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Summary

Summary

The world energy consumption is increasing every year. A major part of this
energy is still depending on fossil fuels production processes. These processes
are the main cause of global warming. During the last years, efforts to develop
sustainable chemical processes based on the application of renewable energy

are increasing.

Among the renewable energy sources, the solar energy is the most relevant
as it is inexhaustible, clean, and well dispersed. However, the limitations of
the solar energy lie in its intermittent nature, the geographic limitation of
application due to zones with lack of irradiation, and the limited application to
sectors for which the electrification is very difficult. Therefore, there is a need
for the development of processes involving the transformation and storage of
the renewable energy in the form of chemical bonds in stable molecules.
There are two possible approaches: (i) the direct photochemical or
photoelectrochemical transformation of raw materials such as CO; and H.0,
the so call artificial photosynthesis, and (ii) the transformation of raw
materials such as CO; into useful chemicals in electrochemical processes using

potentially green-electricity generated from renewable energies.

This thesis has been focused on the development of efficient electro- and
photoelectrochemical catalytic systems for water oxidation and CO; reduction
into value-added chemicals involving the direct use of renewable solar energy
by a photoelectrochemical process or the use of renewable electricity by an

electrochemical process.

In Chapter 3, the influence of ionic liquid (IL) electrolyte structures was applied
in the electrochemical CO, reduction to CO using a commercial iron ()
porphyrin (Fe""TPP-Cl). Systematic modifications of the cation and anion

structures resulted in a small library of monocationic and dicationic
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Summary

imidazolium ILs. These ILs were applied in the CO; electroreduction reaction
to CO, revealing, for the first time, that the application of dicationic IL
electrolytes resulted in higher faradaic efficiencies and lower overpotentials
than monocationic ILs. This was attributed to the reduction potential of E
Fe'/Fe® caused by the ionic liquid cation-iron complex anion pairing effect and
the reduction of the E CO,/CO overpotential by the push-pull mechanism. In
this mechanism, the electrons are pushed into the CO, molecule by the
electron-rich catalyst and the cleavage of one of the C-O bonds is facilitated
by the synergetic contribution of the electron deficient cations of the ionic
liquids. The electrochemical CO production was optimized, and the generated
CO was directly used in tandem processes for organic synthesis involving
different Pd-catalyzed carbonylation reactions and, for the first time, Rh-

catalyzed hydroformylation reaction.

In Chapter 4, the photoelectrochemical CO; reduction using hybrid
molecular/semiconductor photocathodes with ILs as electrolytes was
evaluated in a H-type reactor at ambient temperature and pressure. The
innovation dealt with the preparation of novel complexes and the application
of an electropolymerization approach to immobilize Ru and Re molecular
complexes onto Cu-based semiconductors (Cu,0/Sn0O, and CuGaO,). The
electropolymerization approach consisted in a two-reaction sequence: first,
the silanization of the semiconductor material, and later, the
electropolymerization procedure provided a series of molecular and
supramolecular hybrid photocathodes for solar driven CO, reduction. Focusing
on the cathodic half reactions, the most promising conditions for the
formation of CO, reduction products were determined. The results revealed
that the ionic liquid plays a critical role in the conversion of CO; to formic acid
with the suppression of the hydrogen production. Furthermore, our results

revealed, for the first time, that the anchoring of supramolecular complexes
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Summary

onto this kind of Cu-semiconductor photoelectrocatalyst boosted both the

transport of carriers and the catalytic activity to formate as the major product.

Finally, in Chapter 5, the photoelectrochemical H,O oxidation using hybrid
molecular/semiconductor photoanodes was evaluated in a one-chamber
custom Teflon cell at ambient temperature and pressure. The innovation
relied in the preparation of novel complexes and the application of two
different strategies to immobilize vinyl-tagged molecular complexes onto
BiVO,; and BiVO.s@Al,Os-layer. The target was to improve the overall
performance of the bare BiVO, photoelectrode in the water oxidation
reaction. The strategies were based on: (i) silanization of BiVO, with
vinyltriethoxysilane (VTES) followed by electropolymerization in the presence
of vinyl-tagged molecular complexes; and (ii) silanization of BiVO, with (3-
Mercaptopropyl)trimethoxysilane (MPTES) followed by thiol-ene click
chemistry reaction with vinyl-tagged molecular complexes. The resulting
hybrid materials were tested as photoanodes for solar driven water oxidation
reaction, the preliminary results showed in a small improvement of the

photocurrent on water oxidation performance.



UNIVERSITAT ROVIRA I VIRGILI
NOVEL CATALYSTS FOR THE ELECTRO- AND PHOTOELECTROCHEMICAL CO2/H20 TRANSFORMATION FOR CHEMICAL PRODUCTION
Roger Mird Serra



UNIVERSITAT ROVIRA I VIRGILI
NOVEL CATALYSTS FOR THE ELECTRO- AND PHOTOELECTROCHEMICAL CO2/H20 TRANSFORMATION FOR CHEMICAL PRODUCTION
Roger Mird Serra

Chapter 1

General Introduction
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Chapter 1

1.1. Fossil fuel dependence

There is an increasing demand of energy for maintaining the current standard
of living and extending it around the world. To date, the vast majority of
energy is produced by combustion of fossil fuels. These combustion processes
resulted in large CO, emissions and other greenhouse gases in the

atmosphere.

World consumption

Exajoules

B Renewables saa

B Hydroglectricity
B Nuclear energy
B Coal

B Natural gas

B Qil

Figure 1: World energy consumption (1994-2019). Reprinted from ref 1.,

In particular, the chemical industry dependence on fossil fuels use (both as
carbon building blocks for organic synthesis and as fuels for providing energy
for driving the chemical transformations) presents an important emissions
challenge. In Europe, the chemical industry greenhouse emissions (150 million

tons of CO,) represent 0.6 % of the total world’s emissions. The production of

10
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General introduction

chemical from petroleum sources, such as ethane and naphtha, resulted in
large CO, emissions. However, the demand of these products is continuously
growing due to the need of these feedstocks in the manufacture of consumers
goods (personal care items, food preservatives, fertilizers, and furnishings).
The problem is that fossil fuels are not a renewable resource, and, eventually,
there will be no other choice than to find alternatives. While there are
compelling reasons to end fossil fuel dependence, the related cost and the
lack of alternatives prevented so far. The cost of renewable energies is
decreasing and the fossil fuel concerns are arising, and then, the development
of alternatives based in renewable energies is more favorable. However, the
complete replacement of fossil fuels is very difficult and probably not possible
currently. The largest reservoir of renewable energy comes from wind and
solar sources. These sources are enough to produce electrical energy for
attaining the world energy demand.? Unfortunately, the intermittent nature
of these resources limits the electrical energy that they can supply to the grid
without causing instability and power fluctuations. Therefore, a more
continuous and stable supply of electricity from renewable resources to the
grid is necessary. This can be accomplished through an efficient energy storage
mechanism that can take energy when an excess is available and release it
when needed. Unfortunately, no existing energy storage technology is

currently capable of accomplishing this task at the necessary scale and cost.?

An alternative carbon source for the production of chemicals and carbon-
based products is also necessary to overcome the industrial dependance on
fossil fuel derived chemicals. There are a number of alternative electricity
sources such as nuclear, geothermal, hydro, wind, solar, and biomass. Biomass
is the most accessible alternative source of carbon.* However, the use of
biomass also has a number of drawbacks. For instance, the production of
biomass competes with land currently used for crops for food producing, and

only a limited amount of biomass is available before resulting in a negative

11
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Chapter 1

environmental and human health-related consequences.” These factors

restricts the overall use of biomass as a source of carbon-based products.

Conversion of CO, to fuels and chemicals through electrochemical,
photoelectrochemical or photochemical reduction would avoid the problems
associated with biomass. The use of CO; as carbon source is one promising
solution to energy storage and for the generation of carbon containing

compounds.®

The next section will discuss the advantages of this approach and the different

alternative procedures to accomplish the CO; conversion.

1.2. COz conversion

Industrial and
power emissions

Home and
transportation

Flue gas
capture

Renewables N
Q Electrochemical
CO, conversion

Long-term
energy

Water

a
]

Chemical :
feedstocks

Figure 2: Reduction of CO, using renewably sourced electricity. Transformation of CO, emissions

into chemical feedstocks or fuels. Reprinted from ref 3.

The conversion of CO, into fuels and chemicals using energy derived from a
renewable source, such as, wind or solar, has the potential to reduce the use
of fossil fuels. The conversion of CO, would offer a way to indefinitely store
energy from intermittent sources as a chemical fuel. Energy could be stored

as chemical fuels during the periods of excess electricity generation, and later,

12
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General introduction

this energy could be extracted via combustion, or electrochemically (i.e., a fuel
cell), when the energy output of a wind or solar installation dipped. Carbon-
based chemicals could be generated in this way to replace those currently
derived from petroleum building blocks. Figure 2 shows the carbon cycle
involving the carbon dioxide electrochemical conversion (reduced). This is one

focus of this thesis.

The general transformation occurring in the electrochemical device in the
Figure 2 is displayed in Eq. 1.1. This general process is divided in two half
reactions, namely oxygen evolution reaction (OER) and carbon dioxide

reduction reaction (CO,RR), displayed in Eq. 1.2 and Eq. 1.3, respectively.
CO, + H,0 -» CyH,0, + mO, (Eq.1.1)

H,0 - 0, +4H* +4e~ (Eq.1.2)

xCO, + yH* + ne™ » C,H,0, + mH,0 (Eq.1.3)

For Equation 1.1 to proceed forward, a significant input of energy is needed,
in the form of electrical power, which is converted into energy stored in the
chemical bonds of the compounds produced. The equilibrium potentials,
which are determined solely by thermodynamics, are given for a subset of
possible CO;RR products in Table 1. Both OER and CO2RR have large kinetic
barriers that must be overcome by using catalysts. For both reactions, even
with the best available catalysts, an excess of voltage beyond what is
thermodynamically required is needed. This excess of voltage is the
overpotential. Lowering the overpotential through the discovery of more
active catalysts increases the energy efficiency of producing chemicals and

fuels electrochemically through carbon dioxide reduction.

13
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Chapter 1

Table 1: Equilibrium potentials for various CO, reduction reactions vs standard hydrogen

electrode (SHE). Adapted from ref .

Equation Reaction Eeq (V vs SHE)
1 COz(g) + € © COyaq) -1.99
1’ COz(aq) + €™ © CO3aq) -1.90
2 COy(g) + 2Hq) + 2~ & HCOH(qq) -0.61
3 COz(q) + 2H(‘;q) +2e” © €O, + Hy0( -0.52
3 3C0yg) + Hy0q) + 26 & COgy + 2HCO5, ) -0.56
4 COyg) + 4H(yq) + 4e™ © HyC(OH)(aq) + H20q) -0.49
5 COyq) + 6H(‘;q) + 6e” © CH30H4q) + H0( -0.38
6 COyq) + 8H(‘;q) + 8e” © CHygg + 2H,0(, -0.24
7 2H* +2e~ o H, -0.42

Equation 1.3 is written in a general form to demonstrate that many carbon-
containing products are possible. The identity of the products formed depends
on several factors, and among them, the nature of the catalyst will play one of
the most important roles. At the same potential as CO,RR occurs, it is also
possible for water to be reduced to make hydrogen (hydrogen evolution
reaction, HER). The ideal catalyst would produce selectively the desired CO,RR

product and reduce the side HER.

Another possibility to achieve carbon dioxide electrolysis is to couple catalysts
for the reaction directly to the surface of a semiconductor in a
photoelectrochemical device.® The difficulty of this approach lies in the
discovery of semiconductor(s) with the correct properties to generate the
voltage necessary to reduce carbon dioxide. Because catalysts requirements
are similar for electrochemical and photoelectrochemical CO;RR, it is possible
to develop the catalysts and semiconductors used in this approach separately.
Then, electrocatalysts discovered through purely electrochemical testing
could be applied in photoelectrochemical applications by supporting these

catalysts onto the appropriate semiconductors. This approach, results in an
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economical and sustainable photoconversion of CO, with H,O using solar
energy. These systems are known as artificial photosynthesis systems since
they used renewable solar energy, mimicking the natural photosynthesis, and

achieved the production of solar fuels and high-value chemicals (Figure 3).°

artificial photosynthesis

natural photosynthesis

H,O 0,
H,
. co,
e
Vo \
qd Y CH,, etc.
‘ . Ve g —
a Storage
H,0 + CO, + solar energy — sugar + O, H,0 + CO, + solar energy — hydrocarbons

Figure 3: Conversion of solar energy by natural photosynthesis and artificial photosynthesis.

Reprinted from ref 10,

The thermochemical conversion of CO; is another route to renewable fuels.
CO; reacts with H; at high temperature and under high pressure to produce
long chain hydrocarbons (Fischer-Tropsch reaction)!! or smaller molecules
(MeOH synthesis reaction).'> The main barrier to the formation of renewable
fuels and chemicals by these thermochemical routes is the availability of
produced hydrogen from renewable sources. Ninety nine percent of hydrogen
that is currently on the market comes from fossil fuels. This hydrogen is
commonly produced by methane reforming (SMR) or auto thermal reforming
(ATR) resulting in grey-hydrogen and large CO, emissions to the atmosphere.’?
Recently, blue hydrogen production processes are being developed for the
mitigation of the environmental impacts on the planet by approaches that
combines steam methane reforming (SMR) or auto thermal reforming (ATR)

and the capture and storage of the produced CO,.%

The most promising and environmentally friendly route for the production of

hydrogen is the water electrolysis using renewable energy. This process
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resulted in the production of green-hydrogen and oxygen with no CO;
emissions. Similarly, to the case of the CO;RR, and since these technologies
are already under development, new HER catalysts need to be developed for

the commercial production of hydrogen by water electrolysis.

Research on both thermochemical and electrochemical CO.RR routes is
needed to improve the performances and optimize these processes. It is
generally accepted that the electrochemical route could be more
advantageous than the thermochemical route. Since the reaction could be
accomplished in a single step and does not require a high temperature or
pressure. Then, the implantation of electrochemical routes would result in
lower infrastructure costs. Furthermore, the electrochemical route allows the
CO; reduction in small, portable units, enabling the decentralization of the

production of chemicals.

This thesis will focus on the development of electrochemical and
photoelectrochemical conversions of raw materials, CO, and water, to added-

value chemicals.

1.3. Electrochemical Methods

In this thesis, two approaches for the CO; electrochemical reduction have

been studied:

- Electrocatalysis under dark conditions (e.g., electrolysis cell)
- Photo-assisted electrocatalysis under light illumination (e.g.,

photoelectrolysis cell)

The next sections will summarize the fundamentals of electrochemical and

photoelectrochemical catalytic CO; reduction.
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1.3.1. Fundamentals of Electrochemical CO, Reduction

The development of efficient electrocatalysts is essential for the practical
industrial processes application of the CO, reduction. The electrocatalyst
participates, in both, the electron transfer reaction and the acceleration of the
chemical reaction. Thus, for an efficient electrocatalyst, both processes,
electron transfer and chemical kinetics, must be fast. Furthermore, an optimal
electrocatalyst should show a good thermodynamic match between the
standard redox potential (E°) for the electron transfer reaction and the redox

potential of the catalyzed chemical reaction.

An electrocatalyst is an electron transfer agent that ideally operates near the
thermodynamic potential of the reaction, E° (product/substrate). Some
electrochemical reactions require high overpotentials resulting in low
conversion efficiencies. The overpotential is the difference between the
applied potential and the equilibrium potential, so the kinetic and
thermodynamic considerations are both important. To minimize the
overpotentials, it is necessary to develop an electrocatalysts with a matching
between the formal potential, E° (Cat™°) and the E° (product/substrate), as
well as, with good rate constants, K, for the substrate reduction at this
potential. Furthermore, the heterogeneous rate constant, ki, for the reduction

of the electrocatalyst must be high for Vappiea Near E° (Cat™) (Scheme 1).%°

Cat ne Substrate
Electrode Keat
K
ne Cat"* Product
Vapplied E%(Cat™0) E%(product/substrate)

Scheme 1: Electrocatalysis with electron source. Adapted from ref 1.
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CO; activation and reduction steps constitute a significant challenge due to
the high stability of the molecule. Furthermore, CO; does not have electrical
dipole making the CO; activation and reduction very energy demanding and
reducing the efficiencies. In Table 1, the equilibrium potentials of the CO;
reduction reaction and the competitive hydrogen evolution reaction are listed
for aqueous media versus standard hydrogen electrode (SHE). These
potentials explained the formation of H, as the major byproduct in the CO;
electroreduction in aqueous solution. Another challenge is the reduction of
CO, with good selectivity due to the small difference in thermodynamic

potentials of the different CO, reduction products.®

The CO; reduction is a multi-electron/proton transfer process which can be
divided in four steps: i) the first step is the CO, dissolution and absorption at
the catalyst surface; (ii) in the second step, a high energy impute is required
to reorganize the linear CO; molecule to a bent radical anion CO,~, formed by
one-electron reduction of the CO; (Table 1, Eg. 1’). This is the rate determining
step; iii) then, a fast multi electron/proton transfer takes place to generate the
target product; (iv) and finally, the desorption of the product into the

electrolyte or gaseous fase.’”

) +e’, +2H" co
COp =y -———CO,” ———> H,0
rate-

determining
Figure 4: Scheme of CO; reduction steps. Adapted from ref 17.

Currently, the main scientific challenges to efficiently perform the CO,
electroreduction are: (i) the high overpotential required to overcome the
energy barrier to form the CO,~ radical anion, (ii) the hampering of the
reaction by the slow kinetics of the CO; electroreduction and the limited CO;

transfer capacity into the reaction system, (iii) the small difference in the
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thermodynamic potential between the different CO, reduction products
difficulted the selective formation of the desired CO, reduction product, and
(iv) the CO; electroreduction reactions are mainly performed in aqueous
solution and the competitive hydrogen evolution reaction (HER) take place
with a much more positive potential making the CO, reduction reaction less

effective in terms of faradaic efficiency and selectivity.®

1.3.1.1. Electrolytes for CO; electroreduction reaction

The electrolyte role is essential since the design of a suitable electrochemical
devices requires a good synergy between the electrolyte and the catalyst. The
electrolyte provides the medium to perform the reduction reaction which
include the interactions with the reactants, electrode surface and

intermediates influencing in the reaction pathway.®

Various electrolytes such as aqueous electrolytes, organic electrolytes and

ionic liquids were used in CO; reduction reaction.
Water-based electrolytes

The aqueous electrolytes have limitations, such as: (i) the water limited
electrochemical stability by the onset potentials of the proton reduction and
water oxidation reactions, (ii) low CO, solubility of the reactants,
approximately 34 mM at standard conditions, and (iii) the presence of multiple

reaction pathways resulting in undesired by-products.
Organic solvents-based electrolytes

In organic electrolytes, such as, acetonitrile, dimethylformamide and
methanol, the CO; solubility is much higher than in aqueous electrolytes. For
instance, the CO; solubility in acetonitrile is approximately 270 mM, eight
times higher than in aqueous electrolytes. Furthermore, these solvents have

lower proton concentration, thus inhibiting the hydrogen evolution reaction.
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In organic electrolytes, alternative reaction pathways can take place, favoring
the formation of specific products, e.g., in acetonitrile, the main product is CO,

whereas in methanol, CO, methane and ethylene are produced.
lonic liquids-based electrolytes

Finally, during the last decades, the application of ionic liquids (IL) has been
extended to many different fields since they displayed much competitive
properties respect to aqueous or organic mediums. The general properties
and the resulting relevant industrial applications of the ionic liquids are

displayed in Figure 5.1%2

BASF
Eastman Chemical (BASIL™ acid Supelco Analytical Evonik Industries AG
Company scavenging Linde Gas (GC stationary (SILP catalysed
(isomerisation) process) (ionic compressor) phase) hydroformylation)

1996 2002 2005 2008 2015
1914 1998 2004 2005 2014 2020
Initial IFP Eli Lilly Aur Products PETRONAS Chevron

discovery (Dimersol-Difasol  (demethylation) (gas capture) (Hycapure™ Hg) (ISOALKY™)

of ILs alkene dimerisation)

General Properties Features

e Treated as liquid at ambient temperature
e Wide temperature interval for applications
e Thermal stability
e Flame retardancy
¢ High ion density
e High ion conductivity
e Designable/Tuneable
e Unlimited combinations possible

Low melting point
Non volatility
Composed by ions

Organic ions

Figure 5: lonic liquid properties and industrial applications. Reprinted from 2021,

Furthermore, a properties comparison of the organic solvents and ILs is
displayed in Figure 6. It is noteworthy, the possibility of fine tuning the
properties of the IL makes possible to develop solvents on demand for each
particular process by choosing the proper combination of anion and cation

structures.'>%!
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Property

Organic Solvents

Tonic Liquids

Number of solvents
Applicability in a given process

Cost

Recyclability/Toxicity

Vapour pressure

Flammability

Tuneability

Chirality
Catalytic ability
Viscosity/mPa-s
Density,’gvcm‘3
Refractive Index
Electrical condu-:tivi('y,lmS-cm*1
Thermal conductivity/W m-1K-!

>1000
Single function

Generally cheap

Green imperative—survey of
toxicity of organic solvents is
controlled by REACH
Measurable and generally
well-known—several organic
solvents have vapour pressure >
limit used in the classification of
volatile organic compounds
(VOCs)

Usually flammable

Limited range of solvents available

Rare
Rare
0.2-100
0.6-1.7
1.3-1.6
Usually insulator
0.1-0.6

>106
Multifunction
2 to 100 times more expensive than
organic solvents
Economic imperative—toxicity
and biodegradability are often not
well known

For aprotic ILs: negligible vapour
pressure under normal conditions

Usually non-flammable, but some
ILs are used as propellants
Virtually unlimited range means
“designer solvents”
Common and tuneable
Common and tuneable
20-97,000
0.8-3.3
1.3-22
Upto 120
0.1-0.3

Figure 6: Comparison between organic solvents and ionic liquids. Reprinted from ref 21,

In the specific case of the application of ionic liquid as electrolytes, the

combination of the cation and anion is a key parameter that highly affect the

process performance as we will demonstrate in this thesis. The following

advantages of the IL as electrolytes have been widely recognized in the

literature;1820:22-24

Multifunctional nature of lonic Liquid electrolytes:

Synergy
electrolyte-catalyst, stabilization of reaction intermedia, control of
the diffusion of the reagents and control on the product selectivity.
For instance, ILs electrolytes have different applications in CO2RR
because of high CO, adsorption capacity (0.6-0.8 mol CO,/moly.), high
product selectivity, and low energy consumption,? as well as their
effect on the stabilization of radical and ionic electrochemical active
species acting as co-catalyst reducing the overpotential of the CO;
reduction reaction.?®

High electroconductivity and ion conductivity: IL improves efficiency

by minimizing ohmic losses.
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e High electrochemical stability in appropriate temperature ranges:
Water electrochemical stability limited to 1.23 V.

e Non volatility nature: Water application is limited to a wide
temperature range (boiling point 100 °C).

e High safety: IL non-volatile nature minimizes risks of accidental
explosion or ignition.

e Non-corrosive materials: IL avoids corrosion observed in highly acidic
or basic media in water electrolytes.

e Low environmental impact: The solvent that is substituted for the IL is
very harmful (both to the user and to the environment) and by reusing
the IL the environmental impact is reduced before disposal.

e |IL application: broad range of application in energy devices, i.e., in
electrodeposition of metals, electrochemical biosensors,

supercapacitors, batteries, and solar cells (See Figure 7).

Lithium-
Oxygen
Battery

Lithium-
Sulfur
Battery

Figure 7: Different ionic liquid applications. Reprinted from ref 23,
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The most typical structures of commonly used ILs for the CO; electrochemical
reduction are summarized in the Figure 8.1%20 Concerning the cation,
imidazolium-based ILs, such as, 1-butyl-3-methyl-imidazolium [BMI] and 1-
ethyl-3-methyl-imidazolium [EMI], are among the most studied due to the
high stability within oxidative and reductive conditions, low viscosity, and ease

of synthesis.?’

Concerning the anion, different weakly coordinating anions have been
studied. Common examples are tetrafluoroborate [BF,4], hexafluorophosphate
[PFe], triflate [TfO], triflimide [NTf,], and dicyanamide [DCA].2® Some ILs
containing fluorine anions, such as [PFg]” or [BF4]™ are hydrolytically unstable

and liberate HF,2>%° leading to an increase in popularity of water stable anions.

Cations structure:

—~ N[\:)N@\/ —~ N[\:)N@\/\/ [:\N \/\/\/

/’hl\¢7 ®
[EMIM]* [BMIM]* [HMIM]*

Anions structure:

© © ©
[BF,] [PFg] ciog®  x° (rBr 1 Noyg®
~-N
O =
o o O\\ /O@ O\\ /NC? /,O o _N N/C

)J\ © )J\ © /S\\ /S\\ /,S\ S/C - CI
() F3C () F3C o F3C 00 CF3 i
©) © © C) © N

[Ac] [TFA] [TfO] INTF] scn©  peaj

Figure 8: Cations and anions structure of the most common ILs used for CO; electroreduction.

In the specific case of the CO, electro- and photoelectroreduction, the first use
of ionic liquids was reported in 2011 by Masel and co-workers.3! They
observed that the use of ionic liquids shifted the overpotential of the CO,

reduction to more positive values in a heterogeneous system. This behavior

23



UNIVERSITAT ROVIRA I VIRGILI
NOVEL CATALYSTS FOR THE ELECTRO- AND PHOTOELECTROCHEMICAL CO2/H20 TRANSFORMATION FOR CHEMICAL PRODUCTION

Roger Mird Serra

Chapter 1

has been explained by the IL stabilization of the CO, reduction reaction

intermediates, and thus, facilitating the reduction of these intermediates.

2-38

Then, ILs were implemented in both heterogeneous? and

homogeneous”3%*

systems. Different imidazolium based ILs, such us
[EMIM][BF4], [BMIM][BFs] and [BMIM][PFs] have been widely applied
exhibiting excellent performances.'®%% The beneficial effect of the use of IL
as electrolyte has been rationalized according to: (i) the strong IL absorption
capacity of CO, (ii) the tuning of the IL hydrophobicity allows the suppression
of the hydrogen evolution reaction (HER) by limiting the diffusion of the
water/protons to the surface of the electrodes, and (iii) the reduction of the

overpotential and control of the product selectivity by the interaction of the

IL with the reaction intermediates.'®

Most of the studies in the literature have focused on monocationic ILs but less
attention has been paid to dicationic ILs respecting electrochemical
applications. Dicationic ILs are a new family of ILs. They and consist of a doubly
charged cation that are composed of two singly charged cations linked by an
alkyl chain spacer and paired with two singly charged anions. There is a large
number of possible combinations for cation and anion in dicationic ILs; so
dicationic ILs can provide more various properties than monocationic ILs. The
density, glass transition temperature (Tg), melting point, surface tension and
viscosity of dicationic ILs are higher in comparison with the reference
monocationic ILs. The main advantage of dicationic ILs is their higher thermal
stability compared to traditional monocationic ILs. In some studies, the ionic
conductivity of dicationic ILs, depending on used cations and anions, fall in
conductivity range of the monocationic ILs. Studies reported that dicationic
ILs, similar to monocationic ILs, can be used equally well as electrolytes in
secondary batteries, supercapacitors, solar cells and catalysts especially at

high temperatures due to their high stability.*®
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In this thesis, we will study the application of different ionic liquid electrolytes
and the selection of the proper combination of anions and cations to boost
the catalyst performance in the selected process. For instance, in the chapter
3, we will select ionic liquids bearing monocationic and dicationic structures
for creating a synergism with the different iron anion intermediates (i.e., [Fe'],
[Fe%]* and [FeCO,]%). Whereas, in chapter 4, the IL structure [BMI][TfO] has
been selected for enhancing the CO; solubility ([BMI][TfO] displayed one of
the greatest CO, solubilities among the [BMI] derived ILs) and creating a

sufficiently hydrophobic media for reducing the HER.

1.3.1.2. Electrocatalysts for CO; reduction reaction

Electrochemical reduction of CO; to its reduced oxidation states requires
catalysts to accelerate reaction rates and control product selectivities. Indeed,
CO, can be converted into a variety of products such as formic acid (HCOOH),
carbon monoxide (CO), methanol (CH3OH), methane (CHa), ethylene (CH,CH,),
ethanol (C;HsOH), and acetate (CH3COOH). Given the number of possible
products, the challenge in this area is the development of catalysts with high

reactivity and selectivity toward specific products.

Much research has focused on ways to improve the energy efficiency of
COzRR. The first real breakthrough occurred in 1985 when Hori et al.
reported the formation of methane and formate as the major products using
copper catalyst in the COzRR. Since then, several reports**>! have compared
the activity of different transition metals and stated that the products of
CO,RR depend on the binding energy of CO to the catalyst.>> Metals that
formed strong bonds with CO produced a few CO,RR products because they
were poisoned by CO or other intermediates formed during CO2RR. In these
cases, hydrogen is the main reaction product. On the other hand, metals that
formed weak bonds with CO produced mostly CO as a product. Indeed, with

these catalysts, CO is released from the surface and does not undergo further
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reduction to products such as alcohols and hydrocarbons. Cu possess an
intermediate binding energy for CO, which is believed to be the reason for its
unique ability to catalyze the formation of more reduced products.
Unfortunately, none of the materials studied to date for CO,RR catalysis
possess the necessary activity to be used commercially. The ideal catalyst
should operate at low overpotential with high current densities producing

selectively the desired products.

In this context, both homogeneous and heterogeneous metal complex-based
catalysts were developed for the electroreduction of CO,, with a summary of
approaches displayed in Figure 9. In homogeneous catalysis, the metal
complex acts as a redox shuttle between the electrode and CO,. In most cases,
the catalyst accepts electrons from the electrode, and once reduced, donates
electrons to CO; in solution, thus regenerating the initial state. The overall
reaction is therefore an indirect electrolysis.>®* The organic ligands can be
modified to tune the selectivity and efficiency of these catalysts. Catalyst
immobilization combines the advantages of homogeneous catalysis
(selectivity) with the ability to recycle the catalysts. Moreover, this approach
facilitates the electron transfer from the electrode to metal catalysts. Several
methods to prepare chemically modified electrodes were developed, among
them, the most commonly applied are polymerization, noncovalent surface

binding, and surface-chemical binding.2>*

The use of high surface area heterogeneous catalysts is an attractive way to
carry out electrochemical CO, reduction. Compared to conventional
electrodes, the use of nanostructured catalysts greatly enhances the reactivity
of the surfaces with a sizable fraction of the reactive sites available for
catalysis. For CO; reduction, nanostructured metal (mono- or bimetallic), and
carbon catalysts were investigated as catalysts. The results of a series of

studies revealed that control of morphologies and compositions of supported
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nanocatalysts leads to high reactivities and selectivities. However, for
heterogeneous catalysts, the catalytic reactivity take place at the surface of
the electrode, and it is difficult the elucidation of mechanistic details, as well

as, the identification of the active sites.”>*

CO, reduction by different catalytic mechanisms

Cat.

ko -
2

Homogeneous catalyst Immobilized homogeneous catalysts Heterogeneous catalyst

Figure 9: CO; reduction catalytic mechanisms using different approaches. Adapted from ref 53.

In this thesis, we will focus on the study of homogeneous catalysts using ionic
liquids as electrolytes for the CO; electroreduction reaction. The most

representative examples are explained in Chapter 3.

1.3.2. Fundamentals of photoelectrochemistry

Photoelectrocatalysis is based in the same general principles discussed in the
above section of electrocatalysis, but with the difference that the required
energy is directly supplied from sunlight. For this physical phenomenon, a
semiconductor material that can response to an external excitation e.g.,
photons from sun irradiation must be used. The electronic structure of a
semiconductor consists of an energy void region which is extended from the
top of the filled valence band (VB) to the bottom of the vacant conduction
band (CB). Under light irradiation, the ground state electron in the VB is
promoted to the higher energy CB. This phenoma is known as bandgap
photoexcitation, and it can only occur when the photocatalyst is excited with
a photon absorption energy equal or higher than the energy difference
between the VB and CB. Under the appropriate light irradiation, a

photoexcited electron will be accommodated in the higher energy state CB,
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thus leaving an empty hole in the lower energy state VB. There is a lifetime in
nanoseconds after the photoexcitation process to take place the migration of
the photoinduced electrons and holes to the surface of the photocatalysts and
participate in the oxidation/reduction reaction with the absorbed reactants.>®
The intrinsic semiconductors are crystalline semiconductors without defects
and have the same number of electrons in the VB than holes in the conduction
band, but these semiconductors have low conductivity. These materials can
be doped introducing atoms which have different valence electrons to
increase the conductivity. A p-type (positive charge) semiconductor is
obtained by the generation of more holes in the VB than electrons in the CB
by doping the semiconductor with atoms with a lower number of valence
electrons. In this case, the charge carriers are the holes. Instead, the n-type
(negative charge) semiconductors have more electrons in the CB than holes in

the VB, and the charge carriers are the electrons (Figure 10).%¢

n-type p-type
semiconductor semiconductor
.
b CB

thEg

7

e” aceptor

Figure 10. Illustration of n-type and p-type semiconductors.

However, the use of such materials presents two main limitations: (i) the
electron-hole pairs recombination is in competition with the charge transfer
process. This process takes place in the order of 10° s whereas the time for

the chemical reaction is in the range of 10 to 103 s. The deexcitation process
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is much lower than the excitation process making the electron-hole pair

recombination inevitable,®’

and (ii) to perform the reduction reaction is
required a higher potential level of CB than the redox potential of the LUMO
of the acceptor molecule, whereas ,for an oxidation reaction, is needed a
lower VB potential than the redox potential of the HOMO of the donor

molecule.”®

In this context, the semiconductors have a significant role in the three major
steps of the photocatalysis: (i) bandgap photoexcitation to induce the
electron-hole pairs formation, (ii) charge migration to the surface of the
photocatalyst, and (iii) generation of the active sites to perform the oxidation
and reduction reactions. A good photocatalyst should display a narrow
bandgap and a strong redox ability. On one hand, a narrow bandgap can
extend the photoresponse of the photocatalyst for a higher range of solar
light. In the other hand, a higher CB potential and a lower VB potential are
more thermodynamically favorable to perform the reduction and oxidation
reactions. However, semiconductors with a more negative CB and a more
positive VB display wider bandgap with poor results in terms of
photoresponse. Both aspects, small bandgap and large overpotential, are

significant but at the same time exclusive.>*%°

Generally, for a single component photocatalyst, it is extremely difficult to
fulfill these stringent requirements. Thus, the number of potential candidates
as photocatalysts for one-step photoexcitation is limited. In this context,
heterostructures constructed by coupling two semiconductors with narrow
bandgap and with a suitable band potential constitute a possible alternative.
The type-Il heterojunction (Figure 11b) is the most typical heterostructure
used to improve charge separation efficiency and enhance the photocatalytic
performance. An appropriate heterojunction-type photocatalyst induces the

spatial separation of charges to suppress the rapid recombination of the
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photogenerated electron-hole pairs. Type-Il heterojunctions exhibit good
charge transfer performance and a limited redox ability of the photocatalyst
due to the migration of the electrons and holes to the more electropositive CB
and electronegative VB potentials.®! To overcome these bottlenecks, and
inspired by the natural photosynthesis in green plants, the artificial Z-scheme

was developed.

(a) Single-component photocatalysts

E(V) vs. NHE at pH 7

2H*
-0.41
(H/H;) Reduction
site
0.82
(0,/H;0) Oxidation
site
g
H,0
(b) Type-ll h junction photoc ly (c) Z-scheme System
E(V) vs. NHE at pH 7 s R
Reduction H site

site H
-0.41
(H*/H,)
0.82
(0,/H,0)

H,0

Qxidalion Electron Oxidation H.0
site mediator  site 2

Figure 11: Schematic illustration of a) single component photocatalyst, b) type-Il heterojunction

photocatalyst, c) Z-scheme photocatalytic system. Reprinted from ref 53.
Z-Scheme:

The Z-scheme consists in two isolated photocatalysts: one of them acts as a
reduction site (photosystem | or PS I) while the other acts as oxidation site
(photosystem 1l o PS Il). Compared with single component and type Il
heterojunctions, the artificial Z-scheme exhibits the following three
advantages: (i) small bandgap, (ii) good band-edge position with a
considerable large overpotential, and (iii) suppression of the recombination of
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the electron-hole pairs.>s In the Z-scheme, under light irradiation, the
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photoexcitation takes place, and the electrons from the VB of both PS | and |l
are excited to the CB leaving the photogenerated holes in the VB. Then, the
photogenerated electrons in PS Il are transported across the system and they
are recombined with the holes from VB of PS I. This electron transfer permits
the accommodation of the electrons and holes in two separated
photocatalysts. The PS Il is a hole-rich photocatalysts where the oxidation
reaction takes place while the PS | accumulates electrons to perform the
reduction reactions.®®*% The Z-scheme photocatalytic system are classified
into three types, depending on the need of an electron mediator or not to
perform the electron transfer between both photosystems: (i) traditional Z-
scheme, containing a reversible redox ion pair that acts as medium to transfer
the charge carriers; (ii) all-solid state Z-scheme, containing an electron
conductor to facilitate the charge transfer, and (iii) direct Z-scheme, where no
electron mediator is used, with a direct contact between two semiconductors
and the formation of an internal electric field drives the charge transfer. These
three Z-scheme groups involve distinct synthetic processes, working

mechanisms, properties, and applications.®*®

1.3.2.1. Molecular photocatalysts for artificial photosynthesis

Photocatalysts based on semiconductors suffers electron-hole recombination
when no active sites are available on the surface for the redox reaction. To
solve these problems, the loading of a cocatalysts on a light-harvesting
semiconductor is one of the most promising approaches. The cocatalyst traps
electrons or holes, prevents the unfavorable charge recombination, provides
active sites for the surface reactions, improves the selectivity and the catalytic
activity, inhibits the side reactions and protects the semiconductors form the

photocorrosion.®’
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The advantages of molecular catalysts are: >

@)

@)

3)

(4)

(®)

Clear structure, active site, and catalytic mechanism. Structures and
active sites of the molecular catalysts are clearly identifiable and they
can be characterized by conventional spectroscopy (UV-Vis, IR, NMR,
MS) and X-ray crystallography techniques.

Tunability. The steric configuration and electronic structure can be
adjusted through ligand design. This allows the generation of efficient
molecular catalysts for various reactions.

Direct improvement of the intrinsic activity. It is possible to enhance
the activity of an electrode with two strategies: (i) by the creation of
a large number of active sites and (ii) by the improvement of the
activity of each active site.

Selectivity. The product selectivity for the CO, reduction is one
essential factor. The tuneability of molecular catalyst allows a better
control of the product selectivity in the CO; reduction reaction.
Metal-atom economy. In the homogeneous molecular catalysts, the
metal utilization can reach 100%, a value that may be several orders

of magnitude higher than with inorganic material-based catalysts.

Several strategies exploiting molecular catalytic systems based on transition

metal complexes of Fe (Il), Co(ll), Cu(l), Ni(ll), Mn(l), Re(l), Ru(ll) and Ir(lll)

combined with a redox photosensitizer (Ru(bpy)s:**) have received much

attention as potential candidates for photo- and electrocatalytic CO,

reduction.®® The combination of the photosensitizer and the catalyst complex

in supramolecular photocatalysts maximizes the electron transfer between

the components to obtain efficient reduction photocatalysts.®® However,

molecular catalysts cannot be directly used in artificial photosynthesis devices

due to stability issues.
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The heterogenization of the molecular-based catalyst onto a semiconductor
constitutes a promising approach for development of efficient photocatalyst
for artificial photosynthesis. However, efficient heterogenization strategies
are needed to preserve the properties of the original homogenous catalyst.
Usually, the main issues are the weak adsorption of metal complexes to the

surface of the solid materials (low stability) and the low adsorption amount.>

OX.

red.

< Catalyst (stability, catalytic properties)

<« Linker (length, polarity, flexibility, conductivity)

-— Anchor (stability, electronic properties)

N/
surface  M{__MC

Figure 12: Scheme of a heterogenized molecular catalyst on a metal oxide surface, highlighting

the main important aspects for the immobilization.

Immobilized molecular catalysts are constituted by the combination of three
moieties (Figure 12): (i) the catalyst, which is the responsible of the reduction
reaction, (ii) the anchoring group, which permits the immobilization of the
molecular complex to the surface and (iii) the linker, which is responsible of
the connection and the electron transfer between the molecular complex and

the surface.?

For the immobilization of molecular catalysts, there are currently three main
strategies (Figure 13): (i) in the electrocatalytic device, the molecular catalyst
is immobilized onto a conducting electrode surface from which it directly
receives electrons, (ii) in the photocatalytic system, the molecular catalyst is
anchored onto a light-harvesting colloidal material which will drive the
catalysis upon irradiation, and (iii) in the photoelectrocatalytic system, the

molecular catalyst is immobilized onto a light-harvesting semiconductor-
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based material affording a photocathode and upon solar irradiation the

photoelectrochemical (PEC) production of fuels will take place.

| cathode photo-cathode

Electron
donor

8 Electrocatalytic Photocatalytic Photoelectrocatalytic

Figure 13: Schematic representation of three different configurations to produce solar fuels,

electrocatalysis, photocatalysis and photoelectrocatalysis. Reprinted from ref 8.

In this thesis, we will focus on photoelectrochemical devices using a molecular

catalyst and a light-harvesting semiconductor.

1.3.2.2. Strategies for the anchoring of molecular catalysts

The heterogenization of the homogenous catalysts involves the chemical
modifications of the ligand structure to introduce an appropriate anchoring
unit. The selection of the anchoring group depends on the nature of the
material and the type of application, such as, electro-, photo- or

photoelectrochemical process.

For photoelectrocatalysis, metal oxides constitute an attractive surface and
several efforts to immobilize molecular catalysts onto such materials were
reported. Various types of chemical moieties were described for the
immobilization of dyes or catalysts with the formation of chemical bonds onto
the metal oxide surface. The most used anchoring groups to immobilize the
molecular complexes onto the metal oxides are carboxylates, phosphonates,
organosilanes/silatranes, hydroxamates and acetylacetonates groups (Figure

14).70,71
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Figure 14: Different surface binding modes for each anchor group to immobilize dyes and
catalysts onto metal oxides surface: (a) carboxylate group; (b) phosphonate group; (c) silane
group; (d) hydroxamates group,; and (e) acetylacetonate group. The dominant binding modes

are highlighted in blue.

Carboxylate groups can be easily introduced into the complexes and are
widely used as anchors via a condensation reaction with the hydroxy groups
at the surface of the metal oxides, resulting in an ester type linkage. A
bidentate chelating or bridging binding mode between the carboxylate and
the metal oxide are usually preferred. However, the stability of the

carboxylate derivatives remains relatively low at neutral and basic pH.”>7*

Phosphonate groups chelate strongly to metal oxides through a variety of
binding modes. A similar condensation than with carboxylic acid takes place
with the terminal hydroxyl groups present at the surface of the material. The
phosphonates are more strongly immobilized than the carboxylates due to the
dianionic nature of the phosphonate ions and the possibility of a tridentate
bonding with the surface. The stability of the phosphonate bonds is from
neutral to acidic solutions. The stability at basic pH is limited due to the

hydrolysis of the P-O bonds.”>7®
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Organosilanes groups are an alternative to the use of carboxylates and
phosphonate anchoring groups. The resulting silyl ether-metal bond is very
stable over a broad range of pH values. The Si-O bond chemical inertness is
usually attributed to a model hyper conjugative interaction.
Organosilanes/silatranes have a mono-, bi- or tridentate binding interactions
with the metal oxide surfaces. The reaction of the organosilanes with the
hydroxyl groups of the metal oxides forms a strong silyl ether-type surface

77-79

bonding.

Hydroxamates groups can form more stable bonds than carboxylates with
metal oxide surfaces by unidentate, bidentate and chelating binding modes.
Hydroxamates allow a faster electron transfer between the molecular

complex and the surface compared with the other anchor groups.8%8

Acetylacetonate groups form strong surface adducts by performing stable
coordination complexes with the metal cations. Acetylacetonate have

bidentate or bridging modes to bind with the metal oxide surfaces.?*%

1.3.2.3. Molecular-catalyst-modified dye-sensitized PEC cells (DSPEC

cells)

The combination of a photosensitizer and a transition metal complex was
reported to successfully catalyze the CO, reduction.®#®> However, to date, the
CO; reduction coupled with water oxidation has not been achieved using
molecular catalysts.®® On the other hand, semiconductors can catalyze
multielectron reactions such as overall water splitting.2®%” However, to date,
the development of an efficient semiconductor photocatalyst for driving the
CO2RR is still challenging since good performances were achieved only using
wide band gap semiconductors under UV light irradiation.®8°° With the
combination of different semiconductors, the visible-light driven CO,

reduction with water oxidation was reported®® but with low selectivities due
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to the competition with the hydrogen evolution reaction.®® Molecular metal
complexes and semiconductors displayed some advantages and
disadvantages. However, their weaknesses can be overcome via the
construction of a suitable molecule/semiconductor hybrid material that

maximizes their advantages.

The dye sensitized photoelectrochemical (DSPEC) cell concept has evolved
from the dye sensitized solar cell (DSSC). In the latter, electrical energy is
produced from sunlight. Instead, the PEC cell is a device that uses light incident
on a photosensitizer/ semiconductor to perform a chemical reaction with the
holes and electrons formed instead of producing electrical energy. The DSPEC
cell concept was proposed by O’Regan and Griatzel in 1991:% They used a new
type of solar cell by sensitizing nanocrystalline films of TiO, with Ru(ll) dyes for
molecular light absorption. The characteristics of this device is that the
photoexcited electrons of the Ru(ll) are injected into the conduction band of
the TiO; yielding the oxidized Ru(lll). Then the Ru(lll) is reduced to regenerate
the Ru(ll) by electron transfer from a redox species in the electrolyte solution

which is then reduced at the counter electrode.

o
o
RN O, +4H*  2H, €
]
al \
Y
A
v
~_ ‘\_/ 2H,0 4H*
_ e

Figure 15: DSPEC cell. Adapted from ref >4.
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A DSPEC cell can be modified with a molecular chromophore-catalyst (e.g.,
WOC, HER or CO;RR) to drive reactions using the electron flow and to produce
chemical fuels instead of generating electricity. As can be observed in Figure
15, the light irradiation excites the chromophore (C) generating the excited
state C*. Then, C* which transfers an electron to the conduction band of the
semiconductor to form the oxidative state C*. Later, C" is reduced by the
electrons that come from the oxidation of H,O to O.. The electrons are
diffused through the TiO, semiconductor film to the conductive contactor and
to the cathode. Finally, the cathode uses these electrons to perform the

reduction of protons to H,.%

The most important characteristics to build a useful DSPEC cell are: (i) a stable
surface binding of the chromophore to the metal oxide, which also provide
the correct electron transfer, (ii) a chromophore which can absorb light from
the near UV to the Vis, (iii) a bridging ligand to couple the chromophore with
the WOC in the photoanode and a catalyst for water reduction or CO,
reduction in the photocathode, or other strategies to co-immobilize these
catalysts with the chromophores, and (iv) a robust and stable WOC or catalyst
to perform the water reduction or CO; reduction, able to have catalytic rates

which significantly exceed the rate of solar radiation, of approximately 2s2.93

1.3.2.4. DSPEC cells with molecular-catalyst-modified photocathode

A photocathode is a combination of electrochemical and photocatalytic
system which can generate fuel during irradiation via the injection of electrons
into an immobilized catalyst.>*%> A molecular catalyst modified photocathode
can be achieved by the modification of p-type semiconductor with a light
absorbing component, normally a molecular dye, to photoreduce the co-
anchored catalyst. The p-type semiconductor acts as a hole-selective layer
giving directionality to electron transfer process when the Eys accepts holes

from the photoexcited photosensitizer. When the photocathode is coupled
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with a photoanode in a PEC tandem cell, the electrons to regenerate the dye
can be directly obtained from the half reaction oxidation that takes place in
the photoanode. The interest in the DSPEC cells is continuously growing, but
there are many more examples for water splitting than for CO,
transformations. In the recent years, investigations ranging from the search
for a suitable immobilization strategy to the development of new novel p-type

semiconductors were reported.?

bs0) G €
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’1
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Figure 16: Band diagram representing the energy level requirements for a functional DSPEC

system.

In a DSPEC cell, the photosensitizer is responsible for the light absorption, and
in most cases, is also the responsible of the charge transfer to a molecular
catalyst. To perform all these functions, the photosensitizer need to have
various thermodynamic requirements: (i) the excited state reduction potential
(Eps*/ps) must be more positive than the flat-band potential of the
semiconductor to ensure that the hole quenching by the semiconductor can
take place and (ii) the regeneration potential (EP">") must be more negative
than the Eonset Of the electrocatalyst (Figure 16). From a kinetic point of view,
the photosensitizer must maintain a long-lived charge-separated state for the
photoinduced charge injection to compete with the deactivation processes.
For the charge separation efficiency, it is also important how fast the catalyst

can receive electrons from the reduced dye.®
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Depending on the semiconductor bandgap, two different strategies were

developed.

Wide-bandgap dye-sensitized photoelectrodes

Wide-bandgap semiconductors require an additional co-anchored
photosensitizer to achieve an efficient harvesting of the solar light. The
requirements for an efficient p-type semiconductor are: (i) a robust grafting
of the photosensitizing unit and/or molecular catalyst in the semiconductor
surface, (ii) an efficient hole extraction and hole transport kinetics, and (iii)
good stability under the operating conditions for the solar fuel generation.
With all these requirements, the development of a suitable p-type
semiconductor in dye photocathode system is very challenging. Nickel oxide®
and some ternary oxides (delafossite) with the general formula ABO, are
suitable wide-bandgap p-type semiconductor materials for proton and CO;
reduction.”” The main limitations of these materials are the need of an
additional photosensitizer, the low charge mobility within the material, the
limited diversity of suitable materials, the rapid charge recombination and
surface states (defects). These limitations hinder the performances of this

photocathodes.?

Narrow-bandgap dye-sensitized photoelectrodes

The narrow-bandgap p-type semiconductors (e.g., Si, GaP, InP or Cu,0) can
directly absorb the visible light without the presence of an additional dye. The
narrow-bandgap semiconductors can be directly coupled with a catalyst, the
semiconductor needs to have an energy level of the CB more reducing that the
Eonset Of the catalyst (Figure 17). With a suitable VB potential, the electrons are
injected into the immobilized catalyst and the holes into the conductive
support. These properties can be modified by adjusting the band gap and
tuning the physical features, such as, crystal structure, crystallinity and particle

size. However, semiconductors with the appropriate bandgap generally show
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limited stability and have very low catalytic photocurrent due to the
recombination of the majority of the photo-generated electrons and holes on
the surface before their use to drive reactions.”® The modification of the
semiconductor surface by the addition of cocatalysts to accelerate the
reaction rates are considered to be essential to perform an efficient visible
light absorber semiconductor (VLA-SC) based PEC cell.*>1% Molecular catalysts
can efficiently avoid the combination of electrons and holes on the surface

facilitating the direct transfer of charge to the catalytic site.
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Figure 17: Band gap diagram depicting energy level requirements for a successful LAPV system.

In Chapter 4, the most representative examples of hybrid molecular catalysts
supported on semiconductors for the photoelectrocatalytic CO, reduction are
described. Chapter 4 focuses on the preparation of different hybrid
photocathodes using Ru and Re molecular complexes and Cu,0/Sn0O; or

CuGaO0; as semiconductor.

1.3.2.5. Water oxidation reaction

As mentioned above, the photogenerated electrons and holes can be used to
perform chemical reactions and transform the solar energy into chemical
energy. This process is called artificial photosynthesis and involves the

oxidation of a water molecule to form O, protons and electrons. These
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electrons will be used to reduce other molecules. In this process, one of the
key challenges is the oxidation of water to molecular oxygen. The oxidation
process of one molecule of water involves the transfer of four electrons, the
breakage of four O-H bonds and the formation of the O=0 double bound.
Nowadays, the water oxidation half reaction constitutes the bottleneck of the
development of artificial photosynthesis devices because it requires a high
thermodynamic potential, E° = 1.23 V vs NHE at pH = 0, and a high
overpotential is needed to overcome the kinetic barrier. To reduce this kinetic
barrier, the development of a robust and efficient water oxidation catalyst

(WOC) is necessary. 01

WOCs are based on redox-active transition metal complexes with unsaturated
first coordination spheres. These are the coordination sites for the water
molecules. The catalyst must enable the accumulation of multiple charges to
generate a high valent metal-oxo (M=0) intermediate. This M=0 intermediate
is essential for the next step, which is the O-O bond formation. There are two
pathways for the O-O bond formation (Figure 18): (i) water nucleophilic attack
(WNA) and (ii) interaction of two M=0 units (12M).1921%% |n the WNA pathway,
a second molecule of water acts as a nucleophile and attack the electrophilic
O of the M=0 intermediate. With this nucleophilic attack, the metal center is
two-electron reduced and the O-O bond is formed on a metal hydroperoxide
intermediate (M-OOH). Then, the oxygen evolution takes place by the
oxidation of the M-OOH. Instead, in the I2M pathway, the O-O bond formation
takes place through the interaction of two M=0 units, leading to an M-0O-O-M

species from which O; is released.>
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Figure 18: Schematic representation of the two different O-O bond formation pathways, water
nucleophilic attack (WNA) and interaction between two M=0 intermediates (I12M). Adapted

from ref >4,

Several types of water oxidation catalysts were developed but we will focus
here on molecular Ru catalysts since they are the most studied WOCs. In 1982,
Meyer and co-workers reported the first Ru molecular WOC called “blue
dimer” cis,cis-[Ru'(bp)2-(H.0)]2(u-O) (Figure 19a).1% They reported a turnover
number (TON) of 13 and a turnover frequency (TOF) of 0.0042 s* using Ce** as
oxidant. Over the last years, important improvements were achieved in this
field. In 2009, Sun and co-workers made a breakthrough in the catalytic
efficiency of the molecular WOCs by the development of a [Ru(bda)(pic),]
(where bda is [2,2'- bipyridine]-6,6'-dicarboxylate and pic is 4-picoline) (Figure
19b). They achieved a TON of 2000 and a TOF of 41 s using Ce* as the
oxidant.’ This improvement was attributed to the introduction of
carboxylate groups into the ligand, and to the special steric configuration that
provided an open site for coordination of the water molecule. In 2015, Llobet
and co-workers reported the use of [Ru(tda)(py)z] (where tda is [2,2":6"2"'-
terpyridine]-6,6"'-dicarboxylato and py is pyridine) (Figure 19c) with a TOF of

8000 s*. This improvement was attributed to the fact that the Ru center is
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seven-coordinated at oxidation state IV, leaving a dangling carboxylate group

in the second coordination sphere assisting the WNA step.1%’
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Figure 19: Structures of a) cis,cis-[Ru"(bp),-(H20)]2(u-0), b) [Ru(bda)(pic).] and c) [Ru(tda)(py).].

However, molecular catalysts cannot be directly used in a
photoelectrochemical cell, and their anchoring on semiconductive surfaces
must be performed to achieve an efficient photoanode for useful
photoelectrochemical cell devices. The ligands of the complexes must be
modified with a functional group without changing their intrinsic activity to
immobilize the molecular catalysts onto a photoelectrode surface. Many types
of catalysts were developed for water oxidation, but in this section, we will
focus on the DSPEC cells with molecular catalyst-semiconductor modified
photoanodes. A selection of examples of hybrid molecular-semiconductor

photoanodes for water oxidation reaction are described in Chapter 5.

Chapter 5 focuses on the preparation of a series of hybrid photoanodes based
on the immobilization of Ru-based visible light absorber complexes, and Ru-
base water oxidation catalyst onto BiVO,. Different immobilization strategies

are presented.
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Aiming for a carbon neutral economy and the integration of renewable
electricity in the energy system, new technologies that convert electrical
renewable energy into chemical energy are currently developed. The
electrochemical conversion of CO, can generate a variety of valuable carbon-
based chemicals with high current efficiency under ambient conditions. These
products can be used as feedstocks for chemical synthesis or converted into
hydrocarbon fuels. To make this possible, the development of powerful and
robust catalysts for water oxidation and CO; reduction reactions is of
paramount importance. The general objective of the present thesis is the
development of efficient electro- and photoelectrochemical catalytic systems

for water oxidation and CO, reduction towards value-added chemicals.

Inspired by the state-of-the-art described in Chapter 1, the following specific

objectives were defined:

e Objective 1: To develop the electrochemical CO; reduction to CO with

the follow-up utilization of CO in tandem carbonylation processes.

Chapter 3 explores the synergistic effect between commercial iron (0)
porphyrin catalysts and ionic liquid (ILs) electrolytes in the electrochemical
CO; reduction reaction to CO using a three-electrode configuration cell. The
second part of the chapter focuses on the development of a tandem CO,
electroreduction reaction to CO with the follow-up utilization of CO for the
synthesis of added-value organic compounds via Pd-carbonylation, and Rh-

hydroformylation reactions.

IFF and DOW companies expressed interest in the exploitation of these results
and will assess the scalability potential to integrate the resulting technology in

their unit operations.

e Objective 2: To develop an efficient and robust photoelectrocatalyst

for the CO; reduction to formic acid (HCOOH).
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Chapter 4 focuses on the investigation of new hybrid
molecular/semiconductor hybrid photocathodes for solar driven CO,
reduction in the presence of ionic liquids as a CO, absorbent /electrolyte. The
first part of the chapter deals with the synthesis and characterization of new
vinyl-tagged molecular metal complexes and their covalent immobilization
onto Cu,0/Sn0; and CuGa0; surface via electropolymerization methodology.
In the second part, the activity, stability, and selectivity of the resulting hybrid
photocathodes are evaluated in the photoelectrochemical CO; reduction

reaction with and without ionic liquids.

AVANTIUM company expressed interest in the exploitation of these results
and will assess the scalability potential to integrate the resulting technology in

their unit operations.

e Objective 3: To develop an efficient and robust photoelectrocatalyst

for water oxidation.

Chapter 5 focuses on the investigation of new  hybrid
molecular/semiconductor hybrid photoanodes for solar driven water
oxidation reaction. In the first part, different strategies for the immobilization
of vinyl-tagged metal complexes onto BiVOs-based photoanode materials was
investigated. The strategies evaluated were: (a) electropolymerization of the
vinyl derivatized complexes, and (b) thiol-ene click reaction of the vinyl
derivatized complexes. Finally, the robustness and the efficiency of the
resulting hybrid photoanodes were evaluated in the photoelectrochemical

water oxidation reaction using a custom-made one-chamber Teflon cell.

IFF and DOW companies expressed interest on the exploitation of these
results and will assess the scalability potential with the aim of integrate the

resulting technology in their unit operations.
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Abstract

In electrocatalysis, the electrolyte role is of paramount importance in the
design of efficient catalytic systems due to the possible synergism between
the catalyst and the electrolyte. lonic liquids (ILs) were established as
alternative electrolytes to aqueous media. Herein, a thorough study of the
effect of ionic liquid structure in the CO, electroreduction was performed
using a commercial iron () porphyrin (Fe"TPP-Cl). High faradaic efficiencies
and low overpotentials were achieved using dicationic ionic liquids. This
behavior can be explained according to the reduction potential of E Fe'/Fe®
caused by the ionic liquid cation-iron complex anion pairing effect and the
reduction of the E CO,/CO overpotential via the push-pull mechanism. Indeed,
the electrons are pushed into the CO, molecule by the electron-rich catalyst
and the cleavage of one C-O bond is facilitated by the synergetic contribution
of the electron deficient cation of the ionic liquids. The reaction conditions
were optimized for the electrochemical CO; reduction to CO, which was

utilized in tandem reactions to produce organic molecules via Pd-catalyzed

carbonylations and Rh-catalyzed hydroformylation.
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3.1. Introduction

The worldwide energy consumption is rapidly increasing, due to the
exponential growth of world population, the fast development of emerging
countries and the change in lifestyle of our society. The fossil fuels like coal,
natural gas and oil are currently mainly used as source of energy both in
industry an in daily life. The fossil fuels are finite and imply the emission of
greenhouse gases and pollutants. Alternatives such as wind, hydro and solar
power are sources of sustainable electricity, but their intermittency makes
energy storage a challenge.! In addition, the renewable electricity does not
provide combustible fuels for the transport sector, nor feedstock chemicals,
to making plastics, fertilizers and pharmaceuticals. CO, is the
thermodynamically stable end product of numerous chemical and biological
oxidation reactions and the reverse process that can form chemicals from CO,

require an energy input.?

In this context, over the last years, scientists have devoted significant efforts
to the conversion of CO,. Among them, one of the most promising approach
is based on the CO, electrochemical reduction for the in-situ selective
generation of reactive gas intermediates (i.e., carbon monoxide (CO) or syngas
mixtures (CO/H2) and their utilization in organic synthesis. However, this

process remains challenging.3*

3.1.1. Transition metal complexes as CO; reduction catalysts

Transition metal complexes such as the iron(lll) tetraphenylporphyrin chloride
(Fe"'TPP-Cl) are particularly suited for the electroreduction of CO; at low
overpotential because the in-situ formed iron(0) tetraphenylporphyrin
(Fe°TPP) readily reacts with CO,. The electron transfer takes place within the
metal coordination sphere avoiding the intermediacy of the CO,*" anion

radical along the reaction pathway, which displays a much larger E CO,/CO,*~
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(—1.97 V vs normal hydrogen electrode (NHE)*) compared with the E CO,/CO
(— 0.69 V vs NHE in DMF®), and may lead to higher selectivity than the direct
electrochemical reduction of CO; at inert electrodes which yields mixtures of
oxalate, formate, and carbon monoxide (plus carbonate) in aprotic solvents’

and formic acid® in water.>™8

The cyclic voltammogram of Fe"TPP-Cl exhibits three chemically reversible
waves corresponding to the successive formation of the Fe(ll), Fe(l)~ and
Fe(0)* complexes. Catalysis takes place at the Fe(l)/Fe(0)> wave, and it was
reported that the tuning of the redox behavior of the iron-catalyst should

allow important improvements in CO,RR performance.

Common strategies for modifying the Fe(l)"/Fe(0)* wave are the modification
of the iron-complex structure (Figure 1a) by introduction of functional groups
able to contribute to the stabilization of the metallocarboxylate intermediate
([Fe-CO,)* adduct, Scheme 1a) by electronic effects, hydrogen bonding or
through-space Coulombic interactions.’®?° The addition of weak Brénsted
acids such as TFE that results in a synergistic effect with the catalysts can also
improve the catalysts performance (activity and stability) and the product
selectivity (i.e., CO is the main product, while, depending on the acid, formate
may also be formed). However, this methodology involves difficult and
expensive multistep synthesis. Therefore, this chapter is focused on the
development of a simple and effective procedure to improve the efficiency of

the iron porphyrin. 141
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Previous work using Iron Porphyrin

a) Structure modification

®
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b) Electrolyte/anion modification
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Figure 1: Selected examples of Iron Porphyrins CO; reduction catalysts. a) Approaches based on
iron porphyrin structure modification@9b2Lc22; p) recent examples described the improvement
of the catalytic activity of Fe'"TPP-Cl by simple anion exchange process or electrolyte

modification.23.€6

Very recently, some improvement in the performance of this kind of catalyst
was achieved by anion exchange of the Fe'"TPP-Cl to form Fe""TPP-ClO,4 (Figure
1b), making the iron salt soluble in many different solvents. The authors
proposed a distinct mechanism and metallocarboxylate intermediate ([Fe-
CO:]™ adduct, Scheme 1b) using acetonitrile compared with the mechanism
using DMF (Scheme 1a). Furthermore, this complex in acetonitrile provided

high TOF (7.3-10° s*) and high faradaic efficiencies (FE up to 98%).%3
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a) EEEC Mechanism in DMF

= —c = - i
i [
<5 = . <5 =

E: Electron transfer
C: Chemical reaction

Scheme 1: Proposed mechanism for the formation of the metallocarboxylate intermediate of
Fe"TPP-Cl a) in DMF via the EEEC mechanism and b) in MeCN via the EEC mechanism. Adapted

from ref%.

One effect scarcely studied is the that created by the addition of cations with
the ability to stabilize anionic species formed under reaction conditions. For
instance, the addition of inorganic monocations such as Li* and Na*, and
dications such as Mg*, Ca%" and Ba?* with Lewis acid character also improved
the performance of the Fe"TPP-Cl catalyst in the CO2RR, suggesting that the
association of an electron donor catalyst with an electrophilic additive
provides more efficient catalysis.'®!’ The observed order of reactivity (Mg?* =
Ca?* > Ba?* > Li* > Na') is in agreement with the enhancements of the
Fe(l)/Fe(0)* wave. This behavior was explained by the acceleration of the
catalytic process by means of ion-pairing with the negatively charged oxygen
atoms of metallocarboxylate intermediate ([Fe-CO,)*" adduct, Scheme 1).167
The function of such an electrophilic assistance is to facilitate the breaking of
one of the carbon-oxygen bonds of CO,. In concordance with this mechanism,
the analysis of the reaction order showed that only one divalent cation is

required in the reaction while two cations are involved in the case of

68



UNIVERSITAT ROVIRA I VIRGILI
NOVEL CATALYSTS FOR THE ELECTRO- AND PHOTOELECTROCHEMICAL CO2/H20 TRANSFORMATION FOR CHEMICAL PRODUCTION

Roger Mird Serra

Synergism of Fe""TPP-Cl and Dicationic lonic Liquids

monovalent cations.’® However, the application of this strategy was
hampered by a self-inhibition process resulting from the deposition of
insoluble metal carbonates on the electrodes during the reduction

process.®’

In this chapter, the effect of ionic liquid organic cations on the iron-catalyst
performance was evaluated in the selective CO; electroreduction to CO.
Moreover, tandem CO; electroreduction-carbonylation reactions were also

studied.

3.1.2. lonic Liquids as electrolyte for CO; electroreduction catalyzed

by metal complexes

As mentioned Chapter 1, the use of ionic liquids (IL) has attracted considerable
attention as electrolytes and co-catalysts in the CO, reduction.?*2¢ After the
first report of Masel and co-workers where the decrease in CO; reduction
overpotential was describe using ionic liquids with a CO faradaic efficiency
greater than 96% using a silver foil (Figure 2),%” various homogeneous catalysts

were tested in the presence of ionic liquids in the CO; electroreduction.®?22%
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Figure 2: Schematic representation of how the free energy of the system changes in the CO;
reduction by the use of an aqueous electrolyte (solid line) or ionic liquid (dashed line). Reprinted

from ref %7
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The first homogeneous example of CO, electroreduction using ionic liquids
was reported by Grills and co-workers.3! They described the use of the
homogeneous catalyst fac-ReCl(bpy)(CO)s using the ionic liquid 1-ethyl-3-
methylimidazolium tetracyanoborate ([EMI-TCB]) as both the electrolyte and
solvent and observed that the use of IL caused a decrease of the CO, reduction
overpotential. Later, the same group performed a thorough study on the
standard electrode potentials for the CO, electroreduction to CO using
imidazolium based IL ([EMI-TCB]) and the contribution of imidazolium ionic
liquids as co-catalyst.?® In this report, they showed that the imidazolium cation
plays a key role in the catalytic activity by reducing the overpotential and

proposed a reaction scheme (Scheme 2).

—\ 0 + n
/N\fg\/ N/—//\Nj N/"/\Nj ~\ B
n — — _N_
,,,,,,, A T T T
! | ! | H
MR o (Mgl oo, @1 g g
! =N | co N” | “co \C‘ H eoH
‘,\",‘ co co CO, (N/, e“\CO BzOH (N,, | co &
N N" | ~co N" | ~co
N  One possible initial equilibrium — -
(n=0or1+)

Rate-determining step

Scheme 2. Proposed mechanism for CO; electroreduction using imidazolium based ionic liquids.

Adapted from ref 2.

Isaacs and co-workers studied the CO, electrochemical reduction using
[Ni(cyclam)Cl;] and [Co(cyclam)Cls] as catalysts, 1-butyl-3-methylimidazolium
tetrafluoroborate [BMI-BF4] and 1-butyl-3- methylimidazolium
bis(trifluoromethylsulfonyl)imide [BMI-NTf,] as ionic liquid (Figure 3).2° The
results indicated that [BMI-BF,4] increased the catalytic activity via a faster

M(I1)/M(l) redox process.
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NH HN NH HN ‘ E C/S\\

F 3 O
[Ni(cyclam)Cl,]  [Co(cyclam)Cls] [BMI-BF ] [BMI-NTf,]

Figure 3. Structures of [Ni(cyclam)Cl,], [Co(cyclam)Cls], [BMI][BF4] and [BMI][NTf,]. Adapted

from ref 30,

Electrolysis experiments performed at -1.4 V vs. Ag/AgCl using BMI-BF,
revealed a better catalytic performance for [Ni(cyclam)Cl;] than

[Co(cyclam)Cls].

The efficiency of the Fe"TPP-Cl was also improved by introduction of the IL in
the catalyst structure?? and the use of the monocationic IL ([BMI-BF4]) as

electrolyte °

(Figure 1). Officer and co-workers developed a CO;
electroreduction system using Fe'""TPP-Cl, 1-butyl-3-methylimidazolium
tetrafluoroborate ([BMI-BF4]) as ionic liquid and trifluoroethanol (TFE) as
proton source in DMF (Figure 1b).5 In this study, they showed that upon
addition of [BMI-BF4], the catalytic activity was increased. They demonstrated
that the IL acts as a co-catalyst and shifts the reduction potential of the

[Fe®TPP]*to less negative values, obtaining higher current densities and higher

CO Faradaic efficiencies (FEco = 93%).

Aukauloo and co-workers introduced methylimidazolium groups in the iron
porphyrin structure with the aim to obtain a pre-organized ionic liquid
environment (Figure 1a).?2 They reported a catalytic wave for the CO,
reduction at E%a = -1.05 V vs NHE using the Fe""TPPIL, which is 375 mV more
positive than that for the unmodified porphyrin. Higher catalytic currents for
CO; reduction were also obtained using Fe""TPPIL with a FEco = 91% at -0.948
V vs NHE.

These examples demonstrated a significant role of ionic liquids in the CO;

reduction process, most likely by complexation. Moreover, the organic cations
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of the IL enhance the process via the solubilization of CO, and avoid the self-
inhibition process since imidazolium carbonates displayed much higher

solubility. 3337

3.1.3. Tandem CO; electroreduction coupled with the production of

added-value chemicals

The development of efficient catalytic systems for carbon dioxide (CO,)
reduction to useful C1-building blocks such as carbon monoxide (CO), and the
“on-site” utilization of this product in tandem processes is challenging. %3%43
In the specific case of CO, transition metal catalyzed carbonylation reactions
are one of the most widely applied catalytic process in organic synthesis and
industrial production.***> The lack of sustainability of the current process is a
consequence of the use of CO from syngas produced by reforming of fossil
fuels.*® Among the current alternative strategies for the CO production,*#
one of the most promising is the electrochemical conversion of CO; by the use
of renewable electrical energy at small decentralized plants to produce CO at
the customer's site, thus avoiding expensive cost and safety transportation,
storage and manipulation issues.**° As a relevant example, Haldor Topsoe
developed the eCOs solid oxide electrolysis cell (SOEC) technology able to
deliver large amounts of CO gas per hour.>® However, the access to this
complex and expensive cells and the manipulation of the above-mentioned
volumes of CO are hampering the development of sustainable carbonylation
protocols by academic and industrial groups. Various methodologies using
tandem systems were developed to produce CO in one chamber using
surrogates and couple the CO production with a carbonylation reaction.>?
Skrydstrup and co-workers developed a commercial system based on a two-
chamber reactor (COware®, Figure 4), in which CO is generated in one reaction
chamber in near-stoichiometric amounts with respect to the ensuing

carbonylation reaction.>*>*
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Figure 4: a) Scheme of two-chamber reactor using CO surrogates to produce CO coupled with

an aminocarbonylation reaction. Reprinted from ref >>. b) COware® two-chamber reactor.

However, there are only two reports on CO, electrochemical reduction
coupled with CO carbonylation.>®>” The first one, by Skrydstrup and co-
workers,® adapted the two-chamber reactor concept for the development of
a system in which CO, is electrochemically reduced to CO in one chamber by
an iron(lll) tetraphenylporphyrin chloride (Fe""TPP-Cl) catalyst in the presence
of tetrabutylammonium tetrafluoroborate (TBA:-BF4) as electrolyte,
trifluoroethanol (TFE) as proton source and N,N-dimethylformamide (DMF) as
solvent under the appropriate cell voltage (-4.3 V) (Scheme 3). In the
contiguous chamber, a palladium organometallic complex successfully
catalyzed the consumption of the stoichiometrically generated CO via
aminocarbonylation, alkoxycarbonylations, carbonylative Sonogashira
coupling and carbonylative Suzuki coupling.>® There is still room for
improvement since this protocol displayed some limitations, i.e., kinetics for
the electrochemical CO; reduction resulted in slow and time dependent CO
generation (rate of CO formation around 0.25 mmol-h?) and restricted the

applicability to a limited number of carbonylation.
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FeTPP (1.5 mol%)
Electrolyte: TBABF,
CO, co
Proton source: TFE
DMF, -23 mA, approx. -4.3 V
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Cl

Moclobemide

Scheme 3: Tandem CO; electroreduction coupled with Pd-catalyzed aminocarbonylations.

Moclobemide synthesis. Adapted from ref 56.

The second report was published in 2021 by Fontecave and co-workers.>” They
designed a system to couple a high-pressure CO, electroreduction using a
ZnAg catalyst for the CO production, purify the gas mixture and use it for the
carbonylation of propylene oxide into B-butyrolactone (Scheme 4).

cat. (1.25 mol%)
o) 1,2-DME, 2 h, 50 °C

/ o o : L
¢’ ~¢” ¢= i Phe _IT)—_Ph
» O°¢ . (o : e N’ &
CO (14 bar) )—‘ ' ~N—Fe—N_
! S|
N

B-butyrolactone methyl succinic anhydride |

propylene oxide 80% ™% I L=THF L o
: Co(CO),
Ag-doped Zn | [TPPCr][Co(CO)4]
QK H,0, 0.1 M CSHCO, :
8h,-2.0 A-cm™?
CO; (8 bar)

Scheme 4: Tandem high pressure CO, electrochemical reduction coupled with the thermal

propylene oxide carbonylation. Adapted from ref >’.

With this system, they performed an electrochemical CO, reduction using a
porous AgZn alloy material as the cathode in a single-compartment high
pressure autoclave. They performed an 8 h experiment applying -0.2 A-cm™
with an initial CO; pressure of 8 bar obtaining a gas mixture composed of 33%
CO, 8% H,, 59% CO, with traces of H,O and O, an 8.5 bar total pressure. Then,
purification and repressurization of the gas mixture was performed to obtain

a final gas mixture with a partial CO pressure of 14 bar. The carbonylation of
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propylene oxide was then performed using [TPPCr][Co(CO)4], 1,2-
dimethoxyethane, at 50 °C and under argon atmosphere. After 2 h of reaction
they observed full conversion of the propylene oxide with 80% selectivity to

the lactone.

In summary, to date, the CO, electroreduction to CO coupled with the
production of high added-value chemicals was only scarcely studied and the
examples described in the literature are limited to Pd-catalyzed
carbonylations and Co-catalyzed carbonylations. There is thus room for the
exploration of other processes of industrial interest such as hydroformylation

reactions.>®>°

The purpose of the work described in this Chapter was to examine whether
organic cations may assist the iron(0) porphyrin catalysis of CO, reduction.
Bisimidazolium and monoimidazolium cations were selected to elucidate
whether the presence of dication is required for observing a synergistic effect.
This comparative study was also the occasion of fully determining the product
distribution in the presence of ionic liquids bearing organic bisimidazolium
cations and to propose a reaction mechanism. The reaction conditions for the
CO; reduction using IL were optimized to produce CO and use it in tandem

reactions.
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3.2. Results and discussion

3.2.1. Study of the ionic liquid structure in the CO; electroreduction

Although a positive effect was reported for ionic liquids in the CO,
electroreduction, only imidazolium based ILs containing a proton or a methyl
in C2 position were studied with homogeneous catalysts.>?%61 Here, a
systematic study of the ionic liquid structure was performed in the selective
CO; electroreduction to CO. A series of non-commercial ionic liquids were
synthetized following adapted literature procedures.®*% The synthesis of non-

commercial ionic liquids is described in the supporting information.

3.2.1.1.  Study of the anion effect

First, the effect of the IL anion was studied by comparing the performance
obtained using electrolytes based on the combination of 1-butyl-3-methyl
imidazole ([BMI]) cation with anions exhibiting distinct hydrophobic and
hydrophilic properties. In Table 1, the IL tested are listed from the more
hydrophilic to the more hydrophobic cation-anion combination. These tests
were performed under the same conditions and using an IL concentration of
0.1 M. The experiments were performed in a three electrodes set-up using a
single chamber cell containing a glassy carbon, platinum wire and Ag/AgNOs
as working, counter, and reference electrodes, respectively. N,N-
dimethylformamide (DMF) was used as a solvent, trifluoroethanol (TFE) as a
proton source and meso-tetraphenylporphyrin iron(Ill) chloride (Fe""TPP-Cl) as

catalyst.

Cyclic voltammetry’s (CV) of each sample under N, with and without TFE were
performed to study the reduction potential (Ei/;) of the iron porphyrin. The
three characteristic peaks of the iron porphyrin reduction were observed

(Table 1). As mentioned in the literature,® when the TFE is added the first
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reduction potential E Fe(lll)*/Fe(ll) is negatively shifted. In this first reduction

potential, the chloride ligand is dissociated.

The reduction potential of the Fe(l)- to Fe(0)*> is the one that directly
influences the overpotential of the CO, reduction. When different anions were
compared, all the reduction potentials E Fe(l)/Fe(ll)> were between -1.44 V to

-1.40 V vs NHE. No relevant shift was observed between these anions.

Table 1: Reduction potentials (E1/) of each sample, changing the anion structure, determined

by cyclic voltammetry (V vs. NHE, Scan rate: 100 mV-s*), from the more hydrophilic to the more

hydrophobic IL.
Entry IL Sample EFe"/" EFe'' EFe/° ECO,/CO Overpotential

FeTPP + IL -0,01 -0,94 -1,43

1 [BMI-CH3S0s] -1,33 640
FeTPP + IL + TFE 0,01 -094 -1,44
FeTPP + IL 02 -107 -1,46

2 [BMI-CH5COO0] -1,35 660
FeTPP + IL + TFE -0,25 -0,98 -1,44
FeTPP + IL -0,02 -0,92 -1,43

3 [BMI-CF3SOs] -1,33 640
FeTPP + IL + TFE -0,33 -0,94 -1,42
FeTPP + IL 0,01 -0,95 -1,39

4  [BMI-CFsCO0] -1,31 610
FeTPP + IL + TFE 0 -0,94 -1,43
FeTPP + IL -0,1 -0,93 -1,43

5 [BMI-BF] 1,34 650
FeTPP + IL + TFE -0,17 -0,91 -1,4
FeTPP + IL 05 -092 -1,44

6 [BMI-PFs] -1,34 650
FeTPP+IL+TFE -0,33 -0,94 -1,42
FeTPP +IL 0,05 -0,95 -1,45

7 [BMI-NTf,] -1,35 660

FeTPP+IL+TFE -0,33 -0,95 -1,43

Reaction conditions: 0.5 mM Fe"TPP-Cl, 0.1 M ionic liquid, 1.0 M TFE in DMF under N or CO;

atmosphere.

When the CVs were performed under CO; atmosphere, for all the ionic liquids,
the potential E CO,/CO is between -1.31 and -1.35 V vs NHE (Figure 5).
Therefore, no relevant effect of the anionic moiety of the ILs was detected on

the CO; reduction.

77



UNIVERSITAT ROVIRA I VIRGILI
NOVEL CATALYSTS FOR THE ELECTRO- AND PHOTOELECTROCHEMICAL CO2/H20 TRANSFORMATION FOR CHEMICAL PRODUCTION

Roger Mird Serra

Chapter 3
A
X
[BMI-X]
lonic liquid anion effect

0,5

0.0 - — —

-0,5 -

07 —— [BMI-CH,S0,]

157 — [BMI-CH,COO]
& 20 —— [BMI-CF,S0;]
§ 251 [BMI-CF,COO]
< 304 —— [BMI'BF,]
S 35 [BMI-PF]

40 —— [BMI-NTF,]

-4.5 -

5,0 -

55

T T T T T T T T T T T
20 18 -16 -14 12 -10 -0,8 -06 -04 0,2 00 02 04
E (V vs. NHE)

Figure 5. lonic liquid structures and cyclic voltammogram of 0.5 mM Fe'"TPP-Cl, 0.1 M ionic

liquid, 1.0 M TFE in DMF under CO, atmosphere.

3.2.1.2.  Study of the cation effect

Next, the effect of the cation structure was studied using a series of imidazole
structures and BF, as the common anion. The results were compared with
those obtained using tetrabutylammonium hexafluorophosphate [TBA-PF¢] as

benchmark electrolyte.

When electrolytes based on 1-methyl-imidazolium cations [BMI-BFs] were
used, more positive E Fe(l)/Fe(0)* and E CO,/CO (Table 2 and Figure 6) were
obtained with respect to those recorded using electrolytes based on 1-methyl-
2,3-dimehtyl-imidazolium cations [BMMI-BF;] and tetrabutylammonium
cations [TBA-PFg]. This observation suggested that the presence of protons in
C2-position of the imidazolium ring is important for efficiently reducing the

required overpotentials. This behavior was correlated with a possible
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hydrogen bonding or Coulombic interactions similar to those observed for

chemically modified iron-porphyrin systems.%20

The difference in E Fe(l)7/Fe(0)> and E CO,/CO is rationalized also according
to the observation of Saveant and co-workers on the beneficial effect of the
ion-pairing in the electrochemistry of metal ions (Scheme 5).}2 Besides the
classical stepwise pathways (electron-transfer first, followed by ion-pairing or
vice versa), ion-pairing may also occur concertedly with electron transfer

avoiding high-energy intermediates and reducing the potential.?

Stepwise
E° [Fe(l)] /[Fe(O) (EIP)
[Fe()] + & ~=——> [Fe(o)l2
[cation ILT*
[cation IL]
E° ([Fe()] + [cation IL]*)/((2-[cation IL]*)- [Fe&
Concerted
(CIPE) -[cation IL]*)-[Fe(0)]*

Scheme 5: Stepwise and concerted pathways for electron-transfer and ion-pairing.

When the effect of the aliphatic chain length was evaluated 1-butyl-3-
methylimidazolium tetrafluoroborate [BMI-BFs] and the 1-ethyl-3-
methylimidazolium tetrafluoroborate [EMI-BF4] no differences were observed

(Table 2 and Figure 6).
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Table 2: Reduction potentials (E12) of each sample, changing the cation structure, determined

by cyclic voltammetry (V vs. NHE, Scan rate: 100 mV-s1).

Entry IL Sample EFe/" EFe' EFe/° ECO,/CO Overpotential

FeTPP +IL -0,01 -0,9 -1,54

1 [TBA-PFe] 1,42 730
FeTPP + IL + TFE -0,33 -0,93 -1,53
FeTPP + IL 01  -093 -1,43

2 [BMI-BF4] -1,34 650
FeTPP + IL + TFE -0,17 -0,91 -1,4
FeTPP + IL -0,28 -0,93 -1,5

3 [BMMI-BF4] 1,4 710
FeTPP +IL + TFE -0,19 -0,91 -1,49
FeTPP + IL -0,02 -0,92 -1,4

4 [EMI-BF4] 1,34 650
FeTPP + IL + TFE -0,3 -0,93 -1,41
FeTPP + IL -0,06 -0,92 -1,33

5 [C2(MI)+(BF4)s] -1,2 510
FeTPP + IL + TFE 0 -0,9 -1,31

Reaction conditions: 0.5 mM Fe!"TPP-Cl, 0.1 M ionic liquid, 1.0 M TFE in DMF under N, or CO,

atmosphere.

Finally, the dicationic ionic liquid ([C2(MI),:(BF4)3]) was tested. Surprisingly, an
important decrease of the overpotential was observed, from 650 mV using the
[BMI-BF4] to 510 mV with the dicationic ionic liquid (the overpotential was
calculated using the E° CO,/CO = -0.69 V vs NHE in DMF). This observation
suggested, apart from the possible hydrogen bonding or Coulombic
interactions through-space similar to those observed for chemically modified
iron-porphyrin systems, that there is also an effect similar to those reported
for inorganic divalent cations and monovalent cations.®” This behavior could
be attributed to a more efficient interaction between the divalent IL cation
and the dianioniciron-intermediates, resulting in an stronger synergistic effect

than those observed with monovalent IL cations.
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Figure 6: a) lonic liquid structures; b) cyclic voltammogram of 0.5 mM Fe''TPP-Cl, 0.1 M ionic
liquid, in DMF under N, atmosphere; c) cyclic voltammogram of 0.5 mM Fe"TPP-Cl, 0.1 M ionic

liquid, 1.0 M TFE in DMF under CO, atmosphere.
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3.2.1.3.  Study of the dicationic ionic liquid structure

Due to the important decrease of the CO; reduction overpotential using the
dicationic IL [C2(MI),:(BF4)2], two other dicationic ionic liquids were
synthetized®® by variation of the chain length between the imidazole

moieties, namely [C1(MI)2:(BF4)2] and [C3(MI)2:(BF4)].

Table 3: Reduction potentials (Ei;) of each sample, changing the bridge length between the

imidazole, determined by cyclic voltammetry (V vs. NHE, Scan rate: 100 mV-s-).

Entry IL Sample EFe"/" EFe"' EFe/° ECO,/CO Overpotential

FeTPP +IL 02  -043 -
1 [CL(MI)»(BFa)2] ’ )
FeTPP+IL+TFE  -0,02 -0,42 -0,89

FeTPP + IL 0,06 -092 -1,33
2 [C2(MI)x(BF4):] -1,2 510
FeTPP + IL + TFE 0 09  -1,31

FeTPP + IL 001 098 1,27
3 [C3(MI)2(BFa)] -1,2 510
FeTPP + IL + TFE 0 093 1,25

Reaction conditions: 0.5 mM Fe"TPP-Cl, 0.1 M ionic liquid, 1.0 M TFE in DMF under N or CO;

atmosphere.

Using the dicationic ionic liquid ([C1(MI),:(BF4).]), a reduction peak at high
potentials was observed for the CO, reduction. When the experiment was
repeated under the same conditions but using N, instead of CO, the same
cyclic voltammetry profile was observed (Figure 7b). This behavior thus
indicated that IL decomposition was taking place under the potential applied,
preventing CO; reduction. Indeed, H, was the only product formed in the
chronopotentiometry experiment under CO, atmosphere. The IL-
decomposition products might be responsible for the poisoning of the Fe-
catalyst. In Scheme 6 a proposed path of the ionic liquid decomposition is
represented. The electrochemical stability window of imidazolium-based ionic
liquids as electrolytes is determined by the stability of the anion and cation.
The cation is more susceptible to decompose under reductive conditions, and

the anion under oxidative conditions.®®
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Scheme 6: Proposed path for the [C1(MI),-(BF4);] decomposition.
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Figure 7: lonic liquid structures and a) cyclic voltammogram of 0.5 mM Fe!'TPP-Cl, 0.1 M ionic
liquid, 1.0 M TFE in DMF under CO, atmosphere. b) cyclic voltammogram of 0.1 M Dicationic-BF4

n=1, 0.5 mM Fe'"TPP-Cl, 1.0 M TFE in DMF under N, and CO, atmosphere.
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Comparing the dicationic ionic liquids ([C2(MI)2:(BF4)2]) and ([C3(MI)2+(BF4)2])
were used, both CO; reduction overpotentials were identical, 510 mV (Table
3, Figure 7a). However, the dicationic IL ([C2(MI);:(BF4)2]) showed higher
current density than ([C3(MI),:(BF4):]), probably due to more efficient
interactions with the iron-porphyrin intermediates (i.e., [Fe®]* and [Fe-C0O,]?)

involved in the CO; reduction process reaction.

In summary, the results obtained showed an important effect of the cationic
moiety of the IL electrolytes on the CO, electroreduction. Consequently, the
optimization of the reaction conditions for the CO production was performed

using the dicationic ionic liquid ([C2(MI),:(BF4).]) as electrolyte.

3.2.2. Reaction conditions optimization

Using ([C2(MI),+(BF4),]) as electrolyte, a study of the reaction conditions was
performed. The parameters studied were the IL concentration, TFE

concentration, Fe"TPP-Cl concentration, and current intensity.

Cyclic voltammetry (CV) experiments were carried out using the above-
mentioned set-up. Chronopotentiometry (CP) experiments were also carried
out with selected samples using a three electrodes set-up, with two glassy
carbon electrodes of 9 cm?, and Ag/AgNOs as working, counter, and reference
electrode, respectively. Gas samples collected at regular intervals were
analyzed by GC-TCD analysis and the CO and H; concentration was determined
using calibration curves in a broad range of concentrations (from 0.05 to 40.0
% vol/vol). Liquid samples were analyzed by 'H, 3C and *°F NMR to check the
presence of CO, reduction byproducts (i.e., formate and carbonates), and also

to monitor the stability of the reaction system.
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3.2.2.1. lonic liquid concentration

First, the ionic liquid concentration was optimized using 0.1, 0.3, 0.6 and 1.0

M of [C2(MI),+(BFa)2] in DMF.

Table 4: Reduction potentials (Ei) of each sample, changing the concentration of

[C2(MI),+(BF4),] in DMF, determined by cyclic voltammetry (V vs. NHE, Scan rate: 100 mV-s1).

Entry [IL] Sample EFe'/" EFe'' EFe/ ECO,/CO Overpotential

FeTPP + IL 006  -092 -1,33

1 01M -1,20 510
FeTPP + IL + TFE 0,0 -0,90 -1,31
FeTPP +IL 002 -093 -1,29

2 03M -1,12 440
FeTPP+IL+TFE  -0,03 -0,91 -1,27
FeTPP +IL 002 -094 -1,26

3 06M -1,13 440
FeTPP+IL+TFE  -0,03 -0,86 -1,27
FeTPP +IL 0,03 -0,94  -1,27

4 1.0M -1,13 440

FeTPP +IL + TFE 0,0 -0,86 -1,26

Reaction conditions: 0.5 mM Fe""TPP-Cl, 1.0 M TFE in DMF under N, or CO; atmosphere, IL

concentration [IL] described in each experiment.

Increasing the ionic liquid concentration resulted in a decrease of the CO,
reduction overpotential decreases, from 510 mV using 0.1 M to 440 mV using
0.3, 0.6 and 1M (Table 4). The overpotential thus remained unaltered at ionic

liquid concentration higher than 0.3 M.

In addition, the increase of the ionic liquid concentration resulted in a
decrease of the current intensity. The maximum current intensity was
achieved using 0.3 M of [C2(MI),:(BF4)2] in DMF. However, at higher IL
concentrations, the current intensity decreased (Figure 8a). This decrease
could be explained by the higher viscosity of the medium at high IL

concentrations, making charge transport more difficult.

85



UNIVERSITAT ROVIRA I VIRGILI
NOVEL CATALYSTS FOR THE ELECTRO- AND PHOTOELECTROCHEMICAL CO2/H20 TRANSFORMATION FOR CHEMICAL PRODUCTION
Roger Mird Serra

Chapter 3

a)
lonic liquid concentration effect

0,2
0,0—-
_0,2_-
_0,4_-
-0,6—-

-0,8

J (mA-cm)

-1,0 -

-1,2 -

-1.4 -

-1,6 -

—T 1 T T T T 17 T T T 1
-20 18 16 -14 12 10 -08 06 -04 -02 00 02 04
E (V vs. NHE)

b
) CO productivity (-1.46 V vs NHE)

400

{——0.1M y=70.14x R’ = 0.9896
301 ——0.3M y=97.14x R? = 0.9921
320 |—=—0.6 M y=6571x R’ = 0.9962

280
240 -

200

pmol CO

160
120 +
80 +

40 4

0 T T T T T T T T T T T
0 40 80 120 160 200 240

time (min)

Figure 8: a) Cyclic voltammogram of 0.5 mM Fe!'"TPP-Cl, 1.0 M TFE varying the dicationic-BF,
ionic liquid concentration in DMF under saturated CO, atmosphere. b) Graphics of CO
productivity using different concentration of [C2(MI),:(BF4),] ionic liquid. Conditions: 0.5 mM

Fe!'"TPP-Cl, TFE 1.0 M, DMF under saturated CO; atmosphere applying -1.46 V/ vs NHE during 4h.
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A 4-hour test was performed under CO; atmosphere using 0.1, 0.3 and 0.6 M
of ionic liquid applying -1.46 V vs NHE. The highest CO productivity (0.097
mmol-h= 0.10 mmol-h) was obtained using 0.3 M of ionic liquid, with a CO
Faradaic efficiency of 73%. However, lower, and higher IL concentrations

resulted in lower CO productivities, ca. 0.06-0.07 mmol-h (Figure 8b).

3.2.2.2. Current intensity optimization

CO; electroreduction experiments were performed applying different current

intensities using 0.3 M of [C2(MI),:(BF4),] in DMF.

At -10 mA, the potential was not constant and varied along the experiment
between -2 and -4 V vs NHE. This behavior was explained by the instability of

the reaction system (i.e., Fe-catalyst and IL) under these conditions.

At -8 mA, the potential remained stable at -1.37 V vs NHE for 2 hours but
gradually became more negative resulting in a stable potential of -3 V at the
end of the experiment. This behavior was ascribed to the transformation of
the CO; dissolved in the solution, and once the CO, was totally transformed,
the potential became more negative because of the reduction of other

species.

The CPs performed at lower potentials (-6 mA, -4 mA and -2 mA) resulted in
very stable potentials around 1.27 - 1.40 V vs NHE during at least 4 hours

(Figure 9a).
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Figure 9: a) Chronopotentiometry graphics applying different current intensities b) % CO and H;
Faradaic Efficiency applying different current intensities. Conditions: 0.5 mM Fe!'TPP-Cl, TFE 1.0
M, 70 mL DMF, 0.3 M [C2(MI),-(BF4)] ionic liquid under saturated CO, atmosphere applying
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different current intensities for 4h.
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Analyzing the gas phase of the experiments performed at the different current
intensities (Figure 9b) it can be observed that applying -2 mA, -4 mA and -6
mA, a constant and selective CO production is formed with an increase of the

total faradaic efficiency with the higher current intensities.

The highest CO productivity (0.09 mmolco-h?) together with the highest CO/H,
Faradaic efficiencies (ratio CO/H, Faradaic efficiency 74%/9%) was achieved

by applying a current of -6 mA.

As mentioned above, the voltage was not constant when the experiments
were carried out using a current of -8 and -10 mA, and also resulted in
variations of the CO and H; production over the reaction time. Concerning the
Faradaic efficiencies, the experiment at -8 mA resulted in lower CO/H;
Faradaic efficiency (CO/H, Faradaic efficiency 55%/2%) whereas the
experiment at -10 mA provided much lower CO Faradaic efficiency (CO/H,

Faradaic efficiency 17%/14%).

In the case of -8 mA, during the first 2 hours the system selectively produced
CO with a constant CO faradaic efficiency of 66 %. However, at longer reaction
times, the CO production decreased and hydrogen production was initiated.
In contrast, at -10 mA, variation in CO and H;, production was observed from

the beginning (Figure 10).

The results obtained at -6 mA improved those previously reported using a
similar set-up (Faradaic efficiency up to 60%),°® although higher Faradaic
efficiency was previously reported (>90%) using the Fe"'TPP-Cl and the
[BMI-BF4] in a H-type cell.® Since the results described here showed that the
use of the dicationic IL [C2(MI),:(BF4)2] improved the catalytic performance
compared to those with [BMI-BF,], it can be expected that the catalyst activity
and faradaic efficiency could also be improved using a H-type cell.® The

development of this H-type cell lied out of the scope of this thesis, and will be
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the subject of future work in the research group.
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Figure 10: CO and H; productivity during the time applying current intensities of -8 mA or -10
mA. Conditions: 0.5 mM Fe'"TPP-Cl, TFE 1.0 M, 70 mL DMF, 0.3 M [C2(MI),:(BFa),] ionic liquid

under saturated CO, atmosphere applying different current intensities for 4h.

3.2.2.3. Trifluoroethanol concentration optimization

The CO; electroreduction reaction was also optimized through variation of the
concentrations of TFE (0.5, 1.0 and 1.5 M in DMF) (Figure 11). These
experiments were performed using 0.3 M of the [C2(MI),:(BF4).] and applying

a constant current intensity of -6 mA for 4h.

The results revealed that the increase of the TFE concentration from 0.5to 1.5
M resulted in an increase of the H, production. TFE is a proton source and at
higher proton concentrations, the participation of the electrons in the proton

reduction to form H, was favored, preventing the CO; reduction.

Using 0.5 M of TFE in DMF, almost no H, was produced at the beginning (FEu;
= 2.3 %) with a CO % faradaic efficiency of 78 %. However, after 2 hours of CP,
the H; production started to increase and the CO production decreased (Figure

11b).
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When 1.0 M of TFE was used, a constant CO production was achieved with a
CO faradaic efficiency of 74% and a H; faradaic efficiency of 9%. When the TFE
concentration was further increased up to 1.5 M, the H; production increased

with constant CO and H; faradaic efficiency of 43 and 24 %, respectively.

At TFE concentrations of 1.0 and 1.5 M, a constant and stable voltage
(between -1.25 and -1.35 V vs NHE, Figure 11c) was observed during at least 4
hours. This indicated a constant catalytic activity of the system with a constant

Faradaic efficiency.
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Figure 11: a) Total CO and H, Faradaic Efficiency with different the TFE concentration. b) CO and
H; Faradaic efficiency during the time with different TFE concentration. c) Chronopotentiometry
graphics at -6 mA performed using different TFE concentrations. Conditions: 0.5 mM Fe'"TPP-Cl,
0.3 M [C2(MI),+(BF4);] ionic liquid, 70 mL DMF under saturated CO, atmosphere applying -6 mA
for 4h.
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Moreover, the TFE concentration highly affected the rate of CO formation,
after 4 h reaction, the CO formation rate are 0.05, 0.09 and 0.05 mmolco-h™?

using 0.5, 1.0 and 1.5 M, respectively.

3.2.2.4. Fe"'TPP-Cl concentration optimization

Finally, the CO; electroreduction reaction was optimized by variation of the
Fe'"TPP-Cl concentration. Three concentrations (0.3, 0.5 and 0.8 mM of
Fe'"TPP-Cl) were evaluated using a current of -6 mA in a DMF solution

containing 1.0 M of TFE and 0.3 M of [C2(MI),:(BFa),].

Under these conditions, the selectivity to CO increased at higher Fe"'TPP-Cl
concentrations (Figure 12a). Using 0.3 mM of Fe""TPP-Cl, H, was the main
reaction product (CO/H, faradaic efficiencies 13%/30%). When 0.5 mM of
Fe'"TPP-Cl was used, the CO production and selectivity increases with a CO/H;
faradaic efficiency of 74%/9%. Using 0.8 mM of Fe""TPP-Cl, the CO/H; faradaic
efficiencies were 81%/0.4%. This behavior was attributed to the higher
concentrations of [Fe®]? and [Fe-CO,]* intermediates and a kinetically more

efficient transport of the electrons.

At Fe""TPP-Cl concentrations of 0.5 and 0.8 mM, the CP experiments had a
constant and stable voltage (between -1.30 and -1.35 V vs NHE, Figure 12c)
during at least 4 hours. With these systems, a constant catalytic activity and a
constant Faradaic efficiency was obtained during the reaction. The Fe"'TPP-Cl
catalyst concentration highly affected the rate of CO formation: 0.01, 0.09 and
0.10 mmolco-h?* at Fe"TPP-Cl concentrations of 0.3, 0.5 and 0.8 mM,

respectively.
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Figure 12: a) Total CO and H, Faradaic Efficiency with different the Fe'"TPP-Cl concentration
([FeTPP]). b) CO and H, Faradaic efficiency during the time with different Fe'TPP-Cl
concentration. c) Chronopotentiometry graphics at -6 mA performed using different Fe!'TPP-Cl
concentrations. Conditions: 1.0 M TFE, 0.3 M [C2(MI),-(BFy4),] ionic liquid, 70 mL DMF, under

saturated CO; atmosphere applying -6 mA for 4h.

Analysis of the liquid phase by H, 3C and °F NMR after the CP experiments
under optimized conditions (0.3 M IL, 1.0 M TFE and 0.8 mM Fe""TPP-Cl)
revealed that no CO; reduction byproducts (formate and carbonates) were
formed, and that the catalytic system and IL were stable since no

decomposition products were observed.

The CP experiments under optimized reaction conditions (0.3 M IL, 1.0 M TFE
and 0.8 mM Fe""TPP-Cl, -6 mA) produce a CO productivity of 0.1 mmolco-h™.

The energy used to produce 1 mmol of CO by our system is approximately 0.08
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W-h ((0.006 A x 1.36 V x 1 h)/0.1 mmolco-h?)). This system has a higher

energetic efficiency compared with the reported systems.>®

3.2.3. CO; reduction mechanism using dicationic ionic liquids

With these results in hand, a mechanism for the CO, electroreduction using
the Fe""TPP-Cl and dicationic ionic liquids is proposed. This mechanism is
similar to that reported by Saveant'®'’ for inorganic cations and involves a
synergism between iron (0) porphyrins and dicationic imidazolium ionic liquids
(Scheme 7). The mechanism starts with the reduction of the Fe(lll)* (1) to Fe(ll)
(2) followed by the reduction to Fe(l) (3). At this point, the ionic liquid starts
to stabilize the iron complex via iron-pairing. Then, the reduction of the Fe(l)
(3) to Fe(0)* (4) takes place. The dicationic ionic liquid is expected to stabilize
more efficiently this species than monocationic ILs. In the next step, the Fe(0)*
(4) reacts with the CO, forming the metallocarboxylate intermediate (5), which
is protonated (6). The following step includes the intramolecular electron
transfer in concert with both the breaking of one C-O bond and the H* transfer
from TFE and is rate determining. Finally, the loss of H,O gives the [Fe(ll)][CO]
(7) which undergoes comproportionation with Fe(0)* (4) to liberate CO and
regenerate the Fe(l) (3), thus closing the catalytic cycle.’” The results
described here strongly suggest that the ionic liquid cation-iron complex anion
pairing effect resulted in the reduction of the E Fe(l)"/Fe(0)>" potential and the
reduction of the E CO,/CO overpotential via push-pull mechanism.*®” The ion-
pairing of the imidazolium salts and iron complexes was previously reported
for [BMI][FeCl4] and related complexes, and in particular, in CO; reactions,
such as, cyclic carbonate synthesis, cooperative effects between the iron

metal center and imidazolium cation were also observed.®®
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Scheme 7: Proposed reaction mechanism involving the synergism of iron (0) porphyrins and

dicationic imidazolium ionic liquids.

3.2.4. Tandem CO; reduction - carbonylations

Finally, the coupling of the CO, electroreduction with carbonylation reactions
to obtain high-added value products was carried out. Similarly to the
carbonylation reported by Skrydstrup and co-workers, the CO;
electrochemical reduction was performed in one chamber while the
carbonylation reactions were performed without purification of the gas

mixture in another connected chamber.>®

The reaction set-up was developed based on the concept reported by

Skrydstrup and co-workers®® (See experimental section). However, the
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reaction set-up volume was 100 mL and 15 mL, the electrodes were two
parallel glassy carbon pieces and a reference electrode was also included for

ensuring the correct measurement of the applied potential.

The CO, reduction was thus performed in the first chamber using the
optimized conditions described in the above sections. In the second chamber,
the metal catalyzed carbonylation was carried out using 0.5 mmol of

substrate.

The CO was generated at room temperature by CO; electroreduction using a
potential of -1.36 V vs NHE during 15h. The tested carbonylation reactions
catalyzed by palladium were the aminocarbonylation, alkoxycarbonylation,
Sonogashira reaction, Suzuki-Miyaura reaction, Heck reaction and finally the
double carbonylation of aryl iodide (Scheme 8). After the 15 h of reaction, the
crude reaction mixture resulting from the carbonylation reaction was analyzed

by *H NMR using 1,3,5-trimethoxybenzene as internal standard.

The Xanthphos-PdG4-catalyzed aminocarbonylation resulted in 84% vyield of
the moclobemide product (Scheme 8) using a very low potential (-1.36 V vs
NHE) compared to the large potential reported (-4.3 V reported by Skrydstrup
and co-workers®®). Therefore, the application of our reaction system resulted
in a more efficient use of the energy for the production of CO (Wh/mol CO)

and carbonylation products (Wh/mol carbonylation product).
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Scheme 8: Synthesis of the moclobemide molecule by a tandem CO; electroreduction coupled

with the Pd-catalyzed aminocarbonylation reaction.

The Pd/PPhs-catalyzed ethoxycarbonylation and Sonogashira reaction were
successfully performed, obtaining the corresponding products in 99 % and 87

% vyields, respectively. Nevertheless, very low yield (5 %) was obtained in the
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Suzuki-Miyaura reaction and no conversion was obtained after 24 h in the
Heck reaction. This behavior was explained by the much lower reactivity of the
alkene and borane compared with the amine, alcohol, and alkyne reagents.
Skrydstrup and co-workers observed a similar tendency and suggested that
the low CO concentration and mild temperatures used hampered the

efficiency of these processes.

The Pd-catalyzed double carbonylation of aryl iodides was also tested under
the conditions previously reported by our group.®® However, the tandem
process resulted unsuccessful and no carbonylation product (neither mono or
double carbonylation) was observed. Again, this behavior has been attributed
to the lower CO concentration generated since the reported experiment used

1 atm of pure CO.

Finally, the CO, reduction coupled with a Rh-catalyzed hydroformylation
reaction was tested (Scheme 9). In this case, the CO; electroreduction was
performed using 1.5 M of TFE to increase H, production since
hydroformylation reactions usually require a ratio CO:H; close to 1. The Rh
catalyzed hydroformylation of the octene was tested under these mild
conditions but only a 2% of aldehyde was observed after 15 h of reaction. This
result was again attributed to the low CO and H, concentration generated by

CO; electroreduction.

N A
’:‘\/\ \=N +
- -\
BF, BF,
0.3M
Co, COM,
Proton source: TFE (1.5 M)
DMF, -1.36 VV vs NHE for 15 h Rh(acac)(CO), (1.3 mol %)
NnCoH PPh3 (7.8 mol %) 2
6113 PN
H n-CgH43
THF (2 mL) 1
0.5 mmol rt,15h 29,

Scheme 9: Rh-catalyzed hydroformylation reaction explored using two-chamber cell set-up.
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At this point, a new protocol was tested: it involved the CO generation by CO,
electroreduction, the transfer of the CO to a reactor using a plastic syringe and
the introduction of hydrogen in a reactor for providing the adequate
stoichiometry for the hydroformylation reaction. First, the CO; reduction
reaction was performed in one-chamber cell using the optimized conditions
for maximize the CO production. Under this reaction conditions, a potential of
-1.36 V vs NHE was applied during 6 h to generate an approximated gas
composition of 0.6 mmol of CO and unreacted CO, in a 70 mL total death
volume. Then, this gas was transferred using a plastic syringe to an auto-clave
reactor of 25 mL of volume which was previously charged with the solution of
the Rh/PPhscatalyst and 1-octene (0.5 mmol). Then, the pressure of the
reactor was verified (1.2 bar gauge) and hydrogen was added to reach a total
pressure of 2.5 bar (gauge) (see detailed conditions in the experimental
section). Finally, the reactor was heated at 40 °C and stirred overnight
obtaining a 78 % of aldehyde yield with a selectivity I/b of 3.3 (Scheme 10). To
the best of our knowledge, this is the first tandem CO; reduction coupled with

a Rh-catalyzed hydroformylation reaction.

—\ N
/N\érl‘f \/4—7\]+
- - N\
BF,4 BF,
03M
co, co
Proton source: TFE (1.0 M)
DMF, -1.36 V vs NHE for 6 h in
Rh(acac)(CO), (1.3 mol %)
PPh; (7.8 mol %) o) H -0
Zn-CgH &
-Ce13 .C
THF (2 mL) H \/\n-C5H13 )\n-Cus
0.5 mmol 40°C,15h 60 % yield 18 % yield

Scheme 10: Tandem CO; reduction coupled with rhodium-catalyzed hydroformylation of 1-

octene
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3.3. Conclusions

To conclude, several ionic liquid structures were tested in the CO,
electroreduction and the following conclusions can be drawn: (i) the anion
structure does not have an important role in the CO; electroreduction; (ii) the
cation structure is crucial in the CO; electroreduction ; with a proton in the C2
of the imidazolium ring, the CO, reduction overpotential is decreased, and the
dicationic ionic liquid provided the best performance with a smaller CO;
reduction overpotential compared with the monocationic analogue. To date,

this is the first time that a dicationic ionic liquid is used in this process.

An optimization of the reaction parameters was performed showing that by
variation of the reaction conditions, it is possible to obtain selectively CO or a
syngas mixture (CO/H,). Tandem CO;, electroreduction-Pd catalyzed
carbonylations were successfully performed, obtaining the corresponding
products in high yields. Moreover, a tandem CO, electroreduction-Rh
catalyzed hydroformylation reaction was successfully performed for the first
time, obtaining aldehydes in 78 % yield. This is only the first example, and we
are confident that optimization of this protocol will provide an efficient route
for the regioselective and enantioselective production of hydroformylation
products, which will provide new opportunities for the application of CO; as

CO-surrogate in carbonylation processes.

Furthermore, in terms of energy, the reaction system reported here yielded
efficient carbonylation reactions using much lower overpotentials that those

reported, and thus resulted in a higher energetic efficiency (KWh/molco).
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3.4. Experimental part

3.4.1. General conditions

Reagents: Commercially available reagents and solvents were purchased at
the highest commercial quality from Sigma-Aldrich, Fisher scientific, Alfa Aesar
and they were used as received, without further purification, unless otherwise

stated.

Analytical methods: *H, and *C{*H} NMR spectra were recorded using a Varian
Mercury VX 400 (400 and 100.6 MHz respectively). Chemical shift values (&)
are reported in ppm relative to residual solvent peak (*H and 3C{*H}), and
coupling constants are reported in Hertz. The following abbreviations are used
to indicate the multiplicity: s, singlet; d, doublet; t, triplet; g, quartet; quin,

quintuplet; m, multiplet; and bs, broad signal.
3.4.2. lonic liquid synthesis

The commercial ionic liquids were purchased in Sigma-Aldrich or TCI chemicals

and used as received.

A R B e G 5 e e

MsO “NTR, CHZCO0 PFg BF,

— _ =\ =
/N/’?N\/\/ /QN\/\/ —N /f;l\/\/ NN

N CR,c00 ¥ CF,S0; “BF, “BF,
Figure 13: Commercial ionic liquids

The non-commercial ionic liquids were synthetized in two steps: (i)
preparation of the IL by refluxing a mixture of the methylimidazole and the
corresponding chloride precursor to obtain the ionic liquid with chloride as
counter anion, and (ii) in the second step, the anion exchange is performed

using the corresponding salt precursor.
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- General procedure A:
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Scheme 11: General procedure to synthetize the dicationic ionic liquids with the chloride as

counter anion.

According to a modified literature procedure,® a mixture of 2 equivalents of
methylimidazole and 1 equivalent of dichloromethane, 1,2-dichloroethane or
1,3-diclhoroporpane was heated at 90 °C overnight. Then, the reaction was
cooled to room temperature and the solid obtained was filtrated and washed
with acetonitrile to obtain the corresponding dicationic ionic liquids with

chlorine as counter anion in high isolated yields.

Bis(3-methylimidazolium-1-yl)methane dichloride: Synthetized following a
modified literature procedure.®® Synthesis performed using methylimidazole
(0.36 mol, 29.6 g) and dichloromethane (0.18 mol, 15.3 g). IL obtained in 46 %
yield. *H NMR (400 MHz, D,0) & (ppm): 3.97 (s, 6H), 6.70 (s, 2H), 7.60 (d, Ju-n =
2.0 Hz, 2H), 7.77 (d, Jun = 2.0 Hz, 2H).

1,2-Bis(3-methylimidazolium-1-yl)ethane dichloride: Synthetized following a
modified literature procedure.”® Synthesis performed using methylimidazole
(1.0 mol, 82.1 g) and 1,2-dichloroethane (0.5 mol, 48.5 g). IL obtained in 82 %
yield. 'H NMR (400 MHz, D,0) & (ppm): 3.90 (s, 6H), 4.77 (s, 4H), 7.44 (d, Jyn =
2.0 Hz, 2H), 7.52 (d, Ju-n= 2.0 Hz, 2H).

1,3-Bis(3-methylimidazolium-1-yl)propane dichloride: Synthetized following
a modified literature procedure.” Synthesis performed using methylimidazole
(0.2 mol, 16.4 g) and 1,3-diclhoroporpane (0.1 mol, 11.3 g), IL obtained in 74
% yield. 'H NMR (400 MHz, D,0) & (ppm): 2.54 (quin, Ju-n= 6.9 Hz, 2H), 3.92 (s,
6H), 4.33 (t, Ju-n= 7.2 Hz, 4H), 7.49 (s, 2H), 7.53 (s, 2H), 8.80 (s, 2H).
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General procedure B:
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Scheme 12: General procedure to perform the anion exchange.

According to a modified literature procedure,® an aqueous solution of the
dicationic ionic liquid with the chlorine as counter anion (1 equivalent) and the
NaBF, (2 equivalents) was stirred at room temperature overnight. Then, the
water was evaporated using a rotatory evaporator. The resulting solid
obtained was dissolved in acetonitrile, filtered to remove the inorganic salts,
and evaporated to obtain the pure ionic liquids with the tetrafluoroborate

anion ([BF4]) as counter anion in high yields.

Bis(3-methylimidazolium-1-yl)methane di(tetrafluoroborate): Synthesis
performed using of Bis(3-methylimidazolium-1-yl)methane dichloride (0.04
mol, 10 g) and NaBF, (0.08 mol, 8.8 g). IL obtained in 93 % yield. '"H NMR (400
MHz, dmso-ds) & (ppm): 3.89 (s, 6H), 6.1 (s, 2H), 7.78 (t, Ju.n= 1.3 Hz, 2H), 7.93
(t, Jo.n= 1.3 Hz, 2H), 9.32 (s, 2H). 3C{*H} NMR (100.6 MHz, dmso-d¢) &: 36.2,
58.2,121.9, 124.4, 138.0.

1,2-Bis(3-methylimidazolium-1-yl)ethane di(tetrafluoroborate): Synthetized
following a modified literature procedure.®® Synthesis performed using of
bis(3-methylimidazolium-1-yl)methane dichloride (0.3 mol, 79 g) and NaBF,
(0.6 mol, 66 g). IL obtained in 96% yield. 'H NMR (400 MHz, D,0) & (ppm): 3.90
(s, 6H), 4.76 (s, 4H), 7.44 (t, Ju.n= 1.8 Hz, 2H), 7.52 (t, Ju.u= 1.8 Hz, 2H), 8.75 (s,
2H).

1,3-Bis(3-methylimidazolium-1-yl)propane di(tetrafluoroborate):
Synthetized following a modified literature procedure.®® Synthesis performed
using 1,3-bis(3-methylimidazolium-1-yl)propane dichloride (0.07 mol, 19.4 g)
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and NaBF4 (0.14 mol, 15.4 g). IL obtained in 95% yield.'H NMR (400 MHz, D,0)
6 (ppm): 2.52 (quin, Juu= 7.4 Hz, 2H), 3.91 (s, 6H), 4.32 (t, Ju.n = 7.3 Hz, 4H),
7.47 (t, Jun= 1.8 Hz, 2H), 7.50 (t, Ju.n= 1.8 Hz, 2H), 8.75 (s, 2H).

3.4.3. Electrochemical measurements

To perform the electrochemical measurements, two cells were used. A small
cell (Cell 1) purchased in Bio-logic to perform the study of the ionic liquids and
a bigger hand-made cell (Cell 2) for the experiments where the gas phase was
analyzed. Both cells have a unique chamber. The measurements were
performed in a potentiostat form Autolab PGSTAT302N. All potentials in this
study were adjusted to NHE reference by adding 0.54 V accordingly to
previous measurements with Fc/Fc* as the internal reference. The

measurements were performed with a scan rate of 0.1 V-s™.

Cell 1: three electrodes configuration cell purchased from Bio-logic (Figure 14).
In a typical test, the cell was loaded with 0.5 mM of meso-
Tetraphenylporphyrin iron(lll) chloride (Fe"TPP-Cl), 0.1 M of the
corresponding ionic liquid (IL), 1.0 M of trifluoroethanol (TFE) and N,N-
dimethylformamide (DMF) as solvent (35 mL). A polished glassy carbon as the
working electrode (surface area: 0,07 cm?), platinum wire as a counter
electrode, and Ag/AgNOs in acetonitrile as reference electrode were used.
Prior to each measurement, the electrolyte solution was purged for 20 mins
with N, to remove the oxygen present in solution. Afterwards, the solution

was saturated for 1 h under a CO; flow.
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CO, orN,

Figure 14: a) Image of the cell 1 and b) schematic representation of cell 1.

Cell 2: Hand-made 3 electrodes configuration cell (Figure 15). In a typical test,
the cell was loaded with FeTPP, IL, TFE and 70 mL of DMF, the exact
concentrations of FeTPP, IL and TFE are described in each experiment. A
polished glassy carbon as the counter and working electrode (surface area: 9
cm?), and Ag/AgNOs in acetonitrile as reference electrode were used. Prior to
each measurement, the electrolyte solution was purged for 30 mins with N,
to remove the oxygen present in solution and saturated for 2 h using a CO;

flow.

Gas Products e
To the GC ]

CO,0orN, =11 Q
L

Figure 15: a) Image of the cell 2 and b) schematic representation of cell 2.
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3.4.4. Gas product analysis

To analyze the CO and H; gas products, a 500 uL HAMILTON syringe was used
for gas sampling. During the experiment, samples were directly collected at
regular intervals and injected (100 pL) in the gas chromatography system (GC
System Agilent 7890A with TCD and Agilent 5975C inert MSD with Triple Axis
Detection). Gas products were identified/quantified using calibration curves
previously constructed by injecting standard samples of different CO and H;
concentrations prepared using 3 mass flow controllers (N>, H, and CO) (See

Figure S1).

The CO and H; productions were determined by areas obtained from GC-TCD
analysis and the response factor obtained from the calibration curves (See
Figure S2). Faradaic efficiency (%) of each experiment was calculated using the
equation below, where F is the Faraday constant (96485 C mol?), Q (C) is the
charge passed during the bulk electrolysis, z is the number of moles of
electrons required to produce one mole of CO or H; from CO; or H* and n is

the number of moles of product (CO or hydrogen) determined by GC analysis.

Qexperimental  z F

. n .
Faradaic Ef ficiency (%) = Otheoretic 0

3.4.5. Liquid product analysis

The liquid phase was analyzed by taking an aliquot of the solution after the
experiment. The aliquot (0.2 mL) was diluted with dmso-ds to a total volume

of 0.6 mL for analysis by H, 3C and °F NMR (See section 3.5.3).

3.4.6. Description of tandem set-up

To perform the tandem CO, electrochemical reduction coupled with

carbonylation reactions, a hand-made cell with two interconnected chambers

106



UNIVERSITAT ROVIRA I VIRGILI
NOVEL CATALYSTS FOR THE ELECTRO- AND PHOTOELECTROCHEMICAL CO2/H20 TRANSFORMATION FOR CHEMICAL PRODUCTION

Roger Mird Serra

Synergism of Fe""TPP-Cl and Dicationic lonic Liquids

was used (Figure 16). In one chamber, the CO; reduction was performed with
a 3 electrodes set-up consisting of a polished glassy carbon as the working
electrode (surface area: 9 cm?), a polished glassy carbon as the counter
electrode (surface area: 9 cm?) and a reference electrode of Ag/AgNOs in
acetonitrile. In the first chamber, a solution of the dicationic-BF, ionic liquid
(0.3 M), FeTPP (0.8 mM), TFE (1.0 M) in DMF (70 mL) was added and the
solution purged for 30 mins with N, to remove the oxygen present in solution.
Afterwards, the solution was saturated for 2 h using a CO, flow. Next, a
potential of -1.36 V vs NHE was applied during 15h at room temperature and
the carbonylation reaction products were analyzed by *H NMR using 1,3,5-
trimethoxybenzene as internal standard. The Pd-catalyzed carbonylations
were performed in the second chamber (Figure 16) using 0.5 mmol of the 1-
chloro-4-iodobenzene as substrate in the presence of the Pd-catalyst and the
corresponding reagents for aminocarbonylation, alkoxycarbonylations and
Sonogashira process. The detailed conditions are described in the Section

3.4.7.

Figure 16: a) Image of the cell used for the tandem reaction and b) schematic representation of

the cell.

For the Rh-catalyzed hydroformylation, a plastic syringe (24 mL) was used for

transferring the gas generated (70 mL total death volume with and

107



UNIVERSITAT ROVIRA I VIRGILI
NOVEL CATALYSTS FOR THE ELECTRO- AND PHOTOELECTROCHEMICAL CO2/H20 TRANSFORMATION FOR CHEMICAL PRODUCTION

Roger Mird Serra

Chapter 3

approximated composition of 0.6 mmol CO and the rest is unreacted CO,)
from the electrochemical cell (Cell 2, Figure 15) to a reactor containing a THF
solution of the Rh-catalyst and 1-octene (0.5 mmol) (Figure 17). The reactor
(25 mL total volume) was purged with a short vacuum treatment, and later, to
fill the reactor 3 times with 24 mL of the gas from the electrochemical cell.
Later, the pressure of the reactor system was verified (1.2 bar (gauge)),
hydrogen was added to reach a total pressure of 2.5 bar (gauge), and the
reactor was heated at the desired temperature for the selected reaction time.

The detailed conditions are described in the Section 3.4.8.

The gas was taken
with a syringe
through the septum

E S
= 7 The gas was
s transferred to

the reactor

Figure 17: Procedure to perform the tandem CO; reduction and Rh-catalyzed hydroformylation

reaction of the 1-octene using the auto-clave reactor of 25 mL of volume.

3.4.7. Pd-catalyzed carbonylation reaction conditions

3.4.7.1. Procedure for aminocarbonylation reaction

%6 in a two-chamber reactor

According to a modified literature procedure,
(Figure 16) charged with stirring bars, 1-chloro-4-iodobenzene (0.5 mmol, 119
mg), 2-morpholinoethylamine (131 uL, 1 mmol), Xantphos Pd G4 (24 mg, 5
mol%), DABCO (113 mg, 1.0 mmol) and THF (3 ml) were added in the
carbonylation chamber. The conditions for the CO; reduction chamber are
described in the Section 3.4.6. The solutions of both chambers were stirred at

room temperature. After 15 h applying -1.36 V vs NHE the chemical reaction

was analyzed by 'H NMR using naphthalene as internal standard.
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3.4.7.2. Procedure for Sonogashira reaction

2 in a two-chamber reactor

According to a modified literature procedure,’
(Figure 16) charged with stirring bars, 1-chloro-4-iodobenzene (0.5 mmol, 119
mg), 1-octyne (111 uL, 0.75 mmol), Pd(OAc); (5.6 mg, 5 mol%), PPh3 (13.1 mg,
10 mol%), EtsN (209 pL, 1.5 mmol) and toluene/H,0 (10:1, 1ml) were added in
the carbonylation chamber. The conditions for the CO; reduction chamber are
described in the Section 3.4.6. The solutions of both chambers were stirred at
room temperature. The potential (-1.36 V vs NHE) was applied during 15 h and
the Sonogashira reaction was stirred 5 h more at room temperature. After a

total of 20 h the chemical reaction was analyzed by *H NMR using 1,3,5-

trimethoxybenzene as internal standard.

3.4.7.3. Procedure for ethoxycarbonylation reaction

73 in a two-chamber reactor

According to a modified literature procedure,
(Figure 16) charged with stirring bars, 1-chloro-4-iodobenzene (0.5 mmol, 119
mg), ethanol (2.5 mL), Pd(OAc), (5.6 mg, 5 mol%), PPhs (13.1 mg, 10 mol%)
and EtsN (209 pL, 1.5 mmol) were added in the carbonylation chamber. The
conditions for the CO; reduction chamber are described in the Section 3.4.6.
The carbonylation chamber was stirred at 40 °C while the electrochemical CO,
reduction chamber was stirred at room temperature. After 15 h applying -1.36

V vs NHE, the chemical reaction was analyzed by *H NMR using 1,3,5-

trimethoxybenzene as internal standard.

3.4.7.4. Procedure for Suzuki-Miyaura reaction

6 in a two-chamber reactor

According to a modified literature procedure,
(Figure 16) charged with stirring bars, 1-chloro-4-iodobenzene (0.5 mmol, 119
mg), 2-methoxyphenylboronic acid (0.75 mmol, 114 mg), Pd(OAc), (5.6 mg, 5
mol%), PPh; (13.1 mg, 10 mol%), K2COs (1.5 mmol, 207 mg) and toluene/H,0

(10:1, 3ml) were added in the carbonylation chamber. The conditions for the
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CO; reduction chamber are described in the Section 3.4.6. The carbonylation
chamber was stirred at 50 °C while the electrochemical CO, reduction
chamber was stirred at room temperature. The potential (-1.36 V vs NHE) was
applied during 15 h and the Suzuki-Miyaura reaction was stirred 9 h more at
50 °C. After a total of 24 h, the chemical reaction was analyzed by *H NMR

using 1,3,5-trimethoxybenzene as internal standard.

3.4.7.5. Procedure for Heck reaction

4 in a two-chamber reactor

According to a modified literature procedure,’
(Figure 16) charged with stirring bars, 1-chloro-4-iodobenzene (0.5 mmol, 119
mg), 1-octene (3 mmol, 471 pL), Pd(OAc); (5.6 mg, 5 mol%), PPh3 (13.1 mg, 10
mol%), EtsN (1.5 mmol, 209 plL) and dioxane (3ml) were added in the
carbonylation chamber. The conditions for the CO, reduction chamber are
described in the Section 3.4.6. The carbonylation chamber was stirred at 50 °C
while the electrochemical CO;, reduction chamber was stirred at room
temperature. The potential was applied during 15 h and the Heck reaction was

stirred 9 h more at 50 °C. After a total of 24 h the chemical reaction was

analyzed by 'H NMR using 1,3,5-trimethoxybenzene as internal standard.
3.4.7.6. Procedure for double carbonylation reaction

According to a modified literature procedure,® in a two-chamber reactor
(Figure 16) charged with stirring bars, 4-lodoanisole (0.5 mmol, 117 mg),
butylamine (1.2 mmol, 118 uL), allylpalladium(ll) chloride dimer (1.8 mg, 1 mol
%), 1,8-diazabicyclo[5.4.0]Jundec-7-ene (1 mmol, 150 pL), and toluene (5 ml)
were added in the carbonylation chamber. The conditions for the CO,
reduction chamber are described in the Section 3.4.6. The carbonylation
chamber was stirred at 50 °C while the electrochemical CO, reduction
chamber was stirred at room temperature. The potential was applied during
15 h and the double carbonylation reaction was analyzed by *H NMR using

1,3,5-trimethoxybenzene as internal standard.
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3.4.8. Rh-catalyzed hydroformylation reaction conditions

3.4.8.1. Tandem hydroformylation procedure

In this case, the Cell 2 was used (Figure 15) to perform the CO;
electroreduction. The Cell 2 was equipped with FeTPP (0.8 mM),
biscationic-BF,4 IL (0.3 M), TFE (1.0 M) and 70 mL of DMF. A polished glassy
carbon as the counter and working electrode (surface area: 9 cm?), and
Ag/AgNOs in acetonitrile as reference electrode were used. Prior to perform
the bulk electrolysis the electrolyte solution was purged for 30 min with N, to
remove the oxygen present in solution. Afterwards, the solution was saturated
for 2 h using a CO; flow. Then, a potential of -1.36 V vs NHE was applied for
6h.

After 6 h, the gas produced in Cell 2 was transferred with a syringe to an auto-
clave reactor (Figure 17) previously charged with octene (0.5 mmol, 78.5 pL),
Rh(acac)(CO); (1.3 mol %, 1.7 mg), PPh; (7.8 mol %, 10.2 mg) and THF (2 ml).”
After adding the gas produced in the Cell 2 into the auto-clave reactor, the
reactor had a pressure of 1.2 bar gauge. The reactor was then charged until
2.5 bar gauge by adding H; (1.3 bars of H,). The hydroformylation reaction was
stirred for 15 h at 40 °C. Finally, the reaction mixture was analyzed by *H NMR

using 1,3,5-trimethoxybenzene as internal standard.
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3.5. Supporting information

3.5.1. !H and 3C{*H} NMR spectra of the synthetized IL
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'H NMR (D0, 400 MHz)
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3.5.2. Chromatograms of gas sample analysis
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Figure S1: GC-TCD analyses of the standard samples and calibration curves
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Figure S2: lllustrative example of GC-analyses during an experiment.
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3.5.3. NMR of liquids sample analysis

'H NMR (dmso-ds, 400 MHz):
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3.5.4. H NMR spectra of the Pd-catalyzed carbonylations and Rh-

catalyzed hydroformylation

[

|
|
_ ;Jl UL MJL\_ | ‘”\u‘"\ _A_ Ay \l AJ lu

T T T T T T T T T T T T T T T
8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 35 3.0 25 2.0 1.5 1.0 0.5 0.0

F1 fanm

Figure S3: 'H NMR of the aminocarbonylation reaction mixture after the reaction. Using

naphthalene as internal standard to quantify.

T .Lé|—ﬁ_ J;L R N

162
1.00

T T T T T T T T T T T T T T T T T T T T
Q.5 2.0 8.5 8.0 75 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 30 2.5 20 1.5 1.0 0.5 0.0
£ fanml

Figure S4: 'H NMR of the Sonogashira reaction mixture after the reaction. Using 1,3,5-

trimethoxybenzene as internal standard to quantify.
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Figure S5: 1H NMR of the alkoxycarbonylation reaction mixture after the reaction. Using 1,3,5-

trimethoxybenzene as internal standard to quantify.
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Figure S6: 'H NMR of the Suzuki-Miyaura reaction mixture after the reaction. Using 1,3,5-

trimethoxybenzene as internal standard to quantify.
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\

---------------------------------------------

Figure S7: 'H NMR of the hydroformylation reaction mixture after the reaction with the tandem

procedure. Using 1,3,5-trimethoxybenzene as internal standard to quantify.
3.5.5. Hydroformylation procedure using syngas

To compare the results obtained with the Rh-hydroformylation of the 1-
octene using the tandem procedure a Rh-catalyzed hydroformylation using a
syngas mixture (1:1 CO/H,) was performed. The auto-clave reactor (25 mL of
volume) was charged with octene (0.5 mmol, 78.5 pL), Rh(acac)(CO), (1.3 mol
%, 1.7 mg), PPhs (7.8 mol %, 10.2 mg) and THF (2 ml). Then, the reactor was
charged until 2.5 bar using a syngas mixture (1:1 CO/H,). Later, the
hydroformylation reaction was stirred for 15 h at 40 °C. Finally, the reaction
mixture was analyzed by *H NMR using 1,3,5-trimethoxybenzene as internal
standard obtaining full conversion with an aldehyde yield of 99% with a I/b
selectivity of 3.2 (Scheme S1). Therefore, this experiment probed that
although the utilization of pure CO for the hydroformylation reaction resulted

in slightly higher conversion, both processes resulted in similar selectivities.
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Rh(acac)(CO), (1.3 mol %)
PPh; (7.8 mol %) o H. -0
S n-CeHys L~ Ps
2.5 bar CO/H, (1:1) H n-CeH1a n-CeH13
76 % yield 24 % yield

0.5 mmol THF (2 mL), 40°C, 15 h

Scheme S1: Rh-catalyzed hydroformylation of 1-octene performed using syngas (2.5 bar 1:1

CO/H;) to compare with the tandem experiment.
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Figure S8: 1H NMR of the hydroformylation reaction mixture after the reaction using a syngas

mixture. 1,3,5-trimethoxybenzene was used as internal standard to quantify.
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Solar-driven CO; reduction
catalyzed by Hybrid
Supramolecular Photocathodes
and enhanced by lonic Liquids
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Abstract

Photoelectrochemical carbon dioxide reduction at ambient temperature and
pressure was performed using molecular chromophores and catalyst
assemblies onto Cu,0/SnO;-based and CuGaO,-based electrodes in an
aqueous solution and with an ionic liquid (IL) organic solution acting as CO;
absorbent and electrolyte. An electropolymerization approach to immobilize
molecular catalysts onto the semiconductors based on the silanization of the
semiconductor followed by an electropolymerization procedure provided a
series of molecular and supramolecular hybrid photocathodes for solar driven
CO; reduction. Focusing on the cathodic half reactions, the most promising
conditions for the formation of CO, reduction products were determined. The
results revealed that the ionic liquid played a critical role in the conversion of
CO; to formic acid and suppression of the production of hydrogen, as well as
the potentiality of anchoring supramolecular complexes on semiconductor

photo-electrocatalysts to boost both carriers transport and catalytic activity.

This work has been done in the framework of the European Union’s Horizon

2020 SunCOChem project, Grant Agreement No 862192.*
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4.1. Introduction

Over the last decade, the increase of the CO, concentration in the atmosphere,
which could eventually cause irreversible effects on nature, has triggered
much attention in chemical research on carbon capture and utilization (CCU)
technologies.>® For CO; capture, the main challenge is to find the ideal
absorbent that exhibits high selectivity and high capacity for CO,. In this
context, ionic liquids (ILs) have demonstrated excellent capture capacity for
CO,*% in addition, they were also widely adopted as electrolytes in the
electrochemical conversion of CO; since they exhibit high gas solubility,
negligible vapor pressure, high ionic conductivity, and wide electrochemical
windows.®> Furthermore, it was reported that ILs can interact with CO,
resulting in a decrease of the overpotential and an enhancement of the
product selectivity.® CO; electroreduction studies also demonstrated that the
appropriate combinations of IL and catalyst can enhance the generation of CO
with faradaic efficiencies up to 96 %.”° Among the ILs, 1-butyl-3-methyl-
imidazolium triflate (BMI-TfO) is one of the most promising due to the high
CO; solubility (0.6-0.8 mol CO,/mol,),*® good electrochemical and thermal
stability, and relatively low viscosity. Therefore, although it has not been often
used as electrolyte for the CO, reduction reaction (CO2RR), herein it will be
exploited instead of the most commonly employed BMI-BF, to avoid the issues
related to the hydrolysis of the [BF.]" and the possible formation of HF under

electrochemical CO,RR conditions.?

Regarding CO; conversion, the main challenge is to efficiently activate and
reduce CO; to reach the zero-carbon footprint goal. In this respect, visible-
light-driven CO; reduction in combination with water oxidation is a promising
solution as it involves the use of abundant water and inexhaustible solar
energy, and constitutes one of the representative models of artificial

photosynthesis.’?> Molecular metal complexes and semiconductors are
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promising candidates for photocatalysis, that can reduce CO; to CO, formic
acid, formaldehyde or other hydrocarbons.'® Although both, molecular metal
complexes and semiconductors, have strengths and weaknesses, their main
limitations (low oxidation ability and low selectivity for reduction reactions)
can be overcome via the construction of suitable molecule/semiconductor
hybrid materials. In this approach, the efficiency of electron transfer from a
semiconductor to an immobilized molecular catalyst and suppression of back
electron transfer are crucial for reducing CO; on the molecule/semiconductor
hybrid material.** To this end, both the conduction band potential of the
semiconductor and the reduction potential of the molecular unit should be

carefully designed.

Supramolecular hybrid photocatalysts based on ruthenium (Ru(ll))-rhenium
(Re(l)) complexes were reported to efficiently catalyze CO, photoreduction
under visible light with faradaic efficiencies up to 85 % with CO and HCOOH as
the major products.’®* The first molecular hybrid photocathode based on a
supramolecular Ru-Re complex (Figure 1a) was designed by Osamu Ishitani
and co-workers. They immobilized the RuRe supramolecular complex onto
NiO using phosphonic acid as anchoring group.®® Irradiating (A > 460 nm) the
NiO-RuRe photocathode at -1.2 V vs Ag/AgNOs in a DMF-triethanolamine
solution containing 0.1 M of tetrabutylammonium tetrafluoroborate
(TBA-BF4), they obtained a faradaic efficiency of 71 % for 5 h irradiation. Later,
they coupled the hybrid NiO-RuRe photocathode with a CoO,/TaON
photoanode separated with a Nafion membrane (Figure 1b).2* They
performed the photoelectrochemical cell with a Z-Scheme configuration for
the CO; reduction using water as reducing agent. They obtained a O; Faradaic
efficiency of 68 % and a total cathodic Faradaic efficiency of 37 % by applying
visible light irradiation, and electrical bias and chemical bias, -0.3 Vand -0.1V
vs cathode, respectively. This difference between the anodic and cathodic part

was attributed to the reduction of trivalent nickel ions (Ni**) that originally
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existed in the NiO of the photocathode. The NiO is problematic because of its
low conductivity, and the presence of electrochemically inactive surface areas.
Despite the use of external electrical and chemical biases, this was the first

successful visible-light-driven CO; reduction using water.

a) b)

A> 400 nm <|:|4:°
-»} i

Under coz' Under Ar

48 (eH Gise) \0HEY o
Q‘ CO'
Hzoi)

Ru Re
NiO-RuRe Nahon CoO,JTaON

Supramoleuclar RuRe complex

Figure 1: a) Supramolecular RuRe complex developed by Osamu Ishitani and co-workers; b)
Tandem PEC device for CO; reduction with water oxidation composed of a NiO-RuRe hybrid

photocathode and CoO,/TaON photoanode. Reprinted from ref 16,

Later, to avoid the use of NiO, Osamu Ishitani and co-workers developed an
hybrid photocathode based on CuGaO; and a supramolecular Ru-Re complex
(Figure 1a) immobilized with phosphonic acid as anchoring groups.’” This
system allowed them to obtain high faradaic efficiencies (up to 81 %) with a
ratio CO:H; of 1.5:1 and to exceed the performance observed with the NiO
electrode; however, the main drawback was related to the instability of the

phosphonic acid.

To improve the stability of the molecular complexes onto the semiconductor
different anchor approaches were developed. Meyer and co-workers adopted
a new immobilization method based on the silanization of NiO, followed by
the two-step electropolymerization of a molecular Ru and a molecular Re
complexes (Figure 2).2* The designed photocathode under solar light

irradiation (A =2 400 nm) and with an applied bias of -0.7 V vs. Ag/AgCl provided
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a CO Faradaic efficiency of 65 % after 10 h of photoelectrocatalysis maintaining

more than 80 % of the initial current density.

Cco c
Faradaic yield
e '\ 65%
e e

+o CO,
O-Si T
:) o’ KM YN N

XN N7 & i
| \g@o oo
A ocC
NiO 5 n

Photoelectrochemically stable
in pH 7 for > 10 hours

Figure 2: Schematic structure of prepared by electropolymerization molecular hybrid

photocathode (NiO[Si-poly(Ru")-poly(Re')). Reprinted from ref 18

Ishitani and co-workers reported a Ru(ll)-Re(l) supramolecular complex and a
Ru(ll) redox photosensitizer containing phosphonic acid and/or vinyl groups.
First, they immobilized the complexes onto a NiO semiconductor by using the
phosphonic acid as anchor group followed by the electropolymerization of the
other complexes using the vinyl groups presents in the ligands (Figure 3).2°
Using this method, the absorbed amount of metal was increased and the
desorption was suppressed. The poly-RuRe/NiO showed a high CO, reduction
activity, under irradiation (A > 460nm) and with an applied bias of -0.7 V vs
Ag/AgCl, the main product obtained was CO, with H, and HCOOH as by-

products with a total reduction Faradaic efficiency of 85 %.
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/ Ru(ll)-Re(l) polymer film
\

Re Re,

il YEJ

NiO electrode

in water
under CO,

NiO  Ru-Re polymer

Figure 3: Schematic representation of the Ru(ll)-Re(l) polymer film after the

electropolymerization onto a NiO photocathode. Reprinted from ref °,

Recently, Ishitani and co-workers performed a new immobilization process by
electropolymerization following a similar approach (Figure 4).% In this case,
they absorbed the Ru photosensitizer containing both, the phosphonic acid
groups, and vinyl groups in the ligand. Then, another different Ru
mononuclear complex containing a vinyl group and free diamine ligands were
immobilized by electropolymerization followed by the coordination of the Ru
catalyst into the non-coordinated diamine unit of the ligand obtaining the final
photocathode. After this immobilization procedure, they obtained a high
durable and selective system to CO and HCOOH (ratio CO:HCOOH almost 1:1)
for CO, reduction with a stability for 100 h, and a total faradaic efficiency of

65 % under visible light irradiation at applied potential of -0.7 V vs Ag/AgCl.

g-g e

NiO/PRuvV NiO/PRu-poly-Ru-NAN NiO/PRu-poly-Ru-RuCAT1

Figure 4: Preparation scheme for the photocathode NiO/PRu-poly-Ru-RuCAT by

electropolymerization. Reprinted from ref 20,
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In view of the better performance of the CuGaO; compared with NiO, the use
of the copper oxide-based semiconductors, CuGaO;, and Cu,O/Sn0O,, was
explored. The CuGa0; and Cu,0 have p-type semiconducting properties which
come from the Cu* vacancies.?! The CuGa0O, has been used as transparent

22,23
1,

conducting metal oxide materia as an alternative to NiO for dye-

%2 and was also used as electrode for the

sensitized photocathodes
photocatalytic CO, reduction containing immobilized molecular Ru and Re
complexes, obtaining high Faradaic efficiencies (FErq = 81 %).Y” The cuprous
oxide (Cu,0) presents a good band gap (2.0-2.3 eV) and high carrier mobility
(60-130 cm?-V1s) but also photostability issues due to photocorrosion. The
Cu,0 can undergo self-oxidation (Cu,0 to CuO) and self-reduction (Cu,O to Cu)
under illumination.?® Luo and co-workers reported an earth-abundant
Cu,0/Sn0;, catalyst for the CO; reduction to CO.?”” They optimized the
synthesis of the catalyst achieving up to 90 % of CO faradaic efficiency at low

overpotential. The Cu,0/Sn0; catalysts exhibited good stability during 18h at

-0.5 V vs RHE in an aqueous electrolyte.

Inspired by the progress in capture and conversion of CO, using ILs and the
results reported with semiconductors and immobilization procedures, we
report here the preparation of various hybrid assemblies based on CuGaO;and
Cu,0/Sn0, with a series of new molecular and supramolecular Ru and Re
complexes and their testing in the photocatalyzed CO, reduction using
BMI-TfO as catholyte. The results revealed that the photocathodes with
supramolecular and binuclear complexes assemblies in the presence of IL
promotes the conversion of CO,, improving the stability of the system, and
suppressing the production of H, compared to the bare semiconductor as

electrode.
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4.2. Results and discussions

4.2.1. Synthesis and characterization of Ru and Re molecular

complexes

A Ru-based visible-light-absorbing molecular complex (Ruyia), Re-based CO;
reduction catalysts (Recar), supramolecular and binuclear Ru-Re complexes
(RuRel and RuRe2) containing bipyridine-vinyl ligands (bpy-V) were
successfully synthesized in high yields and characterized by NMR, MS, IR and
UV-Vis spectroscopy (Scheme 1).

The synthesis of the Recar complex was performed using Re(CO)sBr as
precursor. One equivalent of Re precursor and one equivalent of bpy-V ligand
were dissolved in toluene and heated under reflux overnight. The Recar

complex was formed in high isolated yield (84 %).

Concerning the synthesis of the Ruyia, the [Ru(COD)Cl;] precursor was first
prepared starting from RuCls-3H,0. Then, the COD ligand was substituted by
two 4,4'-dimethyl-2,2'-bipyridine (bpyMe;) ligands in 1,2-dichlorobenzene at
155°C obtaining the [Ru(bpyMe;)Cl;] complex. Later, the remaining chloride
ligands were substituted by one bpy-V ligand in an acetone/water solution

obtaining the final desired complex in 74 % isolated yield.

The complexes RuRel and RuRe2 were synthesized following an adopted
synthetic strategy of the previously described Ruya. First, the [Ru(COD)Cl;]
precursor was prepared, and the [Ru(bpy-V)Cl,] complex was obtained by the
replacement of the COD ligand with two bpy-V ligands. Then, the chloride
ligands were replaced by 1,2-bis(4'-methyl-[2,2'-bipyridin]-4-yl)ethane or 2,2'-
Bipyrimidine ligand to obtain the corresponding Ru complexes. Finally, the
reaction with one equivalent of Re(CO)sBr complex under reflux yielded the
final RuRel and RuRe2 complexes in good isolated yields (64 % and 67 %,

respectively). The coordination of the Re complex was confirmed by IR
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spectroscopy via the detection of the characteristic vibration bands of the CO
ligands. The *H and 3C NMR and HRMS analyses confirmed the structure of
both complexes (see experimental part for detailed synthetic description and

characterization of all the complexes).

Re(CO)sBr ""Y N
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Scheme 1: Schematic synthetic route for the preparation of Ruyia, Recar, RuRel and RuRe2

complexes.

4.2.2. Photoelectrochemical reduction of CO; using molecular

Cu,0/Sn0>-based photocathodes

In this section, synthesis, characterization, and studies of the
photoelectrochemical activity towards CO,RR of three molecular
photocathodes in an aqueous solution and in an IL organic solution were
described. The photocathode assemblies included, a silane surface bridge
based on vinyltrimethoxysilane (VTES), a i) Ruywa, ii) Recar and iii) Ruyia + Recar
molecular complex immobilized onto a p-type Cu,O/SnO, semiconductor
(Figure 5). As described in the previous section, Ruyia and Recar molecular
complexes were derivatized with vinyl functional groups to assemble surface

structures by electropolymerization.®
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Figure 5: Schematic representation of the three different photocathodes assemblies prepared in

this part.

4.2.2.1. Cu,0/Sn0; synthesis, functionalization, and characterization

The preparation of the Cu,0/Sn0O, nanoparticles, functionalization with VTES
and characterization was performed in collaboration with Dr. Alberto Lopera
and Dra. Maria José Lopez in Laurentia technologies SLL company within the

European Union’s Horizon 2020 SunCoChem project.*

The synthesis of the Cu,O/Sn0O, was performed according to an adapted
reported procedure.?’” The method consists in a two—step process involving (i)
wet precipitation, and (ii) coordinating etching. Scanning electron microscope
images showed cubic morphologies with sizes ranging from 100-300 nm
(Figure 6a). EDX mapping experiments confirmed the presence of copper and
tin elements in the Cu0/Sn0; nanoparticles and revealed a molar ratio of 40:1

(Figure 6b).
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b)

<cps/eV.
.

Figure 6: a) Scanning electron microscopy images captured and b) Energy Dispersive X—ray (EDX)

spectrum for the Cu,0/SnO; nanoparticles.

Then, the Cu0/Sn0, NPs were functionalized in an isopropanol/water (95/5)
solution containing 5 mM of vinyltriethoxysilane (VTES) to form stable surface
Si-O bonds. After VTES functionalization, no significant changes in size and
shape were observed by SEM analysis in comparison with bare Cu,0/SnO; NPs
(Figure 7a). EDX mapping experiments revealed that the elements Sn, Cu and
Si are evenly distributing in the whole sample (Figure 7b).

a)

Figure 7: a) SEM images captured of the Cu,0/Sn0O; nanoparticles functionalized VTES. b) EDX
mapping experiments of Cu,0/Sn0O; nanoparticles functionalized with VTES. Red color indicates

copper presence. Green color indicates tin presence. Blue color indicates silicon presence.
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4.2.2.2. Preparation of  hybrid molecular-based  Cu,0/Sn0;

photocathodes

Electropolymerizations experiments of the silanized Cu,0/Sn0O,-VTES NPs are
then performed by performing cyclic voltammetries of a suspension of
Cu,0/Sn0,-VTES NPs onto a 5 mM solution of the corresponding vinyl-tagged
metal complex (Ruyia and/or Recar) through the potential window of 0 to -1.9

V vs. Ag/AgNOs at a scan rate of 100 mV st in N>-degassed acetonitrile solution

(Scheme 2).
—0
AN f(;,s' | X
D:(?}Sij/ P N\X Electropolymerization > N\X
e = 7 = 7
o ‘N CV: 60 scans 0 to -1.9 V vs Ag/AgNO; o ‘N
Cu,0/Sn0, Xy LO-5i X
—O X =Ru or Re
X =Ru or Re
Cu,0/Sn0O,

Scheme 2: Electropolymerization scheme using Cu,0/SnO5-VTES powders.

The efficiency of the electropolymerization procedure of Cu,O/Sn0O,-VTES
with the molecular complexes was corroborated by the continuous
enhancement of the current densities after each scan (Figure 8). This behavior
confirms the in-situ covalent immobilization of the metal complex onto
Cu,0/Sn0,-VTES. During this electropolymerization process, the reduction of
the vinyl groups forms a radical coupling with the subsequent carbon-carbon

bond formation.®*?
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Figure 8: Cyclic voltammogram graphics of a) Electropolymerization of Ruyia and Cu,0/SnO,-
VTES NPs, b) Electropolymerization of Recar and Cu,0/Sn0,-VTES and c) Electropolymerization
of a mixture of Ruyia, Recar and Cu0/Sn0,-VTES. All the electropolymerizations were performed

in a N, degassed solution containing 5 mM of each complex and 500 mg of Cu,0/Sn0O5-VTES NPs.

Three molecular photocathodes assemblies were prepared: (i)
RUVLA@CUzO/SHOZ, (II) ReCAT@CUzo/SHOZ, and (III) RUVLA+RECAT@CU20/SnOz.
The surface coverage with the metal complex was quantified by ICP-MS

analysis (Table 1).

Table 1: ICP-MS quantification analysis.

Powder UmMolry/8cuzo/sn02 UMOIRe/Bcu20/5n02
Ruya@Cu,0/Sn0; 2.7 -
Recar@Cu,0/Sn0; - 3.6

Ruvia+Recar@Cu,0/Sn0; 2.6 5.3
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Finally, the corresponding electrodes were prepared by deposition of a
catalytic ink onto a porous carbon support (Toray carbon paper 060, from
FuelCellStore) by air-brushing using the corresponding powder.”® Each
electrode was prepared with a geometric area of 1 cm?with a catalyst loading

of the corresponding powder of 1 mg-cm™.

4.2.2.3. Photoelectrochemical CO, reduction performance in KHCO;

aqueous solution

Photoelectrochemical tests of the synthetized molecular photocathodes were
performed in collaboration with Maddalena Zoli and Dra. Simelys Hernandez
in the Politecnico di Torino (Italy) in the framework of the European project

Horizon 2020 SunCOChem.*

The photoelectrochemical performance of the photocathodes was first tested
in an aqueous solution of 0.1 M KHCOs as electrolyte, under simulated solar
light irradiation in a two-compartment electrochemical cell using a platinum
mesh as the counter electrode and with an applied current intensity of -20
mA-cm™. This is the target current potential of the European project Horizon

2020 SunCOChem.

Figure 9 shows a chopped dark/light chronoamperometry (CA) performance
of all prepared photocathodes at an applied potential of -250 mV ina 0.1 M
KHCOs aqueous solution. The experiment confirmed the photoactivity of all
the catalysts. The bare Cu,0/Sn0O; photocathode showed a photocurrent
decrease over time, from -0.206 mA-cm to 0.105 mA-cm™ (green trace). On
the other hand, a constant and similar photocurrent contributions of 0.09
mA-cm? were obtained during all the experiments with photocathodes
modified with Ruyia or Recar (compare blue and red traces in Figure 9).
Interestingly, the co-immobilization of Ruyia and Recar onto electrode surface

outperformed the bare Cu,0/Sn0; photocathode up to 0.130 mA-cm™ (black
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trace). We attributed this photocurrent enhancement to the good band
alignment and synergistic effects between the two molecular complexes and

the semiconductor, leading to higher charge separation efficiencies.

Chronoamperometry (-250 mV, Dark/Light)
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Figure 9: Chopped Dark/light chronoamperometry of different photocathodes at an applied
potential of -250 mV vs Ag/AgCl in an aqueous solution of 0.1 M KHCO3, Cu,0/Sn0; (green),
RUVLA@CU20/5n02 (b/ue), ReCAT@CUzo/SI‘IOz (red), ReCArPRUVLA@CUZO/SHOZ (b/CICk)

Then, the effect of the molecular complexes on the CO;
photoelectroreduction selectivity is evaluated during a 2 hours
chronopotentiometry (CP) by applying a current density of -20 mA-cm2in an
aqueous solution of 0.1 M KHCOs under simulated sunlight conditions. Figure
10 represents the faradaic efficiencies of the gaseous and liquid products for

each photocathode at that current density displayed.

The bare Cu,0/Sn0; electrode, displayed lower total faradaic efficiency (80 %)
than those measured with the hybrid materials. The prepared hybrid materials
displayed an increase in the faradaic efficiency up to 95 %. This behavior has
been attributed to the protective and stabilizing role of the Ruvia and Recar
complexes that hinder the Cu,0/Sn0, modification. Among them, the major

product generated with Ruyia or Recar hybrid photocathodes is H; with a FEn:
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of 63 and 53 % respectively, followed by formic acid, FEncoon of 15 and 24 %
using the Ruyia or Recar hybrid photocathodes, respectively. However, when
Ruvia and Recar are co-immobilized on the surface of the electrode, the hybrid
photocathode displayed an enhancement of the formic acid and CO
production, and suppression of the H, production. As previously mentioned,
such results confirmed that the combination of the visible light absorber and
the catalyst complex maximized the electron transfer between the
components to obtain an efficient reduction photocatalyst and it was also

improved the efficiency and selectivity compared to the bare catalyst.
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100
I Formate
90 } [ co

Hy

80 +

70 H

60

50

40 A

30

% Faradaic Efficiency

20

10 A

] T T T T T T T T T T T T T
Cup0/Sn0O Recar Ruy o Recar+RuUy s

Figure 10: Faradaic efficiencies of gas and liquid products produced in a 2 h
chronopotentiometry experiment at an applied current density of -20 mA-cm2 in an aqueous 0.1
M KHCOs solution saturated with CO, under simulated sunlight irradiation with the different

prepared photocathodes.

4.2.2.4. Photoelectrochemical CO. reduction performance in an IL

organic solution

Based in the promising results obtained with the different photocathodes
using an aqueous solution of 0.1 M KHCOs as electrolyte, it was decided to

change the electrolyte to an acetonitrile 0.3 M BMI-TfO to enhance the
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efficiency and selectivity of the CO, reduction. Photoelectrochemical
properties of the prepared hybrid molecular photocathodes were studied in
the presence of BMI-TfO organic solution and compared with those of using

an aqueous electrolyte.

Figure 11a shows a chopped dark/light linear sweep voltammetry (LSV) of all
prepared photocathodes. The experiments were performed using simulated
sunlight irradiation in an acetonitrile solution containing 0.3 M of BMI-TfO and
saturated with CO,. The current-potential curves showed no significant
differences in the current response among all the catalysts. In this case, using
the IL as electrolyte, the photoactivity started to be observed between -1.2
and -1.4 V vs Ag/AgCl in comparison with the aqueous media where it was

possible to observe the photoactivity at -0.25 V vs Ag/AgCl.

A chopped dark/light chronoamperometry (Figure 11b) performed at an
applied potential of -1400 mV confirmed the photoactivity of all the catalysts.
At lower applied potential, no photoactivity was observed. The
Ruvia@Cu,0/Sn0, exhibited a photocurrent of 0.202 mA-cm?, which
constituted the highest photo-response among all molecular photocathodes.
In the other hand, with the bare Cu,0/Sn0; higher photocurrent contribution
than with the Recar@Cu,0/Sn0, was obtained, 0.160 and 0.125 mA-cm?,
respectively. With the Ruvia+Recar@Cu,0/Sn0O; system a very noisy
experiments were obtained and it was not possible to calculate the

photocurrent contribution.
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Figure 11: a) Chopped dark/light current-potential curves of the different prepared
photocathodes under CO, saturated 0.3 M BMI-TfO acetonitrile solution. b) Dark/light
chronoamperometry of the different prepared photocathodes performed at -1400 mV vs
Ag/AgCl under the same conditions of a). Cuy0/SnO, (black), Ruyia@Cu,0/Sn0; (red),
Recar@Cu;0/5n0; (blue), Recar+Ruvia@Cu,0/Sn0; (green).

Then, the effect of molecular complexes in the presence of IL as electrolyte on
the CO; photoelectroreduction selectivity was evaluated during a 2 hours
chronoamperometry by applying a current intensity of -20 mA-cm™, Figure 12
represents the faradaic efficiencies of the gaseous and liquid products

measured for each photocathode.

Using an organic BMI-TfO media, lower H production was obtained for all the
catalyst than those measured using KHCO3 as electrolyte. The highest FEu; is
23 % with the bare Cu,0/Sn0, using the IL. In all the cases, higher selectivity
to the CO; reduction products (formate and CO) were obtained suppressing
the H, production than those measured using KHCOs aqueous solution. A
comparison of the bare Cu0/Sn0; with the Recar@Cu,0/Sn0; photocathode
suggested that the same total FE was obtained but using the
Recat@Cu20/Sn0; higher selectivity to the formate (FEncooc = 33 %) and lower
H, production (FEx; = 16 %) were achieved confirming the role of a CO;

reduction catalyst to obtain higher selectivity to the CO; reduction products.
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Instead, using the Ruvia@Cu,0/Sn0;, a lower total FE than those measured
with the bare Cu;0/Sn0, was obtained. Similar H, and formate productions
were obtained but with lower CO production. Finally, with the
RuyiatRecar@Cu,0/Sn0,, the total faradaic efficiency was higher (from 60.4
% to 80.5 %) and the H, production was much lower. These hybrid
photocathodes displayed an increased selectivity to CO (FEco up to 28 %) and
formate (FEncoon Up to 34 %). These results also demonstrated that with the
combination of the visible light absorber and the CO, reduction catalyst the
electron transfer between the components is maximized. This resulted in an
improvement of the reduction photocatalyst, and an improvement of the

efficiency and selectivity of the system compared to the bare catalyst.
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Figure 12: Faradaic efficiencies of gas and liquid products produced in a 2 h
chronopotentiometry at -20 mA-cm? in an acetonitrile 0.3 M BMI-TfO solution saturated with

CO; under simulated sunlight irradiation with the different prepared photocathodes.

4.2.2.5. Summary and conclusions

Here, the preparation of different hybrid molecular photocathodes based on

a p-type silanized Cu,0/Sn0O, film modified with an electropolymerized
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chromophore/catalyst assembly is described. The photocathodes were
prepared by electrodeposition of a vinyl-tagged ruthenium-based visible-light-
absorber complex and a rhenium-based CO, reduction catalyst through
electropolymerization on the silanized oxide films. Three different molecular
assemblies based on the separate, and the co-immobilization of Ruya and
Recar complexes were prepared, and their photoelectrocatalytic CO;
reduction performances were tested in agueous KHCO3 and organic/BMI-TfO
media. The co-immobilization of Ruy.a and Recar complexes onto the electrode
surface revealed a photoactivity enhancement. The beneficial influence of
anchoring molecular complexes onto Cu,0/Sn0; photocathodes to boost,
both, its carriers transport, and its catalytic activity with respect to the bare

semiconductor material was shown.

Two different electrolytes were evaluated showing the highest total faradaic
efficiencies with KHCOs as electrolyte (FEtor up to 94 %) and with BMI-TfO as
IL-electrolyte (FEtor up to 80.5 %). The highest selectivity towards CO;
reduction products is obtained using the IL (FEco+ncoon Up to 62 %) together
with the suppression of the H, production (from FEu4, = 37 % using the KHCOs
to FEn, = 18 % using the IL).

The combination of the BMI-TfO as IL-electrolyte together with the hybrid
molecular photocathode was demonstrated to enhance both the CO;
reduction selectivity (by suppressing the H; evolution reaction) and the
stability towards its restructuration. This combination resulted in a 20 %
increase of the total faradaic efficiency compared to the bare Cu,0/Sn0,, and
in an enhancement of CO, reduction products production (CO and HCOOH

from 36 % to 62 %).
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4.2.3. Photoelectrochemical reduction of CO; using hybrid molecular

CuGaO0;-based photocathodes

In this section the synthesis, characterization, and the study of the
photoelectrochemical activity in the CO, reduction using molecular hybrid
photocathodes was performed. The hybrid photocathodes include the
vinyltrimethoxysilane (VTES) as linker, i) Ruyia + Recar, ii) RuRel and iii) RuRe2
molecular complexes immobilized by electropolymerization onto p-type

CuGaO0; semiconductor (Figure 13).

{/ X @ 4 =N
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Ru+Re@CuGaO, RuRel@CuGaO, RuRe2@CuGaO0,

Figure 13: Schematic representation of the three different photocathodes assemblies prepared

in this part.

4.2.3.1. CuGaO0; synthesis, functionalization, and characterization

The synthesis of the CuGaO; was carried out using adapted literature
procedures using a solid state reaction procedure by mixing an equimolar ratio
of Cu0 and Ga,0s3.” X-ray diffraction analysis confirmed the delafossite
structure of the CuGaO, without any obvious impurity. The diffraction pattern
was in agreement with a typical delafossite structure with a hexagonal unit
cell (Figure 14b).?° Calculated unit cell parameters were 2.974 and 17.143 A
for a and c, respectively. The calculated crystallite size is 58.0 + 1.1 nm. These
values were in agreement with the JCPDS data (a =2.977,c=17.171 A, JcPDS
data base 77-2495) of CuGa0,.”° The FESEM image (Figure 14a) of the solid

obtained displayed the surface morphology of the CuGaO; particles exhibiting
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a few micrometers size with parallel lines on the surface. These results
indicated a laminar structure. EDX analysis of the sample (Figure 14c)

confirmed the average Cu:Ga:0 molar ratio of 1:1:2.
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Figure 14: a) Scanning electron microscopy images captured for the CuGaO;. b) X-ray diffraction

analysis of CuGaO;. c) Energy Dispersive X—ray (EDX) spectrum for the CuGaO..

The synthesized CuGa0O; was then functionalized with vinyltriethoxysilane.
The synthesis was carried out by the addition of CuGaO; to a solution of
isopropanol and vinyltriethoxysilane. The functionalized CuGaO; (CuGaO,-
VTES) catalyst was analyzed with FESEM-EDX (Figure 15). The results indicated
that the morphology remained unchanged after functionalization, while, EDX
analysis confirmed the presence of Si with an approximative Cu:Si molar ratio

of 16:1.
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Figure 15: a) FESEM images and b) EDX analysis of CuGaO,-VTES.

4.2.3.2.

Preparation of RuRe@CuGaO; photocathodes

A different electrode preparation was performed for electrodes based on

CuGaO0; than those used for Cu,0/Sn0;. In this case, first, electrodes were

prepared by air-brushing of a catalytic ink of CuGaO,-VTES onto a porous

carbon support (Toray carbon paper 060, from FuelCellStore). Then, these

electrodes were subjected to electropolymerization in presence of the

corresponding molecular complex (Scheme 3).2
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Scheme 3: Electropolymerization scheme using CuGaO,-VTES powders.
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The efficiency of the electropolymerization procedure was corroborated by
monitoring the continuous enhancement of the current densities after each
scan (Figure 16). This observation suggested the in-situ formation of polymeric
layers onto the surface of the electrode. Furthermore, the presence of
multiple vinyl groups in the diverse Ru and Re complexes probably resulted in
a final layer-by-layer assembly of polymer. This protocol generated different
combination of interconnected complexes with the obtention of a high
molecular loading onto the surface of the electrodes.'®!® Three different
photoelectrodes were prepared by immobilization of three different
homogeneous complexes onto the CuGa0,-VTES: (i) Co-immobilization of Ru
visible light absorber complex and Re CO, reduction catalyst complex
(Ru+Re@CuGa0,), (ii) Supramolecular Ru-Re complex (RuRel@CuGa0,) and
(iii) binuclear Ru-Re complex (RuRe2@CuGaO0,).

The immobilization of the Ru and Re species onto the CuGaO,-VTES was
corroborated by FESEM-EDX analysis. Obtained semi-quantitative results
suggested the anchoring of equimolar amounts of Ru and Re species for both
supramolecular Ru-Re complexes. Whereas 2 moles of Re per mole of Ru were
measured for the mixture of homogenous complexes (Table 2). FESEM-EDX
images also displayed random homogeneous dispersions of Ru and Re species

on the CuGaO; support (see SI).
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Figure 16: Cyclic voltammogram graphics of a) Electropolymerization of the Ruyi.a complex b)
Electropolymerization of the Recar complex. c) Electropolymerization of the RuRel complex d)
Electropolymerization of the RuRe2 complex. All the CV are performed from 0 to -1.9 V vs

Ag/AgNOs in an acetonitrile solution containing 0.1 M TBA-PFs and 0.5 mM of the corresponding

complex.

Table 2: Average of approximated molar ratios and approximated amounts of Ru and Re onto

the surface of the electrode analyzed by EDX.

Ratio Cu:Ru Ratio Cu:Re
Electrode Ratio Ru:Re
(umolry-cm2) (umolge:cm2)
Ru+Re@CuGaO; 39:1 (0.155) 19:1 (0.318) 1:2
RuRel@CuGa0, 1.6:1(3.78) 1.5:1 (4.03) 1:1.1
RuRe2@CuGa0; 26:1(0.233) 23:1(0.263) 1:1.1
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Estimations of the relative amount of Ru and Re immobilized respect to the Cu
content in the support are calculated to assess the efficiency of the anchoring
approach. The approach used in the present work allowed a higher
immobilization of the RuRel complex than that of the RuRe2 complex.
Moreover, FESEM images, evidenced the presence of agglomerations in the
hybrid electrode containing the RuRel molecular complex. (see FESEM images

Figure 17).

3)q!l'p
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ul Scale 12465 cts Cursor: 4433 (132 ¢ty
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Figure 17: FESEM images and EDX analysis of the RuRe1@CuGaO; electrode. a) EDX analysis of
a region in the agglomeration. b) EDX analysis of a region without agglomeration. c) Line

scanning EDX analysis.

The region containing the agglomeration (Figure 17a) was analyzed by EDX.
EDX results revealed a higher content in Ru and Re (Figure 17b) and confirmed
that the agglomeration consists in RuRel supramolecular complexes
interconnected between them. The line scanning EDX (Figure 17c) performed
in both regions, agglomerated and non-agglomerated ones, also confirmed
the presence of Ru and Re higher content in the agglomerated regions than in
the non-agglomerated ones. Since the RuRel complex contains four anchoring
groups, the coupling between molecular complexes could explain the

agglomerations formation and the observed high Ru and Re contents.

157



UNIVERSITAT ROVIRA I VIRGILI
NOVEL CATALYSTS FOR THE ELECTRO- AND PHOTOELECTROCHEMICAL CO2/H20 TRANSFORMATION FOR CHEMICAL PRODUCTION

Roger Mird Serra

Chapter 4

UV-vis
30

— CuGaO,

—— Ru+Re@CuGaO0,
254 —— RuRel@CuGaO,
—— RuRe2@CuGaO,

F(R)

——

T T T T
400 500 600 700 800
Wavelength (nm)

Figure 18: Diffuse-Reflectance UV-visible absorption spectrum of the prepared electrodes. (F(R)
= (1-R)?/2R: Kubelka-Munk function).

UV-visible absorption spectra of all the prepared electrodes are measured in
the diffuse reflectance mode (Figure 18). The UV-vis spectrum of the bare
CuGaO0; indicated no absorption in the visible range.?>2° However, a different
behavior was observed with hybrid photocathodes bearing Ru and Re
complexes. Indeed, the electrode containing the molecular Ruya and Recar
complexes immobilized separately exhibited a small absorption band which
started at A = 550 nm. Instead, the electrode containing RuRel showed a large
absorption band starting at A = 600 nm, and the RuRe2 showed an absorption
band in all the visible light spectrum. These results were in concordance with
previous reports where a characteristic peak appeared in the UV spectrum
around 464 nm. This band was attributed to the singlet metal-to-ligand-

charge-transfer absorption band of the Ru complex.?®

4.2.3.3. Photoelectrochemical characterization of CuGaO;

In the literature there is a discussion on the activity of CuGaO; in the CO;

reduction reaction.?3° Photoelectrochemical and electrochemical properties
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of the bare CuGaO, were studied under dark conditions and under simulated
sunlight irradiation. Current-potential curves (Figure 19a) showed a difference
in the current between the dark and light conditions. This result indicated that
the CuGaO; was photocatalytically active under sunlight irradiation in an
acetonitrile 0.3 M BMI-TfO solution saturated with CO,. Indeed, from -0.3 to -
1.2 V vs. Ag/AgCl a difference in the current density value of about 19 pA-cm”

2 pbetween dark and light irradiation was observed.

a) Current-potential curves of CuGa0, b) Chronoamperometry CuGaO, D/L
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Figure 19: a) Current-potential curves of the synthetized CuGaO, sample with and without
simulated sunlight irradiation under CO; saturated 0.3 M BMI-TfO acetonitrile solution. b)
Dark/light chronoamperometry of CuGaO; performed at -2.0 V vs Ag/AgCl under the same

conditions of a).

A chopped dark/light chronoamperometry performed at -2.0 V (Figure 19b)
confirmed the CuGaO, photoactivity. This experiment showed an average

photocurrent contribution of -0.195 mA-cm™2,

4.2.3.4. Photoelectrochemical reduction of CO, using the CuGaO,

photocathode

Effects of light and current intensity on the CO; reduction performance are
investigated on CuGaO; by performing a current screening under both light
and dark conditions and analyzing the gas and liquid products in each

experiment. Short chronopotentiometry experiments of 30 min were
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performed. Based on the cyclic voltammetry (Figure 20), different current
intensities were applied, specifically -0.2, -1.5, -3, -6, -10 and -20 mA-cm?, in

order to monitor the formation of CO; reduction products in each experiment.

CuGa0, CV under CO,
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Figure 20: Cyclic voltammetry graphic of CuGaO; in an acetonitrile 0.3M BMI-TfO solution CO;

saturated with (red) and without (black) simulated sunlight irradiation.

As can be observed in Figure 21, a significant difference was highlighted
between dark and light conditions. Under dark conditions, a major selectivity
towards CO; reduction products and a Faradaic efficiency to H, lower than 10
% were obtained. In contrast, under simulated sunlight irradiation conditions,
a substantial increase in hydrogen production was observed. In both cases,
the total Faradaic efficiency decreased when higher current densities were
applied. This behavior was attributed to the instability of the catalyst, i.e., self-

reduction of the CuGa0,.%®
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Figure 21: Faradaic efficiencies of gas and liquid products produced in 30 min
chronopotentiometry measurements at different current intensities on CuGaO; electrodes in a
CO; saturated 0.3 M BMI-TfO acetonitrile solution. a) Experiment without simulated sunlight

irradiation. b) Experiment under simulated sunlight irradiation.

Under both dark and light conditions, formate was the major CO; reduction
product, followed by CO. Small quantities of propanol, ethanol, and methanol
were also detected. The production of CO and H, was monitored during the

experiment and was stable during the time of chronopotentiometry.

Figure 22 shows the comparison of chronopotentiometry measurements
between dark and light conditions. These chronopotentiometries performed
at the same current intensity under visible light irradiation (dashed line) and
in dark (solid line) revealed a difference in the corresponding potential values.
In general, lower potential values (in absolute values) were measured under
light conditions than in dark conditions. However, the opposite behavior was
observed when the chronopotentiometry was performed at -10 and -20

mA-cm™.
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Figure 22: Chronopotentiometry curves applying different current intensities under light
irradiation (dashed line) and in dark (solid line) on CuGaO; electrodes in a CO; saturated 0.3 M
BMI-TfO acetonitrile solution. Colors are the same for the chronopotentiometries performed at

the same current intensity.

Chronopotentiometry (CP) experiments for 120 minutes were performed in
the dark and under visible light irradiation by applying -1.5 mA-cm™ to
evaluate the stability of CO,RR over time with the CuGaO; bare material.
During the initial stages of the reaction, CO was the main product. Later, the
CO production decreased under both dark and light conditions (Figure 23).
When the experiment was performed in the dark, a constant decrease of CO
selectivity was observed along with a constant H, production. Under light
irradiation, the CO production decreased more rapidly with a constant
increase of H, production, after 40 min the H, became the main product. The
results obtained showed that the total Faradaic efficiencies were higher in the
dark (FEwtal = 70.7 % in the dark vs 52.4 % under light), and confirmed the quick
deactivation of the bare CuGaO, under light irradiation. These results were in

agreement with previously reported data.*®
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Figure 23: Chronopotentiometry performed at -1.5 mA-cm2 for 120 min in acetonitrile 0.3 M
BMI-TfO solution saturated with CO,. a) CO and H; production under dark conditions. b) CO and

H; production under light conditions. c) Faradaic efficiencies under dark and light conditions.

4.2.3.5. Photoelectrochemical properties of Ru+Re@CuGaO;

Photoelectrochemical properties of the prepared CuGaO; electrode bearing
the mixture of the Ruyia and Recar (Ru+Re@CuGa0;) were studied and
compared with those of the bare CuGa0, electrode. These experiments were
performed using simulated sunlight irradiation in an acetonitrile solution
containing 0.3 M of BMI-TfO and saturated with CO,. Current-potential curves
(Figure 24a) showed a difference in the current response between dark and
light conditions. Interestingly, Ru+Re@CuGa0; exhibited an approximate
current difference of 32 pA-cm™. This value constituted a higher photo-

response than that measured with the bare CuGaO; (19 pA-cm™). This result
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suggested that this higher photocurrent was induced by the injection of

electrons from the CuGaO; to the Ru photosensitizer.

a) Current-potential curves of Ru+Re@CuGaO, b) Ru+Re@CuGaO, Chronoamperometry D/L
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Figure 24: a) Current-potential curves of the synthesized Ru+Re@CuGaO;, with and without light
irradiation. b) Dark/light chronoamperometry of Ru+Re@CuGaO; electrode performed at -2.0
V vs Ag/AgCl in a CO, saturated 0.3 M BMI-TfO in acetonitrile solution.

A dark/light chronoamperometry performed at -2.0 V (Figure 24b) confirmed
the activity under light irradiation of the Ru+Re@CuGa0, photocathode. This
experiment showed an average photocurrent contribution of -0.204 mA-cm™
in a CO; saturated 0.3 M BMI-TfO acetonitrile solution. A comparison between
Figure 19b and Figure 24b evidenced that the two photoelectrodes provided
similar average photocurrent contributions at this fixed potential value.
Nonetheless, the Ru+Re@CuGa0; displayed a more stable behavior over

time.

4.2.3.6. Photoelectrochemical reduction of CO, using the

Ru+Re@CuGa0; photocathode

The selectivity of the Ru+Re@CuGaO0, electrode for the CO2RR was evaluated
under simulated sunlight irradiation. As for the bare CuGaO,, short
chronopotentiometries experiments of 30 min were performed at different
constant current densities: -0.2, -1.5, -3, -6, -10 and -20 mA-cm, respectively.

These results are displayed in Figure 25.
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Figure 25: Faradaic efficiencies of gas and liquid products produced in a 30 min
chronopotentiometry at different current intensities in an acetonitrile 0.3 M BMI-TfO solution

saturated with CO,under simulated sunlight irradiation with the Ru+Re@CuGaO; electrode.

In general, the formation of CO, reduction products was enhanced by the
immobilization of Ru and Re molecular complexes onto the CuGaO,
semiconductor. More specifically, at current density values lower than -10
mA-cm?, the H; production was reduced and the formation of CO; reduction
products was increased. It should be noted that the Ru+Re@CuGaO;
electrode displayed a total faradaic efficiency of 99.8 % at -1.5 mA-cm™ and a
FEw2 of only 6.8 %. A detrimental effect was evidenced at more negative
currents with a clear decrease in the total FE. This observation could be due
to the catalyst modification under those conditions. In view of these results,
the current value of -1.5 mA-cm™ was selected for conducting subsequent

analyses.

Next, the effect of the reaction medium was evaluated. Reactions were carried
in three different CO, saturated solutions: (i) 0.3 M BMI-TfO in acetonitrile.
This solution was selected in view of the good results obtained using this IL in

some recent studies,”” (ii) 0.3 M TBA-PFs in acetonitrile. This solution was
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selected to compare the use of an IL to that of a simple quaternary ammonium
salt®32 and (iii) aqueous solution of 0.1 M KHCOs. This solution was selected
to compare the organic vs. aqueous electrolyte; specifically, the KHCO; based

electrolyte was selected as a typical aqueous electrolyte.®

Ru+Re@CuGaO0; in different reaction media

[l 2-Propancl
I Ethanol
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I Formate
- O

Hydrogen

% Faradaic Efficiency

T T
TBA-PFq KHCO, BMI-TfO

Figure 26: Faradaic efficiencies of gas and liquid products produced in a 120 min
chronopotentiometry at -1.5 mA-cm2, under continuous simulated sunlight irradiation, using
different electrolytes, 0.3 M TBA-PFs in acetonitrile, 0.1 M KHCO3 in H,0 and 0.3 M BMI-TfO in

acetonitrile, all saturated with CO,.

In aqueous media, a constant H, production was obtained with a total FE of 80
% and a FE to formate (the main CO2RR product) of 14 % (Figure 26). In
contrast, in organic media (acetonitrile solution of BMI-TfO or TBA-PFg), higher
selectivities to CO; reduction products are obtained, and formate was the
major product. This selectivity shift may be explained by the low solubility of
CO, in aqueous solution, whereas ILs acted as a strong CO, absorption
medium, and enhanced the selectivity to the CO, reduction products by
decreasing mass transfers limitations.® Interestingly, other than the commonly
produced C; reduction products, C,. products like ethanol and propanol were
also promoted in the organic solvents, and in particular with the IL electrolyte.

This suggested a role of the imidazolium and ammonium-based electrolytes as
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co-catalysts that may also influenced the CO;RR reaction mechanism. Indeed,
Ca+ products formation required the presence of adsorbed CO (CO*) and CHx
(CHx*) intermediates, which reacted by CO*-CO*dimerization or CO*-CHx*

coupling at the catalyst surface.3

Comparing the chronoamperometry curves, the experiments with aqueous
solution of 0.1 M KHCOs and acetonitrile 0.3 M BMI-TfO as electrolytes
revealed stable voltages of -1.6 V and -1.9 V vs Ag/AgCl, respectively (Figure
27a). Whereas the use of acetonitrile 0.3 M TBA-PF; as electrolyte resulted in
a variation of the voltage along the potential window from -1.8 Vto -1.6 V. It
should be highlighted that the potential associated to the experiments
seemed to correlate with the product selectivity, since high hydrogen faradaic
efficiencies and low formate faradaic efficiencies were achieved in aqueous
solution of 0.1 M KHCOs at -1.6 V, whereas the opposite trend was observed
using acetonitrile 0.3 M BMI-TfO as electrolyte at -1.9 V. In the case of
acetonitrile 0.3 M TBA-PFs as electrolyte, the selectivity varied with the
potential along the experiment. In fact, considering the H, and CO production
during the test, in presence of TBA-PFs (Figure 27b), the CO production
decreased severely after 40 min with a concomitant increase of the hydrogen

production.
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Figure 27: a) 120 min chronopotentiometry using the Ru+Re@CuGaO; catalyst applying -1.5
mA-cm=2 under simulated sunlight irradiation in a CO; saturated solution using different reaction
media. b) CO and H, production during the 120 min chronopotentiometry using the

Ru+Re@CuGaO; catalyst at -1.5 mA-cm2 under the same conditions of a).

Based on these results, the 0.3 M BMI-TfO in acetonitrile was selected as
electrolyte to study the immobilization of the different molecular complexes

synthesized onto the CuGaO; semiconductor.

4.2.3.7. Ru and Re complex effect on the photoelectrochemical

reduction of CO; in ionic liquid

The current-potential curves under dark and light irradiation for the

RuRel@CuGa0; and RuRe2@CuGa0, materials are displayed in Figure 28.

In both cases, differences in the current response between dark and light
conditions are observed (Figure 28). Slight differences on the measured
photocurrent were observed for the electrodes containing the supramolecular
complexes. The RuRel@CuGa0; provided an average photocurrent of 36
HA-cm?, and the RuRe2@CuGa0; shown a value of 37 pA-cm™?, from -0.4 to -
1.2 V vs Ag/AgCl. However, both electrodes exhibited a higher photoactivity
than the Ru+Re@CuGaO0; (with an average photocurrent of 32 pA-cm™ from -
0.4 to-1.2 V vs Ag/AgCl).
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Figure 28: Current-potential curves with and without light irradiation under CO; saturated 0.3

M BMI-TfO acetonitrile solution of the a) RuRel@CuGaO; electrode and b) RuRe2@CuGaO;

electrode.

Nevertheless, when a dark/light chronoamperometry at -2.0 V was performed

(Figure 29), the electrodes containing the supramolecular complexes showed

a lower average photocurrent contribution, -0.156 (RuRel@CuGa0,) and -

0.150 mA-cm (RuRe2@CuGa0,) than the Ru+Re@CuGaO0; electrode, -0.204

mA-cm™.
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Figure 29: a) Dark/light chronoamperometry of RuRel@CuGaO; (red line) and RuRe2@CuGaO;
(blue line) performed at -2.0 V vs Ag/AgCl in an acetonitrile 0.3 M BMI-TfO saturated with CO..
b) Faradaic efficiencies of gas and liquid products produced in 120 min chronopotentiometry
tests at -1.5 mA-cm2, under continuous simulated sunlight irradiation in an acetonitrile 0.3 M
BMI-TfO CO, saturated solution using different Ru and Re complexes. c) 120 min
chronopotentiometry recorded curves applying -1.5 mA-cm~ under the same conditions of b)

using different Ru and Re complexes

Subsequently, the effect of the different Ru/Re complexes on the CO,
photoelectroreduction selectivity was evaluated during a 120 min
chronopotentiometry by applying -1.5 mA-cm™ under simulated sunlight
conditions. In Figure 29b, the Faradaic efficiencies of the gaseous and liquid
products for each catalyst at that current density value are displayed. Using
the bare CuGaO; electrode, a low total Faradaic efficiency was obtained (52

%). Hybrid photocathodes displayed an increase in the faradaic efficiency up
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to 81 %. These results evidenced the protective and stabilizing role of the Ru
and Re complexes that hinder the CuGaO; modification. Among them, similar
faradaic efficiencies for H, and CO2RR products were obtained. However, with
the RuRel and RuRe2 complexes, lower external potentials were necessary at
the same current intensity. This observation evidenced a higher generated
photovoltage and a more efficient electron transfer provided by
photocathode bearing the supramolecular system rather than immobilizing
separately Ruyia and Recar complexes (Figure 29c). This behavior was in
agreement with their superior UV-vis light absorption. Using these hybrid
materials, higher faradaic efficiencies to formic acid are obtained compared
with that of the bare CuGaO,, ca. 45 % vs. 30 %, respectively. Interestingly,
ethanol and propanol production were enhanced by the hybrid materials, and
in particular, by the binuclear RuRe2 complex. As previously mentioned, such
results highlighted the role of the Ru and Re complexes in co-catalyzing the
multi-electron processes. These processes are subsequent to the formate and

CO formation at the catalyst surface.

Moreover, the hybrid materials synthesized in this work not only enhanced
the faradaic efficiency of the process but also showed higher stability than the
bare CuGaOs.. Finally, the stability of the hybrid materials was corroborated by
analyzing the electrodes after the CP experiments by FESEM-EDX. A similar
morphology of the hybrid materials was observed after the CPs. This result
indicated a positive effect of the immobilization of the molecular complexes
(see SI). Additionally, semi-quantitative EDX results suggested similar loading
of the Ru and Re species before and after the CP experiments, thus confirming
the stability of these systems under the reported reaction conditions (Table

3).
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Table 3: Average of approximated molar ratio and approximated Ru and Re amounts onto the

surface of the electrode analyzed by EDX before and after the CP experiments.

Ratio Cu:Ru Ratio Cu:Re Ratio Ru:Re
Electrode
(Before/After) (Before/After) (Before/After)
Ru+Re@CuGaO, 39:1/40:1 19:1/22:1 1:2/1:1.8
RuRel@CuGaO, 1.6:1/2.3:1 1.5:1/25:1 1:1.1/1:11
RuRe2@CuGaO, 26:1/33:1 23:1/43:1 1:1.1/1:1.3

4.2.3.8. Conclusions

Three different hybrid materials were prepared with the synthesized
molecular complexes, and their photoelectrocatalytic CO, reduction

performances were tested in different electrolytes.

The electropolymerization process was used, for the first time, for the
immobilization of supramolecular Ru-Re complexes on VTES-modified
CuGa0,. A comparison of the co-immobilization procedure of the separate
Ruvia and Recar complexes with the supramolecular RuRel and the binuclear
RuRe2 complexes demonstrated an enhanced photovoltage generation and
electron transfer for the photocathodes containing these supramolecular and

binuclear complexes.

The potential of this approach for anchoring molecular complexes onto
CuGa0; photo-electrocatalyst to boost, both, its carriers transport and

catalytic activity, with respect to the bare semiconductor material was shown.

Furthermore, various electrolytes were evaluated, and the use of ionic liquids
was demonstrated to enhance both, the CO, reduction selectivity (by
suppressing the H, evolution reaction) and the stability of the photo-
electrocatalytic performance. The combination of the use of IL and the hybrid
materials at the photocatalyst surface increased the semiconductor stability

towards its restructuration, which resulted in a 30 % increase of the total
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faradaic efficiency vs. the bare CuGa0O,, and in an enhancement of the formic
acid production (from 30 % to 45 %) as well as Cy. alcohols formation,

suppressing the H, production.

Further investigations will be devoted for the elucidation of the role of these
supramolecular and binuclear complexes, and of the IL, in co-catalyzing multi-
electron CO; reduction reaction pathways under photo-electrochemical

conditions.
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4.3. Conclusions

As general conclusions, a series of four new molecular complexes containing
a vinyl group as coupling agent was successfully synthesized and

characterized.

The different molecular complexes were immobilized onto a VTES modified
Cu,0/Sn0; or CuGa0, semiconductor showing higher molecular loadings using
the CuGa0,-VTES pathway which consisted in two steps: first, preparation of
the electrodes with the CuGaO, powder, and second step,

electropolymerization.

In general, the hybrid photocathodes displayed an enhancement of carriers
transport and catalytic activity respect to the bare semiconductor. The co-
immobilized complexes resulted in better performances compared to the
immobilization of only the Recar or Ruyia. Higher photovoltage generation and
electron transfer was obtained with photocathodes bearing supramolecular
RuRel and the binuclear RuRe2 complexes compared with the photocathodes
obtained by co-immobilization procedure of the separate Ruwa and Recar

complexes.

Finally, various electrolytes were evaluated observing that the ionic liquids-
based electrolytes displayed an enhancement of both the CO, reduction
selectivity (by suppressing the H, evolution reaction) and the stability of the
system. Reaction performed using this electrolyte resulted in a up to 30 %
increase of the total faradaic efficiency vs. the bare semiconductor and an
enhancement of the CO; reduction products production (CO, HCOOH and C;.

alcohols).
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4.4. Experimental part

4.4.1. General considerations

Reagents: Commercially available reagents and solvents were purchased at
the highest commercial quality from Sigma-Aldrich, Fisher scientific, Alfa Aesar
and were used as received, without further purification, unless otherwise

stated.

Analytical methods: *H, and 3C{*H} NMR spectra were recorded using a Varian
Mercury VX 400 (400 and 100.6 MHz respectively). Chemical shift values (&)
are reported in ppm relative to residual solvent peak (*H and 3C{*H}), and
coupling constants are reported in Hertz. The following abbreviations are used
to indicate the multiplicity: s, singlet; d, doublet; t, triplet; g, quartet; m,

multiplet; bs, broad signal.

High-resolution mass spectra (HRMS) of the synthetized molecular complexes
were recorded on an Agilent Time-of-Flight 6210 using ESI-TOF (electrospray
ionization-time of flight). Samples were introduced to the mass spectrometer
ion source by direct injection using a syringe pump and were externally
calibrated using sodium formate. The instrument was operating in the positive

ion mode.

Fourier transform infrared spectroscopy (FT-IR) spectra of the synthetized
molecular complexes were obtained by using a Bruker Vertex-70 instrument
with Attenuated Total Reflectance (ATR) sample holder by acquiring 16

cumulative scans with resolution of 4 cm™ from 4000 to 400 cm™.

Ultraviolet-visible (UV-Vis) absorption spectra (350 nm to 800 nm) of the
synthetized molecular complexes were recorded of the synthetized molecules

in standard solutions 30 mg/L in dichloromethane. Analyses were carried out
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using quartz cuvette with 1 cm of optical path using a UV-1800 Shimadzu

apparatus.

Reactions were monitored by TLC carried out on 0.25 mm E. Merck silica gel
60 F254 glass or aluminum plates. Developed TLC plates were visualized under
a short-wave UV lamp (254 nm) and by heating plates that were dipped in
potassium permanganate. Flash column chromatography was carried out
using forced flow of the indicated solvent on Merck silica gel 60 (230-400

mesh).

Physicochemical properties of CuGaO; catalysts and prepared electrodes were
analyzed by X-Ray Diffraction (XRD, Panalytical X'Pert PRO diffractometer) and
Field Emission Scanning Electron Microscopy (FESEM) with Energy Dispersive
X-ray Spectroscopy (ZEISS Auriga, equipped with an OXFORD X-MAX EDS
detector). Electrodes were analyzed before and after the CO,RR tests to
confirm the presence of Ru and Re and to determine the morphology and
approximated composition. UV-Vis reflectance spectra (F(R) = (1-R)%/2R:
Kubelka-Munk function) of prepared electrodes were collected with a

spectrophotometer (Varian Cary 5000 spectrophotometer).

4.4.2. Photoelectrochemical measurements

Photoelectrochemical (PEC) measurements were performed in an H-type cell
(made in quartz) with a three-electrodes configuration. In a typical test, the
anodic chamber was equipped with 28 mL of a 0.1 M KOH aqueous solution
and a Pt mesh as counter electrode. The cathodic chamber was instead
equipped with 50 mL of 0.3M BMI-TfO acetonitrile solution, 0.1M KHCO;
aqueous solution or 0.3M TBA-PFs acetonitrile solution (electrolyte specified
in each experiment), an Ag/AgCl (KCl sat.) as reference electrode and a
CuGa0;-based electrode as working electrode. The cathodic and anodic

chambers were separated by a Fumasep® FBM bipolar exchange membrane
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(from FUMATECH BWT GmbH). Prior to each measurement, the electrolyte
solution was purged for 20 mins with a nitrogen (N;) flow rate of 20 mL/min
to remove the oxygen present in the solution. Afterwards, the solution was
saturated for 20 min under a CO; flow rate of 20 mL/min. During the

experiments, a constant CO; flow rate of 20 mL/min was maintained.

PEC measurements were carried out with a Voltalab potentiostat (from
Radiometer Analytical SAS). Linear sweep voltammetry (LSV) and cyclic
voltammetry curves were recorded in dark and under continuous or chopped
simulated solar light illumination conditions, in the range between -0.20 and -
2.2 V vs Ag/AgCl (KCl sat.) (with a sweep rate of 20 mV-s™).
Chronoamperometry (CA) measurements were performed at -2.0 V vs Ag/AgCl
(KCI sat.) over 1 min dark and 1 min simulated irradiation intervals.
Chronopotentiometry (CP) measurements were performed both in dark and
under continuous simulated solar light irradiation conditions by using a
Newport 450 W Xe lamp equipped with an AM 1.5G filter. The H-type cell was
illuminated from the cathodic side maintaining the intensity of the light at
1000 W-m™ by adjusting the distance between the light source and the PEC

cell.

Figure 30: Image of the set-up used to perform the CO; reduction tests

Gas products (H; and CO) were determined continuously during all the

experiments using a micro gas-chromatograph (Varian 490-GC from Agilent)
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directly connected to the cell. Samples of the liquid products were analyzed at
the beginning and at the end of each experiment, by means of high-
performance liquid chromatography (Shimadzu HPLC) and gas chromatograph
(Perkin EImer GC with a Mass Spectrometer) with a head space for the

quantification of formate and alcohols, respectively.

4.4.3. Ru and Re molecular complexes synthesis

Ru visible light absorbers (Ruwia) and Re CO; reduction co-catalysts (Recar)
were synthetized based on the state-of-the-art. The supramolecular catalyst
contained the Ru and Re molecular complexes linked by a ligand. The
molecular catalysts are properly functionalized with the double bound
functional group required for the covalent immobilization onto the different

semiconductors.

4.4.3.1. Non-commercial organic ligands synthesis

First, the non-commercial organic ligands were synthetized following adapted

reported procedures.

4,4’-Divinyl-2,2’-bipyridine (bpy V)

The first ligand synthetized was a bipyridine modified with vinyl groups in the
para position (bpy_V). The scheme of the synthetic route for the bpy_V ligand

is described in the Scheme 4.

A
m LDA Potassium tert-butoxide
- - —_ —_
\ /" N7 o 27—
N N Br N \ N N /
(bpyMe,) bpy_V

Scheme 4: Ligand bpy_V synthetic route.

The bpy_V synthesis started with the commercial 4,4-Dimethyl-2,2'-

bipyridine (bpyMe;). The synthesis of the bpy_V was a 2-step synthetic route,
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where the first step was the deprotonation of the methyl’s of the bipyridine
using LDA followed by the nucleophilic attack to the bromomethyl methyl
ether to give the ether 1. In the second step, take place an elimination reaction

using potassium tert-butoxide obtaining the final bpy_V ligand.

(bpyMe,) 1
Scheme 5: First synthesis step of bpy_V.

4,4’-Bis(2-methoxyethyl)-2,2’-bipyridine (1): The synthesis was performed
according to an adapted reported procedure.® To a solution of
diisopropylamine (1.68 mL, 11.94 mmol) in dry THF (15 mL) was added nBuli
in hexane (1.6 M, 7.5 mL, 11.94 mmol) at 0 °C under a nitrogen atmosphere.
Then, to the mixture a solution of 4,4’-dimethyl-2,2’-bipyridine (bpyMe;) (1.0
g, 5.43 mmol) in THF (20 mL) was added dropwise. The resulting solution was
stirred at 0 °C for 30 min. Then, this solution was warmed to room
temperature for a further 30 min and cooled down to -78 °C. Then, a solution
of bromomethyl methyl ether (1.06 mL, 13.03 mmol) in dry THF (5 mL) was
added dropwise. The reaction mixture was warm up to room temperature,
qguenched with saturated NaHCOs; solution (5 mL) and diluted with ethyl
acetate (20 mL). The aqueous phase was extracted with CH,Cl, (3 x 20 mL).
The combined organic layers were dried over magnesium sulphate, filtered
and concentrated under reduced pressure. The oil obtained was purified by
flash chromatography (96:4 dichloromethane/methanol) to give 4,4’-bis(2-
methoxyethyl)-2,2’-bipyridine 1 as a yellow oil obtained in 82 % yield (1.21 g).
'H NMR (400 MHz, CDCls) 6 (ppm): 2.97 (t, Ju-n= 6.8 Hz, 4 H), 3.36 (s, 6 H), 3.69
(t, Jun= 6.8 Hz, 4 H), 7.20 (dd, Ju.u=1.7, 5.0 Hz, 2H), 8.26 (s, 2H), 8.58 (d, Ju-+ =
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5.0 Hz, 2H). These signals are in agreement with those reported in the

literature.
/ \
(o} o 3\
Potassium tert-butoxide
- - N\ N/
/) \ N N
\ v N /
1 bpy_V

Scheme 6: Second step of synthesis of bpy_V.

4,4’-Divinyl-2,2’-bipyridine (bpy_V): The synthesis was performed according
to an adapted reported procedure.* To a solution of 4,4’-bis(2-methoxyethyl)-
2,2’-bipyridine 1 (1.0 g, 3.67 mmol) in dry THF (10 mL) was added portion-wise
t-BuOK (906.7 mg, 8.1 mmol) under nitrogen atmosphere at -78 °C. After the
addition, the mixture was allowed to warm up to room temperature over 1 h.
Then, the reaction mixture was quenched with water (0.3 mL), diluted with
AcOEt (30 mL), dried over magnesium sulphate, filtrated and concentrated
under reduced pressure to afford 4,4’-divinyl-2,2’-bipyridine as a yellow solid
obtained in 92 % yield (705 mg). 'H NMR (400 MHz, CDCl;) 6 (ppm): 5.53 (d,
Jun=11.2 Hz, 2 H), 6.10 (d, Ju-n=17.6 Hz, 2 H), 6.78 (dd, Js.n=10.8, 17.6 Hz, 2
H), 7.32 (dd, Ju+= 1.6, 5.1 Hz, 2 H), 8.41 (s, 2 H), 8.64 (d, Ju.u= 5.3 Hz, 2 H).

These signals are in agreement with those reported in the literature.

1,2-bis(4'-methyl-[2,2'-bipyridin]-4-yl)ethane (bpyC2bpy)

The second ligand synthetized is the 1,2-bis(4'-methyl-[2,2'-bipyridin]-4-
yl)ethane (bpyC2bpy) ligand which was synthetized in only one step synthesis.

This reaction is described in the Scheme 7.

180



UNIVERSITAT ROVIRA I VIRGILI
NOVEL CATALYSTS FOR THE ELECTRO- AND PHOTOELECTROCHEMICAL CO2/H20 TRANSFORMATION FOR CHEMICAL PRODUCTION
Roger Mird Serra

Solar-driven CO; reduction using hybrid photocathodes

bpyMe; bpyC2bpy

Scheme 7: Synthesis scheme of bpyC2bpy ligand.

1,2-bis(4'-methyl-[2,2'-bipyridin]-4-yl)ethane (bpyC2bpy): The synthesis was
performed according to an adapted reported procedure.®® A solution of
bpyMe; (2 g, 10.97 mmol) in THF (40 mL) was cooled at -78 °C. After cooling
the solution LDA (2 M, 5.5 mL, 10.97 mmol) was added dropwise and the
reaction mixture was stirred for 2 h at -78 °C. Then, 1,2-dibromoethane (1.9
mL, 21.95 mmol) was added quickly and the reaction mixture was warmed to
room temperature. Water (50 mL) was added, and the product was extracted
with diethyl ether (3 x 100 mL). The organic phases were combined, dried over
MgSQO, and the solvent evaporated under vacuum. The crude product was
purified by flash column chromatography (96:4 dichloromethane/methanol)
yielding the pure bpyC2bpy ligand as a white solid obtained in 62 % yield (1.24
g). 'H NMR (400 MHz, CDCl3) & (ppm): 2.44 (s, 6 H), 3.10 (s, 4 H), 7.12 (dd, Jux
=1.7,5.0 Hz, 2 H), 7.15 (dq, Juu= 1.0, 5.0 Hz, 2 H), 8.24 (t, Ju.n= 0.8 Hz, 2 H),
8.32 (d, Jun= 1.0 Hz, 2 H), 8.55 (d, Ju.i= 5.0 Hz, 2 H), 8.57 (dd, Js.i= 0.7, 5.0 Hz,

2 H). These signals are in agreement with those reported in the literature.

4.4.3.2. Ru visible light absorber synthesis (Ruy.a)

The synthesis of the Ru visible light absorber (Ruyia) was performed with a
bipyridine containing a vinyl group as a coupling agent (bpy_V). In the Scheme

8, there is the schematic synthetic route for Ruyia.
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N\ 7N/
N N
1,5-cyclooctadiene
RUCl3-3H,0 [RuCOD)Cl,], . °PyMe2
ethanol, reflux 1,2-dichlorobenzene

155°C

[Ru(bpyMe;),Cl,]

EtOH/H,0, reflux

/ \
\ . /
bpy_V

Ruyia

Scheme 8: Ruthenium visible light absorber synthetic route.

The synthesis for both Ruwa started with the commercial RuCls-3H,0
precursor. The first step was the preparation of the polymeric [Ru(COD)Cl,],
where the RuCl; was reduced to Ru(ll). The next step was the substitution of
the COD ligand by two bpyMe; and the formation of the corresponding
[Ru(bpyMe3),Cl,]. Then, it was performed the substitution of the two chloride
ligands by the modified bipyridine bpy_V. The final Ruy.a is obtained in 74 %
isolated yield after the substitution of the two chlorides for the bpy_V.

\_/ \7/

N N
1,5-cyclooctadiene Z
RuCl5-3H,0 [RuCoD)ClL], —"PMe2 s T I
ethanol, reflux 1,2-dichlorobenzene /N\Ru/
155°C ~N—" . ¢
‘ =
Cl

[Ru(bpyMe,),Cl,]

Scheme 9: Synthesis of [Ru(bpyMe3),Cl,], two-step procedure.

[Ru(Me;bpy):Cl;]: The synthesis was performed according to an adapted
reported procedure.?” RuCls-3H,0 (0.55 g, 2.7 mmol) was added to a mixture
of 1,5-cyclooctadiene (3.25 mL, 27 mmol) and ethanol (12 mL), and refluxed

under argon atmosphere for 64 h. After cooling to room temperature, a
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precipitate was formed and it was collected by filtration affording
dichlorido(1,5-cyclooctadiene)ruthenium(ll) polymer ([Ru(COD)Cl;],) as
brown solid (0.52 g, 88 %). A suspension of [Ru(COD)Cl,]» (0.251 g, 0.89 mmol)
and bpyMe; (0.332 g, 1.8 mmol) in o-dichlorobenzene (3.8 mL) was stirred at
155 °C under argon-gas atmosphere for 3.5 h. After cooling to room
temperature, resulting precipitates were collected by filtration and dried in
vacuo, afforded [Ru(Me;bpy).Cl>] as black powders obtained in 84 % yield
(0.43 g). This compound was used in the following step without any

purification and characterization.

% . (NTf),
X, =

z
g 7 EtOH/H,0, refl s Mo
 ref
: ~ N T . 2! ux /N\R.u/ X
s S e
SN = /= o~ L
cl N N <
bpy-V
[Ru(bpyMe,),Cl,] Ruyayv

Scheme 10: Synthesis of Ruyya-y, third step.

Ruvia complex: The synthesis was performed according to an adapted
reported procedure.®® A solution of the bpy_V ligand (104.13 mg, 0.5 mmol)
and (324.3 mg, 0.6 mmol) of [Ru(Me;bpy).Cl,] in a 50 mL mixture of EtOH/H,0
(9:1 v:v) was heated at reflux in the dark under an argon atmosphere for 3 h.
The solvents were removed, and the product was purified on silica gel column.
Elution with an acetone/water mixture (8:2 v:v) removed the unreacted
Ru(Mezbpy).Cl>. More rinsing with an acetone/water/KNO; saturated aqueous
solution (10 drops of KNO3 added to a mixture of 80 mL of acetone and 20 mL
of water) afforded the desired ester complex with NOs™ as counteranion. Pure
fractions of this product were collected and evaporated under reduced
pressure. The product was redissolved with dichloromethane and 0.2 g of
AgNTf, was added and stirred during 10 min. MgSO, was added and the

organic phase was filtered and dried to give the product Ruyia as a red powder
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obtained in 49 % yield (0.36 g). *H NMR (400 MHz, CD,Cl;) 6 (ppm): 2.57 (d, Jx-
n=2.5Hz, 12 H), 5.72 (d, Ju-u= 10.8 Hz, 2 H), 6.22 (d, Ju.u=17.5 Hz, 2 H), 6.85
(dd, Ju-n=10.9, 17.5Hz, 2 H), 7.22 (t, Ju-n=7.8,4 H), 7.42 (dd, Ju.u=1.7, 6.0 Hz,
2 H),7.51(t, Ju-n=5.5Hz, 4 H), 7.62 (d, Ju-n=6.0 Hz, 2 H), 8.22 (s, 4 H), 8.34 (s,
2 H). B3C{*H} NMR (100.6 MHz, CD,Cl;) & (ppm): 21.5, 115.5, 118.6, 121.4,
121.8, 122.9, 124.6, 125.0, 125.3, 128.8, 129.1, 129.2, 133.1, 146.9, 150.6,
150.7, 150.8, 150.9, 151.4, 156.6, 156.7, 156.8, 157.5. ESI-HRMS: Calculated
for CagHasNsRUZ*. Exact: M?*: 339.1017; Experimental: M?*: 339.1026.

4.4.3.3. Re CO; reduction co-catalyst synthesis (Recar)

The synthesis of the Re CO; reduction co-catalyst is also performed using the
bpy_V ligand. The synthesis is performed in one only step where take place
the substitution of two CO ligands of the Re(CO)sBr precursor for one bpy_V
obtaining the final Re complex (Recar) in 84 % yield (Scheme 11).

Toluene, reflux

Re(CO)sBr

/ \
\ N /
bpy_V

Scheme 11: Synthesis scheme of complex Recar.

Recar complex: The synthesis was performed according to an adapted
reported procedure.® The Re(CO)sBr (0.1 g, 0.246 mmol) and the bpy_V ligand
(51.21 mg, 0.246 mmol) were dissolved in toluene (60 mL) and stirred at reflux
for 3 h. Then, the solvent was evaporated under vacuum and the product
precipitated upon the addition of Et,0. The precipitated was filtered and
washed with Et,0 giving the Recar complex as an orange solid obtained in 84
% yield (114.7 mg). 'H NMR (400 MHz, dmso-ds) & (ppm): 5.86 (d, Ju.n= 11.0
Hz, 2 H), 6.55 (d, Jux = 17.6 Hz, 2 H), 6.95 (dd, Ju.u = 10.9, 17.6 Hz, 2 H), 7.79
(dd, Ju= 1.6, 5.8 Hz, 2 H), 8.90 (s, 2 H), 8.94 (d, Ji.i = 5.8, 2 H). 3C{*H} NMR
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(100.6 MHz, dmso-ds) & (ppm): 121.0, 124.0, 124.5,133.2, 148.1, 153.2, 155.7,
189.6, 197.4. ESI-HRMS: Calculated for Ci;H16BrN3OsRe*. Exact: (M+NH4)*:
575.9927; Experimental: (M+NH,)*: 575.9901.

4.4.3.4. Synthesis of the Supramolecular RuRel complex

The first supramolecular RuRel complex was synthetized with the bpyC2bpy
ligand as a linker between the Ru and the Re complex. In this case there is a
bridge of two carbons between the Ru and Re. This complex was synthetized

with four steps synthesis procedure (Scheme 12).

\_ /" \ 7 |

1,5-cyclooctadiene X, =
RuCl38H,0 —— . [Ru(COD)Cly], bpy_V NS l\‘l I l EtOH/H,0, reflux
ethanol, reflux 1,2-dichlorobenzene /N\Ru/
155°C SN |\<:|
"
[Ru(bpy_V),Cl,] bpyC2bpy

Re(CO)sBr

Scheme 12: Synthetic strategy to synthetize the RuRel complex.

The complex RuRel was synthetized following the same synthetic strategy
than for the Ruya. First, the [Ru(COD)CIl,] precursor is prepared, followed by
the substitution of the COD ligand for two bpy-V ligand obtaining the [Ru(bpy-
V)2Cl,] complex. Then, the chloride ligands were substituted for the 1,2-bis(4'-
methyl-[2,2'-bipyridin]-4-yl)ethane (bpyC2bpy) ligand to obtain the
corresponding Ru complex [Ru(bpy_V):(bpyC2bpy)]. Finally, reaction with 1
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equivalent of the Re(CO)sBr complex at reflux obtaining the final RuRel in 64
% yield.

4 A

\_ 7 \_7/

[Ru(COD)Cly], — vV
ethanol, reflux 1,2-dichlorobenzene
155°C

1,5-cyclooctadiene
RuCl3-3H,0

[Ru(bpy_V),Cl,]
Scheme 13. Ru complex [Ru(bpy-V),Cl,] synthetic route.

Ru complex [Ru(bpy-V):Cl,]: The synthesis of the Ru complex [Ru(bpy-V).Cl]
is described in the section 4.4.3.2 in the Scheme 9 but using the bpy_V ligand
(374.9 mg, 1.8 mmol) instead of the bpyMe; ligand. The complex [bpyC2bpy]

was obtained in 87 % yield.

EtOH/H,0, reflux i

[Ru(bpy-V),Cl;] bpyC2bpy

Scheme 14: Synthesis of Ru complex 12.

Ru complex [Ru(bpy-V):(bpyC2bpy)]: The synthesis was performed according
to an adapted reported procedure.®® A solution of the ligand bpyC2bpy (259
mg, 0.71 mmol) and (530 mg, 0.85 mmol) of Ru complex [bpyC2bpy] in a 71
mL mixture of EtOH/H,0 (9:1 v:v) was heated at 95 °C in the dark under an
argon atmosphere for 3 h. The solvents were removed, and the product was
purified on silica gel column by using a mixture of acetone/water (8:2 v:v)

containing KNOs saturated aqueous solution (10 drops of KNO3; added to a
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mixture of 80 mL of acetone and 20 mL of water). Pure fractions of the
products were collected and evaporated under reduced pressure. The product
was redissolved with dichloromethane, 0.27 g of AgNTf, are added and the
mixture was stirred during 10 min. MgS0O4 was added and the organic phase
was filtered and dried. The solid was redissolved with acetone and
precipitated with diethyl ether to give the pure product [Ru(bpy-
V)2(bpyC2bpy)] as a red powder obtained in 58 % yield (0.592 g). *H NMR (400
MHz, CD,Cl3) & (ppm): 2.54 (s, 3H), 2.59 (s, 3H), 3.24 (m, 4H), 5.73 (m, 4H), 6.23
(m, 4H), 6.85 (m, 4H), 7.21 (d, Juw = 5.4 Hz, 1H), 7.33-7.50 (m, 8H), 7.63 (m,
5H), 8.19-8.52 (m, 10H). 3C{*H} NMR (100.6 MHz, CD,Cl,) & (ppm): 21.3, 21.4,
35.6,36.0,115.4,118.6,121.5,121.6,121.8,122.8,122.9,123.4,124.3,124.7,
124.8, 125.0, 126.0, 126.9, 128.4. 129.1, 133.0, 133.1, 147.0, 147.1, 150.3,
150.7, 150.9, 151.1, 151.4, 151.5, 151.6, 151.9, 152.2, 152.8, 153.2, 153.6,
156.7, 157.1, 157.2, 157.3, 157.4, 157.5. ESI-HRMS: Calculated for
Cs2HasNsRu?*. Exact: M?*: 442.1439; Experimental: M?*: 442.1437.

Scheme 15. Synthesis of the supramolecular RuRel complex.

RuRel: The synthesis was performed according to an adapted reported
procedure.®*®* 60.7 mg (0.042 mmol) of the Ru complex [Ru(bpy-
V)2(bpyC2bpy)] and 34.12 mg (0.084 mmol) of Re(CO)sBr were refluxed in a
30 mL mixture acetone/ethanol (1:1) overnight. The solvent was evaporated
and the solid was redissolved in the minimum amount of acetone. Then, a

precipitate was formed by the addition of diethyl ether. This precipitate was
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the pure RuRel obtained in 48 % vyield (35.9 mg). 'H NMR (400 MHz, CD,Cl,) &
(ppm): 2.54 (m, 6H), 3.21 (m, 4H), 5.73 (dd, Ju-+= 1.9, 10.9 Hz, 4H), 6.22 (m,
4H), 6.84 (m, 4H), 7.17-7.48 (m, 9H), 7.59 (m, 5H), 8.23-8.50 (m, 8H), 8.76 (m,
2H). 3c{*H} NMR (100.6 MHz, CD-Cl>) & (ppm): 21.3, 21.5, 35.6, 35.7, 115.4,
118.6, 121.4, 121.6, 121.8, 123.1, 124.4, 124.5, 124.6, 124.7, 124.9, 125.0,
125.2, 126.2, 127.4, 128.3, 128.5, 129.1, 130.0, 133.0, 133.1, 147.0, 147.1,
147.1, 150.2, 151.1, 151.3, 151.4, 151.5, 151.6, 152.4, 152.5, 152.8, 152.9,
154.1. 154.2, 155.6, 155.7, 156.4, 156.4, 156.6, 157.1, 157.3, 157.4, 157.5,
189.6, 197.9, 198.1. ESI-HRMS: Calculated for CssHasBrNgOsReRu?*. Exact: M?*:
617.0733; Experimental: M?*: 617.0722.

The coordination of the Re complex in the Ru complex [Ru(bpy-
V)2(bpyC2bpy)] was confirmed by performing an IR analyses of the complex

before and after the coordination of the Re complex.

1,00

0,95 A
0,90 A
0,85
0,80 A

0,75

Transmitance

0,70

0,65

0,60

0,55 - — [Ru(bpy-V),(bpyC2bpy)]
—— RuRel

0150 T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™t)

Figure 31. IR Spectrums: RuRel (red) Ru complex [Ru(bpy-V),(bpyC2bpy)] (black).

As it can be observed in the Figure 31, the IR spectrum of the Ru complex did

not display any characteristic peak of the CO bond. Instead, when the Re
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complex is coordinated, it is possible to observe two peaks corresponding to
the CO bond in 2016 and 1889 cm™. These peaks confirmed that the Re

complex was coordinated to the Ru complex [Ru(bpy-V).(bpyC2bpy)].

4.4.3.5. Synthesis of the Supramolecular RuRe2 complex

To compare the effect of the ligand between the Ru and Re, a new
supramolecular RuRe complex was synthetized with the 2,2’-Bipyrimidine
(bpym) as ligand (RuRe2). The RuRe2 complex was synthetized with four steps

synthetic procedure (Scheme 16).

4 N\
) N
1,5-cyclooctadiene N N
RuClz-3H,0 [Ru(COD)Cl,], 3 1. EtOH/H,0, reflux
ethanol, reflux 1,2-dichlorobenzene

G0

155°C

1. Re(CO)sBr

[Ru(bpy_V),(bpym)]

Scheme 16. Synthesis of the RuRe2 complex.

The synthesis of the RuRe2 complex is the same than for the RuRel complex
but using the 2,2'-Bipyrimidine (bpym) ligand instead of the ligand bpyC2bpy
ligand.
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4
= RS N

RuCl3-3H,0 LN | N

o

u
Vi N N= P ‘ \\N S

[Ru(bpy_V),Cl,]

Scheme 17: Synthesis of Ru complex [Ru(bpy_V),Cl5].

Ru complex [Ru(bpy_V):(bpym)]: The synthesis procedure of the Ru complex
[Ru(bpy_V):(bpym)] is described in the section 4.4.3.4 in the Scheme 14. To
synthetize the complex [Ru(bpy_V).(bpym)], the synthesis was performed
with the ligand bpym instead of the bpyC2bpy ligand. The pure Ru complex
[Ru(bpy_V)2(bpym)] was obtained in 57 % yield (404.5 mg). *H NMR (400 MHz,
CDs0D) & (ppm): 5.75 (dd, Juw = 5.0, 10.9 Hz, 4H), 6.39 (dd, Juu= 4.0, 17.6 Hz,
4H), 6.93 (m, 4H), 7.56 (m, 4H), 7.71 (d, Juu = 5.9 Hz, 2H), 7.41 (m, 2H), 7.80
(dd, Jun= 5.0, 5.8 Hz, 2H), 7.93 (d, Ju= 5.9 Hz, 2H), 8.41 (dd, Ju= 1.9, 5.8 Hz,
2H), 8.83 (s, 4H), 9.18 (dd, Juw = 1.9, 4.9 Hz, 2H). BC{*H} NMR (100.6 MHz,
CDs0D) 6 (ppm): 119.6, 122.7,122.8,122.9, 123.3, 125.6, 125.8, 126.8, 134.3,
134.3, 149.0, 152.5, 153.4, 158.5, 158.7, 159.2, 162.0, 162.7. ESI-HRMS:
Calculated for CseHsoNsRu?*. Exact: M?*: 338.0813; Experimental: M?:

338.0816.
Z Y
\ 1. Re(CO)sBr
|
. X
[Ru(bpy_V);(bpym)]

Scheme 18. Synthesis of RuRe2 complex.

RuRe2 complex: The synthesis was performed according to an adapted
reported procedure.®* 100 mg (0.08 mmol) of the Ru complex
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[Ru(bpy_V)z(bpym)] and 65 mg (0.16 mmol) of Re(CO)sBr were refluxed
overnight in a 60 mL mixture acetone/ethanol (1:1). The solvent was
evaporated and the solid was redissolved in the minimum amount of acetone.
Then, the product was precipitated with diethyl ether and the pure RuRe2
complex was obtained in 59 % yield (74.2 mg). *H NMR (400 MHz, Acetone-de)
6 (ppm): 5.76 (dt, Ju-n = 2.0, 10.8 Hz, 4H), 6.41 (m, 4H), 6.95 (m, 4H), 7.65 (m,
4H), 8.00 (m, 5H), 8.58 (d, Jun = 5.9 Hz, 1H), 8.79 (dd, Jun = 1.4, 5.6 Hz, 1H),
8.98 (m, 5H), 9.54 (dt, Juu= 1.5, 5.5 Hz, 2H). *C{*H} NMR (100.6 MHz, Acetone-
de) 6 (ppm): 116.2, 119.4, 122.1, 122.3, 122.4, 122.6, 123.5, 123.6, 123.7,
125.1, 125.4, 125.6, 125.8, 127.1, 127.5, 134.0, 134.1, 134.2, 148.4, 148.5,
148.6, 152.9, 153.4, 154.2, 155.6, 158.0, 158.1, 158.4, 158.5, 160.0, 160.5,
162.4, 162.6, 162.7, 167.4, 167.8, 196.5. ESI-HRMS: Calculated for
CasH30BrNgOsReRu?*. Exact: M?*: 513.0107; Experimental: M?*: 513.0099.

The coordination of the Re complex in the Ru complex [Ru(bpy_V):(bpym)]
was confirmed by IR analysis. IR analyses of RuRe 2 complex was carried out

before and after the coordination of the Re complex.
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Figure 32. IR Spectrums: RuRe2 (red) Ru complex [Ru(bpy_V),(bpym)] (black).

A similar trend was observed for the RuRe2 to that previously observed for
RuRel. In the IR spectrum of the Ru complex [Ru(bpy_V).(bpym)] (Figure 32,)
there was not any characteristic peak of the CO bond. Instead, when the Re
complex was coordinated, it was possible to observe two peaks corresponding
to the CO bond in 2030 and 1895 cm™. These peaks confirmed that the Re

complex was coordinated to the Ru complex [Ru(bpy_V)z(bpym)].

4.4.4. Cu20/Sn0; synthesis and functionalization

The synthesis of the Cu,0/Sn0, was performed according to an adapted
reported procedure.?’” The Cu,O nanoparticles were obtained during wet
precipitation process by adding dropwise a 2 M NaOH aqueous solution (50
mL) into a 0.01 M CuCl;-2H,0 aqueous solution (500 mL). The mixture was
stirred for 30 min, and then, 0.6 M aqueous solution of L—ascorbic acid (50 mL)
was dropwise added. The precipitate was collected and washed. Then, it was
dried giving the product as an orange powder. The Cu,0/Sn0; nanoparticles

were obtained during coordination etching process dispersing the Cu,O
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nanoparticles in a mixture of isopropanol (300 mL) and a 0.2 M NacCl aqueous
solution (10 mL). Then, a SnCls-5H,0 solution (with 40:1 Cu,0:Sn0O, molar
ratio) in isopropanol (300 mL) was dropwise added. The precipitate was

collected and dried giving the Cu,0/Sn0, nanoparticles as an orange powder.

The Cu,0/Sn0; nanoparticles (1.00 g) were dispersed in a 5 mM VTES solution
(250 mL) in a mixture isopropanol/H,0 95/5. The precipitate was collected and

washed. Then, it was dried giving the product as an orange powder.

4.4.5. RuRe@Cu;0/Sn0; photocathode preparation

A general procedure to immobilize the complexes containing the vinyl groups
with the functionalized Cu,0/SnO,-VTES has been used.* The
electropolymerization was carried out using a dispersion prepared by mixing
a nitrogen degassed acetonitrile solution (50 mL) containing 0.6 mM of the
corresponding complex, 0.1 M of tetraethylammonium hexafluorophosphate
(TBA-PF¢) and the Cu,0/Sn0,-VTES powder (0.5 g). The electropolymerization
of the complexes was performed using a three electrodes set-up with a glassy
carbon electrode for both, working and counter electrode, and Ag/AgNOs as
reference electrode. Then, CV was performed through the potential window
of -0.6to -1.6 V vs Ag/AgNO; for the Ru complex; 0.0 to -1.6 V vs Ag/AgNOs for
the Re complex; and 0.0 to -1.9 V vs Ag/AgNOs for the mixture of Ru and Re
complex. The applied voltage was scanned multiple times with a scan rate of
100 mV-s. After 30 scans for the Ru and Re complex for separated and 60
scans for the mixture of Ru and Re, the powders were filtrated, washed with

acetonitrile, and dried under vacuum.

The electrodes were prepared by air-brushing of a catalytic ink onto a porous
carbon support (Toray carbon paper 060, from FuelCellStore) using an
adapted literature process.® The catalytic ink was constituted by various

components: (i) the corresponding Ru/Re@Cu,0/Sn0; catalyst in the powder
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form, (ii) NAFION® (dispersion, 5 % wt in water and 1-propanol, from Sigma
Aldrich) as a binder for the particles, and (iii) ethanol (from Sigma Aldrich), as
a carrier for the ink deposition considering that the ink must be fluid to be
uniformly spread on the area of interest. Each electrode was prepared with a
geometric area of 1 cm? with a catalyst loading of 1 mg-cm™. The deposition
process was performed by placing the carbon paper on a heating plate at 50
°C to ensure complete solvent evaporation. A pressure of 1.5 bar for the
carrier gas (nitrogen) in the airbrush inlet was selected to have a continuous
ink flow, and in order to avoid undesired liquid drops. Then, all the electrodes

were kept on the heating plate at 50 °C for 15 min before their use.

4.4.6. CuGaO; synthesis and functionalization

The synthesis of the CuGaO, was carried out using a solid state reaction
procedure adapted from literature.’” A mixed powder of starting materials,
Cu,0 (1.76 mmol, 251.9 mg, Sigma-Aldrich, 99.99 % purity) and Ga,0s (1.76
mmol, 330.0 mg, Sigma-Aldrich, 99.99 % purity), was heated up from room
temperature to 1100 °C at 5 °C/min under N, flow. Then, the mixture was
maintained for 15 h at 1100 °C, and finally, cooled down to room temperature
under N, flow. After calcination, 333.8 mg of a white-green powder was

obtained.

Then, the synthesized CuGaO, was functionalized with vinyltriethoxysilane
(VTES) by adding 0.1 g of CuGa0, to a 20 mL solution of isopropanol containing
10 mM of vinyltriethoxysilane. The dispersion was stirred overnight at room

temperature. Then, it was filtrated, and washed with isopropanol.

4.4.7. RuRe@CuGaO; photocathode preparation

The electrodes were manufactured by airbrushing a catalytic ink onto a porous

).28

carbon support (Toray carbon paper 060, from FuelCellStore).*® The catalytic

ink was constituted by various components: (i) CuGaO,-VTES catalyst in the
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powder form; (ii) NAFION® (dispersion, 5 %wt in water and 1-propanol, from
Sigma Aldrich) as a binder for the particles and ionomer, and (iii) ethanol (from
Sigma Aldrich), as a carrier for the ink deposition, since the ink must be fluid
to be uniformly spread on the area of interest. Each CuGaO,-VTES electrode
was prepared with a geometric area of 1 cm?and a catalyst loading of 1 mg-cm”
2, The deposition process was performed by placing the carbon paper on a
heating plate at 50°C to ensure the complete solvent evaporation. A pressure
of 1.5 bar for the carrier gas (nitrogen) in the airbrush inlet was selected to
have a continuous ink flow, in order to avoid undesired liquid drops. Then, all

the electrodes were kept on the heating plate for 15 min before their use.

Next, the prepared electrodes containing the CuGaO,-VTES were subjected to
electropolymerization of the corresponding molecular complexes.'® The
electropolymerization of the complexes was performed employing a three
electrodes set-up with the CuGa0,-VTES, platinum wire and Ag/AgNOs as
working, counter, and reference electrodes, respectively. Electrodes were
submerged in an argon degassed acetonitrile solution containing the
corresponding complex in a 0.5 mM concentration and tetraethylammonium
hexafluorophosphate (TBA-PFs, 0.1 M) as electrolyte. Cyclic voltammetries
were performed from 0 to -1.9 V vs Ag/AgNOs, and the applied voltage was
scanned multiple times with a scan rate of 100 mV-s. After 60 scans, the

electrode was removed and washed with acetonitrile.
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Figure 33: Image of the set-up used to perform the molecular complexes electropolymerization

onto the semiconductor
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4.5. Supporting information

4.5.1. UV-Vis spectra of the molecular complexes

The UV-Vis of the different molecular complexes were performed to check the

absorbance wavelength of each complex.

4.5.1.1. Ru visible light absorber

0,5
s /
04 -
3
bt 0,3
@
Ko . 4
= 22 23 24 25
8 Energy (eV)
o 0,2 1
< % (NTE),
A
0,1 \\“\
g
Ruyia
W+ —_————

350 400 450 500 550 600 650 700 750 800
Wavelenght (nm)

Figure S1: UV-Vis spectra and Tauc plot of the Ruy.a complex.
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4.5.1.2. Re CO; reduction co-catalyst
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Figure S2: UV-Vis spectra and Tauc plot of the Recar complex.

4.5.1.3. Supramolecular RuRel
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Figure $3: UV-Vis spectra and Tauc plot of the RuRel.
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4.5.1.4. Supramolecular RuRe2
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Figure S4: UV-Vis spectra and Tauc plot of the RuRe2.

4.5.2. H and 3C{*H} NMR spectra

H NMR (CDCls, 400 MHz)
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'H NMR (CDCls, 400 MHz)
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'H NMR (CD-Cl,, 400 MHz)
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'H NMR (dmso-ds, 400 MHz)
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4.5.3. FESEM images and EDX analysis of the electrodes after

electropolymerization
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Figure S5: FESEM images and EDX analysis of the Ru+Re@CuGaO; electrode after the
electropolymerization.

Figure S6: FESEM images of the RuRel@CuGaO; electrode after the electropolymerization.
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Figure S7: FESEM images and EDX analysis of the RuRe2@CuGaO; electrode after the
electropolymerization.

CuGao, Ru+Re@CuGaO, RuRel@CuGaO, RuRe2@CuGa0O,

Figure S8: Images of the electrodes before and after the electropolymerization procedure.
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4.5.4. FESEM images and EDX analysis of the tested electrodes

Figure S9: FESEM images and EDX analysis of the tested Ru+Re@CuGaO; electrode.
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Figure $10: FESEM images and EDX analysis of the tested RuRe1@CuGaO; electrode.
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Figure S11: FESEM images and EDX analysis of the tested RuRe2@CuGaO; electrode.
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Molecular hybrid photoanode
catalysts for efficient water

oxidation reaction
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Abstract

Two different immobilization strategies to anchor water oxidation molecular
catalysts onto the BiVO, were studied. Both procedures were based on the
functionalization of the BiVO,. The first approach consisted in the
functionalization of both the BiVO,4 and the Ru-complex with vinyl groups, and
their coupling by electropolymerization procedure. In the second approach,
the BiVO,4 was functionalized with thiol groups, and the anchoring of the Ru-
complex functionalized with vinyl groups was performed via the formation of
S-C bonds by photochemical thiol-ene click chemistry. The molecular hybrid
photoanode materials obtained by these immobilization procedures were
evaluated as catalysts in the photoelectrochemical water oxidation reaction.
To date, a slight improvement of the photocurrent was obtained by the

anchoring of the Ru complexes.

This work has been done in the framework of the European Union’s Horizon

2020 SunCOChem project, Grant Agreement No 862192.*
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Molecular hybrid photoanode for efficient water oxidation

5.1. Introduction

As mentioned in Chapter 1, in artificial photosynthesis, the liberation of
electrons occurs by oxidation of water to form oxygen and protons, and these
electrons are consumed for the reduction of target molecules, such as, CO; to
produce added-value carbon-based molecules (i.e., CO/HCOOH, CH;OH or
CH3CH,0H) or the reduction of protons ([H*]) to generate dihydrogen. The
efficiency of the water oxidation process is governed by the choice of a
suitable and efficient water oxidation catalyst (WOC).2 Water oxidation
reaction takes place via transfer of four electrons, the breakage of four O-H

bonds and the formation of the O=0 double bond.

To the best of our knowledge, the state-of-the-art WOCs are based on Ru
complexes bearing multidentate N-ligands coordinated in equatorial positions
such as Ru-tda (tda = [2,2":6',2"-terpyridine]-6,6"-dicarboxylate) and Ru-bda
(bda = [2,2'- bipyridine]-6,6'-dicarboxylate). These organometallic complexes
were applied under homogeneous conditions, which limit their stability and
recyclability.> Therefore, the immobilization of such molecular catalysts onto
different semiconductor surfaces is required to obtain an efficient
photoanode, and to maximize the advantages of both semiconductor and

molecular water oxidation catalyst.®’

Immobilized WOC systems are of interest for application in
photoelectrochemical commercial cell devices. Over the last years, several
examples of molecular-catalyst-modified photoanodes using Ru water
oxidation catalysts and Ru visible light absorbers were reported for the
preparation of efficient and stable dye sensitized photoelectrochemical

(DSPEC) cell &2

To date, various immobilization strategies to anchor the molecular complexes

onto semiconductor surfaces were developed to improve the stability of the
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molecular catalysts. Among others, the approaches more extensively applied
are: (i) covalent bonding of the molecular WOC to the semiconductor surface
using anchoring groups, such as, carboxylic acids, phosphonic acid,
hydroxamic acid and silatranes (Figure 1a),**® (ii) electrografting of
diazonium groups (Figure 1b),* (iii) electropolymerization of molecular
complexes with previously modified surfaces (Figure 1c).r”"%° Different
strategies have also been developed to stabilize the immobilized complexes:
(i) via the use of a hydrophobic polymer overlayer (up to pH 12) (Figure 1d)¥
and (ii) via atomic layer deposition, where the immobilized metal complexes

are covered by a metal oxide layer (wide pH range) (Figure 1e).21%
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Figure 1: Representation of the different immobilization procedures and stabilizing methods, a)
Structure of different anchor groups (reprinted from ref °), b) Electrografting of a diazonium
(reprinted from ref 16), c) Reductive electropolymerization of the molecular complexes (reprinted
from ref %), d) Stabilization of the molecular complexes by coating with an hydrophobic polymer
overlayer (reprinted from ref 2°) and e) Atomic layer deposition strategy to protect a catalyst

surface (reprinted from ref 22).
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Based on these immobilization  procedures, dye sensitized
photoelectrochemical cells (DSPEC) modified with molecular catalysts were
developed. The first DSPEC cell was reported by Meyer and co-workers in
1999.%° They prepared a photoanode based on TiO, modified with a Ru-Ru
molecular photosensitizer-catalyst with a dark cathode (Figure 2). This system
displayed very low photocurrent and no oxygen was produced. They
demonstrated the possibility of construct a DSPEC cell modified with

molecular complexes providing the basis for further studies.

Y

(CH,),CHOH  (CH,),CO

207 o=

Figure 2: Schematic representation of the water splitting dye sensitized solar cell with the Ru—
Ru chromophore-catalyst molecular assembly reported by Meyer and co-workers. Reprinted

from ref 12,

In 2009, Mallouk and co-workers reported the first visible light driven assisted
by a small applied voltage water oxidation DSPEC cell.?® This DSPEC cell
consisted in a photoanode based on TiO,, a molecular Ru chromophore and a
IrO, water oxidation catalyst (Figure 3). Using this photoanode, they obtained
a photocurrent of 30 pA for water oxidation. The same group later reported
the incorporation of an electron transfer mediator, BIP tyrosine-histidine,

which accelerated the electron transfer between IrO; and the chromophore.
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The addition of this mediator improved the efficiency of the water oxidation

reaction with a three-fold factor.?’
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Figure 3: Schematic representation of the water splitting dye sensitized solar cell reported by

Mallouk and co-workers. Reprinted from ref 26,

Sun and co-workers® and Spiccia and co-workers?® reported a similar DSPEC
cell. In both cases, these systems were based on the immobilization of the
WOC within a Nafion polymer layer, obtaining a simple method to construct a
DSPEC cell (Figure 4). The photoanodes were prepared with Ru-bda WOC?® and
manganese molecular catalyst® immobilized onto a TiO; film containing a Ru
photosensitizer. Using these DSPEC cells, photocurrents of a few pA were
achieved due to inefficient electron transfer between the catalysts

immobilized into the polymer films and the excited Ru dye absorbed onto the

TiO,.
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Figure 4: Schematic representation of the water splitting dye sensitized solar cell a) DSPEC cell
reported by Sun and co-workers. Reprinted from ref 28 and b) DSPEC cell reported by Spiccia and

co-workers. Reprinted from ref 2°.

In 2013, Sun and co-workers performed a great improvement in the
performance of this kind of molecular catalyst modified DSPEC cells family
using the Ru-dba WOC (Figure 5).3° The Ru-dba WOC and a Ru photosensitizer
were co-immobilized onto a TiO; surface constructing a photoactive anode.
Upon application of an external bias of 0.2 V vs NHE, this system displayed an
initial photocurrent higher than 1.7 mA-cm~2 with high Faradaic efficiency (FEo,
up to 83%). This improvement was attributed to the excellent efficiency of the
Ru-dba WOC, and to the co-absorption method which did not involve Nafion

polymer layer.

0,+4H* H,

° 2H,0 2HY | |/

_/
Pt

Figure 5: Schematic representation of the water splitting dye sensitized solar cell reported by

Sun and co-workers. Reprinted from ref 3°.
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Inspired by these results, Sun and co-workers performed further studies on
DSPEC cell using Ru photosensitizer and Ru-dba WOC.3! They studied the
effect of the chain length spacer between the Ru-dba and the TiO,, and they
observed that the assembly containing the longer carbon chain length
provided better efficiencies for light driven water oxidation, with almost the
double of photocurrent density. Two possible reasons were proposed to
explain this effect: (i) a long distance between Ru-dba complexes and TiO, was
better to reduce the electron recombination, and (ii) the catalytic centers can
easily swing with a flexible linkage, they can get closer to each other, and they
can form the O-O bond via intermolecular reaction. Later, Sun and co-workers
further studied the O-O bond formation via intramolecular radical coupling
using a binuclear catalyst (Figure 6).32 Using this binuclear catalyst, a higher
photocurrent was obtained. The photocurrent was almost twice that using the
mononuclear catalyst. Moreover, higher faradaic efficiencies were obtained.
These results obtained by Sun and co-workers fitted well the reported

mechanism, where the 0-O bond formation was favored through an

33,34

intramolecular radical coupling.

Figure 6: Schematic representation of the water splitting dye sensitized with the binuclear Ru

WOC. Reprinted from ref 32.
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The co-adsorption of the photosensitizer and the WOC provided a simple and
efficient route to prepare molecular-catalyst-modified photoanodes.
However, this method has also some drawbacks, such as, it resulted in a
decrease of light absorption, an increase of the electron recombination and a
poor control over the ratios between the photosensitizer and the WOC. In this
context, the use of supramolecular complexes to build hybrid photoanodes
can be an interesting alternative to overcome these issues. Indeed, using
supramolecular complexes, the electron recombination can only take place

following two paths, as described in the Figure 7.8

hv
e e +
2H O, +4H
2 mm
& @ Cat.
* \_/ \\_/ 2H20
4H e e

Figure 7: Schematic representation of a molecular modified photoanode with a supramolecular
complex with the good electron transfer (green) and the electron recombination (red) processes

at the photoanode for the water splitting reaction.

Meyer and co-workers developed a molecular-catalyst modified photoanode
using a Ru-Ru supramolecular complex immobilized onto TiO, (Figure 8).3>3¢
The photosensitizer and the water oxidation catalysts are linked using a
flexible saturated bridge to enable long-lived charge-separated states. Using
this system they studied the electron injection, electron transfer and the
recombination using transient absorption studies. With the transient
absorption measurements, they demonstrated an electron injection efficiency
of approximately 95% into TiO, followed by the transfer oxidative equivalent

from the photosensitizer to the catalyst with a transfer time of 145 ps.3® From
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the spectroscopic point of view, the supramolecular complexes were proven

to be effective to build an effective molecular-catalyst based photoanode.

P [(TiO,(e)-Ru,'-Ru, "-OH, ]+
~6ps

4R

—> [(TiO,(e)-Ru,-Ru,I-OH]*
e transfer L , P ’ ~35 us

<10 ns

Figure 8: Schematic representation of the water oxidation dye sensitized photoanode with the
Ru-Ru supramolecular complex. Reprinted from ref 3°.

In view of these potential benefits, various strategies were developed to
construct supramolecular catalysts based on a photosensitizer linked with a
water oxidation catalyst assemblies for DSPEC cells, including: (i) covalently
linked photosensitizer and WOC (Figure 9a),3”"% (ii) use of a layer-by-layer
deposition assemblies with phosphonate-Zr(IV) as a bridging point between
the photosensitizer and the WOC (Figure 9b),**? and (iii) use of an assembly
prepared by electropolymerization of the photosensitizer with the WOC

(Figure 9c¢).t™19
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Figure 9: Schematic representation of the different strategies to construct a supramolecular
catalyst: a) covalently linked (reprinted from 3°), b) layer-by-layer assembly using phosphonate-

Zr as linker (reprinted from #°) and c) by electropolymerization (reprinted from 18).

Visible light absorbing semiconductors (VLA-SC) with narrow band gap and
with the appropriate energy band to drive reactions can be directly used to
prepare PEC cells without the use of dyes. In the last years, n-type VLA-SC,
such, as Fe;0s, BiVO4s and WOs;, were used as photoanode to perform the

water oxidation reaction.*>*

The efficiency of the VLA-SC was evaluated by the suitable combination of
three properties: (i) good light absorption ability, (ii) efficient charge
separation and migration and (iii) good energy band to drive photochemical
reactions. However, evaluation of bare VLA-SCs resulted in low photocurrents
due to the recombination of the photogenerated electrons and holes on the

surface. The application of systems combining the use of molecular catalysts
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and semiconductors reduced the side recombination processes and improved

the efficiency of the process.*?
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Figure 10: Band edge positions of different semiconductors in contact with the aqueous

electrolyte at pH = 0 relative to NHE and the vacuum level. Reprinted from ref 43.

Among the visible light absorbing semiconductor materials, BiVO, is of
particular interest due to its narrow band gap, nontoxicity, low cost and the
excellent photocurrent densities for water oxidation. However, the BiVO,
photoanode performance is far from the theoretical capacity due to the poor
electron transport, slow water oxidation kinetics and the poor charge
separation. Various efforts were performed to improve the performance of
the BiVO, materials based on four main strategies: (i) by metal doping of the
BiVO4,* (ii) by changing the morphology of the material,*** (iii) by performing

48-50

heterojunctions with conductive or semiconductive materials, and (iv) by
modifying the BiVO, surface with water oxidation catalyst (metal oxides or

oxyhydroxides).>*>*

The three first strategies (i to iii) were designed to improve the charge carrier
mobility, the charge separation and/or to avoid the electron-hole
recombination, whereas the last strategy (iv) was to reduce the water
oxidation kinetic barrier of the reaction. However, several reports described a
poor activity of this metal oxide as water oxidation catalysts, due to the slow

hole transfer kinetics from the BiVO, to the metal oxide. Therefore, the metal
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oxide cannot effectively compete with the direct water oxidation from BiVO,.

Furthermore, this effect also caused an increase of the recombination.>**°

On the other hand, improvements of the catalytic rates of the water oxidation
reaction by three to four orders of magnitude with respect to the bare metal
oxides were achieved by the anchoring of molecular water oxidation catalysts

(Figure 11, and Table 1).7125¢
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Selected examples of BiVO, hybrid photoanodes

i) Previous work using Ru water oxidation catalysts

Ru
= N/ \ =
HO. | OH LN N —
A —_—,

o
‘ =
R
a) BiVO4/RuCat b) WO,/BiVO,/CNTf/Ru-WOC
ii) Previous work using earth-abundant water oxidation catalysts
Ri Re
HooC COOH NN
D~ G vl
{0==Co—0

NN .
OISR [ w
R, O -Co\l o) ) /
| o—=Co io Ry

O () NN
HOOC COOH N

Ry
|
R,
c) BiVO,4/Al,03/CoTCPP d) BiVO,4/C040,4 cubane
[e]
0 .
7N\ /NA
Lo
R (o] [e] R
HO
R R
[e]
e) BiVO,/Co f) BiVO,/TiO,/Ir-COOH/TiO,

g) BiVO,/Ni4O4 cubane

Figure 11: Structures of the selected examples of molecular water oxidation catalysts anchored
onto BiVO, semiconductor. a) BiVO4/RuCat,>’ b)WOs3/BiVO,/CNT/Ru-WOC>¢ )
BiVO4/Al;03/CoTCPP,%8 d) BiVO./C0404 cubane,> e) BiVO,/Co,% f) BiVO4/TiO,/It-COOH/TiO,,%"
g) BiVO4/NisO4 cubane.®?
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Table 1: Representative summary of hybrid systems for PEC water oxidation reaction using
BiVO,4 as semiconductor. Photocurrent value is in mA-cm2 and it is defined as the value with

potential at 0.8 V versus RHE.

Catalyst Photocurrent Measured conditions Ref.
100 mW-cm?2, AM1.5G; 0.1 M
BiVO4/RuCAT 0.7 57
phosphate buffer, pH 7
100 mW-cm?2, AM1.5G; 0.1 M
WOs3/BiVO4/CNT/Ruwoc 1.0 56
phosphate buffer, pH 7
BiVO4/Al.03/CoTCPP 0.9 100 mW-cm2, 0.1 M NazSO4 58
100 mW-cm~2, AM1.5G,
BiVO4/C0404 3.5 59
borate buffer, pH 9.3
100 mW-cm2, AM1.5G; 0.1 M
BiVO4/Co 2.5 60
phosphate buffer, pH 7
100 mW-cm2, AM1.5G; 0.2 M
BiVO4/TiO2/Ir/TiO2 1.8 61
phosphate buffer, pH 7
100 mW-cm, AM1.5G; 0.2 M
BiVOa4/NisO4 2.5 62

phosphate buffer, pH 7

Here, inspired by the results using the BiVOs semiconductor in the water

oxidation reaction, we report the preparation of various hybrid assemblies

based on BiVO, with a Ru visible light absorber and a Ru water oxidation

catalyst. Electropolymerization and thiol-ene click reaction were evaluated for

the immobilization of the Ru complexes. The prepared hybrid photoanodes

were tested in the water oxidation reaction. A small improvement of the

photocurrent respect to the bare material was observed by the anchoring of

the Ru complexes.
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5.2. Results and discussions

5.2.1. Synthesis of Ru molecular complexes

Three Ru molecular complexes containing a vinyl group in their structure were
successfully synthetized in high vyields. Their structures were assigned by
combination of NMR and MS spectroscopy experiments. These complexes
were: a Ru visible light absorber (Ruwvia) and two Ru water oxidation catalysts
(Ruwoc 1 and Ruwoc 2) differing by the chain length between the ligand

backbone and the vinyl group (Ruwoc 1) and (Ruwoc 2) (Scheme 1).

The Ruwia complex was prepared following a similar strategy than that
explained for the Ru visible light absorber synthetized in the Chapter 4. First,
the precursor [Ru(COD)Cl,] was prepared starting from RuCls-:3H,0. Then, the
COD ligand was substituted by two 2,2'-bipyridine (bpy) ligands in 1,2-
dichlorobenzene at 155 °C and the [Ru(bpy)Cl,] complex was obtained. Later,
the remaining chloride ligands were substituted by one 4,4’-Divinyl-2,2’-
bipyridine (bpy-V) ligand in an acetone/water solution, and the final desired

complex was obtained in 64 % isolated yield.

Concerning the two Ruwoc, the [Ru(dmso)4Cl,] precursor was first prepared
starting from the RuCls-:3H,0. Then, two dimethyl sulfoxide (dmso) and two
chloride ligands were substituted for one 2,2’-bipyridine-6,6'-dicarboxylate
(bda) tetradentate ligand in methanol with triethylamine (EtsN) under reflux
to obtain [Ru(bda)(dmso),]. In a second step, the remaining dmso ligands were
substituted by two pyridine ligands bearing a vinyl group in a methanol
solution. To synthetize Ruwoc 1, the reaction was carried at mild temperatures
(ca. 40 °C) for 4 days. The low temperature was necessary to disfavor the
metathesis reaction. The Ruwoc 1 complex was obtained in 58 % vyield. In
contrast, the synthesis of Ruwoc 2 was performed at 80 °C overnight (16h), and

the complex was isolated in 57 % vyield.
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Scheme 1: Synthetic routes for the preparation of the Ru molecular complexes Ruyia, Ruwocl-2.

5.2.2. BiVOs synthesis and VTES functionalization

The BiVOs semiconductor preparation and functionalization with
vinyltriethoxysilane (VTES) was performed in collaboration with Dr. Alberto
Lopera and Dra. Maria José Lépez in Laurentia technologies in the framework

of the Horizon 2020 project SunCOChem.!

Monoclinic BiVO4 nanoparticles were prepared by hydrothermal routes for the
direct formation of BiVO,4 from a low—temperature wet process. This process
consisted in the reaction of an aqueous solution of Bi(NO3); and NH4VO5 at 100
°C. Polyethylene glycol (PEG-200) was applied in a nanometer-sized crystalline
formation method from polyethylene glycol solution (NAC-PEG) (Scheme 2).%3
In a first stage, the precursor salts were dissolved in a water solution

containing PEG-200, and later, this solution was stirred for 2 hours. In a
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second stage, 1.5 M NaOH was added and the resulting solution was heated
at 100 °C for 2 hours obtaining a precipitate. This precipitate was filtrated and

calcined giving the monoclinic phase BiVO, particles as a yellow powder.

1) HNO4
PEG-200
2 Bi(NO3)3-5H,0 + 2 NH,VO; » 2BiVO, + 7NO, + NH, + 12 H,0

2) 1.5 M NaOH
100 °C

Calcination
BiVO,

Y

400 °C

Monoclinic BiVO,4

Scheme 2: Synthetic route for the preparation of monoclinic BiVO, particles.

Calcination temperature was a critical parameter that controlled both the
crystallinity and the BET surface (Sger). A compromise between crystallinity
and Sger must be achieved in order to get appropriate mobility of the
photogenerated charge carriers. In Table 2, the correlation data for calcination
temperature, crystallinity and Sger were collected. Then, calcination
temperature at 400 °C was selected in accordance with those data, as it

provided high crystallinity and acceptable Sger.

Scanning electron microscopy (SEM) analysis confirmed the spherical
morphologies of the BiVO, particles and the average particle size was

estimated in the range 5-10 um (Figure 12).
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Table 2: Correlation between calcination temperature (T.), crystallinity and Sger. The particle
diameter was measured using X-ray diffraction analysis (XRD), and the surface area of the BiVO,

particles using Ny-physisorption using the Brunauer-Emmett-Teller (BET) area model.

Entry T./°C dxro / NM  Sger / m2gt
1 As-grown 20.5 8.8
2 400 21.6 3.6
3 500 37.6 13
4 600 27.7 1.2
5 700 33.8 0.6

Figure 12: Scanning electron microscopy images of the BiVO, particles.

The crystalline phase of the BiVO, particles was determined by X-ray
diffraction (XRD). BiVO, particles exhibited the monoclinic phase after
calcination at 400 °C as the patterns obtained fully agrees with the monoclinic

clinobisvanite mineral (Figure 13).
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Figure 13: X-ray diffraction spectrum for the BiVO4 particles after calcination at 400 °C.

Treatment with vinyltriethoxysilane (VTES) was employed to functionalize the
BiVO4 nanoparticles with an alkyl—siloxane anchoring group for subsequent
immobilization of the molecular complexes. First, a pretreatment of the BiVO,
particles with a solution of 1 mM of KOH was performed to hydroxylate the
surface of the BiVO,. This experiment was performed by stirring the BiVO,
particles at room temperature in a 1 mM KOH solution for 2h. Then, the
particles were filtrated, washed, dispersed in a solution of isopropanol/H,0

95/5 containing 0.1 M of VTES and stirred under reflux for 2 hours (Scheme 3).

OH 0.1 M VTES

1 mM KOH - in IPA/H,0 / /
BiVO, ——————> BiVO, —OH ——— 2 BiVO, —o/—s|
2h,rt.
r TSOH 2 hours, reflux o

Scheme 3: BiVO, functionalization with VTES.

No changes in size and shape were observed by SEM after functionalization of
BiVO, with 0.1 M VTES solutions (Image 1a). Mapping experiments
demonstrated the presence of silicon in BiVO,—VTES samples, thus confirming
the BiVO, functionalization with VTES (Image 1b). The mapping experiments

also showed a homogeneous distribution of the BiVO,~VTES samples.
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Image 1: a) Scanning electron microscopy images captured for the BiVO, nanoparticles
functionalized with 0.1 M VTES solution. b) Mapping experiments for BiVO, nanoparticles
functionalized with 0.1 M VTES. Red color indicates bismuth presence. Green color indicates

silicon presence.

5.2.3. Preparation of Ru@BiVOs-VTES photoanodes

A 3 steps procedure was followed to immobilize the different Ru complexes

onto the VTES functionalized BiVO4 (BiVO4-VTES) (Scheme 4a):

1) Dispersion of the BiVO4-VTES particles in a mixture of ethylcellulose,

ethanol and terpineol provided a fluid paste/ink with the help of
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2)

3)

a planetary ball mill. The solvent was removed to obtain the desired
ink. The ink was prepared by Dra. Stephanie Narbey and co-workers
in Solaronix.!

The prepared ink was screen-printed onto an FTO-coated glass
substrate using a commercial Coatmaster setup and heat-treated at
500 °C to form the BiVOs-VTES photoanode. The heat-treatment at
500 °C was carried out to remove all the binders present in the ink and
to improve the carrier transport and crystallinity of the BiV04.%* The
photoanode preparation was performed by Dr. Abdi Fatwa and co-
workers in Helmholtz-Zentrum Berlin (HZB).!

With the prepared BiVO4-VTES photoanodes, the
electropolymerization of the synthetized Ru complexes was carried
out by performing cyclic voltammetries using the prepared
photoanodes as working electrode immersed in a solution of the

synthetized Ru complexes.
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Scheme 4: Established deposition procedure for BiVO, films. (b) X-ray diffractograms of doctor-
bladed BiVO,4 heat-treated at 500 °C.

Before the electropolymerization experiment, the structure of the prepared
BiVO4-VTES photoanode obtained after the annealing at 500 °C was studied by
X-ray diffraction spectroscopy (XRD). The XRD diffractogram displayed only
the diffraction peaks corresponding to monoclinic BiVO,4, which is consistent
with the crystal structure of the initial powder. This result confirmed the

stability of the crystal structure of the BiVO4 photoanode (Scheme 4b).

Later, the prepared BiVO4-VTES electrodes provided by HZB were used to

perform the electropolymerization experiments. These experiments were
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performed by immersing the electrodes into a solution of the Ru complex and

performing 60 scans from -1.9 to 0 V vs Ag/AgNOs (Scheme 5).%°

_o\
Z | X fg)/s' | X
/_8>Si / ~ N\x Electropolymerization ~ N\X
/ /s

—0 = ‘N 60 scans from -1.9 to 0 V vs Ag/AgNO3 = ‘N/

—0
BIVO, NN -0-§i x

—O0

X = Ruyoc or Ruya X = Ruygc or Ruy 5

BiVO,
Scheme 5: Electropolymerization scheme using BiVO4-VTES electrodes.

The efficiency of the electropolymerization procedure was corroborated by
the continuous enhancement of the current densities after each scan (Figure
14). This observation suggested the in-situ formation of polymeric layers onto
the surface of the electrode. Furthermore, with the presence of multiple vinyl
groups in the different Ru complexes, a combination of interconnected
complexes can be obtained, forming a final layer-by-layer assembly of polymer

achieving high molecular loadings onto the surface of the electrodes.®%

Three different photoelectrodes were prepared by immobilization of a series
of homogeneous complexes onto the BiVO,-VTES: (i) immobilization of the Ru
visible light absorber (Ruyia) complex (Ruya@BiVO4-VTES); (ii) Immobilization
of the Ru water oxidation catalyst 1 (Ruwoc 1) complex (Ruwoc@BiVO4-VTES);
and (iii) co-immobilization of Ru visible light absorber (Ruvia) complex and Ru
water oxidation catalyst 1 (Ruwoc 1) performing 60 scans for each

(RUVLA+RUWoc@ BiVOa-VTES) .
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Figure 14: Cyclic voltammogram graphics of a) Electropolymerization of the Ruwoc 1 complex;
b) Electropolymerization of the Ruyia complex. All the CV are performed from 0 to -1.9 V vs
Ag/AgNOs in an acetonitrile solution containing 0.1 M TBA-PFs and 0.5 mM of the corresponding

complex.

The electrodes prepared by electropolymerization experiments were analyzed
by FESEM-EDX but no Ru was observed as the peak of the Ru is overlapped by
the bismuth peak and made impossible the quantification of the Ru by EDX
analysis. To determine the Ru loading, a XPS analysis of each electrode was
performed (Table 3) and high ratios Ru:Bi were detected at the surface of the

Ruyia@BiVO,-VTES electrode (1.38:1 Ru:Bi).

In contrast, in the Ruwoc@BiVO4-VTES electrode, a very low Ru loading was
detected (0.055:1 Ru:Bi), and it was therefore concluded that the
immobilization of Ruwoc 1 complex by electropolymerization was
unsuccessful. During the attempt of electropolymerization, a color change of
the solution was observed, which could indicate that the Ruwoc 1 complex is

not stable under electropolymerization conditions.

For the Ruvia+Ruwoc@BiVOs-VTES electrode, high amounts of Ru were
measured (1.66:1 Ru:Bi). In view of the unsuccessful anchoring of Ruwoc 1, the

high Ru loading was mainly attributed to the immobilization of Ruyia.
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Table 3: Ru:Bi ratios of the different prepared photoanodes. The ratios Ru:Bi were quantified by

X-ray photoelectron spectroscopy (XPS) analysis.

Entry Electrode Ru:Bi
1 Ruwoc@BiVO,-VTES 0.055 +0.001
2 Ruvia@BiVO4-VTES 1.38+0.03
3 Ruvia+Ruwoc@BiVO4-VTES 1.66+0.04
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Figure 15: XPS analysis of a) Ruyia@BiVO4-VTES; b) Ruwoc@BiVO4-VTES; ¢) Ruyia+Ruwoc@BiVOy4-

VTES electrodes.

5.2.4. Photoelectrochemical tests using Ru@BiVOs-VTES

The prepared photoanodes were tested in Helmholtz-Zentrum Berlin using a
one-chamber custom Teflon cell with a transparent quartz window for sample
illumination in a three-electrode configuration with the prepared
photoanodes as working electrode, Pt wire as counter electrode and Ag/AgCl
electrode as reference electrode (See experimental part for a detailed
description). Measurements were performed under light (AM1.5 illumination,
100 mW/cm?) using a calibrated Xenon solar simulator. The electrolyte used

was 0.1 M potassium borate buffer (KB;, pH ~ 9).
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All the prepared samples were tested under simulated solar light (Figure 16).
However, low photocurrents were observed in all cases. Using Ruy.a@BiVO,-
VTES, a small increase in photocurrent was observed but as a general trend,
the photocurrent was unaffected by the addition of the Ru complexes, which

was attributed to the very low Ruwoc loading onto the electrode.

a) b)
015 Current-Potential Curves (Light) 020 Current-Potential Curves (Chopped)
' Ruyoc @BVO, VTES ’ Ruyoc@BIVO,-VTES
Ruy_,*Ruyoc@BVO,VTES —— Rulyoc *Ru, ,@BIVO,VTES
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Figure 16: AM1.5 photocurrent-voltage curves of all the prepared photoanodes using 0.1 M
potassium borate buffer as electrolyte. a) Experiment under continuous light irradiation, b)

Chopped dark-light experiment.

As the photocurrents were unaffected by the addition of the Ru complexes, as
a probable result of the unsuccessful immobilization of the Ruwoc, alternative
immobilization methods were explored with the aim to increase the Ru

loading onto the electrode surface.

5.2.5. Photoanode preparation and photoelectrochemical tests using

Ruwoc 2 complex

The immobilization of Ruwoc 2 was attempted by electropolymerization
procedure. Ruwoc 2 is a water oxidation catalyst that was previously reported

and immobilized by electropolymerization onto different material.”~%°

First, the photoanode was prepared using the BiVO,-VTES electrodes provided
by HZB. The BiVO4-VTES electrode was immersed in a 0.5 mM solution of the
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Ruwoc 2 complex and cyclic voltammetries from -2.0 to 0.2 V vs Ag/AgNO3

were performed over a total of 60 cycles to form the Ruwoc2@BiVO,-VTES

photoanode.
Ruy0c2@BiVO,-VTES
08
— 60 scans
0,4
0,0 — J
5§ 04
<
S
= .08
S
41,2 4
-1,6 4
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-2,5 -2,0 1,5 -1,0 -0,5 00 05

E (V vs Ag/AgNO,)

Figure 17: Cyclic voltammogram graphic of electropolymerization of the Ruwoc 2 complex. The
CV are performed from 0.2 to -2.0 V vs Ag/AgNOs in an acetonitrile solution containing 0.1 M

EtsN-PFs and 0.5 mM of the Ruwoc 2 complex.

The electropolymerization efficiency was corroborated by the continuous
enhancement of the current densities after each scan, suggesting the in-situ
formation of polymeric layers onto electrode surface (Figure 17). The resulting
electrode was then sent to HZB for Ru loading analysis by XPS. However, to

date, the XPS results for this electrode were not received.

Nevertheless, the prepared photoanode was tested in HZB using a custom
Teflon cell in a three-electrode configuration with the prepared photoanode
as the working electrode, Pt wire as the counter electrode and Ag/AgCl
electrode as the reference electrode. Measurements were carried out under

chopped light irradiation (AM1.5 illumination, 100 mW/cm?) using a calibrated
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Xenon solar simulator. The electrolyte used was 0.1 M potassium borate

buffer (KB;, pH ~ 9).
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Figure 18: AM1.5 photocurrent-voltage curves under chopped dark-light irradiation of the

prepared photoanodes using 0.1 M potassium borate buffer.

A clear improvement of the photocurrent was observed using the electrode
bearing the Ruwoc 2 molecular complex (Figure 18) compared with the
performance of the bare BiVO,4. Approximately the double of the photocurrent
was achieved. This result demonstrated a positive effect of the anchoring of
the Ru complex onto the BiVO, although the photocurrent obtained remained

lower than those reported in the literature (Table 1).

In view of the low photocurrents obtained, a new immobilization procedure

was explored for the Ruwoc molecular catalysts.

5.2.6. Preparation of Ru@BiVOs+-MPTMS photoanodes

To improve the immobilization of the Ru molecular complexes, a distinct

functionalization of the BiVO, was tested and (3-
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Mercaptopropyl)trimethoxysilane (MPTMS) was used instead of the

vinyltriethoxysilane (VTES).

Using the MPTMS coupling agent, a thiol-ene click reaction was performed
between the thiol group of the MPTMS and the double bond present in the Ru

complexes.’®’?

First, the thiol-ene click reaction was probed under homogeneous conditions,
using the MPTMS, 1-octene and 2,2-Dimethoxy-2-phenylacetophenone
(DMAP) as photoinitiator.

The mixture was irradiated for 5h with a 100 W xenon lamp and the reaction
was monitored by 'H NMR. After 5 h of irradiation, the thiol-ene process
resulted in the quantitative transformation of the alkene into the thiol-ether

compound (Figure 19).
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Figure 19: Thiol-ene click reaction using MPTMS, 1-octene and DMPA in EtOH. 'H NMR of the
thiol-ene click reaction mixture before irradiating light and (top) and 1H NMR of the thiol-ene

click reaction after 5 h of light irradiation (bottom).
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In view of this result, the functionalization of BiVO4 with MPTMS was tested.
The immobilization of the MPTMS was performed using a similar procedure
than that applied in the VTES immobilization. First, a pretreatment of the
BiVO, particles with 1 mM of KOH was performed to hydroxylate the surface
of the BiVO4. Then, the hydroxylated BiVO, particles were dispersed in a
solution of isopropanol/H,0 95/5 containing 0.1 M or 1.0 M of MPTMS and

the mixture was stirred overnight at reflux (Scheme 6).

OH 0.10r 1.0 M MPTMS o SH
1 mM KOH — in IPA/H,0 — JJ
BiVO, ——————> BiVO, —OH —————» BiVO, —O—Si
2h,rt. ~~0oH overnight, reflux \O/

Scheme 6: BiVO, functionalization with MPTMS.

After the reactions, the BiVO,-MPTMS particles were characterized by FESEM
and in both cases, using 0.1 M and 1.0 M of MPTMS, no changes in size or

shape were observed (Image 2a).

However, the EDX analysis revealed very low amounts of MPTMS on the BiVO,
with less than 1% of Si and S detected by EDX (Image 2b). This behavior was
attributed to the low surface area of the BiVO, (3.6 m?-g?) resulting in very

low loadings of MPTMS.
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Image 2: a) FESEM images captured for the BiVO, nanoparticles functionalized with MPTMS

solution. b) EDX analysis for BiVO4 nanoparticles functionalized with MPTMS.

Two alternative electrode preparation procedures were performed to
enhance the immobilization of the Ru complexes using the thiol-ene

approach:

- Pathway 1: Preparation of an ink containing a mixture of BiVO, and
MPTMS. Then, the airbrushing of these ink onto a FTO. Finally, the
anchoring of the Ru complex on the prepared electrodes.

- Pathway 2: Deposition of a thin layer of Al,O; onto the provided BiVO,
electrodes prepared by screen printing by Dr. Abdi Fatwa and co-
workers in Helmholtz-Zentrum Berlin (HZB). These electrodes should
display enhanced OH functionalization, and the surface area of these
electrodes should be able to reach higher amounts of MPTMS

functional group.
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5.2.6.1. Pathway 1: BiVO, + MPTMS ink airbrushing

An ink containing BiVO4 powder, 10% w/w of MPTMS, NAFION® solution and
EtOH was prepared and airbrushed onto an FTO. The prepared electrodes
were analyzed by ESEM-EDX to confirm the presence of MPTMS. A molar ratio
of S:Bi of 1:8.5 was estimated in the prepared electrode (Image 3). This

confirmed the presence of MPTMS in the prepared electrodes.

Image 3: a) ESEM images of the prepared electrodes by airbrushing of a BiVO4 + MPTMS ink; b)

EDX analysis of the prepared electrodes by airbrushing of a BiVO4+ MPTMS ink.

The prepared electrodes were first immersed in an EtOH solution (15 mL) of
the corresponding Ru-complex (0.02 mmol) and DMPA (0.01 mmol). At this
point, the mixture was irradiated overnight using the Xe lamp (100 W). During
the reaction, a color change of the electrode from yellow to brown-red was
observed (Figure 20) confirming the immobilization of the Ru complexes. This
result confirmed the efficiency of the immobilization of Ru complexes.

Furthermore, this confirmed that the immobilization procedure can be applied
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onto the surface of the electrode and not only under homogeneous

conditions.

Ru complexes

DMPA, hv, EtOH
Overnight

Ruyia Ruy,

+RU,,,2@BIVO,- *+RU,o 1@BIVO,-

Figure 20: Images of the BiVO4-MPTMS electrodes before and after the immobilization of the

different Ru complexes by thiol-ene click chemistry.

Various hybrid materials were prepared using this methodology: (i) Ru visible
light absorber immobilized onto BiVO,; (Ruyia@BiVOs,-MPTMS), (ii) Ru water
oxidation catalyst 1 immobilized onto BiVO4 (Ruwoc1@BiVO4s-MPTMS), (iii) Ru
water oxidation catalyst 2 immobilized onto BiVO, (Ruwoc2@BiVO,-MPTMS),
(iv) co-immobilization of Ru visible light absorber with Ru water oxidation
catalyst 1 (Ruyia+Ruwoc1@BiVO,-MPTMS) and (v) co-immobilization of Ru
visible light absorber with Ru water oxidation catalyst 2
(Ruyia+RUwoc2@BiVO4,-MPTMS). The electrodes were sent to Helmholtz-
Zentrum Berlin (HZB) to quantify the metal loading absorbed onto the

semiconductor by XPS analysis. These experiments are currently in progress.

5.2.6.2. Pathway 2: Deposition of Al,03 thin layer onto BiVO,

The alternative approach for increasing the surface area of the screen-printed
BiVO, electrodes was the deposition a thin layer of Al,Os onto the electrode
surface, followed by the functionalization of the coated electrodes with
MPTMS, and finally, the immobilization of the Ru complexes by the thiol-ene

click reaction under light irradiation conditions (Scheme 7).
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Alumina (Al,0s) layers do not absorb in the visible light region (the band gap
of Al,0; was determined to be 7.0 £ 0.1 and 7.6 £ 0.1 eV for measured a- and
v-Al,0s, respectively’?) and it will increase the surface area of the screen-

printed BiVO, electrodes, as well as its, OH functionalization.

o
j 0—Si_~_SH
: —O
0, o
. 0-i sH  Rucomplexes, OESI\/\/S
) Si0;orAl,0; Vadhad 0 S
MPTMS o DMPA N
J —— o_ [, R
O—Si~SH Xe lamp o >
¢ o 0= ™8
0,
j —>Si\/\,SH o Ru = Ruyoc of Ruya
< ©
FTO v
BIVO,
AlO;

Scheme 7: Pathway 2 procedure: 1) deposition of a Al,0;3 thin layer; 2) functionalization with

MPTMS; 3) immobilization of the Ru complexes by thiol-ene click reaction.

The deposition of a layer of Al,03; was performed by impregnation of a solution
containing aluminum tri-sec-butoxide followed by calcination at 200°C.”
Analysis by ESEM-EDX (Image 4a and Image 4b) confirmed the presence of
Al,0s, showing a homogeneous deposition of Al,03 on the electrode surface.

An approximate ratio Al:Bi 1:6 was measured by EDX analysis.
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Image 4: a) ESEM image and mapping experiments of the screen-printed prepared BiVO,
electrode after deposition of Al;0s, Aluminum (red), bismuth (blue), vanadate (green); b) EDX
analysis of screen-printed prepared BiVO, electrode after deposition of Al,O3 performed at 10

KeV.

The coated electrodes were then functionalized with MPTMS by immersion of
the electrodes onto a 0.1 M MPTMS solution of 95:5 EtOH/H,0. The solution
was stirred overnight at 60 °C, and the electrode cleaned with EtOH. ESEM-
EDX analysis indicated the presence of S and Si (Image 5). It should be
highlighted that some of the detected Si could come from the FTO glass,
although S can only arise from the MPTMS molecule. The ratio S:Bi measured

was approximately 1:14. However, since the MPTMS is only located at the
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surface (few nanometers) of the electrode, the electron beam of the EDX can
go through the MPTMS and as such, the MPTMS is only partially detected. Due
to the lack of time, the immobilization of the other Ru complexes could not be

performed using this approach.

Image 5: a) ESEM image and mapping experiments of the prepared BiVO,@Al,O3 electrode after
the immobilization of MPTMS molecule, Aluminum (light blue), bismuth (orange), sulfur (blue);
b) EDX analysis of the prepared BiVO,@AI,O3 electrode after the immobilization of MPTMS

molecule performed at 10 KeV.
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5.2.7. Photoelectrochemical tests using Ru@BiVO4s-MPTMS

The photoanodes prepared by airbrushing of an ink containing the BiVO, and
MPTMS followed by immobilization of the Ru complexes by thiol-ene click
reactions were tested in HZB using a custom Teflon cell in a three-electrode
configuration. The prepared photoanodes were used as working electrode, Pt
wire as counter electrode and Ag/AgCl electrode as reference electrode. The
photoelectrochemical measurements were carried out under irradiation
(AM1.5 illumination, 100 mW/cm?) using a calibrated Xenon solar simulator.

The electrolyte used was 0.1 M potassium borate buffer (KB;, pH ~ 9).

Three different electrodes were tested: the bare BiVO,-MPTMS, the
Ruvia@BiVO,-MPTMS and the Ruwoc2@BiVO,-MPTMS. However, no
photocurrent was observed (Figure 21) and consequently, the other prepared

photoanodes were not tested.
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Figure 21: AM1.5 chopped photocurrent-voltage curves of the prepared photoanodes using 0.1

M potassium borate buffer.

This lack of photoactivity was associated to the presence of defects and the

low crystallinity of the BiVO,4 due to the absence of the annealing treatment.
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The screen-printed BiVO, electrode was thus heat treated at temperatures
from 100 to 500 °C and tested with the three electrodes configuration in 0.1
M KB; buffer + 0.5 M Na,SO; under chopped AM1.5 illumination (Figure 22)
showing that the 500 °C heat treated sample provided the highest
photocurrent. Decreasing the heat treatment temperature led to a decrease
in photocurrent and no photocurrent was observed when the treatment was

performed at temperatures lower than 300 °C.

Current-Potential Curves (Chopped illumination)

500 °C

{ losmaicm?2  400°C

Current density (mA/cm?)
1

300 °C

4 20
00 02 04 06 08 10 12

Potential (V vs RHE)

Figure 22: AM1.5 chopped photocurrent-voltage curves of the prepared photoanodes at
different heat treatments temperature using 0.1 M potassium borate buffer and 0.5 M Na,SO3

as electrolyte.
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5.3. Conclusions

As a general conclusion, one new Ru water oxidation catalyst and two Ru
complexes, a visible light absorber, and a water oxidation catalyst containing
double bounds as coupling agent, were successfully synthesized, and

characterized by NMR and MS spectroscopy.

The molecular Ru complexes were immobilized onto VTES or MPTMS modified
BiVO,. Using the VTES functional group, the Ru complexes were successfully
immobilized with high Ru:Bi ratios except Ruwoc 1 that resulted in a very low
Ru:Bi ratio. Using MPTMS as functional group, the thiol-ene click reaction was
successfully performed under both homogeneous and heterogeneous

conditions using various Ru complexes.

Using the hybrid photoanodes prepared by electropolymerization, only an
improvement of the photocurrent was obtained using Ruwoc2@BiVO,4-VTES
photoanode, although the photocurrent remained lower than those reported

using similar systems.

Using the hybrid photoanodes prepared by airbrushing of an ink containing
the MPTMS group, no photocurrent was observed. This was attributed to the
low carrier transport and low crystallinity of the BiVO, electrodes due to the
absence of annealing treatment. This was confirmed when the photocurrent
of the BiVO, electrodes was enhanced by the heat treatment temperature up

to 500 °C.

Finally, a thin layer of Al,O; was successfully deposited onto the prepared
BiVO, electrodes by screen printing and functionalization using MPTMS was
performed. Due to the lack of time, the immobilization of the Ru complexes

and the testing of the corresponding samples could not be performed.
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5.4. Experimental part

5.4.1. General considerations

Reagents: Commercially available reagents and solvents were purchased at
the highest commercial quality from Sigma-Aldrich, Fisher scientific, Alfa Aesar
and were used as received, without further purification, unless otherwise

stated.

Analytical methods: *H, and 3C{*H} NMR spectra were recorded using a Varian
Mercury VX 400 (400 and 100.6 MHz respectively). Chemical shift values (&)
were reported in ppm relative to residual solvent peak (*H and *C{*H}), and
coupling constants are reported in Hertz. The following abbreviations were
used to indicate the multiplicity: s, singlet; d, doublet; t, triplet; q, quartet; m,

multiplet; and bs, broad signal.

High-resolution mass spectra (HRMS) of the synthetized molecular complexes
were recorded on an Agilent Time-of-Flight 6210 using ESI-TOF (electrospray
ionization-time of flight). Samples were introduced to the mass spectrometer
ion source by direct injection using a syringe pump and were externally
calibrated using sodium formate. The instrument was operating in the positive

ion mode.

Reactions were monitored by TLC carried out on 0.25 mm E. Merck silica gel
60 F254 glass. Developed TLC plates were visualized under a short-wave UV
lamp (254 nm) and by heating plates that were dipped in potassium
permanganate. Flash column chromatography was carried out using forced

flow of the indicated solvent on Merck silica gel 60 (230-400 mesh).

The physicochemical properties of the synthesized BiVO4 powders and of the
BiVO, prepared electrodes were analyzed by X-Ray Diffraction (XRD, Bruker
D8 ADVANCE X-ray diffractometer operating at 40 KV with Copper K-a
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radiation (A = 1.5406 A)), scanning electron microscope (SEM) with energy
Dispersive X-ray Spectroscopy (Hitachi S-4800), with Field Emission Scanning
Electron Microscopy (FESEM) with Energy Dispersive X-ray Spectroscopy (Scios
2 Hi Vac de Thermofisher Scientific with EDX detector from Thermofisher),
Environmental Scanning Electron Microscopy (ESEM) with Energy Dispersive
X-ray Spectroscopy (FEI Quanta 600 with EDX detector from Oxford Systems)
and X-ray photoelectron spectroscopy (SPECS FOCUS 500 monochromator, Al
Ka radiation and hv = 1486.74 eV, and SPECS PHOIBOS 100 electron analyzer.
All spectra were referenced with respect to the carbon C 1s peak at 284.8 eV
and fitted using XPS PEAK software along with a Shirley background
subtraction. The fitted spectra were further optimized by chi-square

minimization).

The thermal treatment at 200 °C of the BiVO, electrode containing the Al,O;
layer was carried out in a muffle (Nabertherm muffle L15/13/B410 L-
152T3RN3T).

5.4.2. Ru molecular complexes synthesis

One Ru visible light absorber (Ruwa) and two Ru water oxidation catalyst
(Ruwoc) were synthetized based on the state-of-the-art. The molecular
catalysts were properly functionalized with double bounds as coupling agent

in order to covalently immobilize them onto different semiconductors.

5.4.2.1. Non-commercial organic ligands synthesis

First, were synthetized the non-commercial organic ligands following different

adapted reported procedures.

4,4’-Divinyl-2,2’-bipyridine (bpy V)

The synthesis of the bipyridine ligand modified with vinyl groups was
described in the Chapter 4.
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Scheme 8: Ligand bpy_V synthetic route.

4-Hex-5-enyloxypyridine

The synthesis of the 4-Hex-5-enyloxypyridine ligand was a one-step synthesis

and it was described in the scheme below (Scheme 9):

Cl
PN N
AN HO X
B -
|}1 o NaH _
4 N

4-Hex-5-enyloxypyridine
Scheme 9: Synthesis scheme of ligand 4-Hex-5-enyloxypyridine.

To synthetize the 4-Hex-5-enyloxypyridine ligand, first, the 5-hexene-1-ol was
deprotonated using NaH, and then, a nucleophilic aromatic substitution took

place to obtain the final ligand.

4-Hex-5-enyloxypyridine: The synthesis was performed according to an
adapted reported procedure.” To a solution of 5-hexen-1-ol (0.5 mL, 4.16
mmol) in dry DMSO (5.2 mL) was added NaH (60% dispersion in oil, 166.4 mg,
4.16 mmol). The mixture was stirred during 5 minutes, and then, 4-
chloropyridine hydrochloric salt (312 mg, 2.08 mmol) was added. The reaction
mixture was stirred overnight (18 h) at room temperature under argon. Then,
water was added (20 mL), and the aqueous layer was extracted with CH,Cl,
(20 mL x 3). The organic layers were combined, dried over MgS0O4, and
filtrated. The solvent was removed under vacuum. Purification by column
chromatography on silica gel (Hexane/Ethyl acetate 7:3) gave pure 4-hex-5-
enyloxypyridine as yellowish oil obtained in 66 % yield (245 mg). *H NMR (400
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MHz, CD,Cl,) 6 (ppm): 1.56 (quintet, Ju.n= 7.3 Hz, 2 H), 1.80 (m, 2H), 2.13 (q,
Jun= 6.8 Hz, 2H), 4.01 (t, Ju.n = 6.5 Hz, 2H), 4.95-5.07 (m, 2H), 5.79-5.89 (m,
1H), 6.79 (dd, Ju-v=1.6 Hz, J= 4.8 Hz, 2H), 8.37 (dd, Ju-n= 1.6 Hz, J= 4.8 Hz, 2H).

These signals were in agreement with those reported in the literature.

2,2’-bipyridine-6,6’-dicarboxylic acid

The synthesis of the 2,2’-bipyridine-6,6’-dicarboxylic acid ligand is one step

synthesis described in the follow scheme (Scheme 10):

\ " N4

HOOC COOH

- - F128()4

ZN
Z/

Cr()3

2,2’-bipyridine-6,6’-dicarboxylic acid
Scheme 10: Synthesis scheme of the 2,2’-bipyridine-6,6’-dicarboxylic acid ligand.

A strong oxidation of the 6,6’-dimethyl-2,2’-bipyridyl using H,SO, and CrOs

was performed to synthetize the 2,2’-bipyridine-6,6’-dicarboxylic acid ligand.

2,2’-bipyridine-6,6’-dicarboxylic acid: The synthesis was performed according
to an adapted reported procedure.” 6,6’-dimethyl-2,2’-bipyridyl (1.00 g, 5.43
mmol) was added slowly to concentrated sulphuric acid solution (20 mL). The
resulting solution was cooled in an ice bath and chromium (VI) oxide (3.26 g,
32.6 mmol) was added in portion wise keeping the temperature below 40 °C.
After the addition, the mixture was stirred overnight at room temperature,
and then, quenched onto crushed ice. The white precipitate formed was
filtered of, washed with cold water and dried under vacuum. The 2,2’-
bipyridine-6,6’-dicarboxylic acid was obtained in 85% yield (1.12 g). *H NMR
(400 MHz, dmso-dg) 6 (ppm): 8.17 (m, 4 H), 8.75 (dd, Jun= 1.3, 7.7 Hz, 2 H).

These signals were in agreement with those reported in the literature.
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5.4.2.2. Ru Visible light absorber (Ruyia) synthesis

The synthesis of the Ru visible light absorber (Ruya) was performed with a
bipyridine containing a vinyl group as a coupling agent (bpy_V). The schematic

synthetic route for Ruwa is displayed in the Scheme 11.

T 4
1,5-cyclooctadiene bpy SN =
RuCl3-3H,0 [Ru(cob)Cly, ——MMM > s | N |
Ny

ethanol, reflux 1,2-dichlorobenzene /N\Ru
155°C SN
’ —
cl

[Ru(bpy),Cl,]

(NTf2),

EtOH/H,0, reflux

/ \
\ KA /
bpy_V

Scheme 11: Ruthenium visible light absorber (Ruy.a) synthetic route.

The synthesis for the Ruyia started with the commercial RuCls-3H,0 precursor.
The first step was the preparation of the polymeric [Ru(COD)Cl;], by the
reduction of Ru"Cls to Ru(ll). The next step was the substitution of the COD
ligand by two bpy, and the formation of [Ru(bpyMe3).Cl.]. Then, it is
performed the substitution of the two chloride ligands by the modified

bipyridine bpy_V. Finally, Ruyia was obtained in 64 % yield.

NS ]
1,5-cyclooctadiene bpy SN
RuCls-3H,0 [Ru(COD)Cl), ——mM [ \ N\I
ethanol, reflux 1,2-dichlorobenzene /N\Ru/
155°C SN | e
L
Cl

[Ru(bpy),Cl,]

Scheme 12: Synthesis of [Ru(bpy),Cl], two-step procedure.
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[Ru(bpy).Clz]: The synthesis was performed according to an adapted reported
procedure.”® RuCl3-3H,0 (0.55 g, 2.7 mmol) was added to a mixture of 1,5-
cyclooctadiene (3.25 mL, 27 mmol) and ethanol (12 mL). The mixture was
refluxed under argon atmosphere for 64 h. After cooling to room temperature,
resulting precipitates were collected by filtration and afforded dichlorido(1,5-
cyclooctadiene)ruthenium(ll) polymer ([Ru(COD)Cl;]n) 2 as brown solid
obtained in 88 % yield (0.52 g). A suspension of [Ru(COD)Cl,]» 2 (0.251 g, 0.89
mmol) and bpy 3 (0.281 g, 1.8 mmol) in o-dichlorobenzene (3.8 mL) was stirred
at 155 °C under argon-gas atmosphere for 3.5 h. After cooling to room
temperature, resulting precipitates were collected by filtration and dried in
vacuo. [Ru(bpy),Cl,] was obtained in 85 % yield (0.392 g) as black powders.
This compound was used in the following step without any purification and

identification.

(NTf,),

4
\N =z . EtOH/H,0, reflux —N
~
‘ /N\R.U/N\ = — N S
SN = = L
= . cl N\ 7 N
Cl N N
bpy_V
[Ru(bpy),Cl,] Ruyia

Scheme 13: Second step of synthesis of Ruyia.

Ruvia: The synthesis was performed according to an adapted reported
procedure.”” A solution of the bpy_V ligand (104.13 mg, 0.5 mmol) and (290.6
mg, 0.6 mmol) of [Ru(bpy).Cl;] in a 50 mL mixture of EtOH/H,0 (9:1 v:v) was
heated at reflux in the dark under an argon atmosphere for 3 h. The solvents
were removed, and the product was purified by silica gel column
chromatography. Elution with an acetone/water mixture (8:2 v:v) removed
the unreacted Ru(Me;bpy).Cl.. More rinsing with acetone/water/KNOs;
saturated aqueous solution (10 drops of KNOs added to a mixture of 80 mL of

acetone and 20 mL of water) afforded the desired ester complex with NO5™ as
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counteranion. Pure fractions of the product were collected and evaporated
under reduced pressure. The product was redissolved with dichloromethane.
0.2 g of AgNTf, was added and stirred during 10 min. MgS0O,4 was added and
the organic phase was filtered and dried to give the product Ruy.a as a red
powder obtained in 42 % yield (0.306 g). *H NMR (400 MHz, CD,Cl,) & (ppm):
5.76 (d, Ju.n= 10.9 Hz, 2 H), 6.24 (d, Ju.n = 17.5 Hz, 2 H), 6.86 (dd, Ju.n= 11.0,
17.5 Hz, 2 H), 7.46 (m, 6 H), 7.61 (d, Jus= 6.0 Hz, 2 H), 7.71 (d, Ju= 5.6 Hz, 2
H), 7.75 (d, Ju= 5.6 Hz, 2 H), 8.07 (td, Jun= 1.4, 7.9 Hz, 4 H), 8.37 (d, Juu= 1.7,
2H), 8.46 (d, Juu = 8.0, 4H). These signals were in agreement with those

reported in the literature.

5.4.2.3. Ru water oxidation catalyst synthesis (Ruwoc)

Two different Ru water oxidation catalysts were synthetized. The ruthenium
complex contained a 2,2'-bipyridine-6,6'-dicarboxylate (bda) ligand and two
modified pyridines with a chain containing a double bound group, the Ruwoc
1 contained a ligand with a larger chain length, instead, the Ruwoc 2 contained

a ligand with a smaller chain length.

WO
S
‘ Z
N
MeOH, 40°C, 4
eOH, 40°C, 4d ﬁ/\h‘ / .
[}
[ SN o/R‘“\o
® 4
J / Q)
ol N
= = O~ F
d 82
RuCl;-3H,0 [Ru(dmso)y(Cl),] — N MeOH, reflux Q/N 0o — Ruwoc 1
flux 7 7 © o—Ri—0¢
re Y, | x
N N //S\
HOOC COOH o'\ B
[Ru(dba)(dmso),] N7
MeOH, 80°C, overnight \7 \Ni/
N |
> o o
A O/R‘H\O
N
X z ‘
[ N
N
S
Ruyoc 2

Scheme 14: Synthetic route scheme to synthetize both Ruwoc complexes.

The synthesis of both Ruwoc Was equal, except, for the last step in which a

different pyridine ligand was used. The synthesis of the Ruwoc started with the

263



UNIVERSITAT ROVIRA I VIRGILI
NOVEL CATALYSTS FOR THE ELECTRO- AND PHOTOELECTROCHEMICAL CO2/H20 TRANSFORMATION FOR CHEMICAL PRODUCTION

Roger Mird Serra

Chapter 5

commercial RuCl3-:3H,0 precursor. The first step was the preparation of the
[Ru(dmso)4Cl;] precursor. The next step was the substitution of two dmso, and
two chlorine ligands for one bda ligand for the preparation of
[Ru(bda)(dmso)z]. Finally, the two remaining dmso ligands were substituted
by two modified pyridines for the preparation of Ruwoc 1 and Ruwoc 2. The

Ruwoc 1 and Ruwoc 2 were obtained in 58 and 57 % vyield, respectively.

dmso
RUC|3'3H2O —_— [RU(deO)4(C|)2]

reflux
Scheme 15: Preparation of the [Ru(dmso),(Cl),].

cis-[Ru(dmso)4Cl;]: The synthesis was performed according to an adapted
reported procedure.”® RuCls-3H,0 (2.00 g, 7.65 mmol) was dissolved in ethanol
(50 mL), and the mixture was heated to reflux for 3 h. Then, the mixture was
filtrated on paper, and the ethanol was removed under vacuum. The
remaining oil residue was dissolved in dmso (8 mL), and the mixture was
heated at 150 °C for 2 hours. After cooling to room temperature, 60 mL of
acetone were added and the precipitates formed were filtered, washed with
acetone, and dried in vacuum yielding. The product was obtained in 32 % yield
(1.16 g) a yellow solid. *H NMR (400 MHz, D,0) 6 (ppm): 2.73 (s, 6 H, -CHs),
3.41 (s, 6 H, -CH3), 3.49 (s, 6 H, -CHs), 3.51 (s, 6 H, -CHs). These signals were in

agreement with those reported in the literature.

N

Sg—
Ets;N, MeOH, reflux N\ TN\
[Ru(dmso),(Cl),] s o N | N o
— — o/R‘u\O
7 \
) N N % S—
HoocC COOH o'\

dba [Ru(dba)(dmso),]

Scheme 16: Preparation of [Ru(bda)(dmso)].
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[Ru(bda)(dmso);]: The synthesis was performed according to an adapted
reported procedure.”” A mixture of 2,2’-bipyridine-6,6'-dicarboxylic acid
(122.1 mg, 0.5 mmol), [Ru(dmso)4Cl;] (242 mg, 0.5 mmol), and EtsN (0.4 mL)
in methanol (10 mL) under Ar atmosphere was refluxed during 4 h. After
cooling the mixture to room temperature, precipitates were filtered and
washed with methanol. The product [Ru(bda)(dmso).] was obtained in 47 %
yield (117 mg) as dark brown solid. *H NMR (400 MHz, dmso-d¢) d: 3.32 (s, 12
H), 8.04 (d, Jun=7.7 Hz, 2 H), 8.16 (t, Jun= 7.8 Hz, 2 H), 8.65 (d, Juu= 8.0 Hz, 2

H). These signals were in agreement with those reported in the literature.

NN
= (o]
‘ X
N N"
S5 — —
- - Y, G/
N | N4 MeOH, 40°C N | N
N | N d o i o
o _Ru—__ o O//ﬁu\\o
o} O/A\V/A\v/<§§
L a
9 X
o'\ ‘ . ‘
~
N
O~ F
[Ru(dba)(dmso),] Ruwoc 1

Scheme 17. Synthesis scheme of the Ruwoc 1 complex.

Ruwoc 1: The synthesis was performed according to an adapted reported
procedure.® Under Ar atmosphere, [Ru(bda)(dmso),] (100 mg, 0.2 mmol) was
dissolved in methanol (20 mL) and the 4-Hex-5-enyloxypyridine ligand (83.7
mg, 0.47 mmol) was added to the reaction. The resulting mixture was heated
at 40°C for 4 days. The reaction was cooled to room temperature and the
solvent was evaporated under reduced pressure. The solid was dissolved with
the minimum amount of methanol, and then, the product was precipitated by
the addition of diethyl ether. Later, the precipitated was filtered and washed
with diethyl ether. The product was obtained in 95 % vyield (132.6 mg) as a
black/purple powder. *H NMR (400 MHz, CDs0D) & (ppm): 1.49 (m, 4 H), 1.74
(m, 4 H), 2.01 (m, 4 H), 3.99 (t, Ju.u= 6.4 Hz, 4 H), 4.97 (m, 4 H), 5.80 (m, 2 H),
6.78 (d, Ju-n=7.2 Hz, 4 H), 7.57 (d, Jun=7.2 Hz, 4 H), 7.88 (t, Ju-n= 7.9 Hz, 2 H),

265



UNIVERSITAT ROVIRA I VIRGILI
NOVEL CATALYSTS FOR THE ELECTRO- AND PHOTOELECTROCHEMICAL CO2/H20 TRANSFORMATION FOR CHEMICAL PRODUCTION

Roger Mird Serra

Chapter 5

8.06 (dd, Ju-n= 0.8, 7.7 Hz, 2 H), 8.58 (dd, Ju.n= 1.0, 8.1 Hz, 2 H). *C{*"H} NMR
(100.6 MHz, CDs0D) & (ppm): 26.1, 29.1, 34.3,69.8, 113.0, 115.3, 126.1, 127.1,
132.5, 139.5, 153.6, 157.7, 161.8, 167.3, 175.3. ESI-HRMS: Calculated for
Cs34H36N4OgRU. Exact: (M: 698.1678, M+H: 699.1757); Experimental: (M+H:

699.1754).
X
A
\ P
S I
u - N\ T\ Y
NN | N4 MeOH, 80°C 09@0
o] /Ru/\ o o/Ru\O
¢} ‘ ¢} A ‘
N
S— z
% N
o'\ ‘ ~ |
7

N
A

[Ru(dba)(dmso),] Ruwoc 2
Scheme 18: Synthesis scheme of the Ruwoc 2 complex.

Ruwoc 2: The synthesis was performed according to an adapted reported
procedure.®”” Under Ar atmosphere, [Ru(bda)(dmso);] (100 mg, 0.2 mmol) was
dissolved in methanol (20 mL) and the 4-vinylpyridine ligand (49.4 mg, 51 L,
0.47 mmol) was added to the reaction. The resulting mixture was heated at
80°C overnight. The reaction was cooled to room temperature, and the
solvent was evaporated under reduced pressure. The solid was dissolved with
the minimum amount of methanol, and then, the product was precipitated by
the addition of diethyl ether, the precipitated was filtered and washed with
diethyl ether. The product was obtained in 93 % yield (103.4 mg) as a dark red
powder. ™H NMR (400 MHz, dmso-de) & (ppm): 5.53 (d, Ju.u=10.9 Hz, 2 H), 6.05
(d, Jun=17.6 Hz, 2 H), 6.60 (q, Ju-n = 10.9, 17.6 Hz, 2 H), 7.32 (d, Jun= 6.8 Hz, 4
H), 7.64 (d, Ju-u= 6.8 Hz, 4 H), 7.89 (m, 4 H), 8.69 (d, Ju.n= 8.9 Hz, 2 H). These

signals were in agreement with those reported in the literature.
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5.4.3. Synthesis BiVOa4

The BiVO, particles were obtained according to an adapted reported
procedure.®® Bi(NOs)3-5H,0 (24.25 g, 50.0 mmol) and NH4VOs (5.85 g, 50.0
mmol) were dissolved into 200 mL of a polyethylene glycol with a molecular
weight of 200 (PEG-200) solution. The mixture was added to a 250 mL of a 2.0
M HNO; solution. Then, the mixture was stirred for 2 hours at room
temperature. Later, 200 mL of a 1.5 M NaOH solution was dropwise added,
and the mixture was subsequently heated at 100 °C for 2 h. The mixture was
allowed to stand overnight. A precipitate was formed, it was collected and
washed with distilled water in order to remove impurities. Finally, the
precipitate was dried at 60 °C and then calcined at 400 °C giving the BiVO,

particles in the monoclinic phase as a yellow powder.
5.4.4. BiVO, functionalization with VTES

The monoclinic BiVO, particles (15.00 g) were suspended for 1 h with 250 mL
of 1 mM KOH solution, and then, it was washed with distilled water. Then, the
hydroxylated BiVO, particles were suspended and refluxed at 100 °C for 2 h
with 500 mL of a 0.1 M solution in isopropanol/H,0 (95:5). The precipitate
formed was collected and washed with isopropanol in order to remove
impurities. Finally, the precipitate was dried at 60 °C giving the product as a

yellow powder.

5.4.5. General BiVO4 Screen-Printing Ink Preparation

The ink preparation was performed in Solaronix by Dra. Stephanie Narbey and
co-workers. BiVO, particles (3 g), Ethocel Std. 7 Ind. solution (9.6 g, 10%wt. in
absolute ethanol), Ethocel Std. 45 Ind. solution (5.4 g, 10%wt. in absolute
ethanol), terpineol (10.5 g) and absolute ethanol (50 mL) were placed in a 100
mL glass beaker equipped with a magnetic stir bar. The suspension was

agitated for 1-2h prior to being sonicated (plunging probe) for 5 min. Then,
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the mixture was transferred to two 250 mL zirconia grinding jars, each
containing a set of zirconia beads (20 mm, 2 pcs; 10 mm, 32 pcs; and 5 mm,
160 pcs). A fraction of absolute ethanol was added to match the weight of the
opposite grinding jar fitted on the planetary ball mill. The mixture was milled
for 24 h using an alternating run of 9 min in each direction with 1 min pauses
in between alternations. The content of the grinding jars was pipetted out to
an evaporation beaker, and the grinding beads were rinsed with
absolute ethanol, as well as the walls of the grinding jar. All rinsing waste was
collected into the beaker so that all the materials are transferred out. Finally,
ethanol was removed by evaporation under reduced pressure at 50°C, yielding

to the desired ink.

5.4.6. General screen-printing procedure

The screen-printing procedure was performed in Helmholtz-Zentrum Berlin
(HZB) by Abdi Fatwa and co-workers.! Fluorine doped tin oxide coated glass
slide of thickness 2.2 mm, with a surface resistivity approximated of 7 Q/sq
from Sigma Aldrich has been used as substrate. To start with, a robust cleaning

process was followed, as shown in the appended Figure 23.
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Substrate Cleaning Procedure at the Institute for Solar Fuels:

1 Ultrasonic rinsing in soap
- solution, 10 min.

2. Rinse with DI water from wash battle, dry in N, flow

N

3 Ultrasonic rinsing in
- acetone bath, 10 min.

4. Rinse with isopropanol from wash bottle (no drying)
N
5 Ultrasonic rinsing in

. isopropanol bath, 10 min.

\

L 6. Rinse with DI water from wash bottle (no drying) 1
1

7 Ultrasonic rinsing in |
1 M KOH bath, 10 min. !

Use this step only for FTO substrates.
(other substrates may be etched in KOH) ,'

8. Rinse with Milli-Q water from wash bottle (no drying)

N/

Ultrasonic rinsing in
9. Milli-Q water bath,
10 min.

For immediate use For later use, keep in
sealed bottle with
yinT Milli-Q water

Figure 23: FTO substrate cleaning procedure.

Once the substrate is cleaned and dried by N, the screen-printing process
started by employing thin-film applicator equipment, COAT MASTER 509 MC
from ERICHSEN GmbH & Co. KG (Figure 24). Different film applicator frames
were available for making different thickness films and widths. The model
model_360 96145 (60mm width, 10 microns thickness) film applicator frame
was used to make thin films. The Microprocessor Controlled Film Applicator
allowed for varying the processing speed of film application. The speed was
optimized to achieve uniform thin films across the electrode surface. Once the
parameters and film applicator frame were fixed on top of the FTO substrate,
the BiVO, paste was filled across the tip of the frame. Using a microcontroller,
one can control the distance and speed. Required thin film was achieved by

choosing the corresponding film applicator frames.
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The wet thin film needed a heat treatment process to get rid of the binders
used to make it into a paste. Box furnace was used for the heat treatment
process. The temperature was ramped up at a rate of 5 °C/min, and the wet

films were heat-treated at 500 °C for two hours.

Figure 24: COAT MASTER 509 MC from ERICHSEN GmbH & Co. KG

5.4.7. Electropolymerization of Ru complexes procedure

The prepared electrodes containing the BiVOs-VTES were subjected to
electropolymerization with the corresponding molecular complex.®® The
electropolymerization of the complexes was performed employing a three
electrodes set-up with the BiVO4-VTES, platinum wire and Ag/AgNOs; as
working, counter, and reference electrodes, respectively. The electrodes were
submerged in an argon degassed acetonitrile solution containing the
corresponding complex in a 0.5 mM concentration and tetraethylammonium
hexafluorophosphate (TBA-PFs, 0.1 M) as electrolyte. Cyclic voltammetries
were performed from 0 to -1.9 V vs Ag/AgNOs, and the applied voltage was
scanned multiple times with a scan rate of 100 mV-s. After 60 scans, the

electrode was removed and washed with acetonitrile.
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Figure 25: Image of the set-up used for the electropolymerization of the molecular complexes

onto the electrode.

5.4.8. Photoelectrochemical measurements

Photoelectrochemical measurements were performed using a custom-made
one-chamber Teflon cell which is schematically represented in Figure 26. The
cell had a transparent quartz window for sample illumination, the diameter of
the illuminated area was dwe = 6 mm, and this resulted in an illumination area
of 0.28 cm?. A three-electrode configuration set-up was used, with the BiVO,
sample as the working electrode, an Ag/AgCl electrode (XR300, sat. KCl,
Radiometer Analytical) as the reference electrode and a Pt wire as the counter
electrode. Electrical contacting of the sample (i.e., the working electrode) was
achieved by gluing a wire to the underlying transparent conducting oxide.
EG&G Princeton Applied Research potentiostat (Model 273 A) coupled with a
WACOM Class AAA solar simulator (AM1.5, 100 mW c¢m™) was used for the
measurements. In the case where chopped AM1.5 illumination was used, an
optical shutter (Uniblitz CS35 controlled with VCM-D1 driver) was placed in
between the solar simulator and the photoelectrochemical cell. The
electrolyte was 0.1 M potassium borate buffer (KB;, pH 9.2) with or without

the addition of 0.5 M Na,SOs as hole scavengers. The applied potential was
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converted to the reversible hydrogen electrode (RHE) using the Nernst
equation (eq. 1) where Vagaga is the applied potential with respect to the
Ag/AgCl reference electrode and V'ag/agal is the standard potential of reference

electrode (0.199 V).

Veue = Vagager + (0.0591 x pH) + V45,4901 (eq.1)

RE

Ag/AgCl

g/Ag CE
| Pt

Electrolyte

Figure 26: Schematic illustration of the three-electrode setup for the photoelectrochemical
measurements, including the working electrode (WE), the reference electrode (RE) and the

counter electrode (CE)

5.4.9. General airbrushing procedure

The electrodes were manufactured by airbrushing a catalytic ink onto a FTO
glass. The catalytic ink was constituted by various components: (i) BiVO4
catalyst in the powder form; (ii) (3-mercaptopropyl)trimethoxysilane (10%
w/w) (iii) NAFION® (dispersion, 5%wt in water and 1-propanol, from Sigma
Aldrich) as a binder for the particles and ionomer, and (iv) ethanol as a carrier
for the ink deposition, since the ink must be fluid to be uniformly spread on

the area of interest. Each BiVOs/MPTMS electrode was prepared with a
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geometric area of 3 cm?. The deposition process was performed by placing the
FTO glass substrate on a heating plate at 100 °C to ensure the complete solvent
evaporation. A pressure of 1.5 bar for the carrier gas (air) in the airbrush inlet
was selected to have a continuous ink flow, avoiding undesired liquid drops.
All the electrodes were then kept on the heating plate for 15 min before their

use.

5.4.10. Deposition of Al;0s thin layer

An adapted reported procedure was followed to deposit the thin layer of
Al,03.7 The screen-printed BiVO, electrode was immersed into a solution of
48.5 mL isopropanol and 0.3 mL aluminum tri-sec-butoxide. The solution was
stirred at 60 °C for 30 min. Then, the electrode was removed from the solution
and heated in a muffle at 200 °C for 1 h in air obtaining the Al,O3 coated BiVO,

electrode.

5.4.11. BiVO4/Al,03 functionalization with MPTMS

An adapted reported procedure was followed to immobilize the (3-
mercaptopropyl)trimethoxysilane (MPTMS) onto the coated BiVO,
electrodes.” The prepared coated (BiVO.@Al,03) electrode was immersed
into 10 mL 95:5 EtOH/H,0 solution containing 0.1 M of MPTMS. Then, the
solution was stirred overnight at 60 °C. Finally, the electrode was cleaned with

EtOH and dried at 60 °C.

5.4.12. Immobilization of Ru complexes onto BiVOs;-MPTMS

electrodes

An adapted reported procedure was followed to immobilize the Ru complexes
onto the BiVO, prepared electrodes containing the MPTMS the prepared
electrodes.”! The prepared electrode was immersed in a solution of the

corresponding Ru complex (0.02 mmol), DMPA (0.01 mmol, 2.6 mg) in EtOH
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(15 mL). Then, the reaction mixture was stirred and irradiated with a 100 W

Xe lamp overnight. Finally, the electrode was removed and cleaned with EtOH.

Figure 27: Image of the set-up used to perform the immobilization of the Ru complexes onto the

electrode by thiol-ene click reaction.
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5.5. Supporting information

5.5.1. !Hand 3C{*H} NMR spectra
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'H NMR (CD-Cl,, 400 MHz)
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'H NMR (CDs0D, 400 MHz)
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Chapter 6

Considering the general objectives described in Chapter 2 and according to the

results described in Chapters 3-5, the following conclusions can be drawn:
e General conclusions Chapter 3:

The effect of various combinations of anions and cations in the ionic liquid
electrolytes on the Fe-porphyrin catalyzed CO,-electrochemical reduction was

addressed. The obtained results indicated that:

(i) The anion structure does not have a relevant effect in the

performance of Fe-porphyrin catalyzed CO, electroreduction.

(ii) The cation structure is crucial in the Fe-porphyrin catalyzed CO,
electroreduction. An important decrease of overpotential was
observed in the CO, reduction reaction using ionic liquids
containing a proton in the C2 position of the imidazolium ring. The
use of the dicationic ionic liquid electrolyte resulted in improved
Fe-porphyrin catalyzed CO; electroreduction performance. The
combination of dicationic IL and Fe-catalyst resulted in higher
productivity at much lower CO; reduction overpotential than the
system containing monocationic IL and Fe-catalyst. This behavior
was attributed to the synergism created by the IL dication and

anionic iron-porphyrin intermediates.

An optimization of the reaction conditions was performed showing that CO
can be obtained selectively or within a syngas mixture (CO/H,). Under
optimized conditions, a CO production of 0.1 mmolco-h was achieved at low
potentials and tandem reactions involving CO; electroreduction coupled with
different Pd catalyzed carbonylations were successfully performed.
Furthermore, for the first time, a tandem approach involving the Rh catalyzed
hydroformylation reaction was successfully performed with aldehyde yields up

toa 78 %.
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General Conclusions

Our reaction system allowed the carbonylation reaction using low
overpotentials and thus resulted in a high energetic efficiency (KWh/molco).
Our system required 0.08 W-h to produce 1 mmol of CO, much less energy

than in previous reports.
e General conclusions Chapter 4:

A series of four new molecular complexes containing vinyl groups were

successfully synthesized and characterized.

These molecular complexes were successfully immobilized onto VTES
modified Cu,0/Sn0O; or CuGa0, semiconductors. Higher molecular loadings

were obtained using an electropolymerization pathway.

Evaluation of the hybrid photocathodes in photoelectrochemical tests
revealed an enhancement of both carrier transport and catalytic activity with
respect to the bare semiconductor. Concerning the Cu,0/Sn0O;
semiconductor, higher performance was achieved using the co-immobilized
complexes than with the immobilization of only Recar or Ruyia. Concerning
CuGaO0; semiconductor, higher photovoltage generation and electron transfer
were obtained with the supramolecular RuRel and the binuclear RuRe2
complexes than with the materials resulting from the co-immobilization
procedure of the separate Ruyia and Recar complexes. These hybrid
photocathodes displayed an improvement of up to 30 % of faradaic
efficiencies with respect to the bare semiconductor and enhanced the

production of CO, reduction products (CO, HCOOH and C,. alcohols).

The use of ionic liquid as electrolyte resulted in an enhancement of the CO,
reduction selectivity (and suppression of H, evolution reaction) and thus in a
higher total faradaic efficiencies to CO, reduction products, and additionally,

the stability of these systems was improved.
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Chapter 6

e General conclusions Chapter 5:

Ru water oxidation catalysts and one Ru visible light absorber containing vinyl

groups were successfully synthesized and characterized.

The Ru complexes were immobilized via two immobilization approaches. In
the first approach, VTES was used as linker, and the Ru complexes were
successfully immobilized by electropolymerization. High Ru:Bi molar ratios
were obtained, except for Ruwoc 1, which resulted in low Ru:Bi molar ratio. In
the second approach, MPTMS was used as linker. The Ru complexes were
successfully immobilized using the thiol-ene click reaction. The results
demonstrated that this reaction was successfully performed under both

homogeneous and heterogeneous conditions.

A reaction set-up for photoelectrochemical water oxidation was developed
during the last period of this thesis, and the preliminary water oxidation tests
using the hybrid photoanodes prepared by electropolymerization revealed a
small improvement of the photocurrent. Optimization of the system is still

required as the photocurrent obtained is lower those previously reported.

No photocurrent was observed using the hybrid photoanodes prepared by
airbrushing of the ink containing the MPTMS group. This result was attributed
to the need of annealing treatment to increase the carrier transport and

crystallinity of the BiVOa.

As an alternative approach, a thin layer of Al,O0s; was successfully deposited
onto the prepared BiVO, electrodes and the functionalization with MPTMS
was performed. Due to the lack of time, the application of this material in the
immobilization of the Ru complexes and their application in the H,O oxidation

photoelectrochemical tests could not be performed.
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