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The heavens declare the glory of God;
the skies proclaim the work of his hands.
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There is no speech or language
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like a champion rejoicing to run his course.
It rises at one end of the heavens
and makes its circuit to the other;
nothing is hidden from its heat.

Psalm 19:1-6 New International Version ©1984
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ABSTRACT OF THE DISSERTATION

Solar Energy Storage through the Homogeneous Btatalytic Reduction

of Carbon Dioxide: Photoelectrochemical and PhdtaimApproaches
by
Aaron John Sathrum
Doctor of Philosophy in Materials Science and Engineering
University of California, San Diego, 2011
Professor Clifford P. Kubiak, Chair
The sun is the most abundant resource of renewable energykvtolséhe Earth.
More energy strikes the surface of the earth in one hour thapriaiary energy

consumption by humanity in an entire year. However, solar energiersittent, and if

it is to become a major contributor to the electricity supply,nexpensive and reliable
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form of massive energy storage will be necessary. The atalitpnvert solar electricity
into a liquid fuel is an attractive solution to the energy sm@@blem. A challenging
goal will be to use only 0 and CQ as feedstocks for making synthetic hydrocarbon
fuels. Electroreduction of CO to liquid fuels necessitates the wuse of
efficient electrocatalysts to increase efficiency aaig for the essential development of
practical industrial processes.

Two approaches towards the storage of energy in chemical bonds are inwkstigate
The photoelectrocatalytic production of CO using,@&O a feedstock demonstrates the
capture of solar energy and subsequent electrochemical conversiarusdtul chemical
commodity. CQ is reduced at illuminated p-Silicon (p-Si) cathodes using the
electrocatalystfac-Re(2,2'-bipyridyl)CQCI at a 440 mV less anodic potential when
compared to a glassy carbon electrode. Cyclic voltammograthe efectrocatalyst with
CO, show an increase in current at the second reduction wave.

In the second approach, a fully integrated system for a direotipled solar
photovoltaic driven C@ electrolyzer was built and characterized. The design and
theoretical voltage requirements show a minimum practical votib@e! V even though
the thermodynamic minimum is only 1.33 V. The balancing of a non-lp@aer supply
to a non-linear load reveals a self-stabilizing nature. An ovedddlr cOnversion
efficiency @tor) of 2.1% is achieved by using the electrocatalyst Re(4#'rdbutyl-
2,2'-bipyridine)(COJCI. Theoretical calculations predict an upper efficiency lwhi21%
for a single junction solar cell coupled to an electrolyzer. Tiaisdsalone performance
shows great promise and demonstrates the need for further degatagimmore efficient

CO;, electrocatalysts.
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CHAPTER 1

SOLAR ENERGY AND THE NEED FOR

ENERGY DENSE STORAGE



1.1 ABSTRACT

The storage of renewable energy is needed on an immenee Hoalworldwide
energy consumption is presented with information on the sources ofyeretghe end
uses. The 2008 average power for the globe was 16.6 TW with 86% suppheskid
fuels. Because fossil fuels are non-renewable they will evgntha depleted and a
replacement source of energy will need to be harnessed. Altkady.S. domestic oil
production has peaked, in 1970. The sun is the most abundant resource of eenewabl
energy available to the Earth. More energy strikes thesurdf the earth in one hour
than all primary energy consumption by humanity in an entire yéawever, solar
energy is intermittent, and if it is to become a major conwibiat the electricity supply,
an inexpensive and reliable form of massive energy storage wikdmssary. The ability
to convert solar electricity into a liquid fuel is an attracsedution to the energy storage
problem. A challenging goal will be to use only®Hand CQ as feedstocks for making
synthetic hydrocarbon fuels. If the reduction of carbon dioxide to liquedkfis to be
accomplished through photovoltaic or other electrochemical means,ugbe of
efficient electrocatalysts to increase efficiency ande ravill be essential for the

development of practical industrial processes.

1.2 WORLDWIDE ENERGY

There is no planet B. Energy is at the heart of all of the her@fmodern day

society and is the largest economic market in the world. Whaleyrtoday enjoy the rich



benefits of inexpensive energy, one third of the world populationdsids not have
adequate access to electricitfhe Earth is the only home we have, and as the population
continues to grow and advance, our collective impact on the globherflgtresses our
ecosystems. Think of the many issues facing the world todayn cleder, food
shortages, access to electricity, adequate shelter, clempdréation, and many more.
Which of these issues could not be improved by a readily availsidéainable, and an
inexpensive supply of energy? Practical benefits, for exampéiude food, water,
shelter, heating, cooking, transportation, lighting, and manufacturingn@s people
gain access to energy, the need for an environmentally respcarsitbienewable energy
supply becomes even more imperative.

In 2008 the world consumed 5.22 x*10 of total energy,which when averaged
over an entire year equates to a constant power production of 16.6 TVtadusring
number demonstrates the scale at which the human population uses Efesriggnics,
homes, cars, planes, industrial processes, etc. consume enarga@d not previously
witnessed before in our world. To supply this growing hunger, we ossl ffuels
obtained from oil, coal, and natural gas, which accounted for 86% oénaitgy
consumed in 2008. The U.S. ranked as the #1 worldwide energy consumer at around 15%
of the total. The global energy consumption is growing rapidly andvikeage power
consumption is predicted to increase to 22.7 TW by 2086.the rest of the world
continues to develop, especially India, China, and Africa, more emndliggeed to be
supplied in a sustainable fashion. Solar energy has the potentigbdly & significant
portion of our energy needs, is geographically available to all citizenss aridhin reach

technically.



1.3 FINITE AMOUNT OF OIL

1.3.1 U.S. Energy History

By definition, a non-renewable resource is finite, will haverétéd lifetime, and
eventual scarcity. The United States has transitioned from usdog &s its primary
energy source, to coal, and most recently to petroleum ovdash@36 years. These
transitions were not driven by scarcity, but rather by convenieecgatility, and energy
return on energy investment. Figure 1-2A shows the energy consumptedime for the
U.S. since 1775, according to the Energy Information Administration (EDA)ring the
entire time period, the amount of energy consumed has grown enorrasubly uses of
energy thrived and provided a higher quality of living. Energy consomgtom coal
surpassed wood in 1885, petroleum surpassed coal in 1950, while hydroeladtric
nuclear emerged as small contributors in the latter half op®@ecentury. The use of
fossil fuels is predicted to remain the major provider of enaygyhe next 25 years with
non-hydroelectric renewable sources doubling by Z03Fhe per capita energy
consumption in the U.S. has grown slowly, increasing from 62.3 MWh in 1990.8
MWh in 2009, decreasing slightly after the 1970’s oil price shockshafting steady.
The U.S. has successfully navigated transitions to new sourceseojyewithout
economic disaster and can do so again. However, if nothing is dongnificantly
change the current path to more sustainable solutions, it will lenlg matter of time

before an unavoidable energy and environmental crisis will occur.



1.3.2 Peak Qil in the U.S.

The U.S. was self-sufficient in energy production until around 1960, asishow
Figure 1-2B. Since then the reliance on foreign imports hagadsed to 24% of all
energy consumed as of 2009. Domestic oil production peaked in 1970 at %ot mill
barrels per day and has decreased 46% to 5 million barretlapeén 2009, as shown in
Figure 1-2C. The argument over peak oil in the U.S. is not open toedgibah that the
domestic peak occurred over 40 years ago. In 2009, Canada was tke patggdeum
exporter to the U.S. while 41% of petroleum imports came from tigarxation of
Petroleum Exporting Countries (OPEC), down from its peak in 1977 of #0%0Q9,
transportation was the single largest consumer of petroleum, accotortiigf% (13.3
million barrels per day) of the total used. With domestic soustesl decreasing, the
increased dependence upon foreign oil sources may create gedptdiisians that

could be avoided by harnessing some of the immense renewable resources in the U.S.

1.3.3 Use of Petroleum for Transportation

Fossils fuels are some of the most dense, transportable, ahddessensable
forms of energy. One liter of gasoline contains an incredible 3®fMkhergy, and is
limited by the Environmental Protection Agency (EPA) to a fearmaite of 37.8 liters per
minute for motor vehicles. This allows for example, cars withedlaanges, and airplanes
with fast speeds, to be replenished with energy quickly. The ERIAt6 motor vehicles
is power being transferred (i.e. energy rate), and is tlutrield equivalent to a 22 MW

operating power plant to refuel a single car. There is no known technology fog stod



rapidly transferring electrical energy of this magnitude toaor vehicle. In 2009 the
transportation sector of the U.S. consumed 27% of all energy, and 94Bis ofids

obtained from petroleum sources. Figure 1-3 shows the relationshigeebeenergy
supplies and energy consumers in the U.S. in 3008ly 3% of the transportation
energy demand was supplied by renewable resources. A majon feashis low value
is that most renewable sources produce electric power that i®adily integrated into
the existing transportation energy infrastructure. Although hylral edectric vehicles
are emerging on the market, they still lack the range and refieling capabilities of
modern cars. A process that could convert electricity into adliduel would be

revolutionary and transformational. This would store renewable energihemical

bonds as a liquid fuel that can be readily integrated into théreximfrastructure for

transportation.

1.4 THE SOLAR RESOURCE

The sun is the most abundant resource of renewable energy available artithe E
Other renewable sources include hydroelectricity, ocean, biomass, anid geothermal.
Altogether these resources can provide a sustainable energyebdla a growing
economy and increased quality of living for society. The averagei@nof solar energy
incident at the top of the atmosphere is 1367 W.*nwith a radius of 6,378 km, the
projected disc of the Earth collects an astounding 173,600 TW of constaet. gaw
comparison, the average global power consumption was 16.6 TW in 2009, and in one

year humanity consumes 145,500 TWh of energy. Therefore, more enekgyg the



surface of the earth in one hour than all primary energy consumptibarbgnity in an
entire year. To be more realistic however, approximately 30#i€nergy is lost due to
absorption and reflection in the atmosphere, leaving approximat€ypd® TW at
ground leveP Since only 30% of the Earth’s surface is covered by land f@nchost
applications solar is installed on land, the practical amount tiseiureduced to 36,500
TW. Solar energy is available across the globe irrespeatigeographic borders over a
range of value8,as shown in Figure 1-4. Desert regions and mid—latitude areashe
largest potential for solar energy harvesting. With solar photovokéficiencies
approaching 20%, 7,300 TW of power could be harnessed, if we covereahall |
surfaces. Nonetheless, to reach the average global power consuofid@®é TW, only
0.2% of the land would need to have photovoltaics exposed to the sun.

The solar resource is variable, primarily due to the day/nightndi cycle,
seasonal changes, and clouds from weather. The demand, for exaomplelefctricity is
also variable and does not correlate well with the variatioolar roduction. Behavior
changes and smart grid controls can help shift some of thei@édemand, but this
alone cannot alleviate the entire mismatch. Figure 1-5 shgits lat night on Earth,
highlighting the regions with dense populations and reliable acoeskdtricity. The
ability to power these lights at night would require an immenseapid storage system
for solar electricity. Figure 1-6 shows supply and demand datadotrielty from the
California independent system operator. The solar production of eligcpeaks in the
middle of the day and is only a small fraction of power, ~1.5% at nocreaing to 0%
at night. Solar is currently only 0.01% on average of the totalgpy energy supplied in

the U.S? No large scale system exists for storing massive amounteaifigity needed



for the U.S. electrical grid. A small scale example isawpumped uphill at hydroelectric
dams that can store some energy, but is limited in scope and dobjeethydrological
cycle® If solar energy is to become a major contributor to the @#ytsupply, some

inexpensive and reliable form of massive energy storage will be ngcessar

15 ELECTROCATALYSISFOR RENEWABLE SOLAR FUELS

1.5.1 Electricity Storage in CO, and H,O Conversion

The ability to convert solar electricity into fuel is anrattive solution to the
energy storage problem. Solar fuels are concentrated ewarggrs with long—term
storage capacity.The technology for the capture and conversion of solar energy into
electricity using photovoltaic technology has experienced tremendoughgrecently.
The demand for solar electricity has grown by an average 30%epepver the past 20
years®® The costs have been declining primarily due to economies of mamirigc
scale, manufacturing technology improvements, and the increasiogereffi of solar
cells. Even with growing renewable resource harvesting, teareriently no large scale
solution to storing the massive quantities of energy. A chaligngoal will be to use

only H,O and CQ as feedstocks for making synthetic hydrocarbon filels.

1.5.2 Inspiration from Photosynthesis
Natural photosynthesis in green plants, algae, and cyanobactesalarsenergy

to convert water and atmospheric carbon dioxide to energy rich carlatdg/dit room



temperature and a biological pH range of 6—8. However naturahsysiperate at low
thermodynamic efficiency, with an estimated maximum ifficy of 8-9%3
Additionally biofuels require substantial supplies of water and mgplatie basic food
supplies that can lead to higher food prices. Photosynthetic watertioidia
photosystem Il (PSll) is known to use metal based catalysis to guide thisttheAt the
heart of the PSII system is a Mia cluster In PSII, oxygen is generated and released,
while electrons and protons are extracted. In a separate plobitmmeia photosystem |
(PSI), atmospheric CQOs reduced by the incorporation of the electrons and protons from
PSII. Photosynthesis is proof that such reactions can be dmlely by the sun, and a
source of inspiration for those that try to create similar msE® These attempts, often
termed artificial photosynthesis, are chemical processes that the natural template
providing a direct pathway for storing solar energy in chemical bonds.

If the reduction of carbon dioxide to liquid fuels is to be accompaligheough
photovoltaic or other electrochemical means, the use of efficiectretatalysts will be
essential for the development of practical industrial prosesé@ electrocatalyst
participates in an electron transfer reaction and facilitateeleration of a chemical
reaction** Figure 1-7 shows a generic reaction scheme for upgradingr@®a higher
energy state using an electrocatalyst to lower the overpotbatiagr ). This example
produces CO which can be used to produce hydrogen via the watehifyasaction’>
A combination of CO and Hcan then be transformed into liquid fuels via Fischer—
Tropsch chemistry® Both the electron transfer and chemical kinetics must bddiaah
efficient electrocatalyst. Additionally, an optimalectrocatalyst must display a good

thermodynamic match between the redox potentidl f¢E the electron transfer reaction
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and the chemical reaction that is being catalyzed (e.g. reduat CQ, to CO). These
factors can be optimized by chemical tuning of the electriysatametal
centers via appropriate ligand design. Electrocatalysts g@ieally screened for their
redox potentials, current efficiencies, electron transferamatiechemical kinetics in order
to determine the best overall catalysts.

In this thesis, two approaches towards artificial photosynthesipresented. The
first is through the use of a GOelectrocatalyst with reductive semiconductor
photoelectrochemistry. Light is efficiently captured and condetteelectrical energy
that is directly transferred at the semiconductor surfaceuéd fbrmation reactions
directed by the solution phase (homogeneous) electrocatalyst.dedbwed approach, the
photocollector and electrode surface are decoupled and optimized slgpardis
involves using commercial solar cells and the construction of aneetf homogeneous
CO;, electrolyzer. The objective of this thesis is to investigfageenergetics involved in

CO, conversion and to develop a scalable approach to efficienel@Cirolysis.
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Figure 1-1 NASA “blue marble” image of the Earth showing the westemibgphere of
our planet. This beautiful image was taken February 2002 fromidigerate Resolution
Imaging Spectroradiometer (MODIS).
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2.1 ABSTRACT

An introduction to the field of semiconductor-liquid junctions is presented.i$hi
then applied to the conversion of light into chemical energy-type gallium phosphide
andp-type silicon. The degree of band bending, which creates a buileeinie field for
efficient photon capture and charge separation is discussed. Egghpinning due to
surface states explains the observed deviation from the ideml déhe construction of
photoelectrodes, the making of ohmic contacts, and surface pretneatr@eshown. The
photoresponse @¥-Si shows: 1) a 475 mV shift in the required voltage as compared to
platinum, 2) reversible electrochemical behavior, and is 3) iFEwel pinned. The
photoresponse gb-Gap shows a varying degree of photovoltage from 200-900 mV as
compared to platinum depending on the redox couplesp®a&P photoelectrochemical
behavior is not well defined and shows poor surface kinetics. To conchedeglative
band positions to specific redox couples are shown to aid in the undergtaridhe

photoresponse.

2.2 |INTRODUCTION

The conversion of light or photonic energy into a useful and storable iform
fundamentally demonstrated in living plants. Through photosynthesis bfentinued on
Earth. Stemming from this inspiration is a fundamental knowleddeittican be done,
and moreover that is sustainable. As pointed out in the first chépgesun is the most

powerful source of renewable energy available to the Earth. Thaf seéar power is not
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a new concept or practice. For example, it is known that the afoenans lined water
channels with black slate to preheat water for bathhdulsesvever heat is not always
desired, nor is it the most useful form of energy. Electrigtpne of the most useful
forms of energy used today. It can be transported rapidly over daignces and
efficiency converted into useful work on demand. However it doesdra¥ehilles heel:
the lack of large scale storage. Currently, research into thedogenent of solar energy
storage via liquid fuels is currently being pursued with great enthusiasm.

In 1839 Becquerel discovered the photoelectric ffesing platinum electrodes.
This was the first photovoltaic device, and it may surprise niagatyit was produced at a
solid-liquid interface. lllumination between two platinum electsodemersed in AgCl
produced a current because the silver halide behaved as a semiooaddgiroduced an
electric field at the electrode surface. This was not fullgerstood for more than 100
years when Brattain and Garfett Bell Laboratories demonstrated and explained
similar effect at the Germanium electrolyte interface tharr fundamental physics and
groundwork for photoelectrochemistry was done by Geriécred many good reviews
34 can be found on the subject. In this chapter, photoelectrochemisttinterfacial
Photoinduced Charge Separation and Redox Chemistry” as called by*Noitikbe
explained along with specific experiments involving the semiconduagatBum

phosphide (GaP) and silicon (Si).
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2.3 PHOTOELECTROCHEMISTRY OF SEMICONDUCTOR-LIQUID

JUNCTIONS

2.3.1 Electronic Structure of Semiconductors

When describing the general conductivity of a material, therehaes major
classifications: conductor, semiconductor, and insulator. Since in thesblitk state
there are a large number of atoms, the atomic orbitals combimkat is termed energy
bands. Figure 2-1 shows a simple diagram of these con¢eptsand is a continuum of
energy levels with the highest occupied state defined as the e@dband (k) and the
lower unoccupied state called the conduction baryl r conductors the valence band
and conduction band overlap resulting in excellent conductivity. In sechictors there
iS a separation in these two bands called the band ggptl{at is equal to &Ey.
Natively at room temperature a semiconductor does not conduct, btroe$ecan be
promoted to the conduction band by various physical driving forces, e.galher
photonic. Finally an insulator has a large band gap such that iyigiNecult to change

into a conducting state.

2.3.2 Doping of Semiconductors, i-, n- and p-type

A pure semiconductor material is called intrinsic (€&8i) and has a very small
number of electrons that can contribute to conduction. The number of claariges can
be increased by intentionally adding an impurity or dopant. Figrixehows the relevant

energy levels that are discussed in this chapter. Silicon isntbhst common
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semiconductor used today, and belongs to the group IV series withofer-shell
(valence) electrons. If a group V element such as phosphorus istadul@ld silicon, the
dopant will have five valence electrons and the extra electron podudenor level (5
near the conduction band that can easily be promoted. This results arcass of
negative carriers in the conduction band, hence the desigmatige. Conversely if a
group Il element such as boron is added, the dopant will have only vhterce
electrons and produces an acceptor levg) (Eear the valence band. An electron from
silicon can now be easily promoted to the acceptor level resuitireg hole (mobile
positive charge carrier). An excess of positive carriers tesamd is designatqatype.
The Fermi level (B is defined as the energy level where the probability of occupation by
an electron is one half. For an intrinsic semiconductor this liezkt For doped
semiconductors the Fermi level moves according to the shift in edd@tectron
population. Fom-type it is between thegzand & and called E,, while for p-type the
Fermi level is betweenfand k and called E,. These new levels are shown in figure 2-
2(b-c). It is important to note that while this level is insidg o electrons are actually at
this level because it is in the forbidden region where thera@mstates. The Fermi level
of a semiconductor can also be externally moved by applying atjabté/ore negative
applied potentials raise the Fermi level (more reducing potentiaereas positive
potentials lower (more oxidizing) it. The location of the Fernvieledetermines the
behavior when in contact with an electrolyte and in the next satuol be shown how

the bands bend in order to equilibrate to the solution Fermi level.
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2.3.3 Band Positions

Now that the electronic band structure of semiconductors has bpkimexd, the
location of the valence and conduction bands with respect to an abswugg ecale is
needed. In physics, the location is measured from the absolute vaeuelhahd all
energies are negative with respect {g.m Measurement of the band positions is often
determined from Mott-SchotkRS§®® plots of capacitance versus voltage according to

equation 2-1.

[

1 T (eV
(kT j @D

Wheree is the dielectric constant of the semiconducteris the permittivity of free
spacek is the Boltzmann constant, T is the temperatuges rthe equilibrium carrier
concentration of the conduction band, C the medstepacitance, V the applied voltage,
and e the elementary charge of an electron. Figure B&vs a summary of selected
semiconductor positions and several redox couplete that since many semiconductors
are oxides or have surface groups with protons,tla@dand positions will directly vary

with the pH of the solution according to the Nemgtation (59mV per pH unity.

2.3.4 Band Bending at the I nterface

In order for the two phases to be in equilibriura éhectrochemical potential must
be the same. For a semiconductor this is determiyethe Fermi level, and for the
solution it is determined by the redox potentialtld electrolyte solution. If these two

levels are not the same, then charge will flow leetvthe semiconductor and the solution
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until the levels are the same. The change in chexgends into the semiconductor in
what is called the space charge region and therdfas a built in electric field. For the
solution the change in charge extends into the lddalger. The exact thickness of each
region will depend on 1) doping level, 2) differeno energy levels EEeq0y, and 3)
electrolyte concentration. Doped semiconductors wsed in order to maximize the
amount of band bending, increase the theoretiaatiopbltage of the system, and produce

a large amount of photocurrent.

2.3.4.1 p-type at Open Circuit, Dark

For ap-type semiconductor at open circuit, with Fat a more positive potential
than Eegox €lectrons will be transferred from the solutian the electrode to attain
equilibrium. This is illustrated in Figure 2-4(a-lhere (a) is before contact, and (b) is
after contact. Since the number of majority char@eier (holes) has been decreased near
the surface, the region is called the depletiorerdayhis generates a downward band
bending shown in Figure 2-4(b). Wheneds is negative of E, electrons will be
transferred from the electrode to the solution.sThill result in a surplus of majority
charge carriers near the surface shown in Figls&R-The bands bend upward, and the
region is now called the accumulation layer becanfsthe larger amount of positive
charges. When Kox= Er, the junction is already at equilibrium and norgeaflows, this

situation is referred to as the flat band poterfita) and shown in Figure 2-5(b).
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2.3.4.2 n-type at Open Circuit, Dark

For an-type semiconductor at open circuit, with fat a more negative potential
than Eeqox €lectrons will be transferred from the electrddethe solution to attain
equilibrium. This is illustrated in Figure 2-6(ayith a decrease of negative charges near
the surface resulting in a depletion layer. Thisggates an upward band bending. When
Eredox iS positive of E, electrons will be transferred from the solutionthie electrode.
This will result in a surplus of majority chargergars, downward band bending, and an

accumulation layer of negative charges.

2.3.4.3 Semiconductor-Liquid Junction Under Illumination

When light with energy & > Eg strikes the semiconductor surface, its absorption
can promote an electron from the valence banddoctinduction band. The lower the
band gap, the more of the solar spectrum that easbborbed, but at the cost of a lower
maximum voltage. If this absorption occurs in thelkbof the semiconductor, the
promoted electrons and resulting holes will recarapproducing heat. However if the
absorption occurs in the space-charge region, tfileib electric field will separate the
charge. The convention for movement of chargeasteins will drop to a lower energy
with respect to vacuum level (sink) and holes wdk to a lower energy (float). In the
case of g-type semiconductor liquid—junction with downwarahnbl bending, the built in
electric field will drive the electrons to the sacé and the holes into the bulk. If driven to

a sufficient positive potential in the dark, the@amulation layer can pull electrons from
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the solution. Therefor@-type semiconductors are photocathodes (reductiad) dark
anodes (oxidation). The-type arrangement is the reverse, as they will \oehas
photoanodes and dark cathodes.

The current that flows under illumination is callb@ photocurrent:

iphoto =i Iight_i dark (2-2)

Where i is the current measured in amperes. A better me@&mt normalizes the
electrode surface area by reporting current depsgy that differences in electrode size
are properly adjusted. The absorption, separatson collection efficiency of the

junction can be measured in terms of the quantticiesfcy:

_electronsout
photonsin

j
Quantum Efficiency ¢, '; (2-3)
N, hf

Wherej is the current density in A ¢mF is the faraday constant in C ritplP is the
monochromatic power density in W €mN, is Avogadro’s numberh is planck’s
constant, and is the monochromatic frequency of the incidenhtligit is easiest to
measurepge vVia a monochromatic light source so that the fafxphotons can be
precisely measured.

The theoretical induced shift in the bands is tentee photovoltage or

photopotential and is measured as:

V. =

photo

V-V (2-4)

redox|

Where g is the flatband voltage and \ox the redox electrochemical potential.

Therefore in order to maximize the photovoltages itlesired to have theox Slightly
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less reducing than thecg for p-type semiconductors, and slightly more oxidizihgrt

Evs for n-type. Note to convert V to E use the relationship E/e. The kg can be found

by measuring the photopotential as a function dfatéon intensity, the position of the
onset of photocurreff, and/or the capacitance of the space charge f&gisndiscussed

in section 2.3.3. As a final notegls a measure of the chemical bond strength. Large
band gap materials tend to show greater surfatdistabut the larger E results in a

lower conversion efficiency of the visible spectrum

2.3.4.4Fermi Level Pinning

There is a very important deviation from the pregly presented idealized
junction theory. The concept of Fermi level pinnatglluminated semiconductor liquid-
junctions was introduced by Wrighton, Bard, etiml1980**° as adapted from Greéh.
Instead of the band edges being pinned (fixed)hasvs in Figure 2-4, with the Fermi
level free to float with applied bias, the Fermideis pinned by surface states (as low as
~10" cm®), and the bands now move to accommodate. Thisfieddiiew includes a
Schottky barrier photocell in series with the elechemical cell. The photovoltage is
now independent of the redox couple in direct auhttion to equation 2-4. As a
consequence of this similar photovoltages have besarved for redox potentials over a
range larger than the band d4pA new measure of the photovoltage can be defised a

follows:

Vphoto, pinned: V photoelectrode_ V metal electroL (2_5)
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Where V is the measured voltage position of a redowple on a reference metal
electrode and on an illuminated semiconductor eldet It was also observed that
photoreduction can occur outside the band gap fsEhore reducing thandg. Finally,

in the ideal case when two redox potentials arbiwihe k&, one combined two-electron
wave is expected. However in the pinning casedbierved as two separate one-electron
waves with equal photovoltages.

Not all semiconductors exhibit Fermi level pinnirig.general metal oxides and
metal sulfides do not exhibit pinning, whereas @ptal and compound semiconductors
show pinning. Both Silicolf and GaP’ show evidence that they are Fermi level pinned.
Not all Eeqox Will pin the Fermi level. Redox couples need tosbéficiently negative in
order to pinp-type and sufficiently positive to pmtype. The exact degree of interaction
will depend on the specific semiconductor-redoxesysand can be easily probed by
judicious choice of various redox couples. The nthgadvantage of Fermi level pinning
is that the Vhowis limited to a fixed value. However since thigeef is based on surface
states, surface modification via functionalizataord pretreatments can directly affect the
fixed Vphoto A final advantage is a wider range of redox cesghat can be driven by the

photoelectrode.

2.3.5 Two Major Types of Photoelectrochemical Cells
The word photoelectrochemistry (PEC) is used temles the resulting behavior
of the semiconductor liquid junction under illumiioe. One advantage to PEC over a

solid state photovoltaic is that they can have wsoy different products. The first is
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voltage and current, essentially a photovoltaidpoing power. The second is unique, as
the product is a direct electrochemical reacticsseatially storing chemical energy.
These two types are referred to as a regenerativara as a synthetic cell respectively.
The regenerative cell is a closed loop system wéaetlee photoelectrode a redox species
is reduced (or oxidized), the electron travels digio a load circuit where work can be
extracted, and then the reduced (or oxidized) spasire-oxidized (or re-reduced) at the
counter electrode. The redox couple acts as a elswgitle with no net chemical change.
A well studied example of a regenerative cell s dye sensitized TKIPEC solar cell by
Gratzel?®* The synthetic cell is an open loop system whetkeaphotoelectrode a redox
species is permanently reduced (or oxidized), dmed dlectron travels to the counter
electrode where a second species is oxidized (@ucezl). The result is two new
electrochemical products. A well studied exampla af/nthetic cell involves reactions of
the splitting of watéf">* or of carbon dioxidé>>®In this thesis, synthetic based PECs are

investigated with a specific focus on the electsyultal reduction of carbon dioxide.

2.4 CONSTRUCTION OF P-GAP AND P-SI SEMICONDUCTOR

ELECTRODES

2.4.1 Propertiesof GaP and Si
Gallium phosphide is a compound semiconductor aithndirect i of 2.26 eV
and a direct E of 2.78 eV. It is primarily used for light emitgndiodes. A wafer is

transparent orange in color. Silicon is an eleniesgmiconductor with an indirectgEof
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1.12 eV and a directdof 3.375 eV. It is used for integrated circuitsl ghotovoltaics. It
is metallic in color when polished. Table 2.1 sumees the relevant properties of GaP
and Si. The location of the conduction band isisigffitly reducing (see Figure 2-3) to
drive the reduction of Cand the valence band is sufficiently oxidizingdiave the
oxidation of water. This makes this material atixacfor a monolithic device for the

splitting of CQ.

2.4.2 p-GaP and p-Si Wafer Specifications as Received

Two inch diameter double polished (100) orienpe@aP wafers were purchased
from Promecome (now Azelis) electronics (France)ithWa zinc doped carrier
concentration I, of 1-2x168 cm® and an etch pitch density (EPD) less than 2xTIBey
were grown via the liquid encapsulated CzochrdlskiC) method.

Three inch diameter single side polished (111) nbei@é p-Si wafers were
purchased from University Wafer. With a boron dopmdrier concentration, AN of

1-2x10° cm and a resistivity of 5-7 ohm-cm.

2.4.3 Wafer Dicing of p-GaP and p-Si
Wafers were manually cut into smaller pieces bywgis diamond tip scribe to
notch the edge of wafer. In doing so, a crack pyafes along an atomic plane yielding

straight edges. The surface area of each piecéetagen 0.5 and 1 ém
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2.4.4 Ohmic Contactsto p-GaP and p-Si

Ohmic behavior describes a linear electrical curresponse to applied voltage as
described by Ohm’s law. In order to make ohmic aotst to p-type materials, a
connection to the valence band is required, andearsely to the conduction band fior
type materials. In experiments performed for thiests, the first electrical contacts to
GaP were made by using a liquid indium-gallium @a} eutectic solder. A diamond
tipped scribe was used to scratch the surface ersile of the GaP in the middle of a
diced wafer piece. This was done to break throbghative surface oxide layer. Then a
small amount of the In-Ga was immediately appli&dopper wire inside a glass tube
was placed in contact with the liquid solder anehtthe entire backside encapsulated by
Devcon 5-minute epoxy. The glass tube was placednarthe wire in order to prevent
contact with the electrolyte solution during expernts. Example photographs of
finished electrodes are shown in Figure 2-7. Midtipontacts were made to one GaP
surface and the current voltage (I-V) charactessfirobed using a potentiostat with the
auxiliary electrode and reference electrode shofti@d electrode configuration). From
the data it became apparent that the contacts mareohmic due to the non-linear
response. Rideout has reviewed llI-V contacts nil@ag the contact mechanism and
behavior* In-Ga contacts made to bare GaP showed Schotthgvie as show in
Figure 2-8. When the surface was scribed the respionproved, however it still showed
a non-linear response. The pseudo-ohmic behavir the origin resulted in measured
values of 255 ohms (non-scribed) and 17.5 ohmsbésty. Other metals were also tried

including evaporation of gold and palladium wittbsequent annealing under nitrogen,
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but did not yield ohmic contacts. FeiSi the In-Ga scribed contacts showed good ohmic
behavior with 0.5 ohms of resistance and did ngaire further refinement.

The only literature graphs showing a linear I-Vp@sse are based on Au/Ni/Au-
Ge on (111) and (10@)}GaP with either a hydrogen or nitrogen anneaD8f@> These
metals showed improved behavior but still had d higntact resistance. One common
practice to make ohmic contacts to a semicondusttir dope a region heavily so that it
is degenerate and behaves like a metal. This é afdlled a p++ region (or n++ for n-
doped) and facilitates a low resistance metal @bmqad area. Since the dopanpeGaP
is Zn, efforts were made to create such a regiorowing that indium is a low melting
point metal, and that an appropriate alloy willulesn a melting point reduction at the
eutectic point, the In-Zn phase diagram by Zakubskil Dutkiewic2® was consulted.
Figure 2-9 shows the In-Zn phase diagram in theatigtregion, with Tjecic= 143.5°C
at 2.2 weight % (wt%) zinc. Zn shot (99.99% Sigmdrith) was cleaned via an HCI dip
to remove surface oxide and rinsed with water. ile\{99.99% Sigma-Aldrich) was then
added to a ceramic crucible and heated on a ht¢ ptathe melting point, under a
nitrogen atmosphere by using an inverted Buchnemdl 4.6 wt% zinc was added and
stirred until dissolution. An oxidized slag was k@rad from the liquid surface, resulting
in an alloyed melting point ~190°C. The resultind snetal alloy was then cut into small
pieces with a razor blade. Scribed contacts werden@p-GaP and then the In-Zn alloy
applied using a standard soldering iron. During fhriocess the GaP substrate changes
from orange to an orange-red color. The resultingl fi-V trace is shown in Figure 2-7,

with a measured resistance of 5.3 ohms and goodcdiehavior over several volts.
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2.5 PHOTOELECTROCHEMISTRY OF P-GAP

2.5.1 Electrochemistry Preparation of Redox Species, Solvent, and Electrolyte
Electrochemistry is an analytical technique andy\s@nsitive to impurities. In
order to ensure reproducibility and accuracy, sflezts of the electrochemistry—the glass
cell, electrodes, solvent, electrolyte, and redp&cges were kept extremely pure and
clean. Redox couples were purified by recrystdilima and counter ion exchange
techniques as described below. The solvent wassdedaand dried on a custom dry
solvent system. The electrolyte was recrystallimednethanol. Electrochemistry was
performed in a Vacuum atmospheres HE-493 dry baxgus standard three electrode

setup with a Bioanalytical systems CV-50 voltamigeinalyzer.

2.5.1.1 Preparation of N,N’-dimethyl-4,4"-bipyridinium(PFg), [Methyl Viologen]

In a 50 mL round bottom flask 240 mg (1.5 mmol) ammonium
hexafluorophosphate (white solid, 99.5% Alfa-Aesags dissolved in 4 mL water.
100mg (0.4 mmol) of methyl viologen dichloride hgtl (white solid, 98%, Aldrich) was
dissolved in 2 mL water and added dropwise to thlatisn. A white solid precipitate
was collected over a medium glass frit, rinsed withater and dried overnight in a

vacuum oven at 130 °C. Purity was confirmed via N8 electroanalytical techniques.
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2.5.1.2 Preparation of Ru(2,2"-bipyridyl)s(PFe). [Ru(bpy)s]

In a 50 mL round bottom flask 240 mg (1.5 mmol) ammonium
hexafluorophosphate (white solid, 99.5% Alfa-Aesads dissolved in 4 mL water.
200mg (0.27 mmol) of tris(2:bipyridyl)dichlororuthenium hexahydrate (orange-re
solid, 99.95%, Aldrich) was dissolved in 2 mL wased added dropwise to the solution.
A bright orange solid precipitate was collected rogemedium glass frit, rinsed with
water and dried overnight in a vacuum oven at X30Purity was confirmed via NMR

and electroanalytical techniques.

2.5.1.3Preparation of Tetrabutylammonium(PF)s [TBAH]

In a 1000 mL beaker 100 g (258 mmol) of tetrabumytaonium
hexafluorophosphate (white solid, 98% aldrich) wligssolved in 400 mL of methanol,
continuously stirred, and brought to a boil forrhutes on a large hotplate. The beaker
was placed in a freezer for 1 hour, along with &Q0of methanol. The solution was then
filtered in a large Buchner funnel with #1 Whatnfdter paper and rinsed three times
with cold methanol. The white precipitate colleciwas dried overnight in a vacuum

oven at 130 °C.
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2.5.2 Native Oxide Etch of p-GaP

GaP will spontaneously grow an oxide when exposeirt reported to consist of
GaP0,.>" The oxide refractive index has been reportedsas = 1.5-1.6 and the GaP
substrate gp= 3.4-3.44°° Ellipsometry was used to confirm the native oxikdiekness
of ~3nm. The surface oxide will not have the elamitt properties of the bulk and must
be removed before performing any experiments. Kakasinand coworket® have
reported a very comprehensive list of acid comimnat specifically for GaP and shown
their respective etch rates, selectivity, and aa@froughness characteristics. For the
experiments performed in this thesis, a mixtur&:af HCI:HNG; (aqua regia) was used
to remove the native oxide by dipping the electrémteone minute, then rinsing with

water, and then drying with nitrogen immediateljooe electrochemistry.

2.5.3 UV-VIS Measurement of the Band Gap of p-GaP

A UV-VIS spectrophotometer is typically used to atetine extinction
coefficients and energetics of specific transitiohspecies in solution. However it can
also be used to measure the band gap of a semmondWwhen light impinges on a
surface it will be 1) reflected, 2) absorbed, ahdr&smitted. When the light has energy
greater than the bandgap of a semiconductor, aopoid now absorbed, exciting an
electron-hole pair (exciton). Equation 2-6 shows lho convert between energy (eV) and
wavelengthX) in nm using Planck’s equation.

1240

A(nm) E(eV)

(2-6)
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By placing a piece of GaP in the beam path and siweseping the wavelength of light
the spectral response of GaP was obtained as simokigure 2-10. By normalizing the
photoresponse curve (to account for reflectiong & will be at 50% relative
transmission. The measured value of 2.27eV agre#swth the literature value in Table
2-1. This methodology is a rapid tool that can beduto verify the band gap, especially

for compound semiconductors which can vary depgndimthe processing conditions.

2.5.4 Cyclic Voltammograms of p-GaP with Ru(bpy); and Methyl Viologen

The original attempts at electrochemistry m&GaP produced very frustrating
results. Low photovoltages and photocurrents wérserwed and the electrochemistry
was inconsistent. After consultations with Dr. Yw#&l Lo, Dr. Peter Asbeck, and Dr.
Charles Tu, it became apparent that poor, non-olwmitacts could be responsible for
the observed behavior. Improvements in the contastsexplained in section 2.4.4
resulted in a greatly improved photoresponse. Ei@it1 shows the cyclic voltammetry
of p-GaP with and without broadband illumination witb(Bpy). A scan with a platinum
electrode serves as an example of a more idedf@bemical response. Note that the
Saturated Calomel Electrode (SCE) is +241mV vs. Noemal Hydrogen Electrode
(NHE),”® and Ferrocene is +400mV with respect to SEEhe observed photocurrent
onset is around 900mV more anodic (positive) then® reduction of Ru(bpy) While
this result is impressive, there are no distindoxeshapes op-GaP. Moving to another

good electron accepting redox couple, figure 2i@ws the cyclic voltammetry using
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methyl viologen. The photocurrent again shows rakpeand the resulting photovoltage
is only 200mV to the onset. The poor photorespafiseaP could be due to one or more
of the following conditions: 1) poor surface kiresti 2) no Fermi level pinning, or 3)
insufficient photon flux so that the recombinataeminates. Whichever the case may be,
a change in semiconductor type to the well undedssilicon was made to help elucidate
the photoresponse. Nonetheless, GaP remains actiattr photoelectrode material for

driven fuel forming reactions.

2.6 PHOTOELECTROCHEMISTRY OF P-Si

2.6.1 Native Oxide Etch of p-Si

Silicon possesses a native oxide SdD~1nm that interferes with the electronic
properties of the bulk and must be removed bef@dopming any experiments. A
common selective etch used in the processing efiiated circuits is buffered oxide etch
(BOE), consisting of a 6:1 ratio of 40% MH(aq) and 49% HF (aqg). Extreme caution
must be used when handling HF. Fresh BOE will reenthe native oxide at a rate of
2nm §&. Only Teflon or plastic containers should be usetieled, and disposed of
properly. All work must be conducted in a fume hamihg protective goggles, gloves,
and acid smock. Fresh calcium gluconate must beahlain case of accidental skin
exposure. Piranha acid, 3:23%0:: 30% HO, (aq) was first used to clean the surface of
all organics. This is also a very dangerous proeedund should be exercised with

caution. The acid must be slowly added to the wsdkrtion as it will get very hot and is
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extremely oxidizing. A qualitative approach is tsually inspect the interaction of water
and the surface. The silicon oxide surface is hylitw and the silicon surface is

hydrophobic. A quantitative approach is to meastimve surface contact angle as
discussed in the next chapter. By dipping thetedde for five minutes in BOE and then
rinsing with water, the silicon is ready for immatdi electrochemistry. If the electrode is

kept under an inert atmosphere, the surface willaia stable and oxide free.

2.6.2 Cyclic Voltammograms of p-Si with Ru(bpy); and Methyl Viologen

Freshly etched silicon surface showed excellenerstle electrochemistry and
consistent photocurrents with clearly defined pkioliages. Figure 2-12 and Figure 2-13
show the cyclic voltammetry g¥-Si with and without broadband illumination. A scan
with a platinum electrode serves as a referenadretdhemical response. The observed
photocurrent onset in Figure 2-12 is 470 mV moredan (positive) than platinum for
each reduction of Ru(bpy) This observed behavior is consistent with Feravel
pinning because each individual redox couple isenfesl as separate wavéswhen
plotted the peak current versus the square rodh@fscan rate were linear on both
platinum and on thp-Si surface, verifying freely diffusing homogenedghavior’® The
observed voltage shift reflects a direct conversaon transfer of photonic energy to
electrochemical energy. The three electrode setpplies the additional required voltage
to drive reduction. It is worth noting that thisnfiguration only observes the half
reaction involved and ignores the auxiliary eled&roeaction. While this is advantageous

for probing the photoresponse, a complete two Edetsystem requires that the entire
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voltage be provided by PEC and the counter eleetredction is critical. Ideally if the
voltage produced by the photoelectrode is largeigimdor both cathodic and anodic then
the reduction and oxidizing reactions can be drigefely by light. The observed
photocurrent onset in Figure 2-13 is 400 mV moredan than platinum for each
reduction of methyl viologen. This voltage is oshightly lower than the Ru(bpyxase
and shows excellent electrochemical reversibilitye response was stable and repeatable
on additional substrates. TipeSi provides a good example of a more behaved rayste
thanp-GaP. This knowledge and experience is appliedetctrecatalytic systems as will

be explained in the next chapter.

2.6.3 Band Positions of p-GaP and p-Si With Redox Couples

The distance to the bottom of the conduction baooh fabsolute vacuum level is
given by the electron affinity as shown in Table 2-1. This is not to be confusitd the
work functione, which measures the distance to the Fermi leveichwwill vary with
dopant type and dopant concentration. For siligatcurs at -4.05 vs. vacuum (-0.631
vs. SCE) and for GaP -3.8 vs. vacuum (-0.881 v€)SEquations 2-7 show how to
converty from vacuum to NHE or SCE.

ENHE =—4.44- Evacuum: —4.44 X semiconduct (2'73)

ESCE =—-4.68-E =—4.68 X semiconduct (2_7b)

With this understanding the results@8i andp-GaP can be further analyzed by

showing the location of the bands and redox couptethe same reference scale. This is
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shown schematically in Figure 2-15. For Silicorplt= 0 only one of the redox couples
(MV *?*Y is within the band gap. The others are at a megmative potential, yet we see a
similar photovoltage shift for all couples. Thisostgly supports a surface pinning of the
Fermi level as discuss in section 2.3.4.4. For @gapH = 0 both MV couples are inside
the band gap region, while Ru(bpygpuples are outside at more negative potentidiis. T
may partially explain the large difference in olveel photovoltage for the specific redox
systems. A low 200mV photovoltage for MV is obsehia figure 2-12, and a high
photovoltage of 900mV for Ru(bpyin figure 2-13. Some sensitivity is therefore seen
with the redox couple and may be only weakly pinoedhot pinned at all. However as
was mentioned earlier this could be a surface kineffect and needs further
experimental evidence to be decided. The locatidheoband edges is a critical element
of any photoelectrochemical device and the redoupleo choice will affect the

photoresponse.

2.7 CONCLUSIONS

An introduction to the field of semiconductor-ligujunctions was presented.
There are five major factors in photoelectrocheryigtat are presented in this chapter.
They are: 1) band gap energy, 2) semiconductomdolyipe, 3) band edge positions, 4)
surface pretreatment, and 5) redox couple locatidme band gap determines the
wavelengths of light that can be absorbed and ateweto a photocurrent and

photovoltage. Doping directly affects the PE€Etype semiconductors are photoanodes
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and dark cathodes, wheregasype are photocathodes and dark anodes. The lugel e
position and redox couple location determines finectdon and degree of band bending
with the exception of Fermi level pinning. QnSi the photovoltage is independent,
whereas onp-GaP the photovoltage varies with redox speciesthiology for
constructiong photoelectrodes for PEC experimerats shown. Removal of the surface
native oxide improves the electronic properties tioé photoelectrodes and vyields
excellent electrochemistry gnSi. The photoresponse pfSi shows: 1) a 475 mV shift
in the required voltage as compared to platinunre2¢rsible electrochemical behavior,
3) and is Fermi level pinned. The photoresponse-Glap shows a varying degree of
photovoltage from 200-900 mV as compared to platindepending on the redox

couples.

Chapter 2 and 3, in part, are currently being preggh for submission for
publication of the material, entitled, “Light Asstsl Homogeneous Electrocatalytic
Reduction of Carbon Dioxide on p-Type Silicon Enadel by Cyclic Voltammetry,”
written by Aaron J. Sathrum and Clifford P. Kubidkhe dissertation author was the

primary investigator and author of this material.
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Figure 2-3 The upper edge of the valence band (Green) andotiner edge of the
conduction band (Red) are shown for ten differeamisonductor materials at pH 1 as
compiled by Gratzel' The left energy scale is referenced to both tleeivm level and
the normal hydrogen electrode. The electron affii} is measured from the bottom of
the conduction band to the vacuum level. The viianktion ) is measured from & to
Er. The standard potentials of several redox cougrepresented on the right side.
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Table 2-1 Semiconductor properties of GaP and Silicon.

Gallium .
Phosphide Silicon
Crystal Structure Zinc Blende Diamond
E; Band Gap 2.26 1.11 eV
Ec DOS 1.80E+19 3.20E+19 cm?
Ey DOS 1.90E+19 1.80E+19 cm?
Ea (Zn, GaP) or (B, Si) 0.0697 0.045 eV
Dielectric Constant (static) 11.1 11.7
Electron Affinity 3.8 4.05 eV
Lattice Constant 0.54505 0.5431 nm
cm? V1
Electron Mobility 250 1400 !
Hole Mobility 150 450 Cm:lv 1
Hole Lifetime N~10E18 1.00E-06 1.00E-06 s
Hole Diffusion Length 2.00E-05 1.00E-03 m
Electron Lifetime N~10E18 1.00E-07 4.00E-06 s
Electron Diffusion Length 7.00E-06 4.00E-03 m

50
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Figure 2-7 Photographs of constructed p-GaP electrodes. ABalreutectic liquid sold
contacts the GaP through a scribed contact. A copje inside a glass tube is insel
into the solder and then completely sealed withxgpbmproved ohmic contacts we
subsequently made using annealed 4.6 wt%nZalloy. (a) backside sealed with epc
(b) frontside with surface exposed.
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Figure 2-11 Cyclic voltammograms of 1mM Ru(2;Bipyridyl) 3(PFK). on a platinur
electrode and on an illuminated p-GaP photocathoUdgs.~900mV but shows po
surface kinetics. Conditions:,Nourged CHCN with 0.1M (n-butyN(PFs), scan rat
100 mV/s, platinum counter, with ferrocéH&as an internal standard.
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Figure 2-12 Cyclic voltammograms of 1mM N,Mlimethyl-4,4-bipyridinium (PF)
electrode and on a platinum electrode and on amifated p-GaP photocathode.
Vohots~200mV with poor surface kinetics. Conditions: iNirged CHCN with 0.1M (n-
butyl)sN(PF), scan rate 10 mV/s, platinum counter, with feereé'° as an internal
standard.
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Figure 2-13 Cyclic voltammograms of 1mM Ru(2;Bipyridyl) 3(PFs). on a platinur
electrode and on an illuminated p-Si photocathodé.~465475mV for all thre
couples. Conditions: Nourged CHCN with 0.1M (n-butyl)N(PFs), scan rate 100 mV.
platinum counter, with ferrocefi® as an internal standard.
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3.1 ABSTRACT

The photoelectrocatalytic production of carbon monoxide using carbon dicxide a
a feedstock demonstrates the capture of solar energy and subsequeotledmical
conversion into a useful chemical commodity. Carbon dioxide is redudkdnahated
p—Silicon (p—Si) cathodes using the electrocatdbstRe(2,2'-bipyridyl)CQCI at a 440
mV less anodic potential when compared to a glassy carbon elecirbde room
temperature reduction shows that p—Si photocathodes effectively cdmeadband
optical energy into electrical energy that is directly tiamed to an electrocatalyst for
the reduction of C@® Selective production of carbon monoxide is confirmed by gas
chromatography. Cyclic voltammograms of the electrocatalyish CO, show an
increase in current at the second reduction wave. Additional voltaramegperformed
using illuminated p—Si show the integrity of electrocatalytidvay shifted to more

anodic potentials.

3.2 |INTRODUCTION

Capturing energy from the sun to facilitate the renewable cooveoiCQ into
useful chemical commodities creates a carbon neutral dyuke cycle is currently out of
balance on a global scale and new approaches to reducinig&® are needed. GG
abundant and the motivations for utilization arise from its globakribution to the
greenhouse effect. GOconversion is not a foreign reaction; plants successfully

accomplish this on a global scale of more than 100 billion tons per waar
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photosynthesi$. Major synthetic targets for conversion include carbon monoxide,
methanol, formaldehyde and formic agi@hese commodities can be readily integrated
into the existing chemical industry infrastructure. For examgdebon monoxide and
hydrogen (synthesis gas) can be combined to produce liquid fuelsseiaeFiTropsch
technology’ The major approaches to transforming,CiPe chemical, photochemical,
electrochemical, biological, reforming, and inorgahiach method requires an external
source of energy to drive the thermodynamically uphill reactid®=257 kJ mof* or
1.33V for CQ —» CO + £Q). Desired qualities of a GQxonversion system are rapid
conversion and high selectivity. An activation barrigr & in electrochemical terms an
overpotentiak, exists for CQ conversion intermediates and consequently it is preferable
to use a catalyst to lower the barrier. Currently therenareartificial systems that
adequately accomplish G@ansformation efficiently. Utilization of CQs considered a
difficult problem because the conversion process requires multiglecgle coupled with
multiple protons (PCET).The high energy barrier for the one electron reduction of CO
to CO~ at -1.90V vs. NHE is due to the large reorganization energy fhaminear
molecule to the bent radical anidrHomogeneous electrocatalysis presents a unique
opportunity to convert and store electrical energy in, @€ived products at low input
energy. For example, a natural enzyme, formate dehydrogkaasecently been shown
to operate at the thermodynamic potential with no overvoltagé@ito formate and the
reverse reaction, but the biological system suffers from imreediacay outside its
natural environmentt.Atrtificial systems built with transition metal complexeshibit

poor overpotentials typically between 0.5-1 Volthe electrocatalysfac-Re(2,2'—
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bipyridyl)CO;CI° (Re(bpy)) is remarkable for its high selectivity, stapiliind turnover
frequency for conversion of G@o CO? By using a synthetic photoelectrochemical
approach! solar energy can be directly converted on a semiconductor stofatreve
the electrocatalysis as shown in Figure 3-1. This assumesthibaphotovoltage is
sufficient to drive both the cathodic and anodic reactions. Otherwitsgnakenergy via
an additional voltage source will be needed. Both the fixation of a greenhcusedythe
synthesis of chemical commodities can be attained in a renevfashl®on by using

electrocatalytic C@photoelectrochemistry.

3.3 EXPERIMENTAL

3.3.1 Preparation of fac—Re(2,2'-bipyridyl)C4TI

All chemicals were analytical grade or highéac—Re(2,2'-bipyridyl)CQCI
(Re(bpy)) was prepared via literature methods with small neadiifins™>** In a 250 mL
round bottom flask 0.5 g (1.3 mmol) of Re(GO)) (white fine crystalline solid, Sigma-
Aldrich 98%) and 0.216 (1.3 mmol) of 2-2'bipyridine (large clear crystdfs-Aesar)
were dissolved in toluene and refluxed (110 °C) for 1 hour. Upon hedimgotution
immediately changed from colorless to yellow. When cooled to rtemperature a
yellow precipitate formed. The solid was filtered over a mediutnwashed twice with
diethyl ether, and dried under vacuum. Purity was confirmed using N ,R.'H

NMR spectra were recorded on a Varian Mercury 300 MHz speeteoninfrared
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spectra were collected on a Bruker Equinox 55 spectrometer. IRC{QH/(CO): 2026

cm ™}, 1920 cm?, 1902 cm.

3.3.2 Electrochemistry Setup

Tetrabutylammonium hexafluorophosphate (TBAH) electrolyte (Signdrieh
98%) was recrystallized in ethanol and dried under vacuum for 24 kbur80°C.
Acetonitrile was degassed and dried on a custom dry solvent systdrypdrous N,N-
Dimethylformamide (DMF) (Sigma-Aldrich 99.8%) was kept in g dox. A BAS CV-
50W voltammetric analyzer was used in all electrochemical rempets. Platinum
electrodes (1 mm diameter), glassy carbon electrodes (3 mmeteid, and an A§ non-
agueous reference electrode were purchased from Bioanalygtains. Scans were
conducted in 0.1 M TBAH in acetonitrile at 100 mV/sec unless othemosed. The
platinum wire counter electrode was cleaned with a piranha(8tehSO, : 1 H,0) and
hydrogen flame annealed prior to use. The reference electrodstednsi a glass tube
equipped with a vycor tip containing a silver wire and a 0.01M solutidgBfs (Ag™™)
in acetonitrile, with 0.1M TBAH electrolyte. At the end of eleaimalysis ferrocene was
added as an internal reference and used to convert to the SCE secgten gas (Ar) was
bubbled using a stainless steel needle for 15 minutes to deoxytfemai@ution. After
purging, a positive pressure of Ar was maintained over the solution. Cidr
experiments, the solution was sparged for 10 minutes with bongrallg CQ (>99.9%
Airgas) to the saturation point in acetonitrile (0.28M)Other gases used were CO

(99.99% Matheson Tri-Gas, Inc.), Ar (UHP, 99.999% Praxair) an@®998% Praxair).
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3.3.3 Photoelectrode Preparation
Photoelectrode substrates were fabricated in the UCSD nano3 ioiwafion

cleanroom. Three inch p—Si (111) substrates (Wacker Siltronic Corp, San Jo38-65
ohm—cm, 500 pm thick, boron p—-dopedl@m>) were used for all experiments. Prior to
the metallization on one side, the surface was cleaned ultraspriazab minutes each
with methanol, acetone, isopropyl alcohol, and water. The native dajckx was
removed using a HF buffered oxide etch (BOE) as described in clzapter After the
etch, 5 nm of titanium and 100 nm of gold was deposited using a TenBzd 800
Ebeam evaporator. A Shipley 1827 positive photoresist layer was addeeé &ide to
protect the wafer during the cutting operation on a Disco 3220 autodigtig saw. The
wafer was diced into 10 mm squares and the photoresist remottecShipley 1165

microposit remover.

3.3.4 Custom Teflon Electrochemical Cell

A custom electrochemical cell was constructed at the UCSkpus research
machine shop as shown in Figure 3-2. The cap includes three apémiagcommodate
the fiber optic light, the reference electrode, and the platinusaunter electrode. The
cell was purged with gases through a septa also containing the celaut®ode. One
opening in the bottom exposed the p-Si surface to the solution withdaafiza of 0.24

cn?’. The backside was contacted by pressing a polished copper fbié tgotd. The
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Teflon coated o-ring seals (Marco Rubber, Seabrook, NH), and Teflon disllaneagood
for chemical inertness and ensured gas tight operation. This c&lndesnimizes
exposure of the front semiconductor surface of the p—Si photoelectrogggen during
the experiments and keeps the backside from contacting the solutiber. &greriments
with epoxy coated electrodes as discussed in chapter 2, intevatitethe illuminated
Re(bpy) catalyst and were not stable for photoelectrolysis. &hecell design allowed
for stable voltammetric measurements, illumination, and the atwlipprge the cell with

CQO,. The volume required for experiments was between 5-10 mL.

3.3.5Light Source

A quartz halogen Dolan—Jenner MI-150 with 1/8” flexible fiber opghtlguide
equipped with an IR filter (cutoff wavelength = 1000 nm) was usdtieatight source.
The broadband illumination intensity was measured as 10 m¥iitm an Ophir 30A—

SH-V1 thermopile.

3.3.6 Contact Angle Measurement

Surface contact angle measurements were conducted on a custom-built
photographic stand equipped with a micropipette as shown in Figure 3-3Ir@n¢6.2
pL) of deionized water was placed on the surface and digital plaptogywere taken
using an Olympus C-5050 camera using macro mode. The @mhgisveen the surface

and the droplet edge was measured using Adobe Photoshop. This measwasnesed
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to determine surface functionalizatithhln a typical experiment, the p—Si photocathode
was hydrogen terminat€dby placing in an Ar purged 40% NHF aqueous solution
(Aldrich) for 15 minutes, rinsed with Ar purged water, and dried undesgah before
being exposed to an acetonitrile solution typically containing 0.5 to 2ainkl redox

species or catalyst.

3.3.7 Gas Chromatography

Gas chromatography (GC) was performed on a Hewlett Paéig®@ Series Il
equipped with a 19095P-HS6 column (Agilent Technologies, length = 30mar i
diameter = 0.530 mm, 2pm beads). A thermal conductivity detector (TCD) was used
with a helium carrier gas. The injector temperature was 200°Gletieetor 200°C, and
the oven 50°C for 5 minutes, and then a 25°C miamp for 4 minutes to bake out
residual CQin the column. Authentic samples of @O, and Ar were run to determine

elution times.

3.4 RESULTS AND DISCUSSION

3.4.1 Electrocatalytic Cyclic Voltammetry of Re(bpy) Under €O

The cyclic voltammetry (CV) of Re(bpy) on a platinum electrod®MF shows
two reduction waves. Upon addition of @ 300% increase in current at the second
reduction wave at -1.65 vs. SCE appears, as shown in Figure 3-4. uFlesitcis

characteristic of electrocatalytic behavior and correspond3Goreduction to CO as
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confirmed by GC. The catalyst stability was confirmed withklelectrolysis runs at —
1.8V vs. SCE, that did not show any degradation in current over séeengl. The only
product observed was CO, confirmed from headspace injections in Argasatograph.
The reduction mechanism proceeds via an initial one electrorsii@eereduction of the
bipyridine ligand forming [Re(CQlbpy)CI] anion followed by an additional reduction
of Re(l) to Re(0)2*° The complex is though to first lose chloride, after which, CO
coordinates with the radical anion to produce CO with one additioneragle The
chloride lose is supported by an observed splitting of the first tieduceturn wave
reflecting two distinct species, with and without coordinated chloAdilitional cyclic
voltammograms in acetonitrile with supporting electrolyte ¢yestnow this chloride loss
by the splitting of the first reversible return oxidation wa¥¢he bipyridine ligand under
argon. Varying scan rateg) (Over the rage on 10-1000 mV/sec confirm a freely diffusing

homogeneous current behavior proportionaf'to

3.4.2 Electrode Surface Treatment and Contact Angle Measurement

The nature of the semiconductor electrode surface dramatiafigts the
photoelectrochemical performance. The native oxide on p-Si is poodefects that
hamper the electron transfer properties, specifically leatorg recombination centers
that enhance the surface recombination velodtiebhis effectdestroys the needed
charge carriers at the surface and leads to lower observed uyetds and
photovoltages. After a hydrogen termination step, the silicon sudae still degrade in

only a matter of minutes. During these experiments, exposure bydnegen terminated
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surface to oxygen was minimized to ensure the best possible photoelectrode voiamme
behavior. To illustrate the change in surface properties, comglet measurements were
taken of water on the electrode surface to determine the hydropholbigure 3-5
shows the native oxide wetting angle &f= 40° corresponding to an approximate
thickness of 15 A® After etching for 15 minutes in argon purged /RHthe angle
approached) ~ 80-90°, corresponding to a purely hydrogen terminated surface. The

rapid and selective etching of Si8 an essential pretreatment step for PEC experiments.

3.4.3 Post Surface Treatment and Electrode Characterization

In order to evaluate the surface treatment effect on PEG¢ eppttammetry was
used to probe photoelectrode behavior. Chapter 2 discussed the expected ideal and Fermi
level pinned PEC behavior. From this analysis p-type Si should behave as
photocathode with a fixed photovoltage due to pinning. Model electron acceptbras
tris(2,2'—bipyridyl)ruthenium(ll) hexafluorophosphate (Ru(kff)) and 1,1'-Dimethyl—
4,4'—bipyridinium hexafluorophosphate (methyl viologen, MV) were used tactaize
the photoelectrodes. These were chosen because they have multgpteble redox
couples with appropriate reduction potentials for PEC. The native p—Si surfacagetispl
low photovoltages, and poor photocurrents. This supports sluggish electroartedribe
surface, which resulted in distorted CVs. In contrast, H-terminptesi surfaces
displayed well-defined CVs with good photocurrent and photovoltage. The photovoltage
is in series to the external potentiostat voltage and in theofasdype photoreduction,

an anodic shift is observed. The best performing electrodes stamwaatbdic shift in the
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electron acceptor waves up to 550 mV. These results agree ewibys reports! but is
only half of the 1.12 eV bandgap of Silicon due to Fermi level pinffiGurface states
pin the Fermi level to a given value such that the barrier heglitked and any
additional potential drop occurs at the solution interface (for mdeglsleee Chapter 2).
After confirmation of good PEC behavior, the electrodes wered usgh the

electrocatalyst.

3.4.4 Electrocatalytic CQ reduction on p-Si photocathodes

Photons with energy greater than the band gap will be absorbed by a
semiconductor and create an electron in the conduction band, and a ti@evalence
band. Due to the induced band bending of p—type semiconductors in contaatradox
species, a surface photovoltage drives electrons towards thecestiffa The
electrocatalytic behavior of Re(bpy) shown earlier in Figuré ®as repeated in
acetonitrile on a glassy carbon surface. The second reduction wa@syeo reversible as
was the case in DMF, but still showed a large current enhanteomsler CQ.
Controlled potential electrolysis was then performed on illuminat&i. p/oltages more
negative than the peak current for the catalyst had lower Faadagnt efficiencies for
CO production. During the electrolysis an uncharacterized sutfgoesit was observed
on the silicon surface. Figure 3-6 shows the cyclic voltammetryrReé(bpy) at a glassy
carbon electrode and for an illuminated p—Si electrode. Thee{@@trocatalytic behavior
as shown earlier in Figure 3-4 on platinum in DMF has a sim#lduction potential on

glassy carbon in acetonitrile, with an onset of -1.65 V vs. SCE. Théc cyc
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voltammograms of Re(bpy) are used for referencing theishpibtential between glassy
carbon and illuminated p—Si. No catalytic current was observednfpiseans without
CO, as shown in Figure 3-6 a—b. In the dark, the p—Si electrode clexahtof the
semiconductor was negligible (~nA/@mlllumination of the semiconductor in the same
solution shows an anodic shift voltammogram of 440 mV with respecglessay carbon
surface. The first reduction wave remains reversible on p-Si, acatioth of good
electron transfer from the electrode surface to the solution. cbnebination of a
photovoltage anodic shift and catalytic £®@eduction is shown in the cyclic
voltammogram 3-4 d. The large current enhancement at —1.26 V on gpiydithe
same 440mV anodic shift, and the catalytic current enhancemeareserved. This

lowers the required energy needed for the electroreduction £fd0CD.

3.5 CONCLUSIONS

Reducing the external energy needed for the reduction efi€@ccomplished
using an illuminated p—Si photocathode to supply current as well @stion of the
voltage. A solution phase Re(bpy) electrocatalyst is used tease the rate of
conversion and selectivity for the reduction of G®CO. The achieved anodic potential
shift required for the electroreduction of €0sing photons demonstrates a method for
the recycling of C@from a renewable energy source. Although the photovoltage is not
sufficient to drive the reduction alone, another semiconductor mateitiala larger

bandgap or a tandem cell device (photocathode and photoanode) could drive the entire
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process using only solar energy. Treatment of the silicon suw#aheNH,F yields a
hydrophobic  hydrogen—terminated  surface that improves the observed
photoelectrochemistry. Additional experiments with other functiondlizeirfaces,
exploration of new electrocatalysts, and testing of additionalkcsetuctor materials are

currently being explored.
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Figure 3-1 Incident solar energy strikes the surface of thg/ge- semiconductc
creating a photocurrent with electrons flowing to the surface. dlbetrons ai
transferred to a homogeneous L@lectrocatalyst.The photovoltage shifts t
electrochemical reaction anodic, supplying energy for thgt@@sformation.
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Figure 3-2 Left: schematic of aisgle compartment air tight Teflon cell -
photoelectrochemical measurements. (a) reference electrodiygb)ight, (c
platinum wire counter electrode, (d) Ar or £purge, (e) photoelectrode,
backside Ti—Au contact with copper foil. The bottopening was sealed witt
Teflon coated o-ring. Right: photograph of Teflon cell.
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ML Pipette

Camera and Mount

Figure 3-3 Photograph of the contact angle measurement apgaréhe Olympus —
5050 camer#s mounted at a fixed distance from the adjustabtaple holder. A drople
from the pL pipette is placed on the sample andgaatl image captured using mac
mode manual focus.
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Figure 3-4 Cyclic voltammogram of 0.5mMac-Re(2,2'-bipyridyl)C@CI under N
(dashed line), and CGQsolid line). Conditions: DMF with 0.1M tetrabutylammonium
hexafluorophosphate, scan rate 100 mV/s, platinum working electrode, platiitem
counter electrode.



82

e_0 90° 180°

cosé 1 0 -1
Hydrophilic Hydrophobic

Solid Substrate ‘

Complete Partial Negligible Non-wetting
wetting wetting wetting

Figure 3-5 Water contact angle measurements showing ti& p—
(111) (a) before NkF etch, and (b) after 15 min etch. Droplet

is 6.2 uL. For scale: the silicon wafer is 500 um thick. (c)
contact angle measurement scale.
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Figure 3-6 Cyclic voltammograms of 0.5mMac-Re(2,2'-bipyridyl)CQCI on glassy
carbon electrode under Ar (a), and 0), illuminated p—Si under Ar (b), and ¢Q@l),
dark p—Si under CO (e). Conditions: CECN with 0.1M tetrabutylammonium
hexafluorophosphate, scan rate 100 mV/s, platinum wire counter electrode.
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Figure 3-7 Gas chromatograph after a one hour bulk electrolysis on illumipaBavith
Re(bpy) at —1.35V vs. SCE. CO production appears at a of retentiooftdn@ minutes.
Residual argon (1.4 min) and nitrogen (1.8 min) remain from earlier gas purges.
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CHAPTER 4

ELECTROLYSISOF CO,TO CO BY
DIRECTLY COUPLING A PHOTOVOLTAIC
SOLAR CELL WITH A HOMOGENEOUS

ELECTROCATALYST
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4.1 ABSTRACT

The ability to use renewable electricity from photovoltaicscédl convert CQ
into more useful products such as CO was demonstrated. The dasdighearetical
voltage requirements show a minimum practical voltage of 3.4 &h dhiough the
thermodynamic minimum is only 1.33 V. The balancing of a non4lipeaver supply to
a non-linear load reveals a self-stabilizing nature. A fully nattegl system for a directly
coupled solar photovoltaic driven G@lectrolyzer was built and characterized. The
current—voltage (I-V) behavior of the source and the load shows angsatersection
termed the operating point. The voltage at this operating popg} ¢veatly determines
the efficiency of the operation of the solar cell and thus the s$g&iem efficiency. An
overall solar conversion efficiencyntor) of 2.1% was achieved by using an
electrocatalyst based on Re(4,4telit-butyl-2,2'-bipyridine)(COXCI (Re-tBu). This
efficiency assumes oxygen generation at the counter elecratiéurther experiments
are ongoing to investigate the exact quantity and composition ofnibee goroduct.
Theoretical calculations predict an upper efficiency limit of 2f¥oa single junction
solar cell coupled to an electrolyzer. This stand-alone perfoenstmaws great promise

and demonstrates the need for further development of more efficieral@frocatalysts.

4.2 INTRODUCTION

The solar driven conversion of carbon dioxide into a chemical feedsiocidl

production would allow for a more sustainable energy cycle. Atragept time it is not
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clear whether artificial photosynthesis or biofuels derived fromarahphotosynthesis
will ultimately be used to provide and store renewable energyle&traysis system for
“carbon dioxide splitting” requires electrocatalysts forestle production of carbon
based products at a low overpotential. Electricity from inteemittenewable resources
can supply the energy necessary for the electrolyzer. Tdrsssthe renewable energy in
chemical bonds and can be further upgraded with Fischer—Tropsch prdoedsighly
dense and transportable liquid fuels.

The chemical transformation of a material by an applied voltagecarrent is at
the heart of electrochemistry. Electrochemical reactomeegng encompasses a diverse
set of fields including but not limited to: chemistry, physiasgieeering, and material
science. Current industrial examples include the Hall-Héroategss for aluminum
production (4.1x1®tons year') and the chloralkali process for producing chlorine and
sodium hydroxide (11.1x£aons year').!® The cell design and operating can be very
process—specific, however a description of the minimum components can be gesiéraliz
Figure 4-1 shows a schematic of a generic two—compartmentvitklithe individual
voltage components needed for the minimum applied voltagg,iéy. A cathode
suppliesn electrons for a reduction reaction, which is physically separfiten the
anode whera electrons are withdrawn. In between the two electrodes is emofjee
that allows ionic conduction and a separator that keeps the anode landecatoducts
from mixing, but still allows ions to flow. Each component adds additioeguired
voltage. Each electrode reaction requires additional voltage aboubeimodynamic

minimum (\;, V) called the overpotentialnd ns), which can be lowered by a
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heterogeneous or homogeneous catalyst. An electrolyzer alsortinees fthmic loss due

to the resistance of the solutionpyy and junction loss M. The ohmic loss is directly
proportional to the current flowing in the cell, therefore itngportant to minimize the
resistance. This can be accomplished by increasing electomgteentration, increasing
temperature, improving separator ion conductivity, decreasing electpaséng, and
keeping the current to a low value. The circuit for electrolysis is coatpl®t an external
circuit using a power supply connected to the cathode (-) and anodenhétpeneral
components of an electrolyzer provide a basis for the design. No sugh desently
exists for homogeneous G@®lectroreduction. A simple approach towards accomplishing
this will be described in detail in this chapter with the additiosfalusing a solar

photovoltaic as the power supply.

4.3 EXPERIMENTAL

4.3.1 Materials

All chemicals used were analytical grade or higher. Tleet®lyte, tetran-
butylammonium hexafluorophosphate, [(aHg)sN]PFs (TBAH) (Sigma-Aldrich 98%),
was recrystallized in ethanol and dried under vacuum for 24 hours at ¥@©Onitrile
was degassed and dried on a custom dry solvent system. Re-tBprepased via
literature methods.Purity of synthesized compounds was confirmed via NMR, IR, and

elemental analysis techniques. A variety of solar cellevpeirchased from Sundance
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Solar (Warner, NH) and Futurlec (New York, NY) and fully chaeazed with a solar

simulator light source.

4.3.2 Solar Simulator

The solar simulator was a custom 450 W xenon lamp equipped with eorassr
1.5 global (AM1.5G) filter (Newport 81094) used to illuminate the rsckdls. The
intensity was calibrated using a calibrated silicon photodiode (OSI Optoelies) on an
optical rail. Light and dark |-V curves were collected using aoocusLabVIEW

(National Instruments) data capture program.

4.3.3 Gas Chromatography

Gas chromatographs were performed on an Agilent Technologies 7890A
equipped with a 19095P-MS6 molesieve column (Agilent Technologies, lengfhm,
inner diameter = 0.53 mm, 2n beads). A thermal conductivity detector (TCD) was
used with a helium carrier gas. The injector temperature was 2068 @etector 250°C,
and the oven 50°C for 6 minutes, and then ramped to 200°C for 6.4 minutes wkile bac
flushing the system. A multipoint calibration curve was constdugta dilution of CO
(Matheson, UHP, 99.9%), in argon (Airgas, UHP, 99.999%). A fully deakihteL
Hamilton gas-tight syringe was used to extract headspace esamial a septum. A
sample of the electrolyzer headspace (75 mL) was taken irategdafter CQpurging

to confirm no initial CO present in the system. During electrslgsmL aliquots were
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taken at regular intervals (10-15 minutes) and analyzed. No coneetere made for
dissolved CO in solution due to the low reported solubility (0.005-0.008 M) in

acetonitrile®’

4.3.4 Electrochemical Methods
All electrochemical experiments were performed in acettaivith 0.1M TBAH

as supporting electrolyte. Solutions were flushed with argon, er(&@as, Bone Dry,
99.9%) for a minimum of 10 minutes. The concentration of dissolvegdaC®aturation
has been reported as 0.26M in acetonifrii@he solution volume and therefore the redox
concentration were maintained by incorporating an inline bubblerinorgasolvent to
prevent evaporation. Re-tBu concentrations ranged from 1-5 mM. Theosslutére not
stirred during data collection. Corrections for iR loss and condemtraverpotentials

were not performed.

4.3.5 Cyclic Voltammetry of Re-tBu

A Bioanalytical Systems Inc. (BASi), model CV-50W voltamneetanalyzer was
used for measuring cyclic voltammograms via a three—electretigp swithout iR
compensation. A one—compartment cell was used incorporating a giasey working
electrode (BASIi, 3 mm diameter), a platinum wire counter reldet and a Ag/AgCl
reference electrode with ferrocene {Bcadded as an internal reference and adjusted to

SCE®*! Working electrodes were polished withy®, 1 um, and 0.05um slurries
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(BASI), sonicated, and rinsed with reagent grade water and methraroto use. Figure
4-2 shows the cyclic voltammetry of Re-tBu. Scans underi@@he same voltage range

without catalyst did not show any current enhancement or CO production.

4.3.6 Bulk Electrolysis

Controlled potential electrolysis was performed using a Pineumsits Inc.,
model AFCBP1 bipotentiostat for construction of electrolyzer chenatt curves. This
consisted of a two-electrode setup by shorting the counter agideé electrodes. A
custom gas tight single compartment cell shown in Figure 4t8avcarbon cathode (~5
cn?) and platinum mesh anode (~53was used. For electrolysis runs using a solar cell,
a stopwatch was used to measure the time elapsed. A curitentame separate voltage

meter were used to monitor output from the solar cell.

4.4 COMPARISON TO NATURAL PHOTOSYNTHESIS

Capturing energy from the sun to facilitate the renewable coonersiCQ into
useful chemicals creates a more sustainable carbon cycle.ufleatccarbon cycle is
being driven to increasing atmospheric concentrations on a globia aod new
approaches to reducing GQevels are needéd™® CO, conversion is successfully
accomplished by plants via photosynthesis on a global scale of moréGbdillion tons
per year* CQ; is inherently inexpensive, stable, and abundant. Yet less than 2% of

anthropogenic C@is utilized industrially (mostly for urea synthesis) due he targe
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energetic barriers involved. Major targets for conversion include carbon monoxide,
methanol, formaldehyde and formic a&fd® CO can be combined with,Hsyngas) and
readily integrated into the existing chemical industry fothfeir upgrading to liquid fuels

via Fischer=Tropsch technolodyA sampling of end products that can be derived from
syngas is shown in Figure 44Some of the Homogeneous electrocatalysis presents a
unique opportunity to convert and store electrical energy ip d&@ved products at low
input energy* Artificial systems utilizing transition metal complexeseof exhibit large
overpotentials and slow kinetiés However a recently reported catalyshspired by a
rhenium bipyridine reported by LeRh?* has given homogeneous based systems
considerable merit.

The artificial photosynthetic reaction that converts,@® CO is an important
goal in energy and climate research. At the present tingenivti clear whether artificial
photosynthesfS or biofuels derived from natural photosynth&sisill ultimately be used
to provide and store renewable energy. Plants convert solar endogit, & low
insolations of 100—200 W thdue to saturation of water oxidation, into biomass with a
photosynthetic efficiency of 0.2-2%, e.g. switch grass (0.2-0.6%izem@.8%), and
sugar cane (2.24%Y.Therefore an integrated artificial device with an efficiebetter
than the natural analog would be invaluable towards correcting the global cachmnAc
goal of sunlight to chemical energy with an efficiency of 10%aforartificial system is
reasonable and theoretically attainaBl& complete artificial system for the renewable
conversion of C@into an upgraded carbon feedstock via homogeneous electrocatalysis

provides a tangible benchmark of the present capability.
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4.5 ELECTROLYZER CONSTRUCTION AND TESTING

To demonstrate this device, a homogeneous €Bctrolyzer was built and
directly coupled it to a photovoltaic (PV) cell as shown in Figls#2 A carbon cathode
was separated from a platinum mesh anode by a polypropylene mesbktofn Teflon
cap fitted with o-rings created a gas tight seal. A glabs equipped with a septa
allowed for electrode wires and headspace sampling. By directly connténetiRy to the
electrolyzer, no voltage converters, charge controllers, baftatemaximum power
point trackers (MPPT) are used. The Re(4,4edHbutyl-2,2'-bipyridine)(CO)CI (Re-
tBu) electrocatalyst chosen was previously reported by SraigjaKubialk® and shows
selectivity towards CO production, high turnover number (TON), and high turnove
frequency (TOF). Initial studies on a variety of cathode mateaiadidates revealed that
glassy carbon supports the largest current density of 5 mAatm1.9 V vs. SCE (1 mM
Re-tBu, 0.25M C®.% A thin 0.033 cm polypropylene mesh was used to separate the
carbon cathode rod from the platinum mesh anode to minimize solutionsés loshile
maintaining physical separation of the electrodes. Sincelébh&dysis cell was a single
compartment, the reaction(s) taking place at the counter eleatrddeot decrease the
activity of the Re based electrocatalyst or get re-oxidizeth@tanode. This wass
supported by observing no loss in current density over the course of gachment (1-

2 hours). The catalyst selectively produces CO, which forms buthtaesapidly rise to

the solution surface, thus decreasing the amount of possible contactheitanode.
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Control experiments with catalyst but without £@nd without catalyst and with GO
did not produce any CO under the same applied voltage. This effgcsivelvs that
homogeneous electrocatalyst based systems can be vetwselgable, and kinetically

fast such that they can be readily integrated into an electrolyzer.

4.6 RESULTSAND DISCUSSION

4.6.1 Photovoltaic Source to Load Power Matching

The electrolyzer current—voltage response (load curve) refkbetsspecific
electrolyzer performance. In order to correctly match thep®Wer, the load curve must
be measured. By varying the applied voltage, a characteristicloae was constructed
as shown in Figure 4-5A. The voltage is held for several minutschtpoint to measure
the diffusion limited catalytic current as shown in Figure 4-5Be Tbad curve is
essential in understanding how to match a non-linear load (eleetrplgzra non-linear
power source (PV cell). This captures all the power, current, andgeodemands
concisely. The features of this curve reflect the diffusiontéid current for the first and
second reductions of the electrocatalyst (see Figure 4-2) atueated solution of CO

and the edge of the acetonitrile electrochemical window.

4.6.2 Theoretical Voltage Requirement
The above results are in good agreement with the calculated vidtageements.

Figure 4-6 shows a line graph with the respective cathodic modicareactions taking
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into account the additional voltage required for each. To summarizieaitmeodynamics,
the standard redox voltage per electron required for $plitting is 1.33 V, which is only
slightly more than 1.23 V for $0 splitting. However, the tremendous amount of research
on proton reduction and water oxidation has yielded a combined overpotsrital as
200 mV, whereas for the GQeduction half reactionf this system, the overpotential
alone is 1100 mV.If water oxidation is the reaction occurring at the anode and the
protons used as oxygen acceptors for the cathodic reaction, thetathrequired voltage
increases to 3.4 V. Scheme 4-1 shows the respective reactig$ At This simple
analysis does not take into account any geometric or membrarratee@ losses that
would increase the practical operating voltage.

Individual PV cells of 4 V and 6 V were selected for the custom built elgzér.
With an understanding of the electrolyzer load, solar cells wih tlean 100 mW total
power output under one sun (1000 Wnare coupled directly to the setup as shown in
Figure 4-3. It is important that the supply power is less thardémeand so that the
current produced by the PV cells is be completely utilized oy ¢lectrolyzer.
Optimization strategies have been previously shown for hydrogenagienefrom PV
and these can be readily applied to this new sy$témFor example, the PV power
supply can be adjusted by increasing the number of cells iesser parallel. The
electrolyzer characteristic (load) can be changed by adjusteglectrode surface area,
catalyst concentration, temperature, and pressure. The load cabeaiscreased by
stacking additional cells similar to PEM electrolyz&r& Finally, the |-V of a solar cell

can be completely decoupled from a given load by using completxagle circuitry via
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direct current (DC) voltage conversion and power point trackingriigms>® While
these optimization strategies increase the overall deviaeeeity, the goal of this work
was to demonstrate a simple and straightforward approach for poleered CQ

electrolysis.

4.6.3 Operating Point and Self—Stabilization Behavior
Each solar cell was fully characterized under an AM 1.5 G sataulator. The

fill factor (FF), open circuit voltage (), short circuit current §k), and the maximum
power point (Ra) are determined from the measured |-V cufféEhen the -V curve
was superimposed onto the electrolyzer characteristic as shdwgune 4-7A and 4-7B.
The two curves intersect defining a direct—coupled operating pointh&at V cell this

was at 4.1 V and 8.3 mA of current and for the 6V cell this wds3aV and 12.8 mA of
current. Interestingly the supply and load curves are opposite urerand thus form a
built in self—stabilization control system. If the supply voltag¢oo high, then the PV
current would decrease, but the load demands a high current at hagpesolforcing the
voltage across both to float lower until it reaches the operating. Conversely if the
supply voltage is too low, then the PV current would increase, but tHedkraands a
lower current at low voltages, so the voltage across both will fligler until it reaches
the operating point. The location of this operating point is criicalevaluating the

efficient transfer of power from the PV cell, since the powevdltage (P-V) curve is

non-linear and shows a maximum power point (MPP).
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A perfectly matched system has the MPP voltage exactiiyeabperating point
voltage. Hypothetically, if the PV power is kept constant wiitkependently controlling
the voltage and current of the PV cell, then a constant powecdimée used for power
matching. For comparison, the constant power at the MPP was addedr® 47A and
4-7B. This new line intersects with the electrolyzer charstiteat the optimal operation
point for the given PV cell power. The I-V of a PV cell depends osfkeific geometry
of the constructed cell, the semiconductor material, and the mtran. This results in a
finite selection of PV cells that are commercially avagaflhis limits the direct—coupled
power matching approach. However, by increasing the systemasiogvest common
multiple makes the power matching easier because of the didSeoitage mismatch

over multiple electrolyzers and multiple solar arrays.

4.6.4 Evaluation of Power Matching
A comparison between the operating point and the optimal point provitiesca

measure of power matching. In order to completely and dirgeitgfer all of the power
from a PV cell to an electrolyzer, the power must be approlyia@iched. Another way
to visualize power matching is by taking the same data freni- plots and converting
to P-V plots. Multiplying the current by the voltage in the wtdgzer characteristic
yields the load power characteristic shown in Figure 4-7C and 4-7tbdct V and 6 V
cells respectively. The intersection between the power chastictand P-V curve was
the same operating point as shown previously in Figure 4-7A and 4-38.idluded as

a secondary y-axis is the measured solar efficigpgyf the PV cell to show the non-
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linear npy behavior of a solar cell that depends on the operating voltage. Gteses
show that the peakpy was in close proximity to the operating point for both cells. For
the 4 V cell the Wpp was at 3.5 V and 20.2 mA of current and for the 6 V cell at 5.5 V
and 12.6 mA of current. Strictly looking at the,p4 for the 4V case we are at a lower
voltage, while the 6 V case at a higher voltage thgy Mowever the slope of the P-V
curve was not symmetrical. The lower voltage side (left) wdp\has a linear response to
increasing Vp, while the higher voltage (right) has an exponential drop off dbé&sing

the diode. This emphasizes that tjpg of directly—coupled systems will depend strongly
on the voltage mismatch:

AV

mismatch— \ MPP \ (4' 1)

of

where \, is the operating point voltage angidé is the maximum power point voltage.
The sign of equation 4-1 reflects the location: negative isrl@ame positive is higher
than \p,. While the 6 V cell possesses a greater voltage misnoateh.25 V, it was in
the linear region and does not suffer as mgghloss. To contrast this, the 4 V cell has
less mismatch of —0.6 V, but was past-¥in the exponential drop off region and suffers
a greater overahhpy loss. The directly coupled electrolyzer was matched as clasely
possible within the measured conditions. If this approach is takarager scale, the
power matching becomes easier because one can find the leasbrcomuttiple

grouping to match the supply and load.
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4.6.5 Directly—Coupled PV Bulk Electrolysis
With an understanding of power matching, controlled electrolysisriexgets are
run using several solar cells. A detailed photograph of the expeahsetap is shown in

Figure 4-8. The total efficiency was computed using equation 4-2:

VTh
erm 4-2
Vo J (4-2)

=10 (@03 |
op
wherenpy is the the PV cell efficiency in 9o the Faradaic current efficiency for CO
production in %, ¥, the operating voltage, and thenm is the thermoneutral voltage
equal to 1.47 \¥° The thermoneutral voltage refers to the isothermal operatioly (
electrical energy input) for GQconversion to CO and OFor the 6 V cell an average
voltage of 4.3 V and an average current of 12.7 mA are measurned @67 minute
experiment. The current and voltage levels are shown in FigBfe &ince the solution
was not stirred there was an initial drop in current and a @amesng increase in
voltage until the diffusion-limited steady state was reached observation reinforces
the self-stabilization control behavior of the direct-coupled systegentioned earlier.
Figure 4-9B shows the amount of CO produced versus the coulombs consureed. T
averagebco was 72%, the average voltage efficiency was 34%, and the avgrageas
6.9%. A small amount of hydrogen (less than 1% of the total cynes also detected
by GC. Note that the measured maximum efficiency of the 6af sell was only 8.7%.
Figure 4-10 shows the time evolution of the CO trace measurde iGC from point
taken every 10-15 minutes during the electrolysis. The avestjeetficiencynror, for

the 6 V cell was 1.7% with a maximum of 2.1%. In a separatdorutine 4 V cell, the
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average Faradaic efficiency was 79%, the average voltageeefly was 36%, and the
average solar efficiency was 6.1%. Note, the measured maximiawereff of the 4 V
solar cell was 10%. The average total efficiency for the 4ell was 1.7% with a
maximum of 2.1%. These results are summarized in Table 4-1. Itbeusinphasized
that these experiments are performed at room temperature, iatransphere of C§£)
without any electronic control systems. Interestingly from thesealts, the measured
total efficiency was similar for the 4 V and 6 V case, eveugh the mismatch from the
maximum operating point (as discussed earlier) is quite diffef@ms supports the
mismatch non-linearity ofipy and the electrolyzer as discussed earlier. A simple
demonstration of solar PV driven bulk electrolysis demonstratastaiisable method for

the conversion of C&xo CO.

4.6.6 Maximum Theoretical PV—Electrolyzer Efficiency

It is important to ask how efficient this conversion method could becanal
what are the barriers to improvements. Taking a look at equation 4<aorsee that the
photovoltaic solar cell efficiency plays a dominant factor. Undersomeirradiance, the
limit for a single junction solar cell is 3085 This sets the upper efficiency for any direct
single junction solar-coupled device. The Faradaic current efbgiereflects the
selectivity of the catalyst within the given electrochemioanditions as well as the
collection of the product. The upper limit is 100% and many €l€ctrocatalytic systems
have reported current efficiency near unity>’ Finally the voltage efficiency is driven

by the ratio of the thermoneutral voltage to the applied voltage. afplied voltage
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consists of the concentration overpotentials, ohmic losses due to sohdi@e@arator,
and the electrocatalyst overpotential at the cathode and the.ahpdactical goal of 0.3
volts of overpotentidf per electrode would set a maximum voltage efficiency of 71%.
Combining these limits yields a theoretical maximum efficyenic21%. For comparison,
current reports for peak PV powered eneration range from 7-1695%“° This
highlights a need for further research to develop lower potential l@ogeneous

reduction catalysts while maintaining high kinetic rates and selgctivit

4.7 CONCLUSION

The ability to produce more sustainable carbon feedstocks is an intpgwtd in
energy and climate research. This work demonstrates a dimetpled homogeneous
CO; electrolyzer that can use renewable energy and eleciysiat® produce CO. The
merits for characterizing an electrolyzer load and the pomvaetching have been
elucidated. The demonstrated PV electrolyzer approach is competitikie natural
systems and theoretically could approach an overall conversianeetly of 21%.
Photovoltaic technology was chosen because it is modular in size, bbvaila
commercially, and can benefit from the storage of harnessedyemdng chemical
products. In principle any renewable electrical source or evessexgid capacity could
be redirected to electrolyzers for driving £€@onversion. This work shows that the
recycling of CQ into chemical feedstocks could be a viable part of the solution for

storing electrical energy and help mitigate rising atmosph&f, levels. An overall
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solar fuel conversion efficiency up to 2.1% was achieved by usinglemtrocatalyst
based on a rhenium complex. This efficiency assumes simultaneogsnoggneration
and further experiments are ongoing to investigate the exaetityuand composition of
the anode product. The efficiency can be increased using highgersffi solar cells,
better power matching, and the use of electrocatalysts ewitérloverpotentials. Further
development of more efficient G@lectrocatalysts from more earth abundant materials

that are water soluble and conversion techniques are ongoing in our laboratory.
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Figure 4-1 The necessary components in a homogenous el$atrolyzer. /
voltage sources supplies the driving force, reduction occurs atdttede
oxidation at the anode, the separator can be an ionic conductor thavely
keeps products and can act as a solid electrolyte, the solutionléatrdlgte)
The total applied voltage necessary is the sum of the thermodypatentials
overpotentials, and the geometric resistive losses.
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Figure 4-2 Cyclic voltammogram of 1mM Re-tBeomplex in acetonitrile containing 0.:
TBAH electrolyte on a 3mm diameter glassy carbon working reléet with a Pt wir
auxiliary electrode. The scan rate is 100m¥Adth ferrocene used as an internal stant
Scans are performed under Ar (black dashed line) andi€®solid line).
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Figure 4-3 Electrolyzer characterization and direct PV coupled electsigsionducte
in a custom gas tight glass cell with a Teflon cap. A carbéimoda (3 and platinur
mesh anode (+) areseparated by a thin polypropylene (PP) mesh. The
compartment cell is filed with 50 mL of GEBN containing 0.1 M tetra-
butylammonium hexafluorophosphate electrolyte, and 1 mM Re-tBu electrotatalys
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Figure 4-4 Synthesis gas (syngas) is predominately made from the paxication of

natural gas to CO and then producing hydrogen via the water—dasesabtion. From
syngas a large variety of valuable end products can be madeaBggrsyngas using
renewable energy, fossil fuel use can be avoided. This figure is from 0
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Figure 4-5 (A) The current after 3 minutes is used to construct the elgzémoload
curve. The first reduction occurs at 3.4V, the second at 4V, and thetsetige at 5V.
(B) Bulk electrolysis runs using 1mM Re-tBu in gEN with 0.1M TBAH electrolyte

under CQ.
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Figure 4-6 Theoretical voltages required for the electrolyzer showing d¢spective
overpotentials for both the cathodic and anodic reactions. This showsnimum
practical voltage needed of 3.4V. Hydrogen reduction is also shown for comparison.
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Cathode: CQ+ 2H +2¢ - CO + HO E.=-1.59 vs. NHE pH 7
Anode: HO — 2H" + LG, + 26 Es=+1.82 vs. NHE pH 7
Net: CQ - CO+%Q AEs_c=3.41V

Scheme 4-1 The half reactions for COreduction and kD oxidation. The net reaction
results in CO and £production.
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Figure 4-7 (A) The intersection of the I-V of the electrolyzer charastier (blue a-) anc
the solar cell (blackA-) sets the operating point. The constant powér(tfreen dast
from the maximum power point intersects at the optimal point. Ttierehce is th
degree of mismatch. This is shown for a 4V solar cell at 1mNBiRe(B) Repeated for
6V solar cell at 2mM Re-tBu. (C) Plotting power vs. voltageher illustrates the pow
mismatch. The intersection of the solar cell power (reyl and the electrolyzer pow
(blue ©-) is the same operating point as A. The constant powWegreen dash) from tl
maximum power point intersects the electrolyzewer at the optimal point (same as
This is shown for a 4V solar cell at 1mM Re-tBu. ([R@peated for a 6V solar cell
2mM Re-tBu.
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\ Gas Tight
“_Electrolyzer

Figure 4-8 Photograph of the solar powered electrolyzer seab0 W xenon ligh
passeshrough an AM 1.5G filter before reaching the PW.CEne positive PV lead i
connected to the anode and the negative lead cmthiecthe cathode. The PV volte
and current are monitored with digital multimet
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Table 4-1 Summary of the electrolysis results for the 4V (ImMtBe)} and 6V (2mN\
RetBu) coupled cells. The time is when gas chromatograph (GC) saiwgke extracte
the volume of CO produced is then computed from GC calibration cuhgeespulomb
integrated from the current, and the total efficiency computed using @udag.

Electrolysis Volume of CO Total Peak Total
Time (min) Produced (mL) Coulombs (C) Efficiency (%)

4 Volt Cell 88 5.90 45.8 2.1

6 Volt Cell 67 6.39 51.0 2.1
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Figure 4-10 Gas chromatographs from controlled directipled 6V solar cell electrolys
CO eluted at 5.3 minutes and was verified with control samples of dilute CO.
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5.1 ABSTRACT

The theoretical performance of model homogeneous and heterogeneous
electrocatalytic EC' systems for freely diffusing and swefattached systems is
compared. Electrochemical conversions such as water or carbon dsplideg are
fields of tremendous interest and recent growth. These areasgaificant as they are
related to solar based fuels and energy storage. At preseast,ndt clear whether
homogeneous catalysis, heterogeneous catalysis, or a combinaboth ofill provide
the best solution for solar energy applications. In the power rahgge air mass 1.5
global solar flux, homogeneous and heterogeneous systems with oweraler
frequencies (TOF) of 10-1000'sare found to be competitive with each other. The
surface and solution concentrations of catalyst determine the egqute and other
relevant system constraints. At higher current densities, the ewbdedterogeneous
system requires a lower TOF than the corresponding homogenedigsn.syghe
development of faster catalysts with lower overpotential is needel#, maintaining the

desired selectivity and kinetics.

5.2 |INTRODUCTION

Electrochemical conversions such as water or carbon dioxidengphite fields
of tremendous interest and recent growth. At present, it is not ckbather
homogeneous catalysis, heterogeneous catalysis, or a combinaboth ofill provide

the best solution for solar energy applications. Homogeneous and kee&oag catalysis



124

are historically rich fields that provide the basis of mostefihdustrial scale chemical
transformations used todayt is difficult to draw generalizations from these enormous
fields. This chapter looks specifically at electrocatalytsie transfer of electrons to drive
catalytic reactions at or near an electrode surface. &batalysis enables the potentially
efficient and rapid conversion of electrical energy into chengoalrgy and is currently
being investigated for generating solar based fuels via protoncarimbn dioxide
reductions’ One approach is to use semiconductor electrodes to directly hiauies
energy via photoelectrochemistry (PEC)In such devices, the light absorber and
electrode surface area are generally the same. Promisingesldvave been developed
based on photoanodes for water oxidation,photocathodes for proton reductfo®ften
in such systems an electrocatalyst is attached to thecelecturface or dissolved in the
solution to lower the required energy input and improve the reactiotidsifén PEC,
the governing current density depends on both the supply of electrosslatigohotons
and the consumption of electrons by the electrocatalyst. The consangtietermined
by a combination of the turnover frequency (TOF) and mass transptit afpecies
involved. Therefore it is appropriate to apply the steady statetmmxlprovided by the
relevant solar flux to such photoelectrochemical systems. Byiakay the coupling of
electrocatalysis to photoelectrochemistry, an appropriate rahgalues for the TOF
required for homogeneous and heterogeneous systems is determinesignifieant
merits and the advantages and disadvantages of each approach are then compared.
In designing a scalable reactor with a given catalytic ,T@Hs critically

important to be able to predict whether the limiting current dewr$ia homogeneous or
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a heterogeneous system would be superior. In order to adequately #émswvegiestion
one needs to derive the current density equations that govern aéalybc systems for
freely diffusing and surface bound systems. If the catalyshasrporated with a
photoelectrode, such as in the case of photoelectrochemistry, theeldliant voltages
and current densities from the maximum solar flux will set bouesldéinat are insightful
in the modeling and optimization of the coupled systems. Othertefthee to the
electrolyte, solvent, temperature, and the distance of an attaatadygstfrom electrode

are not included in the scope of this chapter.

5.3 DETERMINATION OF THE ELECTROCATALYTIC

M ECHANISM

Electron transfer with a coupled chemical reaction is a brodd Weh many
variations. Cyclic voltammetry is typically used to experiméntdiagnose the type of
mechanism involved in a particular reaction. A plotf'¥ vs.v can be constructed,
where j is the peak current ands the scan rate. This separates the diffusion component
of scan rate from the overall kinetics, thereby giving a cleratic response curve that
can be used to identify the appropriate mechanigvith proper diagnosis, mathematical
models can be developed, and equations for the expected current age belavior
derived. For this electrocatalytic comparison, the EC' meaimawisere E represents an
electron transfer at the electrode surface, and C' repreaseiolfowing homogenous

catalytic chemical reaction was employegurther information on other mechanisms can
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be found in previous work by Bard and Faulkifems well as extensive work by
Savéant!*?

The generalized form of the EC' reaction is shown in schemeC5ahdC' are
catalytic speciesS is the substrate consumed dnds the final reaction product. In this
treatment,S and P are assumed to be non-electroactive species in the voltaiga reg
relevant to the&C/C' couple.

_ k,
C + ne =—=— ("
A\

i Catalvtic Feedback

C' + § === C+P
Scheme 5-EEC' mechanism
First n electrons are transferred to the electrocat&lystith the rate constarkt,
yielding the catalytically active oxidation staf®. ThenC' reacts with the substrag
with the rate constark.,, creating the produd® while regeneratingc. An example of
this reaction is the two electron reduction of 0@ CO by the reduced form &&c

Re(2,2"-bipyridyl)CQCI.*®

5.4 HOMOGENEOUS EC' RATE LIMITED CURRENT

5.4.1 Assumptions and Initial Conditions
The local environment of a homogeneous catalyst can be describefiieatya

diffusing catalyst in the same phase (i.e., solution) that conthmssubstrate. The
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mathematical analysis presented here has been adaptedDitmhay, et al* and
Savéant, et df and applied to EC' reactions. Consider a planar electrode as smown i
Figure 5-1. The following assumptions must be made to proceedheitnglysis: 1) the
electrode is planar, ZJ is easier to reduce th&) 3) the voltage is sufficiently negative
to reduceC, such thatke >> keor and the rate limiting step is the catalytic chemical
reaction, 4) §| is large, such that the catalytic chemical reaction doeshastge the bulk
concentration, 5) the reaction is at steady state, such that ignterge, 6) the produ®
does not affect catalysis, Ky is slow enough not to significantly chandg,[and 8)
diffusion limited mass transport &. A more detailed discussion ki at semiconductor
surfaces can be found in a review by LeWfi¥hese assumptions are reasonable for many
electrocatalytic systems and allow for an analytical solutiothe differential equations

describing the system.

5.4.2 Derivation of Catalyst Flux

In order to calculate the EC' current one needs to derive theofluglevant
species at the electrode surface. By judicious choice of ppeopriate differential
equations, initial conditions, and boundary conditions, one can solve for thetezkpe
concentration gradient and resulting flux. The kinetics of the reactinrbe written in

terms of C] (assuming activity coefficients of unity):

(@

ot j =k TCNI -k T~ K | 1S (5-1)
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where t is electrolysis time elapsed, [concentrations] Eremoles c, k are rate
constants in’s, andke: is a second order rate constant with units afimol™ such that

Keat = keat[S]. The forward raté..: >> k¢ the reverse rate, because of the irreversible
catalytic reaction, therefore the second term inaéqn 5-1 is negligibly small and
removed. Sinced >> [C] and [C'], [S] is unchanged by the distansefrom the
electrode surface or tinte This leads to the pseudo first order conditiomerg ka; is
saturated and independent 8f.[By applying Fick’s second law for the total clganin
concentration due to diffusion between two planes andx + dx, and adding in the

additional term for the kinetics of the reactiomided in equation 5-1, one obtains:

acly _, 919 e )
[ijtal - DC axz + kcat [C][ S (5 2)

whereDc is the diffusion coefficient of in cnf s. Applying Duhamel’s theoretffor

linear diffusion where [G]is the initial bulk concentration &:

1

r D E

[C]=(D—C] (9,49) (5-3)
o

For typical system®c =~ D¢, and the notation is simplified by using orDg and

assuming their ratio will be near unity. Applyiniget initial and boundary conditions

when the potential is stepped to a sufficientlyateg value:

Initial Conditions: t=0,[d=[ G,

Boundary Conditions #0, x0,[ =0

and then combining equations 5-2 and 5-3 yieldslifierential equation:
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ac] _

Moo A3 (e, 49) 69

ox?

and the solution ford] with respect toc andt is:

1-Ze —x[wz g~ 5, (9 ¥
’ | Aoy
g-q, - -
lop x[@T ofd— .+ ('[9 ¥
C D 2(D.1)2

where erfc is the complementary Gauss error function. Fromaggn 5-5 it can be
observed that a%. increases, thed] near the surface increases because of the

regeneration reaction. The limits of equation H1&ves that:
Iimkcalaoo [C] :[ q 0
which is to be expected, because at an infinitegh k.., C is regenerated immediately

after being consumed. At the other extreme:

lim,_,[Cl =[G {1 - erfc{ X (4 Q:t);ﬂ

which when solved for the current at the electreddace (x=0), yields the solution of

simple linear diffusion, i.e. the Cottrell equatibwithout any catalytic reaction.
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5.4.3 Derivation of the Catalytic Current

In order to solve for the current, one applies WBickrst law using the
concentration profile from equation 5-5, takingoirstccount the charge needed to reduce
one mole ofC at the electrode surface. The current can berwdtaas:

a[C]

| =nFAJ; = nFAQ, ==
X

(5-6)

wherei is the current in ampereas,in the number of electrons transferred per reackon,
is the Faraday constar&,is the area of the electrode in émandJc is the flux ofC in

mol cm? s Je used here is not to be confused with current derjsityi / A in amperes

cmi 2. When the concentration profile from equation 5-Slifferentiated and evaluated at

the electrode surface one obtains:

i = nFA(D, )2 [C], ! 1mq{(km '[S]r)%} +(km'[5'])%eff [(km'[S]f)%}
(7t)? —

B Pure Diffusion ] (5_7)

The first term in equation 5-7 represents a pure sldfual current when the
exponential argumerk.,{[S]t is small, i.e., at short times. The second term is a pure
kinetic current wherk.,([S]t is large, i.e., at long times. The middle region dertain
values ofk:,([S]t will be governed by both terms. To examine equatief ib more

detail, one looks at the extreme#m, |, i=o. It was earlier assumed tha] [is

constant, which is not true for near the electrodéasarwhenk.; is high. In fact, local
depletion of §] will cause the current to plateau at a lower vahen predicted from

equation 5-7. Additional second-order effects havenbealculated previousfy to
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account for such  deviations. When  electrocatalysis sstopi.e.,

1
lim, i =nFAC(D,/ t)2 the familiar Cottrell equation based on the simpledmn

diffusion of non—catalytic species is observed. Thusoltion is obtained for the
expected current for a homogeneous EC' reactionpbtanar surface that can be used for

modeling.

5.4.4 Derivation of the Steady—State Current

At long times equation 5-7 becomes:

im, ., =im=nFAC (kT $ D:)% (5-8a)
' 1 iIim i 1 jlim i
= TOF= =—|—r | == | = 5-8b
o a3 Dc(nFA{qj Dc[ A QJ o)

This results in equations 5-8a, and the rearrange®&b. This very important result
shows that an EC' steady state limiting currenteddp on the catalytic kinetics, catalyst
concentration, and diffusion &, but is independent of time. Ag.kincreases, so does
the limiting current, and stronger a deviation fremmple Cottrell behavior is observed.
From equation 5-8a one can see that the limitingeat is directly proportional to the
surface area and catalyst concentration, whilearieg with the square root of the

turnover frequency (recall TOFkea[S] = kea), and diffusion coefficient.
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5.4.5 Steady—State Reaction Layer Thickness
Another interesting result from this analysis iatthearly all the@'] is found a reaction
layer near the surface. This was shown by Sav&anbe:

0. )z
= c 5-9
% (kcat'[sj (5-9)

Equation 5-9 is similar to a diffusion length witine additional catalytic reaction &f
reacting withS to form P. Faster catalysts will have a smaller reactiomiand require
less solution depth. An example thickness can Heuleded from a reported GO
electrocatalyst, Re(4,4'-trt-butyl-2,2"-bipyridine)(CO)CI,*® whereD¢ = 8.1x10° cn?

s andkea= 260 §% resulting in anc = 1.8 pm. This example demonstrates how little of

the bulk solution is active in homogeneous elecittalysis.

5.4.6 Homogeneous EC' Summary

To summarize the analysis of a homogeneous EGmyshe diffusion limited
current for EC' is larger than simple Cottrell entr as derived in equation 5-7. This is
becauseC is continuously restocked by the following catalythemical reaction, thus
increasing the net flux of to the surface, allowing for additional currentst®wn in
scheme 5-1. On short timescales the limiting cuweth be similar to a non-catalytic EC
reaction, while for longer timescales the limitiogrrent will deviate and be larger. By
performing bulk electrolysis on an EC' system, #meh measuring the limiting current,
TOF can be calculated from equation 5-8b. If theFTi® substantially large, then the

local concentration o near the surface will be depleted and the limitngent will be
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a mixture of kinetic and diffusional parameters. this case mass transport can be

controlled using a rotating disc electrode.

5.4.7 Current Response and TOF at Different Catalyst Concentrations
With a homogeneous relationship describing the E@Q# the limiting current

density {m), equation 8b can be plotted for different electalyst concentrations as
shown in Figure 5-2. As expected, the higher theeot density, the greater the demand
on the TOF of the electrocatalyst. The exponemngktionship causes the range of TOF
values to vary over 12 orders of magnitude for dhlyrders of magnitude in the current
density domain. Conversely, the slower the TOFItweer the maximum capacity for
current density. This can be relaxed by increasieg electrocatalyst concentration as
shown over the ranges of 0.01-100 mM. However,oéstin the previous analysis, for
high TOF values the current is expected to be lawan the predicted limiting current
density due to mass transport limitations and |adegdletion of the substrate. At higher
catalyst concentrations, the assumption tBatp [C] may not be valid and may result
in similar local depletion even at relatively lowOF values. Nevertheless, TOF is
critically linked to the current density at an e¢tede surface. Later, these results will be
compared to the surface—attached heterogeneous vadisecurrent density values

constrained by the solar flux.
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5.5 HETEROGENEOUS EC' RATE LIMITED CURRENT

5.5.1 Assumptions and Initial Conditions

The local environment of a heterogeneous catabystbe described as a surface
bound species in a different phase (i.e., solidhtthe solution containing the substrite.
The mathematical analysis presented here has lolegtea from Armstrong, et &l.and
applied to an EC' system. In this approach theasarbound species is treated similarly
to an adsorbed electrocatalytic enzyme. Consigégirear electrode as shown in Figure 5-
3 with an attached electrocatalyst. The electrandfier from the surface is assumed to be
fast such thake: >> k.q, therefore the rate limiting step is the catalgt@mical reaction
in scheme 5-1. This resembles the Butler-Volmemtdism for electron transfer rather
than Marcus theory: One significant warning is that if the driving éeris made too high
by applying a large electrochemical potential,dbserved limiting current may be lower
than expected due to reaching the Marcus plategorreMurray, et af? have shown that
the crossover occurs when the applied overpoteigiagjreater than ~30% of the
reorganizational energy of the electrode reactibrihe attachment itself is resistive
towards electron transfer, this introduces compbos that can be accounted for with
further modeling® The first seven assumptions are used from the benebus case,
leaving out the diffusion limited mass transportitoé catalyst, because it is attached. It
should also be noted that if the surface conceotrdlc) is high and/or the TOF is very

high, then the substrate supply may become masspiva limited and a decrease from
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the expected current observed. If it is mass tramdpnited, then one can use rotating
disc voltammetry to separate the hydrodynamics.

A homogeneous electrocatalyst can be directly &ésf polymerized or
covalently tethered to an electrode surface shown generically in Eidis82°%° For this
analysis it is assumed that; does not change upon attachment of the electigsata
the surface. Retention of electrocatalytic activitgs been recently demonstrated by
Meyer, et af* for a water oxidation catalyst. For a surfacecttal EC' case a kinetic
limiting current will be shown. Surface—bound efecttalysis has been studied with
enzymatic systenfs. These biologically important catalysts exhibit ordactive
behavior, show high specificity, low energy basjeand fast reaction rates. Enzymes are
often adsorbed onto electrode surfaces in ord@rdbe reaction kinetics and elucidate
the mechanism(s) involved. One major advantageetdrbgeneous systems is that very
small quantities of catalyst are required. This esakhe surface adsorption method

attractive for protein-film voltammetry.

5.5.2 Derivation of the Steady—State Current

Starting with the well-developed theory of Michadllenten enzyme catalysis
with a slight modification to the Michaelis condtafy, using the reaction shown in
scheme 5-1:

K, = k—etl:' Keat (5-10)

et
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wherek_ ¢t is the back electron transfer. It has been shdwahfor a surface bound redox

enzyme (electrocatalyst) that:

Icat — nFArC l%atl[ S (5_11)
[S]+ K,

wherel¢ is the surface concentration in mol@éntor an applied voltage greater than the
electrocatalyst redox potentiddst >> ke, and wherke; >> Koo, thenKp, will be quite
small. This will make it easier to satisfy the ciimeh that [S] >> K, simplifying equation

5-11to:

=nFAT K., (5-12a)

IIim

IIim —

k — lim
“ " nFAr. nFr,  (5-12b)

equations 5-12a, and the rearrangement 5-12b. &irtwl the homogeneous case, an
important result that follows is that a surface tbUEC' steady state limiting current
depends only on the catalytic kinetics and surfamecentration, but is independent of
time. From equation 5-12a it can be sees thatittiéng current is directly proportional

to surface area, surface concentration, and TOF.

5.5.3 Heterogeneous EC' Summary

To summarize the analysis of a heterogeneous EsTéry current through a
surface electrocatalyst is limited strictly by tbatalytic TOF under the conditions
described above. This analysis neglects any maiéirig effect due to interfacial electron

transfer. That effect if problematic may be decedaly increasing the electrochemical
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driving force. By performing bulk electrolysis om &C' system, and measuring the
limiting current, equation 5-12b allows the caldida of k.;; and therefore the TOF. If
the TOF is substantially large, then the Id8aurface concentration will be depleted and
the limiting current will be a mixture of kinetimd diffusional parameters. In this case
the mass transport & can be increased by faster rotation rates acaptdirthe Levich

equatior?®

5.5.4 Current Response and TOF at Differedi.

With a relationship describing the heterogeneoG@$ &nd the limiting current
density {im), equation 5-12b is plotted for different electtadygst surface concentrations
as shown in Figure 5-4. Also provided is Table 8Alich shows appropriate surface
concentration values in common unit notations. digturrent densities demand higher
TOF, but in contrast to the homogenous case th#ioethip is linear. The heterogeneous
slope on a log plot is half that of the homogeneocase. The required TOF can be
reduced by increasing the surface electrocatatystentration as shown over the ranges
of 1.7x10™ to 1.7x10° mol cm? A large electrocatalyst will require a higher TOF
because of the increase in molecular surface arfeereas a smaller electrocatalyst can
have a lower TOF and maintain the same currentaiugcreased catalyst concentration
on the surface. For high TOF values the catalyiconsumeS faster than the restocking
of S by diffusion limited mass transport. This will defe the local surface concentration,
resulting in a lower measured current than predichy equation 5-12b. Again,

electrocatalytic TOF is critically linked to thercent density at an electrode surface.
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5.6 CURRENT DENSITIES RELATING TO THE AM1.5G SOLAR

FLUX

5.6.1 Variable Solar Insolation Due to Air Mass

The illumination intensity of sunlight on the Edstlsurface depends on a number
of factors including latitude, time of day, time ydar, solar activity, weather events, etc.
Air Mass (AM) refers to the path length of atmogghthat is between a specific location
and the sun. Since the atmosphere absorbs podfdhs solar spectrum, the thicker the
AM the lower the solar power intensity. AM 0 at 038V ni? (also called the solar
constant) refers to the top of the atmosphere, whereas AMférs to when the sun is
directly overhead and passes through a path lezgihl to one atmosphere. For zenith
anglesd; less than 60°, the AM can be calculated by theviohg formula?’

AM =sec@) (5-13)

When measuring solar intensity, it is importanhtde that radiation from the sun
comes from three components: 1) diffuse radiatromfscattering events, 2) reflection
radiation from the local albedo, and 3) direct aéidn straight from the sun. The global
label, or G accounts for all three components, edethe direct, or D (often omitted) is
only the third and primary component. The averagalitions for the 48 contiguous for
the United States on a 37° tilted surface resultwhat is designated AM 1.5G with a

value of 1000 W .28
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5.6.2 Voltages Required for C&and HO Splitting

In order to create a truly renewable energy sowsgslight is proposed to drive
electrocatalysis either directly in PEC céfigyr indirectly in photovoltaic (PV) coupled
bulk electrolysis® For the planar PEC case the illuminated collectionl electrode
surface areas are equal. For the PV coupled cageath not necessarily equal and can be
adjusted independently. New approaches to PEC usiltgowire arrays are being
investigated’ and can relax the TOF demand by a simple geomedtio of total
electrode surface area divided by the projectethsairarea. In either case it is prudent to
calculate the range of expected current densit@s the solar flux for a given applied
voltage. Two important reactions previously mergidrare water splitting and carbon
dioxide splitting. These set a minimum thermodyrambltage according to the

following:

H,0 - H2+%o2 AB°=1.23V (5-14)

Co, - CO+% Q AE=133V (5-15)

where E° is the standard reduction potential insvdlhe practical voltage will be higher
due to system losses that can be attributed pfynduie to overpotentialsh) and cell
resistance (Ry). The resistance will be geometry and system #peand is not
considered in this perspective. With this in mifdple 5-2 shows the relevant current
densities that can be expected for a wide rangsot#r panel efficiencies and cell
voltages. As the totah of both the anode and cathode decreases due tmvetp

electrocatalysts, the demand on the cell voltageedses resulting in an increasg.in
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Also, as PV efficiency increases, the total amaintincreases for a given light absorber
surface area. All these factors combined set uppdrlower boundaries for expected
current densities in a photoelectrolysis procassldble5- 2 thg values range from 3.3
to 18 mA cm? using AM 1.5 G. It is anticipated that research lgad to more efficient
PV cells and that new electrocatalysts will apphoémwer required voltage values.
Thereforg may grow to even larger values than discussed hatecreates an even more

compelling need for catalysts with higher TOF value

5.7 COMPARISON OF HOMOGENEOUS AND HETEROGENEOUS

LIMITING CURRENT

Once the relevant boundaries have been establisbeda solar driven
electrocatalytic system, the limiting current equas derived for homogeneous and
heterogeneous EC' reactions (equations 5-8b ariebSdspectively), can be directly
compared. This is shown in Figure 5-5 where thelstidbox contains the solar current
density boundaries from Table 5-2. Four catalysiceatrations are shown for both
homogeneous and heterogeneous systems. Most kpsytghetic electrocatalysts
exhibit TOFs within the range of 0.01-1,008, fiowever the highest values are observed
with biological anaerobic enzymatic catalyighese results are insightful in the design
and application of new electrocatalysts for creptsolar fuels. They illustrate the
importance of matching the current supply and congion in an electrically driven

process. In the case that the TOF is slower thauined, the catalysis will be the slowest
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process, and will therefore be unable to consurefdhe current produced at a PEC
device. This will result in a decrease of the olfe@lar energy conversion efficiency. It
is then possible to use the limiting current of dtectrocatalyst to determine the TOF (as
long as all assumptions are valid). In the casetti@a TOF is faster than required, the
catalytic process will consume all of the PV cutrdrhe efficiency can only be further
increased by reducing, thus increasing the PV current by lowering th@lteoltage
requirement as shown earlier in Table 5-2. Sineectitalyst is now electron starved, the
TOF cannot be derived from the above equationghéf concentration is decreased
sufficiently it is possible to reenter a catalytate limiting region and calculate TOF by
these methods. An external power source can alsosée to push the catalyst to the
current limit. A central goal is to increase theH@nd simultaneously reduge High
concentrations of catalyst decrease the demand$Qn in both homogeneous and
heterogeneous systems. But this approach maywaysibe practical. The maximura
due to the physical size/packing in the heterogesiease, or the solubility limit foC]|

in the homogeneous case may limit the accessibgera

5.8 CONCLUSION

In summary, homogeneous systems have both diffakedfects from the catalyst
and the substrate, whereas for a heterogeneowsrsysiy the substrate is free to diffuse.
By making certain assumptions the flux of the ralgvelectrocatalyst species can be

derived for both systems. The resulting currerdtr@hships are independent of time. In
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the current ranges of the solar flux, homogenemaketerogeneous systems require a
similar TOF. At current densities greater than ¢hegpected from the AM 1.5G solar
flux, heterogeneous systems requires a lower T@#f the corresponding homogeneous
system. In either case, if a catalyst is used éRaeeds the required TOF, overpotential
must be decreased the while maintaining the TGmpsove the current density and the
overall efficiency.

The ability to produce fuels using @@nd HO as energy carrier precursors is an
attractive solar energy storage solution. The grkallenge for scientists and engineers is
to drive these reactions in a sustainable processlysby captured solar energy.
Homogeneous and heterogeneous electrocatalysisneesitto be investigated as a
potentially efficient and scalable solution. Otmeethods which do not have the same
light absorber and electrode surface area, asicdbe of PEC may yield more efficient
conversion systems. Further work may also impréreetéchnology for solar conversion
efficiencies. Solar concentration may be incorpgmdatand photovoltaic driven
electrolyzer systems may be investigated as palesdiutions. Each of these possibilities
may result in higher current densities, and theesfimcrease the demand on TOF.
Additional research is need for increasing the T@dereasing the, all while remaining

stable and yielding the desired hydrocarbon praduct
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Figure 5-1 Simple scheme for a homogeneous electrocatalyticsig€em.n electrons
are transferred from the electrode surface to #talyst C to form C', followed by a
subsequent chemical reaction of C' with the sutest&ato make the product P and
regenerate the catalyst precursor C.
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Figure 5-2 Variations of turnover frequency with the limitimgirrent density plotted at
several homogeneous electrocatalyst concentratamesrding to equation 5-8b, (n = 2,
Dc = 8.1 x 10° cnt s). The demand on the turnover frequency increasgsly as the
current density increases. However by increasirg datalyst concentration the TOF
requirement is relaxed.
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Figure 5-3 Simple scheme for a heterogeneous electrocatdi@icsystemn electrons
are transferred from the electrode to the surfacmd catalyst C to form C', followed by
a subsequent chemical reaction of C' with the satestS to make the product P and
regenerate the catalyst precursor C.
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Figure 5-4 Variation of turnover frequency with the limitingicent density plotted at

several heterogeneous electrocatalyst surface otvatiens, according to equation 5-
12b, f = 2). The demand on the turnover frequency ineeasth a slope half that of the
homogeneous case. Larger catalysts decrease thiblpairface coverade resulting in

a higher demand on turnover frequency.
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Area (nm?) molecules criv? mol cri? pmol cm™?
1000 1.0E+11 1.66E-13 0.166
100 1.0E+12 1.66E-12 1.66

10 1.0E+13 1.66E-11 16.6
1 1.0E+14 1.66E-10 166
0.1 1.0E+15 1.66E-09 1660
0.01 1.0E+16 1.66E-08 16600

% The area is estimated from the molecular radiusis donversion assumes a 100%
packing efficiency. Note, for a 2-D square or a dgonal closed pack lattice the
maximum packing efficiency is 78.5% and 90.7% ifoutar projections respectively.



149

Table 5-2Current density values for total applied voltaggatous solar efficienciés

More efficient solar panels

>
Thin Film Poly—Si c—Si
PV Efficiency (%) 10.0% 12.5% 15.0% 17.5% 20.0% 22.5%
Voltage (V) Jj» Current Density (mA cm™?) A g‘
1.25 8.0 10.0 12.0 14.0 16.0 18.0 ﬁ
1.5 6.7 83 10.0 11.7 133 15.0 ;
1.75 5.7 7.1 8.6 10.0 11.4 12.9 e
2 5.0 6.3 7.5 8.8 10.0 113 a
2.25 4.4 5.6 6.7 7.8 8.9 10.0 =
25 4.0 5.0 6.0 7.0 8.0 9.0 g
2.75 3.6 4.5 5.5 6.4 73 8.2 E
3 33 42 5.0 5.8 6.7 7.5 .;'_
w

2 Under one sun AM 1.5G peak solar flux (L000W),iwith PV area equal to the
electrode area, and power matched PV operationvfitage conversion losses) using
power = current x voltag
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