement in activity with
increased catalyst thickness (Fig. 5.1) implying that the sputtered NiFeO catalyst is a
very dense film (Fig 5.1 inset). Additionally initial results also show that the NiFeO
catalyst demonstrates different catalytic activity depending on the operational pH of
the solution indicating that catalyst activity and therefore likely the mechanism

changes with pH (Fig 5.2). This unusual behavior suggests that further analysis is
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required to fully how this dense catalyst operates.
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Figure 5.2 Tafel plots of 200 nm thick NiFeO (81% mol Ni, 19% mol Fe) on Ni-
coated glass operated in (A) 0.2 M KP;, pH 7.0, 92 mV decade-1slope; (®) 0.2 M KB;,
pH 9.3, 61 mV decade-'slope; (®) 1.0 M KOH, pH 13.9, 45 mV decade-!slope.

Previous work has shown that the CoP; catalyst can be made by first
sputtering a thick film of metallic cobalt (800 nm) followed by subsequent

electrochemical anodization in phosphate buffer.”*2*

However, the catalytic
activity of the films formed from metallic cobalt exhibited inferior activity as
compared to those made from solution electrodeposition. We ascribe this
difference in behavior to slow charge transport through the thick films. Studies on

electrodeposited Co—OEC’s showed that (a) the structure and thickness influences

the charge transfer through the films, and (b) films deposited from borate
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solutions, rather than phosphate, produce films with an extended structure that

improves charge transfer through the film.'"***-°

Preliminary results show that
the same is true when forming the Co—OEC from metallic films. Anodizing the

metallic film in KB; as opposed to KP; solution, lowers the Tafel slope from 100

] ] ] ] ]
-4.5 -4.0 -3.5 -3.0 =2.5

log(j/Acm?)

Figure 5.3 Tafel analysis of Co-OEC films formed and operated in KB; (®) as
opposed to KP; (@) solution. The films formed from KB; exhibit a lower Tafel slope
and therefore demonstrate higher activity than those formed in KP;.

to 60 mV/decade, which matches the activity of the electrodeposited catalyst (Fig.
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Figure 5.4 Tafel analysis of Co-OEC’s formed from anodizing metallic cobalt in KB;
solution. In all cases the Co-OEC exhibits a Tafel slope of 60 mV decade-1, however
starting with thicker metallic films produces Co-OEC’s with higher activity than
thinner films.

Additionally, the activity of CoB; films made from metallic cobalt
demonstrate an increase in catalytic activity with increased film thickness
suggesting that the catalyst films do exhibit some porosity as opposed to
terminating in a thin—layer on the surface of the metallic film (Fig. 5.4). Future
work to define the parameters for precise control over films formed from vapor

deposition techniques and their subsequent activity should be undertaken.

5.4 Cell design
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Since many semiconductors are unstable in strongly acidic or basic solutions,
working in moderate pH regimes relaxes the stability constraint on PV devices.
However, solution resistance (Rso.) is low in strongly acidic or basic solutions. Due
to the solubility limits of buffers when working under moderate pH conditions, the
concentrations of protons and hydroxide ions are quite low and addition of an inert
salt (i.e. a supporting electrolyte) is needed to carry the ionic current.31.32 However,
as shown in Chapter 4, use of a supporting electrolyte still doesn’t compete with
strong acids or bases in terms of minimizing solution resistance. Recent
developments have shown that utilization of novel flow-cell designs can circumvent
some of the ion-transport problems imposed by solution resistance.3? Moreover,
some cell configurations require the use of membranes in order to prevent mixing of
of Hz and Oz which could lead to safety concerns. Typically these membranes are
either Nafion or anion/cation exchange membranes.31.32When introducing a
membrane additional resistive losses are imposed due to the added resistance of the
membrane as well as formation of undesirable concentration gradients in the anodic
and cathodic compartments. These additional components increase the voltage

required for water-splitting as follows:

VecUge) = Ven + MoerUec) + MuerUse) + MrUrc) + Mmem Usc)
(5.1)

+ Mpnu Ukc)

where nuem is the membrane resistance and npn is the overpotential caused by pH

gradients in solution. It has been modeled and demonstrated that nuem can be
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optimized by modifying the thickness and porosity of the membrane.3334 However, a
more elegant solution is required in order to prevent pH gradients from forming at

the anode and cathode.

Continuous Recirculation

0 5 10 15

Time [hrs]
Figure 5.5 The current density traces show that recirculating streams allow the
device to function stably and continuously (purple trace), while without
recirculation the device performance deteriorates as concentration gradients form
across the cell and ionic species are depleted in the oxygen-evolution side(red
trace). The inset in the graph corresponds to a schematic representation of the
parallel-plate solar-hydrogen generator. Reprinted with permission from reference
32.

Recently, work by Modestino et. al has shown that a flow-cell design with a
controlled recirculating stream can prevent pH changes between the anode and
cathode compartments.32 Additionally, they incorporated a PV-EC device consisting
of a high-efficiency triple-junction GalnP,/GaAs/Ge solar cell connected to an
iridium-oxide anode for oxygen-evolution and a platinum cathode on the

hydrogen-evolution, separated by a thin Nafion membrane and 1M KB; as an
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electrolyte. Utilizing a controlled recirculating stream between compartments, they
showed that pH gradients didn’t form and demonstrated a solar-to-fuel efficiency of

6.2%, that operated continuously for 15 hours (Fig. 5.5).

5.5 Conclusion

The future challenges in solar-water-splitting stem primarily from low-cost
of PV and EC components while integrating all the necessary components to
produce a high efficiency and robust system. Alternative materials, designs, and

concepts that can be applied to create next generation PV-EC devices.

5.6 Experimental

Electrochemical Methods. Electrochemical experiments were performed in
a two-compartment electrochemical cell using a CH Instruments 760C or 760D
potentiostat and an Ag/AgCl reference electrode (BASi, MF-2052). All electrode
potentials were converted to the NHE scale using E(NHE) = E(Ag/AgCl) + 0.197 V.
Platinum mesh (Alfa Aesar) was used as the auxiliary electrode. Unless otherwise
stated, the electrolyte was 0.5 M KB; at a pH of 9.2 with 1.5 M KNO3 as a supporting

electrolyte.

Catalyst Film Preparation NiFeO catalyst films were deposited by reactive
sputtering using the AJA International sputtering system. Films were deposited by
reactive sputtering from an iron-doped nickel sputtering target (19% Fe) in an
Ar:02 atmosphere of 3:1.3> Co-OEC’s were made by sputtering metallic cobalt onto a

FTO electrode. The metallic films were anodized in either 0.2M P; or 0.2M Bifor 20
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hours at a current density of 1 mA cm=2. The films were then rinsed and subsequent
Tafel analysis was conducted in either 1.0M KP; or KB; electrolyte at pH 7 or 9.2,

respectively.
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