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1. INTRODUCTION

Although modern photoelectrochemistry is often traced back to 1972 and the report by Honda
and Fujishima' that a TiO2 photoanode in an electrochemical cell caused the splitting of water
into O2 and H2 when illuminated, the first report of this type of phenomenon dates back to
Becquerel’s studies, published in 1839.2 This makes photoelectrochemistry one of the oldest
investigated techniques for the conversion of sunlight into usable energy. Over this time frame,
two general types of photoelectrochemical cells have been developed. The first, typified by
Honda’s electrochemistry, is focused primarily on the storage of light energy as high energy
chemical products. Initially, this was termed “artificial photosynthesis,” and was focused for the
most part on splitting water to generate Hz as an environmentally benign fuel. The second type of
photoelectrochemical cell utilizes a chemically reversible redox couple that undergoes a redox
change of state at the photoelectrode, followed by conversion of the product species back to the
reactant at the counter electrode. The net effect of this reaction is a chemically invariant system

that generates electricity from light. The initial implementation of the Grétzel cell, which used a



reversible I2/I3 couple and a dye-sensitized TiO2 photoanode, is an example of this type of
system.> The work under consideration in this paper focuses on the photosynthetic cells and
related systems. However, an analysis of these systems, as is more obviously critical to
electricity-generating systems, must take into account whether the system is merely catalytic for
the reaction of interest or is a system that actually converts light energy into stored chemical
energy. Thus, how one parameterizes and evaluates a heterogeneous photoinduced charge
transfer process becomes a critical issue that is therefore reviewed in this work.

A second tension that is fundamental to synthetic photoelectrochemistry is the comparison
between a pure photoelectrochemical process (i.e., a monolithic process based on a
semiconductor-liquid junction) versus the use of an electrochemical cell (utilizing metal
electrodes) that is driven by an external solid-state photovoltaic device to build a
multicomponent system.* Though the latter process is not a photoelectrochemical process, there
is a long-standing debate about which systems' approach is more efficient in terms of energy
conversion. We will not enter that debate in this paper, other than to note that the answer is
system-specific. In this paper, we consider both types of approaches so that the reader may
evaluate the energy conversion efficiency and product selectivity of these two types of devices as
applied to a well-specified chemistry.

In this review, we turn our attention from the well-studied water-splitting photoelectrochemical
cells to heterogeneous processes that hold the promise of using insolation (incident sunlight) to
drive both thermodynamically and kinetically the uphill conversion of CO2 to organic products.
Production of C1 species is the primary focus of this paper, since most work has been aimed at
this class of reactions. Though a classical photoelectrochemical environment is the primary

discussion topic presented, alternate heterogeneous environments ranging from metal-based



reactions to nanoparticle semiconductor systems to MOFs (metal organic frameworks) are also

reviewed.

1.1. Solar Fuels from Carbon Dioxide Reduction

As noted already, the concept of generating a fuel using sunlight as the energy source began
with work aimed at generating hydrogen, typically from water. The analogy, based solely on
products, between this process and natural photosynthesis (if one considers sugars to be
hydrogen carriers) led to the term “artificial photosynthesis.” More recently, with an interest in
the expanding diversity of energy-storing products. the term “solar fuels” has been adopted.
Although the area of solar fuels dealing with the reduction of aqueous carbon dioxide and
oxidation of water to form organic products and O: is a closer analogy (based on both reactants
and products) to photosynthesis than water splitting, this term has already been used to describe
the former processes. Thus, it has been suggested that the reduction of CO:2 been referred to as
“reverse combustion.”™

The production of H> from water as a fuel source is attractive in terms of minimizing
environmental impact, given the reversible chemical cycle between water and hydrogen
formation and combustion; however, hydrogen is ill-suited as a transportation fuel due to its
gaseous state. As a result it suffers from both low volumetric energy density and low practical
gravimetric energy density, since the mass of the device that contains the hydrogen must also be
taken into account. Additionally, the introduction of hydrogen as a stored high pressure gas
introduces safety concerns, and storage as an intercalate or via a molecular hydrogen carrier
carries a severe energy penalty. All of these limitations are absent when using liquid fuels based
on organic compounds. However, traditional organic fuels suffer from lack of sustainability, due

to limited fossil fuel resources, and from potentially excessive environmental impact due to



greenhouse gas generation during combustion. These problems can be mitigated to some extent
by using CO2 as a feedstock to generate organic fuels. In this sense, the term “solar fuels based
on reverse combustion” nicely captures the promise of carbon dioxide electrochemistry and its
photo-driven analogs.

It is also interesting to note that one of the major concerns today with fossil fuels as chemical
feedstocks in general is the large recent fluctuations in price. This causes an uncertainty in
chemical manufacturing that is difficult to deal with. If CO2 can be substituted as a feedstock,
then given the impressive (and growing) supply of this material, feedstock prices will be lowered
and stabilized. In this regard, given the highly oxidized state of carbon in CO: and the overall
reduced state of carbon in fossil fuels, it makes some sense to base chemical manufacturing
feedstocks on the oxidation state of the desired products.

In all cases, it must be realized that protons, which are always needed for reduction of COz ,
are reduced thermodynamically at potentials that are similar to CO2 reduction. Thus, these two
processes are always in competition. Therefore, proton reduction must be considered to the
extent that it affects the reduction of COa. In the work presented here the two reactions are
therefore compared. The thermodynamics of both processes are considered, followed by an
overall assessment of the kinetics of CO: reduction. This is followed by a review of
heterogeneous systems by class that promote the light-driven reaction of CO: with water to
generate reduced products.

1.2. Thermodynamics and Kinetics of CO; Reduction
1.2.1. Thermodynamics of CO: Reduction
The standard reduction potential (E%) is a measure of the spontaneity of a given reaction

relative to the hydrogen evolution reaction (HER), as given by Eq. 1.° Due to the relative



stability of gaseous CO2 (4G} =-394.4 kI mol'), energy must be introduced into the reaction
mixture in order to drive its transformation to reduced products.” Ideally, energy for this process
will be supplied by a renewable source such as wind, solar, or hydropower. Application of a
potential more negative than Eg to a suitable system, will generate a net negative AG, thus
causing the reduction of CO2 to become a spontaneous process.

AG’ = -nFE’, (1)

The formal redox potentials (E”) for various CO2 reduction reactions can be obtained from
thermodynamic data, and are tabulated below for reference.®® Since many CO: reduction studies
are conducted close to neutral pH, the potentials below are tabulated at pH 7 with all other
species being at unit activity. All potentials are referenced to the standard hydrogen electrode
(SHE). The reduction potential of the hydrogen evolution reaction is included since this reaction
invariably competes with the electroreduction of CO: .

Table 1. List of formal electrochemical redox potentials (pH = 7) for the reduction of CO2 and

related compounds in aqueous media.

Eq. Reaction E” vs. SHE
(2) CO2+e — CO:2"™ -1.85V

3) CO: (g + H20q) + 26 — HCOO (aq) + OH (ag) -0.665 V
4) CO:2 (g + H20q) + 2" — CO(g) + 20H (ag) -0.521V
&) CO:2 (g + 3H20q) + 4¢¢ — HCOH() + 40H (aq) -0485V
(6) CO:2 g + 5SH20q) + 66— CH30H() + 60H (aq) -0.399 V
(7) CO: (g) + 6H20() + 8¢ — CHa(g) + 8OH (aq) -0.246 V
(8) 2H>0Oq) + 2" — Ha2g) + 20H (aq) -0414V



An ideal catalyst will allow the chemical transformation of interest to take place at potentials
dictated by the Nernst equation (Eq. 9), which describes the relationship between the
concentrations of oxidized and reduced species (Co and Cr, respectively) and the potential.
Thus, the reaction cannot proceed to completion until the electrode potential is several hundred
millivolts beyond the equilibrium potential.® Catalysts that are able to reduce CO> at applied
potentials close to the formal potential are said to have a low overpotential for the given
transformation. Likewise, catalysts that are able to carry out CO:z reduction only when the
applied potential is significantly more negative than E? are said to have a high overpotential for

the reaction under consideration.
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More formally, the overpotential of a catalytic system is a measure of the energy (in addition
to AG2.,,) required to drive a reaction due to inherent kinetic limitations. The overpotential is one
figure of merit in the CO2 reduction literature, and its mathematical definition is given in Eq. 10.°
Generally, the overpotential for a reduction reaction is calculated using the most positive
potential (£) at which the desired product can be detected using standard analytical techniques.
Recently, Appel et al. suggested a standardized method with which to report overpotentials for
molecular electrocatalysts.!” Using this method, one analyzes a cyclic voltammetric curve of the
electrocatalyst of interest. Ideally, the observed catalytic current will plateau as the potentials are
scanned progressively more negative than the standard reduction potential of the couple of
interest. Appel et al. suggest that the potential corresponding to icar /2 is the catalytic potential, E.

However, this method has not yet been widely applied in the CO2 reduction literature.

n=E-E (10)



Although the thermodynamics presented here suggest that only moderately negative potentials
are needed to reduce COz2 (ca. -0.52 V vs. SHE for the CO: /CO couple), most catalytic systems
undergo COz reduction at significantly more negative potentials. This is often attributed to the
rate limiting step involving the one electron reduction of CO2 to CO: “.!! The highly negative
reduction potential of this electrochemical step can be understood in terms of the change of
hybridization from sp® to sp® that occurs around the central carbon atom. Savéant and coworkers
reported that the standard redox potential for the reduction CO2 to CO: " is -1.97 V vs. SHE in
dimethylformamide.'? A report by Schwarz et al. states that the CO2 /CO: " redox couple lies at
approximately -1.90 V vs. SHE in aqueous media.!* This has been verified by Armstrong and
coworkers who found that the redox couple lies at -1.85 V vs. SHE.®

One complicating factor that is prevalent in CO2 reduction studies is that various competing
electrochemical reactions can take place at the working potentials required to reduce CO: . More
specifically, the reduction of H2O/H3O" is highly prevalent in aqueous media. The formal
thermodynamic reduction potential of the HER is -0.414 V vs. SHE at pH 7, and this potential is
approximately a hundred millivolts more positive than the reduction potentials of CO2 to many
common reduction products (see Table 1). This unwanted side-reaction complicates standard
voltammetric analysis, and careful examination of the gaseous hydrogen produced during
electrolysis experiments is required. The Faradaic efficiency (Eq. 11) of a catalyst for a given
product is a measure of the selectivity of the system for the product of interest. Due to the
presence of the HER, as well as other side reactions, the Faradaic efficiencies of many CO:2

reduction catalysts are below 1.

d: — Qproduct (1 1)

Qtotal



Traditionally, CO2 reduction has been carried out on metals that have a high overpotential for
the hydrogen-evolution reaction.!! Although metals such as Hg can reduce CO: to formate with
essentially unit efficiencies, the potential at which this occurs is significantly more negative than
the standard reduction potential for the CO> /HCOO™ couple (see Table 1). Cathodes such as Bi,
Sn, and In can reduce COz2 to formate at more moderate potentials, but the efficiencies are often
lower than unity due to the HER.!*!® However, these systems still require a relatively large
overpotential.

Other competing reactions include the electroreduction of heavy metal impurities present in
trace amounts in the supporting electrolyte solution. The importance of using pre-electrolysis to
rid the electrolyte solution of its heavy metal impurities has been strongly emphasized in a recent
review.!! Hori suggested that Fe or Pb impurities present in the supporting electrolyte in
concentrations as little as 5 ppm can deactivate the catalytic behavior of copper electrodes in as
little as 10 minutes.!! In this case, the presence of an adlayer of foreign heavy metals on a surface
can provide catalytic sites that facilitate the reduction of water, and thus, reduce the Faradaic
efficiency of CO2 reduction.

1.2.2. Figures of Merit

Two figures of merit are used in the CO2 reduction literature as a basis of comparison between
a given catalyst and those reported by others. As mentioned previously, the Faradaic efficiency
of a catalyst is a measure of the extent to which the desirable reaction takes place during the
course of catalysis. A high Faradaic efficiency means that the target reaction occurs
predominantly over other possible reactions such as solvent decomposition, catalyst degradation,

and even COz reduction to a non-desired product.



A low overpotential means that a catalyst requires a relatively small electrochemical
drive in order to convert a certain reactant to the desired product. It is an ongoing goal in the CO2
reduction community to develop catalysts that have as small of an overpotential as possible while
still producing products at an acceptable rate. In certain photocatalytic systems, light energy can
be utilized in such a way as to allow the reduction of COxz to proceed at applied electric potentials
more positive than the formal redox potential. One example of underpotential reduction, reported
by Bocarsly et al., involves the reduction of CO: to methanol at illuminated p-GaP electrodes.!’
In this particular study, the Faradaic efficiency of the reaction approached unity at
underpotentials as high as 320 mV. An important consideration in assessing overpotential is the
fact that various reference electrodes have been used in the COz reduction literature. The two
most common reference half-cells are the saturated calomel electrode (SCE, +0.242 V vs. the
normal hydrogen electrode (NHE)) and the saturated Ag/AgCl electrode (+0.197 V vs. NHE).6
Some authors report electrochemical potentials with respect to the reversible hydrogen electrode
(RHE), which is dependent on the pH of the solution and converted from other reference

electrodes using Eq. 12, which is valid at room temperature.'®
Erue = Enue +0.0591 V x pH (12)

Another desirable characteristic in an electrocatalyst is a high partial current density. The
current density, j, is equal to the rate at which electrons cross the solution/electrode barrier in
unit time per unit area of the catalytic surface. The partial current density, equal to the product of
the current density and Faradaic efficiency for a particular product, is a measure of the rate of
product formation. All else being equal, a high partial current density is desired in order to
maximize the rate at which catalysis occurs. Figures of merit specific to photocathodes (quantum

yield, overall thermodynamic efficiency) will be discussed in section 1.3.
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1.2.3. Mechanism of CO:2 Reduction

Many studies have been dedicated to elucidating the mechanism of CO:z reduction. However,
most of these studies were conducted in systems utilizing metallic electrodes or homogeneous
electrocatalysts. For this reason, the present discussion will be kept minimal, and mechanistic
insights on specific CO2 reduction photocathodes will be discussed in their respective sections.
On metallic electrodes, it is generally proposed that the initial step involves the reduction of CO2
to the CO: ™ radical anion. Hori and coworkers claimed that the adsorption of this reduced
species on metals such as Au, Ag, Cu, and Zn leads to the formation of carbon monoxide in
aqueous media.'” However, this conclusion is somewhat suspect, since the reduction of CO2 on
these surfaces occurs at potentials quite positive of the reported CO: /CO: * redox potential in
solution. The proposed mechanism additionally involves a water-mediated proton transfer to an
oxygen atom on CO: ", loss of a hydroxide group, and the subsequent second electron transfer to
yield an adsorbed CO species. Further desorption leads to the presence of CO in detectable
quantities.

It is further claimed that CO: reduction to formate on heavy p-block metals proceeds from a
water-mediated proton transfer from a nonspecifically coordinated CO: * radical anion. In this
case, the nucleophilic carbon atom acts as the Lewis base. The addition of a second electron
leads to the formation of the formate ion. The two mechanisms are shown in Scheme 1.

Scheme 1. A proposed mechanism for CO:z reduction on various metallic electrodes leading to
(a) the formation of CO (b) formate ion. Adapted from ref. 19 with permission from Elsevier,

copyright 1994.
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Recently, the validity of the two mechanisms shown in Scheme 1 has been questioned. Since
products are often formed without attaining the highly negative potential required for the outer-
sphere formation of CO: ", it is likely that an inner sphere mechanism takes place instead. It was
discovered that metastable oxygen-containing moieties play a significant role in the reduction of
CO: . Kanan et al. showed that SnxOy based cathodes can reduce CO: to formate and CO with
much greater yields than with pure metallic Sn.!> For this reason, a nonspecific interaction
between CO: " and the catalytic surface is unlikely. The same phenomenon was found to be
prevalent on lead electrodes.?’ Bocarsly and coworkers reported similar behavior on indium
electrodes and claimed that In(OH)3 was the active catalytic species. Additionally, they showed
evidence for a surface-bound metal carbonate on both indium and tin.'®2! Oxide-derived Cu and
Au electrodes were also reported to possess higher catalytic activity than their smooth
counterparts, but the increased catalytic behavior was explained in terms of morphological
nanostructure rather than metastable oxide species.?”?* These systems are further discussed in
section 4.2.

Another mechanistic route by which to bypass the high-energy CO: ™ radical is through a
series of proton-coupled electron transfers (PCET). By transferring a proton with the electron,
either from the same bond or two separate bonds, large activation barriers caused by significant
reorganization energies as well as unstable intermediates can be more readily avoided.”* PCET

processes have a considerable kinetic dependence on the concentration of available protons in
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solution, with the addition of acid greatly affecting the rate of catalysis.” Since the vast majority
of COz reduction studies take place at potentials more positive than -2.0 V vs. SCE, PCET is
often implicated, though rarely proven.
1.3. Overview of Semiconductor Physics

The earliest reports of CO2 reduction on semiconductors goes back to the late 1970s about the
same time metal electrodes were discovered as electrodes for CO: reduction, though
semiconductors have the ability to utilize light energy to supplement or even replace electrical
energy inputs.'!*%?7 Semiconductor electrodes are different from metal electrodes as the applied
potential does not directly govern the electrochemistry.?® The differences between metallic
electrodes and semiconducting electrodes result from the differences in band structure between
metals and semiconductors.
1.3.1. Band Structure

Band theory utilizes delocalized orbitals that overlap to form a low energy band of mainly
filled orbitals (the valence band, VB) and a set of higher energy band of mainly delocalized
orbitals (the conduction band, CB) as illustrated in Figure 1. In metals, these two bands overlap
forming a continuum of energy states for the electrons, while in semiconductors, the two bands

are separated by a quantum mechanically forbidden energy zone, the band gap (Ey).
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Figure 1. Band diagrams of p-type (a-c) and n-type (d-f) semiconductors immersed in an

electrolyte with redox potential Er before equilibrium (a,d), at equilibrium (b,e), with positive

potential applied (c), and with negative potential applied (f).

Metals exhibit high electrical mobility due to the lack of a band gap which enables electrons to
move to the available set of delocalized empty orbitals with small activation energy.®*® The
transition between the filled and vacant electronic states can occur easily at room temperature,
exhibiting high electrical mobility and thus conductivity in response to an electric field.®
Semiconductors, on the other hand, have significant energy spacings between the two bands,
which leads to the valence band being almost completely filled while the conduction band is
almost vacant due to the higher energy required for the transition between the valence band and
conduction band.® Because there are fewer empty states close in energy to the full states, it is

considerably more difficult to redistribute the electrons with an applied electric field, which leads
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to diminished electrical conductivity.® However, electrical mobility can be induced by exciting
the electrons from the valence band to the conduction band. Upon illumination with photons of
energy greater than or equal to Eg (hv > Eg), photogenerated electrons from the valence band are
excited to the conduction band, leaving empty states in the valence band, which have the
attributes of positively charged holes.?’ Both photogenerated electrons and holes can be utilized
to perform electrochemical reactions.
1.3.2. Intrinsic and Extrinsic Semiconductors

Many different semiconductors have been utilized as electrodes for a wide variety of redox
processes including CO2 reduction.’® Semiconductors are typically categorized depending on the
charge densities of electrons and holes. For intrinsic semiconductors, the densities of electrons
and holes are equal, and a controlled amount of impurities can be introduced through doping to
produce extrinsic semiconductors with an excess of either electrons or holes.?’ Introduction of
vacancies or impurities possessing a different electronegativity compared to the lattice elements
alters the number of charge carriers. Semiconductors with donor impurities which provide
electrons to the lattice are n-type semiconductors with electrons as the majority charge carrier.
On the other hand, semiconductors with acceptor impurities that remove electrons from the
lattice are p-type semiconductors, using positively charged holes as the majority charge carrier.?
The electrical conductivity of the material can also be altered through doping with a sufficiently
high population of impurities, which enables carrier migration in the dark under external bias.?

Doping normally does not result in a change of the band gap or band edge positions of the
parental semiconductors. However, in some cases, band engineering can be achieved via doping,
such as widening or narrowing band gaps and shifting band edges by altering the electronic band

structure. Doping can enhance the light absorption range to longer wavelengths by introducing
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shallow- or deep-level states while not changing the band gap.>'*> Doping can also enhance the
photocatalytic activity by narrowing the band gap without introducing any mid-gap states.>
1.3.3. Band Gap

Semiconductors exhibit band gaps having two different optical properties: direct band gaps and
indirect band gaps. In a direct band gap material, transitions between the valence band and the
conduction band involve transitions that preserve the angular momentum of the electron. As
such, these transitions only require absorptions of an optical photon. On the other hand, an
indirect band gap requires a change in the electron momentum and therefore necessitates the
assistance of a phonon, or lattice vibration.?®3* Therefore, an indirect transition requires the
absorption or emission of a phonon, which is less likely to occur. As a result, the optical
absorption coefficient for an indirect transition is much smaller than that of a direct
transition. 2834
1.3.4. Fermi Level

The Fermi level (£F) is defined as the energy level where the probability of finding an electron
in a continuum of electronic states is 1/2 at 0 K, as indicated in Figure 1.2 However, for
semiconductors, a more useful working definition is the average energy of the electrons in the
lattice, since the Fermi level typically lies within the band gap, where electron density is
quantum mechanically forbidden. The Fermi level can be connected to the free energy of the
semiconductor (AGsemi) as given in Eq. 13, where n is the number of electrons involved in the
process (typically n = 1) and F'is Faraday's constant.

AGsemi = —MFER (13)
In intrinsic semiconductors, where the number of electrons and holes are equal, the Fermi level

is located at the midpoint of the band gap.?’ For doped semiconductors, the Fermi level is placed
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slightly below the conduction band for n-type semiconductors and slightly above the valence
band for p-type semiconductors.?
1.3.5. Band Bending

The free energy a semiconductor (AGsemi) of can be related to the free energy of an electrolyte
(AGelectroiye) Which is given by Eq. 14, where Er is the redox potential of the electrolyte as given
by the Nernst equation.

AGelectrolyte = —nFEg (14)

When the Fermi level of a semiconductor placed in an electrolyte solution does not match the
ER, electron flow will occur at the semiconductor-electrolyte interface in order to minimize the
difference in the Gibbs free energy of the two different phases (Figure la, 1d). Because of the
much larger number of electroactive species in the electrolyte than the number of mobile
electrons in the semiconductor, Er changes significantly with electron flow at the interface, while
Er remains almost unchanged.?® As the free energy of the semiconductor shifts, the valence and
conduction band energies will shift near the semiconductor-electrolyte interface, with the spacing
between the two bands (Eg) unchanged. The electron flow across the interface creates a space-
charge region, also called the depletion layer since the majority charge carriers are depleted, near
the junction inside the semiconductor.®?®

After establishing equilibrium, the valence band and the conduction band edges in the space-
charge region are bent in the band diagram, indicating a different occupation of energy levels
near the interface compared to the bulk, as illustrated in Figure 1b, le. The band bending is not
simply the difference between Er and Er due to the Helmholtz layer formed at the

semiconductor-electrolyte interface, which is formed by charged ions adsorbed on the

semiconductor surface and reduces the band bending slightly due to the potential drop across this
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layer.® The bending is indicative of an electric field that causes electrons and holes to migrate in
opposite directions. The charge carrier moving toward the interface can then be utilized to
perform electrochemical reactions. The opposite charge carrier, migrating toward the bulk,
completes the photoelectrochemical redox cycle with the other half-cell reaction at another site
for particles or on an auxiliary electrode connected via the external -circuit for
photoelectrochemical cells.

Since the minority charge carrier is directed toward the semiconductor-electrolyte interface,
the nature of this species determines whether an oxidation or reduction reaction is observed at
the semiconductor interface. For a p-type semiconductor, the Fermi level is located slightly
above the valence band. Therefore, in attaining equilibrium, interfacial electrons flow towards
the semiconductor, resulting in an increase in the Fermi level energy and a bandbending gradient
that moves conduction band electrons toward the semiconductor interface (Figure 1b). The
opposite occurs in an n-type semiconductor, with electrons flowing from the semiconductor to
the solution lowering the Fermi level energy and forming a potential that moves valence band
holes toward the semiconductor interface (Figure 1e). Photoreduction reactions typically utilize
p-type semiconductors since electrons will flow down the potential gradient in the conduction
band toward the interface, while n-type semiconductors are utilized in photooxidation reactions
because holes in the valence band will migrate up to the interface.

While p-type semiconductors

serve as photocathodes, it is possible to perform COz reduction with n-type semiconductors as
dark cathodes. Conversely, p-type semiconductors can be used as dark anodes. When an external
potential is applied to a semiconductor, the Fermi level of the semiconductor can move up or

down and invert the band bending to form an accumulation region instead of an depletion region,
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which changes the built-in electric field to the opposite direction (Figure lc,f). For n-type
semiconductors, applying a negative potential will invert the band bending to form an
accumulation region of majority charge carrier electrons close to the interface, which can be
utilized in cathodic reactions (Figure 1f).2
1.3.6. Electron-Hole Separation and Recombination

In order to utilize the photogenerated electrons and holes effectively in the reduction of CO: ,
which involves multiple steps, the electron-hole pair must be separated in a manner that
precludes or at least slows recombination and thus promotes the transfer of the charge carrier to
the redox active species at the semiconductor-electrolyte interface.?” In the absence of an electric
field, recombination of the electron-hole pair is a fast process which occurs on a nanosecond
time scale by a nonradiative relaxation of excited electrons to the ground state.?® It is commonly
known that the electron-hole recombination limits the electron transfer process at the
semiconductor interface for subsequent oxidation or reduction reactions as the time scale for
electron-hole recombination is typically two or three orders of magnitude faster than the
interfacial electron transfer processes.*® The band bending provides the interfacial electric field
that separates the electron-hole pair by directing these charges in opposite directions.?’ The
separation of an electron-hole pair formed beyond the depletion layer occurs if the minority
carrier diffuses to the depletion layer before recombination occurs.®® Applying an external
potential to the semiconductor electrode controls the Fermi level, which can further increase the
band bending and enhance the electron-hole pair separation which drives effective interfacial

charge transfer.?8
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1.3.7. Fill Factor

Fill factor, a term typically used for photovoltaics, is a measure of the carrier kinetics and how
quickly photocurrent is obtained at different potentials. The fill factor provides mechanistic
information on charge separation and recombination.*!*!> The fill factor can be interpreted as a
measurement of the "squareness" of the current response with different applied potentials.?® The
short circuit current (isc) is the current flow when the Fermi level of the semiconductor (Er) and
redox potential of the electrolyte (Er) are equal in energy.?® The open circuit voltage (Voc) is the
voltage at which photocurrent is observed and is the difference between the photocurrent onset
potential and short-circuit potential. 3> For an ideal situation, the photocurrent is
instantaneously increased from zero to maximum (isc) at the open circuit voltage, resulting in a
rectangular shape in an i-¥ plot and a fill factor of 1 (Figure 2).2® The fill factor in real systems is
obtained by measuring the ratio of the area enclosed by the current and voltage to the area of the
ideal rectangle.?® This definition is slightly different from the one utilized in photovoltaics in
which the area of the maximum power point (imp and Vip) is employed from the obtained data.
Fill factor is dependent on the intensity of the light source illuminating the electrode, as the
surface recombination is dependent on the light intensity.>’ In most cases, the ideal current-
potential relation is not obtained due to the kinetics of charge separation, recombination, and

transport.*8
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Figure 2. The fill factor in a photoreduction i-} curve on a semiconductor, with the short circuit
current (isc) and open circuit voltage (Voc). The dashed rectangle indicates the ideal photocurrent
response while the shaded area represents the fill factor in the area above the observed

photocurrent response.

1.3.8. Quantum Efficiency

For semiconductor-based photoelectrochemistry, the quantum efficiency represents the
conversion efficiency of the incident light to the desired product. Quantum efficiency is defined
as the ratio of the number of photogenerated electrons that react to the number of incident
photons that strike the semiconductor. In photovoltaics, the definition of quantum efficiency
differs slightly, in that quantum efficiency is the percentage of electron-hole pairs produced from
absorbed photons rather than all incident photons.*® With band bending, the quantum efficiency
increases as the band bending aids the electron-hole separation.?® The quantum efficiency is

often reported as the incident photon-to-current efficiency (IPCE) as a function of wavelength

21



(Eq. 15), which is derived from the photocurrent density obtained (jpr), the power intensity of
monochromated illumination (Pmono) at a particular wavelength (A). The value of 1239.8 V-nm is

the product of Planck's constant () and the speed of light (c).*

IPCE(A) = Jjph(mA-cm~2)x1239.8 (V-nm) (15)

Prmono(MW-cm™2)xA (nm)

1.3.9. Effect of pH

The band edge positions of a semiconductor are good indicators if a given electrochemical
reaction is thermodynamically feasible at the interface, since the energies of the electrons and
holes remain constant at the band edge potential even with different degrees of band bending and
applied potentials. For photoreduction reactions, it is required for the standard reduction potential
to be below the conduction band edge, while photooxidation reactions can occur only when the
redox potentials are above the valence band edge. The band edge position can, however, shift -59
mV per pH by obeying the Nernst equation.** This is due to the surface hydroxylation that occurs
with the continuous adsorption and desorption of H" and OH" ions from the aqueous electrolyte,
which varies according to changes in pH.3* The Fermi level of the electrolyte can also change
with pH if the standard reduction potential involves H" or OH™ in the reaction, which is the case
in water splitting and CO: reduction reactions.**

The change in the Fermi level of the semiconductor is typically identical to the change in the
redox potential in solution, yielding no thermodynamic advantage to changes in pH. However,
the band edge positions can remain unchanged by coating the semiconductor with a pH-
insensitive organic group.*® Moreover, the band edges can be directly tuned without altering the

semiconductor by forming a dipolar structure at the interface which is caused by the specific

adsorption of ions from the electrolyte.*!
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1.3.10. Schottky Barrier and Ohmic Contact

Unlike particles, in which the majority charge carrier is transferred to the opposite interface on
the particle to perform the other half-cell reaction, photoelectrochemical cells require the
semiconductor electrodes to be connected to an auxiliary electrode via an external circuit. The
advantage of photoelectrochemical cell is that a controlled external potential bias can be applied
which can enhance the band bending by controlling the Fermi level of the semiconductor.
However, when semiconductors are fabricated into electrodes by connecting them to conductive
wires, band bending occurs at the semiconductor-metal interface, also known as the Schottky
barrier.”” The Schottky barrier causes the electron transfer between the metal wire and
semiconductor not to follow Ohm's Law, often accompanied by a rectifying effect.* In order to
overcome this issue, ohmic contact needs to be achieved between the metal wire and
semiconductor.

Ohmic contact establishes optimal charge carrier transfer at the semiconductor-metal interface
without reflecting the majority charge carrier back to the semiconductor.>*> Ohmic contact yields
negligible junction resistance, which provides uninhibited current flow with sufficiently small
voltage drops and ensures that the device performance is not perturbed.’*?

Ohmic contact is formed by depositing a thin layer of conductive material between the
conductive wire and semiconductor. To form an accumulation at the semiconductor-metal
interface which causes the semiconductor to behave like a metal, the conductive material needs
to have the appropriate work function () compared to that of the semiconductor (¢s).>* For p-
type photocathodes, (¢#n) has to be larger than (¢s), while n-type photoanodes requires the
opposite.* For p-type photocathodes, metals with high work functions such as gold and platinum

are used, while aluminum, which has a small work function, can be used for n-type
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photoanodes.**3*#? Other than pure metals, the conductive material may also be metal alloy
eutectics.**>*> However, it is important to verify the formation of the ohmic contact
experimentally as the work function difference does not always correctly predict this, and the
substrate may alloy with the semiconductor which can alter the work functions.?*3%42
1.3.11. Surface states

Electron transfer at the semiconductor-electrolyte interface can be affected by surface states.
Surface states form a set of energy levels that exist only at the surface of semiconductor
electrodes and not in the bulk. The ones of interest in this context reside in the band gap between
the conduction band and valence band. Surface states are caused by the termination of the crystal
lattice at the electrode surface. The dangling bonds, which are free radicals, at the semiconductor

surface will interact with solution species, creating surface states with energy levels between the

band edges.! Dangling bonds present in grain boundaries are also responsible for interband

surface states.*>*
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Figure 3. Model for recombination and charge transfer reactions involving surface states (Es).

Adapted with permission from ref. 45. Copyright 1982 The Electrochemical Society.
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Surface states usually behave as the recombination centers for the photogenerated electrons
and holes, which is a competitive process with the electron transfer processes from the
conduction band to solution species (Figure 3).***¢ Surface states can also work as trapping sites
for charge carriers from the conduction band or valence band, which can be further transferred to
redox couples in solution with proper potentials.*’ For metal oxide semiconductors, for example,
oxygen vacancies at the semiconductor surface have been suggested to be the active sites for
CO2 activation. CO2 molecules are likely to adsorb at the oxygen vacancies at the surface of
electrodes.*® A missing O* in the TiO2 lattice can reduce two adjacent Ti*' to Ti**, which may
act as electron rich spots to interact with anti-bonding orbitals of CO2 molecules.*’

1.3.12. Effect of Co-Catalysts

Incorporation of co-catalysts could greatly improve the performance of semiconductor
electrodes for CO:2 reduction. The co-catalysts can function as trapping sites for the electrons,
thus promoting the charge separation and altering the selectivity of the products.**>°

The co-catalysts that have been investigated can be classified into two categories based on
their phases. Nanoparticles of metals or oxides can be deposited on the surface of semiconductor
photoelectrodes. When the Fermi level of the deposited metal lies below the conduction band of
the semiconductor and above the redox potential of desired reaction, the particles can act as
electron shuttles.* Metal oxide co-catalysts can function as trapping sites for holes. Co-
deposition of metals is usually performed so that electrons and holes can be trapped by metal and
metal oxide separately.** Another major category of co-catalysts are molecular species that are

51,52

present in the electrolyte. Metal complexes of rhenium,>!*? ruthenium,** iron,>* and copper™ are

among the most well-investigated examples.
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1.3.13. Nanostructured Semiconductors

Besides the material, their dimensionality, architecture, and exposed crystal faces can also
influence the performance of photoelectrodes. Making materials into nanostructures is a well-
established way to increase the surface area to volume ratio, which results in a great
enhancement of the population of surface-active sites. Secondly, arrays of nanostructures can
enhance the light absorption by suppressing the reflection of the incident light while facilitating
the scattering and secondary absorption between the nanostructures. Thirdly, reducing the size of
the crystals decreases the distance between minority carrier photo-formation and the charge
transfer interface, minimizing the opportunity for electron-hole recombination.>¢

Moreover, tailoring the size of the semiconductor on the nanometer scale is a facile measure to
engineer the band structure by virtue of quantum confinement. The band electronic properties of
a semiconductor undergo dramatic changes as its dimensions enters the nanometer regime,
resulting in discrete energy levels and increase in band gap energy.’’>® Wang et al. reported CO2
reduction on CdSe quantum dot-sensitized TiO2 heterostructures. The conduction band of CdSe
quantum dot rises 0.7 V compared to bulk CdSe, promoting the electron transfer from the
conduction band of CdSe to the conduction band of TiO2.%

Besides these general factors, some delicately engineered nanostructures can enhance the
photocatalytic activity for other reasons. In some cases, the semiconductor prepared in a reduced
size also exhibited an enlarged population of a desired crystal facet possessing catalytic activity,
due to its characteristic surface energy and surface atomic structure. Yu et al. synthesized
nanoplates of anatase TiO2 possessing different ratios of {001} and {101} facets. Among the
series of samples, the one with 58% of exposed {001} facets exhibited the maximum

productivity of CO:2 reduction to CHas. Density functional theory (DFT) calculation results
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showed that these two different sets of facets have different conduction band and valence band
energy levels, facilitating the flow of electrons from the {001} facet to the {101} facet, while
holes flow from the {101} facet to the {001} facet . Here, the ratio of different facets plays a key
role in regulating the CO2 reduction productivity.*

Nanostructures of different dimensionalities may behave differently. For a suspension of
nanoparticles (zero dimension), the nanoparticles are isolated from each other. Short travelling
distances for charge carriers on all three dimensions are allowed.*> For electrodes assembled
from nanoparticles, the charge carriers have to transfer through the grain boundaries, where a
great amount of trapping and detrapping events occur and leads to a low diffusion rate and hence
enhance the possibility of recombination.®!

One dimensional (1-D) nanostructures include nanowires, nanorods, nanotubes, nanofibers,
and nanobelts.>> The non-nanoscale dimension acts as a “highway” for the majority charge
carriers to diffuse away from the surface, while the minority carriers migrating in the transverse
direction can readily reach the semiconductor-electrolyte interfaces.’® The fast diffusion of
majority carriers and short travelling distance for minority carriers can enhance the charge
separation process. The scattering of incident light among nanostructures is particularly
significant in well assembled 1-D nanostructures leading to enhanced absorption of light.®?
Spurgeon et al. compared the fill factors of electrodes assembled from nanorod arrays of
CdSeo.67Teo.33 with that of a planar electrode of the same composition. The fill factor for the
nanorod array electrode was 0.428, while the fill factor for the planar electrode was 0.288.9

Two dimensional (2-D) nanomaterials possess two dimensions larger than the nanoscale. In 2-

D nanostructures the charge carriers are less localized compared to 1-D systems. Nanosheets can
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be fabricated into electrodes in one of two ways. They may form assemblies in a similar way as
the 1-D nanostructures, or they can be deposited as thin films.>

Three dimensional (3-D) nanostructures are constructed from assembles of nanostructures of
lower dimensions. A template may be required, or they can self-assemble. 3-D ordered structures
can show unique optical effects that are absent in disordered ones, like the slow-light effect.®* A
photonic crystal is a nanostructure assembled by two or more materials of different permittivities
periodically. Upon illumination, the light undergoes multiple scattering events in the photonic
crystal, therefore slowing down the group velocity of light. The slow-light effect enhances the
absorption of incident photons.*
1.3.14. Photodecomposition of Semiconductors

Most semiconductors (especially narrow band gap semiconductors) in contact with an
electrolyte are subject to decomposition caused by the reduction or oxidation of the
semiconductor by photogenerated electrons or holes, respectively.®® This has been one of the
most critical problems restricting their application. The criteria for a semiconductor to be stable
against anodic decomposition is that pEdecomp > Evs,where pEdecomp 18 the redox potential of anodic
decomposition reactions and Eys is the potential of the valence band edge. Similarly, when
nEdecomp < Ecs, in which nEdecomp 1S the redox potential of cathodic decomposition reactions and
Ecs is the conduction band edge, the material is stable against cathodic decomposition.®

Upon illumination, the populations of electrons in both the conduction band and valence band
are altered. Thermal equilibrium of electrons in the bands no longer holds. Since the
recombination rate is relatively slow compared to the relaxation rate within each band, both the
conduction band and valence band can relax to a state of quasi-thermal equilibrium. Thus, the

Fermi level does not provide sufficient energy information with regard to specific charge
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carriers. Quasi-Fermi levels, »£r* and pEr*, are introduced to represent the energy levels of
electrons in the conduction band and valence band respectively. When the reduction reaction is
slow, »Er* is of higher energy than »Edecomp. Thermodynamically, the decomposition processes
are possible. If the reduction is fast, the quasi-Fermi levels of both bands will be closer to the
redox potential of reaction. The decomposition Fermi level will be above the »EF*, making the
semiconductor stable against the cathodic photodecomposition (Figure 4).
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Figure 4. Behavior of the Fermi level (Er) and quasi-Fermi levels for electrons (aEr’) and holes
(»Er") for a p-type semiconductor in contact with a redox system: (a) dark; (b) under illumination
with a slow redox reaction; (c) under illumination with a fast redox reaction. Adapted from ref. ¢’

with permission from The Royal Society of Chemistry, copyright 1980.

For example, the n-type semiconductor CdS undergoes anodic photodecomposition by
photogenerated holes, producing Cd** and S°.°¢ Gerischer et al. reported stabilization of CdS in
the presence of the [Fe(CN)s]** redox couple. The mechanism was ascribed to the moderately
fast one-electron transfer process associated with this redox couple.®® Rubin et al. demonstrated
that photogenerated Cd** formed a surface film with [Fe(CN)s]*/* The generated [CdFe(CN)s]*
/I film possessed a surface localized highest occupied molecular orbital (HOMO) that is in good
communication with the valence band of n-CdS. Electron transfer from the surface species to the

valence band was fast compared to a surface without the [CdFe(CN)s]>'!" layer stabilization.®
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P-type semiconductors are susceptible to cathodic decomposition. P-GaP and p-GaAs undergo
three-electron reduction reactions, producing Ga metal.”®’! Introduction of co-catalysts enhances
interfacial charge transfer, which is expected to suppress the decomposition processes. In the
work of Barton et al., pyridine was used as a co-catalyst for COz reduction on p-GaP. When
there was no pyridine, the photocurrent decreased rapidly under illumination. This was attributed
to the photodecomposition of p-GaP. While the photocurrent in the presence of pyridine was
significantly larger than the situation without pyridine, one of the possible explanations is that

the fast electron transfer from p-GaP to pyridine greatly reduced the photodecomposition.'”

2. CO2 REDUCTION ON SEMICONDUCTORS

The heterogeneous chemical reduction of CO:2 at the interface of a light-absorbing
semiconducting material and liquid electrolyte is considered a direct avenue to realizing
“artificial photosynthesis”, and has been studied extensively since the late 1970s.>27>%0 The
primary goal of photo-assisted CO2 reduction is to find a stable, highly efficient, and scalable
semiconductor-based system to produce organic fuels solely driven by solar energy. If realized,
this system would be a promising way of creating a sustainable cycle of consuming/recycling
carbon-based fuels with zero net CO2 emission.

In general, there are two configurations of semiconductor-based systems for photo-assisted
CO2 reduction. A photoelectrochemical cell (PEC) is composed of a semiconducting
photoelectrode and a counter electrode, as Fig. 5a shows. The photoelectrode harvests light to
promote charge separation and carries out a half-cell chemical reaction, normally using
energized electrons to reduce CO: . The second configuration utilizes a suspension of
semiconductor particles as a photocatalyst in a solvent that contains dissolved CO: . In this kind

of system (Fig. 5b), both the photo-driven reduction and oxidation take place on the same
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semiconducting particle, but on different sites. Photocatalysts range in size from micron sized

particles to nanoparticles.

Oxidation.

Figure 5. (a) Photoelectrochemical cell (PEC) under illumination, with a p-type semiconductor
working electrode (WE) cathode, a reference electrode (RE), and a counter electrode (CE) anode
immersed in an electrolyte containing CO: . The inset shows the bent semiconductor bands at the
electrolyte interface and the separation of the photogenerated electron and hole. (b)
Photocatalytic particles suspended in a CO: -containing electrolyte performing both oxidation

and reduction reactions, though on different sites.
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Based on the theory provided in section 1.3, one criterion for a solar-driven CO: -PEC is a
photoelectrode having a bandgap overlapping the visible solar spectrum(Eg ~ 1.75 — 3.0 eV).
Additionally, the conduction band edge of the semiconductor must lie at a potential that is more
negative than the proton-assisted multi-electron reduction potentials of CO2 (Fig 6).>*° When
kinetics are taken into account, one anticipates that the conduction and edge may have to lie up
to 1 V negative of the COz reduction potential in order to supply the necessary overpotential to
overcome slow kinetics and thus to drive the reaction at a meaningful rate. Theoretically, this
kinetic barrier could be drastically reduced by the choice of an appropriate semiconducting
material that possesses sufficient catalytic activity. Although many believe that the
semiconductor surface-related catalytic process involves the formation of an adsorbed surface
species of CO: , which is governed by the chemical constituents, surface microstructure,
electronic band structure, and crystal phase, no universally recognized mechanism has been

established to explain the catalysis on semiconductor surfaces.*’
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Figure 6. Conduction band (white squares) and valence band (gray squares) potentials of some
commonly used semiconductors, with the potentials of several CO2 and water redox couples at

pH = 0, plotted vs. vacuum (left) and NHE (right).3>4%77:81.82

Typically, illuminated p-type semiconductors are chosen to perform solar-driven CO:2
reduction since they act as photocathodes when immersed in supporting electrolytes. The
majority of this section will focus on p-type semiconductors, including Si, I1I-V, II-VI, and oxide
materials. Catalytic semiconducting materials that do not fall into one of these categories,

although rare, will also be discussed. Although n-type semiconductors typically are photoanodes,
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they can be employed as particulate photocatalysts, performing oxidation on an illuminated face
and reduction of CO:z on a dark face with the photogenerated electrons.

The modification of semiconductor surfaces with molecular catalysts or metals has long been a
technique employed to increase catalytic activity and stability. Semiconductors modified with
molecular catalysts take advantage of the selectivity and tunability of molecular catalyst systems
as well as the advantages of heterogeneous catalysts including utilization of lower amounts of
expensive catalysts, high concentrations of the catalysts at the reaction site, and easy separation
of the catalyst from the reaction mixture. In some cases, surface confinement of a catalyst
improves the rate of heterogeneous charge transfer from the electrode to the catalyst; however,
due to orientation effects, the rate of heterogeneous electron transfer has been observed to be
decreased in certain cases. Likewise, surface confinement can lead to higher catalyst stability,
but this is not assured, and in cases where the surface species has a limited lifetime, replacement
of a surface-attached species is more difficult than continuous addition of a molecular catalyst to
solution. There has been a significant amount of research into methods of attaching catalysts to
electrodes, yielding a large variety of attachment methods to choose from. These techniques vary
from utilizing a covalent linker to adsorbing polymer films to the surface, which represent two of
the most common techniques. A second class of modified semiconductors is comprised of
materials on which deposition of metallic particles or thin films occurs directly onto the
photoactive surface. This method takes advantage of the high catalytic activity of many metal
nanoparticles for CO:z reduction, which typically behave in similar ways to the bulk metal

electrodes.'!

The metal typically acts as an electron trap, aiding in the separation of
photogenerated charge carriers. Several semiconducting materials modified with a variety metal

particles have shown very promising CO2 reduction results. Another trend in photo-assisted CO2
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reduction research is to combine chemical and physical properties of multiple semiconducting
materials into one integrated system. Different approaches have been developed to realize this
idea, including heterostructure, Z-schemes, solid solutions, and micro/mesoporous composites.*’
Such novel photo-driven CO:2 reduction systems are normally designed and engineered to
incorporate different functions from each component material to achieve a higher light-to-energy
conversion efficiency and a more controlled product selectivity. The Z-scheme is designed to
mimic the natural photosynthesis of converting CO: .*>* In a typical Z-scheme, shown in Figure
7, two different semiconductors are mediated by a reversible redox couple. The two
photocatalysts are excited simultaneously to generate electron-hole pairs, and an electron from
one semiconductor and a hole from another are consumed by the bridging redox couple, leaving
the un-recombined electron and hole with strong reduction and oxidation abilities on different
active sites. These and other integrated schemes are also included in this chapter as they open a

new pathway for scientists to explore more advanced “artificial photosynthesis” systems.
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Figure 7. Z-scheme system, employing two semiconductors which together bridge the water
oxidation potential and CO2 reduction potentials. Both semiconductors absorb light, generating
photoelectrons, and the transfer of charge carriers is mediated by a reversible redox couple in

solution.
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2.1. Group IV Materials

Si has a narrow indirect bandgap of 1.1 eV, which allows its photoabsorption to span from the
UV region to the near-IR region. Due to its simplicity and abundance, many early studies of
photoelectrochemical reduction of CO2 have been performed on Si photoelectrodes. Although a
light-induced photovoltage is established on the semiconductor electrode upon illumination, in
nearly all the studies, an external electrical bias has been applied to drive the CO2 reduction
reaction.

In the early 1980s, Bockris et al. reported using boron doped p-Si to reduce CO2 to CO in a
non-aqueous electrolyte under 600 nm illumination at potentials equal to or more negative than -
2.0 V vs. SCE.» The water content in the non-aqueous electrolyte, DMF, was believed to
negatively influence the efficiency of CO:z reduction, as increased water content led to increased
hydrogen evolution. Both the (100) and (111) crystal faces of Si were examined in this study, but
no significant variation on the product distribution was observed, and only the ratio between
light-induced current and dark current were observed different on the two different faces. The p-
Si electrode demonstrated high quantum efficiency, 85-95%, as a function of wavelength in the
visible light range 400 - 800 nm, as well as high Faradaic efficiency for CO production.
However, the i-V characteristics indicated that potentials as negative as -2.5 V vs. SCE are
required to drive the reaction. Since these potentials are more negative than the CO2 reduction
potentials (see Table 1), the system does not convert light energy to stored chemical energy.

In 1992, Junfu et al. reported their study of photo-assisted CO2 reduction on a p'/p-Si
photocathode in an aqueous electrolyte.3* The material was monocrystalline p*-Si with a 10 um
epitaxial layer of p-Si on the (111) crystal face. The current efficiency for converting CO2 to

formic acid was reported to be constant for the first 6 hours at -1.6 V vs. SCE but subsequently
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decreased. A potential of -1.2 V vs. SCE was found to yield the highest Faradaic yield on this
electrode. Junfu et al. also concluded that the optimal electrolyte pH for photoelectrolysis of CO2
was neutral or slightly basic, and they suggested that the reduced current density in CO: -
saturated electrolyte compared to Na-saturated electrolyte is possibly due to the adsorption of
CO2 molecules on the electrode surface.

In a later study, Hirota et al. studied p-Si at elevated CO2 concentrations by varying the
pressure up to 40 atm.%® The experiment was performed in a methanol medium saturated with
CO:2. At -1.8 V vs. Ag QRE (a silver wire quasi reference electrode with a potential ~80 mV vs.
SCE), p-Si was reported to produce CO and methyl formate with Faradaic yields of 75% and
10%, respectively. The formyl group of methyl formate was produced via CO2 reduction to
formate and then reacted with methanol to form the ester. Since the study revealed that the CO2
pressure is the most critical factor influencing the product distribution, Hirota et al. proposed that
at high COz pressures, the adsorbed (CO: )" radical reached high coverages, which resulted in
both a high current efficiency for CO production, low production of Hz, and a stabilizing effect
on the semiconductor electrode. This radical, however, is highly unstable and would not be able
to remain adsorbed at the surface. Aurian-Blajeni ef al. investigated the effect of coating silicon
with polyaniline, a conductive organic polymer.%® The polyaniline-coated p-Si had a much lower
overpotential than bare p-Si, with onset close to -1.0 V vs. SCE under illumination from a xenon
lamp. This system produced predominantly formic acid and some formaldehyde, with combined
Faradaic efficiencies of 20-30%, though the efficiency dropped as more charge was passed.

P-Si photoelectrodes modified with either Cu, Au, or Ag particles have been shown to produce

87,88 It

CO, CH4, and C2H4 in aqueous media. was determined that obtaining fine control of the

surface structure of the particles on the surface was very important in order to decrease surface
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carrier recombination and to control the barrier height and energy-level matching between the
semiconductor and solution.’” Additionally, it was determined that the theoretical optimum yield
would occur with particles 5 nm in size, though particles of 20-200 nm in size were employed
experimentally.®

A diamond substrate has also been employed to reduce CO2 to CO with greater than 90%
product selectivity.*” Diamond has a band gap of 5.5 eV, which requires high energy UV
excitation. The conduction band edge of diamond is well above the reduction potential of CO:
/CO: ~, and the excited electrons in the conduction band are readily ejected into the adjacent
aqueous phase and then relaxed to form solvated electrons. The actual reduction of CO2 to CO> *
is via the reaction with the solvated electrons, which is followed by photodissociation of CO: “to
produce the final product CO.

Gondal et al. investigated granular a6H-SiC (band gap = 3.17 eV) as a photocatalyst for CO2
reduction.”® Using a 355 nm laser, the reduction was selective for methanol production with a
1.95% maximum quantum yield. A broad band light source (Xe-Hg lamp) was found to produce
other hydrocarbons as well, with methanol accounting for roughly 50% of the products formed.
The maximum quantum yield for methanol production under the Xe-Hg lamp was only 1.16%.

Cook et al. demonstrated the use of copper loading on p-SiC dispersions for CO:2
photoreduction.”! In the presence of Cu, it was shown that methane and oxygen were the gaseous
products of this reaction, but no attempt was made to identify liquid products. Methane
production decayed over the course of 2 hours, and oxygen production was relatively low. This
observation was ascribed to surface oxide growth. The diminished methane production was

attributed to Cu deposition on the photoactive sites of the p-SiC. A pH dependence study showed
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that methane production maximized at pH 5, with detectable ethane and ethylene appearing only
at this pH. Methane could only be produced in a temperature range of 30-60°C.

Dzhabiev et al. attempted CO2 photoreduction on SiC under various conditions, including the
addition of Na2S, rhodium, and/or copper to the suspension.”> Only with the rhodium and the
copper were trace amounts of methane detected, suggesting that impurities in the SiC may be a
key factor in the reduction of CO: .

Zhang et al. used spin-polarized density functional theory (DFT) to explore the adsorption and
reduction capabilities of silicon carbide (SiC) nanotubes and nanosheets.”®> Three different
structure types were explored: a variety of (n, 0) zigzag SiC nanotubes (3 < n < 12), multiple (n,
n) armchair SiC nanotubes (2 < n < 10), and a single SiC layer comprised of a 5 x 5 supercell. It
was discovered that, upon adsorption, CO2 bends and forms a four-membered ring resulting from
the attack of the C-O bond in CO2 with the Si-C bond in SiC. COz adsorbs to armchair SiC
nanotubes in a direction perpendicular to the tube axis. A parallel direction is preferred for
zigzag SiC nanotubes. The adsorption energy (E.s) of CO2 decreased with decreasing surface
curvature, which implies that SiC nanotubes with smaller diameters are able to bind CO2 more
tightly than nanotubes with larger diameters. The chirality of the SiC nanotube had a negligible
effect on the calculated adsorption energies. A single-layer of SiC cannot adsorb COz2 stably, as
evidenced by a positive AG of 0.41 eV. It was asserted that nanotubes with higher curvatures
cause increased electron density to exist outside of the tube, and this aided in adsorption. It is
concluded that SiC nanostructures may reduce COz to formic acid in a three step process: the
hydrogenation of the starting material to formate, protonation to formic acid, and ultimately

desorption.
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2.2, III-V Semiconductors

Great efforts have been made on the investigation of CO2 reduction on III-V semiconductors.”’
Among all the III-V family members, GaP (2.24 ¢V), GaAs (1.4 eV) and InP (1.34 eV) are the
most commonly studied. Halmann et al. pioneered photoelectrochemical CO2 reduction on I1I-V
semiconductor surfaces.?® In aqueous media, he reported that HCOOH, HCHO and CH30H were
produced from CO: on an illuminated Zn doped p-GaP surface. The optical conversion
efficiency was reported to be a function of the applied potential, and when a 365 nm illumination
source was used, the maximum optical conversion efficiency was calculated to be 5.6% at -0.8 V
vs. SCE. However, this conclusion is fundamentally flawed, since when an overpotential is
needed to drive the reaction (as was the case here), there is no net solar energy stored.!” Only a
few years later, Taniguchi et al. attempted to study the mechanism of conversion of COz to small
molecules on p-GaP in a Li2COs electrolyte.”* The addition of 15-crown-5 enhanced the current
efficiency of formation of HCOOH, HCHO and CH3OH. In the potential window from -0.6 to -
1.4 V vs. SCE, the current efficiency of every product decreased when the cathodic polarization
was increased. As the crown ether facilitated the deposition of Li onto the p-GaP surface,
Taniguchi et al. suggested that the electrodeposited lithium reduced CO:2 to its one-electron
reduced radical form.** In a study under elevated CO> pressure of 8.5 atm, the highest observed
Faradaic efficiency on p-GaP was a total of 80% for HCOOH, HCHO and CH3OH production, at
-1.00 V vs. standard Ag electrode in NaxCO3 electrolyte.”> Although nearly all the literature
studies of CO2 reduction on p-GaP reported HCOOH, HCHO and CH3OH as the products, in
1984, Ito et al. claimed that formic acid was the only experimentally confirmed product of CO2
reduction, and the rest of the organics could be ascribed to the photolysis of epoxy resin used to

fabricate the cell.”® Ito e al. also suggested in a later paper that the incident light intensity
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strongly influences the Faradaic efficiency of HCOO™ formation from CO2 on p-GaP. Altering
the light intensity led to the change of the photocurrent, and this resulted in the variation of the
ratio between the partial current for HCOO™ production and that of Hz evolution.” Ito et al. also
studied the effect of surface treatment of p-GaP towards the product distribution obtained from
CO:2 reduction.”® Varying etchants would affect the population of crystal defects, surface
morphology, and predominant crystal phases exposed on the surface, which would lead to
different activity of the surface for CO: reduction. Halmann et al. suggested that on an
illuminated GaP electrode, the observation of a 15% enhancement in photocathodic current in a
pH = 7 phosphate buffer between CO:2 bubbling and Ar bubbling was due to the first step in the
reduction of CO: , producing the formate radical with a one-electron reduced surface-adsorbed
proton.”

In non-aqueous solutions, specifically, in an aprotic DMF solution, a cell consisting of a p-GaP
photocathode and a TiO-LaCrOs photoanode was employed to produce oxalate from CO; .'%
This work is one of the earliest reports that a C-C bond can be formed from CO: reduction on a
semiconductor. Taniguchi et al. reported that, in a DMF solution containing 5% H20, CO is the
major CO: reduction product on both p-GaP (100) and (111) surfaces.®’

Theoretical studies have also been conducted on the way in which p-GaP interacts and reduces
CO; 119 Using DFT calculations, Carter et al. suggested that the structural and electronic
properties of the GaP(110)/H20 interface is capable of forming hydride-like H atoms as a
consequence of the dissociation of water. This H radical may be a key intermediate in the
mechanistic pathway for CO2 reduction on GaP(110) surfaces.

In 1978, Halmann et al. reported that photo-assisted CO:2 reduction has been achieved on p-

GaAs, but they indicated that no net gain of energy conversion was achieved due to an highly
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cathodic applied bias.?® After this early attempt, extensive research on GaAs ensued in the early
‘80s. It was discovered by Aurian-Blajeni and coworkers that p-GaAs and p-GaP exhibit a
similar dependence on CO: pressure.” The GaAs electrode also displayed better Faradaic
efficiency for CO2 reduction compared to GaP at -1.0 V vs. SCE; however, it was much less
stable under illumination.

Seven-fold higher CO:2 concentration (~210 mM) can be obtained in methanol compared to
water at room temperature. This solvent has been employed as the electrolyte in work conducted
by Hirota et al. and Kaneco et al.%> 1% At a high CO:z pressure of 40 atm, p-GaAs demonstrated
an 88% overall CO:z reduction current efficiency at -1.9 V vs. Ag QRE. The electrode also
exhibited a high selectivity for CO production. A white film was observed on the surface of p-
GaAs after an electrolysis in aqueous media, which was ascribed to the reductive decomposition
of GaAs to Ga and As in the presence of a proton source. However, this film was absent on the
p-GaAs surface when electrolysis took place in a methanol medium, and this was suggested to
indicate enhanced stability of p-GaAs in this electrolyte.®® It was suggested that under high CO:
pressure, an adsorbed layer of (CO: )2™ is instrumental in protecting the semiconductor surface
by blocking the attack of methanol, and by sinking the photogenerated electrons. However, given
the known instability of the oxalate radical anion, this is unlikely. However, this mechanism was
supported by Kaneco and coworkers, who claimed that the reaction proceeded via a similar
route.'® In that study, due to the detection of HCOOH in the reduced products, a proton was
suggested to be involved in part of the reaction coupled with a second electron transfer to
account for the formation of formate.

p-InP is another example of a III-V semiconductor that possesses a bandgap matching the solar

spectrum, and has thus been studied extensively. In the study carried out by Kuwabata et al. on
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p-InP, it was discovered that using a carbonate-based electrolyte favored the production of
formic acid from CO: , while other electrolytes such as sulfates, perchlorates and
tetracthylammonium perchlorate (TEAP) favored the production of CO.'% This finding was
ascribed to the presence of abundant carbonates suppressing the reaction between a CO: ™ radical
and a CO2 molecule coupled with an electron to form a CO and a carbonate anion. A maximum
current efficiency of 73.5% for COz reduction was achieved in 0.1 M TEAP electrolyte at -1.2 V
vs. SCE.

COz reduction on p-InP in non-aqueous media was also preformed, and these studies focused
primarily on methanol as the solvent. At a high current density of 100 mA c¢cm™, a current
efficiency of 93% for CO production was achieved, with HCOOCH3 as the secondary product.'%
This current efficiency stabilized at approximately 94% at potentials more negative than -1.4 V
vs. Ag QRE, which indicated that the CO: reduction rate was limited by light intensity. The
tetrabutylammonium perchlorate (TBAP)-methanol solution had the distinct advantage of
stabilizing the electrode surface, even at potentials significantly more negative than -1.1 V vs.
Ag QRE. At COz2 pressures up to 40 atm, the partial current density for CO production increased
steadily as the potential became more negative, and the current efficiency for CO production
exceeded 90%.%> However, in a study conducted by Ohta et al. using a CO: saturated
LiOH/methanol medium in the cathodic range from -2.2 to -2.5 V vs. Ag/AgCl, formate was
observed as a reduction product generated through a proton coupled electron transfer to a surface
adsorbed CO, *.1%

InP electrodes have been modified by a variety of metals and shown to reduce CO2 to CO and

formic acid in a LiOH/MeOH solution.!”” It was shown that Pb produced formate with

efficiencies up to 30%, while Au and Ag modified electrodes produced CO with efficiencies of
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70% and 80% respectively. Ni-modified electrodes produced primarily H> with very small
amounts of CH4 and C2H4, while Cu-modified electrodes produced CO and formate at 40% and
15% Faradaic efficiencies, respectively, and Pd-modified electrodes produced CO with 55%
efficiency. Hydrocarbons were observed from CO:z reduction on p-InP when Cu particles were
suspended in a methanol solution.!”® Small Faradaic efficiencies for methane and ethylene were
reported at 0.56% and 0.8%, respectively, but without the copper only formic acid and CO were
formed. The maximum efficiencies for the production of all four products required potentials in
the range of -2.5 to -2.7 V vs. Ag/AgCl. The addition of Cu particles created new adsorption
sites for CO: , and the formation of hydrocarbons was suggested to be from CO:2 adsorbed on
metal particles or at the semiconductor/particle junctions. In the proposed mechanism, a
multielectron-reduced carbene species was suggested as the intermediate leading to the
production of methane and ethylene. In an earlier study using 5% H20 in a DMF solution, the
current efficiency for CO:z reduction was fairly low due to dominant hydrogen evolution, and
photodecomposition was observed on p-InP.%3
2.3. Oxide Semiconductors
2.3.1. Titanium Dioxide

Titanium dioxide (TiO2) is by far the most popular of the oxide semiconductors, since it is
highly stable under photocatalytic conditions, inexpensive to use, and able to perform a variety
of photocatalytic reactions, including water splitting,! degradation of various organic

109110 and carbon dioxide reduction.!'' As such, this material has been extensively

species,
researched and reviewed for the past few decades.”®’®!127125 Various types of TiO:

photocatalysts have been studied, including particle suspensions and nanostructured materials.

Furthermore, numerous modifications to these catalysts, such as the addition of co-catalysts or
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photosensitizers have been investigated. These different variations will be discussed in a
representative fashion in the following sections; however, many aspects have been covered
already in greater depth in previous reviews cited above.

2.3.1.1. TiO2 Photocatalysis: Structure and Mechanism

TiO2 has three main crystal structures, rutile, anatase, and brookite. Anatase is the most
utilized given its abundance and ease of synthesis compared to brookite and its improved
photocatalytic abilities compared to rutile. Even though rutile has a band gap of 3.0 eV and
anatase has a larger band gap of 3.2 eV, the former more readily promotes electron-hole pair
recombination.'?"13° Several reports have shown that mixed-phase TiOz, especially P25, which
contains ~70% anatase and ~30% rutile, has photocatalytic properties that exceed either pure
phase,!17:129.131-135

The mechanism of CO: reduction on illuminated TiO:2 catalysts has been studied using a
variety of spectroscopic and quantum mechanical methods.!*® An in situ IR spectroscopy study
showed the presence of bent CO2 on the titania surface, with greater concentrations appearing
under illumination.'*” Electron paramagnetic resonance (EPR) spectroscopy observed Ti** ions
at the surface as well as carbon, CH3, and hydrogen radicals at 77 K under UV light.!27:132.138
Hurum et al. suggested that, in P25, a rutile structure absorbs the photon and transfers the
photoelectron to an anatase trap state, with a subsequent transfer to a surface state, which can
react with CO: .'3? Due to oxygen vacancies in the intrinsically n-type TiO2, numerous Ti’** states

139-146 and by reduction of Ti*" with

are present, though more are generated by doping
photoelectrons under illumination.'?” At the surface, these Ti** species can reduce adsorbed CO:

to a bent CO: ™ species,'*’ reforming Ti*', and again serve as electron trap states for further

reduction (Scheme 2). Oxygen vacancies can also induce dissociation of CO2 to adsorbed CO

45



and a healed vacancy.!*® Adsorbed hydrogen atoms are also formed, which can further reduce the
bound CO: " radical.'*® Many different CO> reduction products can be formed on TiO2 in the
presence of water, which acts as the source for both protons and electrons. CO and CHas
predominate when gaseous H20 is used, whereas typically methanol is formed when
photocatalysis takes place in solution.!*® This difference may result from the hydrogen-bonding
network available in the aqueous phase, which more readily stabilizes polar surface
intermediates.

Scheme 2. Formation of surface Ti*" with a photogenerated electron, leading to binding and
bending of CO:z and the formation of CO: ™.
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2.3.1.2. Nanostructured TiO2

A variety of different morphologies of TiO2 have been tested for their CO2 reduction abilities,
including powder dispersions, thin films, nanosheets, nanotubes, and nanorods. Some titania
catalysts have also been incorporated into zeolites and other mesoporous structures, but these
catalysts will be discussed in section 3.2. Simple powder dispersions and thin films had seen
much interest in the past,''!127:149715 byt have not attracted as much focus lately. Instead, studies
utilizing nanostructured materials have seen a surge of interest. The effect of TiO2 nanoparticle
(NP) size on their aqueous COz2 reduction properties was recently investigated by Koci et al.
under UV light.!>* Particles 14 nm in diameter outperformed NPs as small as 4.5 nm and as large

as 29 nm in the production of CH4 and CH30H on both a mass and surface area basis. The
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t'% and had less ability to separate

smallest NPs had larger band gaps due to quantum confinemen
charges effectively.

Nanosheets, like single crystals, preferentially show a particular facet, which can have vastly
differing photocatalytic reactivities (Figure 8). Yamashita et al. studied CO2 reduction on
Ti02(100) and (110) single crystals and found the former to yield methane and methanol whereas
the latter produced only methanol and in much lower quantities, possibly due to a higher
concentration of Ti species on the (100) surface.!”’ Pan and coworkers determined that the {010}
facet, which is geometrically equivalent to the {100} facet, had more favorable surface electronic
and atomic structure for photocatalysis than either the {101} or {001} facets.'*® Consequently,
Xu et al. synthesized titania nanosheets with 95% {100} facets exposed and found that they
produced CH4 at about 6 times the rate as cuboids with only 53% {100} facets.'"® Yu et al.
studied the effects of varying ratios of {001} to {101} facets, since the slightly different band
structures of the two planes can lead to the formation of a heterojunction that more readily
separates the photogenerated charge carriers.’ The optimal catalyst tested had 58% {001} facets
and produced CHa at 1.35 pumol g! h'!. Nanosheets with percentages of {001} facets of 72%

were synthesized, generating CO, formaldehyde, methanol, and methane from an alkaline CO:2

solution.'®

ooty g
)y Y [ s
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Figure 8. {001}, {101}, and {010} facets on TiO2 crystals. Adapted with permission from ref.

158 Copyright 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

47



Titania nanotubes (TNTs) and nanorods (TNRs) have lately seen significant interest due to
their high surface area and their extended length in a single direction, which allows for increased
charge separation.!!”-!!8125 These nanostructures have lengths several to hundreds of times their
diameters and are generally prepared by oxidation of titanium at high voltages in fluoride
electrolytes, though hydrothermal methods are also employed.'!'® Schulte et al. found that 90%
anatase TNTs made methane at a rate of 3.4 pmol m? h'!, while TNTs annealed at higher
temperatures and thus with higher concentrations of the rutile phase performed more poorly.'?’
Vijayan et al. prepared 8 nm diameter anatase TNTs that collapsed into TNRs upon calcination
above 500 °C, resulting in a sharp decrease in surface area.'® The TNTs calcined at 400 °C
yielded 0.50 umol g! h'! of methane, whereas TNRs produced only 0.33 pmol g'! h'!; the authors
attributed this difference to the greater surface polarity and acidity present on the inner curvature
of the tubes that was not accessible in the collapsed tubes. 11 nm diameter TNTs were
synthesized by He et al. and generated CO, formaldehyde, methanol, and methane in basic
solution.'* The quantum efficiency of these TNTs were about the same as the nanoparticles, on
a surface area basis. Wang et al. modified anatase TNRs with rutile NPs and found an increase in
activity from 1.29 umol g' h™! to 2.36 umol g!' h™! of methane under UV light."** As noted
above, the mixed-phase catalysts were implicated in better charge separation, leading to higher

photocatalytic activity.

2.3.1.3. Metallic Co-Catalysts on TiO2

Titania is infrequently used on its own and is instead typically modified with metallic particles
or thin films, which function as co-catalysts and aid in the reduction of CO, .!'2161-163 The
addition of metal particles, often incorrectly called "doping" since the metals do not incorporate

into the crystal structure, encourages electron-hole charge separation since the metals act as
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electron traps. Both the metal and the TiOz can act as catalytic surfaces; the decrease in electron
density in the latter from the formation of the Schottky barrier increases the acidity of the surface
hydroxyl groups and can enhance photocatalysis.'®" As noted previously, the metallic co-
catalysts typically lead to nearly identical product distributions in the reduction of CO2 as with
the bulk metal electrodes when in aqueous conditions.

There have been numerous studies with a variety of transition metals as well as recent reports
utilizing carbon, in the forms of graphene and nanotubes, and indium, summarized in Table 2.
The most commonly employed metals with TiO2 have been the coinage metals, particularly
copper, which, as an electrode in aqueous solution, yields several different hydrocarbons.'
Typically, the metals are photoreduced onto the TiO2 substrate prior to CO2 photocatalysis, but
some sol-gel methods have also been employed, which incorporate the metals into the
macrostructure of the titania as it is synthesized.

A few particularly interesting investigations into metal-modified TiO2 photocatalysts have
recently been published. Hou et al. used gold nanoparticles on anatase thin films and employed a
532 nm laser to excite the plasmon resonance of the gold.'® This plasmon generated localized
electric fields strong enough to excite electron-hole pairs in the TiO2 to a much greater extent
than possible with just the incident light, even though no electrons actually transferred from the
gold particles to the TiO2. A recent study by Wang et al. claimed the highest quantum yield, at
2.41%, for CO2 photoreduction, by using a nanostructured columnar thin film of TiO2 with Pt
nanoparticle co-catalysts.!3*> The maximum rate of CHs production was an incredibly large 1361
pumol g h'! after 5 hours, which the authors attributed to both optimal Pt NP sizes, which greatly
enhanced the charge separation, and the pointed columnar structure of the TiO2, which had a

high density of (112) planes that possess high electron mobility. Xie et al. tested Pt-TiO:
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photocatalysts in both aqueous and vapor conditions, and compared the platinum catalysts with
other noble metals.'® Under both phases of water, the photelectrons were utilized at about the
same rate; however, in the liquid phase, the selectivity for CO2 reduction products was much
lower than in the vapor phase, due to the high rate of hydrogen formation. The other metal
catalysts tested (Pd, Rh, Au, and Ag) all had comparable CO: reduction selectivities to Pt, but the
rates were typically much lower. In addition, the product distributions between CO and CHa4

varied from metal to metal.
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Table 2. Summary of various metal-modified TiO2 photocatalytic systems.

Photocatalyst Structure® Reductant Light Products Yields (umol g!' h'!) Year
CO 0.27
Cu + TiO2 Powders H20 liquid Xe lamp HCHO 0.28 1992166
CH3;0H 0.55
CHa4 0.65
5%Cu-TiO2 Powder H20 liquid Xe lamp CaoHy 0.92 1994167
C2Hs 0.13
. Hg lamp 126
0, Cu-
0.1%Cu-TiO2 Powder H20 vapor (0> 290 nm) CHa4 0.08 1994
2.0%Cu-TiO2 Powder 0.2 N NaOHaq) Hg lamp CH3;0H 19.8 200231
1.2%Cu-TiO2 Film in optical fiber H>0O vapor Hg lamp CH3OH 0.45 2005'68
Cu-TiO2 NP on Nanorods H20 liquid UV lamp CHs4 0.18 201219
b
Cu-TiO: NP on Permeable Wafer ~ H20 vapor AM1.5 lamp g}% ggb 201470
CHa4 134
Cuo.33Pto.67-TiO2 Internally-coated NT H2O vapor ~ AMI.5 lamp C2Ha 12.0 2012
C2Hs 24.1
. Core'SheH NP on CO 8.3 172
Pt@Cu20-TiO2 Powder H20 vapor Xe lamp CHa 33 2013
AuiCuz-TiO: Film H20 vapor ~ AMI.5 lamp CHs4 2200 2014173
HCHO 1.36
. . UVlamp  CH;OH 0.86 o
Au-TiO2 NP on Film H20 vapor (254 nm) CHa 731 2011
C2Hs 1.63
0.2%Au-TiO: Mesoporous Powder H20 vapor Xe lamp CH4 1.50 2012143
0.5%Au-TiO: NP on Powder H20 vapor Xe lamp g}% ;? 201419
0.15%Pt-TiO> NP on NT H>0 vapor Hg lamp CHs4 0.66 2009'7
Pt-TiO> NP in NT H>O vapor ~ AMI.5 lamp CH4 25° 2011'7°
0.2%Pt-TiO2 Mesoporous Powder H20 vapor Xe lamp CH4 2.81 2012143
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@ Abbreviations used are NP (nanoparticles) and NT (nanotubes) ® Units are: ppm cm™ h!

Photocatalyst Structure® Reductant Light Products  Yields (umol g' h'!) Year
. NP on Columnar Thin CO 190 135
Pt-TiO2 Film H>0O vapor Xe lamp CHa 1361 2012
0.5%Pt-TiO2 NP on Powder H>0 vapor Xe lamp ((j:}% ;é 201416
0.5%Pt-TiO2 NP on Powder H20 liquid Xe lamp ((j:}% 01' 746 201416
Pt-TiO: NP on Permeable Wafer ~ H2O vapor ~ AMI1.5 lamp CH4 28° 201417
Pt-TiO2 NP on NP H>0 vapor Xe lamp gg{; 620'81 2014176
2.0%Ag-TiO2 Powder 0.2 N NaOHag) Hg lamp CH3;OH 14.2 2004162
0.1%Ag-TiO2 Mesoporous Powder H20 vapor Xe lamp CH4 0.80 20124
0.5%Ag-TiO2 NP on Powder H>0 vapor Xe lamp g}% ;‘Z 201416
He lam CO 0.04
1%Pd-TiO2 NP on Powder HaO liquid >g3 10 lfm) CHa 0.38 201177
C2He 0.06
. co 1.1 65
0.5%Pd-TiO2 NP on Powder H20 vapor Xe lamp CHa 43 2014
0.5%Rh-TiO2 NP on Powder H20 vapor Xe lamp ((j:}% 03'652 201416
. 1M CH;OH 2.91 78
0 -
0.5%Ru-TiO2 NP 2-propanolig Hg lamp CHa 359 2006
. co 230 .
10%In-Ti02 NP H20 vapor Hg lamp CHa 675 2015
HCOOH 18.7
MWCNT-TiOz NP on NT H20 vapor UV lamp CH4 11.7 2007'80
C:HsOH 29.9
0.27%Graphene-TiO2 Film H>20 vapor Hg lamp CH4 500 201118
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2.3.1.4. Doped TiO2

Doping of TiO2 with other elements has been employed to alter the band gap and increase

catalytic activity for CO2 reduction. These dopants, which include nitrogen,!#*14314 flyorine, !4’

46 were incorporated into the structure of TiO>. Nitrogen and

iodine,'"*' cerium,'*> and rhodium,’
fluorine typically substitute onto the anionic oxygen sites,'3’ whereas cerium, rhodium, and even
iodine are thought to replace some of the Ti*" species in the titania lattice.'*!

Nitrogen-doping mixes the N 2p orbitals with the O 2p orbitals, raising the level of the valence
band and decreasing the band gap from 3.2 eV, which allows for the increased absorption of
visible light.!8? Varghese and coworkers synthesized 0.4 atom% N-doped titania nanotubes,
which had a band gap of only 2.3 eV.!"*” They subsequently decorated them with Pt or Cu
nanoparticles and exposed them to natural sunlight under humidified CO: . The Pt-N-TiO2
yielded predominantly Hz (190 ppm cm™ h''), while the Cu-N-TiO2 produced mostly CHa (75
ppm cm™? h') as well as H» and CO. Though the authors claimed to obtain extended
hydrocarbons, they may be derived from an adhesive in the cell instead of from the
photocatalytic reaction, especially since comparable systems yield no such products.'?! Li et al.
prepared 0.84 atom% N-doped mesoporous structures, which had a band gap of 2.72 eV, and
photodeposited them with 0.2 wt% Pt to serve as co-catalyst. These authors detected no Hz or
CO; instead only CH4 was formed at a rate of 0.52 pmol g! h''. Michalkiewicz and coworkers
synthesized a N-doped TiO2 nanopowder, without any metal co-catalyst, with an overall nitrogen
content of 0.45 atom% but a surface concentration of 0.85 atom%.'** This material exhibited no
change in the band gap, unlike the other two N-doped TiO:z systems, indicating a different mode

of incorporation into the TiO: lattice. The discrepancy may be due to the high content of

amorphous TiO2, almost 70%, due to the low calcination temperature of 100 °C.'"** The N-TiO:
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photocatalyst produced only methanol, at an overall rate of 10 pmol g! h'!, when exposed to
UV-vis light in an aqueous solution of CO: . Nitrogen and vanadium co-doped nanotube arrays,
in which vanadium replaced titanium atoms, were also prepared for CO: reduction.!®* These
catalysts generated methane at rates of 64.5 ppm h'! cm™, even in aqueous media, and were
stable over multiple experiments.

The synthesis of surface fluorinated TiO2 nanosheets was recently reported by He ef al., with
fluorine replacing surface hydroxyl groups and forming Ti-F bonds.!#’ The fluorine increased the
number of Ti*" defects present at the surface by adding electrons into the 3d orbitals of Ti*".
These Ti*" species, bonded to highly electronegative fluorine, served as electron trap states and
promote the photoreduction of CO2 more readily than their hydroxylated counterparts. When
conducting the photoreaction in aqueous solution, He and coworkers detected primarily methane
and methanol, as well as some formaldehyde, CO, and Ha.

Zhang et al. prepared iodine-doped TiO2, using HIOs3, for visible light CO2 reduction.!*! Even
though it is a nonmetal, the iodine was found to replace titanium as I°*, which also caused some
Ti*" to be reduced to Ti** to maintain neutrality. The band gap decreased slightly to 3.0 eV,
though there was significant absorption of visibly light beyond 500 nm. CO was the only
reduction product from visible light photolysis of humidified CO2 on a nominally 10% I-doped
catalyst, at a yield of 2.4 pmol g h'!.

Zhao and coworkers synthesized cerium-doped titania, both unsupported and on mesoporous
silica.'*? The cerium promoted the formation of the anatase phase and shifted the absorption edge
from 400 nm to 500 nm; however, when supported on SBA-15, a silica with one-dimensional
pores, the absorption edge was shifted to shorter wavelengths due to the formation of smaller Ce-

TiO2 nanoparticles in the size-constraining pores. Under UV-vis irradiation in the presence of
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humidified CO:, 3 atom% Ce-TiO2 generated CO and CHs at rates of 0.25 and 0.02 pmol g h'!,
but the supported photocatalysts were substantially better, with rates of 1.88 and 1.98 umol g h-
I, possibly due to both the confinement in the 1D pores and the abundance of proximal silicon
hydroxide groups for proton donation. Xiong ef al. also prepared Ce-TiO2 nanoparticles, finding
optimal yields of CO: reduction products at 1% doping.'®> From aqueous CO: , predominantly
methanol was produced, at a rate of 23.5 pmol g h™!. In both cases, the Ce atoms were found to
be partly in the +4 oxidation state and partly in the +3 oxidation state, the latter of which, like
Ti**, was implicated in aiding the reduction of CO .!4%183

Recently, Lee et al. made 0.02 wt% Rh-doped TiO:2 for CO2 photoreduction.'*® The band gap
of this material was 2.95 eV, but the authors sought to increase the visible light photoresponse
and so adsorbed the light-harvesting complex II (LHCII) from the photosynthetic pathway onto
some of the Rh-TiO:z particles. As with many of the other doped catalysts, the addition of the
dopant reduced some of the Ti*" to Ti**, which improved electron trapping and CO2 reduction.
Photocatalysis of CO2 in an aqueous suspension of Rh-TiO2 produced CO, acetaldehyde, and
methyl formate with moderate yields, though the LHCII-modified catalyst was considerably
better at forming acetaldehyde and methyl formate. However, the LHCII either degraded or
desorbed during the photoreaction, leading to a lack of stability, though controls without CO2
showed that the products were primarily from CO2 reduction with minimal contributions from

decomposition of the protein complex.

2.3.1.5. Organic and Organometallic Modifications to TiO2 Surfaces

The organic and organometallic species adsorbed to TiO2 surfaces can be classified as either
COz reduction catalysts or as visible light-absorbing moieties that extend the operational spectral

range of the photocatalyst. Interestingly, though the use of dyes has been well-established in the
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it has not seen as much application in the field of carbon
dioxide photoreduction.!?® Molecular surface modifications have also been with known
homogeneous CO2 reduction electrocatalysts that have been altered for heterogeneous binding.
Localization of these homogeneous species on the electrocatalytic surface greatly increases their
effective concentration and reduces the absolute quantity used when compared to solution-phase
reactions, which is a significant boon especially when rare and expensive transition metals such
as Ru and Re are required. Due to the directionality of electron flow for these types of
modifications, a single molecule cannot serve as both photosensitizer and CO2 reduction catalyst,

since the former transfers an electron to the conduction band of the semiconductor and the latter

receives an electron and transfers it to carbon dioxide (Figure 9).
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Figure 9. Schematic showing the electron flow in the use of (a) a sensitizer and (b) a CO2

reduction catalyst on TiOx.

Very few purely organic dyes have been used, with most researchers relying on more common
transition metal complexes. However, Finkelstein-Shapiro et al. recently studied the influence of
aminosalicylic acid on CO2 photoreduction.!®” The carboxylic acid bound strongly to the TiO2

surface, increasing the visible light photoresponse. When the catalyst was exposed to aqueous
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CO: , the absorption edge was further red-shifted due to formation of a hydrogen-bound species
that is also coordinated to the nanoparticle surface, leading to an electron trapping defect site.

Ru(bpy)s;**-based photosensitizers have been employed in both homogeneous and
heterogeneous photoreactions. Nguyen ef al. and Ozcan et al. have studied their use with TiO2 in
the context of CO2 reduction.'®®1%° The first group used the Ru**-containing N3 dye (Figure
10a), which has carboxylate groups to allow attachment to oxide surfaces. This dye was
chemisorbed onto P25 TiO2 that had been modified by 0.5 wt% each of Cu and Fe oxides and
coated onto optical fibers.!® This catalyst had strong absorbance in the visible region of the
spectrum, and under concentrated sunlight produced methane at a rate of 0.62 pmol g! h',
though under intense artificial light, ethylene was also generated. Ozcan and coworkers
incorporated Ru(bpy)s:**, as well as two dibromo-perylene diimides (called BrAsp and BrGly),
into TiO:z films by wet impregnation, though the BrAsp and BrGly dyes contained carboxylate
moieties to aid in binding.'¥!°" All three dyes improved visible light absorption, and led to the
formation of methane from CO> and water vapor at rates of 0.16, 0.10, and 0.20 umol g! h'! for
Ru(bpy)s:**, BrGly, and BrAsp, respectively. The presence of Pt as a co-catalyst on the TiO2
improved yields for all of the photosensitizers, and, while thick films performed better than thin
films based on the amount of CHa, the latter had the advantage on a catalyst mass basis.

(a) COOH (b)

Figure 10. Organometallic TiO2 photosensitizers (a) N3, employed by Nguyen et al.'*® and (b)

metallophthalocyanine, used by Zhao et al.'*'"1%}

57



Zhao and coworkers utilized metal phthalocyanine complexes (MPc), as depicted in Figure
10b, to photosensitize TiO2 as well.!” ™' Cobalt and zinc phthalocyanines led to strong light
absorption in the visible region, accompanied by electron transfer from the MPc to the
conduction band of the semiconductor particle. In CO: -saturated aqueous NaOH, 0.5 wt%
CoPc-TiO:z produced incredibly large amounts of formate, at a rate of 28.99 pmol g h'!, as well
as formaldehyde (2.63 umol g! h') and small amounts of methanol and methane (0.21 and 0.63
umol g h'l, respectively).!”! The quantity of methane did not change substantially when CH3OH
or HCHO were added to the initial suspension, indicating a different route than the two- or four-
electron reductions from those species. Synthesizing the CoPc in the TiO2 sol from
dicyanobenzene and CoClz greatly enhanced the yields of the first three products substantially,
possibly due to localization in TiO2 pores, keeping CoPc molecules from aggregating.'®® Similar
behavior was observed with the zinc phthalocyanine, with the in situ synthesized Pc performing

better, but methane yields were over an order of magnitude greater than with either CoPc.!?
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Figure 11. Carbon dioxide reduction catalysts (a) metal cyclam and (b) rhenium bipyridine

196-200

tricarbonyl, which have both been adapted for covalent binding to TiOx.

Metal cyclam catalysts (Figure 11a) have been studied for homogeneous CO: reduction for
over thirty years.?'~2%> However, only in the past few years have these complexes been attached
to semiconductor particles for heterogeneous CO:2 photocatalysis. Neri et al. chemisorbed a
[Ni(cyclam-CO: H)]** to TiO2 nanoparticles and, though the organometallic catalyst was

selective for CO formation in aqueous solution, it was not stably bound to the TiO2 under
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electrochemical conditions. Transfer of photoelectrons from the semiconductor particle to the
Ni(cyclam) was improved by covalent adhesion, but effective CO: reduction was not
achieved.' Cobalt cyclam was also chemisorbed to TiO2 by Jin et al., with a surface hydroxyl

group binding the Co™

center, and was found to have decent CO production capabilities under
UV light on P25 and anatase nanoparticles.'**

Similarly, Re(bpy)(CO)3Cl and its substituted bipyridine analogues (Figure 11b), which can
electrochemically generate CO with high selectivity, have seen a great deal of interest lately.?*
209 Cecchet et al. electropolymerized a vinyl derivative of the Re(bpy)(CO)3Cl complex onto a
TiO2 thin film to produce a polymeric layer of catalyst centers.'”® The rhenium polymer showed
increased current under COz in an electrochemical setup, but no bulk electro- or photocatalytic
reactions were performed. Batista, Lian, and coworkers have determined the vibrational spectra
of carboxylate-bound rhenium bipyridine catalysts on (001) TiO:2 single crystal surfaces using
calculations to study their conformations, but did no CO: reduction studies.!*”!%3
2.3.2. Other Binary Metal Oxides

Both electrochemical and photoelectrochemical studies have been conducting using Cu20.
Handoko and Tang showed that Cu2O powders can reduce CO2 to CO under illumination from
visible light (A > 420 nm).?'° Yields as high as 400 ppm CO g h™! were achieved in the first 30
minutes of the reaction using small amounts of RuOx as a cocatalyst and Na>2SO3 as a sacrificial
hole scavenger. However, the yields quickly decayed within the first hour. An earlier study by
Tennakone and coworkers found that methanol is produced from Cu2O powders and COz2 if a
full-spectrum mercury lamp is used as a light source.?!' An optimum yield of 24.0 umol MeOH

L' was measured. However, the reaction is believed to proceed via the oxidation of Cu20 to

CuO, and thus, is not catalytic in the classical sense. Additionally, thin films of electrodeposited
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Cu20 were used as CO2 reduction catalysts under illumination from a blue LED (435-450 nm).?!?
Methane and ethane were found to be the major products, with the current efficiency of ethane
approaching 33% for a p-type sample of Cu20. Nonetheless, an extremely negative potential had
to be applied (-2.0 V vs. Ag/AgCl) to obtain such yields.

WO;3 was reported to reduce CO: to methanol and formaldehyde, with 5.04 and 0.21 pumol h™!
as typical yields for the two products, respectively, in the presence of a 70 W high-pressure Hg
lamp.!'"! Recently, WO3 was used as a photocatalyst in the presence of visible light (A > 420
nm).2!* Methane yields around 1.0 umol g™! h™! were observed for thin WO3 nanosheets. Bulk
WO; was found to be significantly less reactive, as reported previously.''! Recently, composites
made from graphene oxide and 10% wt Cu nanoparticles were reported to produce 2.94 umol g!
h™! methanol and 3.88 umol g! h™! acetaldehyde under illumination from a halogen lamp.?'*

Yahaya et al. have shown that NiO and ZnO produce methanol in high yields (388 and 325
umol g h™! over 1.5 hours, respectively) using a 355 nm UV-laser.?'> Another interesting NiO
system was recently reported by Kou et al. and utilized a covalently linked zinc porphyrin light-
harvesting sensitizer and rhenium bipyridine CO:z reduction catalyst on a p-NiO semiconductor,
though with low Faradaic yields of only ~6.2%.%> Another interesting system utilized a p-NiO
electrode modified with the visible-light-responsive organic dye P1 (4-[bis(4-{5-[2,2-
dicyanovinyl]-thiophene-2-yl} phenyl)amino]benzoic acid) and the carbon monoxide
dehydrogenase enzyme.?!¢ Interestingly, using this system, it was possible to reduce CO: or
oxidize CO efficiently simply by switching from an n-type to a p-type NiO semiconductor. The
catalytic behavior of ZnO to yield methanol and formaldehyde have been reported.!**2!> A
separate publication reports yields of 764 ppm g h'! of CO and 205 ppm g h!' of CHs upon

illumination of porous ZnO with a xenon arc lamp.?!’
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Sato et al. demonstrated hotochemical COz reduction to formic acid at a rate of up to 70 umol
g! h' on p-Tax0Os modified with a series of adsorbed ruthenium bipyridine catalysts
([Ru(bpy)2(CO)21**(PF¢ )2, [Ru(dcbpy)(bpy)(CO)2]*>*(CI)2, and [Ru(dcbpy)2(CO)2]**(Cl)2) in an
acetonitrile/triethanolamine mixture with high quantum yields.?!®?! Akimov et al. performed a
computational comparative study of the anchors for Ru catalysts on Ta205.22° The phosphonate
(POsH2) anchor was found to possess greater electron transfer rates than both COOH and OH in
terms of more favorable electron transfer energetics and tilting angles as well as localization of
acceptor states on the catalytic Ru center.

Liu et al have recently reported attaching a rhenium bipyridyl compound to silica
nanoparticles through an amide linker (Figure 12a), studying the system using in sifu Fourier
transform infrared spectroscopy (FTIR) and electron paramagnetic resonance (EPR)
spectroscopy to show that the rhenium center behaved as it did in homogenous solution.??! The
group also reported that when the amide linker was modified so as to withdraw electron density
from the rhenium by changing which atom of the amide is attached to the bipyridine ligand
(Figure 12b), the catalytic activity was significantly lower, and anchoring the complex onto silica

nanoparticles showed little effect on the catalytic activity.??!

(@) oc, co (b) 96 J©
oc—Ré—cl e d
N N=
N 'N= /
AR\ ) )\ /
HN NH o © 0

€=0 oz§ §H HN2

Electron-donating  Electron-withdrawing
Amide Group Amide Group

Figure 12. Rhenium bipyridyl CO2 reduction
catalysts with amide linkers attached so to be (a) electron-donating and (b) electron-withdrawing.

Adapted with permission from ref. 2!, Copyright 2013 American Chemical Society.
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Other binary oxides have been used to reduce CO: . For instance, MgO was shown to form CO
with a yield of approximately 1.6 umol g'! h'! over the course of 6 hours in the presence of Hz as

a reductant.?*

However, only UV light with A < 290 nm could drive the reaction. Ag-loaded
Ga203 produced 10.5 umol CO g' h! in the presence of CO2 and UV-light.??* Mesoporous
Ga20;3 yielded 1.46 umol CO g! h'! and 0.21 pmol CH4 g!' h! under visible light.?** Indium
oxyhydroxide nanoparticles (In203.x(OH)y), with a band gap of 2.9 eV, yielded 15 pmol CO g!
h'! from CO2 and H2 at 150 °C in a pressurized flow cell under illumination from a xenon
lamp.?® This fairly high reactivity was ascribed to the reaction of hydrogen with lattice oxygen
to form plentiful surface oxide vacancies, which subsequently reduced COz2 to CO.

ZrO: is also catalytically active, and produces CO from CO:z and Hz. ?262%° In one publication
by Lo et al., a CO production rate of 0.51 umol g'! h”' was measured upon illumination from a
mercury lamp (A = 254 nm).??¢
2.3.3. Ternary Metal Oxides

Liu et al. reported the photocatalytic reduction of CO:z to ethanol in the presence of bismuth
vanadate.??® Two crystal structures were obtained: monoclinic and tetragonal zircon-type, with
the former having higher visible light photoactivity for the production of ethanol. Further work
by Mao?*' and coworkers produced a lamellar monoclinic BiVO4 catalyst capable of CO:
reduction under irradiation by a Xe lamp. Methanol was detected as the major product, with trace
amounts of ethanol that could not be quantified. The lack of quantifiable ethanol is ascribed to
the gas-tight nature of their setup, as it limits the carbon source. Methanol production plateaus
after six hours of irradiation, due to methanol oxidation by the BiVOas.

In recent years, various delafossite compounds having the general formula ABO: have been

studied as COz reduction catalysts. Lekse and coworkers used broadband illuminated CuGaOz to
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reduce CO2 to CO and trace CH4.23? In the course of a 24 hour experiment, a maximum yield of 9
ppm CO g h'! was observed. Iron was substituted into the structure in the form of CuGaixFexO2
in amounts up to x = 0.20, but the yields did not change appreciably with these substitutions. Gu
et al. reported that the Mg-doped delafossite CuFeO2 can act as a photoelectrocatalyst under
illumination of < 800 nm light.2** Although this system can be used to reduce CO> to formate at
an underpotential of approximately 400 mV, the Faradaic efficiencies are generally poor, with a
maximum efficiency of 10% at -0.9 V vs. SCE.

Matsumoto et al. demonstrated the use of p-CaFe:0s powder as a photocatalyst for CO2
reduction.?** Irradiation by a mercury lamp with Fe* and Na2H2PO: as reducing agents led to the
production of methanol and formaldehyde, with trace CO and formic acid. Increasing the
concentration of the reducing agents increased the yield of methanol. The addition of BaCOs was
also found to increase methanol yield.

Liu and coworkers used Zn2GeOs nanoribbons illuminated with a 300 W Xe lamp to reduce
humidified CO2 to methane at a rate of 1.5 umol g!' h™1.2*° It was noted that bulk Zn2GeO4 does
not reduce CO:, and this was explained in terms of the increased surface area and crystal quality
of the nanobelts. In a follow-up study, Zn2GeO4 nanorods were used to reduce aqueous COz2 to
methanol with yields of approximately 0.143 umol g!' h™!.2*¢ The methanol yield approximately
doubled upon the addition of the metal-organic framework ZIF-8 to Zn2GeOs4, and is likely due
to the increased adsorptive properties associated with ZIF-8. In contrast to the previous study, no
methane was formed with either the Zn2GeO4 nanorods or the Zn2GeO4/ZIF hybrid, though this
difference was likely due to the different phases of CO2 employed.

Shi and coworkers used NaNbOs to reduce CO2 to methane upon irradiation from a Xe arc

lamp.?*’ It was discovered that platinum loaded NaNbO3 nanowires are significantly more active
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for CO2 reduction than bulk NaNbOs, and this was explained in terms of the superior
crystallinity and the large surface-to-volume ratio of the nanowires in comparison to the bulk
NaNbOs (E; = 3.4 eV). Methane yields approaching 653 ppm g h'! were reported for the Pt-
NaNbO3 nanowires. HNb3Os nanobelts (Eg = 3.7 eV) were shown to reduce CO2 to methane with
illumination from a Xe lamp.*?*° The yield changed when SiO: was intercalated into the
structure, reaching about 2.90 pmol g!' h'! when Pt is used as a co-catalyst. Another niobium
oxide-based material, InNbOa, photocatalytically reduced CO2 to methanol using light whose
wavelength ranges from 500 to 900 nm.?*° Yields averaging 1.5 pmol g h™! were achieved, and
it was shown that the addition of either NiO or Co304 as co-catalysts marginally increased these
yields.

Other In-containing ternary oxides have also been used for CO: reduction, with much of the
effort focusing on InTaOs, often with a NiO co-catalyst. The first study, by Pan and Chen, found
that doing a reduction-oxidation pretreatment led to marginally increased methanol production,
to about 1.4 pmol g'! h''.2*! InTaO4 samples of varying particle sizes and degrees of crystallinity,
with bandgaps ranging from 2.60 eV to 3.01 eV, were also used to reduce CO> to methanol.?*? It
was shown that the addition of 1 wt% NiO as a catalyst significantly increased the yields, with a
maximum of around 2.7 pmol g™ h™'. The production of methanol was later enhanced by Tsai
and coworkers, who used a reduction-oxidation process to produce Ni@NiO core-shell
nanoparticles on nitrogen-doped InTaOs4 powder to achieve significantly higher yields of
methanol.?** Yields as high as 160 umol g h™' were achieved using light with wavelengths
ranging from 390-770 nm.

Li et al. used KTaOs3 (irradiated with a 300 W Xe lamp) to reduce CO2 to CO in the absence of

an applied potential.>** The bandgaps of three samples synthesized via different routes varied
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between 3.5 and 3.7 eV. CO yields of approximately 62 ppm g' h'! were reported, although,
admittedly, the Hz yields were approximately 21 times larger. An experiment in which Pt was
used as a co-catalyst produced Hz exclusively, while the use of Ag as a co-catalyst increased the
CO yields to approximately 153 ppm g' h'l. In the latter case, the Hz yields were still
approximately 7.5 times larger than the CO yields. Notably, the validity of these results was
confirmed by reducing *CO:x to labeled CO.

Barium zirconate, which has a perovskite structure, was prepared with various noble metal co-
catalysts.?*> BaZrOs has a band gap of 4.8 eV, which only allowed for the absorbance of UV
light. However, with a silver co-catalyst at 0.3 wt% loading, yields of methane up to 0.52 pumol
g h'! were obtained. Lower amounts of Ag had fewer active sites for reduction, whereas high
loading levels hindered light absorption.

Several pervoskite titanates have been explored for their ability to reduce COz to formic acid,
formaldehyde, methanol, and other C-C coupled products, initially by Halmann and
coworkers. 139246 Among the semiconductor materials used were TiO2 as a control, SrTiO3,
BaTiOs, and CaTiOs. The latter two semiconductors performed poorly in comparison to SrTiO3,
and will not be discussed further. However, in this system, the overall energy efficiencies,
calculated as the ratio of the heat of combustion of the products to the incident light energy, were
poor (<0.011% for SrTi03), and the system was only stable for a few days before generation of
reduction products ceased. Other attempts at using SrTiO3 as a COz reduction catalyst have been
made more recently. In one particular study, Xie ef al. used oxygen-deficient SrTiO3x as a means
of making the material more responsive to visible light irradiation.?*’ It was shown that 600 nm
light was sufficient to photochemically reduce CO:2 to methane, with maximum yields of

approximately 0.30 umol g h'!.
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Other examples of ternary titanium oxides include K2TicOi13, which formed methane,
formaldehyde, and formic acid from reduced CO2 under light from either a Xe or Hg lamp.?*®
Various additives were examined, and maximum yields of 0.27, 0.57, and 3.04 umol g h! for
methane, formaldehyde, and formic acid, respectively, were obtained with a composite
Pt/Cu/ZnO-K2Ti6O13 catalyst. Interestingly, although methanol was not detected when Xe or Hg
lamps were used for illumination, yields ranging from 13.60 to 32.03 pumol g! were obtained
upon illumination from concentrated sunlight, and this phenomenon was explained by the change
in the system’s temperature (to 583 K). In another study, Pt-loaded K2TisO13was used to reduce
water to Hz, which then combined with CO2 to form reduced products on a Fe-Cu-K/DAY
zeolite.* In the absence of the zeolite, methane, formic acid, and formaldehyde were formed, in
agreement with the photolysis results discussed above for K2TisO13.2® Likewise, methanol was
detected when the reaction temperature was increased to 562 K or above. Finally, small amounts
of ethanol were also detected at elevated temperatures, with a maximum yield of approximately
1.2 umol g! h'!. In the present study, however, the yields were quite small unless concentrated
sunlight was used for illumination, and the bandgap of the catalysts are such that only
wavelengths <420 nm are utilized.

More complex titanium oxides have also been reported to be catalytically active, with
ALasTisO15(A = Ca, Sr, or Ba) being a prime example.’’® BaLasTisO1s, SrLasTisO1s, and
CaLa4Ti4O1s, all loaded with 1 wt% Ag catalyst, produced CO with typical yields of 63, 23.7,
and 31 pmol g! h'' upon irradiation from a 400 W Hg lamp. Out of all co-catalysts tested (NiOx,
Cu, Ru, Au, and Ag), Ag had the highest catalytic behavior for increased CO yields. Formic acid
was detected in small amounts throughout, and in general, the competing HER was largely

suppressed. Additionally, KCaSrTasOi1s has been used as both a water splitting and CO2
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reduction photocatalyst.”>! Optimized yields of 16.2 umol g™ h”! were achieved upon the addition
of Ag as a co-catalyst. However, the bandgap of the material, 4.1 eV, is too large to utilize
visible light effectively, and the catalyst was nonetheless more active for water splitting than
CO2 reduction.

Another ternary oxide-containing system is a ZrOCo'/IrOx couple assembled onto a
mesoporous SBA-15 surface.”? Labeled studies show that, upon irradiation from 355 nm light,
CO2 and water are converted to CO and 802, respectively. Moderate yields of CO,
approximately 1.75 umol g’ h!, were obtained.

Recently, layered double hydroxides (LDHs) Zn-Al LDH, Mg-In LDH and Zn-Cu-Ga LDH
have been prepared as CO2 photocatalysts for the purpose of utilizing their anisotropic properties
caused by a 2-dimensional structure.>>*>3 The main products from the first two systems are CO,
while the last LDH produced CH3OH primarily. CO:2 is suggested to bond to the surface
hydroxyl in the form of COs*, and then being converted to CO. the layered structure create an
ideal architecture to trap CO2 molecules, and the 2-dimensionality allows engineer surface with
active sites ratio approaching 100%.

2.4. Chalcogenide Semiconductors

CdTe, with a band gap of 1.5 eV, has been the most extensively studied II-VI semiconductor
for photo-assisted CO2 reduction due to the availability of its p-type form. Bockris et al
demonstrated that CO2 can be reduced to CO on a p-CdTe photocathode in a 0.1 M
tetrabutylammonium tetrafluoroborate (TBAF)/MeCN solution.?*® A Faradaic efficiency of 60%
in the potential range of -0.9 to -2.4 V vs. Ag/AgCl was determined. When the photo-assisted
reduction of CO2 was performed on a p-CdTe surface in a 0.1 M TBAP/DMF solution containing

5% water, CO production reached 70% at a controlled potential of -1.6 V vs. SCE.»7 A further
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study of the i-V relation on p-CdTe showed that introducing CO: into the same DMF solution
with 5% H20 shifts the photocurrent onset by nearly 700 mV more positive, which was
indicative of an CO2 reduction taking place at less negative potential on p-CdTe. All
tetraalkylammonium supporting electrolytes stabilized the photocurrent in the course of a 24-
hour photoelectrolysis. However, when the electrolyte was replaced by either LiClO4 or NaClOa,
the photocurrent dropped by 90% under the same experimental conditions. Taniguchi et al.
suggested that tetraalkylammonium ions play an important role in providing a suitable
environment for CO2 reduction at the electrode surface due to their hydrophobic nature.®* Using
NH4ClOs instead of TBAP as the supporting electrolyte led to a further anodic shift of the
photocurrent onset by approximately 500 mV, which suggests a different CO2 reduction pathway
was established in the presence of NH4".2%® Taniguchi et al. suggested the NH4" cation acted as a
mediator and receives an electron to form a NH4" radical, and that the radical then transferred an
electron to a nearby CO2 molecule to form the CO: ™ radical. Yet, this mechanism sounds
problematic due to the energetically unfavorable formation of NH4". The addition of a catalytic
crown ether to an electrochemical cell utilizing p-CdTe as the working electrode increased the
current efficiency and shifted the onset potential anodically.>® The proposed mechanism
suggested that the crown ether formed an adsorbed layer on the electrode surface, which
eliminated adsorbed solvent molecules and coordinated with tetraalkylammonium cations to
increase the production of CO: ~. Crown ethers also affected the product distribution, as CH3:OH
was observed as another reduced product in addition to CO.

In aqueous solutions, the choice of electrolyte is significantly more important on p-CdTe
surfaces in comparison to p-InP.!® Carbonate-containing electrolytes favor the formation of

formic acid, while other salts such as sulfates and perchlorates favor the production of CO. The
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highest reported current efficiency was nearly 80% for CO production, and was achieved in 0.1
M TEAP aqueous solution at -1.2 V vs. SCE.

Photoreduction of CO2 by a CdS suspension in water was studied by Eggins et al., employing
tetramethylammonium chloride (TMACI) as an electron donor.?® This work was extended to
study the effect of pH on the photoreduction of CO2 by quantum crystallite ZnS suspensions in
the presence of TMACI.>*" With the TMACI significant amounts of oxalate (>400 uM) were
produced across a broad range of pH from 2 to 14, for irradiation times spanning 1-2 days. Other
products observed during these reactions include formate, formaldehyde, methanol, glyoxylate,
glycolate, and tartrate in lower amounts. Exceptions include pH=6, where the major product was
formate, and pH=10, where the catalyst was relatively inactive, producing less than 10 uM
products in 60 hours. In the absence of the TMACI, the yield of oxalate from ZnS catalysis was
very close to the detection limit of 107" uM. Using CdS, it was found that the addition of TMACI
led to greatly increased production of glyoxylate at pH 4 and 6, in addition to acetate, formate,
formaldehyde, and methanol. The authors offer three possible explanations for this drastic
enhancement by TMACI addition, focusing on the TMA", were proposed: (a) the TMA" ions
adsorb to the surface of the semiconductor, forming a nearly aprotic layer; (b) low charge density
on the TMA™ give it a negligible Lewis acid effect; and (¢) CO2 molecules and radical anions
adsorb at the surface, where a large concentration of both species can lead to dimerization. The
presence of water then allows for further reduction of the dimerized product (oxalate), leading to
the multicarbon products observed. A screen of several other hole scavengers (iodide,
ferricyanide, hydroquinone, sulfite, and ruthenium(IV) oxide) in the CdS catalytic system
showed that the quantum yield for formaldehyde and formate increases with an increase in redox

potential of the scavenger. Considering this trend, it seems likely that the CI" from TMACI plays
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a significant role as an electron donor. However, this study did not test other chloride salts nor
other TMA" salts, providing no conclusive evidence of the significance of one ionic species over
the other. Recent studies by Berto et al. have found that the anion in tetraalkylammonium salts
do not alter the electrochemistry of CO: reduction at platinum, boron-doped conductive
diamond, thin-layer diamond on molybdenum, and glassy carbon electrodes.?®* This study also
concluded that tetraalkylammonium ions are not catalytic for CO2 reduction.

Kisch and Twardzik investigated the difference in CO: reduction by ZnS powder and
previously reported ZnS colloids.?®® It was found that if 2-propanol was added as a reducing
agent in water, no product was formed using the ZnS powder. However, replacing the 2-propanol
with 2,5-dihydrofuran yielded formate for a quantum yield of 0.001 at A=300 nm. A mechanism
is proposed, whereby photogenerated electrons are trapped at Zn>" surface sites. These surface
electrons are then able to reduce adsorbed HCO3 to formate, while the holes oxidize 2,5-
dihydrofuran to a dimer. The failure of 2-propanol to act as a hole acceptor in the presence of a
ZnS powder suggests that the valence band of ZnS is shifted cathodically compared to the
colloid.

Combining computational and experimental methods, Kanemoto and coworkers investigated
the surface chemistry of COz reduction at ZnS nanocrystals.?** Synthesis of the nanocrystals in
different organic solvents yielded different crystal structures. Photoreduction of CO2 by the the
ZnS nanocrystals synthesized in methanol and DMF produced formate, CO, and H2, while
acetonitrile-synthesized ZnS yielded only small quantities of CO and Hz. Photoreduction by bulk
ZnS powders yielded only CO and Hz. Addition of excess Zn** was found to enhance conversion
to formate at low levels, but above 1.25 mM decreased formate yields. Addition of Zn** in

excess of 5 mM led to the competitive formation of CO, with increased Hz production as well. It
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was also found that changing the Zn precursor altered the activity of the catalyst, which is
suggested to be due to consumption of photo-generated electrons by anions adsorbed on the ZnS
surface. Photoemission studies on the ZnS-DMF system suggested that the catalyst has shallow
surface states that act as a reservoir for excited electrons, leading to a relatively long lifetime of
the exciton pair. Addition of COz to the system further increased the emission lifetime from 36
ns to 50 ns, due to the reduction of a surface-adsorbed CO2 to CO: . This intermediate can be
further reduced via electron-transfer to produce formate and CO. DFT computation methods
were used to evaluate CO: activation on the ZnS, and the effect of surface sulfur vacancies on
this process. A mechanism was proposed whereby CO: adsorbs onto the ZnS via a Zn-O
interaction and is reduced to CO: ™. If sulfur vacancies are low, then the radical is attacked by
adsorbed hydrogen atoms, leading to formate. If sulfur vacancies are high, the CO: " must accept
additional electrons from the surface or by reaction with another CO2 molecule to form a Zn*'-
OCOCOz2 complex. Reduction of this complex leads to CO elimination. Further work by this
group employed FTIR, UV-Vis, and EXAFS to explore the surface chemistry of the ZnS
particles in the presence of excess Zn>*, confirming the role of surface sulfur vacancies in the
product distribution of CO2 photoreduction.?$

ZnTe, which was formed directly on a Zn/ZnO nanowire substrate, has demonstrated stable
photocatalytic activity toward the reduction of COz to CO.%%¢ ZnTe possesses a 2.26 eV bandgap
and a conduction band position located at -1.63 V vs. RHE at pH=7.5, which is more negative
than the standard reduction potentials of the common COz reduction reactions. The as-prepared
Zn0/ZnTe core-shell nanowires exhibited p-type conductivity and great photoresponse. At -0.7
V vs. RHE at pH = 7.5 in 0.5 M KHCO3 solution, the system reduced CO2 to CO with a 22.9%

Faradaic efficiency and an 85% incident-photo-to-current-conversion efficiency (IPCE).
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Transition metal chalcogenides have also received significant attention in their
photoelectrochemical application. Most of the chalcogenides having been investigated with
respect to CO:2 reduction were metal sulfides. The earliest study using a chalcogenide was
conducted by Cabrera et al.**’ They used a polycrystalline thin film of p-WSez, possessing a
surface modified by electropolymerized films of [Re(CO)s(v-bpy)Cl](v-bpy is 4-vinyl,4’-methyl-
2,2’-bipyridine), which was capable of reducing CO2 to CO at an onset potential of -0.65 V vs.
SSCE in an 0.1 M TBAP/MeCN electrolyte. CO was the predominant product, with Faradaic
efficiencies approaching unity.

The lamellar chalcogenide MoS:2 possesses highly active sites for electrocatalytic H»
evolution.”®® Because the redox potential of H*/Hz is located close to many of the standard
reduction potential of CO: , MoS: offers special interest in employing its active sites to carry out
COz reduction. In addition, this layered semiconductor has a band gap (1.17 eV) matching the
solar spectrum, exists in high abundance, and is environmentally friendly, which means that it
may be harnessed as a scalable photocatalyst for CO:2 reduction. MoSe2, another 2-D
semiconductor strongly resembling the properties of MoS2, is also a promising candidate.
Norskov et al. used DFT calculations to demonstrate how the key reaction intermediates, COOH,
CHO and CO, bind to different sites on MoS: edges, and predicted improved activity of MoS2
and MoSe> over the transition-metal catalysts for CO» reduction.?®® To the best of our
knowledge, these theoretical findings have not yet been validated experimentally.

Aliwi et al. tested the photoreduction of COz in the presence of several different metal sulfide
colloids with band gaps ranging from 0.37 to 3.5 eV, finding formaldehyde and formic acid as
products.?’® The most efficient metal sulfides for this process were determined to be V2S3, SnS»,

and CdS, with a band gap range of 2.07 to 2.40 eV. The other semiconductors tested were PbS,
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AgS, MoS2, Bi2S3, and ZnS. Ideal pH conditions were determined for all of the semiconductors
in the study, with the highest quantum efficiencies occurring in a range from pH = 3 for CdS to
pH=6 for MoS:2 and SnS». Time dependence showed that the amount of formaldehyde produced
plateaued around 1 hour of irradiation. A temperature dependence study showed that production
rates increased with temperature up to 30°C. A subsequent decrease in production is attributed to
lower solubility of CO2 in water at higher temperatures. It is also shown that increased light
intensity led to a proportionally higher production of formate and formaldehyde, but no quantum
yield was provided. The lower yields of formic acid than formaldehyde are explained by its
reoxidation in the presence of the illuminated metal sulfides. An observed change in pH from 3.3
to 3.9 after irradiation in the absence of a buffer is consistent with this explanation.
2.5. CO: Reduction on Multi-Semiconductor Systems

As the research on photo-assisted CO: . reduction keeps progressing, new trends and new
directions emerge. The most recent studies sharing several common perspectives that can be
summarized as designing and fabricating multi-semiconductor composite systems to promote
high photo to energy conversion efficiency and high product selectivity.
2.5.1. Heterostructured Semiconductors

The semiconducting heterostructure consisting of two semiconducting materials are designed
to broaden the light absorption range, promote spatial separation of electron-hole pairs to prolong
the lifetime of photo-carriers in photocatalysts, abate recombination to enhance IPCE and
enhance the stability of a narrow band semiconductor against photocorrosion.’* In order to
prevent the corrosion of a p-type GaP photocathode, Zeng et al. passivated the GaP surface by
depositing a thin film of n-type TiO2.2’! This chemically robust oxide layer not only prevented

the GaP surface from photocorrosion, but also enhanced the photoconversion efficiency through
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passivation of surface states. In addition, a p-n junction was formed which created a build-in
field to assist the photo-induced charge separation, as well as provided extra driving force for
electron transfer to CO: . Measured in a 3-elctrode electrochemical setup, under a 532 nm
illumination, the Faradaic efficiency of CH3OH production on this TiO2-passivated GaP was
reported to be 55% at a controlled potential of -0.5 V vs. NHE.

According to Xin Li ef al., a Cu20/SiC heterostructured photocatalyst can reduce CO2 to
CH3OH under visible light illumination.?’”> Although Cu20 has been known as being very
unstable under illumination, the Cu20/SiC particulate photocatalyst was able to undergo at least
5 hours of photo-assisted CO:2 reduction with a nearly constant reactivity. There was no
explanation about this improved stability of Cu2O provided by the authors. The Cu20
modification enhanced the photocatalytic performance of SiC nanoparticles. The heterostructure
consisting of Bi2S3/CdS was also reported to reduce CO2 to CH30H, and this provides validation
to the idea that the heterojunction can bring about a greater separation of electron-hole pairs.?”?

Using heterostructures to sensitize wide-bandgap semiconductors with narrow-bandgap
semiconductors has been mostly applied to TiO2 systems. With this approach, visible light can
induce electron-hole separation while the catalytic activity of TiO2 remains unchanged. Given a
higher conduction band position in the modifying semiconductor than that in TiOz2, photoexcited
electrons in the former can transfer to TiO2 and subsequently to CO:2 (Figure 13). The junction
between the two particles aids in preventing charge recombination and helps reduce
photodegradation of the typically less stable sensitizer.

Chalcogenides are the most common class of semiconductor photosensitizers used with TiO2
for COz reduction, due to both their favorable band positions and their ease of synthesis as small

nanoparticles.”® Quantum confinement in the quantum dots (QDs) raises the conduction band
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position, promoting transfer of excited electrons to TiO2 (Figure 13). In 2010, the heterostructure
CdSe/Pt/TiO2 was prepared by depositing CdSe quantum dots on to Pt/TiO: followed by
annealing in an Ar atmosphere..’” The photocatalyst reduced CO2 to CH4, CH30H, and CO under
illumination of A > 420 nm. This light absorbance is a selective absorbance corresponding to the
CdSe decoration, since the maximum wavelength can be utilized by TiO2 is ca. 420 nm. Pt
particles were specified as a co-catalyst in the CdSe/Pt/TiO2 system; however, no particular
discussion was included to elucidate the role of Pt particles, and there were no control
experiments performed by author to verify if the same products would be produced without
incorporating Pt. CdS particles in a TiO2 nanocomposite at a loading of 45 wt% performed better
than either semiconductor alone in forming CO (1.95 pmol g h'') and CH4 (0.38 umol g' h-
1).274 CdSeTe nanosheets were loaded onto a titania nanotube electrode by Li ef al. and used to
reduce CO2 photoelectrochemically to methanol at -0.8 V under visible light, with a Faradaic
efficiency of 88%.?"° Li et al. deposited CdS onto TiO: nanotubes and found that, from an
aqueous solution of Na>S03, only methanol was generated, at a rate of 31.9 umol g' h''.
However, when Bi2S3 was loaded onto the nanotubes, the methanol production increased to 44.9
umol g!' h!, which was attributed to greater visible light absorption and CO2 adsorption than the
CdS-TiO2 nanotube system.?’® PbS QDs were also used, in conjunction with a Cu co-catalyst, to
reduce CO2 to CO, CHa, and C2He.?”” Park et al. prepared sodium trititanate nanotubes with CdS
QDs as light absorbers and Cu particles as CO2 reduction co-catalysts.?’® These composite
photocatalysts formed mostly methane as well as C2 and C3 hydrocarbons, which were
confirmed with *CO: . The chalcogenide nanoparticles, even when attached to the photostable

TiO2, were subject to photocorrosion due to their inability to oxidize water.?”’
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Figure 13. Band positions of both bulk and 2.5 nm QD CdSe relative to those of TiO2 and redox
potentials of H2O and CO: . Reprinted with permission from ref. . Copyright 2010 American

Chemical Society.

Other kinds of semiconductors have also been employed for TiO2 sensitization. Abou Asi ef al.
deposited AgBr particles, which have an indirect band gap of 2.64 eV, to P25 TiO2, forming a
variety of reduced products including CO, methanol, methane, and ethanol in aqueous
solution.?” Various parameters, such as the loading, sintering temperature, and pH, were
optimized to maximize the yields. Worm-like InP structures on titania nanotubes were
synthesized and tested photoelectrochemically by Li et al.?** The photoelectrode, with a band
gap of only 1.52 eV, made methanol with a Faradaic efficiency of up to 85%. Tan ef al. modified
anatase TiO2 with reduced graphene oxide (rGO) to form a composite with a smaller band gap of
2.90 eV.2®! Using a low intensity power-saving light, the composite catalyst demonstrated a

higher yield of 0.135 pmol g h'! for CHs production than either of the separate materials.
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Cuprous oxide-TiO2 composite hollow nanospheres generated 0.16 umol g' h'! of CHs from
aqueous suspension under visible light, an improvement over pure Cu20, which was attributed to
the formation of a p-n junction.?®?> Slamet et al. tested Cu20- and CuO-impregnated TiO>
particles and found the latter to have a much higher yield of methanol (433 umol g' h’!
compared to 225 umol g™ h'!) after 6 hours of UV illumination.?*?
2.5.2. Z-Scheme Photocatalysts

The Z-scheme photocatalytic setup utilizes two different semiconductors in order to carry out a
dual excitation and more efficaciously separate the charge carriers. In the study carried out by
Sato et al., a p-InP photocathode with various anchored Ru metal complex polymer
electrocatalyst was coupled with a TiO2 photoanode.”® This Z-scheme was capable of driving
CO2 reduction under illumination without electrical bias, and the best performance in terms of
product selectivity was achieved by tethering two different Ru electrocatalysts ([Ru(4,4’-
diphosphate ethyl-2,2’-bipyridine)(CO)2Cl2] and [Ru{4,4’-di(1H-pyrrolyl-3-propyl carbonate)-
2,2’-bipyridine} (CO)(MeCN)CI2] together onto p-InP, which yielded a 70% selectivity for
HCOO'. However, this p-InP/Ru MCE coupled with n-TiO2 Z-scheme possessed a poor solar to
chemical energy conversion efficiency of 0.03-0.04%. A later study using SrTiO3 photoanodes
with the same InP photocathode and Ru catalysts saw much higher currents than with TiO2 and
an increase in conversion efficiency up to 0.14%.%84

A highly active Z-scheme consisting of Si/TiO2 was composed of porous Si nanospheres and
Ti02 nanosheets, and was capable of harvesting visible light for the reduction of CO2 to CH30H
with a maximum photonic efficiency exceeding 18%.2% The Z-scheme composite using graphitic
carbon nitride (g-C3N4) as a photocathode reduced CO2 to CH30OH, HCOOH and CHa, while the

counterpart composed of a WO3 photoanode carried out H2O oxidation.?®® The Z-scheme
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constructed using a Ru(Il) dinuclear complex for CO:2 reduction, and using a Ag-loaded TaON
for methanol oxidation, was capable of reducing CO2 to HCOOH under illumination with
wavelengths over 400 nm.?®” According to Zhou et al., a novel design of a Z-scheme array using
all solid-state materials was constructed from FeVsOi3 nanoribbons and reduced graphene
oxide/CdS nanoparticles grown on a stainless steel scaffold.”®® This Z-scheme array has been
demonstrated to produce CH4 from gaseous CO:z on the oxide sites.
2.5.3. Semiconductor Solid Solutions

Semiconductor-based solid solutions are achieved by incorporating one or more
semiconducting component into a similarly structured parent semiconductor, such as ZnAl2Os-
modified ZnGaNO, Zinc gallogermanate (4.5(ZnGa204):(Zn2GeOs)), etc.2%?*° Forming solid
solution has been often applied as an approach of engineering the band gap width and band edge
positions. The Zn2AlOs-modified mesoporous ZnGaNO solid solution was synthesized by
nitriding a mesoporous Zn(GaixAlx)204 template. The solid solution demonstrated a narrowed
bandgap of 2.35 eV, which is equal to a 40 nm red shift from that of a pristine ZnGaNO.?® This
effect is attributed to the increased Zn content enhancing Zn 3d and N 2p p-d repulsion and
resulted in a rise of the valence band position. This Zn2AlOs-modified mesoporous ZnGaNO
solid solution had been applied as a photocatalyst, which was capable of reducing CO2 to CH4 at
the rate of 9.2 umol g' h™! under visible light illumination (A > 420 nm). The solid solution
formed by introducing ZnGeOs into ZnGa204 took advantage of the enhanced p-d repulsion too,
but this time the effect occurred between O 2p and Zn 3d, which again raised the valence
band.?® The incorporation of the Ge s orbital led to downshift of the conduction band edge. The
mole ratio between ZnGa>0O4 and ZnGeO4 was determined to be 4.5:1, and a band gap narrowing

effect was observed too. This system reduced CO2 to CHs4 owing to the enhanced proton
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production facilitated by the accelerated hole mobility. Furthermore, Zinc germanium oxynitride
ZGeON was reportedly to reduce CO2 to CHas, and CuxAgyln.ZnkSm solid solution exhibited
catalytic reduction of CO2 to CH3OH under visible light.?1->2

2.6. Heterogeneous CO; Reduction on Semiconductor Dark Cathodes

Although one purpose of employing semiconducting materials for CO2 reduction is to take
advantage of their photo-generated current and voltage, it is undeniable that the catalytic activity
associated with semiconductor surface is of equal importance. Hence, there have been studies on
using n-type semiconductors as dark cathode driven by an external bias to reduce CO: . In fact,
most of the research performed with TiOz electrodes used the n-type form of TiOz. This section
will cover a few other n-type semiconductors that have been employed as dark cathodes to
reduce CO: .

Frese et al. were the first ones to use an n-type GaAs electrode to perform selective CH3;OH
synthesis.??> The applied potential was in the range of -1.2 to -1.4 V vs. SCE, and CH3OH was
produced from CO:2 with a nearly 100% selectivity. Frese et al. proposed that COads is an
important intermediate on the n-GaAs surface. These results contrast the work carried out on an
illuminated p-GaAs, in which other reduction products were observed.?**

Reported by Hara et al., a conductive n-Si electrode was employed to reduce CO2 in aqueous
solution under 30 atm of CO: .%>> At a fairly negative potential of -2.04 V vs. Ag/AgCl, HCOOH
and CO were produced as the primary products at nearly equal Faradaic efficiency (~ 40%).

2.7. Reduction at Semiconductors Using Homogeneous Catalysts

The photoelectrochemical reduction of CO2 with a light-absorbing material is appealing since a

significant amount of the energy input could come from light rather than solely from electrical

energy. As noted above, many studies have been devoted to the direct utilization of p-type
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photocathodes to convert CO2 to value-added fuels. However, an unavoidable concern is the
competition from H20 or proton reduction, which is, in general, a much more kinetically favored
process than CO: reduction.332%¢?7 It is a promising strategy to combine semiconductor
electrodes with molecular COz2 reduction catalysts, which can selectively reduce the activation
barrier for this process and outcompete proton reduction in aqueous electrolytes. With the
assistance of such homogenous molecular catalysts, particularly with high catalytic selectivity
and efficiency, an improved overall cell performance for CO2 photoelectrocatalytic reduction
may be achieved.
2.7.1. Metal Complexes

In 1982, Bradley et al. briefly reported photoelectrochemical reduction via a series of
tetraazomacrocyclic Ni" and Co" complexes (Figure 14) at p-Si photocathodes in 0.1 M
TBAP/MeCN.?”® The investigations showed that the reduction of the complex at the p-Si surface
can be achieved at potentials more positive than those at a metal electrode such as Pt or Hg. The
efficient photoreduction of other complexes with redox potentials more negative than the Ecs of
p-Si was also observed. This result was theorized to derive from Fermi level pinning originating
from surface states or surface electronic levels, which raised the band edge positions.2**** More

detailed studies followed in 1983 and an improved system employed [Mes[14]aneNsNi?*

as the
electron transfer mediator in 1:1 acetonitrile-water solution. CO and H2 (syngas) were produced
in a 2:1 ratio at -1.0 vs. SCE with 95 + 5% total Faradaic efficiency in electrolyses lasting from 2
h to over 24 h.>°! The reaction conversion efficiency was highly dependent on the solvent. In
aqueous dimethyl sulfoxide and dimethylformamide solutions, low CO conversion efficiency of

less than 5-50% was observed. In dry solvents, equal amounts of CO and CO3> were formed, but

only at potentials lower than -1.3 V vs. SCE, . Similarly, hydrogen-terminated Si (H-Si) in the
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presence of a [Re(bpy-Bu)(CO);Cl] (bpy-Bu=4,4’-di-s-butyl-2,2’-bipyridine) electrocatalyst
was used for COz reduction to CO.3*?> At a potential 600 mV more positive than at a Pt electrode,
Faradaic efficiencies of 97 + 3% were achieved. Fermi-level pinning, or the unpinning of the

band edges also occurred in this case.

Y
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Me,[14]-1,3,8,10-tetraeneN, [14]ane-1,4,8,11N,
Figure 14. The macrocyclic ligands used in conjunction with Ni! or Co!! for CO: reduction on

illuminated p-Si from the work of Bradley et al.?**!

Photoelectrochemical systems utilizing the III-V semiconductors p-GaAs and p-GaP in
conjunction with a Ni(cyclam)®*" (cyclam=1,4,8,11-tetraazacyclotetradecane) catalyst were
comprehensively studied by Petit et al’®3% With p-GaP and Ni(cyclam)?*, although the
electrolyte is aqueous, CO was the primary reduction product with efficiencies exceeding 80%
under applied potentials of only -0.2 V vs. SHE. Ni(cyclam)®" greatly improved the selectivity of
this system by suppressing H2O reduction. The CO/H2 production ratio is 50:1 at the beginning
of the experiment, though the product ratio decreases to an average of 5:1 to 10:1 over the course
of the whole experiment. The difference in charge separation efficiency between p-GaAs and p-

GaP is due to the amplitude of the band bending, which is only 0.4 V for p-GaAs at a bias of -
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0.95 V vs. SHE, whereas a bias of only -0.2 V vs. SHE on p-GaP yields band bending of 0.8 V.
The decreased efficiency and CO selectivity over the course of the hours of electrolysis was
attributed to the deposition of carbon from Ni(cyclam)**, which limited light absorption and
exposure of catalytic sites to the electrolyte and CO: .

Another integrated system, studied by Zafrir et al., consisted of a p-GaAs photocathode as light
absorber under an applied bias of -0.5 V vs. SCE, V**/V?" in aqueous HCI as charge transfer
mediator, and carbon as the counter electrode to convert CO2 into formic acid, formaldehyde,
and methanol. However, the Faradaic efficiencies were only 0.14%, 0.3% and 1.5%,
respectively, and the optical to chemical energy conversion efficiency was marginal. The authors
hypothesized that the catalytically active V3*/V?* system may exist as chloride complexes rather

than hydrated vanadium ions.?**

2.7.2. Enzymatic CO: Reduction Catalysts

Reversible electrochemical interconversions of carbon dioxide and formate (or other CO:2
reduced products) by an electroactive enzyme, which usually contains a molybdenum, nickel, or
tungsten dithiolene active center, have been extensively investigated and reviewed.?°1? The use
of such CO: -active enzymes as electron transfer mediators with semiconductor electrodes was
first reported in 1984. Parkinson et al. have discovered that the fixation of CO2 to formate can be
achieved by coupling a p-InP photoelectrode with a formate dehydrogenase enzyme (FDH).?!3
Photogenerated electrons in the semiconductor transfer from methyl viologen to the enzyme, and
subsequently to COz at a potential of +0.05 V vs. NHE in 0.5 M pH 6.8 phosphate buffer/0.5 M

NaHCO:s. The system resulted in a current efficiency of 80-93% for the formate conversion and
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product turnover number up to 21,000. However, this system suffered from loss of enzymatic
activity due to the denaturation of the protein under prolonged electrolysis.

Armstrong and coworkers have reported the use of both a chemisorbed ruthenium
tris(bipyridine) photosensitizer and an enzymatic COz reduction catalyst adsorbed onto P25 TiO2
nanoparticles (Figure 15).!°?% Under visible light and in the presence of 2-(N-
morpholino)ethanesulfonic acid (MES) as sacrificial electron donor, this combined system
generated 250 pmol g h! of CO, though production was unstable over time. The nickel-
containing carbon monoxide dehydrogenase (CODH) enzymes, which utilize a two-electron
pathway for CO2 reduction, may have been weakly adsorbed or have few positioned in such a
fashion to accept electrons from the conduction band of the Ti0O2.!”” Changing the sacrificial
electron donor to EDTA led to 40% greater yields, implying that regeneration of the

photosensitizer after it transferred the photoexcited electron to the TiO2 was a limiting factor.?%

Active site
[Ni4Fe-4S]

Figure 15. Schematic of the ruthenium dye-sensitized TiO2 nanoparticles with adsorbed CODH
enzyme, which catalyzes the reduction of CO2 to CO. Reprinted with permission from ref. 1.

Copyright 2010 American Chemical Society.
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The Armstrong group also examined the use of CODH-modified CdS to photoreduce CO2
under visible irradiation, testing different electron donors in the process.’!* Variations in MES
concentration were not found to effect the CO production, but the presence of ascorbate or KI as
sacrificial electron donors, led to no CO generation. Use of triethanolamine (TEOA) decreases
CO production by 80%. It is postulated that these differences in activity are related to the
differing degrees of interaction of these sacrificial agents with the surface of the CdS. TEM
shows that calcination led to agglomerates that were on the order of 20x larger than the QDs. The
authors propose that the increased number of grain boundaries in the calcined particles lowered
the activity of the CdS, due to their role as recombination sites. CODH-attached nanorods led to
a significant production of CO, even though the amount of CODH attachment was very low.
This increased yield was attributed to lower probability of recombination due to lower
dimensionality of the catalyst.

Kuwabata and coworkers also investigated the use of enzymes to aid in photochemical
reduction of CO: at metal sulfide particles.?'> Using SiO2-supported ZnS microcrystallites in the
presence of methanol dehydrogenase and a phyrroloquinoline quinone electron mediator, a
formate-containing solution was reduced to methanol under UV irradiation. The use of CO2
instead of formate as the starting material led to immediate detectable formation of both formate
and methanol under the UV illumination.

2.7.3. Organic Electrocatalysts

Barton et al. reported a non-transition metal based molecular catalyst, a simple protonated
pyridine in aqueous solution, as the electrocatalyst for very highly efficient CO: reduction to
produce methanol when this catalyst was combined with a p-GaP(111) photocathode.!”

Interestingly, very high selectivity (>92%) for solar-driven reduction of aqueous CO2 to
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methanol could be obtained at an applied potential that was less than the thermodynamic
potential of COz reduction to methanol (-0.52 V vs. SCE at pH 5.2). For instance, at -0.20 V vs.
SCE, 320 mV of underpotential, with irradiation of 365 nm light, the Faradaic efficiency for
methanol production was reported to be 96%, and the quantum efficiency for electron flow was
observed to be 13% while the value of the quantum efficiency for methanol production was up to
12.5%. Hence, optical conversion efficiency, 1, defined as the ratio of power output to incident
light power, was calculated to be up to 4.8% under these conditions. While under less energetic
illumination of 465 nm, the photoelectrochemical cell performance was decreased; the quantum
yield for methanol production was only 1.35%, and optical conversion efficiency was reported to
be only 0.84% at an applied potential of -0.30V vs. SCE. Nevertheless, no other photoelectrodes,
as discussed in this review, have been reported to generate methanol at an underpotential (lower
than the thermodynamic potential). Therefore, this is the first example of highly selective solar-
driven reduction of COz2 to methanol using a catalyzed p-GaP based photoelectrochemical cell.
Several other semiconductors have been tested with pyridine for their CO: reduction
capabilities. A thin film of the ternary chalcogenide CulnS2 was used as a photocathode for the
reduction of CO2 to methanol in the presence of pyridine at -0.59 V vs. SCE under visible light
illumination.>'® An enhancement in catalytic current upon the introduction of pyridine as a co-
catalyst was also reported by Woo et al. on a CdTe/FTO electrode.?'” The primary product
formed in this case was formic acid with a Faradaic efficiency exceeding 60%. The authors
further elucidated that the mass transfer resistance, resulting from a saturated pyridine adsorption
layer on the electrode surface, decreased the Faradaic and catalytic efficiencies for CO2
reduction. de Tacconi et al. employed a Pt-TiO2 composite supported on carbon black as a dark

electrode with aqueous pyridinium for CO2 reduction to methanol and isopropanol.®'® Though no

85



Faradaic yields are reported, the production of methanol per gram of Pt was almost 10° times
greater than on a bulk electrode, and 350 mmol gpi! isopropanol, which was not detected on bulk
Pt, was generated.

Bocarsly and coworkers have further reported the chemistry of the electrocatalytic reduction of
CO2 using nitrogen-containing heteroaromatics by the direct comparison of imidazole and
pyridine as electrocatalysts at illuminated iron pyrite (FeS2) electrodes.’!’® Under similar
electrochemical conditions (pH 5.3) as with the p-GaP electrode, the iron pyrite photocathode
with electrocatalyst pyridinium or imidazolium was reported to only produce formic acid with
Faradaic efficiencies of 2.7% and 4.9%, respectively, at -1.1 V vs. SCE. It is also noteworthy
that the imidazolium catalyst was observed to generate carbon monoxide with a Faradaic
efficiency of 2.4% while no such product was observed when pyridinium was utilized with the
iron pyrite photoelectrode. The mechanism of imidazole-based catalysts of CO2 reduction was
also investigated by analyzing the catalytic activity of a series of imidazole derivatives using
cyclic voltammetry. While the formation of formic acid and carbon monoxide by the aromatic
amines was initially thought to proceed through the formation of a carbamate radical, as
proposed for pyridinium,*?° the results obtained for 2-methylimidazole and 1-ethyl-3-
methylimidazolium bromide suggest a much different mechanism for imidazole and its
derivatives. Imidazole more likely proceeds through an imidazolium 2-ylidene, which forms a
carbon—carbon bond with COz to form an imidazolium 2-carboxylate. However, it is important to
point out that the mechanisms, particularly the involvement of the pyridinyl radical in the
pyridinium catalytic cycle, were subsequently re-investigated and ruled out by Yan et al., and
instead they proposed and demonstrated an interfacial platinum hydride mechanism for CO2

reduction when Pt was used as the working electrode.??!
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The report that pyridinium serves as a highly selective electrocatalyst for methanol with an
illuminated p-GaP electrode for CO:z reduction to methanol with high Faradaic efficiency and
quantum yield at an underpotential has sparked enormous curiosity and debate as to the
mechanism by which this process occurs.!” Bocarsly and coworkers further reported an
experimental mechanistic investigation of pyridinium’s role as electrocatalyst in 2010.% In this
study, the aqueous multiple-electron, multiple-proton reduction of carbon dioxide to products
such as formic acid, formaldehyde was reported. At metal electrodes, particularly platinum,
formic acid and formaldehyde were observed to be intermediate products along the pathway to
the 6 e reduced product of methanol. This simple organic molecule was found to be capable of
reducing several different chemical species (CO: , formic acid, and formaldehyde) to methanol
through sequential electron transfers.

The mechanism for the pyridinium-catalyzed reduction of carbon dioxide was also investigated
by theoretical quantum calculations. Keith and Carter applied first-principles density functional
theory and continuum solvation models to calculate acidity constants for pyridinium cations and
their corresponding pyridinyl radicals, as well as their electrochemical redox potentials.3?>%
Contrary to experimental observations, their quantum mechanics calculations showed two
important results: 1) the redox potential of pyridinum to pyridinyl radical was predicted to occur
at about —1.4 V vs. SCE (at pH = 5.3), nearly 900 mV more negative than the observed the
quasi-reversible redox potential of this species in aqueous solution on a platinum electrode; 2)
the pK, of the pyridinyl radical was calculated to be ~27. On the basis of these calculations, they
concluded that pyridinyl should not form in the experimental conditions, and deprotonations
should not be facile at all due to the high acid dissociation constant of this radical species,

indicating that the proton-CO: exchange to form a carbamate is not favored. Instead, they
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proposed that 4,4-bipyridine, formed from coupling of two pyridinyl radicals, might be the active
catalyst.>>> The proton-coupled-electron-transfer (PCET) process from singly protonated
bipyridine (monocation) to form the doubly protonated bipyridine mono-cation radical was
calculated to be the exactly the same as the redox experimental potential, and the latter’s
calculated pK. (12.8) may be low enough to facilitate proton—CO2 exchange in water to form a
carbamate.

Lim et al. provided another creative quantum mechanistic approach to this mechanism, and, in
contrast to Keith and Carter, predicted a very low barrier, reasonably close to the experimental
observations, for the carbamate species formation.*?®3%” The predicted enthalpic barrier for the
PCET reaction proposed by Barton et al. was 45.7 kcal mol™'. However, when the proton transfer
(PT) was mediated by one, two, or three water molecules acting as a proton relay, the barrier
decreases to 29.5, 20.4, and 18.5 kcal mol!, respectively. The water proton relay reduced strain
in the transition state (TS) and facilitates more complete electron transfer. For PT mediated by a
three water molecule proton relay, adding water molecules to explicitly solvate the core reaction
system further reduced the barrier to 13.6—16.5 kcal mol”!, depending on the number and
configuration of the solvating waters, which correlated well with the experimentally determined
barrier of 16.5 = 2.4 kcal mol™!. These results suggested that pyridinium could catalyze the
homogeneous reductions of formic acid and formaldehyde en route to formation of CH3OH
through a series of one-electron reductions analogous to the PCET reduction of CO2 examined.
However, the first reduction step from pyridinium to pyridinyl radical was still calculated to be
~1 V more negative than the experimental observation. They attributed the difference to surface

adsorption of pyridinyl radical, which could stabilize it relative to its being solvated.
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Ertem et al. also investigated this system with their focus on both the platinum electrode
surface, specifically Pt(111), and the function role of pyridinium during aqueous electrochemical
reduction of CO: .*?® They found that CO2 might be reduced by H atoms bound to the Pt surface
that were transferred to COz in a proton-coupled hydride transfer (PCHT) mechanism activated
by pyridinium (Scheme 3). The surface-bound H atoms consumed by CO:2 reduction were then
replenished by the one-electron reduction of pyridinium through the proton-coupled electron
transfer, PCET. Hence, in this proposed mechanism, the pyridinium’s role is essential to provide
a high concentration of Brensted acid in close proximity to COz and the Pt surface, much higher
than the concentration of free protons. In this proposed mechanism, the first step, is a purely
proton-based reduction of the acidic pyridinium proton. Interestingly, the redox potential
calculation correlated quite well with the experimental observation from cyclic voltammetry, -
0.58 V vs. SCE.

Scheme 3. Mechanism proposed by Ertem et al. for the pyridinium-catalyzed reduction of CO:,
implicating a Pt-H intermediate. Reprinted with permission from ref. 328, Copyright 2013

American Chemical Society.
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The role of pyridinium as electrocatalyst for CO2 reduction was recently experimentally re-

investigated by Yan et al.,*!

particularly focusing on the controversy between calculations and
experimental observation of the redox potential of the first electrochemical step. They concluded
that the quasi-reversible cyclic voltammetric waves observed at —0.58 V vs. SCE at a Pt
electrode corresponded to reduction of pyridinium to a platinum hydride based on the
observation that the redox potentials of pyridinium and its derivatives were independent of the
energy states of their respective ~ orbitals, but were dependent exclusively on the acidity (pKa)
of the pyridinium species. This observation is corroborated with the redox potentials on Pt of
more than 20 weak acids of varying structures: pyridinium derivatives, imidazolium and its
derivatives, as well as aromatic and nonaromatic acids such as amines, phenols, and carboxylic
acids. The reduction of the pyridinium proton to a surface hydride, which can also be described
as inner-sphere reduction of pyridinium to form a surface hydride, rather than the formation of a
n-based radical product, was consistent with the theoretical insights of Batista and his coworkers.
Shortly after Bocarsly and colleagues reported on the pK. dependence of E12, Savéant et al. also
concluded similar weak acid-based reduction results from a detailed cyclic voltammetric
investigation.’”” However, they also reported that the Faradaic efficiency for methanol formation
with pyridinium and a platinum working electrode on preparative-scale electrolysis was only in a
range of 0.1% to 2.2%, significantly lower than Barton’s original result of 22% under the same
electrochemical conditions. Nonetheless, more recently, Portenkirchner et al. reported a Faradaic
yield of 14 + 1.5% for methanol formation in a similar system at a platinum electrode in the
presence of pyridinium.>*® In this report, they explored methanol production by the direct
comparison of protonated pyridazine and pyridine for their capabilities towards CO2 reduction.

Cyclic voltammetry studies as well as bulk controlled-potential electrolysis experiments were
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performed. They concluded that methanol was detected as the main CO:z reduction product in all
cases, and these results essentially support the original reports by Bocarsly and coworkers.
Besides the aforementioned mechanistic investigations, other possible mechanisms or reaction
pathways for pyridinium’s role in electrocatalytic CO2 reduction have also been proposed and
quantum mechanically explored. Notably, Keith and Carter*>* and Lim et al.*?’ separately
investigated a dihydropyridine intermediate that was generated via a proton-coupled two-electron
reduction from pyridinium. This dihydropyridine intermediate might be catalytically relevant due
to the fact that dihydropyridine is the active moiety of the biological redox coenzyme
nicotinamide adenine dinucleotide hydride (NADH). Keith and Carter investigated the redox
potentials of species adsorbed on GaP photoelectrodes and reported that, on GaP surfaces, proton
reduction or pyridinium reduction was energetically unfavorable even at very negative electrode
potentials. However, it was thermodynamically favorable to convert a surface-bound pyridine
into a 2 e reduced species such as dihydropyridine at less negative applied potentials. They also
concluded that the transient 2 e reduced species, with a similar chemical moiety as NADH,
holds reduction potentials that are similar to the thermodynamic redox potentials that would
convert CO2 to a variety of products. However, though the formation of the multi-electron
reduced pyridinium species may be thermodynamically favorable, the process has a very high
kinetic barrier. At the same time, Musgrave and coworkers elucidated a viable mechanism for
pyridine-catalyzed reduction of CO: to methanol involving the kinetic investigation of
dihydropyridine and including homogeneous catalytic steps (Scheme 4). They proposed a
mechanism with alternating proton transfers and electron transfers (ET), namely PT-ET-PT-ET,
for transforming pyridinium into dihydropyridine. The driving force for the reduction of CO2

with dihydropyridine was attributed to the species’ proclivity to regain aromaticity. They
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predicted that the pyridinium/dihydropyridine redox couple was kinetically and
thermodynamically competent in catalytically effecting hydride and proton transfers (the latter
often mediated by an aqueous proton relay chain) to CO:z and its two succeeding intermediates,
namely, formic acid and formaldehyde, to ultimately form CH3OH. More recently, Marjolin and
Keith found by calculation that pyridinium, imidazolium, and phenantrholinium have two-
electron reduction potentials to hydrogenated species close to the redox potentials for CO, 33!
The Pourbaix diagram triple points dividing the protonated, the deprotonated, and the 2 ¢ +2 H"
reduced species were seen as conditions under which proton or hydride transfers to CO2 would
be facile. However, no experimental evidence has been produced to support a dihydropyridine
intermediate on any electrode surface, and, in the case of a platinum electrode, the
experimentally determined one-electron nature of the reaction precludes hydride transfer from a
dihydropyridine intermediate to CO> 31332

Scheme 4. Reduction of COz2 to methanol with pyridine via a 1,2-dihydropyridine intermediate

species. Reproduced with permission from ref. *?’. Copyright 2014 American Chemical Society.
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organic frameworks (MOFs) and zeolites, while not semiconductors in the traditional sense, are
still capable of performing photocatalytic reactions.** Such porous materials possess high
surface-to-volume ratios, tunable porosities, and engineerable dimensionalities. MOFs and
zeolites typically contain pores of sizes suitable for capturing small molecules, such as carbon
dioxide and water, in the cavities.**>** Incorporating catalytic CO2 reduction sites into these
materials creates a favorable structure in which COz can effectively adsorb, diffuse, and react in
the porous framework.

3.1. Metal-Organic Frameworks for CO; Reduction

Metal-organic frameworks, frequently called MOFs, are crystalline coordination polymers
with metal ion vertices joined by rigid organic ligands that serve as struts.’3* By changing the
organic linkers, various properties, including pore size, electronics, and catalytic capabilities, can
be adjusted, allowing a wide scope of possible MOFs. Several different MOFs have already been
shown to reduce CO2 photocatalytically.

Liu et al. grew zeolitic imidazolate framework 8 (ZIF-8, composed of Zn(mIm)2 units; mIm =
methyl imidazole) on the surface of Zn2GeOs nanorods for use as CO2 photoreduction catalysts
(Figure 16).2*¢ The dissolved CO2 adsorption on the hybrid catalyst was 3.8 times higher than
that of the unmodified semiconductor nanorods. Compared to the parent Zn2GeOs, the hybrid
catalyst showed improvement in the amount of methanol produced under illumination, increasing
from 0.14 pmol g' h™! to 0.22 umol g h!. This improvement was attributed to the ability of the
ZIF-8 to adsorb dissolved COz and the increased light absorption of the hybrid system, as shown
by UV-Vis . 1% Pt loading of the hybrid material led to an even higher yield of methanol, due to

improved electron-hole separation at the interface.
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Figure 16. Schematic of ZIF-8 loading onto Zn2GeO4 nanorods. Reproduced from ref. 2*¢ with

permission from The Royal Society of Chemistry, copyright 2013.

Li et al. reported the use of three copper(Il) ZIFs that are capable of CO2 reduction under
irradiation with visible light.>*> The frameworks, originally reported by Masciocchi et al.,
included an orthorhombic crystal structure, a monoclinic crystal structure, and a third framework
whose crystal structure was unknown. The band gaps of these frameworks were 2.49, 2.70, and
2.81 eV, respectively (Figure 17). BET analysis indicated that the framework with the
unresolved crystal structure had the highest surface area and the monoclinic one had the lowest.
The orthorhombic phase had the highest activity for reduction to methanol; initially the
monoclinic framework outperformed the unresolved structure, but after 4 hours of irradiation, the
latter proved to be the better catalyst. The authors mainly attributed the high success of the
orthorhombic framework to its lower bandgap, but note that the success of all three catalysts may
be influenced by the similarity of the CusN cluster featured in the zeolite to the known CusN
semiconductor. They suggest that the C=N band in the imidazole ring may also have similar

functionality to the C=N band in C3N4 conductive polymers.
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Figure 17. (a) Orthorhombic copper(Il) ZIF and (b) Monoclinic copper(Il) ZIF. Reproduced

with permission from ref. >*. Copyright 2001 American Chemical Society.

Other ZIFs have also been found to be catalytically active for the reduction of CO: . For
example, Wang et al. used a cobalt-containing benzimidazolate MOF for the capture and
photocatalytic reduction of CO2 to CO.**” This framework, Co-ZIF9 was found to be stable at
temperatures less than 500 °C. In this study, [Ru(bpy)3]Cl2-:6H20 (bpy = 2,2’-bipyridine) was
used as a photosensitizer. Triethanolamine was used as a sacrificial reductant. As with the ZIFs
used by Li,* the conditions of the reaction were mild (room temperature, PCO2 = 1 atm). Yields
of 84 umol h! for CO and 60 umol h™! for H2 were observed, for a quantum yield of 1.48% under
420 nm irradiation. Although H> is generally viewed as an unwanted side-reaction, it was noted
that product mixture of this reaction resembles syngas. No reaction occurred in the absence of
either visible light, the photosensitizer, or CO:, and the CO yield dropped by a factor of 35 when
the ZIF was removed from the system. A catalytic turnover number of 450 in 2.5 hours was

reported.
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Fu et al. reports an amine-functionalized Ti-centered metal organic framework, NH2-MIL-
125(Ti), that reduces CO2 under visible light.>*® This MOF, with the formula TisOs(OH)4(bdc-
NH2)s (bdc = benzene-1,4-dicarboxylate), has dangling NH: groups, that are free from
coordination. Adsorption isotherms show that the amine functionalization increases the CO2
uptake compared to the parent MOF. COz2 photoreduction by NH2-MIL-125(T1) in acetonitrile
with sacrificial TEOA led to the production of formate, which was not observed under irradiation
of the parent MOF with visible light (420-800 nm). UV irradiation (365 nm) showed that both
the amine-functionalized and parent MOFs reduce COz to formate, with slightly higher activity
associated with the amine-functionalized MOF. A color change upon irradiation in the presence
of various gases (CO:2 , O2, N2) suggests that light is absorbed into a ligand to metal charge
transfer state, creating a long-lived charge separation excited state. The Ti*" is reduced to Ti*" in
the excited state, which then interacts with the incoming COz to produce formate.

Sun and coworkers examined the effect of noble metal doping on the NH2-MIL-125(T1)
reported by Fu.*° With the separate additions of gold and platinum nanostructures, it was found
that visible light irradiation of the MOF in the presence of CO2 and TEOA yields both formate
and hydrogen. The Pt-enhanced MOF yielded the most formate, with the Au-enhanced MOF
producing less than the parent MOF. Although the parent MOF as-synthesized contains Ti*", Ti**
is suggested to be the active species for COz reduction. The decrease in formate production when
gold is added is explained by the Au acting as an electron trap, thereby hindering the formation
of the active species. However, with Pt doping, photogenerated H> is dissociated across the Pt.
The H atoms produced by this dissociation can interact with oxygen in the Ti-O cluster. In doing
so, electrons are donated to the Ti, providing another pathway to the active Ti*" species. This is

believed to be the source of increased formate production in the Pt-doped MOF.
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Wang et al. studied three Fe-based MOF materials and their amino substituted forms for CO2
photocatalytic reduction.’*® One of the MOFs, MIL-101(Fe) demonstrated the highest catalytic
activity for production of formate in both the amine-functionalized and bare forms, due to its
coordinatively-unsaturated iron center. Amine functionalization further enhanced -catalytic
activity for all three MOFs.

Sun et al. reported COz2 reduction by visible light in the presence of a MOF denoted as NHz-
Ui0-66(Zr).>*! The parent MOF, UiO-66(Zr) (formula ZrsO4(OH)4(CO: )12) has a slightly larger
BET surface area than the amino-functionalized MOF, indicating that the amino groups block the
micropores. However, the amino-functionalized MOF shows higher CO2 adsorption capability
than the parent MOF. Using sacrificial TEOA, visible light irradiation of COz in the presence of
the catalyst was found to produce formate. The parent MOF was not found to be photocatalytic
for COz2 reduction. ESR experiments suggest that irradiation causes an electron transfer from the
organic ligands to the Zr-O clusters, only in the aminated MOF. The corresponding Zr** ESR
signal was quenched upon introduction of CO: , implying it plays a role in the photocatalytic
reduction. Photoluminescence studies revealed an electron transfer from the organic linker to the
Zr-oxo cluster. The MOF was further modified to include 2,5-diaminoterephthalic acid into its
framework, along with the 2-aminoterephthalate (ATA) linkers already present. This
modification showed enhanced light absorption in the visible region, as well as enhanced
adsorption of CO: . Irradiation with wavelengths greater than 515 nm yielded 7.28 pmol of
formate in the presence of the mixed-linker MOF, while the MOF with only ATA linkers did not
produce formate in this region.

Wang et al. successfully doped the UiO-67 MOF (ZrsO4(OH)s(bpdc)s), bpde = para-

biphenyldicarboxylate) with the rhenium-based CO: reduction catalyst (Re'(CO)3(dcbpy)Cl,
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dcbpy = 2,2’-bypridine-5,5’-dicarboxylic acid).>*? It was shown that CO2 reduction to CO occurs
when > 300 nm wavelength light (from a filtered 450 W Xe-lamp) is shined upon a reaction vial
containing acetonitrile, CO: , the doped MOF, and trimethylamine as a sacrificial reductant. No
CO was observed in the absence of either the Re-based cocatalyst, CO: , or light. The turnover
number (TON) of the modified MOF for the production of CO is approximately 5.0 over the
course of 6 hours. This TON a factor of two larger than the TON observed for the rhenium
catalyst in the absence of the UiO-67 scaffold. The increased catalytic ability is attributed to the
stabilization of Re'(CO)3(dcbpy)Cl in the presence of the MOF. However, the Re-carbonyl
moieties photodissociated from the dcbpy ligand in the MOF, resulting in a loss of activity over
time.

Li et al. reports the use of an iridium-based coordination polymer as a heterogeneous
photocatalyst for CO2 reduction to formate under visible light.*** The photoactive component of
the polymer is the [Ir(ppy)2(dcbpy)]” (dcbpy = 4,4’-dicarboxylic acid-2,2’-bipyridine) unit. This
unit contains both a photosensitizer to increase light harvesting and an effective catalytic active
site. The coordination polymer converts CO2 to formate with a quantum yield of 1.2% under 475
nm light in acetonitrile with triethanolamine as a sacrificial electron donor. The catalyst was
found stable for a period of hours, and was able to be used for five 6-hour runs with consistent
results. Comparison of the polymer as a heterogeneous catalyst and the isolated photoactive unit
as a homogeneous catalyst demonstrated that the photoactive unit was able to produce formate,
but was photodegraded in the process. A mechanism was proposed, whereby the
[Ir(ppy)2(dcbpy)] unit is excited by incoming light. The excited complex accepts an electron
from the TEOA, and two neighboring photoreduced [Ir(ppy)2(dcbpy)] units donate electrons to

CO: , reducing it to formate. Cyclic voltammetry was used to determine that the Ir moiety is
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thermodynamically capable of reducing CO: , and the proximity of the pyridine units from
neighboring dcpby ligands in this framework adds to the feasibility of two consecutive single-
electron transfers.

Liu et al. demonstrated the use of a Cu porphyrin-based MOF for CO: capture and reduction.>
The MOF was prepared with and without Cu in the porphyrin ring, to assess the effect that Cu
has on the CO: . The catalysts were irradiated under visible light, as dispersions in CO: -purged
water with a small amount of triethylamine. The predominant product is methanol, with a rate
approximately 7 times higher when the Cu is included. Nitrogen adsorption/desorption shows
that the inclusion of Cu lowers the internal surface area of the MOF, however, CO:2
adsorption/desorption shows a large enhancement with this inclusion. The adsorption of COz into
the Cu-containing MOF is irreversible, meaning that desorption is incomplete; it is suggested
that this is due to a chemical interaction of CO2 with the MOF, rather than just a physical one.
This chemisorption was confirmed by FTIR in both end-on and C-coordination modes.

Li et al. reports the integration of TiO2 onto a Cu-based MOF, HKUST-1
([Cus(TMA)2(H20)3]n, TMA=benzene-1,3,5-tricarboxylate), that is known for its ability to store
CO: 3* The resultant MOF had a core-shell structure, with a porous anatase TiO2 shell. The
MOFs retain HKUST-1s ability to capture CO: , although the BET surface area decreased due to
the low surface area of the TiO2. UV irradiation in the presence of COz yielded five times more
methane than bare anatase, and the selectivity for methane over other products increased.
Ultrafast spectroscopy confirmed that the hybrid material improved the efficiency of electron-
hole separation over the individual materials, allowing for activation of the CO: that adsorbs into

the MOF.
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3.2. Zeolites

Zeolites are aluminosilicate minerals that occur naturally, though numerous others have been
synthesized in order to obtain more homogeneous and tailored materials. Zeolites, like MOFs,
typically have high porosity and high adsorption capacities for gases.** In addition, they can
carry out photocatalytic reduction of CO: , though ultraviolet light is often necessary. Much of
the research on COz reduction on zeolites has been performed by Anpo and coworkers, typically
with the inclusion of TiOp.”8:112:116.345-356

Ikeue et al. reported the use of hydroxylated and fluorinated Ti-B zeolites as CO:2
photoreduction catalysts.*>* These zeolites, first reported by Blasco et al., incorporate Ti into an
aluminum-free zeolite beta framework (Figure 18).>%7 The hydroxylated zeolites, denoted Ti-
B(OH), exhibited hydrophilic behavior, while the fluorinated zeolites, Ti-B(F), were
hydrophobic. UV irradiation of the catalysts with a 100 W Hg lamp (A > 250 nm) in the presence
of CO2 and water led to the formation of methane and methanol, with trace amounts of CO,
ethylene, and oxygen. Ti-B(OH) strongly outperforms the Ti-B(F), although the fluorinated
zeolite shows a higher ratio of methanol to methane. Due to its hydrophobic nature, the Ti-B(F)
interacts much less with the water, leading to its higher selectivity for CH3OH and its lower
overall product yield. Photoluminescence studies were performed to gain insight into the
mechanistic differences between the two catalysts. Ti-B(OH) exhibited a higher
photoluminescence yield, suggesting a higher concentration of the charge-transfer excited state
[Ti**-O]". The photoluminescence lifetime of Ti-B(OH) dropped from 173 us to 147 ps with
exposure to CO2 and H20, whereas the lifetime for Ti-B(F) dropped only from 159 ps to 150 ps.
This quenching indicates the interaction of CO2 and H2O with the excited charge-transfer state,

and the difference in lifetimes can be attributed to the differences in hydrophilicity.
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Zeolite beta

Figure 18. Structure of zeolite beta. Reproduced from ref. 3 with

permission from the PCCP Owner Societies, copyright 2008.

Guan and coworkers investigated a hybrid system consisting of Pt/K2TicO13 and a Fe-based
catalyst loaded on a dealuminated Y-type zeolite (Fe-Cu-DAY).?* Under UV irradiation, the Fe-
Cu-DAY alone showed no catalytic activity for CO2 reduction. The Pt/K2TisO13 was confirmed
to produce Hz, methane, formic acid, and formaldehyde under the same conditions. Using visible
light, only H2 and methane were observed. Use of the hybrid catalyst under UV/Vis irradiation at
room temperature showed decreased activity for product formation, compared to the
Pt/K2Ti6013. Using concentrated sunlight at temperatures exceeding 500 K, the catalyst system
was charged with 202 kPa CO2 and 4.0 mL water. Under these conditions, enhanced activity
toward the production of formic acid, methanol, and ethanol was observed. The increase in
activity is attributed both to the increase in photoelectrons for the Pt-loaded semiconductor, and
in the increase in temperature across the entire system.

Ikeue et al. prepared porous self-standing Ti-containing silica thin films with different
mesostructures for use as CO2 reduction photocatalysts.>® A hexagonally-structured film with 25
nm pores (Ti-PS(25)) was found by UV-Vis to have two distinct Ti environments and was

selective for methane under UV irradiation in the presence of CO:. A cubic-structured film (Ti-
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PS(c)) showed higher selectivity for the production of methanol, with methane as the minor
product. The highest photocatalytic activity was observed for a hexagonal film with 50 nm pores
(Ti-PS(50)), which was selective for methane production, with methanol as the minor product. In
powdered form, Ti-PS(50) showed lower photocatalytic activity, but still outperformed the other
catalysts. This drop in activity is attributed to light scattering by the particles, and demonstrates
the advantage of using transparent thin films for photocatalytic reactions. Differences in product
distributions are attributed to the concentration of surface hydroxides, with lower surface
hydroxide concentrations being linked to increased methanol selectivity.

TS-1 is a zeolite that contains the TiO2 motif in its framework. Yamagata et al. demonstrated
the use of TS-1 to catalyze CO2 reduction to methane under UV irradiation.**® The catalyst was
first activated by irradiation with a mercury lamp in the presence of hydrogen gas, which served
as the hydrogen source for the methane. The concentration of Ti and adsorbed carbon species
was found to be of the same order of magnitude, suggesting that the Ti acts as the photocatalytic
site.?8!

4. PHOTO-DRIVEN CO; REDUCTION ON METALLIC CATHODES

The previous sections of this review have focused on the reduction of carbon dioxide on both
particle and electrode-based semiconductor surfaces under illumination. While this is by far the
most commonly studied means of harnessing light energy for CO: reduction, numerous other
methods and configurations have been investigated to capture sunlight and convert it to chemical
energy.>®!*2 Some of these techniques, including concentrated solar thermal CO2 splitting and
homogeneous photocatalysis, are reviewed elsewhere in this issue. However, closely related to
photoelectrochemistry is the use of photovoltaic-CO2 electrolyzer systems which employ

metallic electrodes driven by a separate solid-state p-n junction photovoltaic array. A second
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configuration that utilizes a metallic cathode is a photoelectrochemical cell based on an n-type
photoanode.!!  These systems are classified as PV-biased electrosynthetic and
photoelectrosynthetic cells, respectively.*®?

4.1. Energy Matching

The previous sections primarily dealt with the cathodic half-cell in the CO2 reduction reaction;
however, both half-cells must be considered in the photoanode- and photovoltaic-driven systems.
An essential concern in the design of a complete electrolysis system is the relative energetics of
both the electrodes and the redox-active species of interest. In the context of this review, the
cathodic and anodic reactions are the reduction of CO2 (E” = -0.40 V vs. SHE to CH3OH at pH
7) and the oxidation of H2O (E” = -0.82 V vs. SHE at pH 7), respectively, so the photogenerated
potential must be sufficient to bracket the redox potentials of both of those reactions and account
for the significant overpotentials for each.*3¢!

A single-junction cell, which contains only one photosensitive material, has a maximum
photochemical efficiency of ~30% with the optimum band gap of E; = ~1.3 eV for solar
illumination.>%**% However, larger band gap materials, which have somewhat lower maximum
theoretical efficiencies, are required to effect the two desired reactions, especially since the
maximum voltage is limited to be ~300 mV less than E/g, where g is the elemental charge.%
Semiconductors with larger band gaps are better able to straddle the relevant redox potentials,
but can absorb less of the solar spectrum at the surface of the earth.>*® An alternative method for
generating the requisite photovoltage is connecting multiple cells in series. An increased number
N of photoconverters does increase the maximum efficiency above 30%,*! but the current

density decreases as 1/N as more cells are connected.>’
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The major efficiency limitations in a light-driven electrochemical system are the slow reaction
kinetics at the electrodes. The operating voltage, as mentioned before, must account for both the
thermodynamic potentials as well as the overpotentials for the two reactions, which are typically
~0.4 V for water oxidation and frequently up to 1 V for CO2 reduction, to yield sufficient current
densities. !¢’

Another limitation that must be considered is the coupling between the photoactive material
and the other electrode(s). In a PV-biased electrosynthetic cell, the system must be operated
close to the maximum power point of the PV device (the "knee" of the curve), otherwise the
impedance mismatch significantly curtails the power available to run the electrochemical cell
(Figure 19).% In a photoanode-driven photoelectrochemical cell with a metal cathode, coupling

losses are relatively small since the semiconductor is typically connected to the metal by an

ohmic contact.?¢’
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Figure 19. A general current density-voltage diagram for a coupled photovoltaic-electrochemical
system. Reproduced from with permission from ref. **’. Copyright 2013 The National Academy

of Sciences.
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4.2. Metal Cathodes

The electrochemical reduction of CO2 on metal electrodes has been extensively studied by
Hori, Lvov, and Hara, in both aqueous and non-aqueous systems and with different pressure
schemes and cell designs (Figure 20).!1:19293:368-371 The focus of this section will be on the most
recent advances of metal-based electrochemical CO: reduction; not all metals that have CO2
reduction capabilities are discussed here and the reader is directed to Hori’s work in references
11 and 19 for a more thorough review of this topic. In aqueous solutions, where the discussion
will be focused, the hydrogen evolution reaction (HER) has been the major competing reaction
for CO2 reduction. The metal electrodes are typically categorized by their primary product in
solution: formic acid, carbon monoxide, or hydrogen. Copper, which makes a variety of
hydrocarbons including products containing more than one carbon, holds a unique position in the

reductive electrochemistry of CO: .

1A VIIA
M Hydrogen
1 Carbon Monoxide
[A Formals A IVA VA VIA VIIA

2 M Hydrocarbons
3

B IVB VB VIB VIIB 1B
4 Zn
5 Cd| In | Sn
6 Hg | Tl | Pb | Bi
7

Figure 20. Periodic table depicting the primary reduction products in CO: -saturated aqueous

electrolytes on metal and carbon electrodes. Based on data from Hori et al.!!
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4.2.1. Formic Acid-Producing Metals: Sn, In, Pb

Tin, lead, and indium surfaces oxidize in air, generating a passivating native oxide. Detweiler
et al. found that an anodized oxide layer on indium increased the formate Faradaic efficiency and
improved the electrode stability in the potential range -1.4 V to -1.8 V vs. SCE.'® In situ IR
spectroscopy suggested that the indium hydroxide formed on the surface was the catalytically
active species that binds COz and leads to formate production.

Kanan and coworkers have shown that a composite Sn/SnOx material formed in situ greatly
enhanced CO: reduction both in terms of current densities and Faradaic efficiencies, with CO
and HCOOH accounting for 55% and 40% of the current, respectively. The preparation involves
a -0.7 V vs. RHE deposition of Sn** on a Ti surface where SnOx and Sn° are formed
concurrently.'> Wu et al. showed the dependence of the Faradaic efficiencies of CO and HCOO-
on the thickness of the SnOx layer, with the thin native oxide yielding the most formate.’’? This
result contrasts with that on indium, on which a thicker oxide layer generated formate more
selectively; however, the indium was anodized in aqueous solution whereas the tin was oxidized
with a thermal treatment in air. Recently, a similar in situ IR study to that with indium was
conducted on tin by Baruch et al.?! As with indium, a surface carbonate was detected only under
conditions at which CO2 reduction took place, implicating it as the active species. However,
evidence showed that the native Sn'Y oxide had to be reduced first to a Sn'' oxyhydroxide in
order to bind and subsequently reduce CO: . Both the tin and indium systems require ~1.0 V
overpotential under realistic operating conditions.'**7?

In aqueous solutions, the electrochemical reduction of CO2 on Pb electrodes also yields
predominantly formate.’’”* Using an electrochemical reactor with continuous electrolyte flow,

Alvarez-Guerra et al. found that a high rate of formate production could be obtained (j ~ 10.5
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mA cm™) with only a modest reduction in Faradaic efficiency to 57%.>”> A comparison study
showed that tin can sustain high efficiencies at a faster electrolyte flow rate than lead.’’® At high
COz pressures, up to 60 atm, the Faradaic efficiencies for formic acid on both indium and lead
have been observed to be 100% with current densities up to 200 mA ¢cm™2.3’* As with indium and
tin, lead has also been shown to have a dependence on the surface oxide.?® However, while in the
previous cases the oxide promoted CO: reduction, the oxide-derived and untreated lead have
similar carbon dioxide reduction activities, though the former greatly suppressed H2 production
and thus drastically increased the Faradaic efficiency for formate.
4.2.2. Carbon Monoxide-Producing Metals: Au, Ag, Pd

Au has been known to reduce CO:z to CO electrochemically at high yield and selectivity,
although typically overpotentials are fairly high.!" Some recent Au studies focused on nanoscale
tuning and forming alloys with other metals at the nanoscale. Chen et al. showed that Au
nanoparticles formed in situ by electrochemically reducing a pre-formed thick and amorphous
Au oxide can reduce CO2 with only 140 mV overpotential (-0.25 V vs. RHE), and the electrode
remained stable under electrolysis conditions for as long as 8 hours.?? Using Au nanoparticles
and nanowires, Zhu et al. have demonstrated that the edge sites of Au nanoparticles have the
highest selectivity for CO formation.’””*’® Their 8 nm Au nanoparticles achieved 90% Faradaic
efficiency at -0.67 V vs. RHE, better than nanoparticles of smaller size. This behavior was
rationalized by pointing out that 8 nm nanoparticles had an ideal number of edge sites (which are
highly catalytic for CO2 reduction) while minimizing the number of corner sites (which are
catalytic for H> formation). The Au nanowires, which had a much greater proportion of edge
sites to corner sites, had a 94% Faradaic efficiency at -0.35 V vs. RHE, 320 mV less negative

than with the nanoparticles. Kauffman et al. carried out a study on Auzs clusters that yielded the
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electrochemical reduction of CO: at -1.0 V vs. RHE with ~100% Faradaic efficiency.’” They
also observed a reversible Au2s-COz interaction similar to those seen in cluster oxidations, with a
partial oxidation of the gold cluster by CO2 and a shift in the Auzs”"! redox wave, consistent with
depletion of the Auzs HOMO.

Alloying Cu into Au nanoparticles was suggested to promote the formation of higher order
reduced products. For example, one study demonstrated that Cues.oAuse.1 particles yielded 15.9%
methanol and 12% ethanol, much higher than the production on pure Cu electrodes, which are
known to make ethanol at about 5% efficiency but do not form methanol at all.**° Using a
monolayer of uniform Au-Cu bimetallic nanoparticles with well-tuned compositions, Kim ef al.
showed that the nanoparticles' electronic and geometric properties acted cooperatively to
determine the binding stabilities of CO:2 reduction intermediates, which, in turn, dictated
reduction product distributions.*®! The predominant products were CO and Ha, though particles
with more Cu also yielded formate and hydrocarbons. The proximity of Cu atoms, which have
higher H-atom binding energies, to Au atoms increased the ability of the catalyst to hydrogenate
COz and led to more highly reduced species, including hydrocarbons.

Polycrystalline Ag is reported to reduce CO2 with 81% selectivity to CO at a potential of -1.4
V vs. SHE.!! Using an ionic liquid electrolyte containing the 1-ethyl-3-methylimidazolium
cation, which dramatically reduced the overpotential to less than 0.2 V, Rosen ef al. achieved a
96% CO Faradaic efficiency on a bulk Ag electrode. The ionic liquid was proposed to stabilize
the intermediate CO: * through complexation, which decreased the overpotential.>®?
Nanostructures on the Ag surface may also help stabilize the radical intermediate. Lu and
coworkers demonstrated a nanoporous Ag catalyst that could achieve three orders of magnitude

larger CO partial current density with a smaller overpotential compared to a bulk Ag
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electrode.®®® A silver nanoparticle size study by Salehi-Khojin et al. found that CO production
efficiency increased as the Ag nanoparticle size decreased, to a maximum efficiency at 5 nm.**

A study by Januszewska et al. showed that CO: reduction activity can be tuned by the number
of Pd layers co-deposited onto a Au substrate. The study used an overlaying Cu monolayer on
the surface, while the catalytic activity is dependent on the supporting Pd inner layers.>®
Research by Furuya et al. exhibited that, if alloyed with Ru in a 1:1 ratio, Pd is capable of
suppressing CO formation while giving a 90% Faradaic efficiency for formate formation at -1.1
V vs. NHE.*¢

The size-dependence of CO formation from CO:2 on Pd nanoparticles was recently investigated
by Gao et al.*®" The smallest particles studied, 2.4 nm and 3.7 nm in diameter, had the highest
partial current densities and Faradaic efficiencies, both of which dropped off as the size
increased to 10.3 nm. Using DFT calculations, the authors suggested that, since the adsorption
energies of intermediates COOH and CO increase from terrace to edge to corner sites, the
smaller nanoparticles, which have the greatest proportion of edge and corner sites, have the
highest activity.
4.2.3. Copper

Copper electrodes have been found to yield a rich COz reduction chemistry, including highly
reduced species such as methanol and methane, as well as multicarbon products such as ethylene,
ethanol, and n-propanol.!'3¥%3% Recent studies by Kuhl et al. that incorporate large format
copper electrodes in an advanced analytical design including inline GC as well as ex situ NMR
have yielded a total of 16 distinct CO2 reduction products, many of which had two or three
carbons.*° Extensive studies have been carried out to elucidate what oxidative states or surface

structures are vital for CO2 reduction on Cu.??313%* Electrodeposited cuprous oxide has been
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shown to have high selectivity for methanol formation with 38% Faradaic efficiency, much
higher than air-oxidized and anodized copper electrodes.’** The in situ reduction of Cuz0,
formed by annealing copper foil in air produced Cu nanostructures that catalyzed the formation
of CO and formate, rather than the more reduced products typically seen on copper, stably and
with high Faradaic efficiencies (40% for CO, 33% for formate at -0.5 V vs. RHE at pH 7.2). The
initial thickness of the Cu20 layer was reported to determine the electrode stability and product
selectivity.?? Further studies by Li showed that this same oxide-derived Cu can electrochemically
reduce CO to ethanol, n-propanol, and acetate with a 57% total Faradaic efficiency in the
potential range between -0.25 and -0.5 V vs. RHE.*! The improved reduction properties of
oxide-derived Cu were proposed to result from a large number of active sites at grain
boundaries.*”! Studies by Kas et al. on oxide-derived Cu nanoparticles indicated that the initial
Cu20 crystal phase had little impact on the hydrocarbon selectivity, whereas the Cu20O layer
thickness and local pH changes played important roles.>** Copper nanoparticles supported on
glassy carbon selectively reduced CO: to methane with 4 times the current density as compared
to copper foil and with an average of 80% Faradaic efficiency.>* It was also reported that CO>
reduction occurs through a different mechanism than that of bulk copper by analyzing Tafel
slopes. Mixtures of copper oxide with ZnO and Al2Os3 yielded methanol with almost 100%
efficiency, much higher than alloys of Cu with other metals such as Ni, Pd, or Ru.**® The source
of this shift in Faradaic efficiency has not been elucidated.
4.2.4. Hydrogen-Producing Metals: Pt, Fe, Ni

In aqueous solution, platinum serves as an excellent water reduction catalyst. At potentials
where CO: reduction is expected to take place,H> forms primarily due to the metal's very low

hydrogen overpotential. Platinum does reduce COz to CO and formate with very low Faradaic
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efficiency; however, the strong chemisorption of CO to the Pt surface causes rapid
poisoning.''*%7 Since surface hydrides form readily on pristine platinum surfaces, one recently
proposed mechanism for formate production involved formation of Pt-H moieties, which could
perform a hydride transfer to CO2 to yield HCOQ"32!:328.398

Recently, Kuhl ef al. found that Pt, Ni, and Fe, all of which have fairly low hydrogen
overpotentials and yield almost exclusively H2 in aqueous solution, were able to form methane as
well, albeit in very small quantities and at incredibly low efficiencies.’®® In addition, Pt and Ni
produced some methanol, though none was detected from reduction on Fe. These products were
not previously recognized due to the miniscule amounts formed, which could only be detected
using sensitive inline gas chromatography.
4.3. Photoanode-Driven Photoelectrochemical Cells

Employing an n-type semiconductor as the anode in a carbon dioxide reduction cell allows for
an integrated photoelectrochemical cell, ideally without additional external bias, akin to those
already discussed using p-type photocathodes. In this kind of cell, the photoanode absorbs a
photon, yielding a conduction band electron that proceeds through the external circuit to the
cathode and a hole that oxidizes a solution species (Figure 21). As in any photoelectrochemical
cell, the semiconductor band gap must be sufficiently large to straddle both of the
electrochemical redox potentials and any associated overpotentials. The use of a photoanode
grants greater flexibility in the choice of cathode material, either metal or semiconductor, to
select for the desired CO2 reduction products. Since Z-scheme systems, with two photoexcited
semiconductor electrodes were discussed previously in Section 2.5.2, the following section will

focus on cells with metallic cathodes.
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Figure 21. Photoanode-driven PEC, shown in a two-electrode configuration, with a metallic

cathode, at which COz reduction takes place, and a semiconductor photoanode.

The use of a photoanode to power the carbon dioxide reduction reaction has been investigated
by several researchers, though considerably more study has been devoted to water splitting to
hydrogen and oxygen.*? Ogura and coworkers have done significant work on light-driven CO2
reduction to methanol starting in the mid-1980s. Some of his initial work employed n-CdS (Eg =
~2.4 eV) as the photoanode,***’! though he later tested n-TiO2 (E; = 3.0 eV) as well.**1:402 In
both cases, the cathode was platinum coated with a Prussian blue catalyst film, and the
electrolyte was typically 0.1 M KCI containing 20 mM MeOH and either a pentacyanoferrate or
chromate complex. The amount of formic acid and formaldehyde generated in these
photochemical cells was negligible, and the sole product detected was methanol, which was
confirmed by '*C NMR. Methyl formate was implicated as an intermediate in the CO2 reduction
mechanism (Scheme 5).*"! Both of these systems had significant limitations on the anodic side of
the cell. The n-CdS photoanode required a sacrificial reductant in order to prevent the

photodegradation of the semiconductor; it did not actually effect water oxidation. The n-TiO2
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cell, though considerably more stable, was limited by the larger band gap of TiO2, which allowed
for poor overlap of the solar spectrum on Earth.

Scheme 5. Mechanism of reduction of COz to methanol via methyl formate using Everitt's salt
(ES), which is the reduced form of Prussian blue (PB), on a metal (M) cathode. Adapted with

permission from ref. “°!. Copyright 1987 The Electrochemical Society.
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Other researchers have also employed n-TiO2 as the photoanode. Izumi et al. utilized a
monolithic electrode assembly formed by electrodepositing Cu onto a Ti foil that had been
oxidized on one side, followed by electrodeposition of small amounts of Ag*®
Photoelectrochemical reactions took place with the photoanode facing a solution of 0.25 M

K2SO4 and the cathode in contact with 0.6 M KHCO3; the only bias in this system was from the
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pH gradient between the two half-cells. The electrodeposition of small amounts of Ag (atomic
ratio of 9:1 Cu:Ag) decreased the yield of CH4 and increased the yield of C2Has, indicating a
cooperative effect that led to more C-C coupling than occurs on the pure metals. Ichikawa and
Doi had a membrane-separated TiO2 photoanode system, with ZnO on Cu as the cathode in 0.1
M KHCOs3.4* The Faradaic efficiency was 20-40% for CH4 under constant bias, but increased to
over 40% when a pulse bias was applied. A Pt-modified rGO cathode loaded onto nickel foam
was used with a Pt-modified TiO2 nanotube photoanode to reduce COz to a variety of products,
including ethanol and acetic acid, under illumination. The rate of conversion of CO2 was 1.5
umol cm™ h'! with a selectivity for liquid products of 99%.%%

Centi and coworkers used a nanostructured n-TiO2 film, supported on porous Ti, as their
photocatalyst.**®*7 The anode was joined to the carbon cloth gas diffusion electrode (GDE) in a
membrane electrode assembly (MEA) with a Nafion polymer electrolyte membrane (PEM). In
preliminary tests, Pt nanoparticles on carbon were deposited onto the cathode GDE and proved
successful in generating hydrogen under illumination. CO2 reduction was conducted in the gas
phase on Fe, Pt, Co, and Cu particles supported on multiwalled carbon nanotubes (MWCNTs). In
addition to significant amounts of H2 and CO, methanol and other multicarbon products, albeit in
sub-micromolar quantities, were detected not just on the Cu particles, but the other three metals
as well.*® These findings are in marked contrast to the minimal activity of Co, Fe, and Pt
towards CO:2 reduction in aqueous solution, in which all three preferentially reduce water to
hydrogen.!! However, the CO2 reduction results were obtained not with the TiO2 photoanode, but
instead with an anodic half cell using a platinum counter electrode. Centi has yet to report the
development of an integrated cell which performs the reduction of CO2 on these catalysts while

powered by an illuminated n-TiO2 anode.
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Deguchi and colleagues at Panasonic Corporation in 2012 announced a 0.2% energy
conversion efficiency using an artificial light source to convert carbon dioxide to formate.*® The
system used an n-GaN photoanode (Eg=3.4 eV). According to the patent literature,*'®*!3 the n-
GaN semiconductor was coated with Ni or Ti to protect the anode from photodegradation and
more readily oxidize a 1 M NaOH anolyte. Other variations included a ~100 nm thick layer of n-
Alo.11GaosoN (Eg=3.7 eV) on top of the n-GaN; the authors theorized that the heterostructure
between the two nitride semiconductors led to better charge separation and greater
photocurrent.*'>#*1* The use of such high band gap materials required light of wavelengths less
than 350 nm, a very small portion of the incident solar spectrum. The cathode in this system has
not been revealed but any of the metallic systems already noted in this chapter could be
used.*!%*12 The catholyte, 0.1 M KHCOs3, was separated from the alkaline anolyte with a Nafion
membrane. Interestingly, when n-TiO2 served as the photoanode, no CO:2 reduction products
formed, and only H> was evolved.*!? This lack of activity is likely due to the less negative
position of the n-TiO2 conduction band edge (-0.52 V vs. SHE!?) relative to that of n-GaN (-
0.89 V vs. SHE*").

4.4. Photovoltaic-Biased Electrochemical Cells

Powering the entire energy-intensive process of reducing carbon dioxide and oxidizing water
with a single photoelectrode requires the semiconductor employed to have a wide band gap and
correctly placed band edges, which limits both the materials that can be employed and the
semiconductors ability to absorb at solar frequencies available on the earth. However, an
alternative is to connect one or more photovoltaic junctions to a COz electrolyzer that utilizes
metal electrodes. A set of photovoltaic junctions which can have a band gap well-matched to the

solar spectrum can then be connected in series (a PV array) to generate the voltage required to
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carry out the desired reaction, while capturing a significant portion of the solar spectrum. With
this type of setup, anodic and cathodic electrode materials which have lower water oxidation
overpotentials and low COz reduction overpotentials, respectively can be selected, independent
of the photoactivity requirements of the system. That is, the electrolyzer and PV components
may be optimized independently. As noted previously, the two constituent modules must be
impedance matched at the maximum power point of the PV array to allow for maximum solar to
chemical energy conversion efficiency.

Among the first to employ a solar cell-driven electrolyzer for CO2 reduction were Ogura et
al 1416417 They employed the same cathodic system as in their photoanode-driven work, which
involved a Prussian blue film mediator on a Pt electrode, a primary alcohol, and a homogeneous
Fe or Cr complex. The photoanode was replaced with a platinum counter electrode, and the
anolyte was nitrogen-saturated 0.1 M K2SOa. A variable resistor tuned the voltage delivered to
the electrolyzer., The Faradaic efficiency for MeOH was at a maximum between 1.5 V and 2.0
V, and dropped off significantly at greater cell voltages, likely due to a large increase in water
reduction.

Researchers at Det Norske Veritas (DNV) developed a flow cell electrolyzer with porous tin
cathode catalysts.*!® The anodic half-cell contained a Pt-coated Nb anode in 1 M KOH. The
primary product in the 2 M KCI catholyte was formate, with Faradaic efficiencies approaching
100%. Pure tin was found to degrade in performance over time, so alloys of tin were utilized to
achieve greater longevity. Though there were no published peer-reviewed reports concerning the
coupling of a PV device to this electrolyzer, a report from DNV indicated that a 600 cm? cell that

can reduce 1 kg of COz per day was incorporated into a trailer with a solar panel as a mobile
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demonstration of their technology.*!* However, no indication as to the overall photoconversion
efficiency was provided.

More recently, at the 2014 International Conference on Artificial Photosynthesis, Toshiba
announced the development of a system that had a 1.5% overall efficiency for photo-induced
COz reduction. The company's press release indicates the use of a Si-based multijunction solar
cell with a cobalt oxide water oxidation catalyst (WOC) in solution.*?® The cathode was
nanostructured gold, producing CO as the primary product. The catholyte was 50%
triethanolamine in water, saturated with CO: . Toshiba has also developed systems that contain
quaternary ammonium ions bound to the surface of the gold through thiols and long alkyl
linkers.*?! With these catalytic systems, other products besides CO are formed, including formic
acid, formaldehyde, and methanol.

White and coworkers reported a net energy conversion efficiency of over 1.8% for a COz to
formate process using a commercial polycrystalline Si PV panel coupled to a three-cell flow
electrolyzer stack employing an indium cathode and a commercial iridium oxide-based anode
(Figure 22).* The anolyte was 1 M H2SOs, rather than the oft-used NaOH or KOH, to improve
cell stability and avoid the requirement of continuous addition of base to the solution. KHCOs3
was used as the catholyte. Average Faradaic efficiencies for formate exceeded 50%, though more
hydrogen was produced during periods of greater insolation. The impedance of the electrolyzer
stack was not ideally matched to that of the PV array, causing the operating voltage and power to
be significantly lower than the maximum output and leading to significant coupling losses. Had
the two components of this system been more effectively coupled, total solar conversion

efficiency could have exceeded 3%.
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Figure 22. Electrical connections of the high conversion efficiency PV-biased electrolyzer
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described by White, et al. Reproduced from re with permission from Elsevier, copyright

2014.

A monolithic device for COz reduction with a CIGS (Cu(InxGaix)(SySei-y)2) PV module was
developed by Jeon et al.*** The PV was coated onto conductive glass with a Co304 WOC on the
opposite side. Nanostructured gold was used as the cathode to reduce CO2 to CO in 0.5 M
KHCO3 with 91.2% Faradaic efficiency at an average photocurrent of 7.32 mA and cell voltage
of 2.33 V. The overall solar to fuel efficiency was 4.23%, a marked increase over previous
systems.

Torella et al. created a bioelectrochemical cell with a CoPi WOC anode and NiMoZn cathode,
the latter of which generated hydrogen for use by the genetically engineered bacteria Ralstonia
eutropha, Re2133-pEG12.** The bacteria produce, in addition to biomass, isopropanol, for
which there was a maximum reported bioelectrochemical efficiency of 3.9%. Though the authors
never connected a PV to their system, they claim that they would be able to achieve a solar to

isopropanol yield of 0.7% if a 18% efficient PV device were utilized.
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5. SUMMARY AND OUTLOOK

A wide variety of semiconductor systems have proven capable of harnessing near-ultraviolet
and visible light and using that energy to drive the reduction of carbon dioxide through
photocatalysis or photoelectrochemistry. The improved production of solar fuels is an essential
component of the renewable energy portfolio of the future, enabling intermittent power sources
to become more prevalent by storing excess energy with fewer losses and thus greater
recoverability.

While early research in this field employed suspensions of simple semiconductor materials in
aqueous solution, recent developments have focused on various doping and nanostructuring
techniques, combinations of multiple semiconductors, and the addition of heterogeneous or
homogeneous catalysts and sensitizers. The use of nanomaterials in particular has led to
improved charge separation and to enhanced catalysis. Metals, both directly in contact with the
light absorber and in a separate but electrically connected electrolysis cell, serve as electron sinks
and catalysts, and they sometimes even enable CO:2 reduction on semiconductors whose own
surfaces have excessively high overpotentials.

Many of the semiconductors described in this review are oxides, with TiO:2 receiving the bulk
of scrutiny in this regard. Often these materials have band gaps approaching 3 eV; this hinders
the absorption of a large proportion of the solar spectrum available at the earth’s surface and
diminishes the insolation to current efficiency. The efficiency of smaller band gap (~1.3 eV)
semiconductors is still capped at the Shockley-Queiesser limit of ~30%.%% Therefore,
multijunction cells may be necessary to capture the majority of the solar spectrum, overcome the
SQ limit, maintain long-term stability under illumination, and still straddle the CO2 reduction and

H2O oxidation potentials. While some efforts have already been made to find working
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combinations of semiconductors (Section 2.5), much of the domain of pairs (or even multiples)
has yet to be explored.

Some of the innovations recently taken up in photocatalysis, such as photosensitization, were
first studied for use in photovoltaics. Another such innovation, the use of organic semiconductors
(OSCs), has, to our knowledge, not yet been employed in CO2 reduction catalysis. While organic
photovoltaics are still less efficient than silicon,*** the use of these semiconductors in catalysis
may prove to be particularly interesting due to their mutability. The vast scope of synthetic
methods available permits tuning of the electronics,*?® but functional groups could also be
appended to bind and reduce CO2 more effectively.

As diverse as these studies have been, the vast majority of CO: -reduced products are single-
carbon species such as methane, methanol, carbon monoxide, and formic acid. Some multicarbon
products, primarily light hydrocarbons, have been reported to form, though they are generated
almost exclusively at metallic copper and typically in low yields. While the established Fischer-
Tropsch process is capable of taking solar-generated CO and H: to liquids, an important advance
in catalysis would be the development of materials that can make carbon-carbon bonds and thus,
higher-order hydrocarbons and alcohols at ambient conditions directly from CO: , water, and
light.
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ABBREVIATIONS

bpy
CB
CE
CODH
cyclam
DFT
DMF
EPR
ET
EXAFS
FDH
FTIR
GDE
GO
HER
HOMO
IPCE
LDH
LHCII
MeCN
MOF
MPc
MWCNT
NADH
NHE
NP

2,2'-bipyridine
conduction band
counter electrode
carbon monoxide dehydrogenase
1,4,8,11-tetraazacyclotetradecane
density functional theory
N,N-dimethylformamide
electron paramagnetic resonance
electron transfer
extended X-ray absorption fine structure
formate dehydrogenase
Fourier transform infrared
gas diffusion electrode
graphene oxide
hydrogen evolution reaction
highest occupied molecular orbital
incident photon-to-current efficiency
layered double hydroxide
light-harvesting complex II
acetonitrile
metal-organic framework
metallophthalocyanine
multi-walled carbon nanotube
nicotinamide adenine dinucleotide hydride
normal hydrogen electrode
nanoparticles
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NR
NT
0SC
PCET
PEC
PT
PV
QD
QRE
RE
GO
RHE
SCE
SHE
TBAF
TBAP
TEAP
TEOA
TMA™"
TMACI
TNT
TON
uv
VB
WE
WOC
ZIF

SYMBOLS

nanorods
nanotubes
organic semiconductor
proton-coupled electron transfer
photoelectrochemical cell
proton transfer
photovoltaic
quantum dot
quasi-reference electrode
reference electrode
reduced graphene oxide
reversible hydrogen electrode
saturated calomel electrode
standard hydrogen electrode
tetrabutylammonium tetrafluoroborate
tetrabutylammonium perchlorate
tetracthylammonium perchlorate
tetracthanolamine
tetramethylammonium ion
tetramethylammonium chloride
titania nanotubes
turnover number
ultraviolet
valence band
working electrode
water oxidation catalyst
zeolitic imidazolate framework

speed of light
concentration of reduced species
concentration of oxidized species
formal reduction potential
standard reduction potential of a half reaction
standard reduction potential of an electrochemical reaction
energy of adsorption
Fermi energy
band gap of a semiconductor
electrochemical potential vs. NHE
redox potential of electrolyte
electrochemical potential vs. RHE
energy of surface states
reduction potential of the valence band edge of a semiconductor
Faraday’s constant
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h
i cat
I mp
isc
J
Jph
n
nk decomp
nEF *
pE decomp
pEF*
PKa
Prono
q

Qproduct
Qto tal
Vmp
Voc
467
AG”
AG?
AGPen
AG, electrolyte
AGsemi

n
A

¢
oM
Ps

Plank’s constant
catalytic current
current obtained at the maximum power point for a photovoltaic
short-circuit current
current density
photocurrent density
number of electrons transferred in an electrochemical step
reduction potential of a cathodic decomposition reaction
quasi Fermi-level of electrons in the conduction band
reduction potential of an anodic decomposition reaction
quasi-Fermi levels of electrons in the valence band
logarithmic acid dissociation constant
power intensity of a light source
elementary charge
amount of charge that went into producing the desired product

total charge passed in an electrochemical reaction
voltage obtained at the maximum power point for a photovoltaic
open-circuit voltage
standard Gibbs energy of formation

formal Gibbs energy
Gibbs energy of activation
standard Gibbs energy of a reaction
free energy of the electrolyte
Gibbs energy of an electron
overpotential
wavelength
Faradaic efficiency
work function of a metal
work function of a semiconductor
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