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ABSTRACT: Nature offers inspiration for developing technologies that integrate the
capture, conversion, and storage of solar energy. In this review article, we highlight principles
of natural photosynthesis and artificial photosynthesis, drawing comparisons between solar Biological Molecular-Modified
energy transduction in biology and emerging solar-to-fuel technologies. Key features of the Photosynthesis Photocathodes
biological approach include use of earth-abundant elements and molecular interfaces for o
driving photoinduced charge separation reactions that power chemical transformations at
global scales. For the artificial systems described in this review, emphasis is placed on
advancements involving hybrid photocathodes that power fuel-forming reactions using
molecular catalysts interfaced with visible-light-absorbing semiconductors.
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if the associated technological and policy challenges can be
surmounted, artificial photosynthesis offers a route to meeting
global human energy demands with minimal environmental
impact."">"*~'* In this context, designing artificial photo-
synthetic assemblies that use “just the best bits” of the
biological counterpart is a promising approach.'*'°

The coupling of solid-state light capture and conversion
technologies (i.e., semiconductors) with electrocatalytic
materials yields a strategy for selectively driving industrially
relevant chemical transformations using the power of the
sun.' ™ In an example that utilizes existing technologies,
photovoltaics (PV) can power a separate electrocatalytic
component for generating oxygen and hydrogen from water
in an approach referred to as PV-electrolysis. Because this is
achievable using commercially available components, PV-
electrolysis is at a relatively high technology readiness level
in comparison to other STF technologies.” In contrast,
photoelectrochemical (PEC) approaches that directly integrate
the light-absorbing and catalytic components are at a relatively
low technology readiness level but are a subject of intense
research given their potential to require fewer material
components and reduce costs associated with installation and
operation.6

Herein, we give an overview of the functionalization
strategies and characterization methods used to assemble and
study visible-light-absorbing semiconductors modified with
molecular, fuel-forming catalysts.”'~>° Such 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 compo-
nents with the favorable solar energy capture and conversion

properties of solid-state semiconducting materials.”*>>

2. PHOTOCHEMISTRY, PHOTOELECTROCHEMISTRY,
PHOTOCATALYSIS, PHOTOSYNTHESIS,
PHOTOELECTROSYNTHESIS, AND EFFICIENCIES

Photochemistry is a branch of chemistry concerned with the
chemical effects of light.***” Photoelectrochemistry involves
the application of one or more light-absorbing semiconductor
electrodes in contact with an electrolyte, and it uses
photogenerated charge carriers (electrons and holes) to drive
redox transformations.**”*' In general, assemblies that utilize
light to promote chemical reactions can be classified as
excitonic chemical conversion systems.*” The terms photo-
catalytic and photosynthetic have sometimes been used
interchan§eably to describe excitonic chemical conversion
systems.”” However, it has been recommended that these
terms not be used in an analogous fashion because they can be
distinguished via the overall thermodynamics of the related
reactions.”¥*”*? Photocatalytic reactions are exergonic (Gibbs
free energy change AG < 0), meaning there is no net storage of
chemical energy, yet light is required to accelerate the reaction
kinetics. Conversely, photosynthetic reactions are endergonic

(AG > 0), meaning photonic energy is stored in the bonds of
the chemical products.”” Photosynthetic systems have been
turther divided into the categories of type-1 and type-2, where
type-1 assemblies spatially separate the cathodic and anodic
half-reactions to prevent reverse reactions, and type-2
assemblies employ charge-transfer selectivity to prevent reverse
reactions.”” Further, photoelectrosynthetic systems are a subset
of photosynthetic systems, constituting examples where a
chemical bias is replaced by an electrochemical bias.*”

The efficiencies of photochemical 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 PEC
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
STF conversion efficiency.'”**** As shown in eq 1a,* the STF
conversion efficiency is the ratio of the chemical power
produced to the total incident solar power. In this particular
example involving hydrogen evolution and thus STH, the
chemical power is the product of the rate of hydrogen
evolution, which can be determined via chemical analysis
methods, and the standard Gibbs free energy change per mole
of hydrogen formed via the splitting of water (AG° =
SAGP (products) — TAGE (reactants) = 237.14 kJ mol H,™* at
1 bar and 25 °C, where AG° is the standard Gibbs free energy
change of formation). The total incident solar power is the
product of the area of the light absorber and the incident
illumination power density (Py,), which is 100 mW cm™>
under air mass 1.5 global tilt (AM 1.5 G)*’ conditions. As
shown in eq 1b, the chemical energy output can also be
expressed as the product of the standard cell potential of the
overall chemical reaction (E°. = E®node — Ecathode = —AG®/
nF = 1.23 V, where F is the Faraday constant (96485 C mol™")
and n is the number of electrons involved in the reaction (4 in
the case of water splitting), the short-circuit current density
(Jo), and the faradaic efficiency of the reaction (FE).*® This
latter approach involves (photo)electrochemical methods of
determining the chemical energy output but also requires
knowledge (or an assumption) of FE, which as shown in eq 1c
is the ratio of the amount of chemical product (N) to the total
amount of charge passed during the PEC reaction (Q)
multiplied by the Faraday constant (F) and the number of
electrons required to form the product (n):

o ) )
Area (cm®) X B (mW cm™) amisc  (la)
[(123V) X |]_ (mA cm™)| x
STH = ( ) x U ¢ -2 ) HF]
P (mW em™) AM1.5G (1b)
-1
FE = n X N (mol) X F (C mol )

Q (C) (1¢)

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 (V},) or
the use of three-electrodes (i.e., working, counter, and
reference electrodes), which enable decoupling and determi-
nation of kinetic and thermodynamic properties associated
with the cathode or anode component of a PEC cell. The
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applied bias photon-to-current efficiency (ABPE) is an
example of a diagnostic efficiency that differs from the STF
efficiency because it involves application of a V}, between the
working and counter electrode to produce a photocurrent
density (J,;,), as shown in eq 2:%

[123V = I (V)] X ], (mA cm™)

ABPE = -
Ptotal (mW cm )
AM1.5G

()

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)) can be
defined as the ratio of electron flux measured as current to
incident photon flux (i, particles of light, and not power of
light) as shown in eq 3a. EQE can also be defined as the
product of the probability of photon absorption (@), the
probability of charge separation (®,,,), and the probability of
charge injection across a semiconductor junction ((I>inj). As
shown in eq 3b, @, 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 can
be defined as the ratio of electron flux measured as current, to
absorbed photon flux as shown in eq 3c.** IQE can also be
defined as the product of @, and ®,; and is thus equal to the
EQE divided by LHE:

electrons (cm™2s7")

EQE = IPCE =
& incident photons (em™s7h)
= q)absq)sepq)inj (3a)
absorbed photons (cm™>s™")
q)abs = LHE = -2 -1
incident photons (cm™"s ) (3b)
-2 -1
IQE = APCE = electrons (cm™ s _2) ——
absorbed photons (cm™~s™") P
(30)

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-determin-
ing,”” TON and TOF are expressed using eqs 3d and 3e:**

kC,
T0N=£= A

F 0
Nt 1+ exp| (- Epg")] (30)

0
Nper unit of time kCA

TOF = = - 5
l\Tcat 1+ EXP[E(E - EPQ )] (36)

where N is the amount of chemical product, N, is the total
amount of catalyst on the surface, k is the apparent rate
constant associated with the catalytic reaction, C,° is the
concentration of the chemical substrate, t is time, E is the
electrode potential, Ep,’ is the standard reduction potential of
the catalyst, R is the gas constant, T is the temperature, and
Nper unit of time 15 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 (TOF,,,.) as shown in eq 3f:*

TOE,, = kC,° (36)
Given that electron flux can be expressed as a product of n

(the number of electrons required for the reaction), TOF, I'¢,

(per geometric area density of the total catalyst), and Avogadro
constant (N,), eq 3a can be transformed into eq 3g, which
shows the connection between EQE and TOEF:

n x TOF (s™') x T (mol cm™) x N, (mol ")
EQE = r

incident photons (cm™>s™")

(3g)
If the photoelectrosynthetic illumination intensity, charge
transfer rate constants, and the concentration of chemical
substrates are sufficiently high, TOF in eq 3g will be replaced
with TOF,,,, 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
TOE,,,..

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.*”"’
While these efficiency calculations provide standardized
approaches for making comparisons between photochemical
assemblies, other important considerations include monetary
costs and stability of the materials.”>

3. NATURAL PHOTOSYNTHESIS

Nature utilizes an array of pigments to harvest solar energy
including chlorophylls, bacteriochlorophylls, carotenoids, and
phycobilins. These molecules can be arranged in antenna
complexes, where the absorption of light triggers spatial and
energetic funneling of photonic energy to chlorophyll-based
reaction centers that initiate a cascade of photoinduced
electron-transfer events.”> The pigments in the antenna enable
use of a larger cross-section of the solar spectrum compared to
what can be directly absorbed via chlorophyll-based reaction
centers.”> ™ For example, in Photosystem I (PSI) (Figure 1),

https://doi.org/10.1021/acs.chemrev.2c00200
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Figure 1. Diagrammatic scheme highlighting the light-induced electron- and proton-transfer reactions occurring within and across the thylakoid
membrane of oxygenic photosynthetic organisms. Four major intramembranous protein complexes are shown including Photosystem II (PSII;
water-plastoquinone oxidoreductase), cytochrome (Cyt) bef (plastoquinol-plastocyanin-oxidoreductase), Photosystem 1 (PSI; plastocyanin-

ferredoxin-oxidoreductase), and ATP synthase.

the modified chlorophyll a reaction center, P700, has relatively
intense absorption bands in the blue (Soret bands) and red (Q
bands) regions of the solar spectrum, but the surrounding
antenna complex enables utilization of photons at wavelengths
where the LHE of P700 is relatively low.>* Although high light
fluxes can result in photodamage, nature has evolved elaborate
protection, regulation, and repair mechanisms.”®*” These
include the rapid quenching of chlorophyll triplet states via
energy transfer to surrounding carotenoids, thereby avoiding
the generation and damaging effects of singlet oxygen.’®

Following the transfer of energy to a reaction center, the
resulting excited state is transformed to charge-separated
states. In biological photosynthetic assemblies, multistep
electron-transfer reactions involving molecular cofactors
spatially separate charges, resulting in relatively long lifetimes
of the final charge-separated state and an electron motive force
that is appropriate for meeting the thermodynamic demands of
water splitting.“’55 As an example, initiation of photoinduced
charge transfer reactions from the excited-state reaction center
of PSI to neighboring chlorophyll a (A,) is followed by a series
of subsequent electron-transfer steps involving phylloquinone
(A,), three iron-sulfur protein clusters (F,, F,, and Fg) (Figure
2), and ferredoxin, which shuttles electrons to ferredoxin—
NADP* reductase.”>” Each electron-transfer step increases
the physical distance between the resulting electron—hole pair
(~7-16 A per electron transfer), thereby reducing the rates of
charge recombination.”* However, each electron-transfer step
occurs at the thermodynamic expense of utilizing a fraction of
the initially absorbed photonic energy and therefore limits the
energy that can be stored in chemical products.

As shown in Figure 3, the electron-transfer kinetics
associated with photosynthetic complexes, including PSI,
have been modeled using the Marcus—Hush—Levich equation,
where the rate constant for electron transfer (k) in the

adiabatic regime is described by eq 4:°°7%
- _(AG°+2)
ke = || 775 |HAB|26 T
WAk, T (4)

In eq 4, the pre-exponential factor includes the reduced Planck
constant (7 = 1.054571 X 1073 s), the reorganization energy
(A) (describing the energy required for structural adjustments

to distort the nuclear configuration of the reactants into the
nuclear configuration of the products without charge transfer
occurring), the Boltzmann constant (kg = 1.380649 X 107> J
K™), temperature (T), and the electronic matrix element
(Hap) (describing the overlap of donor and acceptor orbitals
between the reactants and products). The exponential term is
the Franck—Condon factor, which includes AG° for the
electron-transfer reaction and A. Eq 4 is essentially a
nonlinearized version of the Butler—Volmer expression,”>**
where the charge-transfer coefficient changes as a function of
the driving force. In general, there are three distinct regimes of
electron transfer kinetics associated with Marcus—Hush—Le-
vich theory. In the normal region, where the negative standard
Gibbs free energy change for electron transfer is less than the
reorganization energy (i.e, —AG° < 1), the rate of electron
transfer increases as a function of increasing thermodynamic
driving force (Figure 3a). When the negative standard Gibbs
free energy change for electron transfer is equal in value to the
reorganization energy (—AG® = 1) electron transfer becomes
activationless and the rate of electron transfer is thus
maximized (Figure 3b). Further increasing the driving force
to conditions where the negative standard Gibbs free energy
change for electron transfer is greater than the reorganization
energy (—AG®° > 1) results in inverted region kinetics where
the rate of electron transfer decreases as the thermodynamic
driving force increases (Figure 3c). Inverted region behavior
has been invoked to rationalize the relatively sluggish kinetics
associated with charge recombination pathways in biological
photosynthesis (indicated with dashed blue arrows in Figure 2)
as compared to the relatively fast rates of forward electron-
transfer steps (indicated with solid blue arrows in Figure 2).
Similar inverted region behavior is generally not observed in
electron-transfer reactions involving electrode materials (as
indicated by the dashed gray line of Figure 3d). In this case,
the relatively high density of states associated with conductive
materials favors overlap of initial and final states with
activationless electron-transfer kinetics.

An overall equation for natural photosynthesis is shown in
eq S:

6CO, + 12H,0 + hv — CH,,0,4 + 60, + 6H,0 (5)

https://doi.org/10.1021/acs.chemrev.2c00200
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Figure 2. Energy-kinetic diagram showing the photochemistry and electron-transfer events associated with PSL In this diagram, chlorophyll A,
serves as a redox mediator between the excited state P700* reaction center and phylloquinone A,.

(a) -AG° <A (b) -AG° = A (c) -AG° > A
Initial Final Initial Final Initial Final
state st_ate state state state state
> > Y A
> =) >
5 A 5 § [Actd
& - Fos ey &
AG° - AG®
ace A
f f —
Z; Z zZ, Z Z Z
Nuclear Coordinate Nuclear Coordinate Nuclear Coordinate
(d)
1
i
x
£ Normal
Region

1.0

-AG°/A

Figure 3. (a—c) Marcusian diagrams with potential energy surfaces for electron transfer from an initial state (blue) to a final state (red). Each case
represents one of three different scenarios in the (d) Marcus curve: normal region (green), the activationless point (dashed black line), the inverted
region (pink), and saturating electron-transfer kinetics (dashed gray line).

Consistent with this equation, Ruben and co-workers have
shown via '®0 isotope labeling experiments that oxygen atoms
of the product O, are derived from oxygen atoms of reactant
H,0, and the oxygen atoms of the reactant CO, are used to
form additional molecules of H,O in the product state.” By
utilizing photoinduced charge-separation reactions, photo-
synthetic organisms are capable of extracting electrons from
water at the oxygen evolving complex (OEC) of Photosystem
IT (PSII) and storing them in the form of relatively high energy
chemical reducing equivalents. In this process, PSII and PSI act
in series, with PSII handling the oxidative chemistry (eq 6a)
and PSI handling the reductive chemistry (eq 6b) via a
‘wireless” process that achieves overall splitting of water:

2H,0 - 0, + 4H" + 4¢~

E°’ = —0.81 Vvs NHE (pH 7) (6a)
2NADP" + 4H™ + 4¢” > 2NADPH + 2H"
E°’ = —0.32 Vvs NHE (pH 7) (6b)

In PSI, electrons are transferred to the ferredoxin—NADP*
reductase enzyme and used to facilitate light-driven formation
of reduced nicotinamide adenine dinucleotide phosphate
(NADPH) (Figure 1). NADPH can also be generated along
with CO, by the breakdown of glucose (C¢H,0q) via the
pentose phosphate pathway. NADPH is then utilized as a
chemical reductant in the Calvin—Benson—Bassham cycle,

16055

sometimes referred to as the reductive pentose phosphate
pathway, where CO, fixation occurs to form glyceraldehyde-3-
phosphate (G3P), which is used to form carbohydrates
including glucose.”®” Unlike the light-driven processes
occurring at PSII and PSI, the Calvin cycle occurs in the
dark. As shown in eq 7, this cycle involves proton- as well as
electron-transfer reactions that are powered by the hydrolysis
of adenosine triphosphate (ATP), a molecule that stores as
well as intracellularly transports energy in chemical form and is
also a product of photosynthesis (vide infra):

3CO, + 6NADPH + 6H™ + 9ATP

— G3P + 6NADP' + 9ADP + 3H,0 + 8P, (7)

Electron-transfer reactions in biology are often coupled to
proton-transfer reactions. As an example involving oxygenic
photosynthesis, the cytochrome plastoquinol-plastocyanin-
oxidoreductase (Cyt byf) complex shuttles electrons between
plastoquinol, which forms upon the reduction of plastoquinone
at the Qg site of PSII, to plastocyanin, which in turn transfers
electrons to the P700 cofactor of PSI, while also pumping
protons from the stromal side of the membrane protein to its
luminal side. This results in the formation of a proton motive
force that ultimately powers the synthesis of ATP (Figure
1).°77" Thus, a fraction of the initially absorbed photonic
energy is used to drive the formation of electron as well as
proton gradients and the generation of NADPH as well as

https://doi.org/10.1021/acs.chemrev.2c00200
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ATP. Proton-coupled electron transfer (PCET) processes
found in biology have inspired the design of synthetic
assemblies.”” ™" Ultimately, the ability to incorporate and
control PCET processes is essential to designing artificial
photosynthetic systems that effectively couple the inherent
one-photon to one-electron chemistry of light absorption with
the multielectron, multiproton chemistry required for nearly all

fuel-forming reactions relevant to solar photochemistry (Table
1).2882-87

Table 1. Formal (E°’ at pH 7) and Standard” (E° at pH 0)
Potentials Written as Reduction Half-Reactions by
Convention”

half-reactions relevant to solar photochemistry

half-reaction potential (V vs NHE)

N, + e = N, E” = —42

N, + H* + e~ > N,H E° = -32°

CO, + & = CO,™ E* = —190
CO, + 2H* + 2¢~ — HCO,H E” = —0.61
CO, + 2H" + 2¢” = CO + H,0 E” = —0.53
2C0, + 2H* + 2¢” — H,C,0, E” = 049
CO, + 4H' + 4e~ — HCHO + H,0 B = —048
2H' +2¢” - H, E” = —0.41
CO, + 6H' + 6e~ - CH,OH + H,0 E° = —0.38
CO, + 8H" + 8¢~ — CH, + 2H,0 E% = -024
N, + SH* + 4~ — N,H," E° = —0.23°
N, + 8H" + 6e” — 2NH,* E° = +0.28"
0, + 4H" + 4e~ - 2H,0 E° = +0.81
HOO® + 3H" + 3¢~ —» 2H,0 E° = +1.26
HOOH + 2H* + 2¢~ — 2H,0 E° = +1.37
HO® + H" + e~ - H,0 E°" = +2.39

“In these selected examples, where the chemical form of the product
depends on the pH of the solution, standard reduction potentials (at
pH 0) are reported instead of formal potentials (at pH 7). “Values are
taken from refs 82, 84, 85, and 87.

4. FROM ENZYMES TO HUMAN-ENGINEERED
CATALYSTS

Nature employs a myriad of enzymes for catalyzing various
redox half-reactions including oxygen evolution, hydrogen
evolution, carbon dioxide reduction, nitrogen reduction, and
oxygen reduction reactions.**™"” These enzymes feature active
sites containing earth-abundant metal centers coordinated to
soft-material frameworks (in the case of proteins, amino acid
residues), which are proposed to provide primary, secondary,
and further extended coordination environments that promote
effective c::ttalysis.%’93'_96 In this context, the three-dimensional
chemical environments of enzymes are the products of four
billion years of fierce evolution that have amplified their
catalytic activity and selectivity by promoting favorable binding
of substrates, selective formation of transition states,
stabilization of intermediates, favorable release of products,
and tuning as well as leveling of the redox potentials
encountered across a reaction coordinate.”* In one example
of redox tuning, the metal centers of Fe-containing complexes
in biological assemblies span over a 1 V range in their midpoint
potential (Figure 4).” """

The favorable properties of enzymes have made them targets
for integration with solid-state electrode materials, and the
process of mediating current flow between biological
complexes and conductive surfaces has led to applications in
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Figure 4. Redox span of iron complexes in biological systems.

) . 92,102—108
sensor technologies, fuel cells, and electrocatalysis.

However, in the context of STF technologies, the relatively
large molecular footprint and fragility of enzymes restrict
several industrial applications. As an example, one mole of D.
desulfuricans hydrogenase enzyme, which can produce 9000
hydrogen molecules per second per enzyme,'” could fill the
airship Graf Zeppelin in ~10 min or the main liquid-hydrogen
tank of a space shuttle in ~2 h,""° but given its molecular
weight of ~53 kDa, one mole of hydrogenase equates to ~120
Ib (~S5 kg) of hydrogenase. Such characteristics have
prompted researchers to investigate the design of more
streamlined assemblies including the pursuit of both top-
down and bottom-up strategies.””' %"

The well-defined structures of enzymes have been
modulated to investigate and better understand structure—
function relationships. In addition to amino acid mutations
within the biological toolbox, strategies to incorporate
chemical functionalities not found in nature have also been
explored including the use of unnatural amino acids,
development of chimeric proteins, and de novo protein
synthesis.''*~'** For example, synthetic functional models of
the [Fe—Fe] site of hydrogenase have been effectively
incorporated into the protein apo-HydA.'”’ In a related vein,
the rubredoxin scaffold has been used to coordinate Ni in place
of its native Fe metal center, resulting in a hydrogen evolution
catalyst that is oxygen tolerant."”* The development of human-
engineered molecular catalysts, which are often inspired by the
active sites of enzymes, also continues to be an active area of
research. In one particular example, Ni catalysts containin%
diphosphine ligands developed by DuBois and co-workers' ™
have been studied as homogeneous electrocatalysts as well as
components in heterogeneous electrocatalytic assemblies and
in photoelectrosynthetic cells.'”””"** Shaw and co-workers
have further shown that synthetically adding amino acids to the
outer coordination sphere of this class of catalysts can
significantly enhance their performance by reducing the
overpotential (1) required to achieve a given rate of H,
production, improving their solubility, and enhancing their
stability during catalytic operation. These examples highlight
promising features of extended three-dimensional environ-
ments for controlling the reactivity of catalytic sites.'*"~"**

5. ARTIFICIAL PHOTOSYNTHESIS AND
PHOTOELECTROSYNTHETIC CELLS

The construction of molecular-based light-harvesting com-
plexes and electron donor—acceptors has provided fundamen-
tal insights regarding energy and charge transfer processes.
This includes the fabrication of purely molecular assem-
blies”>"'*3~"*® a5 well as molecular components interfaced with
solid-state, inorganic materials to form dye-sensitized solar
cells and dye-sensitized photoelectrosynthetic cells."*’ ="
However, this review specifically focuses on photo-

https://doi.org/10.1021/acs.chemrev.2c00200
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electrosynthetic cells featuring solid-state, visible-light-absorb-
ing semiconductors (Figure S) modified with molecular fuel-
forming electrocatalysts.

Electrolyte
Electrolyte

n-type p-type
semiconductor semiconductor

Figure 5. Diagrammatic scheme highlighting the light-induced
electron- and proton-transfer reactions of a photoelectrochemical
cell for solar water splitting. Minority charge carriers generated upon
illumination (holes in the n-type semiconductor photoanode and
electrons in the p-type semiconductor photocathode) are driven to
the semiconductor/electrolyte solution interface.

The current density, J, produced upon illumination of a
photoelectrode can be described according to eq 8:

EQE x
J=EBQEX X (®)
where EQE is the external quantum efficiency (as defined in eq
3a), q,/A is the photon flux per geometric area incident on a
light-absorber surface, and g is the charge of an electron
(1.602176634 x 107" C)."** For semiconductors, the spectral
range of photons that can be absorbed is limited by their band
gaps, which is the energy difference between the valence and
conduction bands (Eyg and Ecp). In addition, not all photons
with sufficient energy will be absorbed, as @, is dependent on
the optical properties of a semiconductor and can be negatively

affected by losses arising from transmission and reflec-
. 155,156
tion. ™

Engineering of nanostructured semiconductor materials,
including the synthesis of nanowire composites, can mitigate
reflective losses and improve light-trapping effects."*”">* For
example, pillared nanowire arrangements have relatively long
dimensions for effectively absorbing light but also have
relatively short (radial) dimensions for diffusing carriers. The
minority charge carrier diffusion length (L), which defines the
average distance minority charge carriers (i.e., holes in n-type
semiconductor photoanodes and electrons in p-type semi-
conductor photocathodes)'*”'® travel before recombination
occurs, is described via eq 9:'°*'¢!

L= \/kBT/n'
q

where y is the minority-carrier mobility, and 7 is the minority
carrier average lifetime. For planar semiconductors, if L is short
relative to the absorption depth of light, @, will be negatively
affected.

Upon contact of a semiconductor with a liquid, a
semiconductorlliquid junction is formed, and the difference
in potential between the semiconductor Fermi level (Ep)
(which describes the thermodynamic occupancy of all
electronic states within the semiconductor band gap and is
the energy level for which the occupational probability for an
electron or hole is 50% under thermal equilibrium con-
ditions)'®” 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 Ep, which is relatively closer to the Eyy rather than the Ecg,
causes the material to behave like an anode in the dark. Thus,
equilibrium between Ep and the solution potential results in
the net transfer of holes from the semiconductor to the
solution (Figure 6a,b)."°>'** This movement of charge across

(9)

After Equilibration

Before Equilibration

(Dark, no applied bias)

-4 @ g, w (b)
Ece ||
S
| R | P— FE
S Eppm, EM o Epem,
Ve
p-type p-type
+v semiconductor| |electrolyte semiconductor|electrolyte

Steady-State Conditions

Steady-State Conditions

(Illumination, no applied bias) (lllumination, applied bias)

(c)

E CcB

p-type
semiconductor |electrolyte

p-type
semiconductor

(d)

electrolyte

Figure 6. Illustration of a p-type semiconductor (a) before equilibration, (b) after equilibration with an electrolyte in the dark, (c) under steady-
state illumination without an applied potential, and (d) under steady-state illumination with an applied potential. Ey is the Fermi level, E, is the
electron quasi-Fermi level, Eg, is the hole quasi-Fermi level, Ecy is the conduction band-edge potential and Eyy is the valence band-edge potential,

Eyjy, is the redox potential of the H'/H, couple, W is the width of the space-charge region, V,, is the photovoltage, V; is the built-in potential of

the space-charge region, and 7 is the overpotential. The barrier height, ¢, is the maximum internal energy that can be extracted from an electron—
hole pair and is equal to the difference between the solution potential (in this case Ey'/yy,) and Eyp. In general, a thermodynamic requirement for

driving solar-fuel forming reactions (the hydrogen evolution reaction (HER) in this figure) requires the electrochemical potential of the electrons
(as determined by the quasi-Fermi level (Eg,) when there is direct contact between the semiconductor and electrolyte) to be negative of the

corresponding solution potential (E® or Ey/y, in this figure).
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the semiconductorlliquid interface yields a difference in
potential within the semiconductor and a built-in voltage
(V1) For a p-type semiconductor, this potential difference is
manifested as a ‘downward’ bending (Figure 6b,c) of the Ecy
and Eyg due to the net removal of holes from the
semiconductor and the concomitant ‘drop’ in electric field
intensity within the semiconductor. The electric field is a
region surrounding a charge that exerts electrostatic force on
other charges, and the strength of an electric field at any point
in space is called the electric field intensity (E). E produced by
a point charge (Q) at any distance away (r) can be quantified
as shown in eq 10a, where ¢, is the permittivity of free space
and T is the unit vector from one particle to the other. E is a
vector field, and the force (F) that a unit charge (g) would
experience is determined as shown in eq 10b:

Q .
P

E= -
4re,r (10a)

F =qE (10b)

Following equilibration of potentials between a p-type
semiconductor and liquid in the absence of light, the excess of
negative charges arising from ionized dopants within the p-type
semiconductor are distributed over the space-charge region as
described in eq 11:'%*

| 2660V,

gNp (11)

where the width of the space-charge region (W) depends on
the static dielectric constant of the material (&), V;, and
doping density (Np). In general, a lower concentration of
dopants will result in a larger W, as charges must be extracted
from deeper within the semiconductor to establish equilibrium
between the solution and semiconductor potentials. The
resulting band bending favors electron transfer from the
semiconductor to electron-accepting species in the solution
when the semiconductor is illuminated.'® Thus, a solution-
equilibrated p-type semiconductor behaves like a cathode
when illuminated and is referred to as a photocathode even
though it behaves as an anode when equilibrating with the
solution in the dark. In the case of an n-type semiconductor,
where the energetic positioning of Er is relatively closer to the
Eg rather than the Eyyp, equilibration with a solution involves
the net transfer of electrons from the semiconductor to the
solution, resulting in an upward bending of the Ecy and Eyg
(see Figure S). By extension, a solution-equilibrated n-type
semiconductor behaves like an anode when illuminated and is
referred to as a photoanode even though it behaves as a
cathode when equilibrating with the solution in the dark.

In contrast to the multistep redox events used to spatially
separate charges in photosynthetic organisms (Figure 2),
charge separation in solid-state semiconducting materials is
driven by differences in E formed within the semiconductor
(Figure 6b)."°%'**'%* Given the initial difference in potential
between the Ej of a semiconductor and redox potential of an
electrolyte solution is typically on the order of an electronvolt,
and W is on the order of hundreds of nanometers, the electric
field developed within a semiconductor can be on the order of
10° V em ™" Because of these relatively high electric field
strengths, recombination in the space-charge region is orders
of magnitude slower than in the bulk semiconductor, and
charge carriers, which typically have mobilities of 10—1000

em? V7! 571 are readily separated.'” However, such band-
bending effects will not arise in nanostructured materials if the
dimensions of the semiconductor are not large enough to
develop a substantial space-charge region.'*®

Under illumination, the Eg of a semiconductor is split into
two quasi-Fermi levels associated with nonequilibrium steady-
state electron, Eg,, and hole, Eg,, populations. This splitting
gives rise to a corresponding photovoltage, V., and a decrease
in the degree of band bending (Figure 6c).lgo The maximum
Vip of a semiconductor is smaller than the band gap due to the
intrinsic bulk recombination, and the presence of surface states
can further reduce Vi, by lowering the barrier height (¢p)
(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 reaching the semi-
conductor surface. For an ideal p-type semiconductor,'*'*’
the driving force for the cathodic reaction at the semi-
conductorlliquid interface is equal to the difference between
Eg, at the surface and the thermodynamic potential of the
solution reaction under the conditions of operation. For an
ideal n-type semiconductor,'*®'®” the driving force for the
anodic reaction at the semiconductorlliquid interface is equal
to the difference between Ep, at the surface and the
thermodynamic potential of the solution reaction under the
conditions of operation.'* 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 V,;). In
the example of a p-type semiconductor, as Eg, 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 electro-
catalytic reactions involving conducting metallic electrodes,
where the potential of the electrode is defined by a single Eg
and differences in V appear mostly outside the electrode in the
solution phase. Thus, in accordance with Marcus—Hush—Le-
vich theory and Butler—Volmer kinetics,”" ** enhancement of
electrocatalytic reaction rates upon increasing the # 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 semiconductorlliquid
junction under illumination has been modeled by Gart-
ner.'”"'”* For p-type semiconductors, which are a focus of
this review, the minority carrier current density Ug) is obtained
by summing the electron current density at the depletion edge
(J.) (i, the boundary between the space-charge region and
bulk semiconductor) and the electron photocurrent density in
the space-charge region (Jscg) when recombination effects
within the space-charge region and at the interface are
neglected (eqs 12a—12c):

Jo =T + Jscr (12a)
Jo=J|™ — 1| - glaL )

= —_—— —_ alL,——
v 0 n, o 1+ al (12b)

https://doi.org/10.1021/acs.chemrev.2c00200
Chem. Rev. 2022, 122, 16051-16109



Chemical Reviews

]SCR = _qu(1 - e—(lw) (IZC)

In egs 12a—12c, n, is the electron density at the depletion
edge, ny is the electron density in the bulk, g is the unit charge,
Iy 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 J, is the saturation current density. As the electron
concentration in the bulk (n,) is relatively small, IJ,| is limited
to Jo as shown in eq 13 in the absence of illumination, even at
large applied V4

JI=], = anol

v T (13)

where 7 is the minority carrier average lifetime. Under the
boundary condition used in the Gértner model, where n, = 0
at the depletion edge, ], can be expressed as shown in eq 14:

—aWw

]g ]() qIO(l 1+ al (14)
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 current can deviate from experimental results under
conditions where the band bending is relatively low and
recombination rates are relatively high.'**

The Girtner 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 (J,) and electrons (J,) is described in terms of the surface
concentrations of charge carriers (p, and n,) relative to their
values at equilibrium (p and ny), meaning the surface
concentrations of charge carriers when no net current flows, as
expressed in eqs 15a and 15b, respectively:

B
=) -1
2 (15a)
J, = —Jn"li - 1}

Mo (15b)

where ]po and J,° 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 p,/p) is a function of V and is independent of the light
intensity (eq 16a).'”” Conversely, the surface concentration of
electrons (n,/ny) is a function of V as well as the illumination
intensity and is dependent on recombination losses in the
space-charge region (K,) (eqs 16b—16e):

ﬁ - qu/kBT

b, (16a)
2

n, [—K, + (K> + 44B)"

Ny 2A (16b)

pubs.acs.org/CR
K = kg Tn;W (12T
Y4, - V) (16¢)
0 V kT
A=]7 4 x e (16d)
—70 _
B=J, - (16¢)

where n; is the intrinsic carrier concentration and V is the
applied potential.

6. MOLECULAR-CATALYST-MODIFIED
SEMICONDUCTORS

The immobilization of molecular electrocatalysts to a semi-
conductor surface results in formation of semiconductorl
catalyst interfaces. When these modified semiconductors are
immersed in liquids, semiconductorlcatalystlliquid junctions
are formed. Application 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
catalystlliquid interface are physically separated from the V;
generation and charge separation processes occurring at the
semiconductorlcatalyst interface.””** Unlike semiconductorl
liquid junctions, the Ecg and Eyy edges associated with ‘buried’
junctions are not required to straddle the thermodynamic
potentials of the redox half-reactions under the conditions of
operation because the V;, are not fixed relative to a material-
specific flatband potential (Vypuna)-""'%" Alternatively, cata-
Iytic 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 semiconductorlcatalystlsolution system needs to be treated
as a single element, and the maximum internal energy that can
be extracted from electron—hole pairs (i.e., the barrier height
(¢s)) increases as a function of the catalyst redox states.”’
Thus, in comparison to nonporous metallic electrocatalyst
coatings, the ‘adaptive’ junctions do not require a potential
drop across the electrocatalystlliquid 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 Ecg and Eyg band
edge positions associated with adaptive junctions must straddle
the thermodynamic potentials of the redox half-reactions
occurring in the liquid phase.

In comparison with PEC charge-transfer reactions occurring
at semiconductorlliquid junctions, relatively few models have
been developed to describe photoelectrosynthetic reactions
involving molecular-catalyst-modified semiconduc-
tors, *H19HTOBIOBITOTITLITS=I84 1y ne example, the current—
potential responses of molecular-catalyst-modified n-type
semiconductors were simulated by modeling the catalyst-
solution currents (eq 17a) and semiconductorlcatalyst currents
(eq 17b):'7?

+ ~ qucat/kBT — 1
]cat:k C _k C:kcatc

cat —cat

qum/kBT + K (1721)

]jxn (khtpsc - k—ht{ps}c-'—) - (ketnsc+ - k—et{ns}c)

(17b)
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In eq 174, ], is the catalyst solution current density, k., and
k_, are forward and reverse rate constants associated with
chemical catalysis (with units of mA cm), C, C*, and C are the
total, oxidized (activated), and unoxidized catalyst site
concentrations, respectively, qV_, is the chemical potential
difference across the catalyst layer (qV,, = potential of the
solution — potential of the catalyst), and K is the equilibrium
constant for the reaction (K = k_,/k_,). In eq 17b, Jixn 1s the
semiconductor-catalyst current density, ky,, and k_, are the
forward and reverse rate constants for hole transfer (with units
of mA cm*), and k,, and k_,, are the forward and reverse rate
constants for electron transfer (with units of mA cm?). This
model shows that when the value of k is relatively small and
V is much greater than the open-circuit potential (V,.) (ie.,
the potential where there is no net current flow under
illumination),"® the concentration of surface-immobilized
active catalyst species approaches the total concentration of
surface-immobilized catalyst species. Under these conditions,
the current is limited by the rate at which the activated catalyst
can reduce or oxidize the substrate. In contrast, when k, is
relatively large, the current—potential response can be
effectively modeled using the current—potential response of
the photodiode.'””

In another example, experimental results using a molecular-
catalyst-modified p-type semiconductor (a Co porphyrin-
polypyridyl-modified p-type GaP working electrode) were
used to model current—potential responses and develop a
framework for extracting kinetic and thermodynamic bench-
marking parameters associated with immobilized catalysts. The
current response (eq 18a) was modeled by applying either
steady-state (eq 18b) or pre-equilibrium (eq 18c) approx-
imations to describe the fraction of surface-immobilized
catalysts present in their activated form under varying applied
V, and intensities of simulated solar illumination:'*'

nF
= — xk_I.
J= g > e (18a)
_ nF kcatFCTns
J= X ek
ke s (18b)

E % kcatFCTns
FE =~ K"+ n (18¢)

In these equations, J is the current density, n is the number of
electrons required for the chemical transformation, F is the
Faraday constant, FE is the faradaic efficiency, k., is a rate
constant (with units of s™'), k,, and k_,, are the forward and
reverse rate constants for electron transfer between the
semiconductor and catalyst layer (with units of cm® mol™
s™' and s7!, respectively), n, represents the surface electron
concentration under steady-state illumination, K™' is an
equilibrium constant equal to the ratio of the forward and
reverse rate constants for electron transfer from the semi-

conductor (k_./k,), and I'c_and I'c: are the per geometric

area surface densities of total and activated catalysts,
respectively. These rate laws are similar in form to those
used in the Michaelis—Menten model describing the reaction
velocities of enzymes after applying steady-state (eq 19a) or
pre-equilibrium approximations (eq 19b):

pubs.acs.org/CR
_ Vo]

Ky + [S] (19a)
_ VaadS]

Ky + [S] (19b)

max
is the maximum reaction velocity (which is the product of k,

and the initial/total concentration of enzyme [Er]), [S] is the
concentration of substrate, Kj is dissociation constant for the
enzyme—substrate complex defined as k,/k; (where k; and k,
are the forward and the reverse rate constants describing the
binding and unbinding of the substrate to the enzyme,
respectively), and Ky is the Michaelis constant defined as (k, +
kcat)/ kf'

In the Michaelis—Menten model, the term Ky represents the
steady-state concentration of substrate required to achieve half
the maximum velocity of an enzyme. Conversely, in the
molecular-catalyst-modified semiconductor model, the analo-
gous term, (k_ + k.)/k. represents the steady-state
concentration of minority carriers (electrons) at a semi-
conductor surface required to activate half of the immobilized
catalysts.'®' This parameter can be viewed as a PEC
counterpart of the parameter E_, that is used as a benchmark
in homogeneous electrocatalysis and represents the potential
required to activate half of the catalyst at the electrode surface
and thus achieve half the maximum TOF. In a related vein, the
K term in eq 18c (an equilibrium constant describing the
ratio of reverse and forward electron transfer rate constants
under pre-equilibrium conditions) has conceptual parallels
with the K, term in eq 19b (an equilibrium constant describing
dissociation of the enzyme substrate complex under pre-
equilibrium conditions).

where v is the velocity, or rate of the enzymatic reaction, V,

7. EXAMPLES INVOLVING SOLID-STATE
PHOTOCATHODES MODIFIED WITH MOLECULAR
CATALYSTS

7.1. Photoelectrochemical H, Production

Examples of molecular-modified semiconductors for applica-
tions involving hydrogen (H,) evolution are found in work
conducted in the 1980s. In an example by Mueller-Westerhoff
and co-workers,'® polymeric materials prepared using methyl-
ferrocenophane (MeFCP) and poly(chloromethyl)-styrene
(MePS) in a solution of tetrahydrofuran (THF) were
deposited as a film onto the (100) or (111) faces of p-type
Si electrodes (0.16 cm?) at a concentration of 2 M, forming Sil
MeFCP-MePS electrodes (Figure 7a). In addition to serving as
a medium for immobilizing the molecular components at
relatively high concentrations as compared to catalysts
dissolved in solution, the authors indicated the polymer also
provided protection of the semiconductor surface from
photocorrosion, a strategy that received increased attention
in following years."* When exposed to relatively strong acidic
conditions (HBF;0H), the SilMeFCP-MePS electrodes were
proposed to coordinate two protons, forming a dicationic
species that liberated H, upon reduction. The SilMeFCP-
MePS electrodes were photoelectrochemically characterized
utilizing a two-electrode configuration with a Pt anode in neat
HBF;OH under 870 mW cm™” illumination via a Xe light
source. The assembly was photoactive for H, evolution with
stable performance over S days. The SilMeFCP-MePS
photocathode reached a saturating photocurrent of 37 mA

https://doi.org/10.1021/acs.chemrev.2c00200
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Figure 7. (a) Schematic representation of the methyl-ferrocenophane
polymer film on Si. (b) Linear sweep voltammograms of p-Si
electrodes with and without the presence of the Fe-complex polymer,
as well as a Pt cathode, recorded using a two-electrode configuration
(Pt anode) in neat BF;OH under 870 mW cm™? illumination, at a
scan rate of S0 mV s™'. Adapted with permission from ref 185.
Copyright 1984 American Chemical Society.

(231 mA cm™) when polarized at —1.1 V vs the saturated
calomel electrode (SCE) (Figure 7b) and achieved a current of
26 mA (162.5 mA cm™>) when polarized at —0.35 V vs SCE, a
potential 0.45 V more positive than that required for a Pt
electrode to achieve an equivalent activity (—0.80 V vs SCE).
In addition, the polymer-coated Si photocathodes were active
for H, production in 1 M HCIO,, achieving a current of 2 mA
(12.5 mA cm™?) when polarized at potentials ~0.25 V positive
of the HER equilibrium potential.

In work by Nann, Pickett, and co-workers, H,-evolving iron-
sulfur electrocatalysts, [Fe,S,(CO)g), selected because they
contain only earth-abundant elements and mimic structural
and functional aspects of the Fe—Fe active site of naturally
occurring hydrogenase, were interfaced with indium phosphide
(InP) nanocrystals (Figure 8).""” The molecular array was
formed by first adsorbing a 1,4-benzenedithiol layer onto a
gold electrode, which enabled the binding of conducting InP
nanocrystals (mean diameter of ~5 nm). Alternating exposure
to the dithiol solution and an InP nanocrystal solution resulted
in a layer-by-layer array. The InP-modified gold electrodes
were then immersed into a solution containing [Fe,S,(CO);],
resulting in formation of an inorganic light-harvesting nano-
array containing intercalated and adsorbed [Fe,S,(CO)e]
clusters. These assemblies were characterized using photo-
luminescence and diffuse reflectance Fourier-transform infra-

Au cathodes

Figure 8. Schematic representation of [Fe,S,(CO)¢)-modified InP
nanocrystal arrays. Adapted with permission from ref 187. Copyright
2010 Wiley-VCH Verlag GmbH & Co.

red (FTIR) spectroscopies to confirm incorporation of the
molecular components. The presence of [Fe,S,(CO)s] in
these constructs quenched the luminescence of InP, indicating
possible charge transfer, nonradiative energy transfer, or defect
sites in the InP nanocrystals following immobilization of the
catalysts. In addition, structural characterization via FTIR
spectra showed an absorption feature assigned to a carbonyl
stretching mode of the [Fe,S,(CO),] species at frequencies
similar to those found in FTIR spectra of the homogeneous
catalyst dissolved in solution, providing further evidence of
surface functionalization. The resulting photocathodes evolved
H, with a FE of 60% and achieved a ] on the order of 0.1 yA
cm™? for at least 1 h without detectable degradation when
polarized at a Vi, = —0.40 V vs a silver/silver chloride (Ag/
AgCl) reference electrode (+0.22 V vs the reversible hydrogen
electrode (RHE)'®) in pH neutral aqueous conditions (0.1 M
NaBF,) under illumination with a 395 nm LED.

The sulfur-containing centers of nature’s enzymes for H,
evolution also served as a design inspiration for molecular
clusters used by Chorkendorft and co-workers. In this work,
nonwater-soluble trinuclear molybdenum cluster salts
(Mo,S,), examples of cubane-type, molecular metal-sulfide
clusters, building blocks central to the cofactors of enzymes,
were dropcasted onto hydrogen-terminated planar or pillar-
structured p-Si(100) (Figure 9a)."*” Si, with a band gap of 1.2
eV, has the ability to capture photons in the red portion of the
solar spectrum. Given their relatively large cross-sections for
absorbing light and short, radial minority-carrier transport
distances, pillared structures facilitate effective capturing of
photons and photocurrent collection, and enable a larger
surface area for loading of catalysts. Structural characterization
of the functionalized surfaces included use of X-ray photo-
electron spectroscopy (XPS), which indicated successful
deposition of the clusters. However, XPS analysis performed
following PEC experiments indicated dissociation of a
relatively large fraction of the clusters from the surface. The
Mo,S,-modified planar-Si electrodes (planar-SilMo,S,) were
photoelectrochemically characterized in a 1 M aqueous HCIO,,
solution under illumination with a Xe lamp coupled with an
AM 1.5 G filter and a long-pass filter so that samples were
illuminated with photons ranging from 620 to 1050 nm (28.3
mW cm™?). Planar-SilMo,S, electrodes initially coated with
Mo,S, clusters at a loading of 2 nmol cm™ were found to
generate H, at a ] = 8 mA cm ™ when polarized at 0 V vs RHE
(Figure 9b). The loading of Mo,S, clusters determined via
analysis of the modified-Si electrodes following PEC operation
was 2.6 X 107"* Mo,S, clusters cm™> This loading was then
used to determine a corresponding TOF of 960 s™' per cluster.

https://doi.org/10.1021/acs.chemrev.2c00200
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Figure 9. (a) Schematic representation of the Si pillar modified with the adsorbed [Mo;S,] cluster. (b) Linear sweep voltammograms of planar-p-Si
(black), planar-p-SilMo,S, (red), pillar-p-Si (green), and pillar-p-SilMo;S, (blue) electrodes recorded in 1 M aqueous HCIO, solution in the dark

(dashed lines) or under 28.3 mW cm
coordinate axis. Adapted from ref 189. Copyright 2011 Springer.

=2 {llumination (solid lines). The calculated photon-to-current conversion efficiency is included on the right-

MosS, clusters were also dropcasted onto nanopillar-structured
Si electrodes (pillar-SilMo;S,) prepared via photolithography,
where the electrodes provided a higher surface area in
comparison to planar Si electrodes. The pillar-SilMo;S,
photoelectrodes achieved a J = 9 mA cm™ with unity FE for
H, production when studied under the same illumination, pH,
and polarization conditions used to study the planar-SilMosS,
assemblies (Figure 9b). Controlled-potential polarization using
the pillar-SilMo;S, samples polarized at 0 V vs RHE indicated
that J remained stable over 1 h with the catalyst operating at an
apparent TOF of 65 s™".

A Ni bisdiphosphine-based functional mimic of the active
site of Ni-Fe hydrogenase (a NiP,N, DuBois-type catalyst) was
immobilized onto p-type GaP(100) and Si(111) surfaces
(Figure 10) by Moore, Sharp, and co-workers.'” Bisdiphos-

N
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Figure 10. Schematic representation of the Ni catalyst on p-Si.
Adapted with permission from ref 190. Copyright 2013 American
Chemical Society.

phines provide a soft ligand environment for stabilizing low-
valent Ni during the catalytic cycle, and the GaP and Si
conduction bands are negative of the H"/H, redox couple. In a
three-step method, UV-induced immobilization of N-allyl-
2,2,2-trifluoro-acetamide onto the semiconductor surfaces was
followed by chemical unmasking of the amines and exposure to
the Ni catalysts bearing an activated ester. Successful grafting
of the Ni catalyst was confirmed via grazing-angle total
reflection Fourier-transform infrared (GATR-FTIR) and XP
spectroscopies. On the basis of the latter analysis, the authors
proposed that immobilization of the Ni catalyst likely occurred

16062

through direct Si—C bonds on Si surfaces and through a
bridging oxide layer on GaP surfaces.

In subsequent work by Yano, Sharp, Moore, and co-workers,
the UV-induced immobilization of olefins was used to
polymerize 4-vinylpyridine onto p-type GaP, providing sur-
face-attached pyridyl ligands for subsequent assembly of
cobaloxime-type catalysts.'”" In these constructs, the poly-
pyridyl (PPy) coating on the GaP surface afforded protection
against oxide layer formation, likely by restricting access to
GaP(100) surface sites, and provided functional groups for
assembly of the cobalt-containing molecular catalysts to form
the catalyst-modified semiconductor (GaPIPPylCobaloxime)
(Figure 11a). This strategy allows for the use of a broad range
of vinyl monomers with a variety of functional groups, enabling
control over surface loading capacity and attachment stability.
The constructs were structurally characterized using GATR-
FTIR spectroscopy, XPS, X-ray absorption near edge structure
spectroscopy (XANES), and ellipsometry. The GaPIPPyl
Cobaloxime photocathodes achieved a ] = 2.4 mA cm™
when polarized at a potential 0.31 V positive of the H"/H,
equilibrium potential (+0.31 V vs RHE) in pH 7 buffered
aqueous solutions (1 M phosphate buffer) under 100 mW
cm™? illumination using a Newport Oriel Apex illumination
source. In addition, the FE as determined via gas
chromatography (GC) was shown to be near unity.

Leveraging the surface-grafting chemistry of olefins on GaP
semiconductors, Moore and co-workers showcased the
modularity of this strategy by modifying the ligand environ-
ment 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. For example, GaP electrodes were prepared
featuring surface-grafted PPy coatings modified with cobalox-
ime catalysts containing either a glyoximate capping group
(GaPIPPylCobaloxime) (Figure 11a) or an analog featuring a
boron difluoride moiety (GaPIPPylCobaloxime-BF,) (Figure
11b)."”* The addition of the BF, moieties imparts stability
under acidic conditions and tunes the catalytic redox features
of cobaloximes to less negative values. For both constructs,
successful surface attachment was confirmed via GATR-FTIR
and XP spectroscopies, and PEC characterization of the

https://doi.org/10.1021/acs.chemrev.2c00200
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Figure 11. Schematic representation of the cobaloxime catalysts on (a, b) polypyridyl or (e) polyimidazole layers on GaP. (c) Linear sweep
voltammograms of GaP|PPy (dashed blue), GaPIPPylCobaloxime (solid red), or GaPIPPylCobaloxime-BF, (solid green) electrodes recorded in 0.1
M phosphate buffer (pH 7) under 100 mW cm™? illumination, at a scan rate of 100 mV s™". (d) Linear sweep voltammograms of GaPIPPy (dashed
blue), GaPIPPylCobaloxime (solid red), or GaPIPPylCobaloxime-BF, (solid green) electrodes recorded in 0.1 M acetate buffer (pH 4.5) under 100
mW cm™? illumination, at a scan rate of 100 mV s™". (f) Linear sweep voltammograms of GaP (black), GaPIPPy (dark blue), GaPIPIm (blue), GaPI
PPylCobaloxime (dark red), and GaPIPIm|Cobaloxime (red) electrodes recorded in 0.1 M phosphate buffer (pH 7) in the dark (dotted lines) or
under 100 mW cm ™ illumination (dashed and solid lines), at a scan rate of 100 mV s™". (a) Adapted with permission from ref 191. Copyright 2013
American Chemical Society. (b—d) Adapted with permission from ref 192. Copyright 2014 American Chemical Society. (e, f) Adapted with

permission from ref 195. Copyright 2016 American Chemical Society.

modified GaP photoelectrodes was conducted in pH 7 (0.1 M
phosphate buffer, Figure 11c) or pH 4.5 (0.1 M acetate buffer,
Figure 11d) aqueous solutions under simulated AM 1.5 G
illumination (100 mW cm™) using a Newport Oriel Apex light
source. The pH response of the PEC activity was consistent
with results obtained from electrochemical studies conducted
using analogous nonsurface-attached catalysts dissolved in
solution, meaning that a relatively lower pH was required to
induce HER when using GaPIPPylCobaloxime-BF,. 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 cycle'”"”*
that incorporation of a cobaloxime with a ligand macrocycle

and show

that is modified at the molecular level affects the PEC response
observed at the construct level.

Moore and co-workers have also shown that changing the
polymeric interface from surface-grafted PPy to surface-grafted
polyimidazole (PIm), while preserving the underpinning GaP
substrate and use of immobilized cobaloxime-type catalysts
(Figure 1le),'” results in differences in the PEC activity
measured in pH-neutral aqueous conditions (0.1 M phosphate
buffer) under 100 mW cm™? illumination using an AM 1.5 G
filter and a Newport Oriel Apex illumination source. The
cobaloxime-polyimidazole-modified photocathode (GaPIPIml
Cobaloxime) achieved a J = 1 mA cm™ when polarized at
+0.07 V vs RHE, a potential 0.17 V more negative than

https://doi.org/10.1021/acs.chemrev.2c00200
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required for the GaPIPPylCobaloxime photocathode to achieve
an equivalent activity (+0.24 V vs RHE) (Figure 11f). These
results are consistent with the difference in reduction
potentials measured in cyclic voltammograms recorded using
the homogeneous, nonsurface-immobilized cobaloxime model
compounds dissolved in organic solvents, where the Co""
midpoint potential of the cobaloxime complex containing an
axial pyridine ligand (Co(dmgH),(Py)Cl) was 60 mV more
positive than the Co'! couple of the cobaloxime complex
containing an axial imidazole ligand (Co(dmgH),(meIm)CI).
For both heterogeneous assemblies, a near-unity FE was
achieved, with a HER activity of 2.1 H, s™' Co™" for the GaPI
PPylCobaloxime construct and 2.4 H, s™' Co™" for the GaPI
PIml|Cobaloxime construct, when polarized at 0 V vs RHE.
However, it was noted that the surface-grafted polymeric films
differed in thickness (~10 nm PPy films and ~6 nm PIm
films), total catalyst loading, and the pK, of associated nitrogen
sites, thus complicating comparisons of the two constructs
based on differences in the coordination chemistry between
the catalyst and polymer.

In addition to preparing surface-grafted polymer coatings on
GaP(100) surfaces, which contain a mixed phase of atop Ga
and P sites, Moore and co-workers also showed that UV-
induced polymerization of vinylimidazole followed by
immobilization of cobaloxime catalysts is applicable to both
the (111)A and (111)B faces of GaP (which are composed
predominantly of atop Ga or P sites, respectively) with little
difference in the surface coverages as measured using
ellipsometry, GATR-FTIR spectroscopy, and XPS."”° Likewise,
the GaPIPImlCobaloxime photocathodes constructed using
either GaP (111)A or (111)B crystal faces exhibited similar
PEC responses, yielding V,_ of +0.64 + 0.02 and +0.65 + 0.02
V vs RHE, respectively, and achieving J = 0.89 + 0.02 and 0.89
+ 0.03 mA cm ™ respectively, when polarized at 0 V vs RHE
in pH neutral (0.1 M phosphate, pH 7) aqueous conditions
under AM 1.5 G illumination (100 mW cm™ using Newport
Oriel Apex illumination source equipped with an AM 1.5 G
filter). These results illustrate the surface chemistry and PEC
performance of the cobaloxime-polymer-modified GaP assem-
blies is not restricted to a single crystal face orientation, a
feature that could be useful in interfacing molecular catalysts to
nanostructured materials that terminate with a range of Miller
indices. In addition, controlled-potential polarization per-
formed at 0 V vs RHE using cobaloxime-polymer-modified
GaP assemblies under the same illumination and electrolyte
conditions previously mentioned indicated the associated |
were relatively stable, with a decrease in activity of less than 1%
over ~1 h of testing following an initial 5% loss during the first
S min of the experiment. This initial loss was attributed to
desorption of loosely bound catalysts. Combining results
obtained from ellipsometry, XPS, and PEC characterization
enabled estimation of a HER activity of 7000 H, h™' Co™
(1.94 H, s™' Co™") with near-unity FE. The ability to
functionalize both the Ga-rich (111)A and the P-rich (111)B
faces, combined with the XPS evidence of an intervening ~2
nm thick oxide layer present on the polymer-functionalized
samples, indicated the grafting chemistry on both crystal faces
involved attachment to a relatively thin oxide layer. Prompted
by these findings, the Moore group has also shown that related
attachment chemistries can be extended to other oxide-coated
materials, including transparent conducting oxides, which
enabled direct measurements of the optical and electro-

chemical properties of cobaloxime and Co porphyrin catalysts
immobilized within the surface-grafted polymer matrices.”>""”

Voelcker, Nann, and co-workers immobilized bioinspired
Fe,S,(CO); catalysts and InP quantum dots (QDs) onto a p-
Si(100) semiconductor to photoelectrochemically drive H,
production (Figure 12a)."”® This catalyst was chosen since it
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Figure 12. (a) Schematic representation of a [Fe,S,(CO)¢]-InP
quantum dots-modified Si photoelectrode. (b) Photocurrent response
of a p-Si electrode with electrochemically grafted methyl layer,
physisorbed InP quantum dots, and functionalized with Fe,S,(CO)s,
recorded in 0.1 M H,SO, under 100 mW cm™? illumination. Adapted
from ref 198.

effectively binds to InP QDs and is active for HER. In this
work, the hydrogen-terminated p-Si surface was initially
capped with an electrochemically grafted methyl layer to
avoid formation of an insulating surface oxide. The InP QDs
(average size of 5—9 nm diameter) were then physisorbed onto
the Si semiconductor, and the QD-modified electrode was
immersed into a toluene solution containing the Fe,S,(CO),
catalysts. Structural characterization of the Fe,S,(CO),-
modified photocathodes was performed using scanning
electron microscopy (SEM), energy-dispersive X-ray spectros-
copy (EDX), and time-of-flight secondary ion mass spectrom-
etry (TOF-SIMS). Photoelectrochemical characterization was
performed in a 0.1 M H,SO, solution under simulated 1-sun
illumination (AM 1.5 G, 100 mW cm™? using a Xe lamp). The
generation of H, was confirmed via GC. After ramping up the
V; from 0 to —0.50 V vs Ag/AgCl (equating to +0.27 to —0.23
V vs RHE),'” ] increased from ~0.05 to ~1.25 mA cm™>
(Figure 12b).

Functionalization of n-type Si(111) surfaces was reported by
Brunschwig, Lewis, Gray, and co-workers using mixed methyl/
bipyridyl monolayers that chelate metal centers such as Rh, Ir,
and Ru, forming assemblies that can be used in PEC

https://doi.org/10.1021/acs.chemrev.2c00200
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devices.” In this approach, hydrogen-terminated Si(111)
surfaces were subject to an initial chlorination treatment
followed by partial methylation, which protected the surfaces
against ambient or electrochemical oxidation. The remaining
chlorinated sites were then functionalized with bipyridyl
ligands via UV-induced olefin grafting of 4-vinyl-2,2'-
bipyridine. The resulting bipyridyl-modified Si surfaces were
then treated with appropriate metal-containing reagents to
assemble analogs of pentamethylcyclopentadienyl rhodium,
iridium, and ruthenium complexes ([Cp*Rh], [Cp*Ir], and
[Ru(acac),], respectively, where Cp* is pentamethyl-
cyclopentadienyl and acac is acetylacetonate). The assemblies
were structurally characterized using XP and X-ray absorption
spectroscopic (XAS) analysis. Surface-recombination velocities
associated with the functionalized Si(111) electrodes were
assessed using microwave conductivity measurements. These
studies showed a decrease in the surface-recombination
velocities from 2600 cm s™' for Si samples containing a native
oxide layer to values ranging between 23 and 41 cm s™! for the
methylated and methyl/chelated-bipyridyl monolayers, con-
firming the Si surfaces were well-passivated and capable of
relatively facile charge transfer between the Si substrate and
immobilized redox-active species. Although the immobilized
complexes were electrochemically active in acetonitrile
(MeCN), they rapidly dissociated from the Si surface upon
redox cycling, complicating further PEC studies of the
assemblies.

Functionalization of p-type Si(111) surfaces, uniquely suited
for molecular modification due to the rigidly perpendicular
orientation of its Si-X bonds, with DuBois-type H, evolution
catalysts'*>*°"*%* was reported by Rose and co-workers. This
work involved initial Negishi coupling of a PNP ligand (PNP =
Ph,PCH,NCH,PPh,) with a hydrogen-terminated Si(111)
surface.”” The resulting PNP-modified surface was then
treated with a Ni salt dissolved in MeCN before being exposed
again to excess PNP to incorporate a second PNP ligand onto
the immobilized Ni centers yielding samples of SilPNPINi. The
attachment chemistry at each step of the surface-modification
procedure was confirmed using XP spectroscopic analysis.
Photoelectrochemical characterization, performed using Sil
PNPINi working electrodes (with surface coverage of 0.25
nmol Ni cm™) immersed in MeCN solutions (containing 0.2
M LiClO, as the supporting electrolyte and concentrations of
trifluoroacetic acid (TFA) ranging from 0 to 91 mM) under
broadband LED illumination (33 mW cm™) and a N,
atmosphere, indicated the SilPNPINi photocathodes were
capable of generating H,, as confirmed via gas chromatog-
raphy—mass spectrometry (GC—MS). Under the electrolyte
and illumination conditions mentioned above, an apparent
TOF of 285 s™" per catalytic species was reported when the Sil
PNPINi working electrodes were polarized at —0.67 V vs the
normal hydrogen electrode (NHE) in the presence of 91 mM
TFA. In control experiments performed using methylated Si
working electrodes immersed in a 0.2 M LiClO, in MeCN
solution containing a nonsurface-attached analog of the Ni
catalyst (2 uM), the potential required to reach 0.05 mA cm™>
was —0.26 V vs NHE, a potential 0.20 V more negative than
that required when using the SilPNPINi photocathodes
measured under otherwise identical conditions. The authors
postulated that this result was due to expedited electron
transfer from the semiconductor to the catalyst species by the
conjugated and covalently attached linker. In a related vein,
work by Yang and co-workers on the interfacial electron-

transfer kinetics of ferrocene-modified indium tin oxide (ITO)
electrodes indicated that interfacial electron-transfer kinetics
associated with constructs featuring noncovalent immobiliza-
tion strategies could be similar to or even improved relative to
those associated with constructs featuring covalent immobili-
zation strategies.204 In their work, attachment of the ferrocene
units was achieved using either thermally induced grafting of
vinylferrocene or a noncovalent attachment featuring 7—x
interactions between pyrene-modified ITO surfaces and 1-
pyrenylferrocene.

Marinescu and co-workers have reported on H,-producing
PEC assemblies that feature Co dithiolene (an efficient catalyst
for HER) in a polymeric form that maintains catalytic activity
and is relatively stable in acidic aqueous conditions. The
polymer was dropcasted on planar p-type Si(100) (Figure
13a).”” Using this method, a metal site loading of up to 6.3 X
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Figure 13. (a) Structure of cobalt-based coordination polymers based
on benzene-1,2,4,5-tetrathiolate. (b) Linear sweep voltammograms of
p-Si electrodes functionalized with Co-based coordination polymers
based on benzene-1,2,4,5-tetrathiolate (MOS 1) recorded in 0.05 M
H,SO, in the dark (dashed black) or under 100 mW cm™?
illumination (solid red), at a scan rate of 10 mV s™!, as well as a
glassy carbon electrode functionalized with cobalt-based coordination
polymers based on benzene-1,2,4,S-tetrathiolate (solid blue) recorded
in 0.0 M H,SO, under 100 mW cm™? illumination, at a scan rate of
10 mV s™'. Adapted with permission from ref 205. Copyright 2015
American Chemical Society.

10* nmol Co cm™2 as determined via inductively coupled
plasma mass spectrometry (ICP-MS), could be achieved.
These electrodes produced ] = 3 mA cm™ or 8 mA cm ™ when
polarized at 0 or —0.3 V vs RHE, respectively. These activities
were at least 25% lower than those obtained using electrodes
with loadings of 4 X 10° nmol Co cm™ (producing 4 mA cm™>
when polarized at 0 V vs RHE and 13 mA cm™> when
polarized at —0.3 V vs RHE). The authors attributed the lower
activities obtained using electrodes with higher Co loading to
increased screening of light by the immobilized catalysts.
Photoelectrochemical experiments were performed using pH
1.3 aqueous solutions (0.05 M H,SO,) under 1-sun
illumination from a Xe lamp equipped with an AM 1.5 G
filter. The Co dithiolene-modified working photoelectrodes
achieved a J = 1 mA cm ™ when polarized at +0.13 V vs RHE, a
potential 0.43 V more positive than that required to achieve an

https://doi.org/10.1021/acs.chemrev.2c00200
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Figure 14. (a) Schematic representation of immobilization of cobaloxime onto GaInP, through a TiO, interface. (b) Linear sweep voltammograms
of GaInP, electrodes (red), GalnP, electrodes with a TiO, protective layer (black), GaInP, electrodes with a TiO, protective layer and
functionalized with cobaloxime catalyst (dotted gray), GalnP, electrodes with a TiO, protective layer and functionalized with Pt particles (green),
GalnP, electrodes with a TiO, protective layer, functionalized with cobaloxime catalyst, and with a final TiO, layer (blue), and GalnP, electrodes
with Pt particles (yellow) recorded in 0.1 M NaOH (pH 13) under 100 mW cm™? illumination (solid red), at a scan rate of 20 mV s™'. Adapted
from ref 206. Copyright 2016 Springer.
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Figure 15. (a) Schematic representation of p-Si electrode modified with a layer of a dimethoxyphenyl/methyl groups, coated with an AZOITiO,
layer and NiPNP catalysts. (b) Cyclic voltammograms of SilCH;ITiO,/NiPNP (black) and SilCH4/AZOITiO,/NiPNP (red) measured in 0.2 M
LiClO, and 30 mM tosylic acid in MeCN under 33 mW cm ™ illumination, at a scan rate of 100 mV s™'. Adapted with permission from ref 207.
Copyright 2016 American Chemical Society.

equivalent activity when using unmodified Si working photo- gap of 1.83 eV) and as an interface material for immobilizing
electrodes, and 0.55 V more positive than that required to molecular catalysts was described by Turner and co-work-
achieve an equivalent activity when using a glassy carbon ers.”*® ALD TiO, can be deposited with controlled thickness,
electrode modified with the same Co dithiolene polymer and adds stability under basic operating conditions. In this
(Figure 13b) at a surface loading of 7.6 X 10> nmol Co cm™ approach, a ~35 nm thick TiO, coating was used to assemble
When polarized at 0 V vs RHE, the Co dithiolene-modified Si cobaloxime catalysts (selected because they contain only earth-
photocathodes (with loading of ~4 X 10° nmol Co cm™2) abundant elements) bearing an iso-nicotinic acid ligand as a
achieved a | = 3.8 mA cm™2 and were stable over 20 min with a surface-attachment group (Figure 14a). The modified semi-
reported FE of 80 + 3%. Control experiments performed using conductors were characterized using attenuated total-reflection
unmodified Si working photoelectrodes immersed in electro- infrared (ATR-IR) and XP spectroscopies, which confirmed
lyte solutions with or without dissolved Co dithiolene the presence of vibrational frequencies associated with the
precursors showed negligible ] (<1 mA cm™) when polarized intact cobaloxime and the presence of Co species in a +3
at 0 V vs RHE. Core level Co 2p, Na Is, S 2s, and S 2p XP oxidation state. ICP-MS analysis indicated a Co surface loading
spectra of Co dithiolene-modified Si surfaces following PEC of 12.7 + 1.2 nmol of Co cm™ a value in agreement with the
operation were similar to those collected using freshly prepared loading determined using ultraviolet—visible (UV—vis) spec-
samples, suggesting the photocathodes were relatively stable troscopic techniques (12.8 nmol of Co cm™2). Additional TiO,
during operation. However, core level Si 2p XP spectra (~0.4 nm and achieved via an additional 10 cycles of ALD)
collected following PEC operation showed the presence of was deposited on top of the cobaloxime-modified semi-
both Si-H and Si-O species, indicating the presence of an conductors as a strategy to further stabilize the attachment
interfacial oxide layer. between the cobaloxime catalysts and initial TiO, coating. The
The use of atomic layer deposition (ALD) to deposit TiO, modified photocathodes produced H, in basic aqueous
as a protective coating on GalnP, semiconductors (with a band conditions (0.1 M NaOH, pH 13) at a ] ® 9 mA cm™
16066 https://doi.org/10.1021/acs.chemrev.2c00200
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when polarized at 0 V vs RHE under simulated 1-sun
illumination using a Xe lamp, an activity relatively close (J ~ S
mA cm™?) to that achieved using GalnP,-TiO, electrodes
coated with Pt nanoparticles at a surface loading of 13 nmol
cm™? (Figure 14b). The TON for the cobaloxime catalysts
over 20 h was 139,000, with a reported TOF of 1.9 s™" per site
when polarized at 0 V vs RHE. This work features a relatively
early example of using ALD surface coatings to leverage the
wealth of molecular attachment chemistries developed for
applications on metal oxide surfaces.

Rose and co-workers expanded their previous work involving
immobilization of DuBois-type Ni catalysts by developing a
strategy for attaching an analog of this complex containing a
phosphonated anchoring group (PNP) onto aluminum-doped
zinc oxide (AZO) thin films (Figure 15a).”°” The phosphonate
anchoring groups were selected since they yield relatively
stable attachment of molecular species to metal oxide surfaces,
while the AZO stabilizes the function of the device in aqueous
conditions, expands the window of operation, and beneficially
modulates the band-edge position. Using ALD, the AZO metal
oxide was deposited onto p-Si(111) modified with either
methyl (SilCH,IAZO) or a mixture of methyl and dimethoxy-
phenyl (SildiMeOPhIAZO) moieties, surface linkers that
effectively modulate the p—n heterojunction and onset
potential (V,,..) values. Successful functionalization was
confirmed via XPS, and Mott—Schottky analysis showed that
addition of the AZO to methylated Si surfaces resulted in a 0.1
V positive shift of the Vi,gp,nq (from +0.49 V vs NHE to +0.59
V vs NHE). Photoelectrochemical measurements were
conducted by immersing modified Si electrodes in MeCN
solutions containing 0.2 M LiClO, as the supporting
electrolyte and increasing amounts of tosylic acid (TsOH)
(up to S0 mM) under broadband LED illumination at 33 mW
cm™2 These experimental conditions were similar to those
used in the previously described example from the Rose
group,203 but TsOH, instead of TFA, was used as the source of
protons. The effect of the AZO interface was examined in
control experiments where the PEC performance of AZO-
modified methylated Si photocathodes coated with an
amorphous TiO, layer that were further functionalized with
the DuBois-type Ni catalysts, to form SilCH;/AZOITiO,|
NiPNP, was compared with the PEC performance of the
analogous assembly that did not contain the intervening AZO
coating (SilCH;ITiO,INiPNP). Photoelectrochemical experi-
ments conducted in MeCN solutions containing 0.2 M LiClO,
and 30 mM TsOH showed the SilCH,;IAZOITiO,INiPNP
photocathodes displayed a 70 mV positive shift in their V.,
(defined in their work as the potential required to achieve 0.5
mA cm™?) as compared to those recorded using samples of Sil
CH,|TiO,INiPNP (with V., of —0.12 V vs NHE versus
—0.19 V vs NHE, respectively) (Figure 15b). In addition, Sil
CH,IAZOITiO,INiPNP achieved a saturating J at —0.6 V vs
NHE, a potential 300 mV more positive than that measured for
SilCH;|TiO,INiPNP. Finally, the effect of the organic layer
between the Si surface and AZO metal oxide layer was studied
by comparing the PEC performance of assemblies that
contained Si surfaces modified with dimethoxyphenyl groups
(SildiMeOPhIAZOITiO,/NiPNP) in place of methyl groups.
Experiments conducted in MeCN solutions containing 0.2 M
LiClO, and 10 mM TsOH indicated that the V., of Sil
diMeOPhIAZOITiO,/NiPNP was —0.07 V vs NHE, a value
+0.10 V more positive than the V., of SilCH;/AZOITiO,|
NiPNP (—0.17 V vs NHE). This report demonstrated that

band edge energetics of photocathodes could be modulated by
varying the molecular components of the semiconductorl
catalyst interface. In more recent work by Gurrentz and Rose,
the authors showed that upon binding a metal ion to a bisPNP
ligand attached to a p-Si(111) surface, an enhanced band-
bending (thermodynamics) was the primary contributor to the
increased HER activity, whereas catalytic effects (kinetics)
were minimal.””® These results indicate that dipole and band-
edge engineering should be a primary consideration when
designing hybrid photoelectrosynthetic assemblies.

Reisner and co-workers have shown that TiO, films can be
used as a biocompatible interface for assembling redox-active
enzymes onto semiconducting materials, forming PEC
assemblies capable of driving H, production under visible-
light illumination.'"' These films also provide a protecting
layer for the semiconductor surface. In this work, H,-evolving
[NiFeSe]-hydrogenases, isolated from Desulfomicrobium bacu-
latum, were interfaced with TiO,-coated p-Si(100) surfaces
forming SilTiO,|[NiFeSe]H,ase assemblies (Figure 16a). This
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Figure 16. (a) Schematic representation of the [NiFeSe]-hydro-
genase-immobilized TiO,-coated p-Si photocathode. (b) Linear
sweep voltammograms of p-Si (green), p-Sil[NiFeSe]H,ase (blue),
p-SilTiO, (black), and p-SilTiO,|[NiFeSe]H,ase (red) electrodes
recorded in 0.50 M 2-(N-morpholino)ethanesulfonic acid (pH 6)
under 10 mW cm ™ illumination, at a scan rate of 10 mV s™". Adapted
with permission from ref 111. Copyright 2016 Wiley-VCH Verlag
GmbH & Co.

enzyme is known to display a bias toward HER even in the
presence of O,. The amorphous TiO, films (~500 nm) were
formed by dropcasting a solution of TiCl, in toluene on a
hydrogen-terminated Si surface followed by hydrolysis in air.
Preparation of the SilTiO,/[NiFeSe]H,ase electrodes was
achieved by dropcasting 3 uL of an 8 uM stock solution
containing the enzyme onto a 1 cm® SilTiO, electrode (this

https://doi.org/10.1021/acs.chemrev.2c00200
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Figure 17. (a) Schematic representation of photoelectrochemical cell containing a p-Si photocathode modified with a hierarchical 10-TiO, layer
decorated with [NiFeSe]-hydrogenases and a photoanode consisting of fluorine-doped tin oxide (FTO) electrode decorated with BiVO, and a
TiCo precatalyst. (b) Amount of H, (red) and O, (black) produced by the two-electrode configuration cell with a p-SillO-TiO,|[NiFeSe]H,ase
photocathode and an FTOIBiVO,ITiCo photoanode in 0.50 M MES and S0 mM KCl solution (pH 6) under 100 mW cm ™ illumination for 5 h
with no applied bias potential. Adapted with permission from ref 209. Copyright 2018 Wiley-VCH Verlag GmbH & Co.

equated to a per geometric area surface loading of 0.024 nmol
cm™?). For these assemblies, the authors postulated that
photoexcited electrons are transferred from the Si Ecp via the
TiO, layer to the active site of the NiFeSe enzyme.
Photoelectrochemical experiments were performed using a
nitrogen-saturated solution containing S0 mM of 2-(N-
morpholino)ethanesulfonic acid (MES) at pH 6 under 10
mW cm™> LED illumination. The ] response of SilTiO,|
[NiFeSe]H,ase was recorded while polarizing the electrodes
from +0.25 V to —0.20 V vs RHE and alternating between
illuminated and nonilluminated conditions every 25 mV (2.5 s
illuminated/2.5 s nonilluminated cycles and a scan rate of 10
mV s7'). Although control experiments performed using Sil
TiO, electrodes showed a photoresponse at —0.15 V vs RHE,
the authors attributed this result to charging of the TiO, Ecg.
Also, the ] measured using the SilTiO,|[NiFeSe]H,ase
photocathodes were significantly higher than those measured
using SilTiO, electrodes in all experiments (Figure 16b). For
example, when polarized at 0 V vs RHE under 10 mW cm™>
illumination for 1 h, the J produced by SilTiO,|[NiFeSe]H,ase
reached a stable value of 1 yA cm™ after 15 min, and H, was
generated with a near-unity FE. In control experiments using
SilTiO, photocathodes, the J was half that measured when
using the SilTiO,|[NiFeSe]H,ase photocathodes, and no H,
was detected. Controlled-potential polarization experiments
were also performed under alternating nitrogen and 10% CO
in nitrogen atmospheres. CO is a reversible inhibitor of the
hydrogenase active site, and in these experiments, the presence
of CO reduced the | response by about half. However, the |
recovered after the solution was flushed with nitrogen.
Although the authors indicated that the performance of the
hybrid construct was limited by the suboptimal loading of
hydrogenase on the TiO, layer and the relatively low light
intensity used in these experiments, the concept highlights an
approach of using enzymes to construct semibiological
assemblies.

Continuing their work involving hydrogenases, Reisner and
co-workers investigated the activity of a boron-doped p-
Si(100) photocathode modified with an inverse opal (IO)
TiO, layer that was functionalized with [NiFeSe]-hydro-
genases.”~ These constructs were prepared by depositing an

initial layer of TiO, (~4 nm as measured using atomic force
microscopy (AFM)) onto Si electrodes (0.178 cm?*) via ALD,
followed by application of an additional layer of IO-TiO, (~10
um) by co-assembly of TiO, NPs (P25, 21 nm) with
polystyrene beads (750 nm), followed by heating at 450 °C.
Hydrogenase enzymes isolated from Desulfomicrobium bacula-
tum were then dropcasted onto the TiO,-coated Si surfaces,
resulting in an enzyme surface loading of 80 pmol (equivalent
to 045 nmol cm™) as determined using quartz crystal
microbalance. These loadings on I0-TiO, were three and 27
times higher than those obtained using mesoporous and planar
TiO,, respectively. ATR-IR spectra of the hydrogenase-
modified assemblies (SillO-TiO,/[NiFeSe]H,ase) contained
diagnostic signals assigned to NH and CO vibrational modes
associated with the enzyme backbone. Controlled-potential
polarization of the SillO-TiO,|[NiFeSe]H,ase photocathodes
was performed in a three-electrode configuration using a S0
mM MES buffer (pH 6) and 50 mM KCl electrolyte solution
under simulated 1-sun illumination using a Xe lamp equipped
with an AM 1.5 G filter, an IR short-pass filter, and a 420 nm
long-pass filter. The SillO-TiO,|[NiFeSe]H,ase photocathodes
generated 17 + 3 ymol cm ™2 of H, (0.94 nmol H, cm™>s7") at
a FE of 86% as determined via GC analysis when polarized at 0
V vs RHE for 5 h. Control experiments conducted using SilIO-
TiO, modified with Pt nanoparticles in place of the
hydrogenase enzymes indicated the two assemblies achieved
similar activities and PEC performance. In addition, full water
splitting was achieved using a two-electrode configuration
where a SillO-TiO,|[NiFeSe]H,ase photocathode was con-
nected to a photoanode composed of a fluorine-doped tin
oxide (FTO) electrode decorated with BiVO, and TiCo
(Figure 17a). In the absence of an externally applied voltage,
the PEC cell achieved a J of 1 uA cm™ that remained stable
over S h, generating 0.47 & 0.03 ymol of H, and 0.20 ymol of
0, (0.15 nmol H, cm™ s™ and 0.06 nmol O, cm™ s7')
(Figure 17b). These values correspond to a FE of 98% =+ 14 for
H, production and 84% for O, production. Application of an
external bias (up to 0.40 V) resulted in an increased ] and
quantity of H, formed, with a FE of H, evolution that
remained above 80%.

https://doi.org/10.1021/acs.chemrev.2c00200
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Another example of successful immobilization of hydro-
genase enzymes onto an inorganic semiconductor surface for
applications in artificial photosynthesis was reported by Neale,
King, Branz, and co-workers.”' Native [Fe-Fe]-hydrogenases
from Clostridium acetobutylicum ([FeFe]H,ase) were adsorbed
onto nanoporous black p-Si(100) (b-Si). This semiconductor
was chosen over planar Si due to its inherent antireflection
properties and ability to suppress adhesion of H, bubbles. The
hydrogenase-modified photoelectrodes (b-Sil[FeFe]H,ase)
were shown to be active for H, production in a neutral
aqueous solution (1 M phosphate buffer, pH 6.8) under
illumination using a tungsten arc lamp equipped with a fiber-
optic cable (10 mW cm™2). V.. (defined in their work as the
potential required to achieve 0.1 mA cm™2) of the b-Sil
[FeFe]H,ase photocathodes was —0.22 V vs Ag/AgCl
(equating to + 0.39 V vs RHE),"® 280 mV more positive
than the V. recorded using unmodified b-Si, and the ]
reached a limiting value of 35 mA cm™ at —0.10 V vs RHE.
Upon increasing the intensity of illumination (from S to SO
mW cm_z) or increasing the geometric area loading of
hydrogenases (from 6 to 24 pmol cm™), the ] measured at
—0.60 V vs Ag/AgCl (+0.01 V vs RHE) increased linearly.
Mass-transfer of protons became a limiting factor when lower
concentrations (between 0.1 to 0.5 M) of buffer were used.
When polarized at —0.50 V vs Ag/AgCl (+0.11 V vs RHE) and
under 10 mW cm™? illumination, the b-Sil[FeFe]H,ase
photocathodes evolved H, at a ] ~ 1.4 mA cm™* with a FE
of 35% recorded over 60 min of operation. In these studies, a
decay in ] over the initial 10 min was attributed to desorption
or deactivation of the hydrogenase complexes. In control
experiments performed using b-Si samples modified with Pt
nanoparticles (b-SilPt NP) instead of hydrogenases, a similar
activity for H, production was achieved. The b-Sil[FeFe]H,ase
electrodes with a loading of 12 pmol cm™ achieved a J ~ 3 mA
cm™? when polarized at —0.5 V vs Ag/AgCl (+0.11 V vs RHE)
under SO mW c¢m ™ illumination. Given the loading of enzyme,
this equates to a TOF of ~1300 s™" per site. In addition, a
TON above 9.9 X 10° was reported for the immobilized
enzymes following S h of illumination at 10 mW cm™>. Further,
electrochemical impedance spectroscopy (EIS) performed at a
Vi = —0.35 V vs Ag/AgCl (+0.26 V vs RHE) and using S mW
cm™? illumination indicated the interfacial charge-transfer
resistance was 0.6 kQ for the b-Sil[FeFe]H,ase photocathodes
(a value similar to the 1 kQ measured when using b-SilPt NP
photocathodes) and 32 kQ for unmodified b-Si photo-
electrodes.

Reisner and co-workers immobilized analogs of DuBois-type
Ni catalysts bearing phosphonic acid anchoring groups (NiP)
or diamine-dioxime cobaloxime catalysts bearing phosphonic
acid anchoring groups (CoP?) to p-type Si electrodes modified
with mesoporous metal oxide overcoatings.'”® In this work,
mesoporous TiO,, selected to increase the loading capacity,
was spin-coated onto Si surfaces followed by annealing in air to
give a 6 pm thick TiO, coating (SilmesoTiO,). The metal
oxide films were imaged using SEM, and electrode surfaces
modified with Ni- or Co-based catalysts were studied using
ATR-IR and XP spectroscopies. The mesoporous nature of the
metal oxide films resulted in relatively high surface areas as
compared to planar Si wafers and enabled catalyst surface
loadings of 38.3 + 4.2 nmol cm ™ for the Ni catalyst and 93.9
+ 8.9 nmol cm™® for the Co catalyst. Three-electrode
voltammetry measurements were conducted in aqueous
HCOOH solutions (0.1 M, pH 4.5) under 1-sun illumination

using a Newport Oriel lamp equipped with AM 1.5 G and 400
nm long-pass filters, and alternating between illuminated and
nonilluminated conditions in 5 s intervals, at a scan rate of 10
mV s~ Voltammograms of SilmesoTiO, electrodes (with and
without catalysts) showed an V. (defined in their work as
the potential required to achieve a J = 10 yA cm™) at + 0.4 V
vs RHE. However, addition of the molecular catalysts to Sil
mesoTiO, photocathodes (forming SilmesoTiO,NiP or Sil
mesoTiO,/CoP?) resulted in an increase in J recorded at 0 V vs
RHE from 0.1 mA cm™> for SilmesoTiO, electrodes to 0.34
mA cm™? for the catalyst-modified SilmesoTiO, electrodes.
Controlled-potential polarization experiments performed at 0
V vs RHE using SilmesoTiO,INiP under continuous
illumination for 24 h indicated a TON of 646 + 141 with a
FE up to 87% after 6 h and 76% after 24 h. Structural analysis
following 24 h of PEC operation via ATR-IR and XP
spectroscopy indicated the NiP catalysts maintained their
molecular integrity, with no evidence of nonmolecular Ni
species on the surface. In contrast, the SilmesoTiO,|CoP?
photoelectrodes lacked the diagnostic spectral signals of the
molecular species, indicating potential instability of the
cobaloxime catalysts following 24 h of PEC operation.

Following on their earlier work using cobaloxime-type
catalysts, Moore and co-workers showed that Co and Fe
porphyrins (electrocatalysts able to reduce H* and CO,) can
be directly immobilized onto the surface of p-GaP(100) using
metalloporphyrins that were synthetically modified to include a
covalently attached vinylphenyl group at the periphery (f-
position) of the porphyrin macrocycle (Figure 18a).”"
Successful immobilization of both Co and Fe porphyrins
following UV-induced grafting chemistry was confirmed using
GATR-FTIR and XP spectroscopies. ICP-MS indicated a Co
porphyrin loading of 0.59 + 0.03 nmol cm™> The Co
porphyrin-modified photocathodes (GaPICoP) were active for
stable solar H, production in neutral aqueous conditions (0.1
M phosphate buffer, pH 7) under simulated 1-sun illumination
using Oriel Solar Simulator equipped with an AM 1.5 G filter,
while the analogous assembly containing Fe porphyrins (GaPI
FeP) showed significant diminution of PEC performance
(Figure 18b) including a rapid loss in J following illumination
during controlled-potential polarization measurements. Both
electrodes displayed an V. of +0.61 V vs RHE (0.04 V more
positive than unmodified GaP electrodes). When polarized at 0
V vs RHE, GaPICoP achieved a ] = 1.31 mA cm™> and GaPl
FeP obtained a ] = 1.29 mA cm™> However, the FE for H,
production when using GaPIFeP was only 45%, while the FE
for H, production when using GaPICoP was near unity
(equating to an HER activity of 3.9 H, s~ Co™). Considering
only photons within the actinic range of GaP (280—549 nm),
an EQE of 19% was measured using GaPICoP electrodes
polarized at 0 V vs RHE. Using either the enthalpy of H,
combustion (higher heating value of 286 kJ mol™") or change
in Gibbs free energy (237 kJ mol™'), yields an optical to
chemical power conversion efficiency (which is the ratio of the
output chemical power to the spectral irradiance from
280—549 nm) of 11% and 9%, respectively.

In more recent work, Moore and co-workers published an
analysis of charge recombination kinetics involving metal-
loporphyrin-modified semiconductors used for PEC hydrogen
generation.”'” The constructs used in this report were
prepared via the previously reported one-step photochemical
grafting method,*"" which does not rely on the coordination
chemistry of a specific metal site and thus enables

https://doi.org/10.1021/acs.chemrev.2c00200
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Figure 18. Schematic representation of metalloporphyrin-modified GaP using a (a) direct attachment strategy or (c) polymeric interface. (b)
Linear sweep voltammograms of GaP (black), GaPIFeP (brown), and GaPICoP (green) recorded in 0.1 M phosphate buffer (pH 7) in the dark
(dashed lines) or under 100 mW cm™? illumination (solid lines), at a scan rate of 100 mV s™'. (d) Linear sweep voltammograms of GaPIPPylCoP
electrodes recorded in 0.1 M phosphate buffer (pH 7) in the dark (dotted purple) or under 100 mW cm ™ illumination (solid purple), at a scan rate
of 100 mV s™". The calculated HER activity per cobalt center is included on the right-coordinate axis. (a, b) Adapted with permission from ref 211.
Copyright 2017 Royal Society of Chemistry. (¢, d) Adapted with permission from ref 213. Copyright 2017 American Chemical Society.

functionalization of GaP semiconductors with a range of
metalloporphyrins featuring different metal centers including
Fe, Co, Ni, Cu, or Zn complexes. Linear sweep voltammo-
grams recorded in pH-neutral aqueous solutions under
simulated solar illumination showed the metalloporphyrin-
modified GaP electrodes displayed relatively similar values of
Jio but significantly varied in their values of V. and fill factor,
and displayed overall different waveform shapes for their
respective J—V curves. These results set the stage for better
understanding structure—function relationships governing the
performance of molecular-modified photoelectrodes as well as
strategies to optimize their architectures and performance.

In addition to the direct grafting of metalloporphyrins
containing ‘built-in” vinylphenyl surface-attachment functional
groups, Moore and co-workers also showed that Co porphyrins
can be immobilized on p-GaP(100) surfaces using an initially
applied PPy surface coating similar to that used in previous
work from their group for immobilizing cobaloxime-type
catalysts (Figure 18c).”"” Following wet chemical processing of
GaPIPPy surfaces featuring a relatively thin-film PPy coating
(1.45 + 0.17 nm), analysis via ICP-MS, ellipsometry, and XPS,
indicated 25% of the pyridyl nitrogens coordinated to Co
porphyrin metal centers, yielding a surface concentration of
~0.39 Co cm ™2 When photoelectrochemically characterized in

neutral aqueous conditions (0.1 M phosphate buffer, pH 7)
under simulated AM 1.5 G illumination (Oriel Solar Simulator,
100 mW cm™2), the cobalt porphyrin-polypyridyl-modified
photocathodes (GaPIPPylCoP) achieved an V,_ of +0.65 V vs
RHE (80 mV more positive than that recorded using
unmodified GaP electrodes) and a J = 1.27 mA cm™ when
polarized at 0 V vs RHE (Figure 18d). Given the near-unity
(93%) FE of these assemblies for H, production, this equates
to an HER activity of 10 uL min~! em™ or 17.6 H, s™' Co™..
Comparison of GATR-FTIR spectra collected before and after
60 min of PEC operation indicated that the molecular integrity
of the surface-immobilized Co porphyrin species remained
intact.

Moore and co-workers developed GaAs (with a smaller band
gap of 1.43 eV as compared to the GaP band gap of 2.26 eV
used in their previous works) photoelectrosynthetic assemblies
featuring polymeric coatings containing cobaloxime-type HER
catalysts (GaAsIPPylCobaloxime) (Figure 19a).”'* When used
as a working electrode wired in a three-electrode assembly
under simulated AM 1.5 G illumination in 0.1 M phosphate
buffer (pH 7), the construct achieved ] > 20 mA cm™?
enabling identification of fundamental performance-limiting
factors encountered at relatively high rates of fuel formation.
Experiments conducted under varying Vj, pH, illumination

https://doi.org/10.1021/acs.chemrev.2c00200
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Figure 19. (a) Schematic representation of a cobaloxime-type catalyst immobilized onto a GaAs electrode via an intervening thin-film polypyridyl
coating. (b) Linear sweep voltammograms of GaAs/PPylCobaloxime electrodes recorded in 0.1 M phosphate buffer (pH 7) in the dark (dashed
black) or under 75 (red), 125 (green), 175 (blue), and 200 (violet) mW cm™ illumination and at 100 mV s™". (c) Limiting current densities
recorded at less negative bias potentials (squares) and more negative bias potentials (circles) versus the illumination intensities from (b). (d)
Linear sweep voltammograms of GaAs|IPPylCobaloxime electrodes recorded in 0.1 M phosphate buffer (pH 7) under 100 mW cm™ illumination
and at scan rates of 10 (red), SO (orange), 100 (light green), 200 (green), 500 (light blue), 700 (blue), 1000 (violet), 1200 (gray), and 1500
(black) mV s7". (e) Limiting current densities recorded at less negative bias potentials (squares) and more negative bias potentials (circles) versus
the square root of the scan rates from panel d. Adapted with permission from ref 214. Copyright 2021 American Chemical Society.

intensity, and scan rate, indicated a potential-dependent
switching of the mechanism of PEC H, production. At
relatively low polarization and pH, the limiting photoactivity
was independent of illumination conditions and attributed to a
mechanism involving reduction of substrate protons (Figure
19b,c). At relatively high polarization or pH, the limiting
photoactivity showed a linear response to increasing photon
flux and was attributed to a mechanism involving reduction of
substrate water. Contributions from surface states to the
waveforms of the linear sweep voltammograms were not ruled
out. Nonetheless, this work highlights diagnostic tools for
better understanding these processes and illustrates the
complex interplay between transport of photons, electrons,
and chemical substrates in photoelectrosynthetic reactions.

16071

As an alternative strategy to immobilizing molecular
electrocatalysts to the surfaces of semiconductors to improve
their PEC performance, Neale and co-workers have attached
fluorinated aromatic compounds with strong dipoles to the
semiconductor surfaces to tune the V., of zinc-doped p-
GaAs(100) photocathodes (Figure 20) and thus reduce 7
associated with H, production.”’® The attachment was
performed via salt-metathesis chemistry using Grignard
reagents or lithiated precursors, and the molecular-modified
surfaces were characterized by XPS. In general, the samples
featuring surface modification via use of lithiated precursors
yielded higher surface coverages of immobilized aromatic
compounds than those prepared using Grignard reagents, and
displayed relatively greater shifts in V. (defined in their
work as the zero-photocurrent density point of a linear

https://doi.org/10.1021/acs.chemrev.2c00200
Chem. Rev. 2022, 122, 16051-16109



Chemical Reviews

pubs.acs.org/CR

regression fit to the linear portion of each current—potential
curve). For example, when GaAs electrodes functionalized
using the lithiated 4-(trifluoromethyl)phenyl precursor were
characterized in pH —0.5 electrolyte (3 M H,SO,) under
simulated 1-sun illumination using a quartz tungsten halogen
lamp, the V. was +0.04 V vs RHE, a potential 0.14 V more
positive than that achieved using unmodified GaAs electrodes
under otherwise identical experimental conditions. Conversely,
when using GaAs electrodes functionalized via the related
Grignard reagent (4-(trifluoromethyl)phenyl magnesium bro-
mide) and otherwise identical experimental conditions, the
Vonset Was 0.10 V more positive than that achieved using
unmodified GaAs electrodes. Molecular modification of the
GaAs surfaces also resulted in delayed surface oxide formation.
Although the immobilized molecular species were unstable
after 50 h of controlled-potential polarization at —0.50 V vs
RHE, a | = 20.5 mA cm™> was achieved during these
experiments.

R,=F, R,=F
R,=F, R,=CF,
R,=H, R,=CF;

Figure 20. Schematic representation of molecular-modified p-GaAs
surface using fluorinated aromatic molecules. Adapted with
permission from ref 215. Copyright 2017 Wiley-VCH Verlag
GmbH & Co.

Reisner, Domen, and co-workers have interfaced TiO,-
coated LayTi,CugoAgy;SsO; (LTCA) (chosen because of its
relatively broad range of light absorption, including wave-
lengths up to 710 nm) with H,-evolving DuBois-type Ni
bis(diphosphine)-based catalysts (NiP) (used to exploit its
activity under mildly acid operating conditions), forming
LCTAITiO,INiP assemblies.”’® The nanostructured LTCA
surfaces were stabilized with a thin TiO, layer (~2 nm),
deposited using reactive radio frequency magnetron sputtering
followed by annealing under air. The initially applied TiO,
layer minimized charge recombination and provided a platform
with a high affinity for attachment to the phosphonic acid
anchoring groups of the Ni-catalyst. The rod-like morphology
of the LTCA nanostructures enabled a catalyst loading of 33.7
+ 2.4 nmol cm™?, as determined via SEM studies and UV—vis
spectroscopic analysis of a solution containing Ni catalysts
desorbed from the semiconductor surface. During controlled-
potential polarization experiments performed in aqueous
solutions (0.1 M Na,SO,, pH 3) under simulated 1-sun
illumination using a SAN-EI solar simulator equipped with an
AM 1.5 G filter and a 300 nm long-pass filter, the LCTAITiIO,)|
NiP constructs achieved an initial ] = 0.20 mA cm™* when
polarized at +0.30 V vs RHE. A decrease in the ] by ~50%
following 3 h of controlled-potential polarization was
attributed to catalyst desorption or degradation, consistent
with the ~50% loss of catalyst from the surface measured
following PEC operation over the same 3 h duration. H, was

detected via GC analysis, and the associated FE was 87%. A
TON of S0 per site was calculated for the immobilized Ni
catalysts in these assemblies.

Artero and co-workers reported a PEC assembly consisting
of a boron-doped p-Si(100) surface protected with a 1S nm
layer of TiO, deposited via ALD (to passivate the semi-
conductor surface) and a second layer of mesoporous TiO,
nanoparticles deposited using spin-coating (to protect the
catalyst-surface linkage).”'” Cobalt diamine-dioxime molecular
catalysts bearing decylphosphonate anchoring groups (Coc;;p)
were then immobilized onto the mesoporous TiO, surface
coating, followed by deposition of an additional 0.2 nm TiO,
layer via ALD to prevent hydrolysis of the phosphonate
anchoring groups (Figure 21a). The Co catalyst-TiO,-
modified Si photocathodes (SilALD-TiO,ISC-TiO,lCo¢;;pl
ALD-TiO,) were structurally characterized via FTIR and XP
spectroscopies, and the per geometric area catalyst loading was
674 + 0.42 nmol cm > as determined using inductively
coupled plasma atomic emission spectrometry (ICP-AES).
Linear sweep voltammetry experiments conducted in neutral
pH (1 M phosphate buffer) under simulated 1-sun
illumination using a Xe lamp showed the SilALD-TiO,ISC-
TiO,|Coc;;plALD-TiO, electrodes were active for H,
production, achieving a J = 1.25 mA cm™> when polarized at
0 V vs RHE (Figure 21b). In comparison, control experiments
performed using photoelectrodes without the 0.2 nm TiO,
overlayer (SilALD-TiO,|SC-TiO,|Coc;p) vielded a J = 0.5 mA
cm™ when polarized at the same potential. Controlled-
potential polarization at 0 V vs RHE using SilALD-TiO,ISC-
TiO,|Co¢1plALD-TiO, electrodes indicated the J remained at
~1.25 mA cm 2 and generated 17.3 ymol H, cm™ (4.8 nmol
cm™ s7') over the course of 1 h with a FE of 84% as
determined via GC analysis. Given the reported catalyst
loading, this yields an apparent TOF of 0.071 s per site and
the TON for the immobilized Co catalysts over 1 h was
estimated to be 260.

Artero and co-workers also reported covalent attachment of
a cobaloxime catalyst bearing an axial 4,4’-pyridine ligand
functionalized with two carboxylic acid anchoring groups
(CoHEC) (Figure 22) onto CuFeQ, delafossite, a material
with a band gap of ~1.5—1.6 eV and based on earth-abundant
elements.”"® In this work, copper-iron oxide (CuFe,0,) films
(denoted here as CuFe, O, o1) were prepared via spin coating
a mixture of 0.2 M Cu(NO;),-3H,0 and 0.2 M Fe(NO;),-
9H,0 onto a glassIFTO substrate followed by heating up to
200 °C in air for 30 min to stabilize the films. This process was
repeated five times, and at the last annealing step the substrate
was heated at 450 °C for 30 min and then at 600 °C for 2 h
under argon flow to eliminate all organic residues, reduce
Cu(II) to Cu(I), and crystallize the Cu-Fe oxide films. On one
batch of samples, amorphous TiO, was deposited using ALD
to form samples of CuFe,O,/TiO,. On another batch, the
CuFe,O,p o1 surface was nanostructured using a F108 triblock
copolymer template to form samples of CuFe,O,srpucr-
Characterization of the CuFe,O,par and CuFe,Osrrycr
surfaces was performed using SEM, X-ray powder diffraction
(XRD) analysis, and EDX as well as Raman spectroscopies.
XRD analysis showed the presence of CuFeO,, CuFe,0,, and
Fe,0; phases on CuFe,Oyp a1, whereas CuFe,Oygrrycr Was
composed of only CuFe,O,. According to the Tauc plots
generated from UV-—vis absorption measurements, Cu-
Fe,Oypar exhibited an indirect band gap and two direct
band gaps associated with CuFeO, and CuFe,O, phases, as
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Figure 21. (a) Schematic representation of a cobalt catalyst-
functionalized Si. (b) Linear sweep voltammograms of SilALD-
TiO,ISC-TiO,|Coc;plALD-TiO, electrodes recorded in 1 M
phosphate buffer (pH 7) in the dark (magenta) or under 100 mW
cm ™2 illumination (red), at a scan rate of 10 mV s™\, as well as Sil
ALD-TiO,ISC-TiO,|Co¢;p electrodes recorded in 1 M phosphate
buffer (pH 7) in the dark (violet) or under 100 mW cm™
illumination (black), at a scan rate of 10 mV s™'. Adapted with
permission from ref 217. Copyright 2019 Royal Society of Chemistry.

well as another indirect band gap associated with an Fe,O;
parasitic phase. A Vi q..4 of ~+0.70 V vs RHE was estimated
for CuFe,Oyp; ot from EIS data performed in the dark and V.
. . . -2
measurements performed under illumination (65 mW cm
using a filtered light source that included only the 400—780
nm portion of the solar spectrum), both performed using 0.2

FTO
CuFe,0,

Figure 22. Schematic representation of a cobaloxime-functionalized
CuFe,O,. Adapted from ref 218. Copyright 2020 Royal Society of
Chemistry.

M phosphate buffer as the electrolyte. Assuming the Eyp of
CuFe,O,p 4t is located ~0.1-0.2 V positive of Viatbana - Evs
was determined to be +0.8 to +0.9 V vs RHE. Considering the
indirect band gap of 1.6 eV, the authors placed the Ecj
potential at —0.7 to —0.8 V vs RHE. CuFe,O,|TiO, electrodes
were characterized using ellipsometry, SEM, XRD analysis, and
EDX as well as XPS. CoHEC was grafted onto CuFe,Oysrryct
and CuFe,O,ITiO, via soaking in methanolic solutions
containing 0.7 mM of CoHEC overnight to yield Cu-
Fe,Oysrruct/CoHEC and CuFe,O,ITiO,|CoHEC, respectively,
and the presence of the Co catalyst was evidenced using UV—
vis spectroscopy, ICP-AES, and XPS. Linear sweep voltammo-
grams recorded using CuFe,Oysrrycr/CoHEC electrodes
under illumination (65 mW cm™% 400—780 nm) in 0.2 M
phosphate buffer (pH 6.7) yielded an V., (defined by the
authors as “the potential at which the semiconductor starts to
show photocurrents”) of +0.7 V vs RHE. Although grafting
CoHEC on the surface of CuFe,O,srpycy) to form
CuFe,O,srryct/CoHEC, approximately doubled the ] re-
corded in linear sweep voltammetry experiments and
quadrupled the ] recorded in controlled-potential polarization
experiments, desorption of the catalyst and degradation of the
electrode occurred during these measurements. Conversely,
the CuFe,O,ITiO,|CoHEC electrodes, featuring a TiO,
protection layer, displayed a relatively stable ] when polarized
at +0.40 V vs RHE over 20 min with values of 7.6 + 2 nmol H,
cm™>, a FE of 54%, a TON of 90 =+ 30, and a TOF of 0.08 s~
Under slightly higher illumination intensities (100 mW cm ™2,
400—780 nm), the construct yielded a FE of 88% and a TON
of 90 within 20 min. Although the ] achieved using TiO,-
protected photoelectrodes were significantly lower than those
measured using electrodes without TiO, layers, the authors
noted that the presence of TiO, significantly and positively
affected the FE for H, evolution and prevented at least partially
the photocorrosion of the semiconductor. However, as noted
by the authors, the stability of CuFe,O, material remains
challenging and must be further improved for PEC
applications.

Yang, Neale, and co-workers have reported the use of four
different aromatic-molecular layers (pyrene (Pyr), naphthalene
(Nap), styrene (Sty), and 4-trifluoromethylstyrene (StyCF;))
to immobilize Co bis(benzene-dithiolate) ([Co]) through
noncovalent 77—z interactions on nanoporous b-Si photo-
electrodes.””® b-Si was selected because it has a surface area
five times higher than its projected area due to its
nanostructure. [Co] was used because of its ability to engage
in 7—rn interactions with the aromatic layers. The aromatic

https://doi.org/10.1021/acs.chemrev.2c00200
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Table 2. Summary of Data from Yang, Neale, and Co-workers”

sample ¢ (eV) Viatbana (V vs RHE) Vonset (V vs RHE) pseudo fill factor
b-Si 3.99 +0.18 + 0.01 —0.31 = 0.01
b-SilPyr 4.04 +0.25 + 0.01 —0.38 + 0.01
b-SilNap 4.03 +0.21 + 0.01 —0.40 + 0.02
b-SilSty 3.93 +0.26 + 0.02 —0.52 + 0.01
b-SilStyCF; 4.19 +0.23 + 0.02 —0.61 + 0.02
b-Sil[Co] +0.24 + 0.01 —0.17 + 0.02 0.55 + 0.02
b-SilPyr|[Co] 3.73 +0.24 + 0.01 —0.21 + 0.02 0.57 + 0.02
b-SilNapl[Co] 3.89 +0.22 + 0.01 —0.19 + 0.02 0.63 + 0.02
b-SilStyl[Co] 3.93 +0.20 + 0.01 —027 + 0.04 0.52 + 0.03
b-SilStyCF;l[Co] 3.92 +0.20 + 0.01 —0.21 + 0.02 0.55 + 0.01

“Adapted with permission from ref 220. Copyright 2020 American Chemical Society.

moieties were covalently attached to hydrogen-terminated b-Si
surfaces via thermally induced grafting of vinyl-modified
analogs (e.g.,, 1-vinylpyrene or 2-vinylnaphthalene). Successful
modification of the aromatic-molecular coatings was confirmed
via FTIR spectroscopy. Although a surface coverage of the
molecular layers was not determined, the authors hypothesized
that the surface coverage depended on the size of the
molecular moieties. Thus, the authors indicated the surface
coverage of the modified b-Si electrodes should be as follows:
b-SilPyr < b-SilNap < b-SilStyCF; < b-SilSty. Catalyst
immobilization on the b-SilAromatic electrodes was confirmed
using XPS, and from these data the work function (¢, energy
difference between Ey and vacuum) was determined. The ¢
values of b-SilPyr and b-SilNap were 50 meV positive of the ¢
associated with unmodified b-Si (3.99 V), whereas the ¢ of b-
SilSty was 50 meV negative of the ¢ associated with
unmodified b-Si. However, the ¢ of b-SilStyCF; was 200
meV positive of the ¢ associated with unmodified b-Si, which
was attributed to the induction of a strong, positive dipole at
the b-SilStyCF, surface (Table 2). After [Co] immobilization,
the ¢ for all samples was 3.9 eV except b-SilPyrl[Co], where ¢
was 3.73 eV (Table 2). This difference was attributed to a
relatively smaller surface coverage in b-SilPyrl[Co] samples
that resulted in placement of the Co catalysts closer to the b-Si
surface, ultimately changing its energetics. Photo-
electrochemical characterization of all samples was performed
in acidic aqueous conditions (0.1 M H,SO,, pH 1.5) under
simulated 1-sun illumination using an ABET Technologies Sun
3000 Solar Simulator. In the dark, all electrodes (unmodified,
aromatic-modified, and [Co] catalyst-aromatic-modified)
showed negligible ] (<2.5 mA cm™2). V., (defined in their
work as the potential required to achieve 1 mA cm™) was
observed at relatively more negative potentials for all the b-Sil
Aromatic electrodes in comparison with the unmodified b-Si
electrodes (—0.31 Vvs RHE). V., values of b-SilPyr and b-Sil
Nap were —0.38 V vs RHE and —0.40 V vs RHE, respectively
(<100 mV more negative than unmodified b-Si), and V.
values of b-SilSty and b-SilStyCF; were —0.52 V vs RHE and
—0.61 V vs RHE, respectively (>200 mV more negative than
unmodified b-Si) (Table 2). Additionally, b-SilPyr and b-Sil
Nap electrodes reached a light-limited J of 35 mA cm™> when
polarized at potentials between —1.0 and —1.2 V vs RHE,
while b-SilSty and b-SilStyCF; approached a light-limited J of
35 mA cm™? near —1.7 V vs RHE. Following immobilization of
[Co] on the aromatic-modified b-Si photocathodes, V.
values associated with the Co catalyst-aromatic-modified b-Si
photocathodes were approximately —0.2 V vs RHE (Table 2).
The authors indicated this observation was consistent with the

Vinset Deing independent of the identity of the aromatic layer
when the [Co] catalyst was present. At any given potential,
voltammograms of b-SilAromaticl[Co] photocathodes showed
no greater than 20 mA cm™ of additional ] compared to
voltammograms of b-SilAromatic photocathodes. Assuming a
surface coverage of 1 nmol cm™ (similar to a reported b-Sil
Ferrocene assembly),””' the authors indicated that a TOF of at
least 110 s™* for the immobilized molecular catalysts would be
required to sustain the additional J. In addition, intensity-
modulated high-frequency resistivity was used to measure the
Viatana- Following modification of the b-Si surfaces with the
aromatic layers and [Co] catalyst, Vi pana Of all samples varied
from +0.20 V to +0.26 V vs RHE (Table 2), indicating these
surface modifications had minimal impact on the thermody-
namics of the semiconductor band positions. These results
indicate that kinetics associated with interfacial catalytic
reactions can be decoupled from thermodynamics associated
with underlying semiconductor, which the authors state is
governed mainly by the molecular surface coverage. The values
of Vo and Vig.nq measured using b-Si photocathodes
modified only with the [Co] catalyst (b-Sil[Co]) (i.e., without
the intervening aromatic molecular layer) were —0.17 V and
+0.24 V vs RHE, respectively. Pseudo fill factors (pFF) were
calculated to compare corrected and normalized J—V curves of
b-SilAromaticl[Co] photocathodes against b-Sil[Co] photo-
cathodes. Samples of b-SilNapl[Co] were the most kinetically
competent with a pFF of 0.63, while samples of b-SilPyrl[Co],
b-SilCF;|[Co], and b-SilStyl[Co] had pFFs of 0.57, 0.55, and
0.52, respectively. For comparison, samples of b-Sil[Co] had a
pFF of 0.55 (Table 2). The authors proposed variations in pFF
across samples were likely due to differences in surface
coverages and 7-coupling interactions, the latter of which has
been shown to improve charge-transfer kinetics at the metall
molecule junctions. The authors indicated the degree of -
coupling depends on the size of the aromatics involved (where
larger aromatics exhibit stronger coupling) and the electron
density between them (where electron-rich/electron-poor
pairs exhibit stronger coupling than electron-rich/electron-
rich or electron-poor/electron-poor). Hence, b-SilNapl[Co]
and b-SilPyrl[Co] displayed relatively higher pFFs due to the
strong degree of 7-coupling, and the pFF of b-SilNapl[Co] was
larger than b-SilPyrl[Co] likely due to the relatively larger
surface coverages associated with samples of SilNapl[Co]
versus b-SilPyrl[Co]. The authors also hypothesized that #-
coupling should be weaker in b-SilStyl[Co] and b-SilStyCF,|
[Co] compared to the b-SilNapl[Co] and b-SilPyrl[Co]
constructs due to the smaller size of the aromatic in the
molecular layer, but b-SilStyCF;l[Co] contains stronger

https://doi.org/10.1021/acs.chemrev.2c00200
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coupling due to the electron-poor nature of this moiety. These
variations in pFFs for the b-SilAromaticl[Co] samples
compared to pFF of b-Sil[Co] samples highlight the
importance of additional interactions such as Van der Waals
forces between the [Co] catalyst and aromatic layer.

Wang and co-workers covalently immobilized a Co
tetraazamacrocyclic complex, an efficient and stable catalyst
for HER, featuring a DCP (2,6-dicarboxypyridin-4-yl)
anchoring group (denoted as Co(CR-DCP)) onto a TiO,-
protected p-Si electrode.”*” The TiO, was deposited onto p-Si
via doctor-blading a paste of TiO, nanoparticles (18—20 nm)
followed by annealing. Field-emission SEM images indicated
the porous microstructure of the TiO, film had a film thickness
of about 5.0 um. The SilTiO, electrode was then function-
alized with the catalyst by soaking the electrode in a
methanolic solution containing 1.0 mM of Co(CR-DCP) for
16 h to form the hybrid construct SilTiO,lCo(CR-DCP)
(Figure 23a). XPS confirmed the presence of the catalyst on
the surface, and inductively coupled plasma optical emission
spectrometry (ICP-OES) analysis yielded a catalyst loading of
37.8 + 5.8 nmol cm™>. ATR-IR measurements further
confirmed characteristic signals associated with the DCP
anchor, pyridyl moieties, and Schiff base ligand. Linear sweep
voltammetry was recorded using a three-electrode assembly in

@
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Dark: 100 mW cm2:
Si[TiO,|Co(CR-DCP) — Si[TiO,
— Si[TiO,|Co(CR-DCP)

Figure 23. (a) Schematic representation of a cobalt-tetra-
azamacrocyclic-functionalized Si photocathode. (b) Linear sweep
voltammograms of SilTiO, (blue) and SilTiO,ICo(CR-DCP) (pink)
recorded in 0.1 M acetate buffer (pH 4.5) under 100 mW cm™
illumination, at a scan rate of 10 mV s, as well as SilTiO,|Co(CR-
DCP) (yellow) recorded in 0.1 M acetate buffer (pH 4.5) in the dark,
at a scan rate of 10 mV s~'. Adapted from ref 222. Copyright 2021
Royal Society of Chemistry.

0.1 M acetate buffer (pH 4.5) under 100 mW cm™
illumination generated by a simulated-solar-light source
equipped with a 400 nm long-pass filter. Under these
conditions, SilTiO,/Co(CR-DCP) achieved a | = 682 uA
cm ™2 when polarized at 0 V vs RHE (Figure 23b) and an V.,
(defined in this work as the potential required to achieve a | =
0.01 mA cm™2) of +0.37 V vs RHE. When the acetate buffer
was replaced with phosphate buffer (pH 7) or borate buffer
(pH 9), the J values when polarized at 0 V vs RHE were ~0.15
and ~0.10 mA cm™?, respectively. In addition, replacement of
the S ym TiO, porous layer with a 5 nm TiO, film deposited
using ALD resulted in a decrease of J to 90 A cm™2, which
was attributed to a relatively lower catalyst loading. EIS was
performed at 0 V vs RHE under the same illumination
condition used in the linear sweep voltammetry experiments.
The Nyquist impedance data were modeled using a Randles
equivalent circuit consisting of the solution resistance,
interfacial electron transfer resistance (R.), and constant
phase element to show the calculated value of R decreased
from 3336 Q for bare SilTiO, to 646 Q for SilTiO,|Co(CR-
DCP). Further, intensity modulated photocurrent spectrosco-
py, using electrodes polarized at 0 V vs RHE, indicated
immobilization of Co(CR-DCP) on the surface of SilTiO,,
yielded a surface electron transfer rate constant that was a
factor of 10 higher, and a charge recombination rate constant
that was decreased by the factor of 2. Controlled-potential
polarization measurements performed at 0 V vs RHE under the
same illumination conditions used in the linear sweep
voltammetry and EIS experiments showed the SilTiO,
Co(CR-DCP) electrodes displayed a relatively steady J =
527 + 35 uA cm™? over 10 h. During the first 2 h of the
controlled-potential polarization, this electrode yielded a FE of
80 + 4% for H, evolution. Experiments recorded using Sil
TiO,/Co(CR-DCP) polarized at 0 V vs RHE, and illumination
with monochromatic light from a LED lamp with wavelengths
ranging from 420 to 800 nm, yielded EQE values ranging from
10.34—13.50%. ICP-OES, XPS, and ATR-IR results showed
that 83% of the loaded Co catalysts remained intact on the
TiO, surface after 10 h of controlled-potential polarization,
and the authors ascribed this durability to the relatively stable
attachment of the DCP anchoring group to the TiO, surface,
where DCP can not only covalently bond to the Bronsted-acid
sites (Ti-OH) of the surface through two carboxyl groups but
also form coordination bonds involving pyridyl nitrogens and
Lewis-acid sites of unsaturated surface titanium ions (i.e.,
exposed Ti"" cations).

7.2. Photoelectrochemical CO, Reduction

One of the original reports on PEC reduction of CO, was by
Parkinson and Weaver.”*’ The authors describe the coupling
of a p-type InP semiconductor, where the Ecg in aqueous
solutions between pH 6 and 8 is more negative than the
thermodynamic potential required for the reduction of CO,,
with formate dehydrogenase enzymes, which are selective for
the formation of HCOO™. This work showed that photo-
generated electrons from a semiconductor could be trans-
ferred, via use of an electron mediator (methyl viologen), to
the enzyme dissolved in solution, resulting in selective
reduction of CO, to HCOO™.

Arai, Sato, and co-workers described the PEC conversion of
CO, to HCOOH in aqueous conditions using a Zn-doped p-
type InP photocathode modified with a Ru-based polymer,
[Ru(L-L)(CO),], (RCP), where L-L is a diamine ligand

https://doi.org/10.1021/acs.chemrev.2c00200
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Figure 24. (a) Schematic representation of a Ru-based polymeric film on p-InP. (b) Linear sweep voltammograms of InPIRCP electrodes recorded
in Ar-saturated aqueous media (pH 4) in the dark (dashed gray) or under visible light (400 < A < 800 nm) illumination (solid gray), as well as of
InPIRCP electrodes recorded in CO,-saturated aqueous media (pH 4) in the dark (dashed black) or under visible light (400 < 4 < 800 nm)
illumination (solid black). Adapted from ref 224. Copyright 2010 Royal Society of Chemistry.

(Figure 24a).”** The polymeric film was formed on the InP
surfaces through photoelectropolymerization of Ru[(L-L)-
(CO),CL] in a 0.1 M tetrabutylammonium perchlorate
MeCN solution. Controlled-potential polarization at —0.60 V
vs Ag/AgCl was performed using an RCP-modified p-InP (InP!
RCP) electrode immersed in CO,-saturated aqueous media
(pH 4) under visible-light irradiation from a Xe lamp equipped
with an optical 400 nm long-pass filter. Under these
conditions, the InPIRCP photocathodes achieved a current of
75 uA (Figure 24b) and produced 0.14 mM of HCOO™ over 3
h, with a FE of 34% and a TON for HCOOH formation from
CO, per RCP of >12. In addition, a higher FE for HCOO™
production (62%) was obtained using InPIRCP photocathodes
prepared via an alternative polymerization process, where the
surface-attached polymer films were formed via a two-step
process that included cathodic photoelectropolymerization and
anodic electropolymerization of Ru[(L-L)(CO),CL,]. During
this two-step process, the authors postulated that Ru—Ru
bonds were formed within the polymeric film via the cathodic
photoelectropolymerization process, and the pyrrole polymer-
ization was accelerated by the anodic electropolymerization
process, with the pyrrolic polymerization further reinforcing
the contact between the molecular coating and the semi-
conductor surface. Photoelectrochemical experiments con-
ducted using "*CO, and D,0O isotopes indicated that
HCOO™ was indeed formed from CO, and water, as only
isotope-labeled products were detected using liquid chroma-
tography time-of-flight mass spectrometry.

To improve the aforementioned construct, Sato, Arai, and
co-workers deposited a polymer formed from a mixture
containing two Lehn-type Ru-based catalysts, one bearing a
diphosphonate-anchoring moiety (Ru(4,4'-diphosphate-ethyl-
2,2'-bipyridine)(CO),Cl,) (abbreviated here as RuCA) to
facilitate surface attachment and improve electron transfer
from the semiconductor to Ru catalysts, and another bearing a
pyrrolyl unit (Ru[4,4’-di(1H-pyrrolyl-3-propylcarbonate)-2,2’-
bipyridine][CO][MeCN]Cl,) (abbreviated here as RuCE)
onto an InP surface (Figure 25a).”*> Upon chemical

polymerization of RuCA and RuCE in solution (forming
polyRuCA+polyRuCE), aliquots of the polymeric solution
were dropcasted onto InP, resulting in a total catalyst loading
of 0.324 pmol per 3 cm™> semiconductor sample (equivalent
to 108 nmol cm™?). The polyRuCA+polyRuCE-modified InP
photocathodes (InPlpolyRuCA+polyRuCE) were immersed in
a CO,-saturated aqueous solution, under simulated solar
illumination (Xe light source at an intensity of 70 suns with an
optical 400 nm long-pass filter) and polarized at —0.40 V vs
Ag/AgCl for 1 h. The assembly was capable of reducing CO,
to HCOO™ (Figure 25b), as confirmed using ion chromatog-
raphy time-of-flight mass spectroscopy (IC TOF-MS), with a
FE of 78%. The InPlpolyRuCA+polyRuCE photocathode was
also coupled with a water-oxidizing photoanode (P25 TiO,,
anatase) to drive CO, reduction in the absence of an external
bias. Under simulated 1-sun illumination (AM 1.5 G, 100 mW
cm™?) and in the presence of a CO,-saturated 10 mM
NaHCOj; aqueous solution, the photocathode was stable for 24
h, yielding a per Ru catalyst TON of >17 for HCOO™
formation from CO,. Although additional products were
detected (H, and CO), the FE of the InPlpolyRuCA
+polyRuCE photocathode in the two-electrode configuration
was 70% for HCOO™. PEC experiments conducted using
CO, and D,0 isotopes confirmed that HCOO™ was indeed
generated from the input CO, and water, and the STF
conversion efficiency was 0.04%.

Following on their previous efforts, Arai and co-workers
constructed PEC constructs for CO, reduction by substituting
the InP light-absorbing material with Cu,ZnSnS, (CZTS),
which consists of abundant and relatively low-cost elements.”*°
The relatively narrow-band gap (1.5 eV) CZTS semiconductor
was modified with the same Ru-containing polymer described
in the previous example.””> Aliquots of the Ru-containing
polymer were deposited on the CZTS surfaces following
chemical polymerization of a mixture containing RuCA and
RuCE (structures in Figure 25a). The polyRuCA+polyRuCE-
modified CZTS constructs (CZTSlpolyRuCA+polyRuCE)

https://doi.org/10.1021/acs.chemrev.2c00200
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Figure 25. (a) Schematic representation of a polymeric film
composed of a mixture of two Lehn-type Ru-based molecular
complexes. (b) Amount of HCOOH produced by InPlpolyRuCA
+polyRuCE (red circles), InPlpolyRuCE (blue circles), InPlpoly-
RuCA (green circles), InPIMCE1 (MCEI is an analog polymer of
polyRuCE, but with two Cl and two CO ligands on its monomer)
(black circles), and unmodified InP (purple triangles) electrodes in a
CO,-saturated aqueous solution under 70-sun illumination for 24 h
and polarized at —0.40 V vs Ag/AgCl. Adapted with permission from
ref 225. Copyright 2011 American Chemical Society.

were characterized using XRD, X-ray fluorescence, electron
probe X-ray microanalysis, SIMS, and photoelectron spectros-
copy in air (PESA), yielding a Ru surface loading of 0.33 ymol
cm™2  Controlled-potential polarization using the CZTSI
polyRuCA+polyRuCE photocathodes was performed in CO,-
saturated water under visible-light irradiation (Xe lamp with an
optical 400 nm long-pass filter, with the light intensity adjusted
to an intensity of ~70 suns) at V = —0.40 V vs Ag/AgCl
Under these conditions, the CZTS|polyRuCA+polyRuCE
photocathodes achieved a J &~ 0.25 mA cm™ and produced
0.29 mM of HCOO™ over 3 h, corresponding to a FE of 82%
for HCOO™ formation and a reported per Ru TON of >S. In
addition, the authors demonstrated that hole mobility of the
sulfide semiconductors could be improved by introducing Se
atoms (<0.1%) into the material during fabrication.””” Ru
polymer-modified assemblies formed using Cu,ZnSnSe,
(CZTSelpolyRuCA+polyRuCE) and tested under identical
experimental conditions achieved twice the J as compared to
the CZTSIpolyRuCA+polyRuCE assemblies, thus doubling the

amount of HCOO™ generated over 3 h, while achieving a FE
for HCOO™ production of 82%.

Arai and co-workers also developed a device composed of a
dropcasted polyRuCE (as a CO, reduction catalyst) and IrO,
(as a H,O oxidation catalyst), with each catalyst coating one
side of a triple-junction amorphous silicon-germanium (SiGe-
jn) semiconductor (Figure 26a).””® The Ecy and Eyp values
(—0.52 V vs RHE and 1.58 V vs RHE, respectively) of SiGe-jn
are thermodynamically adequate for driving the -catalytic
reactions, and its p—i—n and tunnel junctions facilitate charge
separations and transfer of photoexcited electrons and holes.
Photoelectrochemical characterization of the hybrid PEC cell
(IrO,ISiGe-jnlpolyRuCE) submerged in a CO,-saturated
aqueous solution (0.1 M phosphate buffer, pH 6.4) under
simulated 1-sun illumination (AM 1.5 G, 100 mW cm™2)
indicated the PEC cell produced HCOOT, as evidenced using
IC TOF-MS and GC, with a STF of 4.6%. Under the
conditions stated above, the FE for HCOO™ production was
93% (Figure 26b); however, the PEC cell was also capable of
generating HCOO™ with a FE of 76% when subject to gas
streams containing a mixture of CO, (93%) and O, (7%).

Mayer, Gratzel, and co-workers demonstrated that CO,
reduction can be photoelectrochemically driven using photo-
cathodes composed of Lehn-type Re-based catalysts that were
covalently attached through phosphonate linking groups to a
mesoporous-TiO, coating deposited onto an AZO-modified
FTO substrate interfaced with a Cu,O semiconductor (Cu,Ol
FTOIAZOITiO, ,i0/Re) (Figure 27a).”* The TiO, layer acts
as a protective coating and as a scaffold to support molecular
catalysts, while the AZO layer was included to create a p—n
junction with Cu,O. Additionally, a methylene bridge was
added between the phosphonate and bipyridyl moieties to
minimize the modification of the electronic structure of the
catalyst. The Cu,OIFTOIAZOITiO,pe0/Re surfaces were
characterized with ATR-IR and XP spectroscopies, confirming
the presence of the immobilized Re catalysts before and after
PEC operation in a MeCN solution containing 0.1 M
tetrabutylammonium hexafluorophosphate (TBAPF,) as the
supporting electrolyte under a CO, atmosphere and 1-sun
intensity illumination using a Xe lamp equipped with a metal
grid (serving as a neutral density filter) and a KG3 filter. The
highly porous structure of the mesoporous-TiO, film (4.5—$
um thickness) enabled a relatively high loading of the rhenium
catalyst (~85 nmol Re cm™” as determined using ICP-OES),
resulting in a ] = 2.5 mA cm™> when a Cu,OIFTOIAZOI
TiO, pesolRe photocathode was polarized at —1.90 V vs Fc*/Fe,
a value 40 times higher than that achieved using analogous
assemblies containing a planar-TiO, coating (Cu,OIFTOI
AZOITiO,g,/Re) in place of the mesoporous-TiO, coating
(Figure 27b). The molecular-modified construct generated CO
with a FE of 80—95% as confirmed using GC, with a per Re
TON for CO production exceeding 70. However, controlled-
potential polarization conducted using a Cu,OIFTOIAZOI
TiO, peso/Re photocathode polarized at —1.90 V vs Fc'/Fc
indicated there was a gradual decrease in activity after 2 h
under chopped (1 Hz) simulated 1-sun illumination (AM 1.5
G, 100 mW cm™). XPS analysis of the Cu,OIFTOIAZOI
TiO, mesolRe photocathodes following 2 h of PEC operation
indicated no changes in the oxidation state of the Re and
confirmed the persistence of elements attributable to the
immobilized catalyst species. ICP-OES also confirmed the
amount of Re on the samples prior to and following PEC
operation was unchanged, and the ATR-IR spectrum showed
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Cu,OIFTOIAZOITIO, pyeso/Re  (red) recorded in CO,-saturated
MeCN under 100 mW cm™ illumination with a chopper at a
frequency of 1 Hz and at 10 mV s™'. Adapted with permission from
ref 229. Copyright 2016 American Chemical Society.

no changes in the carbonyl stretches frequencies. However,
there was a bleaching of the bipyridine signals in the ATR-IR
spectrum, suggesting the immobilized catalysts underwent
structural changes involving the bipyridine ligand.

ReCl(N-methyl-N’-2-pyridyl-benzimidazol-2-ylidine) (CO);
and ReCl(N-methyl-N'-2-pyrimidyl)-benzimidazol-2-ylidine)-
(CO); complexes, known electrocatalysts for CO, reduc-
tion, "> were studied by Wang, Li, and co-workers by
coupling Si nanowire photocathodes (to leverage its nano-
structured morphology) with an organic electrolyte solution
containing the Re catalysts.”> Controlled-potential polar-
ization using the Si nanowire photocathodes immersed in a
CO,-saturated MeCN solution containing 5% H,O, 0.1 M
TBAPEF, as the supporting electrolyte and 1 mM of the Re-
based pyrimidyl analog and polarized at —1.51 V vs Fc*/Fc for
4 h under illumination (Xe lamp, 113 mW cm™?) generated
CO with a FE of 68%, a per Re TON for CO of 20.4, and a ] =
0.2 mA cm ™% However, experiments performed using identical
conditions except for the use of the Re-based pyridyl analog
instead of the pyrimidyl analog resulted in a FE of 20%, a TON
per Re of 18.1, and a ] = 1.4 mA cm ™2, The selectivity of the Re
catalysts to drive CO, reduction decreased when the Si
nanowire photocathode was replaced with [Ru(4,4’-dimethyl-
2,2'-bipyridine);]** as a molecular photosensitizer and
triethanolamine (TEOA) as a sacrificial electron donor.
While the molecular Re catalysts were not purposefully
attached to the semiconductor in this report, analysis of the
Si nanowires following PEC operation using diffuse reflectance
FTIR spectroscopy indicated the Re-based pyrimidyl analogs
were adsorbed onto the nanowire surfaces, a result the authors
associated with the activity and selectivity of CO, reduction. In
the case of the Re-based pyridyl analogs, negligible amounts of
the surface-adsorbed catalyst were found on the Si nanowire
surfaces following PEC operation.

Sekizawa and co-workers developed PEC assemblies each
featuring a multiheterojunction composed of Cr,O; N,Zn-
codoped Fe,0;, and TiO, as well as four separate dropcasted
Ru-based Lehn-type catalysts at a loading of 70 nmol cm=2>**
Fe,0; is an abundant material and relatively low-cost
semiconductor, whose band gap is 2.1 eV and therefore can
absorb a substantial amount of solar light. Both Cr,O; and
TiO, were present with the intention of tuning the band
bending of the N,Zn-codoped Fe,0;, with the former
improving hole transfer processes, and the latter protecting
the unstable Fe,O; surface as well as improving electron
transfer rates by forming a p—n junction.””> The Ru catalyst-
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modified constructs were characterized via SEM, scanning
transmission electron microscopy (STEM), EDX, and XRD.
Controlled-potential polarization using the Ru catalyst-
modified photocathodes immersed in a CO,-saturated aqueous
solution (0.1 M KHCO,, pH 6.6) and polarized at +0.10 V vs
RHE for 1 h under simulated 1-sun illumination (AM 1.5 G,
100 mW cm™?) indicated the photocathodes reduced CO, to
HCOOH and CO and cogenerated H,. Among the four
monomeric Ru catalysts used in this study, each featuring
different substituents on the metal center and on the 4,4'-
positions of bipyridine ligands, photocathodes modified with
Ru catalysts bearing a MeCN ligand on the metal and pyrrolyl-
3-propylcarbonates on the bipyridine ligands exhibited the
highest activity. Nonetheless, for all assemblies that contained
one of the four monomeric catalysts, the maximum ] of about
0.1 mA cm ™2 decreased by 50% within 1 h while operating at
+0.10 V vs RHE under continuous illumination. In contrast, a
Ru polymer-modified photocathode, constructed by depositing
a Ru polymer formed via polymerization of the monomeric Ru
catalyst analog featuring the MeCN ligand and pyrrolyl
substituent onto the semiconductor surface, displayed a stable
J ~ 0.15 mA cm™* when studied under otherwise identical
conditions, resulting in an overall higher catalytic activity and
increased amount of CO, reduction products (HCOOH and
CO). Controlled-potential polarization using the Ru polymer-
modified photocathode immersed in a CO,-saturated aqueous
solution (0.1 M KHCO;, pH 6.6) and polarized at V= +0.10 V
vs RHE for 13 h under illumination resulted in the generation
of 12 ymol cm™ (0.25 nmol cm™2 s™') of HCOOH, 9.2 umol
cm™? (0.19 nmol cm™* s7') of CO, and 1.9 ymol cm™ (0.4
nmol cm™ s7') of H,, as well as a calculated per Ru TON for
CO, reduction of 304. Combination of the Ru polymer-
modified photocathode with a SrTiO; photoanode allowed
water splitting in a two-electrode configuration without the
need of an external bias. The PEC cell displayed a stable J with
an average value of 102 A cm™ over 3 h of operation. After 1
h of illumination, the FE were 79% for HCOOH, 16% for CO,
and 6% for H,. This two-electrode PEC cell achieved a STF
conversion efliciency of 0.15%.

Meyer and co-workers prepared photocathodes capable of
reducing CO, to HCOO™ using a binary p—n junction
consisting of n-type GaN nanowire arrays deposited on n*—p—
p" Si (forming a p—n junction) with a ~0.25 nm NiO
overlayer deposited via ALD.**® The NiO-coated surfaces were
functionalized using a layer-by-layer assembly method where
the NiO-coated electrodes were immersed sequentially in
solutions containing a phenylene diamine modified with
carboxylic acid groups, ZrOCl,, a phosphonic acid-modified
Ru polypyridyl chromophore, ZrOCl,, and finally a carboxylic
acid-modified Ru-based Lehn-type catalyst to obtain the
desired molecular assembly (Figure 28). A final ~1.2 nm
overlayer of NiO was added via ALD to stabilize the
carboxylate binding groups and the Zr bridging groups from
decomposition in aqueous media. The Ru catalyst loading was
determined to be 17 nmol cm™ using UV—vis absorption
spectroscopy of solutions of the Ru catalysts following
desorption from the surface in a 1 M NaOH solution. The
molecular-modified photocathodes achieved a J & 1.1 mA
cm™ over 20 h in a CO,-saturated aqueous solution (50 mM
NaHCO;, pH 6.8) under simulated AM 1.5 G illumination
(Xe Lamp, 100 mW cm™2) when polarized at —0.25 V vs RHE.
This resulted in a FE for HCOO™ production of up to 64%.

—2+ [2CI

Figure 28. Schematic representation of a multimolecular system on n-
GaN nanowires grown on p-Si. Adapted from ref 236.

A recent report by Reisner and co-workers described a
precious-metal-free molecular-modified photocathode for solar
driven reduction of CO, to CO and HCOO™ in aqueous
conditions.””” Modification of Si surfaces with a mesoporous-
TiO, layer (~6 um thick) provided a protective coating as well
as a high-surface area scaffold for achieving relatively high
loadings of Co(II) bis(terpyridine) catalysts bearing phospho-
nate functional groups (CotpyP). In this work, CotpyP
modification was achieved by exposing mesoporous TiO,-
coated Si to a methanolic solution containing the catalyst
precursors. The Ecp of the mesoporous TiO,-modified Si
photoelectrode (SilmesoTiO,) is positioned at —0.10 V vs
NHE, and the midpoint potential associated with the active
form of CotpyP occurs at —1.40 V vs NHE, highlighting the
thermodynamic mismatch of the component parts. Nonethe-
less, the authors postulated that following photoexcitation,
electrons were transferred from the Si substrate through the
TiO, layer to the anchored Co catalysts. The loading of Co
catalysts was determined to be 45 + 7.4 nmol cm™2 via ICP-
OES. Linear sweep voltammograms of the CotpyP-mesopo-
rous TiO,-modified Si photocathodes (SilmesoTiO,|CotpyP)
recorded in a 6:4 MeCN:H,O solution containing 0.1 M
tetrabutylammonium tetrafluoroborate as the supporting
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electrolyte and under UV-filtered illumination (Newport Oriel
Xe lamp with an AM 1.5 G, an infrared water filter, and a 400
nm long-pass filter, 100 mW cm™?) reached a saturated ] ~ 225
UA cm™? at —0.85 V vs Fc'/Fc. Controlled-potential
polarization using SilmesoTiO,|CotpyP photocathodes sub-
jected to the same electrolyte and illumination conditions
previously listed and polarized at —1.0 V vs Fc*/Fc resulted in
the formation of CO, H,, and HCOO™. The overall FE was
77% for all products, with a FE for CO of 48%, a TON per Co
for CO of 159, and a TOF for CO of 16 h™' (0.0044 s™!) over
8 h. The molecular integrity of the Co catalysts was addressed
via ATR-IR and XPS measurements, which showed unchanged
ATR-IR and XP spectra collected before and after PEC
operation. The latter method revealed no detectable presence
of reduced/elemental Co species on the SilmesoTiO, surfaces.

A QD-based photoelectrode for CO, reduction was
constructed by Tian, Hammerstrom, and co-workers, where
CulnS, QDs (4 nm diameter), materials free of heavy metals,
were adsorbed onto mesoporous NiO-coated FTO electrodes,
followed by functionalization with Lehn-type Re catalyst
containing phosphonate anchoring groups (Figure 29a). 38
Immobilization of the QDs and Re catalysts was confirmed
using UV—vis spectroscopy, FTIR spectroscopy, SEM, and
EDX, and a loading of 8.2 nmol cm™” was determined for the
Re catalyst. The Re catalyst-CulnS, QD-modified NiO
photocathodes (NiOICulnS,-QDIRe) achieved a | = 25 pA
cm™? when studied in a CO,-saturated dimethylformamide
(DMF) solution containing 0.1 M TBAPF; as the supporting
electrolyte and polarized at —0.87 V vs NHE for S min under
simulated solar illumination (1 sun from a 17 W LED, 420—
750 nm), alternating between illuminated and nonilluminated
conditions in ~30 s intervals (Figure 29b). A J of ~10 yA cm™>
was observed using NiO sensitized by CulnS, QDs without the
Re catalyst (NiOICulnS,-QDs), whereas negligible ] was
observed using NiO functionalized with the Re catalyst
without CulnS, QDs (NiOIRe). CO was the only product
detected via GC analysis of the headspace gas after 100 min of
PEC operation using NiOICulnS,-QDIRe, with a FE of 32%
and a per Re TON for CO of 11.

8. EXAMPLES INVOLVING LIGHT-ABSORBING
NANOPARTICLES AND NANORODS MODIFIED
WITH MOLECULAR CATALYSTS

The following examples describe molecular-catalyst-modified
semiconductor nanoparticles or nanorods (NRs) suspended in
solutions containing sacrificial sources of electrons. Unlike the
‘type-1" photosynthetic assemblies described thus far, which
spatially separate the cathodic and anodic half-reactions, the
systems described in this section are either ‘type-2’ photo-
synthetic assemblies that employ charge-transfer selectivity,
photocatalytic assemblies that drive energetically downhill
reactions without storing photochemical energy, or, under
some circumstances, a combination of both.**

8.1. Molecular-Catalyst-Modified Semiconductor
Nanoparticles and Nanorods for H, Production

Mulfort, Chen, and co-workers have reported the application
of molecular-catalyst-modified nanoparticle semiconductors for
H, production. In this work, CdSe QDs were initially coated
with a ZnS shell (for enhanced photostability) and then
functionalized with a pyridine-phosphonate cobaloxime
catalyst (Figure 3;021).239 A maximum average surface coverage
of 66 catalyst molecules per QD was estimated using UV—vis
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Figure 29. (a) Schematic representation of NiO photocathode
functionalized with CulnS, quantum dots and Lehn-type Re-based
catalysts. (b) Controlled-potential polarization of NiOICulInS,-QDIRe
(red), NiOICulnS,-QD (black), and NiOIRe (blue) electrodes
recorded in CO,-saturated dimethylformamide under 1-sun illumina-
tion (alternating between illuminated and nonilluminated conditions
in ~30 s intervals) and polarized at —0.87 V vs NHE. Controlled-
potential polarization of NiOICulnS,-QDIRe recorded under Ar in
place of CO, (gray) is also included. Adapted with permission from
ref 238. Copyright 2019 Royal Society of Chemistry.

absorption measurements. In addition, transient absorption
spectroscopy measurements (Ti:sapphire, pump pulse 415 nm,
and 300 pm in diameter) conducted using the cobaloxime-
modified QDs suspended in toluene indicated electron transfer
from excited QDs to cobaloxime catalysts occurred in ~105 ps,
with a charge recombination time of >>3 ns. Proton reduction
experiments were carried out in toluene containing triethyl-
amine (TEA) hydrochloride as a proton source, TEOA as a
sacrificial electron donor, and the cobaloxime-modified QDs at
a concentration of 10 M under illumination for 10 h using a
100 W Xe lamp equipped with a 29 cm water column used as a

https://doi.org/10.1021/acs.chemrev.2c00200
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Figure 30. (a) Schematic representation of a CdSe quantum dot, protected with a ZnS shell and a phosphonate-functionalized cobaloxime. (b)
Amount of H, produced by CdSe quantum dots (10 #M) protected with a ZnS shell and a phosphonate-functionalized cobaloxime in toluene with
triethylamine (TEA) and triethanolamine (TEOA) illuminated for 10 h with a 100 W Xe lamp equipped with a 400 nm long-pass filter. Adapted
with permission from ref 239. Copyright 2012 American Chemical Society.

400 nm long-pass filter. GC analysis of the headspace gas
indicated that ~11,000 mol of H, per mole of QD particles
were generated after 10 h of illumination (Figure 30b),
equivalent to a TON of 10,000 per QD. Absence of either the
QD or cobaloxime catalyst resulted in no detectable H,
production. The authors reported that during the first 2 h of
the experiment there was a relatively low rate of H, production
(<1,000 mol of H, per mol of QD particles), consistent with
multiple equilibria involved in the conversion of Co™ to Co"
followed by a secondary electron transfer from Co" to Co' to
generate the active cobalt species. Following these experi-
ments, toluene was replaced with methanol (MeOH) to
precipitate and remove the QDs, and the UV—vis spectra of
the resulting solution containing the cobaloxime catalysts
indicated degradation of the complexes. However, EDX and
transmission electron microscopy (TEM) revealed that no Co
nanoparticles were formed. Comparisons of absorption spectra
collected after photochemical operation to those collected
before showed a blue shift of the lowest energy exciton peak of
the QD and reduced intensities at higher energy absorption
bands. These results indicated a decrease of the average QD
size due to photocorrosion.

Dukovic, King, and co-workers adsorbed a [FeFe]-hydro-
genase I purified from Clostridium acetobutylicum (abbreviated
by the authors as Cal), onto CdS NRs capped with 3-
mercaptopropionate (MPA), which promoted the adsorption
of Cal on the QD and stabilized inorganic materials in aqueous
buffers (Figure 31a).”° The CdS NRs had an average diameter
of 4.5 nm and length of 30 nm, as measured using TEM.
Photochemical experiments were carried out in a pH 7 buffer
solution containing 50 mM Tris-HCl, S mM NaCl, 100 mM
ascorbic acid (AA) as a sacrificial donor, 5% glycerol, and
varying concentrations of the suspended hydrogenase-modified
CdS NRs under illumination from a 405 nm LED. The
headspace H, produced in these experiments was analyzed
using GC following 10 min of illumination. When the CdS
NRs, AA, or hydrogenases were absent, no H, production was
observed. Electron transfer between the CdS NRs and the
surface-adsorbed hydrogenases was optimized by varying the
CdS:Cal ratios, and the maximum amount of H, was produced
at concentrations of 19 nM CdS and 12.5 nM Cal (ratio 1
CdS:0.67 Cal). Similarly, hole-transfer was optimized by
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Figure 31. (a) Schematic representation of 3-mercaptopropionate
capped CdS nanorods containing a surface-immobilized [Fe-Fe]-
hydrogenase. (b) Amount of H, produced by 3-mercaptopropionate
capped CdS nanorods (14 mM) containing a surface-immobilized
[Fe-Fe]-hydrogenase (9 nM) in SO mM Tris-HCI buffer (pH 7) with
100 mM ascorbic acid, under 800 yE m™* s™! illumination for 6 h.
Adapted with permission from ref 26. Copyright 2012 American
Chemical Society.

varying the concentration of AA and measuring TOFs at two
different light intensities (800 and 2000 uE m™* s™'). These
results indicated that a minimum concentration of 10—25 mM
in AA was required to achieve maximal photochemical rates of
H, production. The system displayed a linear relationship
between the illumination intensity (up to ~3000 yE m™> s™")
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and the TOF of the hydrogenase-modified CdS NPs while
maintaining a constant quantum yield of 20%. These results
indicate the TOF is limited by the photon flux. The highest
TOF measured was ~350 s' at ~3000 uE m~* s™'. Longer
term photochemical H, evolution activity was assessed using a
pH 7 buffer solution containing 50 mM Tris-HCI, S mM NaCl,
5% glycerol, 100 mM AA, 14 nM CdS, and 9 nM Cal, under
800 uE m™* s™' (approximately AM 1.5 G) illumination for 6
h. The peak rate of H, production occurred within the first 30
min, followed by a slow decrease in rate, until at 4 h there was
no further accumulation of product (Figure 31b). The TON
for H, production under these experimental conditions was
calculated to be 10° per CdS:Cal. UV—vis spectroscopy
indicated that the AA was oxidized only in the presence of Cal;
however, control experiments showed that when the CdS:Cal
complex was illuminated for the same 4 h time period, there
was profound inactivation (80% reduction) of the enzyme with
a kinetic profile similar to the previously described decline in
H, production rate. Further control experiments showed that
increasing the concentration of MPA had an adverse effect on
the rate of H, production, while increasing the concentrations
of Cd** had no effect, leading the authors to hypothesize that
prolonged illumination resulted in loss of MPA from the NR
surface, which in turn led to loss of Cal activity. Yet, this loss
was not affected by AA. Thus, if MPA is oxidized from the
surface by photoexcited holes, this process could be in
competition with hole-scavenging by AA, and the resulting
defect sites may act as “electron sinks”.

Dukovic, King, and co-workers have also reported the use of
MPA-capped CdS nanocrystals and a [Mo-Fe] nitrogenase
from Azotobacter vinelandii for photoactivating the reduction of
nitrogen to ammonia.”**~>** Although the conversion of
nitrogen to ammonium is an exothermic process (Table 1),
and hence technically not a photosynthetic or fuel forming
reaction, it is a reaction of significant biological and industrial
importance. Together with climate change and biodiversity
loss, the nitrogen cycle is one of three planetary systems that
have exceeded the boundaries of a safe operating space for
humanity.**>***

8.2. Molecular-Catalyst-Modified Semiconductor
Nanoparticles and Nanorods for CO, Reduction

Sato and co-workers reported on the reduction of CO, using a
hybrid construct composed of p-type N-doped Ta,Os (N-
Ta,O;) functionalized with Lehn-type Ru electrocatalysts
(Figure 32a).”* Three different catalysts, each featuring a
different ligand set, were compared in this work
including [Ru(dcbpy)(bpy)(CO),]1**(PF4),,
[Ru(debpy),(CO),]**(CI7),, and [Ru(bpy),(CO),]**(CI),
(abbreviated as Ru-dcbpybpy, Ru-dcbpy, and Ru-bpy,
respectively), where dcbpy stands for 4,4’-dicarboxy-2,2'-
bipyridine and bpy stands for 2,2'-bipyridine. Ta,O5 powder
with an orthorhombic crystalline structure (absorbing light
with 4 < 520 nm) was prepared and doped with nitrogen
(8.9% weight, as calculated using XRD and PESA). Following
doping, the N-Ta,O; powder had p-type semiconductor
characteristics, and the lowest energy absorption band was
red-shifted by 200 nm. XRD indicated an average crystal size of
20 nm, and the Ecy minimum was determined to be —1.3 V vs
NHE using PESA. The N-Ta,O5 powder was modified with
Ru-dcbpybpy (N-Ta,OglRu-dcbpybpy) or Ru-dcbpy (N-
Ta,O4Ru-dcbpy), yielding Ru loadings of 0.8% weight for
N-Ta,Os/Ru-dcbpybpy and 0.25% weight for N-Ta,OslRu-
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Figure 32. (a) Schematic representation of p-type N-Ta,O;
nanoparticle with a carboxilate-modified Lehn-type Ru-based catalyst.
(b) Turnover number for HCOOH formation by N-Ta,Os|Ru-dcbpy
(red circles), N-Ta,O;/Ru-dcbpybpy (blue circles), Ni-ZnSIRu-
dcbpybpy (yellow squares), and N-Ta,Og (orange diamonds)
nanoparticles as well as N-Ta,O; nanoparticles with Ru-dcbpybpy
in solution (back circles) and 0.05 mM Ru-bpy (purple triangles) in
CO,-saturated 5:1 v/v acetonitrile:triethanolamine solution illumi-
nated for 20 h by a Xe lamp equipped with a UV long-pass filter and a
UV-and-IR cutoff filter. Adapted with permission from ref 24S.
Copyright 2010 Wiley-VCH Verlag GmbH & Co.

dcbpy. Solutions containing N-Ta,O; powder and Ru-bpy
were used as a control, as Ru-bpy does not contain the 4,4’
dicarboxy-2,2’-bipyridine functional group for anchoring to N-
Ta,O;. Photochemical experiments were performed in 4 mL of
a CO,-saturated S:1 v/v MeCN:TEOA solution containing
either 5 mg of N-Ta,O;/Ru-dcbpybpy in suspension, 5 mg of
N-Ta,Os|Ru-dcbpy in suspension, or 0.05 mM of Ru-bpy and
5 mg of N-Ta,Oy in suspension under illumination for 20 h
using a Xe lamp equipped with a UV long-pass filter and UV-
and-IR cutoff filter to produce light in the range 410—750 nm.
All three constructs described in this report (N-Ta,ORu-
dcbpybpy, N-Ta,O4Ru-dcbpy, and Ru-bpy with N-Ta,0;)
were active for CO, reduction to HCOOH and removing the
Ru-based catalyst, N-Ta,O5 semiconductor, or TEOA
components resulted in zero or negligible product formation
(Figure 32b). The N-Ta,Os/Ru-dcbpy assemblies achieved the
highest rate of HCOOH generation as confirmed using IC
TOEF-MS, reaching a TON of 89 per metal complex for
HCOOH after 8 h of operation, a value almost three times
higher than that achieved using N-Ta,O;/Ru-dcbpybpy
assemblies. Other products such as glycolic acid
(OHCH,COO™), H,, and CO were also detected (with the
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last two products being quantified using GC); however, the
selectivity (defined as the ratio of moles of each product to the
total moles of all products) for HCOOH was more than 75%.
The amount of HCOOH produced increased linearly with the
amount of semiconductorlcatalyst assembly, with the highest
rate of formation reaching 3.5 ymol h™! when using 50 mg of
the N-Ta,Os|Ru-dcbpy suspended in solution. Isotopic-label-
ing experiments conducted using nuclear magnetic resonance
(NMR) spectroscopy and IC TOF-MS indicated the carbon
source for HCOOH was indeed CO,, which was not the case
for other products such as CH,OHCOO™ and bicarbonate
(HCO;"). Likewise, the proton source required for formation
of HCOOH was determined to be TEOA (which also served
as the sacrificial electron donor in these systems). Quantum
yields were determined using a Xe lamp equipped with either a
405, 436, or 480 nm band-pass filter and a S cm long CuSO,
solution filter. The quantum yield of HCOOH generation was
dependent on the optical absorption of the N-Ta,Ojq
semiconductor, achieving a maximum value of 1.9% at 405 nm.

Suzuki and co-workers have also studied the effect of altering
the surface-anchoring functional groups of the Lehn-type Ru
catalysts. This included immobilizing Ru-based catalysts via
surface-anchoring dcbpy groups as well as a 4,4’-diphosphate-
2,2'-bipyridine (dpbpy) surface-anchoring groups onto
N-Ta,05 powder (Figure 33a).”*° The particle sizes of the
N-Ta,O5 were determined to be 20—40 nm using SEM. A
difference between this example and that described in the
previous section is the N-Ta,Og particles used in this
subsequent work were functionalized in a two-step process,
where a bidentate bipyridine ligand containing carboxylic acid
or phosphonic acid anchoring groups (dcbpy or dpbpy) were
initially deposited onto N-Ta,O; and then the Ru-based
catalysts were assembled via coordination of Ru to the pyridyl
nitrogens of the immobilized ligands. Successful assembly of
the Ru catalysts was confirmed using ATR-IR spectroscopy
and TOF-SIMS, and surface loadings of 0.1% and 0.04%
weight were determined for the N-Ta,Os/Ru-dcbpy and N-
Ta,Os|Ru-dpbpy samples, respectively, via ICP analysis. As a
control, the authors also prepared Ru-dcbpy-modified N-
Ta, Oy in a single step by combining Ru-dcbpy and N-Ta,O5 in
solution. To differentiate this construct from the related
assembly formed via the two-step process, this construct is
referred to as adsorbed N-Ta,O;lRu-dcbpy. A surface loading
of 0.07% weight was determined for adsorbed N-Ta,O;/Ru-
dcbpy. Photochemical experiments were performed by
suspending 10 mg of a Ru-catalyst-modified N-Ta,0g sample
in a CO,-saturated organic solvent solution containing a
sacrificial electron donor (5:1 MeCN:TEOA) at room
temperature, and illuminating with a 500 W Xe lamp equipped
with filters that produced light in the range 410—750 nm. In
this report, four different constructs were investigated for CO,
reduction. These constructs included (1) N-Ta,O/Ru-dcbpy,
(2) N-Ta,04Ru-dpbpy, (3) adsorbed N-Ta,Os/Ru-dcbpy, and
(4) a mixture of nonsurface-adsorbed Ru-bpy and N-Ta,O.
For all constructs, following 60 h of illumination, the major
product generated was HCOOH, as detected using GC and
ion-exchange chromatography, and CO was also detected as
another two-electron reduction product. However, control
experiments conducted using N-Ta,O; without Ru catalysts or
Ru-bpy in solution without N-Ta,O; did not result in
detectable HCOOH generation. The TON associated with
HCOOH production (defined in their work as the ratio of the
concentration of HCOOH to the concentration of Ru after 60
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Figure 33. (a) Schematic representation of p-type N-doped Ta,Oj
nanoparticle with a phosphonate-modified Lehn-type Ru-based
catalyst. (b) Turnover number for HCOOH formation by N-Ta,O;|
Ru-dcbpy (black circles) and N-Ta,Og/Ru-dpbpy (white circles) in
CO,-saturated 5:1 v/v acetonitrile:triethanolamine solution illumi-
nated for 60 h by a Xe lamp equipped with a UV long-pass filter and a
UV-and-IR cutoff filter. The inset shows the turnover number for
HCOOH formation in the first 6 h. Adapted from ref 246. Copyright
2011 The Royal Society of Chemistry.

h of photochemical operation) was 26 for the adsorbed N-
Ta,O;/Ru-dcbpy construct, 19 for the mixture of nonsurface
adsorbed Ru-bpy and N-Ta,0Os, and 24 for the assembled N-
Ta,Os|Ru-dcbpy, although the authors noted that the
preparation of N-Ta,Os[Ru-dcbpy was “quicker and simple”.
Finally, the TON for HCOOH when using N-Ta,O;|Ru-dpbpy
was 118, almost five times higher than the carboxylate-
anchored Ru catalysts. The TON associated with HCOOH
production was analyzed as a function of irradiation time for
both N-Ta,O;Ru-dcbpy and N-Ta,OsRu-dpbpy (Figure
33b). The former assembly no longer formed HCOOH after
16 h, while the N-Ta,Os/Ru-dpbpy assembly continued
forming HCOOH after 60 h. During the first 6 h, N-Ta,O4l
Ru-dpbpy also showed a faster rate of HCOOH formation in
comparison to N-Ta,Os/Ru-dcbpy, indicating that anchoring
with phosphonate groups enhances the overall reaction rate
and reduces instability. To further investigate the enhanced
performance of N-Ta,OslRu-dpbpy, electrochemical experi-
ments were conducted using Ru-dcbpy or Ru-dpbpy
immobilized onto TiO,-coated (20 nm) FTO substrates
(FTOITiO,Ru-dcbpy or FTOITiO,/Ru-dpbpy, respectively).
The Ru catalysts were immobilized using the previously

https://doi.org/10.1021/acs.chemrev.2c00200
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morpholino)ethanesulfonic acid solution under 23 mW cm™ illumination for § h. Adapted from ref 247. Copyright 2012 The Royal Society of

Chemistry.

described two-step assembly method, and their attachment was
confirmed via ATR-IR spectroscopy. Cyclic voltammograms of
the Ru catalyst-TiO,-modified FTO electrodes were recorded
in argon and CO,-saturated MeCN solutions containing 0.1 M
tetraethylammonium tetrafluoroborate as the supporting
electrolyte. The authors reported the reduction potential
values of FTOITiO,/Ru-dpbpy and FTOITiO,/Ru-dcbpy were
~—1.35 V and —1.45 V vs 1,/1;7, respectively, and suggested
the free energy difference between the Ecp minimum of N-
Ta,0; (—1.86 V vs I,/I;”) and the Ru complex reduction
potentials could be a determining factor of the electron-
transfer rate from the semiconductor to the Ru complexes and
may explain the enhanced CO, reduction activity observed
when using Ru-dpbpy-based assemblies.

Armstrong and co-workers have reported biohybrid
assemblies featuring [Ni4Fe-4S] carbon monoxide dehydro-
genase (CODH I) enzymes that were isolated from
Carboxydothermus hydrogenoformans and then adsorbed onto
either CdS QDs or CdS NRs.”*” The Ecy of bulk CdS lies at
—0.87 V vs SHE at pH 6, providing sufficient driving force to
reduce CO, to CO (—0.46 V vs SHE at pH 6). TEM analysis
indicated that the CdS QDs used in this work were mostly
spherical in shape with an average particle size of 5.8 + 1.8 nm.
Conversely, the CdS NRs had average dimensions of 42 + 10
nm in length and 10 + 1 nm in width. The CODH I-modified
QDs (CdS QDsICODH I) (Figure 34a) and CODH I-
modified NRs (CdS NRsICODH I) (Figure 34b) were
prepared via suspending 10 mg of the respective CdS
nanocrystal powder in 5 mL of a 0.35 M MES buffer solution
(pH 6) and then adding 13.9 L of 184 yuM CODH I (2.56

nmol) under an inert atmosphere. After 20 min of stirring, a
supernatant was obtained by centrifugation followed by
filtration. The amount of CODH I coattached with CdS
QDs or CdS NRs was determined using UV—vis spectroscopy.
In a typical sample, 10 mg of CdS QDs was coattached with
0.59 + 0.032 nmol of CODH I, and 10 mg of CdS NRs was
coattached with <0.1 nmol CODH I. Photochemical experi-
ments were performed in the 0.35 M MES buffer solution
(where MES served as sacrificial electron donor) at 20 °C,
under an atmosphere of 98% CO,/2% CH,, with illumination
over 5 h from a tungsten-halogen bulb equipped with a 420 nm
long-pass filter (incident light intensity of 23 mW cm™2).
Product analysis was performed using GC, and CO was
detected as the main product in experiments performed using
either CdS QDsICODH I or CdS NRsICODH 1. Despite the
relatively higher loading of enzyme for the modified QD versus
NR samples, the amount of CO produced during photo-
chemical experiments performed using either of these hybrid
materials (CdS QDsICODH I or CdS NRsICODH 1) was
nearly identical. These results indicate a nearly S5-fold
difference in TOF of CODH I (with a calculated TOF per
molecule of coattached enzyme of 0.25 s~ for the CdS QDsl
CODH 1 and a TOF of 1.23 s™! for CdS NRsICODH 1)
(Figure 34c), which the authors attribute to a curtailment of
exciton recombination probability arising from the lower
dimensionality of the NRs (40 nm in length and 10 nm width)
over QDs (6 nm diameter).

Li and co-workers have reported TiO, NPs (P2S, 80%
anatase and 20% rutile) modified with [Co(cyclam)CL]Cl
catalyst (where cyclam is 1,4,8,11-tetraazacyclotetradecane).

https://doi.org/10.1021/acs.chemrev.2c00200
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The hybrid material (denoted as TiO,|Co™(cyclam)X, where
X is Cl or OH) (Figure 35a) was prepared via refluxing the
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Figure 35. (a) Schematic representation of TiO, nanoparticles with
an adsorbed cobalt-based cyclam catalyst. (b) Turnover number for
CO formation by TiO, and [Co(cyclam)CL]Cl (green squares),
TiO, and Co™(cyclam)X (brown circles), TiO,/Co™(cyclam)X
prepared by the reflux method (blue circles), and TiO,/Co™(cyclam)-
X prepared by the microwave method (red diamonds) in CO,-
saturated 4:1:1 v/v acetonitrile:triethanolamine:methanol solution
under 100 mW cm™ illumination for 4 h. Adapted from ref 248.
Copyright 2014 The Royal Society of Chemistry.

TiO, NPs and [Co(cyclam)CL,]Cl in a mixture of MeCN with
TEA under aerobic atmospheric conditions for 24 h to yield
samples with a Co loading of 0.11 gmol mg™".*** Control
samples (to test the role of TiO, as the photosensitizer) of
unimmobilized Co™(cyclam)X and SilicalCo™(cyclam)X
(with a Co loading of 0.16 umol mg™') were prepared via
analogous synthetic methods performed in the absence of TiO,
NPs and using silica in place of TiO, NPs, respectively. TiO,|
Co"(cyclam)X was also prepared via synthetic methods
involving application of microwaves with heating at 80 °C
for 2 h instead of refluxing for 24 h, yielding a Co loading of
0.06 umol mg™". All materials were characterized via SEM and
TEM, which indicated that Co™(cyclam)X formed a thin layer
on the surface of TiO, NPs. In addition, NMR, FTIR, and XP
spectroscopies as well as electrochemical measurements
indicated that Co™(cyclam)X maintained a macrocyclic
structure similar to [Co(cyclam)Cl,]Cl, but XPS showed the

presence of a Co-O bond in Co™(cyclam)X, likely due to the
majority of Cl ligands in the starting material being replaced
with O-containing ligands (possibly OH) during the synthesis
of Co™(cyclam)X. Photochemical experiments were per-
formed using 1 mg of TiO,|Co(cyclam)CL]ClI dispersed in 4
mL of a CO,-saturated 4:1:1 v/v MeCN:TEOA:MeOH
solution (with TEOA as an electron donor), under
illumination using a mercury lamp equipped with a water
filter (100 mW cm™2) for 4 h. CO and H, were determined via
GC analysis to be the main photoproducts and were produced
in near equimolar amounts. Furthermore, no significant
production of HCOOH was detected via NMR analysis.
Control experiments using either 1 mg of unmodified TiO,
NPs, a mixture of 1 mg of [Co(cyclam)CL]Cl and 1 mg of
TiO, NPs, or 1 mg of SilicalCo™(cyclam)X, yielded no
detectable CO after 4 h of light irradiation. Mixing 1 mg of
Co™(cyclam)X with 1 mg of TiO, NPs yielded a TON
(defined as the ratios between the amounts of CO produced
and the amounts of Co present in reaction solutions) of 1.3
after 4 h of illumination. Alternatively, under otherwise
identical conditions, using 1 mg of TiO,/Co™(cyclam)X
synthesized by the reflux method yielded a TON of 12.2
after 4 h of illumination, and using TiO,/Co™(cyclam)X
synthesized by the microwave method resulted in a TON of
19.7 after 4 h of illumination (Figure 35b). Diffuse reflectance
FTIR spectroscopy was performed with TiO,|Co™(cyclam)X
in powder form (no solvent or TEOA), purged with Ar and
then exposed to CO, prior to UV irradiation. After 150 min
illumination, the formation of surface adsorbed carbonate
species and CO adsorbed on Co®" was observed, suggesting
that CO, reduction might proceed via a formate-bridged
dimer. Control experiments performed using TiO, NPs in
place of TiO,|Co™(cyclam)X yielded no significant formation
of surface adsorbed CO, indicating Co™(cyclam)X was the
active CO,-reduction catalyst.

Maeda and co-workers developed a hybrid construct
consisting of mesoporous-graphitic carbon nitride (mpg-
C;N,) modified with Lehn-type Ru catalysts containing
phosphonate anchoring groups, cis,trans-[Ru{4,4’-
(CH,PO;H,),-2,2'-bipyridine}(CO),Cl,], abbreviated here
as RuCP (Figure 36a).”* The pore size and specific surface
area of the mpg-C;N, as measured using adsorption—
desorption experiments were 12 nm and 180 m?® g/,
respectively, and EIS was used to determine the semi-
conducting material had n-type character. Ru catalyst
immobilization via phosphonic acid anchoring groups (forming
mpg-C;N,IRuCP) was confirmed via FTIR spectroscopy, and
the loading was determined to be 39.2 umol RuCP g™
Photochemical CO, reduction experiments were conducted in
a 4 mL CO,-saturated 4:1 v/v . MeCN:TEOA solution
containing 8 mg of mpg-C;N,/RuCP in suspension under
illumination for S h using a 450 W Hg lamp equipped with an
aqueous NaNO, solution 400 nm long-pass filter. The main
CO,-reduction product detected using capillary electrophoresis
was HCOOH. However, CO and H, were also detected using
GC. Control experiments indicated that mpg-C;N,, RuCP,
CO,, and TEOA were all necessary to yield detectable
amounts of reduced-carbon products. Isotope-labeling experi-
ments conducted using GC—MS and *C NMR confirmed the
carbon-containing products were derived primarily from CO,
and not from the C;N, semiconductor. Approximately 87% of
the CO formed during these experiments was from gaseous
CO,, and the authors speculated the remaining 13% resulted

https://doi.org/10.1021/acs.chemrev.2c00200
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acetonitrile:triethanolamine (white circles), mpg-C;N,/RuP in CO,-saturated 4:1 v/v acetonitrile:triethanolamine (white triangles), and mpg-C;N,|
RuP in CO,-saturated 4:1 v/v dimethylacetamide:triethanolamine (dark diamonds) solution illuminated for 20 h with a 400 W Hg lamp equipped
with a 400 nm long-pass filter. (d) Turnover number for HCOOH formation by mpg-C;N,IRuC (red circles) and mpg-C;N,/RuP (blue diamonds)
in CO,-saturated 4:1 v/v acetonitrile:triethanolamine solution illuminated for 5 h with a 400 W Hg lamp equipped with a 400 nm long-pass filter.
(e) Turnover frequencies for HCOOH formation by mpg-C;N,/[RuC (red circles) and mpg-C;N,RuP (blue diamonds) at different complex
loadings in CO,-saturated 4:1 v/v acetonitrile:triethanolamine solution illuminated for § h with a 400 W Hg lamp equipped with a 400 nm long-
pass filter. Amount of HCOOH (green diamonds), CO (red squares), and H, (blue circles) by mpg-C;N,IRuCP in CO,-saturated 4:1 v/v
dimethlylacetamide:triethanolamine solution illuminated with a 400 W Hg lamp equipped with a 400 nm long-pass filter for (f) 60 min and (g) 20
h. For (g), the calculated TON is included on the right-coordinate axis. (a, b) Adapted from ref 249. (c) Adapted with permission from ref 250.
Copyright 2015 Wiley-VCH Verlag GmbH & Co. (d, e) Adapted with permission from ref 251. Copyright 2016 Chemical Society of Japan. (f, g)
Adapted with permission from ref 252. Copyright 2016 American Chemical Society.

from degradation of the ligands associated with the Ru photochemical experiments conducted in a CO,-saturated 4:1
molecular catalyst, which was observed using FTIR spectros- v/v MeCN:TEOA solution containing 8 mg of the mpg-C;N,|
copy. The amount of HCOOH produced was dependent on RuCP under illumination for 20 h, the TON associated with
both irradiation time (ranging from 0 to 20 h) and amount of HCOOH production was determined to exceed 200 (Figure
mpg-C;N,/RuCP used in these experiments (ranging from 1.6 36b). However, UV—vis spectroscopy following photochemical
to 80 mg), with the selectivity for HCOOH production operation indicated that some Ru catalysts desorbed from the
ranging between 74 and 89% in these experiments. Following C;N, surface.

16086 httpsi//doi.org/10.1021/acs.chemrev.2c00200
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Further studies by Maeda and co-workers using mpg-C;N,
modified with Lehn-type Ru catalysts showed modification of
the solvent and the catalyst’s ligand structure can improve the
TON by a factor of >5.”°° As an example, the methylphos-
phonic acid groups of the bipyridine ligand were replaced with
phosphonic acid groups (yielding the catalyst abbreviated as
RuP) (Figure 36a). Photochemical experiments using mpg-
C;N, modified with RuP (mpg-C;N,/RuP) in dispersion were
performed in dimethylacetamide (DMA), instead of MeCN as
used in previous studies of mpg-C;N,[RuCP, and illumination
with a 400 W Hg lamp equipped with a 400 nm long-pass
filter. In these studies, all other experimental conditions were
kept the same as those used in their previously reported
experiments using mpg-C;N,[RuCP. After 20 h, the per
amount of RuP TON was ~1100 (Figure 36c), and the
selectivity was 80% (67.7 umol HCOOH, 17.7 umol CO, and
0.9 umol H,). The apparent external quantum yield, as
determined following 20 h of 400 nm illumination, was 5.7%.

Maeda and co-workers also compared the anchoring of RuP
and its carboxylic-acid analog (RuC) onto mpg-C;N, (Figure
36a).”>' Adsorption isotherms recorded using catalyst-
modified samples of mpg-C;N, with a surface area of 200
m’ ¢! and average pore size 12 nm showed that RuC
saturated at 30 ymol g~ and RuP saturated at 40 ymol g~".
Photochemical experiments using either mpg-C;N,/RuC or
mpg-C;N,RuP (catalyst loadings of 7.8 umol g~') were
conducted under similar conditions (8 mg suspended in 4 mL
of CO,-saturated 4:1 v/v MeCN:TEOA illuminated for S h
using a 400 W Hg lamp with a 400 nm long-pass filter) and
both constructs yielded HCOOH as the main product. During
the first 2 h of illumination, RuC displayed a higher TON than
RuP (~8S and ~60, respectively) (Figure 36d). Likewise,
samples of mpg-C;N,[RuC (with catalyst loadings of 7.8, 20,
and 35 pmol g™') yielded higher TOFs (~90, ~50, and ~40
h™', respectively) than those achieved using mpg-C;N,/RuP
(with catalyst loadings of S, 7.8, 20, and 40 umol g~' and
TOFs of ~90, ~70, ~37.5, and ~20 h™", respectively) (Figure
36e). However, by the end of the $ h illumination period, RuP
had a TON higher than RuC (~170 and ~110, respectively),
suggesting less degradation when using phosphonate linkers.
Cyclic voltammograms recorded using catalyst-modified mpg-
C;N, in CO,-saturated 4:1 v/v DMF:TEOA exhibited an
enhanced current for mpg-C;N,[RuC compared to mpg-C;N,|
RuP (~30 pA and ~20 pA at —1.65 V vs Ag/AgNO,,
respectively). However, the authors indicated that the origin of
the enhancement was not clear. Lastly, the desorption of the
complexes was quantified via UV—vis after stirring the
constructs in 4:1 v/v MeCN:TEOA. After 20 min, 49% of
the RuC had dissociated from the C3N, and after 1 h 85% of
the RuC had dissociated from the C;N,. In the case of RuP,
only 37% and 68% of the complex had dissociated after 20 min
and 1 h of stirring, respectively. These results again indicate
that phosphonates bind more strongly than carboxylates. The
amount of catalyst lost could contribute to the reduced
performance after 5 h when using RuC versus RuP but could
also indicate that RuC is a better catalyst for CO, reduction
and perhaps explain the enhanced currents observed in the
voltammetry experiments. The authors also suggested that,
besides the desorption, there could be some still unknown
light-induced degradation process(es).

In other work from Maeda and co-workers, mpg-C;N, was
modified with either RuCP, RuP, or RuC, and studied in either
DMA or MeCN.>** In a typical experiment, 8 mg of Ru-

complex-modified mpg-C;N, (with catalyst loadings of 7.8
umol g~') was suspended in either 4 mL of 4:1 v/v
DMA:TEOA or 4:1 v/v MeCN:TEOA before illumination
for 20 h with a 400 W Hg lamp equipped with a 400 nm long-
pass filter. In nearly all experiments performed under these
conditions, HCOOH was the main product. However when
RuCP was used as the catalytic component and DMA was the
solvent, CO was produced with 64% selectivity and HCOOH
with 34% selectivity. Experiments using DMA containing mpg-
C;N,/RuCP with lower catalyst loadings (1.0 or 1.4 ymol g™')
yielded HCOOH as the main product (52% HCOOH vs 24%
CO and 67% HCOOH vs 17% CO for the two loadings,
respectively). Alternatively experiments performed using DMA
containing mpg-C;N,[RuCP with higher catalyst loadings
(20.8 or 52.4 umol g™') resulted in CO and HCOOH being
generated in nearly equivalent amounts (53% CO vs 45%
HCOOH for both loadings). Monitoring the photochemical
products by GC when using mpg-C;N,/RuCP in DMA over 1
h of illumination indicated HCOOH was initially produced at
a linear rate, while the production of CO displayed an
induction period (Figure 36f). Nonetheless, both rates
diminished over longer time scales, with the rate of
HCOOH decreasing faster, and eventually leaving CO as the
main product (Figure 36g). The authors concluded that
catalytically active species for CO versus HCOOH production
were different. Visual inspection of a sample with a relatively
higher catalyst loading (4 mg of mpg-C;N,JRuCP with a
catalyst loading of 81.4 ymol g_1 suspended in 4 mL of 4:1 v/v
DMA:TEOA) before versus after the 20 h of illumination
showed a change of color from yellow to black, and UV—vis
diffuse reflectance spectroscopy (DRS) measurements con-
firmed increased absorbance in the 600—800 nm range. These
changes in absorbance proved to be reversible after 24 h of
exposure to air. Conversely, in related experiments, no
pronounced changes in optical properties were observed
when using mpg-C;N,[RuC or mpg-C;N,IRuP in place of
mpg-C;N,[RuCP. The authors noted that the change in UV—
vis diffuse reflectance spectral profile following illumination of
mpg-C;N,RuCP in DMA is consistent with the presence of a
polymeric Ru species reported in literature as an active catalyst
for CO formation during electrochemical CO, reduction. In
addition to experiments performed using DMA, similar
changes in the UV—vis diffuse reflectance spectral profile
were observed when illuminating mpg-C;N,IRuCP in DMF or
dimethyl sulfoxide (DMSO) but not when using THF, MeCN,
or MeOH. The authors suggested that the intrinsic donor
numbers of DMA, DMF, and DMSO, which are relatively
higher than that of the other solvents, may have influenced
these results. The authors also studied the effect of replacing
TEOA (a relatively strong electron donor) with MeOH (a
relatively weaker electron donor). When using 4 mL of a CO,-
saturated 4:1 v/v DMA:MeOH solution with 4 mg of mpg-
C;N,4RuP (15.1 umol g™') and 20 h of illumination, CO was
the main product with a TON of 7.5. This result contrasted
with those obtained using the same assembly in DMA
containing TEOA as the sacrificial source of electrons, which
produced mainly HCOOH with a TON of ~1100. The
authors rationalized this difference in favoring production of
CO over HCOOH when changing the sacrificial electron
donor from TEOA to MeOH may be due to differences in the
acidity of the solutions, given TEOA yields reaction conditions
that are more basic (promoting HCOO™), while using MeOH
yields reaction conditions that are more acidic (promoting

https://doi.org/10.1021/acs.chemrev.2c00200
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Figure 37. (a) Schematic representation of carbon nitride functionalized with a polymeric cobalt phthalocyanine. (b) Amount of CO produced
(black squares) by mpg-C,N,ICoPPc using different Co loadings in CO,-saturated 4:1 v/v acetonitrile:triethanolamine illuminated for 24 h at 100

mW cm™

with an AM 1.5 G and a 400 nm long-pass filter. The calculated CO selectivity (blue bars) is included on the right-coordinate axis. (c)

Amount of CO produced by mpg-C;N,|CoPPc,; , (red diamonds), mpg-C3N,ICoPPc,;, (black circles), and mpg-C3N,ICoPPc;, ; (blue squares) in
CO,-saturated 4:1 v/v acetonitrile:triethanolamine illuminated for 48 h at 100 mW cm™ with an AM 1.5 G and a 300 nm long-pass filter. Adapted
with permission from ref 254. Copyright 2019 Wiley-VCH Verlag GmbH & Co.

C0).>*® The formation of a Ru polymer as a potential CO
generator was also ruled out by measuring UV—vis DRS of 4.0
mg of mpg-C;N,IRuCP (28 ymol g7') in 4 mL of a 9:1 v/v
DMA:MeOH solution before and after 20 h of illumination.
These studies showed no rise in absorption in the 600—800
nm region, giving further credence that the acidity or basicity
of the solution is what changed the product selectivity in these
experiments. In addition, isotope labeling experiments
confirmed (1) CO, as the carbon source of the CO, (2) the
absence of HCOOH production, and (3) the formation of
HCHO after the photochemical reaction. Given the change in
free energy for the formation of HCHO, water, and CO from
CO, and MeOH is AG®° = +67.6 k] mol™!, the authors
concluded that the CO, reduction was achieved in a “non-
sacrificial” manner (meaning the AG® of the overall reaction is
>0).

Reisner and co-workers have reported photochemical
reduction of CO, to CO using an organic—inorganic hybrid
material in which mpg-C;N, harvests solar energy and activates
a surface-deposited polymeric Co phthalocyanine (CoPPc;
PPc denotes polymeric phthalocyanine) catalyst. mpg-C;N,
was selected because it is nontoxic, easily synthesized, and able
to absorb UV as well as visible light. Additionally, it has a Ecy
of —1.10 V vs SHE at pH 6, allowing it to reduce the catalysts
bound to its surface. The CoPPc was deposited onto mpg-
C;N, via an in situ polymerization method to form the hybrid
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material mpg-C;N,ICoPPc (Figure 37a).”** To prepare the
hybrid construct, 1,2,4,5-tetracyanobenzene, anhydrous CoCl,,
and 1,8-diazabicyclo[5.4.0Jundec-7-ene (DBU) were added to
a dispersion of mpg-C;N, in 1-pentanol under inert
atmosphere, and the dispersion was heated under microwave
radiation at 180 °C for 2.5 h. The resulting mpg-C;N,ICoPPc
was characterized using UV—vis DR, ATR-IR, Raman, and XP
spectroscopies, and the photochemical activity was studied in
CO,-saturated MeCN under UV-filtered simulated solar light
irradiation (100 mW cm™, equipped with an AM 1.5 G and a
400 nm long-pass filter) for 24 h, with TEOA as a sacrificial
electron donor. Although bare mpg-C;N, generated only trace
amounts of H, and CO (determined using GC to analyze the
headspace gas), mpg-C;N,/ICoPPc exhibited considerably
higher activity toward CO, reduction to CO. The photo-
chemical activity of mpg-C;N,CoPPc increased linearly with
Co loading until ~12 pymol Co per gram of mpg-C;N,ICoPPc.
Further increase in Co content (>20 ymol Co g') resulted in
a decrease in activity and only a trace amount of CO was
detected for the sample containing the highest loading of Co
(107 pmol Co g™') (Figure 37b). At relatively high CoPPc
concentrations (>107 umol Co g™'), the carbon nitride surface
was “completely sheathed by the CoPPc layer”, which could
block the incoming light and reduce the accessibility of the
mpg-C;N, surface to TEOA. Longer-term experiments (96 h)
showed that the selectivity toward CO decreased marginally

https://doi.org/10.1021/acs.chemrev.2c00200
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(80.3% + 11.3 at 24 h compared to 72.5% + 17.3 at 96 h).
Under full solar spectrum irradiation (including wavelengths
>300 nm), mpg-C;N,ICoPPc;; o (where 11.9 indicates the Co
content of 11.9 umol Co g' in the hybrid assemblies)
generated 1000 ymol CO g~ " after 48 h (Figure 37c) with 85%
selectivity (TONc, = 84), which corresponds to a 65%
increase in activity as compared to the activity of the same
construct with irradiation of wavelengths >400 nm (607 ymol
Co g ! after 48 h, TON = S1). EQE for CO formation by
mpg-C;N,ICoPPc; o was 0.11% under 360 nm illumination
and 0.03% under 400 nm illumination.

Dukovic and co-workers utilized CdS NRs capped with
MPA ligands to immobilize 2-oxoglutarate:ferredoxin oxidor-
eductase expressed from Magnetococcus marinus (MmOGOR)
(Figure 38), which contains a [4Fe-4S] cluster.”>® The NRs
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Figure 38. Schematic representation of MPA capped CdS nanorods
containing a surface-immobilized 2-oxoglutarate:ferredoxin oxidor-
eductase. Adapted with permission from ref 25S. Copyright 2020
National Academy of Sciences.

had an average diameter of 22 nm, as measured using dynamic
light scattering (DLS). Photochemical experiments were
conducted using a 41 mM MES/4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES)/N-[tris-
(hydroxymethyl)methyl]-3-aminopropane-sulfonic acid
(TAPS) pH 6.8 buffer solution containing 44 nM CdS, 100
nM MmOGOR, 7.8 mM CO, (delivered using 30 mM

NaHCO;), 200 #M succinyl-coenzyme A (SCoA), 7 mM 2-
mercaptoethanol, 625 yM tetraphenyl-phosphonium, 500 M
MgCl,, 10 mM NH,Cl, 1.7 yuM glutamate dehydrogenase
(GDH), and 252 uM nicotinamide adenine dinucleotide
(NADH) under 32 mW illumination with a CW 405 nm diode
laser for 3 h. Following the illumination period, analysis of the
samples using quadrupole TOF-MS coupled to electron-spray
ionization (ESI) confirmed the presence of 2-oxoglutarate,
indicating a C—C bond was formed by coupling of CO, and
SCoA. Product formation was qualitatively confirmed using
high-resolution mass spectrometry. Further, an optical-based,
quantitative assay, where a second enzyme, GDH, consumes
NADH (maximum absorbance at 340 nm) during the
amination of 2-oxoglutarate to form glutamate, was used to
establish the dependence of the reaction rates on the
concentrations of SCoA, CO,, or excitation frequency. The
authors found that CO, did not bind as strongly as SCoA to
MmOGOR and the internal quantum vyield of product
formation was relatively low (~1%), meaning only 1% of
photoexcited electrons were used for 2-oxoglutarate formation.
Using ultrafast transient absorption spectroscopy and DLS
studies, electron transfer from the CdS NRs to the
immobilized MmOGOR was found to be strongly dependent
on whether the SCoA was bound to the MmOGOR active site.
Crystal structures of MmOGOR and MmOGOR-SCoA
showed that following binding of SCoA, the enzyme
underwent a conformational change at a domain presumed
to be the site binding to CdS. Therefore, conformational
changes in MmOGOR upon SCoA binding could impact the
strength of the NR-enzyme interactions and ultimately the
electron-transfer pathway. This work highlights the importance
of structural considerations in the design of systems where
enzymes are used.

Robert and co-workers have described hybrid constructs
featuring a molecular Co complex attached to mpg-C;N,. mpg-
C;N, was used as an earth-abundant visible-light photocatalyst,
with relatively high chemical stability, and electron-with-
drawing properties. These materials were prepared by adding
mpg-C;N, (with a pore volume of 0.50 cm® g™' and a specific
surface area of 111 m? g7'), 1-ethyl-2-(3-dimethyl-
aminopropyl)carbodiimide, and TEA to a suspension of
DMF containing a Co quaterpyridine (Coqpy) complex
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Figure 39. (a) Schematic representation of a cobalt quaterpyridine complex covalently linked to graphitic carbon nitride. (b) Turnover number for
the formation of H, (red circles) and CO (black squares) by mpg-C;N,ICoqpy in CO,-saturated 0.05 M BIH and 0.03 M phenol in acetonitrile
solutions illuminated for four consecutive cycles of 24 h with a 100 W Xe lamp equipped with an AM 1.5 G and a 400 nm long-pass filter. Adapted
with permission from ref 256. Copyright 2020 American Chemical Society.
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Figure 40. (a) Schematic representation of a cobalt quaterpyridine complex covalently linked to graphene acid. (b) Turnover number for the
formation of H, (red circles) and CO (blue squares) by GAICoqpy in CO,-saturated 0.1 M phenol in acetonitrile solutions illuminated for four
consecutive cycles of 216 h each with a 100 W Xe lamp equipped with an AM 1.5 G and a 400 nm long-pass filter. (c) Turnover number for the
formation of H, (red circles) and HCOO™ (dark red circles) by GAlICoqpy in CO,-saturated 1.51 M triethanolamine in acetonitrile solutions
illuminated for four consecutive cycles of 72 h each with a 100 W Xe lamp equipped with an AM 1.5 G and a 400 nm long-pass filter. Adapted with

permission from ref 258. Copyright 2021 American Chemical Society.

functionalized with a carboxylic acid group (Coqpy-Ph-
COOH). The grafting of Coqpy-Ph-COOH is reported to
occur via an amide linkage to form mpg-C;N,/Coqpy (Figure
39a).”*° The samples were characterized via FTIR and XP
spectroscopies, and the amount of Co on the surface was
determined using ICP-OES to be 0.00876% weight (equivalent
to 1.48 ymol g~'). When using nanosheets of graphitic carbon
nitride (nsg-C;N,) in place of the mpg-C;N,, the otherwise
identically prepared construct, nsg-C3N,ICoqpy, had a higher
Co loading of 0.02670% weight (equivalent to 4.53 ymol g™*).
Cyclic voltammograms recorded using the homogeneous
Coqgpy-Ph-COOH complex in DMF, in the presence of CO,
and 0.1 M phenol as a source of protons, showed the presence
of catalytic redox feature with an increasing J, from ~7.5 pA at
~—1.2 V vs SCE to a maximum of ~70 yA at ~—1.6 V vs SCE.
Given the mpg-C;N, Ecy & —1.35 V vs SCE,”’ the authors
concluded that light excitation of the semiconducting material
resulted in reduction of the cobalt-based molecular catalysts.
EIS experiments also showed that, among (1) mpg-C;N,|
Coqpy, (2) mpg-C;N,, and (3) mpg-C;N, mixed with Coqpy,
the mpg-C;N,ICoqpy electrodes yielded the lowest charge-
transfer resistance. Photochemical experiments using a
sacrificial source of electrons were carried out in CO,-saturated
MeCN, in the presence of 0.05 M 1,3-dimethyl-2-phenyl-2,3-
dihydro-1H-benzo[d]imidazole (BIH) as the sacrificial elec-
tron donor, 0.03 M phenol as source of protons, and 6 mg of
mpg-C;N,ICoqpy catalysts (equivalent to ~3 mM Coqpy).
After 24 h of illumination using an AM 1.5 G simulator
equipped with a 100 W Xe lamp and a 400 nm long-pass filter,
the system produced CO from CO, (as confirmed via isotope-
labeling experiments) with a 98% selectivity and a TON of 128
(or 8 umol ¢! h™"). Analogous experiments using a mixture
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containing mpg-C;N, and Coqpy-Ph-COOH, or using Coqpy-
Ph-COOH adsorbed overnight onto mpg-C;N, (but without
the reagents required for forming the amide linkages), resulted
in a diminished amount of CO (four and eight times less,
respectively), showing that the covalent grafting of Coqpy
enhances catalysis. Furthermore, longer-term experiments of
96 h showed that the selectivity was maintained at a value of
97%, reaching a TON of 254. In a recycling experiment, mpg-
C;N,-Cogpy was used for 24 h, then washed with MeCN,
sonicated, centrifuged, dried, and immediately reused in
another 24 h cycle with a fresh CO,-saturated MeCN solution
with BIH and phenol. After four consecutive cycles, the
catalyst maintained a TON of ~120 on each cycle (TON =
486 in total over 96 h of irradiation) (Figure 39b), and an
apparent external quantum yield at 440 nm for CO formation
of 0.25%. XRD and UV—vis spectra of mpg-C;N,-Coqpy after
irradiation showed no evidence of material instability or
decomposition. Photoelectrochemical experiments were per-
formed by depositing mpg-C;N,ICoqpy onto FTO electrodes
that were used as working electrodes in a three-electrode cell
configuration, with a Pt counter electrode and a standard
calomel reference electrode all suspended in a 0.1 M Na,SO,
solution “without any bias”. The transient | produced using a
300 W Xe lamp was 3 mA cm™* and was stable over 6 min (10
cycles of 20 s of illumination and 20 s of nonillumination).
Control samples consisting of mpg-C;N, dispersed in MeCN
mixed with Coqpy-Ph-COOH and mpg-C;N, showed
negligible currents.

Robert and co-workers have also reported studies using
Cogpy covalently bonded to graphene acid (GA) for
photochemical reduction of CO, to CO in acidic conditions,
and to HCOO™ in basic conditions.””® GA was chosen over

https://doi.org/10.1021/acs.chemrev.2c00200
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other carbon-based nanomaterials, such as graphene or
graphene oxide, since it offers a more precise control of the
surface groups due to the presence of —COOH moieties on its
surface. Additionally, it offers a high electronic conductivity, a
high surface area, and a relatively simple methodology for
synthetic manipulation of the surface chemistry. In their work,
Coqpy was immobilized by adding its amino-functionalized
analog to a suspension of GA in DMF, hydroxybenzotriazole,
TEA, and dicyclohexylcarbodiimide to yield the hybrid
construct GAlCoqpy (Figure 40a). The immobilization of
the catalyst was confirmed using Raman spectroscopy, FTIR
spectroscopy, XPS, XAS, XANES, high-resolution TEM, EDX,
and UV—vis DRS, with a loading of 5.5% weight calculated
from XPS. In addition to the presence of amide bond linkages
on the surface, data from XPS, XANES, and EDX indicated the
loss of the two axial Cl ligands of the Coqpy complex, whereas
the XANES results indicated an additional Co—O interaction
attributed to the coordination of carboxylic acid groups on the
GA surface to the Co atom to fulfill charge accountability with
the Co' oxidation state. Photochemical experiments were
carried out by suspending 0.02 mg (~15 uM) of GAICoqpy in
6 mL of CO,-saturated MeCN with 0.05 M BIH as sacrificial
electron donor and 0.1 M phenol as a proton source. In these
studies, the samples were illuminated with an AM 1.5 G solar
simulator equipped with a Xe lamp and a 400 nm optical long-
pass filter. After 222 h of illumination, 7.06 ymol of CO was
detected using GC, corresponding to a TON (relative to the
amount of Coqpy) of 513 and a selectivity (molar fraction of
the product) of 97%, with H, being the only byproduct.
Isotope labeling experiments confirmed that CO was formed
from CO,. Throughout the course of the 222 h experiment, the
amount of CO detected did not reach a plateau (indicating the
system remains active), while the amount of H, produced
remained relatively low (TON < 25). Control experiments
using GA mixed with Cogpy in place of GAlICoqpy, GA mixed
with CoCl, in place of GAlCoqpy, Ar in place of CO,, or with
no illumination, resulted in negligible amounts of CO (TONs
from 0 to 13). In addition, changing the proton source from
phenol to TEOA (a weak base) resulted in HCOO™ as the
main product (TON = 330 and selectivity = 99% with H, as
the secondary product) following 4S5 h of illumination. After
222 h of illumination and under acidic conditions (using
phenol as a proton source in place of TEOA), the apparent
external quantum yield was determined to be 0.57%, while
after 45 h of illumination under basic conditions (TEOA as a
proton source in place of phenol) the apparent external
quantum yield was determined to be 0.85%. Following four
successive cycles of 216 h of illumination performed using
phenol as a proton source, where the GAICoqpy material was
filtered and washed between cycles, the TON was reduced by
~10% (from a TON = 513 at the end of the first cycle to a
TON = 450 at the end of the fourth cycle). This equates to an
overall TON = 1900 over 860 h (Figure 40b). In the
equivalent experiment using TEOA in place of phenol, after
four successive cycles of 72 h of illumination each with
filtrations and washing in-between cycles, TON also decreased
by ~10% (from a TON = 330 at the end of the first cycle, to a
TON = 300 at the end of the fourth cycle with an overall TON
= 1300 almost 290 h of irradiation) (Figure 40c). The authors
mentioned that the loss in activity could be due to loss of
catalyst during the filtering and washing procedures. Further,
XPS analysis after the cycling study indicated a reduction of Co
metal center during the catalysis, where the amount of reduced

Co species present in the hybrid assembly after the reaction
was 15.3% when studied under basic conditions and 9.2%
under acidic conditions.

Bian and co-workers used a Mn bipyridyl complex (MnP)
bearing phosphonic acid anchoring groups for attachment to
graphitic carbon nitride (g-C;N,) semiconductor surfaces for
generating the hybrid material, g-C;N,/MnP (Figure 41).**
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Figure 41. Schematic representation of carbon nitride with
phosphonate-modified Lehn-type Mn-based catalyst. Adapted with
permission from ref 259. Copyright 2020 Elsevier.
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XRD, NMR spectroscopy, and ESI-MS gave evidence of
successful preparation of these MnP macromolecular organic
complexes. SEM images of g-C;N, and g-C;N,IMnP (with a g-
C;N,/MnP mass ratio of 100:1) demonstrated the pure g-C;N,
sample was layered, meaning different layers were stacked
together to form a multilayer structure with a smooth surface.
After alkali treatment, MnP complexes were loaded onto the
surfaces of g-C;N, sheets, and SEM images indicated no
changes in the morphology of the g-C;N, after attaching the
MnP catalysts. Electrochemical measurement confirmed that
catalytic CO, reduction processes were only observed in g-
C;N, following MnP attachment. Photochemical experiments
were conducted using a dispersion containing 10 mg of g-
C;N,IMnP, a total reaction solvent volume of 30 mL, and
illumination from a 500 W Xe arc lamp for 0, 2, 4, 6, and 8 h.
Product analysis using GC and ion chromatography confirmed
CO as the only product of CO, reduction using g-C;N,/MnP,
and no MeOH was detected. The TON for CO was
determined using (1) different mass ratios of g-C;N,IMnP
(200:1, 100:1, or 50:1), (2) different reaction solvents (H,O,
DMEF, or MeCN), (3) different volumes of TEOA as sacrificial
electron donor (1,2, 4, 6, or 8§ mL), and (4) different amounts
of deionized water (1, 2, or 3 mL). In these studies, the highest
TON for CO (102 after 8 h) was achieved using a g-C;N,|
MnP mass ratio of 100:1, H,O as reaction solvent, and 6 mL of
TEOA as an additive.

Bai and co-workers have reported on photochemical CO,
reduction using Co pog}ghyrins anchored onto graphitic carbon
nitride (Figure 42a).”®’ Metalloporphyrins bearing diamino-
triazinylphenyl groups (abbreviated as MTDPP, where M is
either Fe, Ni, or Co) or a freebase analog (abbreviated as
TDPP) were polymerized with urea at elevated temperatures,
390 to 550 °C ramped over a 2 h period, to yield nanosheets of
the composite materials (abbreviated as g-CNUIMTDPP for
samples featuring metalloporphyrins and g-CNUITDPP for
those featuring a freebase porphyrin) where the molecular
catalysts were covalently linked to g-CNU. The resulting

https://doi.org/10.1021/acs.chemrev.2c00200
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Figure 42. (a) Schematic representation of a cobalt porphyrin linked to graphitic carbon nitride. (b) Production rate for the formation of CO (red)
and H, (black) by g¢-CNUICoTDPP in CO,-saturated 4:1 v/v acetonitrile:triethanolamine solutions illuminated for five consecutive cycles of S h
each with a S W LED lamp equipped with a 400 nm long-pass filter. Adapted from ref 260.

samples were structurally characterized using FTIR spectros-
copy, UV—vis absorption spectroscopy, XPS, XRD, TEM,
AFM, and high-angle annular dark-field STEM. Photocurrent
measurements were performed using a g-CNUICoTDPP-
modified ITO working electrode wired to a Pt counter
electrode and a saturated Ag/AgCl reference electrode. The
working electrode was prepared via a dip-coating method
where the ITO slide was immersed in a solution containing 1
mg of g-CNUICoTDPP dissolved in 1 mL of ethanol and 10
UL of Nafion and then air-dried. Under V}, = 0 V with
illumination from a 300 W Xe visible light source equipped
with a 400 nm long-pass filter, ] of ~1.00 A cm™2, and ~0.61
UA cm™* were recorded using g-CNUICoTDPP-modified ITO
and unmodified ITO working electrodes, respectively. Photo-
chemical experiments were performed using a suspension of
the nanosheets in MeCN with TEOA as the electron donor
under 75 mW cm™ illumination from a S W LED lamp
equipped with a 400 nm long-pass filter. During these
experiments, the CO production rates were determined via
analysis of the headspace gas using GC—MS. Following S h of
illumination, g-CNUICoTDPP yielded the highest CO
production (over 200 umol g~'), whereas negligible CO
(<25 pmol g™') was produced when using g-CNU, g-CNUI
TDPP, g-CNUIFeTDPP, or g-CNUINiTDPP, demonstrating
that Co is indispensable for the photochemical reduction of
CO,. The CO production was also evaluated (under
conditions previously stated) for samples of COTDPP coupled
to g-CNU but annealed at different temperatures. When
annealed at room temperature, g-CNUICoTDPP exhibited a
CO evolution rate of 30 umol g~' over S h (with selectivity of
83% for CO over H,). When annealed at 80 °C, the CO
evolution rate doubled to 63 umol g~' over S h. Finally, when
annealed at 550 °C, the CO evolution rate reached
approximately 300 ymol g™' over § h, yielding a TOF of 7.1
h™' (0.002 s7") for CO evolution. Longer-term experiments of
30 h showed a nearly linear growth of the CO production with
an average production rate of 31 ymol g~' h™". In a recycling
experiment, g-CNUICoTDPP was used for five consecutive
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cycles of 5 h each, the catalyst maintained 76% of their original
performance (Figure 42b). The authors concluded that the
photochemical CO, reduction activity of g-CNUICoTDPP
could be attributed to the following: (1) the enlarged specific
surface area of g-CNUICoTDPP provided more exposed
catalytic sites; (2) the incorporation of porphyrins into the
framework of g-CNUICoTDPP extended the visible-light
absorption range; (3) the reduced thickness of the nanosheets
facilitated the electron-transfer to the surface of the catalysts,
preventing charge carrier recombination; and (4) the covalent
bonding between CoTDPP and g-CNU accelerated the
electron transfer from g-CNU to CoTDPP.

Jing and co-workers investigated the reduction of CO, to
CO and CH, using metallophthalocyanines (abbreviated as
MPc, where M = Cu, Fe, or Co) immobilized onto HNO;-
treated graphitic carbon nitride (T-CN) nanosheets via
hydrogen bonding to form the heterogeneous assemblies T-
CNIMPc (Figure 43a).”®" The study focused primarily on the
T-CNICuPc because this construct was found to have the
strongest theoretical adsorption energy (—1.44 eV) for CO,
compared to the other metal-centered constructs (—0.25, and
—0.1 eV for CoPc, and FePc respectively). These theoretical
results were consistent with CO, temperature-programmed
desorption experiments showed CuPc also displayed the
strongest signal of the samples studied. DR spectra recorded
using T-CNICuPc showed absorption features characteristic of
CuPc. In addition, Raman spectra of T-CNICuPc showed a
band centered at 1528 cm™" assigned to the stretching of C-N-
C bond in CuPc, suggesting “a strong chemical interaction” of
T-CN with the Pc ligand due to hydrogen bonding. Further
evidence consistent with attachment of the CuPc to T-CN
through hydrogen bonding was provided via FTIR analysis,
where spectra recorded using T-CNICuPc showed a weakening
of the hydroxyl signal intensity as compared to those recorded
using unmodified T-CN. CO evolution rates, determined via
GC—MS analysis of the headspace gas, were recorded using 0.1
g of powdered T-CNIMPc dispersed in 5 mL of water in a 100
mL steel reactor, followed by bubbling with pure CO,, 20 min

https://doi.org/10.1021/acs.chemrev.2c00200
Chem. Rev. 2022, 122, 16051-16109
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Figure 43. (a) Schematic representation of carbon nitride nanosheets
with ultrathin copper phthalocyanine films. (b) Production rate for
the formation of CO (light blue), CH, (pink), and O, (yellow) by T-
CNICuPc with different % weight loadings of CuPc in CO,-saturated
aqueous solutions illuminated for 4 h with a 300 W Xe lamp equipped
with a 420 nm long-pass filter. Adapted with permission from ref 261.
Copyright 2020 Elsevier.

of equilibration, and then 4 h of irradiation using a 300 W Xe
arc lamp with a long-pass filter (4 > 420 nm). Under these
conditions, the CO production rates by T-CNICuPc, T-CNI
CoPc, T-CNIFePc, and bare T-CN were found to be
approximately 6.0, 5.7, 5.0, and 1.7 umol g, respectively.
The highest photochemical activity was observed using T-CNI
CuPc (over Co and Fe analogs) and was attributed to the
suitable energy band position of CuPc with T-CN, which
enabled the relatively high-level energy electron transfer from
T-CN to CuPg, strong CO, binding, and weak CO binding on
the metal center of CuPc. Steady-state surface photovoltage
spectroscopy (SS-SPS) was used to investigate the generation,
separation, and recombination of photogenerated charge
carriers through observing changes in the surface potential of
the T-CNICuPc upon exposure to light. In these experiments,
two peaks in V;, were observed. A peak between 300 and 450
nm was attributed to charge separation occurring in the T-CN,
and the weaker peak between 600 and 800 nm was assigned to
sensitization of the MPc. To assess the effect of catalyst loading
on Vpp,, SS-SPS spectra were collected using different loadings

of CuPc onto the T-CN (0, 0.5, 1, 2, and 3% weight CuPc).
These results indicated that a 2% weight loading of CuPc
generated the highest V,, among the loadings studied. In
addition, time-resolved surface photovoltage (TR-SPV) spectra
were recorded using samples of T-CNICuPc with a 2% weight
loading of CuPc under an N, atmosphere and 355 nm laser
pulse from a neodymium-doped yttrium aluminum garnet
nanosecond laser. A TR-SPV response of approximately 0.27
mV was observed for T-CNICuPc with a prolonged photo-
generated charge lifetime as compared to unmodified T-CN,
indicating an electron-transfer from T-CN to CuPc. The
relationship between % weight loading of CuPc and product
generation was also investigated using different loadings of
CuPc onto the T-CN (0, 0.5, 1, 2, and 3% weight CuPc). Of
the loadings studied, a 2% weight CuPc showed the fastest CO,
CH,, and O, evolution (at rates of up to 1.50, 0.23, and 1.22
umol g~ h™!, respectively). Increasing the CuPc loading to 3%
weight resulted in a decline in the CO production rate to
approximately 1.28 ymol g~ h™", and CH, and O, production
remained approximately the same as that observed using a 2%
weight loading (Figure 43b). Using T-CNICuPc samples with
a 2% weight loading, the apparent external quantum yield of
CO, reduction to CO and CH, was ~0.7% overall when
measured under 405 nm monochromatic light irradiation, and
~0.2% when measured under 660 nm monochromatic light.
Wang and co-workers prepared metallotetrakis(4-
carboxyphenyl)porphyrins (containing Cu, Co, or Ni)
adsorbed onto commercial titania (P25) to form the hybrid
material TiO,IMTCPP (Figure 442).”°* Evidence of successful
porphyrin coordination was provided via FTIR, UV—vis DR,
and XP spectroscopies as well as SEM and TEM. These
measurements also indicated almost no change in morphology
and particle size of the P25 following the surface-modification
chemistry. Photochemical experiments were performed in a
vacuum reaction system under a 70 kPa atmosphere of CO,,
using 50 mg of TiO,IMTCPP dispersed onto a porous
quartzose slice, and deionized water as a sacrificial agent. The
constructs were illuminated with a Xe lamp at 83.5 mW cm™
equipped with a short-pass water filter and the photoproducts
were mainly CO and a relatively small amount of CH,. Control
experiments showed that neither of these products were
detected when replacing CO, with Ar, or when using a 420 nm
short-pass filter. By varying the loading of CuTCPP onto TiO,
from 1.0 to 15.0% weight, it was found that a 5% by total
weight loading yielded the highest activity of 13.6 yumol g™' h™"
for CO and 1.0 umol g~' h™" for CH,. On the basis of their
findings, the authors concluded that relatively high loadings of
TCPP likely screened the underlying TiO, from illumination.
The authors also compared the rates of product formation
recorded using samples TiO,ICuTCPP to those measured
using samples of TiO, modified with other metalloporphyrins
(TiO,INiTCPP or TiO,/CoTCPP), a freebase porphyrin
(TiO,ITCPP) or unmodified TiO,. These results are shown
in Figure 44b and summarized in Table 3. Electron spin
resonance experiments indicated that upon light irradiation the
Cu’" ions in TiO,/CuTCPP were partially reduced to Cu’.
Additionally, longer-term experiments involving three consec-
utive cycles of 5 h illumination periods showed TiO,|CuTCPP
maintained >95% of its initial photochemical activity. In
addition to studies using sacrificial sources of electrons, PEC
experiments were performed in 0.1 M aqueous K,SO,, under
illumination from a Xe lamp (83.5 mW cm™) over a 6 min
period, using working electrodes composed of 1 cm®> FTO

https://doi.org/10.1021/acs.chemrev.2c00200
Chem. Rev. 2022, 122, 16051-16109
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Figure 44. (a) Schematic representation of a carboxylate-modified
copper porphyrin on TiO,. (b) Amount of CH, (orange) and CO
(gray) produced by TiO,, TiO,ITCPP, TiO,/CoTCPP, TiO,l
NiTCPP, and TiO,/CuTCPP in CO,-saturated aqueous solutions
under 83.5 mW cm™? illumination. The rate for the formation of CO
(blue squares) is included on the right-coordinate axis. Adapted with
permission from ref 262. Copyright 2020 MDPL

Table 3. Summary of Results from Wang and Co-workers”

rate of CO formed rate of CH, formed

sample (umol CO g™' h7") (umol CH, g™' h7")
Tio, 0.39 0.01
TiO,ITCPP 1.08 0.06
TiO,/CuTCPP 13.6 1.0
TiO,/NiTCPP 7.08 0.89
TiO,|CoTCPP 1.51 0.27

“Adapted with permission from ref 262. Copyright 2020 MDPL

films with 2 mg of spin-coated TiO,IMTCPP, a Pt plate as the
counter electrode, and a Ag/AgCl as the reference electrode.
These experiments showed that amongst the samples
investigated TiO,/CuTCPP generated the highest transient |
(up to ~80 uA cm™?), followed by TiO,INiTCPP (up to ~50
uA cm™?), and then TiO,|/CoTCPP (<30 yA cm™2).

Wang and co-workers have reported a photochemical system
featuring cobalt phthalocyanines modified with carboxylic
groups (CoPcCOOH) immobilized onto carbon nitride (CN)
via acid—base interaction between their —COOH and —NH,

groups.”®> The CN, prepared through pyrolysis of urea, was
selected as a light absorber given its low cost, ease of
preparation on relatively large scales, and lack of noble/toxic
metals. Cobalt phthalocyanine was chosen because it is a
relatively well-known catalyst for CO, electroreduction. The
CN was ultrasonicated in a solution of CoPcCOOH in DMF
to yield the catalyst-modified material (CNICoPcCOOH)
(Figure 45a). Immobilization of the catalyst was confirmed via
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Figure 45. (a) Schematic representation of carbon nitride modified
with a cobalt phthalocyanine. (b) Production rate for the formation of
CO (red) by CNICoPcCOOH in of CO,-saturated 4:1 v/v
acetonitrile:triethanolamine solution illuminated for 8 h by a Xe
lamp equipped with a AM 1.5 G filter. Selectivity for CO (blue) is
included on the right-coordinate axis. Adapted with permission from
ref 263. Copyright 2022 American Chemical Society.

XRD, SEM, aberration-corrected STEM, FTIR spectroscopy,
XPS, and energy dispersive X-ray spectroscopy. A loading of
2.4% weight, as determined via ICP-MS, was consistent with
the estimated loading of a monolayer of CoPcCOOH (2.38%
weight). Photochemical experiments were performed using a
reaction cell immersed in a water tank to cut off IR
illumination and maintain room temperature. The cell
contained 3 mg of CNICoPcCOOH suspended in S mL of a
CO,-saturated 4:1 v/v. MeCN:TEOA solution that was
illuminated at an intensity of 300 mW cm™ using a Xe lamp
equipped with a AM 1.5 G filter. After 1 h of illumination, the
CO production rate reached a maximum of 1067 ymol g™' h™"
(Figure 45b) and a TOF of 33.2 h™" as determined using GC.
This production rate was 16 times higher than that achieved in
control experiments using an analogous cobalt phthalocyanine
without carboxylic groups, in place of CoPcCOOH. However,
after 8 h, the CO production rate decreased to 780 ymol g~

https://doi.org/10.1021/acs.chemrev.2c00200
Chem. Rev. 2022, 122, 16051-16109
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h™', yielding a TON of 221. Throughout the 8 h of the
experiment, H, was the only subproduct, whereas the
selectivity of CO over H, stayed over 98%. No liquid products
were detected using NMR spectroscopy. When the reaction
was illuminated with a 365 nm LED light, the apparent
external quantum yield of CO, to CO was 0.90%. Upon
increasing the loading from 2.4% to 10% weight, the material
showed no CO production activity. The authors suggested that
aggregated CoPcCOOH, which is electrically insulating, could
not efficiently transfer electrons from CN to CO,. The authors
also attributed the increasing and decreasing CO production
rates to activation and deactivation processes, respectively,
where the activation, as indicated by UV—vis and XPS
measurements performed in situ and with a chemical reducing
agent, involves a 4 e~ reduction to generate the active
cocatalysts. Analysis of the electrolyte, via ICP-MS, and
following 12 h of operation, indicated that 58% of the Co in
the starting CNICoPcCOOH had leached into the solution.
Control experiments performed using CN and CoPcCOOH
dissolved in DMF vyielded approximately 60% of the activity
achieved using CNICoPcCOOH, indicating the deactivation is
not due to catalyst dissolution.

9. TABULATED SUMMARY OF EXAMPLES

In this section, we provide Tables 4 and S summarizing the
examples presented in Sections 7 and 8, respectively.
Additionally, an expanded version of Table 4 is provided in
the Supporting Information including information on the
reference and counter electrodes used.

10. CRITICAL ANALYSIS, CONCLUSIONS, AND
OUTLOOK

A range of strategies have been developed for interfacing
molecular components with semiconducting materials and
studying the resulting assemblies. In addition to offering
opportunities to store solar energy as fuels, advances in this
area have brought forth creative synthetic solutions for
assembling combinations of hard- and soft-matter materials.
Nonetheless, the span of time and length scales associated with
transducing solar energy present formidable challenges for
understanding and controlling light harvesting, energy transfer,
charge separation, catalytic reactions, product selectivity, and
interfacial processes. Although there are well-defined and
established methods available for characterizing diagnostic-
and benchmarking-type efficiencies of artificial photosynthetic
assemblies, comparisons are complicated by differences in
cost/scalability of the materials used, durability of the
assemblies, and the experimental conditions they are operated
under (e.g., cell configuration, illumination source, supporting
electrolyte, pH, etc.) Further, unlike for molecular electro-
catalysts,”***%° there is a lack of approaches available for
extracting thermodynamic and kinetic parameters associated
with molecular electrocatalysts immobilized on semiconductor
surfaces.

Efficiency, cost/scalability, and durability are required
features for large-scale, global implementation of solar-to-fuel
technologies, and promising strategies for imparting these
properties are highlighted in this review. These include
examples of using semiconductors with relatively narrow
band gaps to promote effective light absorption across the
solar spectrum (refs 111, 128, 189—191, 203, 205, 207, 209,
214, 217, 218, 226, 228, and 237), modulating the surface of

the semiconductors with ions or molecular dipoles for
directing interfacial energetics and charge transfer efficien-
cies,”07*19722026 protecting the surface of semiconductors with
stable overcoating layers to increase stability during photo-
electrochemical operation (refs 111, 128, 191, 192, 195, 196,
198, 200, 206, 207, 209, 213—218, 222, 229, 234, 236, 237,
and 267), increasing the surface loadings of catalysts via
leveraging nanostructured materials or overlayers (refs 128,
209, 217, 228, 229, 237, 238, 249—252, 254, and 256), and
passivating surface states (i.e., electronic states found at the
surface of materials) via chemisorgtion with the aim of
suppressing surface recombination,'*%!9%200:203:208,209,216=218
Despite these advances, an artificial photosynthetic construct
has yet to effectively demonstrate all three of the desirable
properties illustrated in Figure 46.°°° Looking forward,

Figure 46. A “golden triangle” for practical solar-fuel production,
indicating the desired parameters of efficiency, lifetime, and cost/
scalability (the inserted yellow triangle is included for illustrative

purposes).

outstanding research opportunities and questions in the areas
of artificial photosynthesis and solar fuels include:

e What are the dominant interactions across length and
timescales that control the performance of molecular-
modified semiconductors and hierarchical materials?

e How can the molecular science of individual processes in
solar fuels generation be leveraged to inform the rational
design of systems with enhanced lifetimes, scalability,
and efficiencies?

e How do we probe, understand, and tailor the structure,
composition, and dynamics of the local region
surrounding catalytic active sites to direct chemical
reaction pathways?

e What are the degradation mechanisms responsible for
photoelectrosynthetic performance loss over time and
what strategies can be developed for bypassing them?

e How can we better couple hypothesis-based synthesis
with data-science tools, including machine learning and
artificial intelligence, to predict effective combinations of
the component materials and their reaction environ-
ments?

The opportunities and challenges outlined above apply
broadly to realizing practical solar-to-fuel devices. Opportu-
nities and challenges specific to developing molecular-modified
photocathodes include controlling the selectivity for producing
a desired chemical product or type of solar fuel. As illustrated
in Table 1, the hydrogen evolution and CO, reduction half

https://doi.org/10.1021/acs.chemrev.2c00200
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reactions occur within a relatively narrow potential range,
presenting energetic challenges for selectively driving a desired
reaction. This figure is also somewhat incomplete, meaning the
values listed in Table 1 are formal potentials representing the
average energy per electron transferred. Thus, for non-
concerted, or stepwise reactions that are not redox leveled,
each individual electron is not necessarily transferred at the
average value. Further, these thermodynamic potentials do not
address transition-state energies, which are central to catalysis
and reaction selectivity. Although it is plausible that
appropriately designed photocathodes could drive multi-
electron, multiproton reactions such as CO, reduction without
the use of electron transport/protection layers and/or metal
cocatalyst, coating layers provide a promising approach. Like
enzymes, molecular materials provide precise three-dimen-
sional environments that could be designed to provide
specificity for tightly binding an “activated complex” (i.e., a
transition state) and thus achieve exquisite selectivity. Auxiliary
design features include not only the selection of metal ions of
the catalyst®®"*°>** but also the structure of the surrounding
coordination spheres,”’® and acidity of any proton re-
lays™*>?%%*% for suppressing or controlling rates of hydrogen
evolution.””" In general, a more complete understanding of the
photoelectrosynthetic processes occurring at a cathode will
require consideration of the lower concentrations of electrons
at semiconductor surfaces as compared to those at metal
surfaces during electrocatalysis, as well as the interplay between
light flux, quantum efliciency, and catalytic site turnover
frequencies. In principle, such photodriven assemblies may be
capable of using light intensity to control product selectivity,
offering a promising tool compared to the metal/conducting
electrodes more traditionally used in electrocatalysis.”*' In the
case of producing reduced forms of CO, as a fuel, and as
shown in Table 1, reduction of CO, is challenging, especially
in aqueous conditions, considering competitive proton
reduction that can lead to poor selectivity for carbonaceous
products. In addition, CO, has a low solubility in water
(~0.034 M), adversely affecting diffusion-controlled reac-
tions.”””

Other challenges central to development of molecular-
modified photocathodes include exploration of light-absorbing
materials and molecular catalysts that are stable under extreme
pH conditions, or that can effectively operate at near-neutral
pH. Each experimental operating condition has its own pros
and cons in terms of stability, efficiency, and safety, and there is
no consensus on what operating conditions should take
precedence in developing potential future devices and
technologies. Although extreme pH can have advantages in
terms of energetics and rates of fuel production,””” the
selection of semiconductor electrodes and catalysts that
withstand such caustic conditions is limited. Near-neutral pH
conditions relax stability constraints and mitigate risks
associated with managing corrosive solutions covering large
land mass areas. However, the concentration of protons and
hydroxide ions at near-neutral pH conditions are relatively low
and can limit mass-transport or require relatively large amounts
of supporting electrolyte to lower the solution resistance and
mitigate concentration gradients.””* Additionally, CO, reduc-
tion under alkaline conditions results in the formation of
CO0,>".*"° Research efforts should account for the limitations
associated with each set of operating conditions. Detailed
mechanistic understanding of degradation processes will likely
facilitate improvements in stability. Nonetheless, nature offers
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design inspiration for achieving durability via repair rather than
inherent stability of the component materials. In biological
photosynthesis durability is achieved via continuous repair
cycles. For example, the D1 complex that houses the
manganese-based water oxidation catalyst lasts only for ~30
min before it is reassembled.”’®

Beyond the materials and component levels, effective
interfaces and collaborations between researchers, team
managers, and leaders at the organizational level will be crucial
to the development and global implementation of practical
solar-fuel and artificial photosynthetic systems.m’277 In nature,
healthy large-scale systems require diversity. In this vein, it may
be beneficial to enable diverse strategies for researching and
envisioning approaches to developing artificial photosynthesis
as well as not prematurely choosing a winning approach or set
of operating conditions. The research opportunities, advances,
and challenges summarized in this review exemplify the
potential scientific impact of harnessing solar energy to
produce fuels.">">*”*7**! Progress in these areas would enable
more informed rational synthesis of artificial photosynthetic
systems with enhanced overall performance. Although several
approaches, including molecular, solid-state, and enzymatic
based strategies, are currently being pursued to achieve
efficient, low cost, and robust assemblies for converting
sunlight to fuels, we imagine that as molecules become
increasingly complex, surfaces more tailored, and synthetic
biology expands to introduce novel functionalities into
proteins, such distinctions will become further blurred.
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ABBREVIATIONS

a = absorption coeflicient of a photoelectrode

AA = ascorbic acid

ABPE = applied bias photon-to-current efficiency
acac = acetylacetonate

AFM = atomic force microscopy

Ag/AgCl = silver/silver chloride reference electrode
ALD = atomic layer deposition

APCE = absorbed photon-to-current efliciency
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ATP = adenosine triphosphate HEPES = 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
ATR-IR = attenuated total-reflection infrared acid

AZO = aluminum-doped zinc oxide

Ay = chlorophyll a

A, = phylloquinone

BIH = 1,3-dimethyl-2-phenyl-2,3-dihydro-1H-benzo[d]-
imidazole

bpy = 2,2'-bipyridine

b-Si = black silicon

CN = carbon nitride

[Co] = cobalt bis(benzene-dithiolate)

CODH = carbon monoxide dehydrogenase

Cp* = pentamethylcyclopentadienyl

cyclam = 1,4,8,11-tetraazacyclotetradecane

Cyt bgf = cytochrome plastoquinol-plastocyanin-oxidore-
ductase

CZTS = Cu,ZnSnS,

C = unoxidized catalyst site concentration

C = total catalyst site concentration

C' = oxidized (activated) catalyst site concentration
CY = concentration of the chemical substrate

DBU = 1,8-diazabicyclo[5.4.0]Jundec-7-ene

dcbpy = 4,4'-dicarboxy-2,2’-bipyridine

DLS = dynamic light scattering

DMA = dimethylacetamide

DMEF = dimethylformamide

DMSO = dimethylsulfoxide

dpbpy = 4,4'-diphosphate-2,2'-bipyridine

DRS = diffuse reflectance spectroscopy

€ = static dielectric constant

€y = permittivity of free space

E = electrode potential

EDX = energy-dispersive X-ray spectroscopy

EIS = electrochemical impedance spectroscopy
EQE = external quantum efficiency

ESI = electron-spray ionization

Ecp = conduction band-edge potential

Ep = semiconductor Fermi level

Eg,, = electron quasi-Fermi level

Eg,, = hole quasi-Fermi level

Ey. /i = redox potential of the H"/H, couple

Epq = standard reduction potential of the catalyst
[Er] = total concentration of enzyme

Eyg = valence band-edge potential

E = electric field intensity

F = Faraday constant

FE = Faradaic efficiency

FTO = fluorine-doped tin oxide

FTIR = Fourier-transform infrared

Fy Fy, and F, = iron—sulfur protein clusters

F = force experienced by a unit charge

I'c, = per geometric area surface densities of total catalysts
I'c = per geometric area surface densities of activated
catalysts

GA = graphene acid

GATR-FTIR = grazing-angle total reflection Fourier-trans-
form infrared

GC = gas chromatography

GC—MS = gas chromatography—mass spectrometry
GDH = glutamate dehydrogenase

G3P = glyceraldehyde-3-phosphate

g-C;N, = graphitic carbon nitride

n = overpotential
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HER = hydrogen evolution reaction

H,p = electronic matrix element

IC TOF-MS = ion chromatography time-of-flight mass
spectroscopy

ICP-AES = inductively coupled plasma atomic emission
spectrometry

ICP-MS = inductively coupled plasma mass spectrometry
ICP-OES = inductively coupled plasma optical emission
spectrometry

IO = inverse opal

IPCE = incident photon-to-current efficiency

IQE = internal quantum efficiency

ITO = indium tin oxide

I, = incident photon flux on the semiconductor after
correcting for interface reflection and electrolyte absorption
losses

J = current density

Jeat = catalyst solution current density

J = minority carrier current density

Jim = semiconductor-catalyst current density

J. = current density due to electrons

JO = exchange current density due to electrons

J, = current density due to holes

]ﬁ = exchange current density due to holes

Jon = photocurrent density

Ji = short-circuit current density

Jscr = electron photocurrent current density in the space-
charge region

J.. = electron current density at the depletion edge

Jo = saturation current density

K = equilibrium constant for a reaction

k = apparent rate constant associated with a catalytic
reaction

kg = Boltzmann constant

k.. = forward rate constant for chemical catalysis

k_ . = reverse rate constant for chemical catalysis

Ky = dissociation constant for the enzyme—substrate
complex

k.. = forward rate constant for electron transfer

k_,. = reverse rate constant for electron transfer

ke = forward rate constant describing the binding and
unbinding of the substrate to the enzyme

ki, = forward rate constant for hole transfer

k_y. = reverse rate constant for hole transfer

k. = reverse rate constant describing the binding and
unbinding of the substrate to the enzyme

Ky = Michaelis constant

K, = recombination losses in the space-charge region

K = equilibrium constant equal to the ratio of the forward
and reverse rate constants for electron transfer from the
semiconductor

A = reorganization energy

L = minority charge carrier diffusion length

LCTA = La,Ti,CugoAgy, S5O,

LHE = light harvesting efficiency

4 = minority-carrier mobility

MeCN = acetonitrile

MeFCP = methylferrocenophane

MeOH = methanol

MePS = poly(chloromethyl)-styrene

MES = 2-(N-morpholino)ethanesulfonic acid
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MmOGOR = 2-oxoglutarate:ferredoxin oxidoreductase
from Magnetococcus marinus

MPA = 3-mercaptopropionate

mpg-C;N, = mesoporous-graphitic carbon nitride

NADH = nicotinamide adenine dinucleotide

NADPH = reduced nicotinamide adenine dinucleotide
phosphate

Nap = naphthalene

NHE = normal hydrogen electrode

NMR = nuclear magnetic resonance

NR = nanorod

nsg-C;N, = nanosheets of graphitic carbon nitride

N = amount of chemical product

N, = Avogadro constant

N, = total amount of catalyst on the surface

Np = doping density

Nper unic of time = amount of product generated per unit of
time

n = number of electrons required for the chemical
transformation

n; = intrinsic carrier concentration

n, = surface electron concentration under steady-state
illumination

ng = surface electron concentration at equilibrium
n,, = electron density at the depletion edge

ny = electron concentration/density in the bulk
OEC = oxygen evolving complex

PCET = proton-coupled electron transfer

PEC = photoelectrochemical

PESA = photoelectron spectroscopy in air

pFF = pseudo fill factor

PIm = polyimidazole

PNP = Ph,PCH,NCH,PPh,

PPc = polymeric phthalocyanine

PPy = polypyridyl

PSI = photosystem 1

PSII = photosystem II

PV = photovoltaic

Pyr = pyrene
ps = surface hole concentration under steady-state
illumination

Pso = surface hole concentration at equilibrium

P = power density

Q = point charge

QD = quantum dot

g = unit charge

qP/A = photon flux per geometric area

qV.y = chemical potential difference cross the catalyst layer
R = gas constant

RHE = reversible hydrogen electrode

R, = interfacial electron transfer resistance

r = distance

[S] = substrate concentration of an enzymatic reaction
SCE = saturated calomel electrode

SCoA = succinyl-coenzyme A

SEM = scanning electron microscopy

SS-SPS = steady-state surface photovoltage spectroscopy
STEM = scanning transmission electron microscopy
STF = solar-to-fuel

STH = solar-to-hydrogen

Sty = styrene

StyCF; = 4-trifluoromethylstyrene

7 = minority carrier average lifetime

T = temperature

TAPS = N-[tris(hydroxymethyl)methyl]-3-aminopropane-
sulfonic acid

TBAPF, = tetrabutylammonium hexafluorophosphate

TEA = triethylamine

TEOA = triethanolamine

TEM = transmission electron microscopy

TFA = trifluoroacetic acid

THF = tetrahydrofuran

TOF = turnover frequency

TOE-SIMS = time-of-flight secondary ion mass spectrom-
etry

TOF,,,, = maximum turnover frequency

TON = turnover number

TR-SPV = time-resolved surface photovoltage

TsOH = tosylic acid

t = time

v = velocity or rate of an enzymatic reaction

UV—vis = ultraviolet—visible

¢ = barrier height

@, = probability of photon absorption

®,; = probability of charge injection across a semiconductor
junction

®,,, = probability of charge separation

@ = work function

V = applied potential

V,, = bias potential

Vi, = built-in voltage or potential

Viabana = flatband potential

Vimax = Maximum reaction velocity of an enzymatic reaction
V.. = open-circuit potential

Vinset = Onset potential

Vi = photovoltage

W = width of the space-charge region

XANES = X-ray absorption near edge structure spectrosco-
py

XAS = X-ray absorption spectroscopy

XPS = X-ray photoelectron spectroscopy

XRD = X-ray powder diffraction
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