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ABSTRACT

Surface modification of (semi)conducting materials with polymers provides a
strategy for interfacing electrodes with electrocatalysts for reactions of industrial
importance. The resulting constructs create opportunities to capture, convert and store
solar energy in the form of chemical bonds, generating solar fuels. This thesis describes
I11-V semiconductors, modified with molecular catalysts embedded in thin-film
polymeric coatings. Overarching goals of this work include building protein-like, soft-
material environments on solid-state electrode surfaces. This approach enables
coordination of earth-abundant metal centers within the three-dimensional molecular
coatings to modulate the electronic and catalytic properties of the overall assembly and
provide assemblies for studying the effects of polymeric-encapsulation on
electrocatalytic as well as photoelectrosynthetic performance. In summary, this work
provides 1) new approaches to designing, interfacing, and characterizing
(semi)conducting and catalytic materials to effectively power chemical transformations
(including hydrogen evolution and carbon dioxide reduction), and 2) kinetic models for
better understanding the structure-function relationships governing the performance of

these assemblies.
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1.1 Solar Fuels Generation
The development of a sustainable energy-transduction systems is one of the most critical
challenges facing humanity over the few decades.’*! Not only do humanity have to meet
a huge power demand of an estimated 40 TW by 2050, we also have to access it using
sustainable and environmental-friendly methods. Although fossil fuels are now abundant
and accessible, these are finite resources as it is estimated that we have enough oil for 50
-150 years, natural gas for 207 to 590 years and coal for 1000 to 2000 years.'?> Carbon
dioxide (CO2) emissions from fossil fuel consumption has remarkably increased over the
years, creating negative environmental impacts on our planet.**2

Since Giacomo Ciamician’s prediction of a solar-fueled future published in 1912,
scientists have been inspired by the biochemical process of photosynthesis to develop
artificial leaves that use sunlight to create fuels and other value-added chemical products.
Such solar-to-fuel devices could enable carbon-free or carbon-neutral pathways to
powering the planet. Artificial systems capable of generating fuels from sustainable and
renewable energy sources provide a strategy to satiating modern societies' energy
demands, with minimal environmental impact.}4'°® Approaches to solve the energy
conundrum often take inspiration from the biological process of photosynthesis that
powers our biosphere and supplied the fossil fuels global economies rely on.468-10.14-19
The functions and chemical processes of photosynthesis have inspired artificial
photosynthesis systems to convert solar energy into chemical energy and store it as
synthetic chemical fuels. Solar energy can be directly converted into chemical fuels via
photoelectrochemical reactions. Many properties associated with solid-state

heterogeneous catalysts have motivated several molecular-based, surface-modification



strategies such as discrete local three-dimensional environments for binding substrates,
lowering transition state energies, and releasing the products. Molecular systems also

provide tunability, which can be achieved by designing the ligation environment around

the catalyst.8°



1.2 PV-electrolysis versus Photoelectrochemical systems

The construction of artificial leaves has been pursued using a continuum of design
concepts. As depicted in Figure 1.1, these range from more decoupled approaches such as
photovoltaic-powered electrolysis (PV-electrolysis), to more integrated designs such as
those used in photoelectrochemistry (PEC). In PV-electrolysis, photovoltaic components
are interconnected to power physically separated electrolyzer units. The electrolyzers
contain catalysts—chemical sites providing low-energy pathways for driving
energetically uphill reactions such as the splitting of water into oxygen and hydrogen.
These chemical products can be used as fuels or stored for later use, including chemical
upgrading. The other approach of PEC offers the same advantages regarding its chemical
products, but here the light-harvesting and electrocatalytic components are co-located
and/or assembled into a single architecture.

Both design strategies are inspired by the biological process of photosynthesis, where
plants and other organisms store the sun’s energy in the form of chemical bonds that
constitute the foods we eat and ultimately, on longer geological time scales, the carbon-
based fossil fuels our modern societies rely on. However, key distinctions between PV-
electrolysis and PEC include their technological readiness level (TRL), raw material
requirements, cost, and potential for scalability. PV-electrolysis is a more mature
technology that benefits from its modularity, enabling the individual components to be
optimized for their integrated operation. PEC devices, on the other hand, promise
simplification of device architecture and thereby lower costs, but are technologically less
mature and thus remain active areas of research with correspondingly more limited

market penetration.*%
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1.3 Artificial Photosynthesis and Photoelectrosynthetic Cells

The construction of molecular-based light-harvesting complexes and electron donor-
acceptors has provided insights to fundamental principles governing energy and charge
transfer processes.??® This includes the construction of purely molecular assemblies as
well as molecular components interfaced with solid-state materials to form dye-sensitized
solar cells and dye-sensitized photoelectrosynthesis cells.?>% However, this thesis
specifically focuses on fuel production applications involving visible-light absorbing

semiconductors modified with molecular fuel-forming electrocatalysts.

Engineering of nanostructured semiconductor materials, including the synthesis of
nanowire composites, can mitigate reflective losses and improve light-trapping
effects.®3" For example, pillared nanowire arrangements have relatively long dimensions
for effectively absorbing light, but also have relatively short (radial) dimensions for

diffusing carriers.

Unlike conducting/metallic electrodes which have a relatively high density of states
at the Fermi level, semiconducting electrodes have Fermi levels that lie within the band
gap (i.e., an energy range where no electronic states can exist), and any charge transfer
across the semiconductor|electrolyte solution interface occurs via the energy bands.*® The
highest energy continuum of electronic states below the Fermi level is the valence band
and is fully occupied by electrons at the absolute zero temperature.®® The lowest energy
continuum of electronic states above the Fermi level is the conduction band and is vacant
at the absolute zero temperature. Fermi level in semiconductors is defined as the energy
level for which the occupational probability for an electron or hole is 50% in thermal

equilibrium conditions,”® and Er is defined with respect to a reference state. The



conduction band edge potential and valence band edge potential (Ece and Eve,
respectively, with units of V versus Ere), are defined as the electrode potentials of the
lowest energy electronic state of the conduction band and the highest energy electronic
state of the valence band, respectively. When the material absorbs particles of light with
energies exceeding the energy of the semiconductor band gap energy (Eg), a transition of
photoexcited electrons from the valence band to the conduction creates electron-hole
pairs. Intrinsic semiconductors (i.e., undoped semiconductor materials such as Si or Ge)
have less conductivity than metals because their Fermi levels lie approximately in the
middle of the band gap and thus have lower free carrier concentrations in the dark (about
1010 cm-3 at 300 K in the case of Si with Eg = 1.11 eV).*! However, the addition of
electron-accepting impurities (dopants) can shift the Er toward the Evs and increase their
conductivity. Conversely, the addition of dopants that are electron-donating can shift the
Er toward the Ecg and increase their conductivity. Materials doped with electron-
accepting impurities are referred to as p-type semiconductors, whereas those doped with

electron-donating impurities are referred to as n-type semiconductors.

Upon contacting a semiconductor with a liquid, a semiconductor|liquid junction is
formed, and the difference in potential between the semiconductor Fermi level (Ef) and
the potential of the liquid solution (which is defined by the Nernst equation and the
concentrations of reduced and oxidized species) must equilibrate. This equilibration
process occurs via an exchange of carriers across the resulting interface until the potential
of the semiconductor and solution are the same and equilibrium is established. In the case
of p-type semiconductors, the energetic positioning of the Er, which is relatively closer to

the Evg rather than the Ecg, causes the material to behave like an anode in the dark. Thus,



equilibrium between Er and the solution potential results in the net transfer of holes from

the semiconductor to the solution (Figure 1.2a and 1.2b).*>*® This movement of charge

across the semiconductor liquid interface yields a difference in potential within the

semiconductor and a built-in voltage (Vbi, defined as the built-in potential corresponding

to the potential drop across the space charge region). For a p-type semiconductor, this

potential difference is manifested as a ‘downward’ bending (Figure 1.2b and 1.2c) of the

Ecs and Evg due to the net removal of holes from the semiconductor and the concomitant

‘drop’ in electric-field intensity within the semiconductor.
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Figure 1.2. lllustration of a p-type (a—d) and n-type (e-h) semiconductor showing the

energy level of conduction band-edge potential (Ecg), valence band-edge potential (Evs),



Fermi level (Er), quasi-Fermi levels of electrons (Ern) and holes (Erp), and solution
potential (Eso), along with associated differences in potential. (a and e) before
equilibrium, (b and f) after equilibration with electrolyte in the dark, (c and g) under
illumination in steady-state conditions under the open-circuit potential, and (d and h)
under illumination in steady-state conditions under applied bias potentials. Eeq is the
equilibrium potential equal to the reduction potential of the half-reaction (Ox + ne— 2
Red. Wj is the width of the space-charge region, Vpn is the photovoltage, Vui is the built-
in potential of the space-charge region, and 7o, is the overpotential, and #, is the
underpotential. The barrier height, ¢s, is the maximum internal energy that can be
extracted from an electron—hole pair. Figures are adapted from Reyes Cruz et al.
Molecular-Modified Photocathodes for Applications in Artificial Photosynthesis and

Solar-to-Fuel Technologies. Chem. Rev. 2022, 122, 16051-16109.

Under illumination of the semiconductor material with a photon flux of energy
greater than the band-gap width (hv > Eg) causes absorption of photons and generation of
electron—hole pairs. As a result of the generation, an increase in the concentration of the
excess electrons in the conduction band and the excess holes in the valence band takes
place. This creates a hole quasi- Fermi level (Erp) and electron quasi-Fermi level (Ern)

that are related to Eve and Ecg, respectively, as given in Eq. 1.1a and 1.1.b,*%

RT

Egp = Eyg + In (%) (Eg. 1.1a)
RT

Egn = Ecg — = In (Nlc) (Eg. 1.1.b)

where Nc and Ny are the conduction and valence band densities of states. n (= neq + An)

and p (= peq + Ap) are non-equilibrium steady-state concentration of electrons and holes

9



respectively, neq and peq are semiconductor electron and hole concentrations in the dark,
respectively. When a semiconductor is illuminated, equal excess concentrations (An and
Ap) of electrons in the conduction band and holes in the valence band are created. For a
p-type semiconductor, the equilibrium electron density in the dark is very low, peq + Ap =
Peq, Erp IS position-independent and approximately equal in value to the majority-carrier
Fermi level in the bulk.*® However, since neg + An > neg, illumination results in Er, that
is position-dependent and displaced toward Ecg as shown in Figure. 1.2c and 1.2d. Since
for an n-type semiconductor, the equilibrium hole density in the dark is very low, neq +
An = neq, SO that the electron quasi-Fermi level (Ern) is almost the same as in the
equilibrium Fermi level Er in the dark. However, since peq +Ap >> peq, the quasi-Fermi
level for holes (Erp) is displaced downward toward the valence band, increasing the
driving force for oxidation reactions, as shown in Figure 1.2f and 1.2g.

This splitting of EF of a semiconductor into two quasi-Fermi levels associated with
non-equilibrium steady-state electron, Ern, and hole, Erp, populations gives rise to a
corresponding photovoltage, Vph, and a decrease in the degree of band bending (Figure
1.2c and 1.2g). The photovoltage (Vpn) is defined as the difference in the electron and
hole quasi-Fermi levels at the semiconductor surface under illumination) and can be
obtained via measurement of Eeq in the dark versus the open-circuit potential under
illumination, Eoc.*? The maximum Vpn of a semiconductor is smaller than the band gap
due to the intrinsic bulk recombination, and the presence of surface states can further
reduce Vph by lowering the barrier height (¢g) (which is the maximum internal energy
that can be extracted from electron-hole pairs). Forward electrochemical biasing of the

semiconductor enhances the band bending and the fraction of minority-carrier electrons

10



reaching the semiconductor surface. For an ideal p-type semiconductor,*’ the driving
force for the cathodic reaction at the semiconductor|liquid interface is equal to the
difference between Er, and the solution potential. For an ideal n-type semiconductor,*’
the driving force for the anodic reaction at the semiconductor|liquid interface is equal to
the difference between Egpand the solution potential.*® In both cases, the position of the
quasi-Fermi level associated with the minority carriers is dependent on the applied
potential (V) as well as the illumination intensity (which also affects the value of Vpn). In
the example of a p-type semiconductor, as Ern changes, the associated rate constant for
electron transfer remains constant and is independent of V and illumination intensity.*
Thus, for a well-behaved semiconductor electrode, the dependence of J (a reaction rate)
on the electrochemical potential (a driving force) is established by changing the degree of
band bending within the semiconductor, which in turn controls the steady-state
concentration of minority charge carriers reaching the electrode surface.*” This is in stark
contrast to electrocatalytic reactions involving conducting metallic electrodes, where the
potential of the electrode is defined by a single Er and differences in V appear mostly
outside the electrode in the solution phase. Thus, in accordance with Marcus-Hush-
Levich theory and Butler-Volmer kinetics,®*%* enhancement of electrocatalytic reaction
rates upon increasing the n is due to the driving-force-dependent nature of the charge-
transfer rate constant, not changes in the surface concentrations of charge carriers.

The current density produced by a semiconductor|liquid junction under illumination has
been modeled by Gértner.*®4% For p-type semiconductors, which are a focus of this
review, the minority carrier current density (Jg) is obtained by summing the electron

current density at the depletion edge (Jw) (i.e., the boundary between the space-charge
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region and bulk semiconductor) and the electron photocurrent density in the space-charge
region (Jscr) when recombination effects within the space-charge region and at the

interface are neglected (Eq. 2 — Eq. 4):

Jg =Jw +Jscr (Eq. 2)
Ny e(-aw)

Jw = Jo |22 1] = qloal S (Eq. 3)

Jscr = —aqlo(1 —e™*") (Eq. 4)

In Eq. 2 — Eq. 4, nw is the electron density at the depletion edge, no is the electron density
in the bulk, g is the unit charge, lo is the incident photon flux on the semiconductor after
correcting for interface reflection and electrolyte absorption losses, « is the absorption
coefficient of the photoelectrode, and Jo is the limiting current density. As the electron
concentration in the bulk (no) is relatively small, |J,,| is limited to J, as shown in Eq. 5 in

the absence of illumination, even at large applied Vb:

L
Ul = Jo = =5 (Eq. 5)
where 7 is the minority carrier average lifetime. Under the boundary condition used in the

Gartner model, where ny = 0 at the depletion edge, Jg can be expressed as shown in Eq.

6:

Jg = ~Jo—als (1~ 5=) (Eq. 6)
In this form, the equation addresses monochromatic illumination conditions. To address
broad-band illumination conditions, integration can be applied over a selected spectral
range. In summary, the Gartner model gives a relatively simplified description of the

current density produced upon illumination of a photoelectrode where carrier

recombination within the space-charge region is not accounted for. Thus the predicted

12



current can deviate from experimental results under conditions where the band bending is
relatively low and recombination rates are relatively high.*

The Gartner model was further extended by Reichman*® to account for contributions from
recombination in the space-charge region. In this revised model, the current density due
to holes (Jp) and electrons (Jn) is described in terms of the surface concentrations of
charge carriers (ps and ns) relative to their values at equilibrium (pso and nsg), meaning the
surface concentrations of charge carriers when no net current flows as expressed in Eg.7a

and 7b, respectively:

Jp =1y [;TSO - 1] (Eq. 7)
Jn = I8 [n"— - 1] (Eq. 7b)

where J) and Jp are the exchange current densities (i.e., the current densities at
equilibrium where no net current flows) for holes and electrons, respectively. For a p-
type semiconductor under illumination, the surface concentration of holes (defined as
ps/Pso) is a function of V and is independent of the light intensity (Eq. 8a).*® Conversely,
the surface concentration of electrons (ns/nso) is a function of V as well as the illumination

intensity, and is dependent on recombination losses in the space-charge region (K:) ((Eq.8

— Eq. 11):
av.

;TSO = ekgT (Eq 83.)

N 2

_ 2 z

= <—Kr+(K£A+4AB)2> (Eq. 8b)

qVv
— TkBTUW | okpT (Eq.9)

T 4T(Vbi—V)
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av.

A=]3+]o - eksT (Eg. 10)

where nj is the intrinsic carrier concentration and V is the applied potential.
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1.4 Molecular-Modified Electrodes for Electrocatalysis and

Photoelectrosynthesis

Advances in interfacial chemistry and rational synthetic design have accelerated
development of catalyst-modified semiconductors that convert energy between photonic,
electronic, and chemical forms. These constructs hold promise for unleashing renewable-
energy technologies that convert sunlight to fuels and other value-added chemical
products. Various functionalization strategies and characterization methods have been
used to assemble and study visible-light-absorbing semiconductors modified with
molecular, fuel-forming catalysts.?%-36:°0-52 Sych constructs have demonstrated promising
performance; however, there is currently insufficient understanding of how charge
carriers move through these systems to provide rational design principles. Related to this,
the development of new methods to interface electrocatalysts with semiconductor
electrodes and characterize the resulting assemblies are active areas of research
investigation undertaken by both relatively large collaborative teams and individual

research groups.

Although the current availability of ligand platforms able to withstand oxidative
operating conditions may limit their applications, in general, molecular-based
modification of semiconductors offers opportunities to combine the relatively high
activity, selectivity, and tunability of molecular components with the favorable solar
energy capture and conversion properties of solid-state semiconducting materials.

The immobilization of molecular electrocatalysts to a semiconductor surface results
in formation of semiconductor|catalyst interfaces. When these modified semiconductors

are immersed in liquids, semiconductor|catalyst|liquid junctions are formed. Application
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of relatively thick catalytic films (i.e., those that are ion-impermeable and can be formed
by metallic electrocatalytic coatings) give rise to ‘buried’ junctions. Under these
conditions, the catalytic processes occurring at the catalyst|liquid interface are physically
separated from the photovoltage generation and charge separation processes occurring at
the semiconductor|catalyst interface.>*>* Unlike semiconductor|liquid junctions, the Ecs
and Eve edges associated with ‘buried’ junctions are not required to straddle the
thermodynamic potentials of the redox half-reactions occurring in the liquid phase
because the photovoltages are not fixed relative to a material-specific flatband potential
(Vriawand).*>>* Thus, the overall system is analogous to having a photovoltaic connected in
series with an electrochemical load. Alternatively, catalytic surface coatings that are ion-
permeable, including molecular catalyst layers and coatings of porous oxide materials,
form interfaces that have been referred to as ‘adaptive’ junctions.®>*® Because the
electrocatalyst layer (molecular or other) is permeable to the electrolyte solution, the
maximum internal energy that can be extracted from electron — hole pairs (i.e., the barrier
height) increases as a function of the catalyst redox states.>® Thus, in comparison with
non-porous metallic electrocatalyst coatings, the ‘adaptive’ junctions do not require a
potential drop across the electrocatalyst|liquid interface as the free motion of ions from
the electrolyte solution enables the potential drop to occur mostly inside the
semiconductor across the space-charge region. For this reason, the Ece and Evs band
edge positions associated with adaptive junctions must be appropriately positioned with
respect to their potentials and the thermodynamics of the fuel-forming half-reactions
(e.g., for a photocathode driving a reductive chemical process, the Ecg needs to be poised

negative of the fuel-forming half-reaction equilibrium potential).
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1.5 Efficiencies of Photochemical Systems

The efficiencies of photoelectrochemical systems can be broadly separated into either
benchmarking- or diagnostic- type efficiencies. Benchmarking efficiencies are ratios of
total power output to total power input. In the case of solar photoelectrochemical
hydrogen production from water, this is the solar-to-hydrogen (STH) conversion
efficiency; however, related equations for other chemical products can be expressed more
generally as solar-to-fuel (STF) conversion efficiency.>**"® As shown in Eq. 1.12, the
STF conversion efficiency is the ratio of chemical power produced to total incident solar
power. In this particular example involving hydrogen evolution and STH, the chemical
power is the product of the Gibbs free energy change (AG) per mole of hydrogen gas (Hz)
formed via the splitting of water (237.14 kJ mol Hz* at 25 °C) and the rate of hydrogen
evolution, which can be determined via chemical analysis methods. The total incident
solar power is the product of the area of the light absorber and the incident illumination
power density (Piwta), Which is 100 mW cm2 under air mass 1.5 global tilt (AM 1.5
G)**80 conditions. As shown in Eq. 1.13, the chemical energy output can also be
expressed as the product of the thermodynamic potential of the overall chemical reaction
(1.23 V in the case of water-splitting), the short circuit current density (jsc), and the
faradaic efficiency of the reaction (ng).5? This latter approach involves
(photo)electrochemical methods of determining the chemical energy output, but also
requires knowledge (or an assumption) of ng, which as shown in Eq 1.14 is the ratio of
the amount of chemical product (N) to the total amount of charge passed during the
photoelectrochemical reaction (Q) multiplied by the Faraday constant (F) and the number

of electrons required to form the product (n).
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_ [(237 kjmol H;™!) x (mol Hp s™1)
STH = [ Area (cm2) X Prorqr (MW cm~=2) ]AM 156G (Eq. 1.12)
_ [(@23V) x|jsc (mAcm™2)| xnp
STH = [ P ]AM . (Eq. 1.13)
__ nxN(mol) xF (Cmol™?) (Eq 1.14)

F= Q (0

Unlike benchmarking efficiencies, which strictly involve measurements using two-
electrodes (i.e., a cathode and an anode) with no electrochemical or chemical biasing,
diagnostic efficiencies can involve applications of bias potentials and/or the use of three-
electrodes (i.e., working, counter, and reference electrodes) which enable decoupling and
determination of kinetic and thermodynamic properties associated with the cathode or
anode components of a photoelectrochemical cell. The applied bias photon-to-current
efficiency (ABPE) is an example of a diagnostic efficiency and it differs from the STH
because it involves application of a bias potential (V) between the working and counter

electrode to produce a photocurrent density (jpn), as shown in Eq. 1.15:%

[1.23 V-|Vp| (V)] X jpp (MA cm'z)]
Ptotal (mw cm=2) AM 15 G

ABPE = | (Eq. 1.15)

If an ABPE is reported for a three-electrode measurement, it is recommended the
potential difference between the working electrode and the counter electrode as well as
the potential difference between the working electrode and reference electrode are
reported.>®

Other diagnostic-type efficiencies involve counting of particles rather than energy or
power. For example, the external quantum efficiency (EQE) (sometimes referred to as the
incident photon-to-current efficiency (IPCE)) is defined as the ratio of electron flux

measured as current to incident photon flux (i.e., particles of light, and not power of light)
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as shown in Eq. 1.16. EQE can also be defined as the product of the probability of photon
absorption (®aps), the probability of charge separation (®sep), and the probability of
charge injection across a semiconductor junction (®inj). AS shown in Eq. 1.17. ®aps
represents the fraction of incident photons absorbed by a material and is synonymous
with the terms light harvesting efficiency (LHE) as well as absorptance. The internal
quantum efficiency (IQE) (sometimes referred to as the absorbed photon-to-current
efficiency (APCE)), represents another type of benchmarking efficiency, and it is defined
as the ratio of electron flux measured as current to absorbed photon flux as shown in Eq.
1.18.%° IQE can also be defined as the product of ®sp and ®inj, and is thus equal to the

EQE divided by LHE.

electrons (cm™? s™1)

EQE = IPCE =

= (pabs(psep(pinj (Eg. 1.16)

incident photons (cm=2 s~ 1)

absorbed photons (cm~2 s™1)
incident photons (cm~2 s71)

®,ps = LHE =

(Eq. 1.17)

-2 -1
IQE = APCE = ——Scrow(em s ) __ _ ¢ o, - (Eg. 1.18)

absorbed photons (cm=2 s=1)

Although they are not necessarily types of efficiencies, parameters for describing
durability and activity include the turnover number (TON) and turnover frequency
(TOF). TON is defined as the number of moles of substrate transformed by one mole of
catalyst. and TOF is the time derivative of TON.®® For one-electron reduction reactions
and two-electron reduction reactions where the first one-electron reaction between the
catalyst and substrate is rate-determining,®® TON and TOF are expressed using Eq. 1.19

and 1.20:

_ N _ kC]t
TON = = Trenn[(e23g)]

(Eq. 1.19)
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N 0
TOF = Neer u;;;:f time _ 1+exp[E—TC(/;—EEQ)] (Eg. 1.20)

where N is the amount of chemical product, Nca is the total amount of catalyst on the
surface, k is the apparent rate constant associated with the catalytic reaction, Ca° is the
concentration of the chemical substrate, t is time, E is the electrode potential, Epq® is the
standard reduction potential of the catalyst, R is the gas constant, T is the temperature,
and Nper unit of time 1S the amount of product generated per unit of time. When the electrode
activity is limited only by Kinetics associated with chemical catalysis, and not by
electron-transfer kinetics or mass-transfer phenomena, all the catalysts at the electrode
surface are effectively in their activated forms and the concentration of chemical
substrate at the electrode surface is approximately equal to its bulk concentration. Under
these conditions, the plateau current of the voltammogram will not increase upon
increasing the scan rate, and the TOF equals the maximum turnover frequency (TOFmax)

as shown in Eq. 21:%°

TOE g, = kC2 (Eq. 1.21)

Given that electron flux can be expressed as a product of n (the number of electrons
required for the reaction), TOF, I'ct (per geometric area density of the total catalyst), and
Avogadro constant (NA), Eq. 1.16 can be transformed into Eqg. 1.22, which shows the

connection between EQE and TOF:

n X TOF (s71) x I'cy. (mol em™2)x Ny (mol™?)

EQE =

(Eq. 1.22)

incident photons (cm~2 s™1)

If the photoelectrosynthetic illumination intensity, charge transfer rate constants, and the
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concentration of chemical substrates are sufficiently high, TOF in Eq. 1.22 will be
replaced with TOFmax upon sufficiently biasing the electrode potential, meaning that the
overall efficiency (EQE) associated with the fuel-forming reaction can become limited by
the value of TOFmax.

For all types of efficiencies reported in the literature, it is informative to know where
the counting starts (e.g., number of incident photons or incident power versus number of
absorbed photons or absorbed power) and where the counting ends (e.g., carriers
measured as current moving a potential versus enthalpies or Gibbs free energies
associated with the chemical products). The implementation and limitations associated
with these types of efficiencies have been described elsewhere. The implementation and
limitations associated with these types of efficiencies have been described elsewhere.*"4°
While these efficiency calculations provide a standardized approach for making
comparisons between photoelectrochemical assemblies, other important considerations

include monetary costs and stability of the materials.*:%
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1.6 Outlook and Conclusion

Outstanding challenges in the field of solar fuels and artificial photosynthesis include not
only achieving higher efficiencies, but also fabricating materials that use relatively low-
cost components that are robust and thus scalable. In the context of hydrogen production,
how to store and transport this product for applications in global markets also remains an
outstanding issue. Further challenges include using the principles of green catalysis to
reengineer or entirely recreate the processes and technologies required to produce the
range of chemicals our modern societies rely on. This includes manufacturing reduced
forms of carbon dioxide and dinitrogen as well as creating imaginative ways of
rebalancing the planet's phosphorus cycle.

This dissertation focuses on synthesizing, characterizing and performance evaluation
of hybrid photoelectrosynthetic assemblies for hydrogen evolution and carbon dioxide
reduction. Synthetic strategies for immobilizing molecular electrocatalysts onto solid-
state conductive/semiconducting surfaces using polymeric interfaces are explored and
analyzed with various surface-sensitive spectroscopic techniques.

These systems are utilized to investigate fuel forming reactions and identify
fundamental performance-limiting bottlenecks encountered at relatively high rates of fuel
formation. The key findings and discussions are likely relevant to other materials and
chemical transformations involving  proton-transfer  reactions.  Thus, the
photoelectrochemical techniques highlighted in this work (including applications of
varying electrochemical polarization, pH, illumination intensity, and scan rate) provide a
general yet useful strategy for better understanding, and ultimately controlling, the

performance of catalyst-modified semiconductors.
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CHAPTER 2 UNDERSTANDING AND CONTROLLING THE
PERFORMANCE-LIMITING STEPS OF CATALYSTS-MODIFIED

SEMICONDUCTORS.

Portions of this chapter are excerpted and reprinted with permission from:

Nguyen, N. P.; Wadsworth, B. L.; Nishiori, D.; Reyes Cruz, E. A.; Moore, G. F.
Understanding and Controlling the Performance-Limiting Steps of Catalysts-Modified

Semiconductors. J. Phys. Chem. Lett. 2021, 12, 199-203.
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2.1 Introduction

Advances in interfacial chemistry and rational synthetic design have accelerated
development of catalyst-modified semiconductors that convert energy between photonic,
electronic, and chemical forms.'*® These constructs hold promise for unleashing
renewable-energy technologies that convert sunlight to fuels and other value-added
chemical products. However, the ability to effectively interface the required light
harvesting and catalytic components remains challenging as there is an incomplete
understanding of how charges move through these materials and what the bottleneck rate-
limiting steps are that restrict their performance.

Understanding and controlling factors that restrict the rates of fuel-forming reactions are
essential to designing effective catalyst-modified semiconductors for applications in solar-to-
fuel technologies. In this chapter, | describe GaAs semiconductors featuring a polymeric
coating that contains cobaloxime-type catalysts for photoelectrochemically powering
hydrogen production. The activities of these electrodes (limiting current densities >20 mA
cm under 1-sun illumination) enable identification of fundamental performance-limiting
bottlenecks encountered at relatively high rates of fuel formation. Experiments conducted
under varying bias potential, pH, illumination intensity, and scan rate reveal two distinct

mechanisms of photoelectrochemical hydrogen production.

2.1.1. Homogeneous and Heterogeneous Hydrogen Evolution Reaction using
Cobaloxime-type catalyst

One of the most common and effective catalysts for activating the hydrogen evolution
reaction is elemental platinum. However, availability and price concerns for future

market demands for platinum and other rare-earth elements have prompted researchers to

30



seek alternative catalysts for the production of hydrogen and other industrially relevant
chemicals.'*'? Molecular catalyst hold significant advantages thanks to high levels of
tunability and selectivity. Tunability is especially a critical aspect of molecular catalyst, with
various properties that can be synthetically designed and controlled. Choice of metal centers,
and several ligands platforms, present seemingly endless opportunities for altering
reactivities with binding abilities, electron withdrawing/donating effects, etc... The metal
center is changeable, and the same set of ligands can be applied to different metals or the
same metal in different oxidation states. These ligands can be replaced with a completely
different molecule or slightly modified with a similar base structure. This allows researchers
to explore and compare reactivity wide range of chemical and physical parameters affect
catalysis, both homogeneously and heterogeneously. The ability to target a specific pathway
or product in catalysis is particularly important in reactions that can have multiple undesired
by products. Molecular catalysts’ selectivity is shown by multiple sites for reactions as well
as the choice of different reactive group on the ligand scaffold.'*??

Molecular catalysis of the HER reaction can proceed via a homolytic or a heterolytic
pathway. In a homolytic pathway, the product is formed through a symmetrical
bimolecular chemical step. Conversely, a heterolytic pathway involves the reaction of
chemically distinct species. For example, the mechanism of HER catalysis by cobaloximes
has been proposed to occur via several pathways.?>2® After reduction of the cobalt center
from Co(lll) to Co(l), the Co(l) species is protonated to generate a cobalt hydride, Co(lll).
In the homolytic pathway, two cobalt hydride species react with one another to release
hydrogen. Alternately, the HCo(lll) generated in the initial protonation step can react with

an acid in solution to generate hydrogen through a heterolytic pathway. It has also been
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proposed that the HCo(lll) can be further reduced to HCo(ll), which can then proceed to

generate H, through a homolytic or heterolytic pathway.?®

2.1.2. Cobaloxime-catalysts immobilization on 111-V semiconductors

Leveraging the surface-grafting chemistry of olefins on GaP semiconductors, Moore and
coworkers showcased the modularity of this strategy by modifying the ligand
environment of the immobilized catalysts, the structure of the intervening polymer, and
the crystal orientation of the underpinning (semi)conductor surface used to prepare the
assemblies. They report successful immobilization of cobaloxime-type catalysts (Figure
2.1) on GaP and GaAs semiconductors via polyvinylpyridyl and polyvinylimmidazole
polymer layers.?’3! For example, GaP electrodes were prepared featuring surface-grafted
polypyridyl coatings modified with cobaloxime catalysts (Figure 2.2) containing either a
glyoximate capping group or an analog featuring a boron difluoride moiety.?® For both
constructs, successful surface attachment was confirmed via GATR-FTIRand XP
spectroscopies, and photoelectrochemical characterization of the modified GaP
photoelectrodes were conducted in pH 7 (0.1 M phosphate buffer) or pH 4.5 (0.1 M
acetate buffer) under simulated AM 1.5 G illumination (100 mW cm) using a Newport
Oriel Apex light source. The pH response of the photoelectrochemical activity was
consistent with results obtained from electrochemical studies conducted using analogous
non-surface-attached catalysts dissolved in solution, meaning, a relatively lower pH was
required to induce HER when using the electrodes modified with the difluoroboryl
analog. These findings were attributed to a correlation between the Co'' reduction

potential and the basicity of Co' species to form Co'"" hydride species during the catalytic
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cycle?®?® and show that incorporation of a cobaloxime with a ligand macrocycle that is
modified at the molecular level affects the photoelectrochemical response observed at the

construct level.
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2.2 Results and Discussion

2.2.1 Materials Preparation

Materials
All reagents were purchased from Sigma-Aldrich. Methanol was freshly distilled before
use. All aqueous solutions were prepared using Milli-Q water (18.2 MQ-cm). Zn-doped
p-type Gallium Arsenide (GaAs) (111)A and Gallium Phosphide (GaP) (111)A wafers
were purchased from the Institute of Electronic Materials Technology, Poland. The
crystalline wafers were single-side polished to an epi-ready finish. The GaAs (111)A
wafers used in this report have a resistivity of 0.12 Q-cm and a carrier concentration of
2.8 x 1017 cm3, with an etch pit density of less than 5.7 x 104 cm™2. The p-type GaP
(111)A wafers have a resistivity of 0.046 Q-cm, a mobility of 50 cm? V! s, and a
carrier concentration of 2.7 x 1018 cm™, with an etch pit density of less than 9.5 x 104
cm™2,
Molecular Synthesis
All syntheses were carried out under an argon atmosphere using Schlenk techniques or in
a nitrogen glovebox. All reagents were purchased from Aldrich. All solvents were stored
over the appropriate molecular sieves prior to use. Milli-Q water (18.2 MQ-cm) was used
to prepare all aqueous solutions.
Co(dmgH2)(dmgH)Cl.. This complex was prepared following a previously reported
procedure. 3 The molecular structure of this compound is shown in Figure 2.1a.
Co(dmgH)2PyCl. This complex was prepared as previously described. 3233 The

molecular structure of this compound is shown in Figure 2.1b.
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Figure 2.1. Molecular structures of (a) Co(dmgH2)(dmgH)CI2 and (b) Co(dmgH)2PyCI.

Wafer Preparation

All wafers were degreased with an acetone-soaked cotton swab. The wafers were further
cleaned using consecutive ultrasonic treatments in a series of solvents (water, 2 min;
methanol, 2 min; acetone, 2 min; methanol, 2 min; and water, 2 min), followed by 30 s of
etching in concentrated sulfuric acid. The freshly etched wafers were put into quartz
flasks containing argon-sparged 4-vinylpyridine and purged with argon for 5 min, after
which they were placed into a UV chamber and irradiated with 254 nm UV light (using a
Spectroline Model ENF-280C source operating at 115 Volts, 60 Hz, 0.20 A) for 2 h. The
resulting polypyridyl-modified GaAs (PPy|GaAs) or polypyridyl-modified GaP
(PPy|GaP) wafers were then rinsed with methanol followed by ultrasonic cleaning in
methanol for 1 min, before drying under nitrogen and storing under vacuum. Cobaloxime
functionalization was achieved by submerging the PPy|GaAs or PPy|GaP wafers in an
argon-sparged solution of Co(dmgH>)(dmgH)Cl. and triethylamine (1 mM in each) in
methanol and allowing them to react overnight. The resulting cobaloxime|PPy|GaAs or
cobaloxime|PPy|GaP wafers were then rinsed with methanol, followed by rinsing with

isopropanol, and drying under nitrogen.?%%
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Figure 2.2. Schematic representation of the synthetic method used to prepare
polypyridyl-modified GaAs electrodes (PPy|GaAs) alongside photos of the UV reaction
apparatus (top image) and a custom-built working electrode (bottom image). In this
scheme, assembly of the cobaloxime-type catalysts occurs by replacing one of the axial
chloride ligands of the precursor complex, Co(dmgH2)(dmgH)Cl,, with a pyridyl
functional group of the polymeric surface coating. Charge balance when replacing
chloride, an anionic X-type ligand, with pyridyl, a neutral L-type ligand, is accounted for
by the base-promoted conversion of the dimethylglyoxime ligand to the

dimethylglyoximate monoanion.

Electrode Fabrication
GaAs or GaP and chemically-modified GaAs or chemically-modified GaP working

electrodes were fabricated by applying an indium—gallium eutectic (Aldrich) to the
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unpolished/backside of the wafers before fixing a copper wire to the back of the wafers
using a conductive silver epoxy (Circuit Works). The copper wire was passed through a
glass tube, and the semiconductor wafer was insulated and attached to the glass tube with
Loctite 615 Hysol Epoxi-patch adhesive. The epoxy was allowed to cure for

approximately 24 h before performing experiments using the electrodes.

2.2.2 Surface Characterization of cobaloxime-polypyridyl-GaAs

Contact Angle

Contact angles using drops of deionized water on GaAs surfaces were conducted
following surface modification steps (Figure 2.3). The increase in contact angles
following each chemical-modification step indicates increased hydrophobicity of the

resulting surfaces.

I (c)

Figure 2.3. Photos collected during determination of contact angles using drops of
deionized water on (a) GaAs (contact angle = 34 + 1°), (b) PPy|GaAs (contact angle = 50
+ 39), and (c) cobaloxime|PPy|GaAs (contact angle = 76 + 1°). The increase in contact
angles (16° increase after polypyridyl polymerization comparing to bare GaAs and 26°
increase after catalyst immobilization comparing to PPy|GaAs) following each chemical-

modification step indicates increased hydrophobicity of the resulting surfaces, consisting
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with successful immobilization of polymer and/or catalyst layer.

Ellipsometry

After polymer-functionalized, spectroscopic ellipsometry measurements were performed
in air (Figure 2.4), indicating a polymer thickness of = 1.97 + 0.26 nm on GaAs(111)A
surface (see Experimental section for details). This thickness is slightly higher than that
previously reported using polypyridiyl (PPy) to functionalize GaP(100), which was 1.45

+ 0.17 nm.2%:30

YV in degrees

300 600 900 1200 1500
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Figure 2.4. Ellipsometry spectra recorded using PPy|GaAs at incidence angles of 70°
(dotted), 75° (solid), and 80° (dashed). Using these ellipsometry measurements, the
thickness of the polypyridyl layer on GaAs was determined to be 2.0 £ 0.3 nm. Using the
bulk polymer density of 1.15 g cm™ and 4-vinylpyridine molecular weight of 105.14 g
mol?, the related polypyridyl site density is 2.2 nmol cm™.

Cobalt catalyst loading on cobaloximePPy|GaAs surface using ICP-MS

Inductively coupled plasma mass spectrometry measurement results after acid digestion
of bare GaAs and PPy|GaAs samples shows no significant presence of cobalt. For
samples of cobaloxime|PPy|GaAs, the cobalt concentration is estimated to be 2.40 + 0.04

nmol cm™2.

38



Table 2.1. Total Cobalt Surface Loadings Determined using ICP-MS.?

Construct Cobalt Loading (nmol Co cm?)
GaAs 0.010 £ 0.001
PPy|GaAs 0.030 + 0.003
Cobaloxime|PPy|GaAs 2.40 £ 0.04

X-ray Photoelectron Spectroscopy

Sample analysis using X-ray photoelectron spectroscopy (XPS) further confirms
successful surface modification with polymer and catalyst moieties. Differences in N 1s
core level XP spectra of bare GaAs, PPy|GaAs, and cobaloxime|PPy|GaAs are shown in
Figure 2.5. Using the peak positions and fwhm of the two features identified in samples
of GaAs, the N1s core level spectrum of cobaloxime|PPy|GaAs samples can be fit with
an additional nitrogen component (Figure 2.5b). This extra contribution at 400.1 eV is
assigned to the pyridyl nitrogens of the surface-grafted polymer coordinated with the
cobalt centers of the cobaloxime and the nitrogrens of the glyoximate ligands. This
feature’s binding energy corresponds to the model compound Co(dmgH)2PyCl XPS
spectrum previously reported?’ (Figure 2.5a). Inspection of the XPS spectrum of
Co(dmgH)2PyCl powder samples reveals that N from glyoximate moieties of the ligand

structure cannot be deconvoluted from the N contribution of Co-coordinated pyridine?’.
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Figure 2.5. N 1s core level XP spectra of (a) a powder sample of Co(dmgH)2PyCl, (b)
cobaloxime|PPy|GaAs, (c) PPy|GaAs, and (d) GaAs. The circles are the spectral data, and
the solid lines represent the backgrounds (light gray), a component fit associated with
nitrogens bound to Co (red), a component fit associated with unbound pyridyl nitrogens
(blue), and overall fits (black). The feature at 397.6 eV present in XP spectra of
unmodified GaAs surfaces is assigned to a satellite feature of the Ga LMM Auger line at
393 eV. The peak position and full width at half maximum (fwhm) of this feature was

used to guide the fitting and assist with identifying components in XP spectra of
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PPy|GaAs. The XP spectrum of PPy|GaAs was fit with a component at 397.6 eV,
assigned to a satellite feature of the Ga LMM Auger line, and an additional component at
398.8 eV, assigned to pyridyl nitrogens of the polymeric coating (Figure 2.5¢). Using the
peak positions and fwhm of these two components to guide the fitting of the N 1s core
level spectrum of cobaloxime|PPy|GaAs, at least one additional nitrogen component
could be fit to the data (Figure 2.5d). This additional contribution at 400.1 eV is ascribed
to N atoms coordinated to Co ions, including pyridyl-type nitrogens as well as
glyoximate- and glyoxime-type nitrogens. Inspection of the XP spectra collected using
powder samples of Co(dmgH).PyCl and Co(dmgH2)(dmgH)Cl. show the nitrogen
signals arising from the glyoximate and glyoxime ligands overlap with the nitrogen

contributions from Co-coordinated pyridine ligands (see Figure 2.6).

N1s o

Intensity (a.u.)

402 400 398 396
Binding Energy (eV)

Figure 2.6. N 1s core level spectra collected using powder samples of either the model
compound Co(dmgH)2PyCl (red) or precursor compound Co(dmgH2)(dmgH)CI. (olive)
(data taken from reference 27 in this Chapter).

Survey XP spectra of cobaloxime|PPy|GaAs (Figure 5.10) indicates the presence of Co
elements associated with Cobaloxime catalyst. The Co 2p core level spectra of these
samples show 2 peaks at 780 eV (2p3/2) and 795 eV (2p1/2), with a 2:1 ratio of

branching, and no apparent shakeup satellite structures, confirming Co®" species.3*3
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Figure 2.7. Co 2p core level XP spectra of PPy|GaAs (blue) and cobaloxime|PPy|GaAs
(red). The circles are the spectral data, and the solid lines represent the background (light
gray) and overall fit (black).

GATR-FTIR(Grazing angle attenuated total reflection Fourier transform infrared).

In order to confirm successful chemical functionalization of the GaAs(111A) surfaces
with polypyridiyl polymer and molecular Cobaloxime catalyst layers, surface analysis
using grazing angle attenuated total reflection Fourier transform infrared (GATR-FTIR)
spectroscopy was employed. Transmission spectra of Co(dmgH).PyCl recorded in a
matrix of KBr display a relatively strong transmission band at 1240 cm that is assigned
to the NO- stretch of this complex. The frequency of this band is a diagnostic of
cobaloxime complexes featuring axial coordination to pyridyl nitrogens. For comparison,
the NO" stretch of the precursor complex, Co(dmgHz)(dmgH)Cly, is located at 1225 cm™.
The frequencies of the polypyridyl infrared absorption bands on surfaces of PPy|GaAs
samples measured using GATR-FTIRspectroscopy are similar to those previously
reported on PPy|GaP surfaces?’3: % and the absorption bands centered at 1600 cm ™' and
1419 cm™ are assigned to C=N and C-N vibrational modes, respectively. Following
treatment of PPy|GaP surfaces with Co(dmgH2)(dmgH)CI. (see Section 2.2.1 for further

details) distinct absorption bands associated with cobaloxime-type catalysts are observed,
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including a strong absorption feature in the NO- region of the spectrum centered at ~
1235 cm™. This apparent shift of the NO- absorption band to lower frequencies as
compared to those measured for the model cobaloxime complex, and the relative

broadness of this absorption band, are indicative of heterogenous contributions to this

mode.
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Figure 2.8. (a) GATR-FTIRabsorption spectra of GaAs (black solid line) and PPy|GaAs
(blue solid line), as well as FTIR transmission spectra of 4-vinylpyridine in KBr (purple
dashed line) and polyvinylpyridine in KBr (blue dashed line). (b) GATR-FTIRabsorption
spectra of cobaloxime|PPy|GaAs (red solid line) as well as FTIR transmission spectra of
the precursor complex, Co(dmgH2)(dmgH)Cly, in KBr (olive dashed line) and the model
cobaloxime complex, Co(dmgH)2PyCl, in KBr (red dashed line).

The absorption feature at 1235 cm™, assigned to the NO™ stretch of the immobilized
cobaloxime units, is present in the GATR-FTIRspectra collected prior to and following

photoelectrochemical experiments, indicating the immobilized catalysts present
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following these experiments are intact (Figure 2.9). This absorption band is particularly
sensitive to the local coordination environment of cobaloximes?” and in general, the
results presented here using cobaloxime|PPy|GaAs electrodes are consistent with those
previously reported using cobaloxime|PPy|GaP electrodes,?”®! indicating that molecular
cobalt sites, presumably at the periphery, and thus more loosely associated with the
polymeric coating, detach from the polymer during redox cycling; however, the fraction
that remains intact appears to maintain their molecular structural integrity. In order to
exclude discrepancies in intensities arising from sample-to-sample variations in the
degree of contact with the ATR crystal, we compared the ratios of absorption bands
centered at 1600 cm™ and at 1419 cm™, assigned to C=N and C-N vibrational modes of
the polymer graft, to peaks assigned to the NO~ mode of the intact catalysts. We then
used these ratios to obtain the fraction of catalyst species present in the polymer and
information on the overall surface composition. These results are summarized in Table
2.2 and indicate a decrease in the amount of cobaloximes remaining in the film following
PEC testing. We estimate ~ 40% of the cobaloximes detach from the polymeric coating
following our photoelectrochemical studies. These results are consistent with more
detailed reports on this topic from our research group!! indicating that cobaloximes
loosely associated with the polymeric coating can detach during photoelectrochemical

operation.

44



(b)

Absorbance

/ -\F”““"

1350 1300 1250 1200 1150
Wavenumber (cm™)

Figure 2.9. GATR-FTIRabsorption spectra of cobaloxime|PPy|GaAs collected (a) prior
to and (b) following 3 cyclic voltammograms (scanning from +0.58 V vs RHE to -1.12 V
versus RHE at a scan rate of 100 mV s?) recorded in pH 13 electrolyte (0.1 M NaOH)
under simulated 1-sun illumination.

Table 2.2. Ratios of absorbance between NO" stretch feature at 1235 cm™ and features at

1600 cm™ or 1419 cm™ associated with the polymer.

Ratio of Absorbance Ratio of Absorbance
Construct
(1235 cmt : 1600 cm™) (1235 cm™ : 1419 cm™)
Cobaloxime|PPy|GaAs
1.21 1.02
(pre-PEC experiment)
Cobaloxime|PPy|GaAs
0.70 0.60
(post-PEC experiment)
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Ultraviolet-Visible-Near Infrared Spectroscopy Data
All solid-state optical measurements were performed using 400 pm thick

cobaloxime|PPy|GaAs wafer.
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Figure 2.10. Plots of the percentage of light transmitted (dotted), reflected (dashed), or
absorbed (solid) by cobaloxime|PPy|GaAs versus the wavelength of illumination. The
percentage of light reflected is equal to the sum of the specular percent reflectance,
collected at an incident angle of 5° to the normal of the sample surface, and diffuse
percent reflectance. The data shown in this figure were used to prepare IQE plots from
the related EQE plots.

2.2.3 Photoelectrochemical measurement and Mechanism for Hydrogen Evolution
Reaction at Molecular-Modified Photoelectrode

Our use of GaAs semiconductors in this current work was prompted by studies of related
molecular-catalyst-modified GaP electrodes.?’3:%3" Results previously published by
Wadsworth et al.>” shows that when these GaP-based constructs were illuminated at 1-
sun intensity, the hydrogen evolution reaction (HER) activities were not limited by a
chemical step (i.e., chemical catalysis / energy storage), but instead were limited by the
incident photon flux and kinetics associated with charge transport (i.e., light capture and

conversion steps).®” These findings indicate that increasing the illumination intensity, or
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utilizing a semiconductor component that can harvest a larger portion of the solar
spectrum, could enhance fuel-forming reaction rates. Based on their respective band
gaps, GaAs can absorb photons with wavelengths up to 870 nm, while GaP can only
absorb photons with wavelengths up to 549 nm (Figure 2.11a). Thus, if the overall
incident photon-to-current efficiencies are similar, we hypothesize that GaAs-based
constructs should achieve higher current densities and deliver charge carriers required for
activating surface-immobilized catalysts at faster rates.

Synthesis of cobaloxime|PPy|GaAs assemblies was achieved via modification of a
method previously developed for functionalizing GaP?"3%%3" and structural
characterization, including contact angle measurements, ellipsometry, ICP-MS, XPS, and
GATR-FTIR, provides converging lines of evidence for successful functionalization of
the GaAs substrates (See Section 2.2.2). Voltammograms recorded using
cobaloxime|PPy|GaAs, polypyridyl-modified GaAs (PPy|GaAs), and GaAs working
electrodes immersed in 0.1 M phosphate buffered aqueous solutions (pH 7) are shown in
Figures 2.11b & 2.12 (See Experimental section 5.1.1 — Photoelectrochemistry). Under
simulated 1-sun illumination (100 mW cm?), the cobaloxime|PPy|GaAs electrodes
produce a current density of 1.0 + 0.4 mA cm when polarized at the H*/H; equilibrium
potential and achieve a limiting current density of ~ 20 mA cm when polarized at more
negative potentials. For comparison, when studied under otherwise identical
experimental conditions, the analogous GaP-based constructs (cobaloxime|PPy|GaP)
achieve a current density of 1.08 + 0.03 mA cm? when polarized at the H*/H:
equilibrium potential and approach a limiting current density that remains at ~ 1 mA cm

when polarizing to more negative potentials (Figure 2.11c).
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Figure 2.11. (a) The air mass 1.5 global tilt solar flux spectrum (black solid) as well as
transmission spectra of the GaP (bandgap = 2.26 eV) (blue dash) and GaAs (bandgap =
1.43 eV) (red dash) semiconductors used in this work. (b) Linear sweep voltammograms
recorded at a scan rate of 100 mV s using cobaloxime-polypyridyl-modified GaAs
(cobaloxime|PPy|GaAs) electrodes in pH 7 (dash traces) or pH 13 (solid traces) solutions
under simulated 1-sun illumination (red traces) or in the dark (black traces). (c) Linear
sweep voltammograms recorded at a scan rate of 100 mV s using cobaloxime-
polypyridyl-modified GaP (cobaloxime|PPy|GaP) electrodes in pH 7 (dash traces) or pH
13 (solid traces) solutions under simulated 1-sun illumination (blue traces) or in the dark
(black traces).

Voltammograms recorded using cobaloxime|PPy|GaAs, polypyridyl-modified GaAs
(PPy|GaAs), and GaAs working electrodes immersed in 0.1 M phosphate buffered
aqueous solutions (pH 7) are shown in Figures 2.12 for comparison of the
photoelectrochemical activities of these hybrid constructs under otherwise identical
experimental conditions. Under simulated 1-sun illumination (100 mW cm), the
cobaloxime|PPy|GaAs electrodes produce a current density of 1.0 + 0.4 mA cm when
polarized at the H*/H; equilibrium potential and achieve a limiting current density of ~

20 mA cm when polarized at more negative potentials (Table 2.3). For comparison,
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when studied under otherwise identical experimental conditions, the analogous GaP-
based constructs (cobaloxime|PPy|GaP) achieve a current density of 1.08 + 0.03 mA cm™
when polarized at the H*/H: equilibrium potential and approach a limiting current density

that remains at ~ 1 mA cm when polarizing to more negative potentials (Figure 2.11c).

E (V vs RHE)
-1.2 -0.8 04 0.0

[@

'pH 13
08 -04 00 04
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Figure 2.12. Linear sweep voltammograms recorded at 100 mV s using either GaAs
(black), PPy|GaAs (blue), or cobaloxime|PPy|GaAs (red) working electrodes under 100
mW cm 2 illumination in either (a) pH neutral (0.1 M phosphate buffer) or (b) pH 13 (0.1
M NaOH) electrolyte solutions. The black dashed lines represent the H*/H. equilibrium

potential.
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Table 2.3. Open-circuit voltages, short-circuit current densities, maximum power points,
and fill factors extracted from linear sweep voltammetry data recorded at a scan rate of
100 mV s? using PPy|GaAs or cobaloxime|PPy|GaAs working electrodes in 0.1 M

phosphate buffer (pH 7) or 0.1 M NaOH (pH 13). All data were recorded under simulated

1-sun illumination.

Open-Circuit | Short-Circuit lea:l))(()lvr\r;eurm
Construct pH Voltage Current Point Fill Factor
2
(V vs RHE) (mA cm™) (MA cm?)
GaAs 7 02890005 | 034005 | 0 | 011002
0.099 +
PPy|GaAs 7 0.31 £0.02 1.1+£0.3 0.033+ 0.009 0.007
. 0.028 +
Cobaloxime|PPy|GaAs | 7 0.35+£0.02 1.0+£04 0.007 0.09 £ 0.06
0.008 +
GaAs 13 0.48 £0.03 0.24 £0.08 0.08 £0.01
0.002
PPy|GaAs 13 | 048+005 | 0.6+02 o(.)ogg?i 0.05 +0.01
Cobaloxime|PPy|GaAs | 13 0.55+0.06 101 05+£0.1 0.09 £0.02

Unlike the voltammograms recorded using cobaloxime|PPy|GaP electrodes, which

display single S-shaped waveforms, the voltammograms recorded using

cobaloxime|PPy|GaAs electrodes in pH neutral aqueous solutions display two distinct
regions of photoelectrosynthetic performance (i.e., dual-waveform voltammograms
featuring two limiting current features). We term the region of photoelectrosynthetic

performance at less negative bias potentials the low polarization region, and the region of
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photoelectrosynthetic performance at more negative bias potentials the high polarization
region. The low polarization region spans from ~ -0.3 V vs RHE to more positive
potentials and includes a limiting current peak feature centered at -0.2 V vs RHE, with
an intensity of ~ 10 mA cm, in voltammograms recorded at pH 7 under 100 mW cm
illumination. Sweeping the polarization to potentials negative of this peak feature results
in decreasing currents (i.e., rates of charge transfer) despite the increasing applied bias
potential (i.e., driving force), indicating that transport, and thus local concentration, of
substrates other than electrons begins to limit the HER activity.*® Conversely, in the high
polarization region, which spans from ~ -0.3 V vs RHE to more negative potentials, the
current response switches back to increasing with further negative polarization until
reaching a limiting value that approaches ~ 20 mA cm.

To further explore the dual-waveform nature of the GaAs based assemblies,
photoelectrochemical experiments were also performed at elevated pH. VVoltammograms
recorded using cobaloxime|PPy|GaAs electrodes immersed in 0.1 M NaOH aqueous
solutions (pH 13) are shown in Figures 2.11b & 2.12. Under these conditions, the
cobaloxime|PPy|GaAs electrodes produce a current density of 10 = 1 mA cm? when
polarized at the H*/H2 equilibrium potential, and the current density steadily increases
upon polarizing to more negative potentials until reaching a limiting value that again
approaches ~ 20 mA cm?. In addition, the voltammograms recorded under basic
conditions display a single S-shaped waveform (Figure 2.11b, 2.12b, and 2.13) and not
the dual waveform observed in experiments performed at pH 7 (Figure 2.14 and 2.15).
For comparison, at pH 13 (and otherwise identical experimental conditions) the

analogous cobaloxime|PPy|GaP assemblies achieve a current density of only 1.08 £+ 0.03
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mA cm? when polarized at the H*/H, equilibrium potential, and a limiting current
density that remains at ~ 1 mA cm when polarizing to more negative potentials (Figure
2.11c). Thus, unlike cobaloxime|PPy|GaAs, the current response versus the RHE
potential (which adjusts for the nernstian pH response of the HER) shows relatively little
to no difference in experiments performed at pH 7 versus 13 when using

cobaloxime|PPy|GaP working electrodes.?-30%

14 12 10 -08 -06 -04
E (V vs Ag/AgCl)

Figure 2.13. Linear sweep voltammograms recorded under 100 mW cm illumination
using cobaloxime|PPy|GaAs working electrodes in pH 13 (0.1 M NaOH) electrolyte
solutions and the following scan rates: 10 (red), 50 (orange), 100 (yellow), 200 (green),

500 (cyan), 700 (blue) and 1000 (violet) mV s,

14 12 10 -08 -06 -04
E (V vs Ag/AgCl)

Figure 2.14. Linear sweep voltammograms recorded under 150 mW cm illumination

using cobaloxime|PPy|GaAs working electrodes in pH neutral (0.1 M phosphate buffer)
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electrolyte solutions and the following scan rates: 10 (red), 50 (orange), 100 (yellow),
200 (olive), 500 (cyan), 700 (blue), 1000 (violet), 1200 (grey), 1500 (black), 1700 (pink),
2000 (dark yellow), 2500 (navy), and 3000 (green) mV s,

The observation of dual-waveform voltammograms and changes in waveforms as a
function of pH have been reported by Gerischer et al. in experiments involving
unmodified-GaAs electrodes interfaced with a liquid electrolyte.®® The authors proposed
that currents at lower bias potentials are restricted by diffusion of solvated protons to the
electrode surface, and at higher bias potentials the reduction of water becomes limited by
the number of electron — hole pairs generated via illumination of the semiconductor.®® To
investigate if similar mechanisms are at play when using cobaloxime|PPy|GaAs, we also
investigated their photoelectrosynthetic performance under varying illumination intensity
and scan rate.

The limiting current at lower polarization is independent of illumination conditions
when modifying them from 50 mW cm up to 200 mW cm (Figures 2.15a, 2.15b, &
2.16). However, the position of the peak feature shifts toward more positive potentials
when increasing the light intensity. Juxtaposed to the invariance of the limiting current
intensity in the low polarization region when modifying the illumination conditions, its
value does increase when modifying the scan rate from 10 mV s up to 500 mV s*
(Figure 2.15¢ & 2.15d); whereupon, the limiting current becomes scan rate independent
and saturates at a current density similar to that recorded at higher polarization (~ 20 mA
cm) (Figure 2.17). These results are consistent with limitations of the HER activity in
the low polarization region due to diffusion of substrate protons (the second step in

equation Eq. 2.1). This apparent shift of the current limiting peak feature to more
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positive potentials is attributed to a more rapid consumption of substrate protons at
higher illumination conditions. In other words, the catalytic turnover frequency increases
at higher illumination intensities, and the concentration of protons at the electrode surface
becomes depleted earlier in the voltammogram scan, causing the peak feature to appear at
more positive potentials. Conversely, the relative thickness of the diffusion layer, which
is the region in the vicinity of an electrode where concentrations of chemical substrates
are different from their values in the bulk solution,* depends on the time scale of the
voltammogram scan. At faster scan rates, the thickness of the diffusion layer is narrower,
enabling higher fluxes of chemical substrate to the electrode surface and hence higher

currents. 4142
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Figure 2.15. (a) Linear sweep voltammograms recorded at 100 mV st using
cobaloxime|PPy|GaAs electrodes in 0.1 M phosphate buffer (pH 7) and the following
illumination intensities: 0 (black dash), 75 (red), 125 (olive), 175 (blue), and 200 (violet)
mW cm™. (b) Plots of the limiting current densities recorded in the low polarization

region (squares) and high polarization region (circles) versus the illumination intensity.
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(c) Linear sweep voltammograms recorded under 100 mW cm illumination using
cobaloxime|PPy|GaAs electrodes in 0.1 M phosphate buffer (pH 7) and the following
scan rates: 10 (red), 50 (orange), 100 (green), 200 (olive), 500 (cyan), 700 (blue), 1000
(violet), 1200 (grey), and 1500 (black) mV s*. (d) Plots of the limiting current densities
recorded in the low polarization region (squares) and high polarization region (circles)

versus the scan rate.

1.6 1.2 08 0.4
E (V vs Ag/AgCl)

Figure 2.16. Linear sweep voltammograms recorded at a scan rate of 100 mV s using
cobaloxime|PPy|GaAs working electrodes in pH 13 (0.1 M NaOH) electrolyte solutions
and the following illumination conditions: 25 (red), 50 (orange), 100 (olive), 150 (blue),

and 200 (purple) mW cm™,
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Figure 2.17. Plots of the limiting peak current densities versus (a) scan rate and (b) scan
rate*’2 recorded under 100 mW cm illumination in the low polarization region (squares)
and high polarization region (circles) using cobaloxime|PPy|GaAs working electrodes in
pH neutral (0.1 M phosphate buffer) electrolyte solutions and the following scan rates: 10
(red), 50 (orange), 100 (green), 200 (olive), 500 (cyan), 700 (blue), 1000 (violet), 1200
(grey), and 1500 (black) mV s

In the high polarization region, the response of the limiting current to increasing light
intensity and scan rate is counter to that observed in the low polarization region (Figures
2.15b and 2.15d), and the limiting current is instead proportional to the illumination
intensity, yet invariant to increasing scan rate. These results are consistent with
limitations of the HER activity related to the availability of photons at the electrode
surface (the first step in EQ. 2.2). Under simulated 1-sun illumination, increasing the scan
rate to improve mass transport, and thereby increase the availability of protons at the
electrode surface, does not increase the limiting current and HER activity at high
polarization because the electrode is photon starved. Further, at relatively high
polarization, or high pH (Figures 2.13 and 2.16), the concentration of protons at the
electrode surface is relatively low and water serves as a weak acid and reactant (the

second step in equation Eq. 2.2).
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Reduction of Protons at Relatively Low Polarization and Low pH:

Step 1:hv + semiconductor S e +h'

Step 2:2H"  + 28 5 H> (Eq. 2.1)
Reduction of Water at Relatively High Polarization or High pH:

Step 1: hv + semiconductor S e +h"

Step 2: 2H,0 + 2e” s Hz + 20H" (Eq. 2.2)

We continue utilizing this GaAs-based construct to better understand the mechanism
of proton reduction and/or water reduction at the surface of a semiconductor interfaced
with molecular catalysts. In particular, we aim to investigate the proton source for proton
reduction at relatively low polarization to hydrogen, whether from solvated protons or

from contributions from the buffer salts.

2.2.4 Quantum Efficiencies

External quantum efficiencies

External quantum efficiencies (EQE) were measured under a bias of 0 V vs RHE in the
wavelength range of 300-550 nm for GaP and 300-900 nm for GaAs. The experimental
setup consisted of a Biologic potentiostat and the QEPVSI-b Quantum Efficiency
Measurement System from Newport Corporation, including a reference detector with
NIST-traceable responsivity data, a 300 W Oriel Xenon lamp, and an Oriel Cornerstone
260 monochromator. Data were collected at 10 nm intervals. The current was collected at
one point per second, and the data collected at each wavelength were averaged. The dark
current was subtracted from the current produced under illumination. The photon flux

(qp) was determined using the voltage response of the reference detector in accordance
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with Equation 2.6:

_ ™)
9o = (CR)(SR)(Gain)E(A) (Eq. 2.6)

where V is the detector voltage, CR is the correction multiplier of the AC measurement,
SR is the spectral responsivity of the reference detector, Gain is the gain set for the
detector, and E is the energy of a photon at a given wavelength.

External quantum efficiency (EQE) action spectra provide information on the number
of charge carriers collected as current versus the number of photons incident on the
working electrode surfaces. Analyses of the EQE action spectra recorded using
cobaloxime|PPy|GaAs electrodes polarized at 0 V vs RHE (Figures 2.12 & 2.18) confirm
these constructs are photoactive over wavelengths ranging from 300 to 870 nm.
Conversely, cobaloxime|PPy|GaP electrodes are only photoactive over wavelengths
ranging from 300 to 549 nm. These results corroborate our hypothesis that the GaAs-
based constructs should be capable of delivering charge carriers required for activating
surface-immobilized catalysts at significantly faster rates than those achieved analogous
GaP-based constructs and facilitate mechanistic studies at relatively high rates of fuel

formation.
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Figure 2.18. (a) External quantum efficiency (EQE) action spectra recorded at pH 7
using either cobaloxime|PPy|GaAs (red) or cobaloxime|PPy|GaP (blue) working
electrodes polarized at 0 V vs RHE. (b) Electron flux spectra for cobaloxime|PPy|GaAs
(red) and cobaloxime|PPy|GaP (blue) calculated using the EQE action spectra shown in
Figure 3a and the solar flux spectrum shown in Figure 2.11. (c) EQE action spectra
recorded at pH 13 using either cobaloxime|PPy|GaAs (red) or cobaloxime|PPy|GaP (blue)
working electrodes polarized at 0 V vs RHE. (d) Electron flux spectra for
cobaloxime|PPy|GaAs (red) and cobaloxime|PPy|GaP (blue) calculated using the EQE
action spectra shown in Figure 2.18c and the solar flux spectrum shown in Figure 2.11a.
Internal Quantum Efficiency

Internal quantum efficiencies (IQE) were calculated by dividing the measured EQE
values by the light harvesting efficiency (LHE) at each wavelength of interest. LHES
were determined for GaAs and chemically-modified GaAs samples using Equations 2.7

and 2.8:
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®gs =LHE=1 — 1074 (Eq. 2.7)

A= axL (Eq. 2.8)

In10

where A is the absorbance, o is the wavelength-dependent absorption coefficient, and L is

the pathlength or thickness of the GaAs wafer (400 um).
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Figure 2.19. Internal quantum efficiency (IQE) action spectra of cobaloxime|PPy|GaAs
working electrodes polarized at 0 V vs RHE in (a) 0.1 M phosphate buffer pH 7 (green)
or (b) 0.1 M NaOH pH 13 (red). These IQE spectra were constructed using the related
EQE spectra (Figure 2.18) and the plot of percentage of light absorbed by
cobaloxime|PPy|GaAs (i.e., the light harvesting efficiency of cobaloxime|PPy|GaAs)
versus the wavelength of illumination (solid line in Figure 2.10).

Spectral Profile of the LSC-100 Series Oriel Solar Simulator
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Figure 2.20. (a) Irradiance and (b) photon flux spectra of an LSC-100 Series Oriel Solar
Simulator collected with an AM 1.5 G filter (red circles). For comparison, the air mass
1.5 global tilt (olive) and direct circumsolar (blue) irradiance and photon flux spectra are
included.*

*At the time of writing, the air mass 1.5 global tilt (AM 1.5 G) spectrum from the ASTM
G-173-03 data set is available online at hTTPs://www.nrel.gov/grid/solar-
resource/spectra.html.

2.2.5 Product detection

In addition, gas chromatography analyses of headspace gas samples taken from
photoelectrochemical cells equipped with cobaloxime|PPy|GaP working electrodes
polarized for 20 minutes at potentials in the high polarization region or low polarization
region, and at pH 7 or pH 13, all confirm the production of hydrogen gas with near unity

faradaic efficiency (Figure 2.21).
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Figure 2.21. A representative gas chromatogram obtained from chromatography of a
headspace gas sample taken from a sealed photoelectrochemical cell containing a
cobaloxime|PPy|GaAs working electrode polarized at 0 V vs RHE in a pH 13 solution
before (dashed line) and after (solid line) 20 min of illumination at 100 mW cm™2. In
these experiments, quantification of hydrogen confirmed near unity faradaic efficiencies
when polarizing cobaloxime|PPy|GaAs working electrode at 0 V, -0.2 V, -0.58 V, -0.98
V, or -1.38 V vs RHE in pH 7 electrolyte solutions or at 0 V, -0.2 V, -0.52 V, or -1.92 V

vs RHE in pH 13 electrolyte solutions.

2.2.6 Determination of Per Cobalt Hydrogen Evolution Reaction (HER) Activities

Per cobalt HER activities were determined using the total per geometric area cobalt
surface loadings determined via ICP-MS and XPS measurements (2.4 £ 0.4 nmol cm-2)
and the per geometric HER activities determined using photoelectrochemical
experiments. This total cobalt surface loadings places an upper bound on the total
cobaloxime surface loading. The presence of a broad infrared absorption feature located
at 1235 cm™ on surfaces of cobaloxime|PPy|GaAs (see Figure 2.8) could indicate the
presence of remnant precursor complexes in addition to pyridyl-bound cobaloximes. If

the per geometric area loading of active cobaloximes is lower than the upper bound set
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by ICP-MS and XPS measurements, the per cobalt HER activity values underestimate the
related per cobaloxime site turnover frequencies.

In the absence of limitations due to diffusion of chemical substrates, the rate of a
photoelectrosynthetic reaction (where J is the current density) occurring at a molecular-
catalyst-modified semiconductor can be related to a rate constant for catalysis (where
k..: is a pseudo first-order rate constant which is the potential independent ‘maximum’
turnover frequency, TOFmax) and the concentration of immobilized catalysts present in

their activated form (T, ) as indicated in Equation 2.9:%'

F
] = % * keat Iy (Eg. 2.9)

where n is the number of electrons required for the chemical transformation, F is the
Faraday constant, FE is the faradaic efficiency. However, the results presented in this
letter do not permit an accurate determination of the fraction of activated catalyst present
on the semiconductor surfaces as the kinetics at low polarization and pH 7 are limited by
diffusion of chemical substrate. In addition, the Kinetics at high polarization and high pH
are limited by the flux of photons. To the best of our knowledge, the TOFmax associated
with a molecular-modified semiconductor has not been reported for any assembly.
Although the work described here sets the stage for achieving semiconductor
immobilized catalysts that operate at relatively high activities, and thus closer to their
maximum turnover frequencies, without an accurate determination of TOFmax (kcat ), it 1S
difficult to draw any firm conclusions regarding the enhanced activity at pH 13 for the
constructs reported herein. Nonetheless, other reports describing enhanced hydrogen
evolution activities at elevated pH have been reported in the literature for other molecular

catalyst-modified semiconductors.*344
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Figure 2.22. Plots of the limiting per cobalt site HER activity of cobaloxime|PPy|GaAs

HER Activity (H, Co™' s7")

working electrodes in the low polarization region (squares) and high polarization region
(circles) versus the illumination intensity when immersed in phosphate buffer (pH 7) and

using a scan rate of 100 mV s (see Experimental Methods for further details).
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Figure 2.23. Plots of the limiting per cobalt site HER activity versus (a) scan rate and (b)
scan rate? recorded under 100 mW cm illumination in the low polarization region
(squares) and high polarization region (circles) using cobaloxime|PPy|GaAs working
electrodes in pH neutral (0.1 M phosphate buffer) electrolyte solutions and the following
scan rates: 10 (red), 50 (orange), 100 (green), 200 (olive), 500 (cyan), 700 (blue), 1000
(violet), 1200 (grey), and 1500 (black) mV s, The related linear sweep voltammetry data

is shown in Figure 2.15c.
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We have previously reported an equation connecting EQE and TOF (Eq 1.11).
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Figure 2.24. (a) Linear Sweep Voltammograms of cobaloxime|PPy|GaAs (red) recorded
at 100 mV s, under increasing illumination, in 0.1 M solution of phosphate buffer (pH
7). (b) Plot of the turnover frequency (TOF) recorded at 0 VV vs RHE versus illumination
intensity.

From the current densities collected in linear sweep experiments with varying
illumination conditions, we can derive the TOF (H2 molecule per Co site per second). A
plot of this TOF versus the illumination intensity show that TOF increases linearly as the
light intensity increase but eventually reach a maximum value of ~20 H, Co™ s under

200 mW cm illumination (Figure 2.24b).
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2.3 Conclusion

In conclusion, the higher activities achieved using the GaAs-based assemblies enable
identification of the performance-limiting factors encountered at accelerated fuel-
formation rates and reveal a hitherto unexplored switching of the rate-limiting steps and
reagents required for driving photoelectrosynthetic reactions. In a longer-term view, a
viable PEC device must be efficient, durable, and ultimately cost effective. To date no
assembly effectively achieves this and thus there is a need for ongoing research
addressing all of these aspects. The results described in this Chapter highlight the
modularity of a polymeric-attachment strategy and provide insights for better
understanding and controlling the rate-limiting steps of fuel-forming reactions at catalyst-

modified semiconductors where photons, electrons, and protons are all required reagents.
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3.1 Introduction

Artificial leaves that produce fuels using sunlight hold promise for sustainably powering
the planet, but require advancements in energetic efficiency, cost effectiveness, and
operational durability. Efficiency, however, is not enough for large-scale, global
deployment. Scalability requires the component materials are also relatively low cost to
manufacture, and durable. Nature offers some design aspirations in the process of
biological photosynthesis, especially as they relate to using earth-abundant, low-cost
elements and achieving durability via repair rather than inherent material stability.** In
this Chapter, |1 showcase the application of combined surface-sensitive spectroscopic
techniques to durability studies that characterize structural changes accompanying
functional degradation and go beyond just observing changes in function over time. The
photoelectrodes used in this work feature a polymeric surface coating functionalized with
molecular complexes that catalyze the hydrogen evolution reaction. Using a polymeric
layer to interface the light-harvesting component with catalytic sites enables reassembly

of catalysts that detach during operation, establishing a degrade-repair cycle (Figure 3.1).

Degradation During
Solar Fuel Production
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Figure 3.1. Schematic representations of a degrade-repair cycle for a molecular modified

phototelectrode.



This chapter investigates the degradation in performance and structure of a
photoelectrode featuring a polymeric coating applied to a visible-light-absorbing
semiconductor. The surface coating provides a molecular interface, where catalysts are
assembled at specific functional-group sites along the surface-grafted coating. This
model system (Co|PPy|GaP) (Figure 3.2) is composed of a gallium phosphide (GaP)
photocathode and a polypyridyl (PPy) surface coating that is used to assemble
cobaloximes (Co), a relatively well studied class of molecular catalysts for the hydrogen
evolution reaction.>® Surface-sensitive structural characterization performed prior to and
following degradation in rates of fuel formation indicates that detachment of catalysts,
resulting from breaking of the pyridyl nitrogen—cobalt coordination during redox cycling,
is responsible for the changes in function over time. We further show the polymeric
architecture can be used to reassemble catalytic components that degrade during
photoelectrosynthetic fuel production. These studies demonstrate that although
coordinate bonds between a metal center and a polymeric functional group can be labile,
they offer opportunities to explore the chemistry and engineering of achieving durably
via repair rather than inherent material stability. In the context of producing solar fuels,
this could involve operation by day and repair by night (Figure 3.1).

Previous work from our group describes synthetic methodologies for chemically
grafting thin-film polymeric coatings onto conducting as well as semiconducting
surfaces.'®?° Overarching goals of these efforts include building protein-like, soft-
material environments on solid-state electrode surfaces. This approach enables
coordination of earth-abundant metal centers within the three-dimensional molecular

coatings with the purpose of modulating, and ultimately controlling, the electronic and
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catalytic properties of the overall assembly. The grafting procedures leverage the UV-
induced surface-attachment and polymerization chemistry of alkenes,®%1* and provide
model assemblies for studying the effects of polymeric-encapsulation on
electrocatalytict™*81° as well as photoelectrosynthetic®'2-1":20 performance. Our previous
work demonstrates: 1) the grafting method can be utilized on a range of oxide-terminated
surfaces,'%2° 2) the polymer grafting is not limited to a specific crystal-face
orientation,’%! 3) the film thickness of the grafts —ranging from a few nano-meters to
sub-microns— is sensitive to the reaction solvent conditions, illumination conditions, and
chemical nature of the underpinning support (including doping levels in the case of
semiconductors),'%2° 4) the polymeric functional groups can be modified to control the
(photo)electrosynthetic activity of the overall assembly,*? 5) synthetic manipulation of
the attached catalysts’ ligand environment at the molecular level affects the
photoelectrochemical response observed at the construct level,** and 6) the polymeric
immobilization strategy is not limited to a single class of molecular catalysts, and thus

provides a modular-assembly approach.4*°

77



3.2 Results and Discussion
3.2.1 Materials and Electrode Preparation
Materials
All reagents were purchased from Sigma-Aldrich. Methanol was freshly distilled over
calcium hydride before use. All aqueous solutions were prepared using Milli-Q water
(18.2 MQ-cm). Zn-doped p-type Gallium Phosphide (GaP) (100) wafers were purchased
from the Institute of Electronic Materials Technology, Poland. The crystalline wafers
were single-side polished to an epi-ready finish. The GaP(100) wafers used in this report
have a resistivity of 0.21-0.22 Q-cm and a carrier concentration of 3.5 x 10%’ to 3.7x 10/
cm3, with an etch pit density of less than 4 x 10* cm™.
Molecular Synthesis
All syntheses were carried out under an argon atmosphere using Schlenk techniques, or
under a nitrogen atmosphere in a glovebox (OMNI-Lab glove box from VAC), unless
otherwise stated. All reagents were purchased from Aldrich. All solvents were stored
over the appropriate molecular sieves prior to use. Milli-Q water (18.2 MQ-cm) was used
to prepare all aqueous solutions.
Co(dmgH2)(dmgH)Cl. was prepared following a previously reported procedure.?®
Co(dmgH).PyCl was prepared as previously described.?>%
GaP Semiconductor Wafer Preparation
All wafers were degreased with an acetone-soaked cotton swab. The wafers were further
cleaned using consecutive ultrasonic cleaning treatments (Cole-Parmer Ultrasonic

Cleaner Model 08895-04) in a series of solvents (water, two minutes; methanol, two
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minutes; acetone, two minutes; methanol, two minutes; and water, two minutes), then
exposed to an air-generated oxygen plasma (Harrick Plasma, U.S.) at 30 W for two
minutes, followed by five minutes of etching in buffered hydrofluoric acid (6:1 HF/NH4F
in H20). The freshly etched wafers were put into quartz flasks containing argon-sparged
4-vinylpyridine and purged with argon for five minutes, after which they were placed
into a custom-built UV-reaction chamber and irradiated with 254 nm light (using a
Spectroline Model ENF-280C source operating at 115 V, 60 Hz, 0.20 A) for two hours.
The resulting polypyridyl-modified GaP (PPy|GaP) wafers were then rinsed with
methanol followed by ultrasonic cleaning in methanol for one minute, before drying
under nitrogen and storing under vacuum. Cobaloxime functionalization was achieved by
submerging the PPy|GaP wafers in an argon-sparged solution of Co(dmgH.)(dmgH)ClI:
and triethylamine (1 mM in each) in methanol and allowing them to react overnight. The
resulting cobaloxime-modified PPy|GaP (Co|PPy|GaP) wafers were then rinsed with
methanol, followed by rinsing with isopropanol, and drying under nitrogen (Figure

3.2).812
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Figure 3.2. Schematic representation of the synthetic method used to prepare
cobaloxime-polypyridyl-modified GaP electrodes (Co|PPy|GaP). In this scheme,
assembly of the cobaloxime-type catalysts occurs by replacing one of the axial chloride
ligands of the precursor complex, Co(dmgH:)(dmgH)Cl., with a pyridyl functional group
of the polymeric surface coating. Charge balance when replacing chloride, an anionic X-
type ligand, with pyridyl, a neutral L-type ligand, is accounted for by the base-promoted
conversion of the dimethylglyoxime ligand to the dimethylglyoximate monoanion.
Electrode Fabrication

GaP and chemically-modified GaP working electrodes were fabricated by applying an

indium—gallium eutectic (Aldrich) to the unpolished face of the wafers. The electrodes
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were then installed into a customized photoelectrochemical cell featuring a spring-loaded
mechanism for making electrical contact to the unpolished face of the wafers (Figure

3.3).

Figure 3.3. (a) Components of the customized photoelectrochemical cell used in this
work and (b) the assembled cell in operation using a modified-GaP working electrode, a

Pt counter electrode and Ag/AgCl reference electrode.

Electrode Chemical Repair Process

Following intial photoelectrochemical characterization experiments, the degraded wafers
were unmounted from the photoelectrochemical cell, rinsed with Milli-Q water (18.2
MQ-cm), and dried under N2 gas before immersing them into an argon-sparged,
methanolic solution of the cobalt-containing precursor complex, Co(dmgH2)(dmgH)Cl.,
(AmM) and triethylamine (1 mM). Following overnight exposure, the wafers were
removed from the methanolic solution, rinsed with methanol, rinsed with isopropanol,
and dried under nitrogen to yield chemically-repaired, cobaloxime-modified PPy|GaP
(Co|PPy|GaP) wafers. These repaired wafers were then used in post-repair structural

characterization and photoelectrochemical experiments.
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3.2.2 Workflow and processes used for surface characterization

Workflow and processing of GaP, PPy|GaP, and Co|PPy|GaP samples used for
characterization via ellipsometry and GATR-FTIRspectroscopy

For the experiments reported in this communication, three samples of Co|PPy|GaP were
initially characterized via ellipsometry and GATR-FTIRspectroscopy, before being
subjected to photoelectrochemical experiments. The photoelectrochemical experiments
included one linear sweep voltammogram recorded at a scan rate of 100 mV s, scanning
from 0.25 V to -1.5 V vs Ag/AgCI (from 0.873 V to -0.877 V vs RHE) under 1-sun
illumination, followed by 15 minutes of controlled-potential electrolysis at 0 V vs RHE
and then another linear sweep voltammogram scan performed under the same
experimental conditions as the voltammogram recorded prior to the 15 minutes of
controlled-potential electrolysis. All of these experiments were performed in a 0.1 M
phosphate buffer solution at pH 7.

Following the photoelectrochemical experiments described above, the resulting post-
degrade Co|PPy|GaP samples were then structurally characterized via ellipsometry and
GATR-FTIRspectroscopy. These same post-degrade samples were then chemically
repaired by placing them in a 1.0 mM methanolic solution of the cobalt-containing
precursor Co(dmgH2)(dmgH)Cl> for 18 hours, to yield the post-repair Co|PPy|GaP
samples. The post-repair samples were then structurally characterized via ellipsometry
and GATR-FTIRspectroscopy, before undergoing photoelectrochemical experiment of
one linear sweep voltammogram scan under the same experimental conditions as the
voltammograms recorded prior to and following the 15 minutes of controlled-potential

electrolysis.
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For control experiments, three samples of PPy|GaP and three samples of GaP
underwent otherwise similar processing and characterization, but without the catalyst
regeneration step and subsequent structural and photoelectrochemical characterization.

A summary of this overall workflow and processing of GaP, PPy|GaP, and Co|PPy|GaP
samples used for characterization via ellipsometry and GATR-FTIRspectroscopy is

illustrated in Figure 3.4.

Ellipsometry measurement s sss se— - - - Ellipsometry measurement <
GATR- FTIR measurement | post-degrade |  GATR-FTIR measurement Catalyst regeneration

Co|PPy|GaP_ process

3 freshly prepared
Co|PPy|GaP Photoelectrochemical Experiments ||

Ellipsometry measurement
Data on GATR- FTIR measurement post-repair

COI PPY|GaP Samples Photoelectrochemical Experiments COI PPylGaP
Ellipsometry measurement s s - - - - Ellipsometry measurement Data on
GATR- FTIR measurement ost-degrade GATR- FTIR measurement
3 freshly prepared 1P pp g p | PPy|GaP samples
PPy|GaP Photoelectrochemical Experimemsl —_— VI_ a_ — I
Ellipsometry measurement s s - - - - Ellipsometry measurement Data on
3 freshly prepared GATR- FTIR measurement I post—degmde | GATR- FTIR measurement GaP samples
GaP Photoelectrochemical Experimen!sl GaP |
—————

Figure 3.4. Work and processing scheme used for characterizing samples via GATR-
FTIRand ellipsometry.
Workflow and processing of GaP, PPy|GaP, and Co|PPy|GaP samples used for
characterization via XP spectroscopy
For the experiments reported in this communication, six separate Co|PPy|GaP samples
were prepared.

Two of these samples were immediately characterized via XP spectroscopy,

providing data on the initial Co|PPy|GaP samples.
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Another two samples underwent a series of photoelectrochemical measurements
consisting of linear sweep voltammetry, followed by 15 minutes of controlled-potential
electrolysis and then another linear sweep voltammetry using the same electrochemical,
experimental conditions as described above in the section titled: “Workflow and
processing of GaP, PPy|GaP, and Co|PPy|GaP samples used for characterization via
ellipsometry and GATR-FTIRspectroscopy.” These post-degrade samples were then
characterized by XP spectroscopy.

The final two samples underwent both photoelectrochemical measurement and
catalyst regeneration process, before being characterized by XP spectroscopy, providing
XP spectroscopy data on post-repair Co|PPy|GaP samples. A series of
photoelectrochemical measurements consisted of linear sweep voltammetry, followed by
15 minutes of controlled-potential electrolysis and then another linear sweep
voltammetry using the same electrochemical, experimental conditions as described above
in the section titled “Workflow and processing of GaP, PPy|GaP, and Co|PPy|GaP
samples used for characterization via ellipsometry and GATR-FTIRspectroscopy. ” These
post-degrade samples were then chemically repaired via placing them in a 1.0 mM
methanolic solution of the cobalt-containing precursor Co(dmgH2)(dmgH)CI,) for 18
hours, to yield the post-repair Co|PPy|GaP samples. The post-repair samples were then
characterized by XP spectroscopy.

A summary of this overall workflow and processing of GaP, PPy|GaP, and
Co|PPy|GaP samples used for characterization via XP spectroscopy is illustrated in

Figure 3.5.
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Figure 3.5. Work and processing scheme used for characterizing samples via XP

spectroscopy.

3.2.3 Analysis of catalyst degradation and regeneration on Co|PPy|GaP surfaces
via GATR-FTIR, XP spectroscopy, and ellipsometry

Fraction of total pyridyl-nitrogen sites coordinated to cobaloxime cobalt centers
following catalyst degradation, as determined via GATR-FTIR

For this analysis all GATR-FTIRspectra were normalized to the absorbance at 1600 cm™.
The percentage of initial cobaloxime catalyst that has degraded following
photoelectrochemical operation were then evaluated by comparing the relative signal
intensities of the absorption bands at 1240 cm™ (assigned to the NO" stretch of pyridyl
coordinated cobaloxime catalysts) versus 1600 cm™ (assigned to the C=N stretch of the
polypyridyl layer) (vi240/vie00), recorded for the post-degrade versus initial samples as

follows:

. v v initial—v v ost—degrade
% Degradation;gy, = 1240/V1600 1240/V1600 P g % 100% (Eq

V1240 /V1600 initial

3.1)

A similar analysis is afforded by comparing the relative signal intensities of the

absorption bands at 1240 cm™ versus 1417 cm™ feature (assigned to the C-N stretch of
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the polypyridyl layer) (vi240/v1417), recorded for the post-degrade versus initial samples as

follows:

. Y Y initial—v Y post—degrade
% Degradatlon1417 — 1240/V1417 1240/' 1f“.7 x 100%
V1240/V1417 initial

(Eq.3.2)

Using this method, we obtain the % Degradation values indicated in Table 3.1.

Fraction of total pyridyl-nitrogen sites coordinated to cobaloxime cobalt centers
following catalyst repair, as determined via GATR-FTIR

For this analysis all GATR-FTIRspectra were normalized to the absorbance at 1600 cm™.
The percentage of initial cobaloxime catalyst restored via chemical repair was then
evaluated by comparing the relative signal intensities of the absorption bands at 1240 cm”
! (assigned to the NO- stretch of pyridyl coordinated cobaloxime catalysts) versus 1600
cm™? (assigned to the C=N stretch of the polypyridyl layer) (viz40/visoo), recorded for the

post-degrade versus initial samples as follows:

: V1240/V1600 POSt—Tepair
% Repair = % 1000 Eq. 3.3
/0 p 1600 V1240/V1600 initial A) ( q )

A similar analysis is afforded by comparing the relative signal intensities of the
absorption bands at 1240 cm™ versus 1417 cm™ feature (assigned to the C-N stretch of
the polypyridyl layer) (vi240/v1417), recorded for the post-repair versus initial samples as

follows:
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. \Y /V1417 DOSt—Tepair
% Repair = 1220 x 1009 Eqg. 34
% Repairiaz V1240/V1417 initial % ( g )

Using this method, we obtain the % Repair values indicated in Table 3.1.
Table 3.1. Percentage of initial cobaloximes that degrade following
photoelectrochemical operation (% Degradation), and the percentage of initial
cobaloximes present following chemical repair (% Repair), as determined via GATR-

FTIRrelative peak intensity analysis.

% Degradation or % Repair using % Degradation or % Repair using
Sample
V1240/V1600 V1240/V1417
Co|PPy|GaP 74 + 2% degradation of initial
74 + 2% degradation of initial loading
(post-degrade) loading
Co|PPy|GaP
96 + 4% repair of initial loading 95 + 4% repair of initial loading
(post-repair)

Fraction of total pyridyl-nitrogen sites coordinated to cobaloxime cobalt centers as
determined via deconvolution of N 1s core level XP spectra

Spectra obtained using Co|PPy|GaP samples were deconvoluted using three components
(see Figure 3.12). These include a component centered at 398.0 eV assigned to free-base
pyridyl nitrogens (abbreviated as PyN), a component centered at 399.5 eV assigned to
glyoximate nitrogens of the cobaloxime ligands (abbreviated as GlyN), and a component
centered at 400.5 eV assigned to pyridyl nitrogens coordinated to the cobalt centers of
cobaloximes (abbreviated as PyN-Co). Comparing the spectral intensity ratios of the PyN

and PyN-Co components enables estimation of the fraction of total pyridyl-nitrogen sites
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(PyN-Co)
(PyN)+(PyN-Co)

).

coordinated to cobaloxime cobalt centers (

Comparing this fraction using initial, post-degrade, and post-repair samples of
Co|PPy|GaP vyields information on the percentage of initial cobaloximes that degrade
following photoelectrochemical operation (% Degradation), and the percentage of initial
cobaloximes present following chemical repair (% Repair), as determined via
deconvolution of N 1s core level XP spectra.

Using this method, we obtain values indicated in Table 3.2.

Table 3.2. Fraction of total pyridyl-nitrogen sites coordinated to cobaloxime cobalt

centers as determined via deconvolution of N 1s core level XP spectra.

(PyN-Co) % Degradation/Repair of
Samples PN PYN—C
(PyN) + (PyN-Co) Cobaloximes
Co|PPy|GaP
33.8+0.3% -
(initial)
Co|PPy|GaP
7.1+£0.2% 79 *+ 1% degradation of initial loading
(post-degrade)
Co|PPy|GaP
32+ 1% 95 + 3% repair of initial loading
(post-repair)

Fraction of total pyridyl-nitrogen sites coordinated to cobaloxime cobalt centers as
determined via Co:N XP spectral intensity ratios
In this analysis, we define the fraction (x) of total pyridyl-nitrogen sites coordinated to

the cobalt centers of cobaloximes, as follows:

(PyN-Co)
x (PyN)+(PyN-Co) (Eq. 3.5)
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where PyN-Co is the number of pyridyl nitrogens coordinated to cobaloxime cobalt
centers, and PyN is the number of free-base pyridyl nitrogens.

In addition, we define the fraction (y) of total nitrogen sites that are pyridyl nitrogens
coordinated to cobaloxime cobalt centers, and use the cobalt 2p to nitrogen 1s spectral

intensity ratio (Co:N) to approximate this value, as follows:

_ (PyN-Co)
y= (PYN)+(PyN-Co)+(GlLyN)

~ Co:N (Eq. 3.6)

where GlyN is the number of glyoximate nitrogens to cobaloxime cobalt centers. This
approximation assumes the nitrogen signals arise from contributions of either free-base
pyridyl nitrogens, pyridyl nitrogens coordinated to cobaloxime cobalt centers, or
glyoximate nitrogens coordinated to cobaloxime cobalt centers, and cobalt signals arise
from cobaloxime contributions only. These assumptions are consistent with spectral
characterization via GATR-FTIRand N 1s as well as Co 2p core level XP spectroscopy.
Given the 4:1 stoichiometry of PyN- Co to GlyN for an individual cobaloxime unit,
Eq. 3.7 can be expressed in terms of y, and the value of Co:N is used to approximate the

value of x, as follows:

- Co:N
~ 1-4co:N

(Eq. 3.7)

Using this method, we obtain the relative cobaloxime loadings indicated in Table 3.3.
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Table 3.3. Fraction of total pyridyl-nitrogen sites coordinated to cobaloxime cobalt

centers as determined via Co:N XP spectral intensity ratios.

(PyN-Co) % Degradation/Repair of
Samples PN PYN—C
(PyN) + (PyN-Co) Cobaloximes
Co|PPy|GaP
31+1% -
(initial)
Co|PPy|GaP
5.2+ 0.5% 84 + 2% degradation of initial loading
(post-degrade)
Co|PPy|GaP
30+ 1% 95 + 4% repair of initial loading
(post-repair)

Per-geometric-area loadings of cobaloximes as determined via ellipsometry and XP
spectral measurement
By combining information on polymer thicknesses, as determined via ellipsometry, and
fraction of total pyridyl-nitrogen sites coordinated to cobaloxime cobalt centers, obtained
from XP spectroscopy, we estimate the per-geometric-area loadings of cobaloxime
catalysts on Co|PPy|GaP surfaces.

We estimate a polypyridyl site density (pppy) of 2.53 + 0.01 nmol cm by using the
polymer thickness (2.31 £ 0.01 nm as determined via ellipsometry measurement), the
density of polyvinylpyridine (1.15 g cm®) and the molar mass of 4-vinylpyridine (105.14

g mol™?) as follows:

1.15gcm™

3
x 2.31 x 1077cm = 2.53 nmol cm™? (Eq.

Prpy = 105.14 g mol™1

3.8)
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The fraction of total pyridyl-nitrogen sites coordinated to cobaloxime cobalt centers
can be determined via N 1s core level XP spectra (33.8 + 0.3 % - Table 3.2) or via Co:N
XP spectral intensity ratios (31 £ 1 % - Table 3.3). The average value of relative Co
loading calculated via the two methods is 32.4 + 0.5 %.

Using this information on pppy and the fraction of total pyridyl-nitrogen sites
coordinated to cobaloxime cobalt centers, we estimate the per-geometric-area
cobaloximes loadings on Co|PPy|GaP surfaces as follows:

Per — geometric — area cobaloxime loading = ppp, X relative Co loading =

2.53 4+ 0.01nmolcm™2 x 32.4 + 0.5% = 0.82 + 0.01 nmol Co cm™2
(Eqg. 3.9)

Using this method, we obtain the initial per-geometric-area cobaloxime loadings
indicated in Table 3.4.

The post-degrade or post-repair per-geometric-area loadings of cobaloxime catalysts
on Co|PPy|GaP surfaces are calculated from the initial loading with the average %
degraded or repair determined via GATR-FTIR, N 1s core level XP spectra, or via Co:N
XP spectral intensity ratios.

The average % degraded determined via GATR-FTIR(74 + 2 % - Table S3.1), N 1s
core level XP spectra (79 £ 1 % - Table S2), or via Co:N XP spectral intensity ratios (84
+ 2 % - Table S3) is 79 + 1 %. This gives the average % of cobaloxime remained on the
surface post-degrade as 21 + 1 %. From this, the post-degrade per-geometric-area
cobaloxime loadings can be calculated as:

Per — geometric — area cobaloxime loading,osi—degrade = initial loading X

% Co on the surafce post —degrade = 0.82 + 0.01 nmol Cocm™2 x 21 +

91



1% = 0.172 + 0.009 nmol Co cm™! (Eg. 3.10)

Similarly, the average % repair determined via GATR-FTIR(96 £ 3 % - Table S1), N
1s core level XP spectra (95 £ 3 % - Table S2), or via Co:N XP spectral intensity ratios
(95 £ 4 % - Table S3) is 95 £ 2 %. From this, the post-repair per-geometric-area
cobaloxime loadings can be calculated as:

Per — geometric — area cobaloxime loading,,s;—repair = initial loading X

% Co on the surafce post —repair = 0.82 + 0.01 nmol Cocm™2 x 95 +

2% =0.78 + 0.02 nmol Co cm™1 (Eg. 3.11)
From the calculations above, we obtain the initial, post-degrade, and post-repair per-

geometric-area cobaloxime loadings indicated in Table 3.4 shown in this chapter.

Table 3.4. Per-geometric-area Cobaloxime loadings?

Cobaloxime Loading

Sample
(nmol Co cm?)?
Co|PPy|GaP (initial) 0.82+0.01
Co|PPy|GaP (post-degrade) 0.172 £ 0.009
Co|PPy|GaP (post-repair) 0.78 £0.02

4As determined via a combination of ellipsometry and XP spectroscopy.
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3.2.4 Photoelectrochemical Performance

The photoelectrosynthetic performance of the GaP, PPy|GaP, and Co|PPy|GaP electrode
assemblies was assessed via a combination of three-electrode voltammetry (Figure 3.6c)
and controlled-potential electrolysis (Figure 3.6d) using aqueous solutions buffered at
pH 7 (0.1 M phosphate buffer) and 100 mW cm simulated-solar-illumination. Results
from these experiments, including the short-circuit current densities (Jsc), open-circuit
voltages (Voc), and fill factors (ff), measured prior to and following 15 minutes of
controlled-potential electrolysis at 0 V vs the reversible hydrogen electrode (RHE)
potential, are summarized in Table 3.5. Following the initial voltammetry and controlled-
potential electrolysis experiments recoded using the Co|PPy|GaP working electrodes, the
Jsc decreased from 0.98 + 0.01 mA cm™ to 0.84 + 0.04 mA cm™ (corresponding to a 14 +
3% decrease in activity). Likewise, the Voc decreased from 0.718 + 0.005 V vs RHE to
0.65 = 0.03 V vs RHE (corresponding to a 10 + 4% decrease), and the ff decreased from
0.17 £ 0.01 to 0.14 £ 0.02 (corresponding to a 20 + 4% decrease). These electrodes also
showed a decline in the steady-state photocurrent recorded during the 15 min of
controlled-potential electrolysis, from an initial value of 1.05 + 0.03 mA cm™ to a final
value of 0.63 + 0.07 mA cm™ (an overall 39 + 6% decrease). Results from control
experiments, performed using GaP and PPy|GaP as the working electrodes, are also

included (Table 3.5).
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Figure 3.6. (a) Schematic representation of the Co|PPy|GaP degrade-repair cycle. (b)
Schematic illustration of the three-electrode assembly featuring a molecular-modified p-
type semiconductor working electrode under steady-state illumination at open-circuit
conditions. Ecg is conduction band-edge potential and Eve is valence band-edge
potential, Er is the electron quasi-Fermi level, Erp is the hole quasi-Fermi level, Eca is
the catalyst potential, En+n2 is the thermodynamic hydrogen potential, and Vpn is the
photovoltage. (c) Voltammograms recorded using Co|PPy|GaP electrodes prior to (red)
and following (red dash) degradation via controlled-potential electrolysis at 0 V vs RHE

(see Figure 1d and related caption), as well as subsequent repair via wet-chemical
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processing (green). Voltammograms recorded using PPy|GaP electrodes prior to (blue)
and following (blue dash) the same controlled-potential electrolysis experiments are
included for comparison. All voltammograms were recorded in 0.1 M phosphate buffer
(pH 7) solution, at a scan rate of 100 mV s, and under 100 mW cm2 illumination. (d)
Current density versus time plots obtained via 15 minutes of controlled-potential
electrolysis at 0 V vs RHE using either Co|PPy|GaP (red) or PPy|GaP (blue) electrodes in
0.1 M phosphate buffer (pH 7), and under 100 mW c¢m? illumination.

Table 3.5. Open-circuit voltages, short-circuit current densities, maximum power points,
and fill factors extracted from linear sweep voltammetry data recorded at a scan rate of
100 mV s using GaP, PPy|GaP, and Co|PPy|GaP working electrodes in 0.1 M phosphate
buffer (pH 7) before (indicated as initial) and after 15 minutes controlled-potential
electrolysis (indicated as post-degrade), and after regeneration of catalyst (indicated as

post-repair). All data were recorded under simulated 1-sun illumination.

Open-Circuit | Short-Circuit Maximum
Construct Voltage Current Power Point | Fill Factor
(V vs RHE) (MmA cm™?) (mW cm-?)
GaP 0.095 +
(initial) 0.62 £ 0.03 05+0.1 0.026 £+ 0.006 0.005
GaP 0.069 +
(post-degrade) 0.51 +£0.03 0.27 £0.08 0.009 £+ 0.003 0.003
PPy|GaP 0.61 +0.06 0.42 +0.08 | 0.024+0.007 | 0.10 +0.02
(initial)
PPy|GaP 0.63 + 0.02 0.5+0.2 0.04+002 | 0.12+001
(post-degrade)
C‘}';ft)i’gf)ap 071840005 | 0.98+001 | 0.120+0.008 | 0.17 +0.01
Co|PPy|GaP 0.65 + 0.03 0.84+004 | 007+002 | 0.14+0.02
(post-degrade)

95




0.167
0.008

Co|PPy|GaP

. 0.114 + 0.009
(post-repair)

‘ 0.71+0.04 ‘ 0.95+0.02

It has not escaped our attention that the loss of photoelectrosynthetic activities
described in this chapter, as observed during the 15 minutes of controlled-potential
electrolysis experiments using Co|PPy|GaP working electrodes intentionally prepared
with a relatively thin (~2.31 £ 0.01 nm) PPy coating, is not linear (see Figure 3.6d). In
these experiments, there is an initial, more rapid loss of activity that occurs during the
first ~150 s (with a 39 + 6% decrease of current density from 1.05 + 0.03 mA cm to
0.64 + 0.06 mA cm). This is followed by a relatively more stable phase (with a 2 + 14%
change in the current density to a value of 0.63 = 0.07 mA cm at the end of the overall
15-minute experiment). We speculate the upfront loss in activity is a consequence of
catalysts detachment at points loosely associated with the polymeric coating and/or at
sites more directly exposed to the bulk electrolyte.

Further, as demonstrated by performing three successive degrade-repair cycles
(Figure 3.7). the restoration of photoelectrochemical activity following chemical repair is

not limited to a single cycle.
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Figure 3.7. (a) Linear sweep voltammograms recorded at a scan rate of 100 mV s* using
a Co|PPy|GaP working electrodes in 0.1 M phosphate buffer (pH 7), under 100 mW cm
before controlled-potential electrolysis experiment (red) and after the third degrade-
repair cycle (light green). (b) Current density versus time plots obtained via 15 minutes

of controlled-potential electrolysis at 0 V vs RHE using the electrodes described in (a).

3.2.5 Product Detection via Gas Chromatography
Product detection via gas chromatography experiments performed using initial, post-

degrade, and post-repair electrodes confirms hydrogen production in the case of all

samples (Figures 3.8-3.11).
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Figure 3.8. (a) Linear sweep voltammogram recorded using post-degrade Co|PPy|GaP
samples (post controlled-potential electrolysis experiment) at a scan rate of 100 mV s
and a freshly prepared solution of 0.1 M phosphate buffer that was not previously
exposed to the Co|PPy|GaP electrodes. These post-degrade electrodes showed near-unity
faradaic efficiency at activities equal to those obtained in the initial phosphate buffer
solutions (Fig. S3). This result indicates no photocatalysis in solution happening. (b)
Current density versus time plots obtained during controlled-potential electrolysis at 0 V
vs RHE for gas chromatography experiments. All data are averaged from three separate

working electrodes.
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Figure 3.9. A representative gas chromatogram obtained from chromatography of a
headspace gas sample taken from a sealed photoelectrochemical cell containing a post-
degrade Co|PPy|GaP working electrode before (dotted) and after (dashed) 20 minutes of
controlled-potential electrolysis at 0 VV vs RHE in a pH 7 phosphate buffer solution,

under illumination at 200 mW cm.
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Figure 3.10. (a) Linear sweep voltammogram recorded using post-repair Co|PPy|GaP
samples (post controlled-potential electrolysis experiment) at a scan rate of 100 mV s
(b) Current density versus time plots obtained during controlled-potential electrolysis at O
V vs RHE for gas chromatography experiments. All data are averaged from three

separate working electrodes.
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Figure 3.11. A representative gas chromatogram obtained from chromatography of a
headspace gas sample taken from a sealed photoelectrochemical cell containing a post-
repair Co|PPy|GaP working electrode before (dotted) and after (solid) 20 minutes of
controlled-potential electrolysis at 0 V vs RHE in a pH 7 phosphate buffer solution,
under illumination at 100 mW cm,

3.2.6 Structural Characterization for degradation and repair mechanism

To facilitate comparisons between results obtained via grazing angle attenuated total
reflection Fourier transform infrared (GATR-FTIR) —which probes up to micrometers in
depth— and X-ray photoelectron (XP) spectroscopy —which probes only a few nanometers
in depth— the polypyridyl-modified samples (PPy|GaP) described in this Chapter were
intentionally prepared with a relatively thin PPy coating (~2.31 £ 0.01 nm, as determined
by spectroscopic ellipsometry). Following post-synthetic modification of the PPy|GaP
samples, via wet chemical processing with a 1.0 mM methanolic solution of the cobalt-
containing precursor Co(dmgH2)(dmgH)Cl. (see experimental methods and Figure 3.2
for further details), 31 + 1% of the pyridyl groups on the surface-graft are coordinated to
a cobaloxime cobalt center (as determined via XP spectroscopy analysis, see Table 3.3).

This yields a per-geometric-area cobaloxime loading of 1.75 + 0.06 nmol cm™ with a
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film thickness (as determined by spectroscopic ellipsometry) that increases to 5.16 + 0.01
nm (Figure 3.12). These film thickness and loading conditions were also selected to
facilitate  structural characterization, performed prior to and following
photoelectrosynthetic operation with minimized experimental times, and thus reduced
risks of contaminating the samples. In addition, a customized photoelectrochemical cell
that makes electrical contact with the unfunctionalized face of the semiconductors, and
facilitates relatively rapid loading and unloading of electrode samples to and from the

cell, was used in these experiments (Figure 3.3).
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Figure 3.12. Ellipsometry spectra recorded using Co|PPy|GaP samples (a) prior to
photoelectrochemical characterization/degradation, (b) following photoelectrochemical
characterization/degradation and (c) following chemical repair. The spectra shown here
are obtained from an average of measurements involving three separately prepared
samples. All individual spectra were recorded at incidence angles of either 55° (solid),
65° (dashed), or 75° (dash-dot). The data was modeled in CompleteEase with a B-Spline
layer to describe the polypyridyl film for all samples. Averaging between three samples,
the thickness of the Co-polypyridyl layer on GaP was determined to be 5.16 + 0.01 nm

for the initial Co|PPy|GaP samples, 5.34 + 0.03 nm for the post-degrade Co|PPy|GaP
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Wavelength (nm)

samples, and 3.96 £ 0.01 nm for the post-repair Co|PPy|GaP samples.
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Figure 3.13. The PPy|GaP ellipsometry data was analyzed (a) prior to
photoelectrochemical characterization/degradation and (b) following
photoelectrochemical characterization/degradation. The plots shown here are obtained by
averaging data from three separately prepared samples. All individual spectra were
recorded at incidence angles of either 55° (solid), 65° (dashed), or 75° (dash-dot). The
data was modeled in CompleteEase with a B-Spline layer to describe the polypyridyl film
for all sample. Averaging between three samples, the thickness of the polypyridyl layer
on GaP was determined to be 2.31 £ 0.01 nm for the initial PPy|GaP samples, and 3.56 +

0.03 nm for the post-degrade PPy|GaP samples.
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Figure 3.14. Refractive index of the polypyridyl layer on GaP for initial PPy|GaP (solid)

and post-degrade PPy|GaP (dashed) samples.
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Figure 3.15. Refractive index of the cobaloxime-polypyridyl layer on GaP for initial

Co|PPy|GaP (solid red), post-degrade PPy|GaP (dashed red) and post-repair Co|PPy|GaP
(solid green) samples.

Spectroscopic measurements, including GATR-FTIRand XP spectroscopy, were
performed prior to and following the series of voltammetry and controlled-potential
electrolysis experiments to observe possible changes in structures of these hybrid
photocathodes along with changes in photoelectrochemical activities.
GATR-FTIR(Grazing angle attenuated total reflection Fourier transform infrared).
GATR-FTIRwas used to monitor the relative intensity of absorption bands on the
surfaces that are associated with vibrational modes of free-base pyridyl groups versus
pyridyl groups coordinated to cobaloxime units (Figures 3.16 and 3.17). In particular,
the relative intensity ratios of peaks assigned to the NO- stretching mode of intact
cobaloximes (1240 cm™)?” and those assigned to either the C=N (1600 cm™) or C-N
(1417 cm) vibrations of the polypyridyl layer were compared before and after
photoelectrosynthetic operation.?® Comparing relative intensity ratios, rather than
absolute intensities, avoids sample-to-sample discrepancies in signal intensities arising
from varying contact between the GaP semiconductor samples and the attenuated total

reflectance crystal of the GATR-FTIRunit. These results are summarized in Table 3.1
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and indicate a 74 + 2% reduction of the cobaloxime loadings following the series of

voltammetry and controlled-potential experiments (Table 3.1).
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Figure 3.16. (a) FTIR transmission spectrum of the model cobaloxime complex,
Co(dmgH)2PyCl, in KBr (red solid). (b) GATR-FTIR spectrum of PPy|GaP recorded
using initial sample (blue solid). (c) GATR-FTIR spectra of Co|PPy|GaP samples
recorded using initial (red solid), post-degrade (see Fig. 1d and related caption) (red
dash), and post-repair (green solid) samples. All spectra are normalized to the

absorbance peak at 1600 cm™.
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Figure 3.17. VariGATR-FTIRspectra of PPy|GaP samples recorded prior to (solid) and
following (dashed) the controlled-potential electrolysis experiments. Spectral
contributions at ~1126 cm™, 1464 cm™ and at 1655 are attributed to bending of POx
groups, stretching of CHx groups from adventitious carbon and deformation/bending of
OH groups, respectively, arising from air exposure and handling of the samples.

X-ray Photoelectron Spectroscopy

XP spectroscopy yields additional insights on the structural differences of the electrode
coatings prior to and following photoelectrosynthetic operation, including evidence of
changes in the amount of Co-N bonds between the catalyst and the polypyridyl layer. As
compared with the N 1s core level XP spectra of PPy|GaP surfaces, which display a
single N 1s feature assigned to pyridyl nitrogens of the surface graft,'? the N 1s core level
XP spectra of Co|PPy|GaP surfaces are more complex, with overlapping spectral features
that are fit using three components (Figure 3.18). These include a component centered at
398.0 eV assigned to free-base pyridyl nitrogens (abbreviated as PyN), a component
centered at 399.5 eV assigned to glyoximate nitrogens of the cobaloxime ligands

(abbreviated as GlyN), and a component centered at 400.5 eV assigned to pyridyl
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nitrogens coordinated to cobalt centers of cobaloximes (abbreviated as PyN-Co).
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Figure 3.18. (a) Structure of the pyridyl and cobaloxime units of Co|PPy|GaP indicating
the PyN, GlyN, and PyN-Co nitrogen sites. (b-d) N 1s core level XP spectra of
Co|PPy|GaP recorded using (b) initial, (c) post-degrade (see Figure 3.6d and related
caption), and (d) post-repair samples. Solid lines represent the background (gray) and
indicated components (cyan for remnant pyridyl nitrogens (PyN), yellow for glyoximate
nitrogens bound to cobalt centers (GlyN), and purple for pyridyl nitrogens bound to

cobaloximes (PyN-Co)).
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Figure 3.19. Co 2p core level spectra of Co|PPy|GaP recorded (a) prior to and (b)
following degradation via controlled-potential electrolysis at 0 VV vs RHE as well as (c)

subsequent repair via wet-chemical processing. Circles represent the spectral data.
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3.3 Conclusions

Considering the results described in this chapter (obtained using a model polypyridyl-
cobaloxime-modified semiconductor assembly) and those of previous reports on the
electrocatalytic performance and operational mechanisms of homogenous cobaloxime
catalysts,>®282 we postulate the loss of cobaloximes during photoelectrosynthetic
operation is in part triggered by redox cycling and an associated breaking of pyridyl
nitrogen-cobalt bonds during reduction of the cobalt centers from their Co" to Co'
oxidation states. Although a redundancy of ligand sites and confinement effects
associated with polymeric coatings appear to impart increased chemical stability of the
cobaloxime units as compared to their homogenous counterparts,!! fragments of the
cobaloximes leach from the surface-immobilized polymer during photoelectrosynthetic
operation. By comparison, related studies using porphyrins grafted to GaP surfaces via an
intervening PPy coating'®'® or via more covalent-based attachment strategies'**>!8 show
enhanced durability as measured by the decreases in their fuel-production activities over
time. This suggests the nature of the catalysts, their chemical attachment, degree of
solubility in the electrolyte, and thickness of the polymer coatings they are anchored to
all affect the robustness of the attachment chemistry.

The relatively larger % loss of cobaloximes following operational degradation as
compared to the % loss in fuel-production metrics implies not all of the lost Co
complexes contributed, or contributed equally, to the initial photoelectrosynthetic
performance.!*!’ In addition to degradation of cobaloxime catalysts, we cannot rule out
that some fraction of the performance loss is due to damage induced at the underlying

semiconductor (e.g., formation of surface oxides, see Figure X) or intervening polymeric
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scaffold. Nonetheless, the nearly complete restoration of activity following repair of the
electrodes by restoring the loading of cobaloximes indicates the overall performance loss
is largely (i.e. within the error of the measurements reported in this research) associated
with degradation of cobaloxime sites.

In summary, the polypyridyl-cobaloxime-modified semiconductors used in these
experiments are purposefully designed for fundamental studies aimed at better
understanding the structure-function relationships of hybrid interfaces involving hard-
and soft- material components. These assemblies afford opportunities to study their
photoelectrosynthetic performance, degradation, and accompanying structural changes.
Consistent with the proposed mechanism of the activity loss being linked to structural
degradation at cobaloxime catalyst sites, we show the activity can be restored by
chemically repairing the cobaloximes. Although demonstration of a degrade-repair cycle
is a promising feature in the context of developing schemes to generate solar fuels by day
coupled with repair at night, further advancements are required for commercial-based
applications. In general, designing, interfacing, and characterizing combinations of
(semi)conducting and catalytic materials to effectively power chemical transformations
remain outstanding challenges. Addressing this will likely require development of new
materials and material interfaces, improved models for better understanding how charge
carriers move across these hybrid assemblies, and standardized techniques for

benchmarking their overall performance.°
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CHAPTER 4 ADDRESSING THE ORIGIN OF PHOTOCURRENTS AND
FUEL PRODUCTION ACTIVITIES IN CATALYST-MODIFIED SEMICONDUCTOR

ELECTRODES

Portions of this chapter are excerpted and reprinted with permission from:

Wadsworth, B. L.; Nguyen, N. P.; Nishiori, D.; Beiler, A. M.; Moore, G. F. Addressing
the Origin of Photocurrents and Fuel Production Activities in Catalyst-Modified

Semiconductor Electrodes. ACS Appl. Energy Mater. 2020, 8, 7512-7519.

My contributions to this work included synthesizing the hybrid photocathodes used in
External and Internal Quantum Efficiencies measurement as well as conducting the
External Quantum Efficiencies measurements.
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4.1 Introduction

Photoelectrosynthesis provides an approach to capture, convert, and store solar energy in
the form of chemical bonds.*® However, the ability to effectively interface
electrocatalysts for activating multi-electron / multi-proton chemical transformations with
materials that absorb sunlight and convert photons into charge carriers moving through a
potential remains challenging*® Additionally, most electrocatalyst layers also absorb
visible light, complicating analysis of these hybrid composite materials and

determination of the components directly involved in energy harvesting.

4.1.1 Cobalt Porphyrin-modified photocathode for Hydrogen Evolution Reaction

We have previously reported synthetic methods for interfacing molecular cobalt
porphyrin catalysts with (semi)conducting materials.” !> In one example, cobalt
porphyrins are immobilized onto gallium phosphide (GaP) semiconductors using a two-
step strategy involving initial UV-induced grafting of 4-vinylpyridine, to form
polypyridyl coatings (PPy) on GaP surfaces, followed by wet-chemical processing with a
solution of 5,10,15,20-tetra-p-tolylporphyrin cobalt(Il) (CoTTP). This overall process
yields samples where the porphyrin cobalt centers are coordinated to nitrogen sites along
surface-grafted polypyridyl chains (Figure 4.1). A similar process was applied to prepare

samples used in this Chapter.
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Figure 4.1. Schematic representation of the cobalt porphyrin-polypyridyl GaP
photoelectrode (CoTTP|PPy|GaP).

Previous work from our group shows, that when wired in a three-electrode
configuration with appropriate counter and reference electrodes (Figure 4.2), cobalt
porphyrin-polypyridyl-modified GaP electrodes (CoTTP|PPy|GaP) use light to power the
production of hydrogen gas from pH neutral aqueous solutions in the absence of
sacrificial chemical reductants, and with no electrochemical forward biasing, at a rate of

~10 uL of H, min-1 cm?”’

Complementary methods of ellipsometry, inductively
coupled plasma mass spectrometry, and X-ray photoelectron spectroscopy were used to
quantify the thickness of the polypyridyl films, the per geometric area loading of cobalt
porphyrins, and the fraction of pyridyl sites coordinated to cobalt porphyrin centers.’
Given this structural information and the near-unity faradaic efficiency determined by
product analysis, the hydrogen production rate of 10 pL of H> min™! cm™ equates to a per-
cobalt-site hydrogen evolution reaction (HER) activity of 17.6 Hz molecules s' Co™!'.”

More recently, we developed kinetic models relating the HER activity of these

photoelectrodes to the fraction of catalysts present in their activated form under varying
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steady-state illumination.!!

Although the models described in that report focus on
hydrogen evolution using metalloporphyrin-modified GaP semiconductors, we postulate
the methods used in our analyses are likely applicable to a broader range of
photoelectrosynthetic assemblies and thus provide a more general model for studying and
better understanding photoelectrosynthetic performance. Herein, we now show that
quantification of the per geometric area loading of molecular components can be coupled
with information on their light harvesting efficiency (LHE) and overall external quantum
efficiency (EQE) to quantify the fraction of photons absorbed by surface-grafted

molecular coatings and address the effects this can have on overall photocurrent

production and associated HER activity.

? broadband simulated solar
or
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Figure 4.2. Schematic Diagram Highlighting the Molecular Structure of a Cobalt
Porphyrin Coordinated to a Surface-Grafted Polypyridyl Chain on a CoTTP|PPy|GaP
Working Electrode Wired in a Three-Electrode Configuration Under Illumination Using a

Broadband or Monochromatic Light Source.

4.1.2 Photoelectrosynthesis vs. Screening vs. Dye-Sensitized Hole Injection
Porphyrins are effective electrocatalysts, capable of transforming protons to hydrogen or

reducing carbon dioxide to carbon monoxide and other reduced forms of carbon.!*!® For
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this latter reason, they have been utilized as components in electrocatalytic and
photoelectrosynthetic assemblies.®>'>!°2! The relatively high extinction coefficients of
tetrapyrrolic macrocycles, including porphyrins (10° to 10° M cm™ across the visible
region of the electromagnetic spectrum), have also made them useful as light-harvesting
components in biological and technological systems, including applications in dye-
sensitized solar cells.?>*

GaP has also been explored as a light-absorbing material for applications in
photoelectrosynthesis.*3® Favorable aspects of GaP semiconductors include conduction
band energetics (~ -1 V vs NHE at pH 1)* with sufficient redox poise for driving
reductive chemical transformations, including proton and CO: reduction, but surface
corrosion and ineffective transfer of minority carriers across the semiconductor|liquid
interface limit its performance.*® Although chemical modification of semiconductor
surfaces has been employed as a strategy for improving rates of photoelectrosynthetic
fuel production (Figure 4.3a), the addition of colored materials, which include myriad
electrocatalysts, can have the undesirable effect of screening light from the underlying
semiconductor (Figure 4.3b) through reflection or parasitic absorption of photons by the
surface coating ®!1:19-21:41-43

Juxtaposed with more traditional approaches of maximizing the per geometric area
loading of catalysts to achieve high activities, design approaches can be more nuanced in
the case of photoelectrosynthetic assemblies where a relatively thick catalyst layer can
hamper performance via screening light from reaching the underlying semiconductor

and/or disfavoring accumulation of multiple redox equivalents at individual catalytic

sites. For example, recent studies involving photoactivation of dye-sensitized
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semiconductors modified with a proxy for a molecular catalyst indicate relatively low
loadings of catalytic sites could be beneficial.*** Conversely, dye-sensitization processes
involving the transfer of charge carriers between excited dyes and semiconductors
(Figure 4.3c¢) have been reported as a strategy for extending the absorption range of
semiconducting  materials, including GaP, and thereby improving their

photoelectrochemical performance.*¢-!
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(a) Photoelectrosynthesis with a Visible-Light-Absorbing p-type Semiconductor
Cathode and an Electrocatalyst

absorption: Semiconductor + hv —— Semiconductor (e-— h* pairs)
charge separation: e — h* pairs —= e+ h*,(carriers)

charge injection: Catalyst + e, —== Activated Catalyst

catalysis: Activated Catalyst + Substrate — Catalyst + Product

(b) Screening of Light by a Chromophore

absorption: Dye + hv —— Dye*

relaxation: Dye* === Dye + heat and/or hv

(c) Dye-Sensitized Hole Injection from a Photoexcited Chromophore to a p-type
Semiconductor Cathode

absorption: Dye + hv —— Dye*
hole injection: Dye* + Semiconductor Valence Band === Dye~ + Semiconductor Valence Band (h*)
dye regeneration: Dye~ + Acceptor ——= Dye + Acceptor -

Figure 4.3. Photoelectrosynthesis vs. Screening vs. Dye-Sensitized Hole Injection*

* A photon could be absorbed by a semiconductor and initiate a photoelectrosynthesis process (as indicated in
Scheme Sla). Alternatively, a photon could be captured by a chromophore giving rise to screening (where, as
indicated in Scheme S1b, the excited state dye radiatively and/or thermally relaxes to its ground state electron
configuration), or dye-sensitized hole injection from an excited state chromophore to a semiconductor valence
band (as indicated in Scheme S1ic).
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4.2 Results and Discussion

4.2.1 Material Preparation

Materials

All reagents were purchased from Sigma-Aldrich. Toluene was freshly distilled before
use. All aqueous solutions were prepared using Milli-Q water (18.2 MQ-cm). Zn-doped
p-type gallium phosphide (GaP) (100) wafers were purchased from Institute of Electronic
Materials Technology (ITME). The single-side-polished, crystalline wafers had a 400 um
thickness, a resistivity of 0.053 — 0.045 Q cm, a carrier concentration of 1.8 — 2.3 x 10'®

cm >, and an etch pit density of less than 2 x 10 cm™2.

Molecular Synthesis
All syntheses were carried out under an argon atmosphere using Schlenk techniques or in
a nitrogen glovebox. All reagents were purchased from Aldrich. All solvents were stored
over the appropriate molecular sieves prior to use. Milli-Q water (18.2 MQ-cm) was used
to prepare all agueous solutions.

5,10,15,20-tetra-p-tolylporphyrin (TTP) This complex was prepared following a
previously reported procedure.1%%2

5,10,15,20-tetra-p-tolylporphyrin cobalt(ll) (CoTTP). This complex was prepared
following a previously reported procedure.'%%
Wafer Preparation
The functionalization of GaP with a polypyridyl coating containing cobalt porphyrin
units coordinated to pyridyl nitrogen sites of the polymer has been previously reported.’
Diced semiconductor samples were degreased by wiping the surface with an acetone-

soaked cotton swab and ultrasonically cleaning in acetone and then isopropanol for 5 min
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each, followed by drying under nitrogen. Samples were then exposed to an air-generated
oxygen plasma (Harrick Plasma, U.S.) at 30 W for 2 min. Surface oxide layers were then
removed by immersion of the plasma-treated samples in buffered hydrofluoric acid (6:1
HF/NH4F in H>O) for 5 min, followed by rinsing with distilled methanol and drying
under a stream of nitrogen. Freshly etched wafers were put into an argon-sparged solution
of the neat monomer 4-vinylpyridine and exposed to 254 nm UV light for 2 h. After
thoroughly rinsing with methanol, the wafers were dried under nitrogen and stored under
vacuum. The polypyridyl-functionalized GaP samples were then soaked for 18 h in a 1
mM solution of cobalt (II) 5,10,15,20-tetra-p-tolylporphyrin in toluene. GaP and
chemically-modified GaP working electrodes were fabricated by applying an
indium—gallium eutectic (Aldrich) to the unpolished/backside of the wafers, then fixing a
copper wire to the back of the wafer using a conductive silver epoxy (Circuit Works).
The copper wire was passed through a glass tube, and the wafer was insulated and
attached to the glass tube with Loctite 615 Hysol Epoxi-patch adhesive. The epoxy was
allowed to cure for approximately 24 h before performing experiments using the

electrodes.

Electrode Fabrication

GaP and chemically-modified GaP working electrodes were fabricated by applying an
indium—gallium eutectic (Aldrich) to the unpolished/backside of the wafers before fixing
a copper wire to the back of the wafers using a conductive silver epoxy (Circuit Works).
The copper wire was passed through a glass tube, and the semiconductor wafer was

insulated and attached to the glass tube with Loctite 615 Hysol Epoxi-patch adhesive.
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The epoxy was allowed to cure for approximately 24 h before performing experiments

using the electrodes.

4.2.2 Optical Characterization of cobalt porphyrin-modified-GaP

Measurements of the wavelength-resolved ®aps, probability of reflection (®rf), and
probability of transmission (®uans) collected using samples of GaP, polypyridyl-modified
GaP (PPy|GaP), or CoTTP|PPy|GaP, are indicated in Figure 4.4. For all three constructs,
transmittance at wavelengths with corresponding energies greater than the indirect band
gap of GaP (<549 nm, >2.26 eV) is ~0. Further, the reflectance and absorption spectra
recorded in this spectral region are nearly identical (that is with values that overlap within
the error of the measurements), except for relatively small differences in the values of
®rer and Daps. recorded at 440 nm (where the values are as follows: 0.336 + 0.007 and
0.664 £ 0.007 for samples of GaP, 0.342 + 0.001 and 0.658 + 0.001 for samples of
PPy|GaP, and 0.347 + 0.001 and 0.653 + 0.001 for samples of CoTTP|PPy|GaP,
respectively) (Figure 4.5). These results indicate the differences in both ®rwr and Daps
recorded at 440 nm using samples of CoTTP|PPy|GaP as compared to those recorded

using samples of either PPy|GaP or GaP is <1%.
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Figure 4.4. Plots of the probabilities of (a) absorption (®ans) (squares), (b) reflection

(Dref) (circles), and (c) transmission (®wans) (triangles) for GaP (black), PPy|GaP (blue),

and CoTTP|PPy|GaP (purple). The dashed and dotted black lines indicate energies

associated with the direct and indirect bandgaps of GaP, respectively.
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Figure 4.5. Plots of the probabilities of (a) absorption (®ans) (squares), (b) reflection
(Dref) (circles), and (c¢) transmission (®rans) (triangles) measured using samples of GaP
(black), PPy|GaP (blue), and CoTTP|PPy|GaP (purple).

Optical measurements performed at wavelengths from 549 nm up to 800 nm show the
Duans values of all three constructs approach 11% at relatively longer wavelengths
(Figure 4.4). Further, the ®.s values recorded in this spectral region are non-zero, even
though photons at these wavelengths have corresponding energies less than the indirect
band gap of GaP. Absorption at these longer wavelengths is attributed to free-carrier
(holes in the case of this p-type semiconductor) absorption in GaP.’* Related to this, the
absorption coefficients of CoTTP|PPy|GaP samples at wavelengths >549 nm are
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significantly lower than those measured using samples of GaP or PPy|GaP (Figure 4.6),
indicating there is a reduction in the free-carrier population following immobilization of
the porphyrins. Because porphyrins are redox active and p-type doping of a
semiconductor introduces free-carrier holes that are associated with an increase in the
potential of the semiconductor Fermi level, we postulate this decrease in sub-bandgap
absorption coefficients results in part from an equilibration of the potentials associated
with the isolated p-type semiconductor and cobalt porphyrin layer. During this

equilibration, carriers flow between the semiconductor and porphyrin layer until

22~ T T T . T
560 600 650 700 750 800 850

Wavelength (nm)
equilibrium is established and there is no potential difference across the interface.

Absorption Coefficient (cm™)

Figure 4.6. Plots of the absorption coefficients for unmodified GaP (black), PPy|GaP
(blue), and CoTTP|PPy|GaP (purple) from 540 to 850 nm. Error bars are included for

each data point shown.

4.2.3 Photoelectrochemical Characterization
Linear sweep voltammograms recorded under broadband simulated solar illumination
using working electrodes immersed in pH neutral aqueous conditions (0.1 M phosphate

buffer) are shown in Figure 4.7. Under these experimental conditions, electrodes
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constructed from samples of GaP, PPy|GaP, and CoTTP|PPy|GaP yield current densities
of 0.50 = 0.07 mA cm?, 0.68 = 0.06 mA cm™, and 0.84 + 0.04 mA cm™, respectively,
when operating at the equilibrium potential of the H"/Hz couple (0 V vs the reversible
hydrogen electrode (RHE)). Additional metrics, including open-circuit potentials and

associated fill factors, are included in Table 4.1.

E (V vs RHE)
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Figure 4.7. Linear sweep voltammograms recorded using a GaP (black solid), PPy|GaP
(blue solid), or CoTTP|PPy|GaP (purple solid) electrode in 0.1 M phosphate buffer (pH 7)
under simulated 1-sun illumination. The vertical dashed line at 0 V vs RHE indicates the

equilibrium potential of the H/H> couple.
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Table 4.1. Open-circuit voltages, short-circuit current densities, maximum power points,
and fill factors recorded using GaP, PPy|GaP, or CoTTP|PPy|GaP electrodes in 0.1 M

phosphate buffer (pH 7) under simulated 1-sun illumination.

Open-Circuit | Short-Circuit Maximum
Construct Voltage Current Power Point Fill Factor
2 (mW cm?)
(V vs RHE) (mA cm™)
GaP 0.57 £ 0.03 0.50 + 0.07 0.03+0.01 0.10+0.03
PPy|GaP 0.66 +0.01 0.68 + 0.06 0.06 +0.02 0.13+0.02
CoTTP|PPy|GaP = 0.67 £0.01 0.84 +0.04 0.14 £ 0.04 0.25+0.04

In addition to measurements performed under broadband illumination, wavelength-
resolved external quantum efficiencies were recorded using either PPy|GaP or
CoTTP|PPy|GaP working electrodes (Figure 4.8) polarized at 0 V vs RHE in pH neutral
aqueous conditions (EQE action spectra of unmodified GaP samples are not included due
to the instability of these samples on the timescales required to conduct EQE
measurements). Under these experimental conditions, the photocurrents recorded when
illuminating either PPy|GaP or CoTTP|PPy|GaP electrodes at wavelengths <549 nm are
non-zero (consistent with the 2.26 eV indirect band gap of GaP) and rise sharply when
illuminating at wavelengths <446 nm, where the transition from the indirect to the direct
band gap occurs (2.78 eV). Further, the EQE action spectra of both PPy|GaP and

CoTTP|PPy|GaP reach maxima at 300 nm, albeit with values of 50% and 59%,
130



respectively. The EQEs and LHEs measured using PPy|GaP and CoTTP|PPy|GaP

electrodes enable construction of IQE plots (Figure 4.8b) that both display maxima at

330 nm, with values of 88% for PPy|GaP and 100% for CoTTP|PPy|GaP.
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Figure 4.8. Wavelength-resolved (a) external (circles) and (b) internal (squares) quantum

efficiency plots recorded using PPy|GaP (blue) or CoTTP|PPy|GaP (purple) electrodes

polarized at 0 V vs RHE in 0.1 M phosphate buffer (pH 7). The dashed and dotted black

lines indicate energies associated with the direct and indirect bandgaps of GaP.
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To confirm the current densities recorded under monochromatic lighting conditions
and constant potential polarization (0 V vs RHE) are consistent with those measured
under broadband illumination when sweeping the applied potential, wavelength-resolved
electron flux plots were generated using the EQE data shown in Figure 4.8a and
considering illumination conditions of either 1) the photon flux associated with the AM
1.5 global tilt spectrum® (Figure 4.9) or 2) the photon flux associated with the spectral
profile of the solar simulator used in our experiments. Integration of the electron flux
plots associated with AM 1.5 global tilt illumination conditions yield values of 0.71 +
0.06 mA cm? for the PPy|GaP electrodes and 0.83 + 0.05 mA cm? for the
CoTTP|PPy|GaP electrodes. Integration of the electron flux plots associated with the
simulated solar conditions yield values 0.77 + 0.06 mA cm™ for the PPy|GaP electrodes
and 0.90 + 0.05 mA cm™ for the CoTTP|PPy|GaP electrodes. Thus, the current densities
obtained from integration of the electron flux plots are consistent when using either AM
1.5 global tilt conditions or the lamp spectrum of the solar simulator used in our
experiments (Table 4.2). Further, within the experimental error of these measurements,
the current densities determined by integration of the wavelength resolved electron flux
plots are consistent with those measured in linear sweep voltammograms recorded using

broadband simulated solar illumination.
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Figure 4.9. Plots of wavelength-resolved electron flux associated with PPy|GaP (blue) or
CoTTP|PPy|GaP (purple) electrodes polarized at 0 V vs RHE in 0.1 M phosphate buffer
(pH 7). All plots were generated using related EQE data and considering illumination
under AMI.5 global tilt solar flux. At the equilibrium potential (0 V vs RHE) the
activities associated with both the PPy|GaP and CoTTP|PPy|GaP electrodes are

approaching their limiting values (see Figure 4.5).
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Table 4.2. Current densities associated with PPy|GaP or CoTTP|PPy|GaP electrodes
polarized at 0 V vs RHE in 0.1 M phosphate buffer (pH 7) determined using three

different methods.

Current Density at | Current Density at
Current Density at
0V vs RHE (mA 0V vs RHE (mA
0V vs RHE (mA
cm2) cm2)
cm2)
Construct Wavelength- Wavelength-
Simulated
Resolved: AM 1.5 Resolved: Solar
Broadband
Global Tilt Simulator with
IHlumination?
SpectrumP AM 1.5 Filter®
PPy|GaP 0.68 £ 0.06 0.71+£0.06 0.77 £ 0.06
CoTTP|PPy|GaP 0.84 £ 0.04 0.83 £0.05 0.90 £ 0.05

4Current densities recorded from linear sweep voltammograms collected under broadband
simulated solar illumination

bCurrent densities calculated from integration of wavelength-resolved electron fluxes
generated using EQE action spectra and the AM 1.5 Global Tilt Spectrum*

‘Current densities calculated from integration of wavelength-resolved electron fluxes
generated using EQE action spectra and the photon flux associated with the spectral
profile of the solar simulator.

* At the time of writing, the air-mass 1.5 global tilt (AM 1.5G) spectrum from the ASTM
G-173-03 data set is available online at hTTPs://www.nrel.gov/grid/solar-

resource/spectra.html.
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4.2.4 Comparisons between  Heterogeneous-Homogeneous  Semiconductor
Electrodes and Homogeneous Solutions Containing the Molecular
Electrocatalyst.

Wavelength-resolved LHEs and EQEs of GaP prior to and following porphyrin

modification were also compared with absorption spectra recorded using solutions of

CoTTP in chloroform in the absence and presence of pyridine (Figures 4.10 — 4.12,

Table 4.3). These comparisons yield insights regarding to what extent and at what

wavelengths the presence of cobalt porphyrin units immobilized on GaP surfaces could

attenuate the photon flux reaching the underlying GaP semiconductor and possibly
contribute to photocurrent densities at wavelengths outside the absorption range of GaP.

LHEs associated with cobalt porphyrin-polypyridyl layers (CoTTP|PPy) were

approximated using information on the optical properties of CoTTP in chloroform

recorded in the absence or presence of ~1 equivalent of pyridinel3 as expressed in

Equation 4.1:

LHE of CoTTP|PPy = 1 — 10°¢¢ (Eq. 4.1)
where ¢ is the wavelength dependent extinction coefficient (in units of M-1 cm-1) of
CoTTP in chloroform recorded in the absence or presence of ~1 equivalent of pyridine, 1
is the thickness (in units of cm) of the polypyridyl layer measured on the surfaces of
CoTTP|PPy|GaP, and c is the concentration (in units of M) of cobalt porphyrins

immobilized on the surfaces of CoTTP|PPy|GaP.
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Figure 4.10. External quantum efficiency action spectra collected using PPy|GaP (blue)
or CoTTP|PPy|GaP (purple) electrodes polarized at 0 V vs RHE in 0.1 M phosphate
buffer (pH 7) normalized at 300 nm as well as absorption spectra of 5,10,15,20-tetra-p-
tolylporphyrin cobalt(Il) (CoTTP) recorded in chloroform in the absence (solid green)
and presence of ~1 equivalent of pyridine (dashed green) in the wavelength ranges where
the porphyrin (a) Soret absorption band (300 to 500 nm) and (b) Q-type absorption bands

(500 to 650 nm) occur.
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Figure 4.11. (a) Absorption spectra of 5,10,15,20-tetra-p-tolylporphyrin cobalt(II)
(CoTTP) in chloroform recorded prior to (solid green) and following 26 hours after the
addition of ~1 equivalent of pyridine (dashed green). The gray lines show data recorded
following 5 min, 1 h, 2h, 7h, 10h, and 12h after the addition of ~1 equivalent of pyridine.
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(b) Extinction coefficients of CoTTP in chloroform recorded prior to (solid green) and

following 26 hours after the addition of ~1 equivalent of pyridine (dashed green).

Table 4.3. Soret and Q-type absorption bands (Aa»s) as well as associated extinction

coefficients (¢) of 5,10,15,20-tetra-p-tolylporphyrin cobalt(Il) (CoTTP) in chloroform

recorded prior to and following 26 hours after the addition of ~1 equivalent of pyridine.
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Figure 4.12. Wavelength-resolved LHE plots collected using GaP (black), PPy|GaP

(blue), or CoTTP|PPy|GaP (purple) electrodes as well as extinction coefficients of

CoTTP in chloroform recorded in the absence (solid green) or presence of ~1 equivalent

of pyridine (dashed green). The data were collected at wavelengths where porphyrin (a)
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Soret absorption bands (300 to 500 nm) occur and (b) Q-type absorption bands (500 to
650 nm) occur.

Absorption spectra of CoTTP in chloroform are characterized by a relatively strong
Soret absorption at 412 nm (2.2 £ 0.1 x 10° M cm™) and a weaker Q-type absorption
band at 530 nm (1.6 = 0.1 x 10* M cm™) with both absorption bands appearing at
wavelengths where the underlying GaP is photoactive (Figure 4.11 and Table 4.3). In
contrast with absorption spectra of CoTTP recorded in neat chloroform, spectra of
CoTTP recorded in chloroform following the addition of ~1 equivalent of pyridine show
two Q-type absorption bands with maxima at 554 nm(1.3 £ 0.1 x 10* M! cm™) and 592
nm (7.2 £ 0.5 x 10° M! em™!) (wavelengths with corresponding energies that are lower
than the 2.26 eV bandgap of GaP) and a Soret absorption band centered at 441 nm (2.1 +
0.2 x 10° M! cm) (Figure 4.3, Figure 4.11, and Table 4.3).° The Soret absorption
band occurs at a wavelength where there is a relatively small difference (0.5 + 0.1%) in
LHESs at 440 nm recorded using samples of PPy|GaP or CoTTP|PPy|GaP (Figure 4.12).°
In addition to the optical data presented in this Chapter, obtained using either
heterogeneous-homogeneous samples of cobalt porphyrin-modified GaP semiconductors
or homogeneous solutions of cobalt porphyrins, we have previously reported on the
optical and electrochemical properties of heterogeneous-homogeneous samples of cobalt
porphyrins immobilized on transparent conducting oxide materials.!® These previous
studies indicate the optical properties of the heterogeneous-homogeneous samples
(including wavelengths of the Soret and Q-type absorption bands and their corresponding
extinction coefficients) track closely with those recorded using homogeneous solutions of

cobalt porphyrin and pyridine (Figure 4.14 and Table 4.4).
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Figure 4.13. Schematic representation of the CoTTP, CoTTP-pyridine, and CoTTP-

pyridine-O; equilibria. Oxygen binds to the cobalt center to form a CoTTP-pyridine-O2

complex, where the oxygen exists formally as a superoxide ion.6
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Figure 4.14. Absorption spectra of (a) cobalt porphyrin-modified nanostructured indium
tin oxide (CoP|NanoITO) at open circuit potential (green solid) and polarized at

M species (grey solid and black dashed) as well as

potentials required to generate the Co
(b) cobalt porphyrin-polyvinylpyridine-modified nanostructured indium tin oxide
(CoTTP|PVP|NanoITO) at open circuit potential (purple solid) and polarized at potentials
required to generate the Co' species (grey solid and black dashed). The black dashed
traces in both panels represent spectra of CoP[NanoIlTO and CoTTP|PVP|NanoITO

electrodes that no longer change upon further biasing the applied potential. This data is

taken from reference 12 of this Chapter.
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Table 4.4. Soret and Q-type absorption bands (Aabs) as well as associated extinction
coefficients (¢) recorded using CoP|NanoITO or CoTTPPVP[NanolITO electrodes in

propylene carbonate as described in reference 12 of this Chapter.

Q-type Absorption
Soret Absorption Band
Heterogeneous- Band(s)
dabs (nm); £ (x 10* M em-
Homogeneous Construct dabs (nm); £ (x 10* M! em-
D)
"
CoP|NanoITO 414; 6.1 £0.3 533;1.5+0.1
555;0.45+0.09
CoTTP|PVP|NanoITO 439; 2.8+ 0.6
and 592; 0.36 £ 0.07

The fraction of light absorbed by surface-grafted cobalt porphyrins in samples of
CoTTP|PPy|GaP was approximated using the extinction coefficients recorded for
homogeneous solutions of CoTTP in chloroform following the addition of ~1 equivalent
of pyridine (2.1 £ 0.2 x 103 M"! cm™! for the Soret absorption band and 1.3 + 0.1 x 10* M-
"em'and 7.2 £ 0.5 x 10° M! cm™! for the Q-type absorption bands), the per geometric
area loading of cobalt porphyrin in samples of CoTTP|PPy|GaP (~1 nmol cm™), and the
polypyridyl film thickness (4 £ 1 nm). Analyses of these approximated LHEs associated
with the cobalt porphyrin-polypyridyl surface coating indicate the immobilized
porphyrins attenuate ~39% of the light at the maximum absorbance of the Soret
absorption band (441 nm) and ~3% of the light at the maximum absorbance of the most
intense Q-type absorption band (554 nm) (Figure 4.15). Despite this attenuation of light

by the porphyrins, the overall photocurrents and related EQEs measured using
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CoTTP|PPy|GaP working electrodes are higher than those measured using PPy|GaP

electrodes.
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Figure 4.15. (a) Plots of the wavelength-resolved LHE measured using CoTTP|PPy|GaP
electrodes (purple solid) and an approximated LHE associated with the CoTTP|PPy layer
(green dashed). (b) Plot of the percent of light attenuated by the cobalt porphyrin-
polypyridyl coating of the CoTTP|PPy|GaP assemblies (green dashed).

As expressed in Eq. 4.1, the LHE associated with the CoTTP|PPy layer is
approximated using the measured per geometric area loading of cobalt porphyrins on
CoTTP|PPy|GaP surfaces (1 nmol cm?), the polypyridyl layer thickness on
CoTTP|PPy|GaP surfaces (~4 nm), and the extinction coefficients of CoTTP in
chloroform recorded in the presence of ~1 equivalent of pyridine. Using the LHE values
associated with the CoTTP|PPy layer from panel a, the percent of light attenuated by the
cobalt porphyrin-polypyridyl coating is estimated to be ~39% at the wavelength
associated with the Soret absorption band at 441 nm, ~3% at the wavelength associated
with the Q-type absorption band at 554 nm, and ~2% at the wavelength associated with

the Q-type absorption band at 592 nm.
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Comparisons of the spectral profiles associated with the wavelength-resolved EQEs
recorded using PPy|GaP or CoTTP|PPy|GaP electrodes should address to what extent the
porphyrin coating may enhance photoelectrosynthetic performance by mechanisms
involving dye sensitization. Following normalization at 300 nm, a wavelength that is well
resolved from the cobalt porphyrin Soret and Q-type absorption bands, and where EQEs
of PPy|GaP and CoTTP|PPy|GaP are at maximum values, these plots show no significant
differences (i.e. outside the error of the measurements) in spectral intensities at
wavelengths associated with cobalt porphyrin Soret absorption bands (Figure 4.10a) as
well as the Q-type absorption band of CoTTP (Figure 4.10b). Although cobalt porphyrin
complexes featuring coordination to axial pyridyl moieties display Q-type absorption
bands at wavelengths with energies lower than the band gap of GaP (>549 nm, <2.26
eV),!23760 there is an absence of prominent sub-band-gap features in EQE action spectra
recorded using CoTTP|PPy|GaP samples. Although, analysis of EQEs recorded in the 570
nm to 610 nm range does indicate a slight (i.e. outside the error of the measurements)
increase of the normalized signal intensity associated with the porphyrin-modified GaP
electrodes (Figure 4.10b), this difference in signal accounts for only 0.05% of the total
current density measured under broadband illumination conditions. Although it is true the
electronic spectra of porphyrins recorded in the absence of polarization may not be
indicative of the steady-state concentration of porphyrin species present on GaP surfaces
under the conditions in which EQEs are measured (i.e. steady-state-illumination and
polarization at 0 V vs RHE in the presence of chemical substrates), these results confirm
the immobilized porphyrins serve relatively little role in extending the photoactivity of

the hybrid assemblies to wavelengths outside the actinic range of GaP.
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4.2.5. Apparent Dye-Sensitization Efficiencies

Information on the LHE associated with the cobalt porphyrin-polypyridyl surface coating
was also used to generate hypothetical EQE plots. These plots are constructed assuming
the immobilized porphyrins serve strictly as light- screening pigments or as dye-
sensitizers (not catalysts). Thus, these hypothetical EQE plots represent extreme
conditions where all cobalt porphyrins screen the flux of photons reaching the underlying
GaP (i.e. when the absorbed photon-to-current dye-sensitization efficiency is 0%) or
where all excited state cobalt porphyrins transfer carriers to the underlying GaP (i.e.

when the absorbed photon-to-current dye-sensitization efficiency is 100%) (Figures 4.16

—4.18).

=
B

o
[N

o
=)

External Quantum Efficiency
External Quantum Efficiency

300 400 500 600
Wavelength (nm) Wavelength (nm)

300 400 500 600

Figure 4.16. (a) External quantum efficiency action spectra calculated for a cobalt
porphyrin-polypyridyl-modified GaP electrode assuming the immobilized porphyrins
serve strictly as light-screening pigments (not catalysts) and all photons absorbed by the
porphyrin layer are screened from the underlying GaP semiconductor (red). (b) External
quantum efficiency action spectra calculated for a cobalt porphyrin-polypyridyl-modified
GaP electrode assuming the immobilized porphyrins serve strictly as dye-sensitizers (not

catalysts) and all photons absorbed by the porphyrin layer contribute to production of
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photocurrent via a dye-sensitization mechanism (teal). For comparison, the external
quantum efficiency action spectrum collected using PPy|GaP electrodes polarized at 0 V

vs RHE in 0.1 M phosphate buffer (blue) is included in both panels (a) and (b).

Hypothetical EQE action spectra associated with CoTTP|PPy|GaP electrodes (red and
teal spectra in Figures 4.17 and 4.18) were constructed assuming the immobilized

porphyrins serve strictly as pigments or dye sensitizers and not catalysts.

Hypothetical EQE Action Spectra Assuming 0% Dye-Sensitization Efficiency

The hypothetical EQE of CoTTP|PPy|GaP if the absorbed photon-to-current dye-

sensitization efficiency (DSE) is 0% (hypothetical EQEovpseg) was constructed by

multiplying the EQE of PPy|GaP (blue action spectrum in Figure 4.8a) by one minus the

LHE associated with the CoTTP|PPy layer (dashed green spectrum in Figure 4.15a) as

expressed in Equation 4.2:

Hypothetical EQEo% pse = EQE of PPy|GaP « (1 — LHE of CoTTP|PPy) (Eq. 4.2)
When the DSE is 0%, every photon absorbed by the CoTTP|PPy layer is screened

from the underlying GaP and thus do not contribute to production of current.
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Figure 4.17. EQE action spectrum collected using CoTTP|PPy|GaP electrodes polarized
at 0 V vs RHE in 0.1 M phosphate buffer (pH 7) (purple) and a hypothetical EQE action
spectrum of CoTTP|PPy|GaP electrodes assuming the immobilized porphyrins serve
strictly as pigments, not catalysts, and that all photons absorbed by the porphyrin layer
are screened from the underlying GaP and do not contribute to production of current (i.e.

the DSE is 0%) (red).

Hypothetical EQE Action Spectra Assuming 100% Dye-Sensitization Efficiency

The hypothetical EQE of CoTTP|PPy|GaP if the DSE is 100% (hypothetical EQE100%DsE)

was constructed by summing the hypothetical EQEo»pse and the hypothetical EQE

associated with the CoTTP|PPy layer as expressed in Equation 4.3:

Hypothetical EQE100% pse = Hypothetical EQE of CoTTP|PPy + Hypothetical EQEo pse
(Eq. S3)

where the hypothetical EQE of CoTTP|PPy is the product of the LHE of CoTTP|PPy

(dashed green spectrum in Figure S6a) and the DSE of CoTTP|PPy as defined according

to Equation 4.3:

Hypothetical EQE of CoTTP|PPy = LHE of CoTTP|PPy « DSE (Eq. S4)

145



When the DSE is 100%, the hypothetical EQE of CoTTP|PPy is equal to the LHE of
CoTTP|PPy, and every photon absorbed by the CoTTP|PPy layer is screened from the
underlying GaP but contributes to production of current via a dye-sensitization

mechanism.
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Figure 4.18. EQE action spectrum collected using CoTTP|PPy|GaP electrodes polarized
at 0 V vs RHE in 0.1 M phosphate buffer (pH 7) (purple) and a hypothetical EQE action
spectrum of CoTTP|PPy|GaP electrodes assuming the immobilized porphyrins serve
strictly as pigments, not catalysts, and that all photons absorbed by the porphyrin layer
are screened from the underlying GaP but contribute to production of current via a dye-
sensitization mechanism (i.e. the DSE is 100%) (teal).

These results further demonstrate the measured enhancements in EQE following
porphyrin modification cannot be accounted for by porphyrin dye sensitization. For
example, the apparent absorbed photon-to-current dye-sensitization efficiency required to
achieve the EQEs measured following porphyrin modification at wavelengths between
300 and 400 nm would be almost 250% (Figure 4.19). Thus, the enhancement in EQE
following porphyrin modification is inconsistent with a mechanism involving dye-

sensitization. Although the results reported here clearly demonstrate an increase in the
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ratio of incident photon flux to electron flux measured as current following porphyrin
modification in such hybrid assemblies, it can be difficult to deconvolute enhancements
in photoelectrochemical activity arising from improvements due to chemical catalysis
61-65

versus changes in surface energetics.

Apparent Dye-Sensitization Efficiencies

The EQE measured using samples of CoTTP|PPy|GaP can be expressed as a sum of
hypothetical EQEs associated with the CoTTP|PPy and GaP components in accordance

with Equation 4.5:

EQE of CoTTP|PPy|GaP = Hypothetical EQE of CoTTP|PPy + Hypothetical EQEo% pse

(Eq. 4.5)

If the measured enhancements in EQE following porphyrin modification are indeed
solely due to dye sensitization, Equation 4.5 can be re-expressed (using the relationship
given in Equation 4.4) in terms of an apparent DSE required to afford the measured EQE

values, as indicated in Equation 4.6:

EQE of CoTTP|PPy|GaP = (LHE of CoTTP|PPy ¢ Apparent DSE) + Hypothetical EQEo

DSE (Eq. 4.6)

This apparent DSE is approximated by rearranging Equation 4.6 to yield Equation

4.7:

EQE of CoTTP|PPy|GaP - Hypothetical EQEyy, psg

Apparent DSE = LHE of CoTTP|PPy

(Eq. 4.7)
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In principle, the analysis described in this work could be applied to other molecular-
modified semiconductor assemblies if information is available regarding the EQE and
LHE of the molecular-modified semiconductor assembly as well as the surface loading

and extinction coefficients of the light absorbing components.
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Figure 4.19. A plot of the apparent DSE (as defined in Equation 4.7) required to achieve
the EQEs measured using CoTTP|PPy|GaP electrodes (purple). For comparisons, the
DSEs used to construct the hypothetical EQE action spectra shown in Figure 4.17, where
the DSE of the CoTTP|PPy|GaP electrodes is 0%, (red) and Figure 4.18, where the DSE
of the CoTTP|PPy|GaP electrodes is 100% (teal) are also included. These results further
demonstrate that enhancements in EQE following porphyrin modification cannot be
accounted for by porphyrin dye sensitization. For example, the apparent DSE required to
achieve the EQEs measured following porphyrin modification at wavelengths between

300 and 400 nm would be almost 250%.
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4.3 Conclusion

In conclusion, optical and photoelectrochemical measurements, including measurements
of light harvesting efficiencies and in operando wavelength-resolved quantum
efficiencies associated with hydrogen production, were performed using unmodified and
chemically modified GaP working electrodes. Our results indicate the immobilized
porphyrins contribute relatively little to extending the photoactivity of these assemblies
to wavelengths outside the actinic range of GaP yet are essential to improving the overall
photocurrent density. Although the studies described in this report focus on hydrogen
evolution using metalloporphyrin-modified GaP semiconductors, the analysis techniques
(including quantification of catalyst loading coupled with determination of the LHEs,
EQEs, and IQEs obtained from measurements performed prior to and following surface
modification chemistry) are likely applicable to a broader range of photoelectrosynthetic
assemblies and chemical transformations. Thus, this approach highlights a general yet
useful strategy for better understanding the activity of photoelectrosynthetic assemblies

containing molecular electrocatalysts that absorb visible light.
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5.1  Experimental Methods for Chapter 2

5.1.1 Experimental Methods

Contact Angle Measurements

Contact angle measurements were performed using a KRUSS Contact Angle Model DSA
10 analyzer. The software program used was Drop Shape Analyzer 25 Basic Advance.
The liquid sessile drop method was used to determine the contact angle of unmodified,
polymer-modified, and catalyst-polymer-modified samples. Images were recorded using
a video camera following a waiting period of 5 s.

Ellipsometry

Film thickness (FT) was determined using a J. A. Woollam variable angle spectroscopic
ellipsometer with a spectral range of 190-2000 nm. Measurements were taken at 70°,
75°, and 80° incidence angles, and analysis was done using VASE software. The model
used to determine the FT of surface-grafted polypyridyl films was composed of a GaAs
(111)A substrate layer (Aspnes) and a Cauchy layer for the polypyridyl film of each
sample. The Cauchy coefficients for GaAs (111)A were A =1.937 and B = 0.00842 with
an MSE of 1.967. The film thickness of the Cauchy layer was determined to be 2.0 £ 0.3
nm.

Inductively Coupled Plasma Mass Spectrometry

Inductively coupled plasma mass spectrometry (ICP-MS) was performed on a Thermo-
Finnigan Neptune ICP-MS. The samples were run in Kinetic-energy discrimination
(KED) mode. The ICP-MS samples were prepared by immersing a cobaloxime|PPy|GaAs
wafer into 1000 pL of concentrated Omni trace HoSO4 solution and heating the solution

at 60 °C for 20 min, followed by sonicating the solution for 1 h. The solution was then

161



diluted to 0.5 M H2SO4 by taking 108 uL of the 1000 pL solution and diluting to 4000
uL. Three different wafers of cobaloxime|PPy|GaAs were analyzed and three different
wafers of PPy|GaAs as well as three different wafers of unmodified GaAs substrates were
analyzed as controls.

Fourier Transform Infrared Spectroscopy

Grazing angle attenuated total reflection Fourier transform Infrared Spectroscopy
(GATR-FTIR) was performed using a VariGATR accessory with a Ge crystal plate
(Harrick Scientific) installed in a Vertex 70 Fourier Transform Infrared (FTIR)
spectrometer (Bruker). Samples were pressed against the Ge crystal to ensure effective
optical coupling. Spectra were collected at 4 cm™' resolution using 256 scans, a dry
nitrogen purge, GloBar MIR source, a broadband KBr beamsplitter, and a liquid nitrogen
cooled MCT detector. Background measurements (also collected using 256 scans) were
obtained from the bare Ge crystal, and all data were processed using OPUS software.
GATR-FTIRmeasurements were baselined using the rubber band correction method.
Spectra of model compounds in pressed KBr pellets were collected using 64 scans in
transmission mode with a resolution of 1 cm™.

X-ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS) was performed using a monochromatized Al Ka
source (hv = 1486.6 e¢V), operated at 63 W, on a Vacuum Generators 220i-XL (Thermo
Fisher) system at a takeoff angle of 0° relative to the surface normal and a pass energy for
narrow scan spectra of 20 eV, at an instrument resolution of approximately 700 meV.
Survey spectra were collected with a pass energy of 150 eV. Spectral fitting was

performed using Casa XPS analysis software. Spectral positions were corrected by
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shifting the primary C 1s core level position to 284.8 eV, and curves were fit with quasi-
Voigt lines following Shirley background subtraction. All N 1s fits were constrained to a
full width at half maximum (fwhm) value of less than 1.3 eV.

Photoelectrochemistry

Photoelectrochemical (PEC) experiments were performed using a 100 W Oriel Solar
Simulator equipped with an air mass 1.5 filter. All linear sweep voltammetry and
chronoamperometry experiments were performed with a Biologic SP-300 potentiostat
using a platinum coil counter electrode and a Ag/AgCl reference electrode in a modified
cell containing a quartz window. The supporting electrolytes were either 0.1 M NaOH
solution (pH 13) or 0.1 M phosphate buffer (pH 7). The resistance of the solution
between a working electrode and the reference electrode (also called the uncompensated
resistance, Ru) was determined using the zero internal resistance (ZIR) technique. To
compensate for the solution resistance, the ZIR technique was performed before other
experiments and 85% of the uncompensated resistance was accounted for in the
following experiments. All linear sweep voltammograms were recorded under a
continuous flow of forming gas (5% hydrogen in nitrogen). Open-circuit photovoltages
were taken as the zero-current value in the linear sweep voltammograms.

Gas Chromatography Analysis

Confirmation of hydrogen generation was performed via gas chromatography using an
Agilent 490 Micro gas chromatograph equipped with a 5 A MolSieve column at a
temperature of 80 °C and argon as the carrier gas. Gas samples were syringe-injected
using 5 mL aliquots of headspace gas collected with a gastight Hamilton syringe from a

sealed PEC cell both prior to and following 20 min of three-electrode
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photoelectrochemical operation using a cobaloxime|PPy|GaAs working electrode
polarized at 0 V, -0.2 V, -0.58 V, -0.98 V, or -1.38 V vs RHE in pH 7 electrolyte
solutions or at 0 V, -0.2 V, -0.52 V, or -1.92 V vs RHE in pH 13 electrolyte solutions (E
vs RHE = E vs NHE + (0.05916 V x pH) = E vs Ag/AgCl + (0.05916 V x pH) + 0.21 V).
Prior to the experiment, the photoelectrochemical cell was purged for 30 min with argon
and 5 mL of 99.9% methane was injected into the cell as an internal standard before
sealing. The retention time of hydrogen was confirmed using a known source of
hydrogen obtained from a standard lecture bottle containing a hydrogen and nitrogen
mixture (100 ppm hydrogen in nitrogen) (Scotty).

Ultraviolet-Visible-Near Infrared Spectroscopy

All optical spectra were recorded using a SolidSpec-3700 Ultraviolet-Visible-Near
Infrared (UV-VIS-NIR) spectrophotometer (Shimadzu, Kyoto, Japan) with a D;
(deuterium) lamp for the ultraviolet range and a W1 (halogen) lamp for the visible and
near-infrared ranges. All solution measurements were collected in chloroform at 0.5 nm
intervals. All solid-state optical measurements were performed using 400 pum thick GaAs
wafers prior to and following all chemical modification steps. The transmittance and
reflectance of GaAs samples were measured using an integrating sphere at 10 nm
intervals. Specular reflectance measurements were collected at an incident angle of 5° to
the normal of the surface using a Specular Reflectance Attachment from Shimadzu and
referenced to a STAN-SSH-reference mirror (OceanOptics). Absorption coefficients for

GaAs and chemically-modified GaAs samples were calculated using Equation 5.1:

(%T+%R)
100

@ = —1n[ ]/L (Eq. 5.1)
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where « is the wavelength-dependent absorption coefficient, L is the pathlength or
thickness of the GaAs wafer (400 um), %T represents the percent transmittance collected
at normal incidence, and %R represents the sum of the measured specular percent
reflectance, collected at an incident angle of 5° to the normal of the surface, and diffuse
percent reflectance.

Determination of Cobalt Surface Loadings

Determination of the total cobalt surface concentration takes into account that the
synthetic method used to prepare the chemically-modified semiconductors (i.e., UV-
induced grafting followed by post synthetic manipulation) yields samples with
cobaloximes assembled on both sides of the GaAs (111)A wafers.!? XP spectroscopic
analysis indicates the surface cobalt concentration on the non-directly illuminated side of
the wafer (i.e., the unpolished side) is 33% lower than the surface cobalt concentration on
the directly illuminated side of the wafer (i.e., the polished side). The total cobalt
concentration, including contributions from the front and back sides of the GaAs wafer
and as measured by ICP-MS following acid digestion of cobaloxime|PPy|GaAs samples,
is 4.0 £ 0.4 nmol cm™2, indicating the cobalt concentration on the polished side of the
wafer (i.e., the directly illuminated side during photo-deposition of the polymeric layer as
well as the solution facing side during photoelectrochemical experiments ), is 2.4 + 0.4

nmol cm 2.

Determination of the Ratio of Pyridyl Nitrogens to Cobalt
Using the total areas of N 1s and Co 2p signals recorded in XP spectra collected using

samples of cobaloxime|PPy|GaAs, and after considering the relative sensitivity factors for
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each element, the N:Co ratio on cobaloxime|PPy|GaAs surfaces is 5:1. Using the
thickness of the surface-grafted polypyridyl layer obtained from ellipsometry (2.0 + 0.3
nm), the total cobalt surface loading determined using ICP-MS and XPS (2.4 £ 0.4 nmol
cm2), and assuming the density of the polymeric layer is the same as the bulk polymer’s

(1.15 g cm™), the ratio of pyridyl nitrogens to cobalt is 1:1

5.1.2 X-ray Photoelectron Spectroscopy Data
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Figure 5.1. XP survey spectrum of GaAs (111)A.
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Figure 5.2. Ga 2p core level XP spectrum of GaAs (111)A. The circles are the spectral

data, and the solid lines represent the background (light gray), component fits (dark gray),

and overall fit (black)
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Figure 5.3. As 2p core level XP spectrum of GaAs (111)A. The circles are the spectral
data, and the solid lines represent the background (light gray), component fits (dark gray),

and overall fit (black).
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Figure 5.4. N 1s core level XP spectrum of GaAs (111)A. The circles are the spectral

data, and the solid lines represent the background (light gray) and overall fit (black).
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Figure 5.5. XP survey spectrum of PPy|GaAs.
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Figure 5.6. Ga 2p core level XP spectrum of PPy|GaAs. The circles are the spectral data,
and the solid lines represent the background (light gray), component fits (blue), and

overall fit (black).

168



Intensity (a.u.)

1360 1340 1320
Binding Energy (eV)

Figure 5.7. As 2p core level XP spectrum of PPy|GaAs. The circles are the spectral data,
and the solid lines represent the background (light gray), component fits (blue), and

overall fit (black).
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Figure 5.8. N 1s core level XP spectrum of PPy|GaAs. The circles are the spectral data,
and the solid lines represent the background (light gray), component fits (blue), and

overall fit (black).
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Figure 5.9. C 1s core level XP spectrum of PPy|GaAs. The circles are the spectral data,

and the solid lines represent the background (light gray) and overall fit (black).
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Figure 5.10. XP survey spectrum of cobaloxime|PPy|GaAs.
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Figure 5.11. Ga 2p core level XP spectrum of cobaloxime|PPy|GaAs. The circles are the
spectral data, and the solid lines represent the background (light gray), component fits

(red), and overall fit (black).
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Figure 5.12. As 2p core level XP spectrum of cobaloxime|PPy|GaAs. The circles are the
spectral data, and the solid lines represent the background (light gray), component fits

(red), and overall fit (black).
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Figure 5.13. N 1s core level XP spectrum of cobaloxime|PPy|GaAs. The circles are the
spectral data, and the solid lines represent the background (light gray), component fits

(red), and overall fit (black).

171



Intensity (a.u.)

300 295 290 285 280
Binding Energy (eV)

Figure 5.14. C 1s core level XP spectrum of cobaloxime|PPy|GaAs. The circles are the
spectral data, and the solid lines represent the background (light gray) and overall fit

(black).

5.1.3 Photoelectrochemistry Data

14 12 10 -08 -06 -04
E (V vs Ag/AgCl)
Figure 5.15. Linear sweep voltammograms recorded using cobaloxime|PPy|GaAs
working electrodes in pH neutral (0.1 M phosphate buffer) electrolyte solutions under
100 mW cm? illumination at scan rates of 100 (green) and 1500 (black) mV s as well as

under 150 mW cm? illumination at a scan rate of 1500 mV s (black dashed).
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14 12 10 -08 -06 -04
E (V vs Ag/AgCl)
Figure 5.16. Linear sweep voltammograms recorded under 150 mW cm illumination
using cobaloxime|PPy|GaAs working electrodes in pH 13 (0.1 M NaOH) electrolyte
solutions and the following scan rates: 10 (red), 50 (orange), 100 (yellow), 200 (olive),

500 (cyan), and 1000 (violet) mV s™.
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5.2  Experimental Methods for Chapter 3

521 Experimental Methods

Ellipsometry

Samples were measured on a J. A. Woollam M2000 spectroscopic ellipsometer using a
spectral range of 193-1690 nm and three different incident angles, 55°, 65°, and 75°. Film
thickness (FT) was determined by modeling in CompleteEase using a B-Spline layer to
describe the polypyridyl film for all samples. The film thicknesses of the B-Spline layer

for different constructs are reported in Section 8 of this Supporting Information file.

Fourier Transform Infrared Spectroscopy

Grazing angle attenuated total reflection Fourier transform infrared (GATR-FTIR)
spectroscopy was performed using a VariGATR accessory with a Ge crystal plate
(Harrick Scientific) installed in a Vertex 70 Fourier Transform Infrared (FTIR)
spectrometer (Bruker). Samples were pressed against the Ge crystal to ensure effective
optical coupling. Spectra were collected at 4 cm™ resolution using 256 scans, a dry
nitrogen purge, a GloBar MIR source, a broadband KBr beamsplitter, and a liquid
nitrogen-cooled MCT detector. Background measurements (also collected using 256
scans) were obtained using the bare Ge crystal, and all data were processed using OPUS
software. GATR-FTIRmeasurements were baseline corrected using the rubber band
correction method. Spectra of model, homogenous molecular compounds were obtained
in a matrix of pressed KBr and collected using 64 scans in transmission mode with a

resolution of 1 cm™.
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X-ray Photoelectron Spectroscopy

X-ray photoelectron (XP) spectroscopy was performed using a monochromatized Al Ka
source (hv = 1486.6 eV), operated at 63 W, on a Vacuum Generators 220i-XL (Thermo
Fisher) system at a takeoff angle of 0° relative to the surface normal and a pass energy for
narrow scan spectra of 20 eV, at an instrument resolution of approximately 700 meV.
Survey spectra were collected with a pass energy of 150 eV. Spectral fitting was
performed using Casa XPS analysis software. Spectral positions were corrected by
shifting the primary C 1s core-level position to 284.8 eV, and curves were fit with quasi-
Voigt lines following Shirley background subtraction. All N 1s fits were constrained to a
full width at half maximum (fwhm) value of less than 1.3 eV. Further details on the

characterization of Co|PPy|GaP surfaces via XP spectroscopy are described in Chapter 3.

Photoelectrochemistry

Photoelectrochemical experiments were performed using a 100 W Oriel Solar Simulator
equipped with an air mass (AM) 1.5 filter. All voltammetry and controlled-potential
electrolysis experiments were performed with a Biologic SP-300 potentiostat using a
platinum coil counter electrode and a Ag/AgCl (3M NaCl) reference electrode in a
modified cell containing a quartz window. The supporting electrolyte was 0.1 M
phosphate buffer (pH 7). The resistance of the solution between the working electrode
and the reference electrode (also called the uncompensated resistance, Ry) was
determined using the zero internal resistance (ZIR) technique before linear sweep
voltammetry and controlled-potential electrolysis experiments, and 85% of the
uncompensated resistance was accounted for during the experiments. All voltammetry

and controlled-potential electrolysis experiments were performed using a continuous flow
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of forming gas (5% hydrogen in nitrogen). Open-circuit photovoltages were taken as the

voltage at which net zero-current passes during a linear sweep voltammetry experiment.

Gas Chromatography Analysis

Confirmation of hydrogen generation was performed via gas chromatography using an
Agilent 490 Micro gas chromatograph equipped with a 5 A MolSieve column at a
temperature of 80 °C and argon as the carrier gas. Gas samples were syringe-injected
using 5 mL aliquots of headspace gas collected with a gastight Hamilton syringe from a
sealed photoelectrochemical (PEC) cell. Prior to the experiment, the PEC cell was purged
for 30 minutes with argon and 5 mL of 99.9% methane was injected into the sealed cell
as an internal standard. The retention time of hydrogen was confirmed using a known
source of hydrogen obtained from standard lecture bottles containing a hydrogen and

nitrogen mixture (100 ppm and 1% hydrogen in nitrogen) (Scotty).
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5.2.2 Fourier Transform Infrared Spectroscopy Data

Transmittance
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Figure 5.17. FTIR transmission spectra of the precursor complex,
Co(dmgH2)(dmgH)Cl2, in KBr (green) and the model cobaloxime complex,
Co(dmgH)2PyCl, in KBr (red). Transmission spectra of Co(dmgH)2PyCl display a
relatively strong transmission band at 1240 cm™ that is assigned to the NO stretch of this
complex. The frequency of this band is diagnostic of cobaloxime complexes featuring
axial coordination to pyridyl nitrogens. For comparison, the NO™ stretch of the precursor

complex, Co(dmgH2)(dmgH)Cly, is located at 1225 cm™™,

Transmittance

1700 1600 1500 1400 1300 1200
Wavenumber (cm™)

Figure 5.18. FTIR transmission spectra of 4-vinylpyridine in KBr (purple) and
polyvinylpyridine in KBr (blue). The absorption bands centered at 1600 cm™ and 1417

cm are assigned to C=N and C-N vibrational modes, respectively. The feature observed
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at 1453 cm™ in the polyvinylpyridine spectrum (blue) is indicative of the planar

deformation vibration of the CH> groups along the polymer chain backbone.

VPox

8CHx
OH bend *

Absorbance
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Figure 5.19. GATR-FTIRabsorbance spectra of unmodified GaP before (gray) and after
(black) etching with buffered hydrofluoric acid (6:1 HF/NH4F in H20) for five minutes.
In this figure, v and 6 denote stretching and deformation (bending) vibrational modes,

respectively (figure adapted from reference 1).

5.2.3 X-ray Photoelectron Spectroscopy Data
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Figure 5.20. XP survey spectrum of an initial Co|PPy|GaP sample.
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Figure 5.21. Ga 2p core-level XP spectrum of an initial Co|PPy|GaP sample. The circles

are the spectral data, the solid lines represent the background (light gray), component fit

(red), and overall fit (black).
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Figure 5.22. P 2p core-level XP spectrum of the of an initial Co|PPy|GaP sample
collected prior to photoelectrochemical characterization and associated degradation. The
circles are the spectral data, and the solid lines represent the background (light gray),

component fit (red), and overall fit (black).
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Figure 5.23. C 1s core-level XP spectrum of an initial Co|PPy|GaP sample. The circles

are the spectral data, and the solid lines represent the background (light gray), and overall

fit (black).

Intensity (a.u.)

540 535 530 525
Binding Energy (eV)

Figure 5.24. O 1s core-level XP spectrum of an initial Co|PPy|GaP sample. The circles
are the spectral data, and the solid lines represent the background (light gray), and overall

fit (black).
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Figure 5.25. XP survey spectrum of a postdegrade Co|PPy|GaP sample.

Intensity (a.u.)

1150 1140 1130 1120 1110
Binding Energy (eV)

Figure 5.26. Ga 2p core-level XP spectrum of a postdegrade Co|PPy|GaP sample. The
circles are the spectral data, and the solid lines represent the background (light gray),

component fit (red), and overall fit (black).
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Figure 5.27. P 2p core-level XP spectrum of a postdegrade Co|PPy|GaP sample. The
circles are the spectral data, and the solid lines represent the background (light gray),

component fit (red), and overall fit (black).
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Figure 5.28. C 1s core-level XP spectrum of a postdegrade Co|PPy|GaP sample. The
circles are the spectral data, and the solid lines represent the background (light gray), and

overall fit (black).
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Figure 5.29. O 1s core-level XP spectrum of a postdegrade Co|PPy|GaP sample. The
circles are the spectral data, and the solid lines represent the background (light gray), and

overall fit (black).
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Figure 5.30. XP survey spectrum of a postrepair Co|PPy|GaP sample.

183



Ga 2p

Intensity (a.u.)

1150 1140 1130 1120 1110
Binding Energy (eV)
Figure 5.31. Ga 2p core-level XP spectrum of a postrepair Co|PPy|GaP sample. The

circles are the spectral data, the solid lines represent the background (light gray),

component fit (green), and overall fit (black).
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Figure 5.32. P 2p core-level XP spectrum of a postrepair Co|PPy|GaP sample. The

circles are the spectral data, and the solid lines represent the background (light gray),

component fit (green), and overall fit (black).
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Figure 5.33. C 1s core-level XP spectrum of a postrepair Co|PPy|GaP sample. The

circles are the spectral data, and the solid lines represent the background (light gray), and

overall fit (black).
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Figure 5.34. O 1s core-level XP spectrum of a postrepair Co|PPy|GaP sample. The

circles are the spectral data, and the solid lines represent the background (light gray), and

overall fit (black).
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5.2.4 Photoelectrochemical Data
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Figure 5.35. Linear sweep voltammograms recorded at a scan rate of 100 mV s using

unmodified GaP working electrodes prior to (solid) and following (dashed) controlled-
potential electrolysis experiments. All data are averages obtained using three separate
unmodified GaP working electrodes in 0.1 M phosphate buffer (pH 7) as the electrolyte

and 100 mW cm illumination conditions.
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Figure 5.36. Current density versus time plot obtained during 15 minutes of controlled-

potential electrolysis at 0 V vs RHE using unmodified GaP working electrodes. All data
are averages obtained using three separate unmodified GaP working electrodes in 0.1 M

phosphate buffer (pH 7) as the electrolyte and 100 mW c¢m illumination conditions.
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Table 5.1. Open-circuit voltages, short-circuit current densities, maximum power points,

and fill factors extracted from linear sweep voltammetry data recorded at a scan rate of

100 mV s using GaP, PPy|GaP, and Co|PPy|GaP working electrodes in 0.1 M phosphate

buffer (pH 7) in the dark.

Open-Circuit | Short-Circuit Maximum
Construct Voltage Current Power Point | Fill Factor
(V vs RHE) (A cm?) (LW cm?)

GaP 0.52 £0.02 0.049 £0.006 | 0.019+0.001 | 0.76 +0.09
PPy|GaP 0.56 £ 0.03 0.03 £ 0.02 0.01+£0.01 05+04
Col|PPy|GaP 0.556 +0.008 | 0.048 £0.004 | 0.022 +0.002 | 0.83+0.02
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Figure 5.37. Linear sweep voltammograms recorded at a scan rate of 100 mV s using

GaP (black), PPy|GaP (blue), or Co|PPy|GaP (red) working electrodes in 0.1 M

phosphate buffer (pH 7) in the dark. All data are averages obtained using three separately

prepared working electrodes.
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5.2.5 References
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Chem. 2017, 56, 12178-12185.

188



53 Experimental Methods for Chapter 4

5.3.1. Experimental Methods

Synthesis

5,10,15,20-tetra-p-tolylporphyrin. A similar method was previously reported.'? A
solution of 5-(4-methylphenyl)-dipyrromethane (1.417 g, 6 mmol) and p-tolyl aldehyde
(707 uL, 6 mmol) in chloroform (600 mL) was purged for 15 min with argon before
adding BF3(OEt)2 (792 uL of 2.5 M stock solution in chloroform, final concentration was
3.3 uM). After stirring for 12 h, 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (2.04 g, 9
mmol) was added and the mixture was stirred for an additional 3 h before adding 7.5 mL
of triethylamine. The mixture was filtered through an alumina pad and the solvent was
evaporated at reduced pressure. The crude product was purified by column
chromatography on silica using a mixture of 2:1 chloroform and hexanes as the eluent to
yield the desired product (45%). *H NMR (400 MHz, CDCls): § -2.77 (2H, s, NH), 2.70
(12H, s, CHs), 7.55 (8H, d, J = 7.8 Hz, ArH), 8.09 (8H, d, J = 7.8 Hz, ArH) 8.85 (8H, s,
BH); MALDI-TOF-MS m/z calcd. for C4sH3sN4 670.31, obsd. 670.46; UV-Vis (Toluene)

420, 516, 550, 593, 651 nm.

5,10,15,20-tetra-p-tolylporphyrin cobalt(ll). A similar method was previously
reported.t® 5,10,15,20-tetra-p- tolylporphyrin (25 mg, 0.03 mmol) and cobalt (1) acetate
(53 mg, 0.3 mmol) were dissolved in dimethylformamide (35 mL) and brought to reflux.
The mixture was refluxed for 20 min before evaporating the solvent at reduced pressure.
The product was purified on an alumina column using dichloromethane as eluent and

recrystallized from dichloromethane/methanol to give the desired product (98%). UV-Vis

189



(Toluene) 416, 530 nm.

CoTTP|PPy|GaP Sample Preparation

The GaP ingot used to prepare the samples described in this report has different physical
characteristics (doping density, charge mobility, and resistance (see Experimental Section
in the main text for details) than those used to prepare samples described in previous
reports from our group.1*8 For the polymer-modified electrodes assembled from these
wafers, the polypyridyl coatings are 4 £ 1 nm thick as determined using spectroscopic
ellipsometry. X-ray photoelectron spectroscopy and inductively coupled plasma mass
spectrometry measurements indicate 25% of the pyridyl sites are coordinated to a cobalt
center following the porphyrin attachment chemistry,* yielding a per geometric area

surface concentration of cobalt of approximately 1 nmol cm™,

UV-Vis-NIR

Spectra of 5,10,15,20-tetra-p-tolylporphyrin cobalt(I1)

Aliquots taken from a stock solution of 5,10,15,20-tetra-p-tolylporphyrin cobalt(I1)
(CoTTP) in chloroform (5.5 uM) were diluted with chloroform to prepare solutions at
five additional concentrations (0.55 uM, 1.1 uM, 2.2 uM, 3.3 uM and 4.4 uM).
Absorption spectra of each solution were collected using a quartz cuvette (pathlength of 1
cm) sealed under air, and associated extinction coefficients were obtained from the slope
of a concentration versus absorbance plot. This entire process was repeated using two
other CoTTP stock solutions (5.5 uM), and the extinction coefficients were reported as

averaged values.
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Spectra of 5,10,15,20-tetra-p-tolylporphyrin cobalt(ll) with ~ 1 Equivalent of
Pyridine

A mixture of 5,10,15,20-tetra-p-tolylporphyrin cobalt(ll) (CoTTP) in chloroform with ~1
equivalent of pyridine per porphyrin was prepared by mixing 2 mL of 9 uM CoTTP in
chloroform with 2 mL of 11 uM pyridine in chloroform and adjusting the volume of the
mixture to 5 mL in total by adding chloroform. Absorption spectra of this mixture were
recorded at varying time intervals (5 min, 1 h, 2h, 7h, 10h, and 12h after the addition of
~1 equivalent of pyridine) using a quartz cuvette (pathlength of 1 cm) sealed under air.
The extinction coefficients of the complex formed after 26 hours (assigned as a CoTTP-
pyridine-O, complex)®® was obtained by multiplying the extinction coefficients
determined at selected wavelengths in the absence of pyridine by the ratio of the
absorbance values measured at the same selected wavelength prior to and following 26 h
after the addition of pyridine. This entire process was repeated two additional times, and

the extinction coefficients were reported as averaged values.
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5.3.2 Electrochemical data
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Figure 5.38. (a) Cyclic voltammograms of 5,10,15,20-tetra-p-tolylporphyrin cobalt(ll)
(CoTTP) (0.34 mM) recorded in dimethylformamide containing 0.1 M
tetrabutylammonium hexafluorophosphate (TBAPF6) as the supporting electrolyte,
ferrocene as an internal standard, and O (solid green) or 2,282 (dashed green) equivalents
of pyridine. (b) Cyclic voltammogram of CoTTP recorded in dimethylformamide
containing 0.1 M TBAPF6 in the absence of ferrocene. This voltammogram is included
for comparison given the overlap between the ferrocenium/ferrocene (Fc*/Fc) redox
couple and the redox feature assigned to the Co"""" couple of CoTTP. All voltammograms
were collected at room temperature under an argon atmosphere using a 3 mm diameter
glassy carbon working electrode and referenced to the ferrocenium/ferrocene redox

couple.
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Table 5.2. Midpoint potentials for the reduction and oxidation ("E1/2) of 5,10,15,20-tetra-
p-tolylporphyrin cobalt(Il) (CoTTP) in the presence of 0 and 2,282 equivalents of
pyridine as determined by cyclic voltammetry. Peak-to-peak separations (AEp) are
reported in parentheses. For irreversible redox couples, the anodic peak potential ("Ea)
and/or cathodic peak potential ("Ec) is reported. All voltammograms were recorded in
dimethylformamide containing 0.1 M TBAPF6 as the supporting electrolyte under argon
using a 3 mm diameter glassy carbon working electrode at room temperature and the

ferrocenium/ferrocene redox couple as an internal reference.

Ec
HE1 'E1 Ea
Complex (Vs
(V vs Fc*/Fc) | (V vs Fc*/Fc) | (V vs Fct/Fc)
Fc*/Fc)
CoTTP -2.45 (72) -1.29(69) -0.09 -0.40
CoTTP with excess
pyridine (2282 -2.45(74) -1.41(83) -0.50 -0.77
equivalents)
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