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Abstract

The depletion of carbon-based fossil fuels and the rise in atmospheric carbon dioxide
concentration will force an inevitable change in the future global energy landscape. CO>
reduction presents the advantages of decreasing its atmospheric concentration and storing
energy in chemical form in CO> reduction products. With a predicted conversion to renewable
energy such as solar or wind energy, energy storage will become a key process in the near future

for buffering the fluctuating energy production.

The objective of the present work was to study the efficiency towards CO; reduction of
different molecular catalysts. In particular, conducting experiments in high-pressure and
supercritical conditions and observing the effect of CO> pressure or concentration on the
efficiency and selectivity of the reaction. As supercritical CO2 (scCO3) has poor solubilisation
capabilities, experiments were conducted in biphasic systems or with addition of an organic co-

solvent.

To drive the reduction reaction of CO., a catalyst is needed to overcome the kinetic
limitations of the reaction, but an energy input is also necessary. Three different forms for this
energy input were used in this work. In a first time a sacrificial product, decamethylferrocene
(DMFc), was used to transfer electrons to CO> in biphasic water/scCO> systems. Complete
oxidation of the DMFc was observed in presence of anion capable of transporting protons from

water to the DMFc present in the supercritical phase.

A photosensitization cycle was used to supply a water soluble catalyst, NI(II)cyclam, in
electron at the required potential to drive the reduction of CO; into carbon monoxide in
water/scCOz system. The creation of the interface in the system appeared highly favourable to

the efficiency of the catalyst.

A second catalyst, a ruthenium polypyridyl carbonyl complex, was used for the

photocatalytic reduction of CO». Pressure had an important impact on the production of one of

I



the two reduction product, carbon monoxide, while the production of formate was unaffected

by CO; pressure.

As limitations in productivity in photocatalytic experiments were coming principally
from the photosensitizer cycle or the sacrificial electron donor, photosensitizer was replaced by
an electrode to provide the catalyst in electrons. Voltammetry in COz-expanded liquids was
described and determination of important parameters such as catalyst concentration and

diffusion coefficient as a function of pressure was performed.

Electrocatalytic reduction of CO; by ruthenium and rhenium polypyridyl carbonyl
complexes was studied in COz-expanded liquids. The catalytic mechanisms were observed to

be highly influenced by CO> concentration.

Keywords : Carbon dioxide, molecular catalyst, high-pressure, supercritical CO,,

expanded liquid, photosensitization, voltammetry
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Résumé

L’épuisement des réserves en combustibles fossiles basé sur le carbone et
I’augmentation de la concentration atmosphérique de dioxyde carbone va conduire a un
inévitable changement dans le paysage énergétique mondial. La réduction du CO: présente les
avantages de diminuer sa concentration atmosphérique tout en permettant le stockage d’énergie
sous forme chimique dans les produits de réduction. Dl au développement attendu des énergies
renouvelables telles que I’énergie solaire et €olienne, le stockage d’énergie deviendra un

procédé essentiel dans les années a venir pour absorber les fluctuations de production d’énergie.

L’objectif de ce travail était d’¢tudier ’efficacité de différents catalyseurs moléculaires
pour la réduction du COs. En particulier, conduire des expériences a haute pression et en
conditions supercritiques afin d’observer les effets de la pression de CO; sur ’efficacité et la
s¢lectivité de la réaction. Comme le CO; supercritique (scCO2) a de faibles capacités de
solubilisation, les expériences étaient conduites dans des systémes biphasiques ou en présence

d’un co-solvant organique.

Pour permettre la réaction de réduction du CO», un catalyseur est nécessaire pour
surmonter les limitations cinétiques de la réaction, mais un apport d’énergie est également
nécessaire. Trois formes différentes pour cet apport d’énergie ont été utilisées dans ce travail.
Dans un premier temps un produit sacrificiel, le decaméthylferrocéne (DMFc), était utilis€ pour
transférer des électrons au CO; dans un systéme biphasique eau/scCO.. L’oxydation compléte
du DMFc était observée en présence d’anions capables de transporter des protons de la phase

aqueuse au DMFc présent dans la phase supercritique.

Un cycle de photosensibilisation était utilisé pour fournir des électrons au potentiel
requis a un catalyseur soluble dans I’eau pour conduire la réaction de réduction du CO: en
monoxyde de carbone dans un systeme eau/scCOz. La création de I’interface dans le systéme

est apparue comme étant trés favorable a 1’efficacité du catalyseur.



Un second catalyseur, un complexe de ruthénium comprenant des ligands polypyridyle
et carbonyle, a été utilisé pour la réduction du CO; photocatalysée. La pression avait un impact
important sur la production d’un des deux produits de réduction, le monoxyde de carbone, alors

que la production de formate n’était pas affectée par la pression de CO».

Comme les limitations de productivité dans les expériences de photocatalyse venaient
principalement du cycle de photosensibilisation ou du donneur sacrificiel d’électrons, le
photosensibilisateur a été remplacé par une €lectrode fournissant les électrons au catalyseur. La
voltammetrie dans des liquides expansés au CO; a été décrite et la détermination de parametres

importants comme la concentration du catalyseur ou son coefficient de diffusion a été effectuée.

La réduction ¢électrocatalysée du CO; par des complexes de ruthénium et de rhénium
contenant des ligands polypyridyle et carbonyle a ét¢ étudi¢e dans des liquides expansés au
COas. Les mécanismes catalytiques ont été observés comme étant hautement influencés par la

concentration de COs.

Mots-clés : Dioxyde de carbone, catalyseur moléculaire, haute pression, CO:

supercritique, liquide expansé, photosensibilisation, voltammétrie
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Introduction

CHAPTER 1

Introduction

1.1. Global energy landscape

1.1.1. Global energy overview

Among the main challenges humanity will have to face in the coming decades, energy supply
is one of the most important. With the rising of standard of living in the developing world,
and the world population predicted to reach up to 13 billion by 2100 [1], the global energy
consumption is predicted to keep increasing in the coming decades. Predictions forecast a

41% increase from 2012 to 2035 [2] and up to 56% by 2040 [3].

Currently, the global energy landscape relies at 86.7% on the burning of fossil fuels, in
the form of coal (30.1%), oil (32.9%) and natural gas (23.7%). Only a small fraction is
supplied through hydroelectricity (4.4%) or other renewable energy sources (2.2%) [4]. The

depletion of carbon containing natural resources will make it inevitable to find an alternative
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source of energy and simultaneously an alternative source of carbon to exploit as chemical

feedstock.

1.1.2. CO:2 and climate change

Another major concern for the imminent future is the global impact of carbon dioxide
accumulated in the atmosphere since industrial revolution. Carbon dioxide is part of the
dynamic cycle of photosynthesis that maintains a level of CO; in the atmosphere and sustains
life on earth. Of the anthropogenic emissions of CO2, 91% is generated by the burning of
fossil fuel and cement production. Of this amount of CO; generated by human activities, 50 %
remains in the atmosphere while 26% and 24% are absorbed by land and ocean respectively

[5, 6].

: T T 7000

Global Fossil Carbon Emissions

e 6000
— Total
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Figure 1.1. Global fossil carbon emissions for 1800—2007 [5].
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The continuous increase in CO, emissions over the past two hundred years and the
limited amount oceans and lands can absorb inevitably leads to an increase of CO;
atmospheric concentration over years. In the past two hundred years the concentration has
increased by more than 100 ppm in atmosphere, exceeding 400 ppm at the present time as

shown in Figure 1.2. A level higher than it has ever been in the past 800,000 years.

Atmospheric CO, at Mauna Loa Observatory

I I 1 Y I ) | " I
400 - . . 7
Scripps Institution of Oceanography
NOAA Earth System Research Laboratory
zZ o a
o 380
-
=
=
C 360 =
o
(7))
-
< 340 l
5 340
320 F 18
1 1 1 " 1 1 1 E

1960 1970 1980 1990 2000 2010
YEAR

Figure 1.2. Atmospheric carbon dioxide concentration increase over the last decades [7].

It is now well admitted by the scientific community that global earth temperature and
atmospheric CO> concentration are correlated to each other through the greenhouse effect [5,
8]. With the predicted increase in energy demands in the coming decades, decrease in CO>
emission is not likely to occur. Even with the development of green and renewable energy
sources, the amount of CO; accumulated in the atmosphere has already reached a worrying
level. It will take many more years before the CO> level in the atmosphere will naturally
decrease to its concentration of two centuries ago. This delay is of concerns, as before CO>

levels decrease many environmental disasters are likely to occur, such as climate change [9],
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higher global temperatures which in turn would lead to loss of water reserves and sea level
rising [10] and, thus causing significant ecological ramifications. Consequently, there is an

urgent need for solutions to reduce this atmospheric concentration of carbon dioxide.

Strategies for reducing emissions or capturing and burying large amounts of CO; are
already in use. Burying CO; is still a highly debatable means of addressing this issue, as the
long-term consequences are not really known. An alternative direction is to use this cheap and
inexhaustible source of carbon as a starting material to produce chemicals or fuels by its
chemical reduction, as achieved in photosynthetic systems. Carbon-based fuels have been
intensively used due to their high gravimetric and volumetric energy density. Converting CO»
into fuels combine multiple advantages in terms of energy density of the products and low
cost of the starting material. As CO; reduction is an endergonic process, the transformation of
CO; into fuels requires a supply of energy to drive the reaction. Among the different
renewable energy sources, solar energy is by far the largest exploitable resource. The total
sunlight energy hitting the earth in one hour provides more energy than the total amount
consumed in one year by the entire human population [11]. Due to the intermittency of
insolation and the disparity of intensity over the globe surface, solar energy need to be stored
to become a major primary energy source. Converting solar energy into carbon based fuels
through atmospheric CO» reduction appears as an appealing solution for the future of energy

demands.

1.1.3. Natural photosynthesis

Solar energy storage and conversion of CO; into carbohydrate occur in plants through the
mechanism of natural photosynthesis. The overall mechanism can be separated into a light-
dependant chain of reaction that stores the light energy in the reduced molecules of
nicotinamide adenine dinucleotide phosphate (NADPH) and adenosine triphosphate (ATP),
and a light-independent mechanism that uses the reducing potential of NADPH and ATP to
convert CO; to sugar through the Calvin cycle.
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In the light-dependent process, represented schematically in Figure 1.3., photons are
absorbed by a molecular photosensitizer located within photosystem II (PSII). The absorption
of photon creates an electron-hole pair, which is stabilized by spatially separating the
reducing and oxidizing species in different protein structures. Four oxidizing equivalents are
accumulated on a catalytic site of the PSII in order to oxidise two water molecules into
oxygen and protons. Electrons are transferred to a second photosystem (PSI) through an
electron transport chain, which leads to the reduction of NADP to NADPH with the energy
input of another photon. The overall result of the light-dependent mechanism is the
accumulation of electrons in the form of the reducing agent NADPH on one side of the
membrane, together with the oxidation of water and accumulation of protons on the other side
of the membrane. The proton gradient and therefore the transmembrane electrochemical

potential generated thereby is used as an energy source to power ATP synthesis[12].

NADPH  ATPg H’
NADP* ADP

H+
stroma

Thylakoid
membrane

lumen

H,0

Figure 1.3. Simplified representation of the light-dependent photosynthetic reactions [12].

In the light-independent mechanism, summarized in Figure 1.4., the enzyme RuBisCO
captures CO; and releases carbon sugar, through a process called Calvin cycle. This process
requires the reducing potential of the previously formed NADPH and the chemical energy
contained in ATP. In this cycle, COz is initially absorbed by the RuBisCO enzyme and further
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reacts with a 5-carbon molecule, ribulose-1,5-biphosphate, which leads to the formation of
two molecule of glycerate 3-phosphate through hydrolysis. In the following steps, ATP is
consumed to transform glycerate 3-phosphate into 1,3-bisphosphoglycerate, which is then
further reduced by NADPH into sucrose and starch. The energy stored in the molecule of
NADPH and ATP during the light-dependent process is used in the Calvin cycle to produce

sugar, and no additional energy is stored from the overall process.

ADP
M Ribulose 1,5-bisphosphate

Central Metabolic Pathways

carb-un Dioxide T

i e
Eﬁmﬁ & 3-phosphoglycerate
RuBisCo

3-phosphoglycerate
Phase 1:
Carbon Fixation

Gl Idehyd t
\ yoera (;(-;;P}a-phospha ®e 1,3-bisphosphoglycerate

Ingrganic phosphate

Figure 1.4. Overview of the Calvin cycle [13].
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1.1.4. Artificial photosynthesis and solar fuel

During the last few decades much interest has been focused on artificial
photosynthetic systems to harvest solar energy and convert it into a chemical form, from
systems based on a copy of the natural machinery to purely artificial systems. The system
developed in the late 90s by Moore ef al. is a good example of the success achieved in the
mimicking of the natural machinery [14, 15]. It consisted in generating a pH gradient through
the membrane of an artificial vesicle under illumination in a manner similar to the natural
photosynthesis. The pH gradient generated is subsequently used to power an ATPase
immobilized in the membrane of the vesicle. The simplicity and the ability of this artificial
system to convert sunlight into ATP is impressive when compared to the natural
photosynthetic system. But the coupling of this system to a second one that could make use of
the generated ATP is very difficult. Therefore, the energy conversion step aiming at creating a

useful product was not achieved.

Several groups have focused their attention on the second step of photosynthesis,
storing a flow of electrons into chemical bonds. Conversion of CO into CO using a NiFe4
CO-dehydrogenase from Carboxydothermus hydrogenoformans adsorbed on graphite
electrode was demonstrated by Armstrong et al. in 2007 [16]. Similarly in 2008, Hirst et al.
[17] demonstrated an efficient conversion of CO into formate using a W-based formate
dehydrogenase from the anaerobic bacteria Syntrophobacter fumaroxidans immobilised on a
graphite electrode. Both systems are able to convert CO; efficiently at moderate potentials.
However, the fragility, complexity and high production cost of these systems limit seriously
their use as base component in artificial photosynthetic systems. Reduction of the production
costs and improvement of the stability of the system could be achieved by focusing on the
active site of the enzymes. Despite very close mimics of the primary coordination sphere of
the natural active site have been synthesized, none have shown any noteworthy activity

towards CO; reduction so far.

As it appears in these different examples, mimicking the natural photosynthesis

process is not the ideal solution. But inspiration from biological principles is a base to build
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fully synthetic system. Additionally, synthetic systems are not limited by the specific
parameters required by a cell to maintains its existence, neither by the very narrow range of

elements at disposal.

1.2. CO: reduction

1.2.1. Thermodynamics of CO> reduction

Thermodynamic requirements need to be considered, as CO» reduction is a very challenging
reaction. Being the final combustion product of every carbon-based fuel, and the most
oxidized form of carbon, CO> has an exceptional thermodynamic stability. On inert
electrodes, as shown in Figure 1.5., the direct one-electron reduction to the radical CO," is the
initial step of all product formation [18], but is a very energy intensive and unfavourable
process [19]. Other pathways are much more favourable, as summarized in Table 1.1. They
are all proton coupled electron transfer reactions, as observed in natural photosynthetic

systems, and required much less energy, as indicated by less negative potentials [20, 21].
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Figure 1.5. Reaction pathways of CO; reduction in oxalate, carbon monoxide and formate on inert electrodes
[18].

Table 1.1 CO; Reduction Potentials for various CO; reduction reactions [22].

Reactions E° (V) vs. SHE (at pH 7)

CO,+ e — CO; —-1.89
CO,+2¢ +2H" — HCOOH -0.6

CO,+2¢ +2H" —» CO+H,0 —0.52
CO,+4e¢ +4H - C+H,0 —0.19
CO,+4e¢ +4H" - HCHO +H,0 —0.45
CO,+6¢ +6H — CH,OH+H,0 -0.35
CO,+8¢ +8H" — CH, +2H,0 -0.23

Compared to the one-electron reduction of CO, the proton coupled multi-electron

transfer reductions require less energy therefore they are much more favourable. A trend can
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be observed: the potential become less negative when an increasing number of electrons are
involve in the reaction, as presented in Figure 1.6. Two compounds are off the trend line,
ascorbic acid requires a much more negative potential probably due to the formation of the

carbon-carbon bond, and carbon monoxide, which is below the trend line.
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Figure 1.6. Reduction potential versus saturated calomel electrode and trend [23].

Although thermodynamically more favourable, proton coupled electron transfer
reduction still requires energy, but more importantly it also requires a catalyst. Catalysts are
needed to overcome kinetic limitations, and energy drives electrons at the required reaction
potential. Different methods can be used to supplement energy to the system: (i) a sacrificial
compound can be consumed to directly reduce CO; if the oxidation potential of the compound
is negative enough to react with CO», (ii) similarly to nature inspired system, light can be used
to pump energy into the catalytic system, or (iii) an electrode can be used either as catalytic

surface or to transfer electrons at the desired potential to the catalytic specie.
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1.2.2. Photocatalytic reduction

Considering the potentials required for driving the multi electron-multi proton reduction of
carbon dioxide, supplementing energy to the system is essential to promote electrons at
negative potentials. As an example, the change of oxidative and reductive properties of the
excited state of a common photosensitizer, ruthenium tris-bipyridine [Ru(bpy)s;]*" is presented
in Figure 1.7. In their electronic excited states, molecular photosensitizers have strong
reductive and oxidative properties due to the promotion of one electron to a higher energy

level and to the hole left on a lower orbital respectively.

**Ru(bpy);?*
Apax = 452nm
e =14600
*Ru(bpy);**
+0.84V
2.12eV

mm———————

1.26V -1.28V
Ru(bpy)s** ——— Ru(bpy),** T=—= Ru(bpy);"

Figure 1.7. Molecular quantities of [Ru(bpy);]*>" relevant for energy and electron transfer processes, with

potential vs. SHE [24].

Lifetime of the excited state is rather small, 600 nanoseconds in water [25], therefore
the probability that the sensitizer in the excited state encounters the catalyst in solution is very
low when the concentration of the two species is in the millimolar range. Efficiency of the
sensitizer is improved using a quencher that can be used in higher concentrations, in the molar
range. The collision probability is therefore a thousand-fold higher. The two possible

quenching reactions are shown in reactions (1.1) and (1.2):

Oxidative quenching : ’ [Ru(bpy)3]2+ +Q— [Ru(bpy)3]3+ +Q (1.1)

11
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Reductive quenching : ’ [Ru(bpy)3 ]2+ +Q— [Ru(bpy)3]+ +Q° (1.2)

Using a quencher presents also the advantage of recycling the photosensitizer,
therefore only the quencher is used as a sacrificial reactant. For [Ru(bpy)s;]**, the oxidation
potential after the reductive quenching is enough to drive all the multi electron-multi proton
reduction processes presented in Table 1.1. While every redox-active species appears to be
usable as quencher, in practice the irreversibility of its oxidation or reduction is of primary
importance to avoid a back electron transfer. The different quenchers that have been widely
used in reductive quenching processes are ascorbic acid (H2A), triethanolamine (TEOA) and

1-benzyl-1,4-dihydronicotinamide (BNAH).

TEOA BNAH
H H
CONH,
OH HO_~\~~-CH | |
OH HOH N
CH,Ph

Figure 1.8. Structure of the quencher ascorbic acid, triethanolamine, and 1-benzyl-1,4-dihydronicotinamide

These three compounds have similarities in their reactivity. The first oxidation of these
organic molecules generates an unstable radical, which is a very strong proton donor. In
presence of a proton acceptor, generally the solvent, the loss of proton occurs immediately
after the oxidation of the molecule, as shown in Figure 1.9. The reactions following the
oxidation render the back electron transfer from photosensitizer to the electron donor
impossible. These chain reactions have also the advantage of providing a source of protons,
for each electron transfer to the photosensitizer a proton is generated in the solution. As all
CO3 reduction reaction required the same amount of proton and electron, the concentration of
protons in the reaction media remains constant. Therefore the quencher acts also as a

sacrificial proton donor.

12



Introduction

-

E°=+0.70V
OH  ysSHE HO

A
A
(0]
o]
HsC -¢
HO -
o E°=-0.16V
o vs SHE
HO

Figure 1.9. Chain reaction of the oxidation of ascorbic acid [26].

Electron transfer to the catalyst happens in three successive steps. In the first step,
light is absorbed by the photosensitizer. The hole left in the HOMO of the photosensitizer is
then filled by oxidation of the reductive quencher. The electron promoted in the LUMO by
light absorption has now a potential negative enough to be transferred to the molecular

catalyst in solution and activate the CO; reduction mechanism.

13



Chapter 1

A E°vsSHE [V]

(1)
0+ hv
HA®*/HA"
07 4+ =
1 (2) sl
0.84 Ru(ll)*/Ru(l)
v

Figure 1.10. Diagram representing the steps required for the activation of the catalyst.

Four terms are commonly used to characterize a photocatalytic CO> reduction process:
catalytic selectivity (CS), catalyst turnover number (7ON) and frequency (7OF) and the
quantum yield of the photocatalytic system.

CS is defined as the molar ratio of the CO» reduction product to the amount of

hydrogen generated as side product:

CO, reduction product]

[
< it

(1.3)

TON 1is the number of reduction cycle that occurs per catalyst over the catalyst
lifetime, calculated as the molar ratio of CO> reduction products to the amount of catalyst
initially present:

[CO2 reduction product]
TON =

[catalyst] (14

14
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For photocatalytic systems, the catalytic activity can stop without degradation of the
catalyst. Indeed, degradation of the photosensitizer or the presence of inhibiting products in
the reaction media can hinder the catalysis without degradation of the catalyst. The turnover
number is therefore more commonly reported as the number of reduction cycle per catalyst

over the time interval until catalysis ceases.

In addition to the turnover number, the TOF is commonly reported. It is defined as the
number of catalytic cycle per catalyst molecule and per unit of time:
[CO, reduction product]  TON

ToF = [ catalyst [ time] N [time] (15)

Turnover frequency generally decreases quickly due to partial deactivation of the
catalyst, the photosensitizer or depletion of the quencher. To have a good measure of the
catalytic activity in absence of deactivation, the initial turnover frequency is commonly

reported, which is measured over a short time span in the initial conditions.

The photochemical quantum yield (®) is a measure of the efficiency of conversion of

light into reduction product. It is defined as the fraction of incident photons that results in CO2
reduction products:
_[CO, reduction product]-n

® 1.6
#(incident photons)/N, -0

where 7 is the number of electrons involved in the reduction of CO; and N4 the Avogadro
constant. In the case of the use of a non-monochromatic light source, the number of incident
photon can be difficult to estimate. But with a monochromatic light of wavelength A, the

number of incident photon is calculated by:

Light power - time
he/ A

#(incident photons) = (1.7)

where /4 is Planck constant and ¢ the speed of light. These four characterisation terms

associated to the efficiency of the photocatalytic process are not describing the activity of the

15
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catalyst alone but are influenced by all the component of the systems, from the nature of the
electron donor to the light intensity. Comparison of the efficiency of different catalysts is

therefore difficult if the experiments are not done in the exact similar conditions.

1.2.3. Electrocatalytic reduction

Instead of using light to directly convert CO; into fuels, a second option consists of a
preliminary conversion of light into electricity followed by the electrochemical reduction of
COa. Electrocatalytic reduction can be divided into two different categories according to the
nature of the catalyst: heterogeneous and homogeneous catalysis. In heterogeneous catalysis,
the electrode is the locus of the reduction of carbon dioxide. Hori et al. [27] reported an
overview of the catalytic activity of many metallic electrodes. The metals can be classified
into three classes depending on the major reduction product in aqueous conditions. With Cd,
Sn, Pb and In the major product is formate, while with Cu, Ag and Au it is carbon monoxide.
Other metals, such as Ni and Fe are shown to be highly inefficient for CO2 reduction as their
major product in aqueous conditions is hydrogen. Recently, particular interest has been given
to copper electrode with the work of Kanan et al. [28], where copper electrodes covered with
a layer of Cu20 proved to be very efficient in term of rates, overpotentials and selectivity for

the reduction of carbon dioxide into carbon monoxide.

In the present work, the attention will be focused on the second type of electrocatalytic
reduction, the homogeneous reduction. In this system, the electrode serves the exact same
purpose as the photosensitizer in photocatalytic reduction, that is to transfer the electron to a

molecular catalyst in solution.

In chapter 7, the homogeneous electrocatalytic reduction will be studied by the
standard method of macroscale cyclic voltammetry. This technique allows an easy and fast
differentiation between totally reversible electrochemical reduction, electrochemical reduction

coupled to a chemical reaction, and electrochemical reduction coupled to a catalytic reaction.
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For the following simple reversible reaction:

O+ne =R (1.8)

cyclic voltammetry shows a reversible reduction wave, with the peak current, i,, following

Randles-Sevcik equation :

b
anDj (1.9)

i = O.4463nFAC[
RT

where F'is the Faraday constant, 4 the electrode surface, C the concentration of the redox
species considered, v the scan rate (in V/s) and D the diffusion coefficient of the redox

species.

In the presence of a chemical reaction coupled to a reversible electrochemical

reduction, the two reactions involved are the following:

O+ne =R
« (1.10)

R——=—P

In the case of fast electron transfer reactions, the following chemical reaction is the only rate-

limiting factor other than diffusion. The electrochemical response is function of two

parameters: the first order equilibrium constant of the chemical reaction K, and a

dimensionless kinetic parameter A, that measures the competition between chemical reaction

and diffusion. In cyclic voltammetry:

_k,+k_ RT

Y fkatl
v nF

(1.11)

A large equilibrium constant is required to observe a significant influence of the chemical
reaction on the voltammetric behaviour. Similarly for a small 4 value, the voltammetry will
obey a reversible unperturbed Nernstian behaviour. Conversely, for a large 41 value, the
system will appear as completely irreversible in the voltammetric time scale. No reverse wave

is observed as the compound R reacts in solution immediately after its generation and before

17
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being able to reach back the electrode to be re-oxidized to the compound O. Moreover, the
reduction wave is slightly sharper and higher compared to reversible systems. In such cases

the peak current is defined by a modified Randles-Sevcik equation:

bz
anDj (1.12)

i = O.496nFAC(
RT

In presence of a catalytic reaction following the reversible electrochemical reduction,

the reactions considered are the following:

O+ne =R

i (1.13)
R+ CO2 —«@ 5 O+ Product

This system appears highly simplified compared to the possible mechanism for CO;
reduction, as all required electrons are transferred in one single step, and all chemical steps for
the catalysis are grouped together, with kc.s being the rate constant of the rate determining
step. However, this simplified system is sufficient to understand the voltammetry of a

catalytic system. The dimensionless kinetic parameter 4 becomes:

kcat CZ' 0, E
v nk

A= (1.14)

With CZOZ being the bulk concentration of carbon dioxide. In presence of a catalyst, the redox

active specie is recycled in the diffusion layer, and, as a result, the current measured will then
be increased. But this catalytic response is observed only if the dimensionless kinetic
parameter is large enough (large rate constant or low scan rate). For a large concentration of
substrate (here CO2) compared to the concentration of catalyst, the current is purely limited by
the kinetics, with the current independent on the scan rate. In these conditions, the
voltammogram appears as a S-shaped wave, and the rate constant can be derived

straightforwardly from the measurement of the plateau current:

iplateau = I’ZFA C(*7 \é DOkcat CZOZ (1 ° 1 5)
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This limiting current arises when the rate of removal of O by reduction at the electrode is
exactly compensated by the rate of production of O by the chemical reaction. So that the
concentration of O at the electrode attains a value independent on scan rate. In this pure

kinetic conditions, the equation for the wave on the voltammogram is:

nFAC, 1;D kcmC*
. oo o, (1.16)

1=
1+exp{$(E—Eg/R)}

1.2.4. Catalysts for CO: reduction

Since the 1970s, several molecular compounds have been tested as catalyst for the CO»
reduction reaction. Two classes of molecular catalysts will be discussed in the present thesis:
tetraaza-macrocyclic complexes of nickel and carbonyl polypyridine complexes of rhenium

and ruthenium.

Transition-metal tetraaza-macrocyclic compounds were initially investigated by
Tinnemans in photocatalytic CO> reduction [29]. The mechanism of the catalytic cycle of this
compound was pioneered electrochemically by Sauvage [30] and photochemically by Calvin
[31]. The catalytic unit, shown in Figure 1.11., is a 16 electrons, low spin, square planar
complex with symmetry group Da4n. This configuration leaves two free coordination positions

for CO> to bind to the complex and undergo reduction.
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I

N
N

N NH

Figure 1.11. Structure of Nickel(II) 1,4,8,11-tetraazacyclotetradecane (Ni(IT)cyclam).

For this class of catalysts, different mechanisms have been proposed over the past 30
years to explain the formation of the main reduction products: formate and carbon monoxide.
Recently, Fujita has proposed a complete overview of the different pathways for the

production of the two latter products and hydrogen [22].
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Figure 1.12. Recently mechanisms proposed by Fujita e al. for CO, reduction by metal tetraaza-macrocycle
complex, in blue: H, evolution, in red: formate production, in brown: CO production, putative intermediate
shown in green. M = Co or Ni, D is an electron donor such as triethanolamine (TEOA) or ascorbate and P the

photosensitizer [22].

It is well admitted that the reduction of CO; into the two different products, formate
and carbon monoxide occurs through two different catalytic cycles. The product generated
will depends on the species that will bind to the complex once it is reduced, photochemically
or electrochemically. In this case it can be either a proton or CO». The oxidative addition of
protons leads to formate in case of a successive reaction with CO2 or hydrogen if a second
proton interacts with the hydride. For the evolution of carbon monoxide, CO> must first bind
to the reduced complex. It is followed by proton addition on CO; and subsequent hydroxide
elimination. In the three different catalytic pathways a second reduction of the complex is

necessary to release the product.

The second classes of complexes that will be investigated for the catalytic reduction of

CO; in this thesis are the polypyridyl complexes of ruthenium and rhenium. Polypyridyl
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ligands are redox active and can therefore assist multi-electron reactions, as electrons can be
stored in the ligands of metallic complexes. Other metallic centres have been reported to also
catalyze effectively the reduction of CO;. Most of the metallic centres are from the 4d and 5d
transition metals such as osmium [32-35], rhodium [36-38], iridium [36, 39], molybdenum
[40] and tungsten [40]. But some successful results were also achieved with less expensive
materials from the 3d transition metals. Manganese [41-43], iron [44, 45], cobalt [46], nickel
[47] and copper [48] polypyridyl complexes shows noticeable activity toward CO2 reduction.
Despite the large range of possible catalysts, this thesis will focus exclusively on the
ruthenium and rhenium catalyst, as they are the most referenced catalysts of this large class of

compounds.

Figure 1.13. Structure of common polypyridyl catalysts of ruthenium and rhenium

The ruthenium polypyridyl class of catalysts has been used with considerable success
towards CO; reduction, the most referenced of this family of catalyst is [Ru(bpy)2(CO)L]""
where bpy is 2, 2 bipyridine, L is a hydride or carbonyl ligand (i.e. H, CO>, C(O)OH, CO)
and n =0, 1 or 2. These catalysts, introduced by Tanaka [49-53] but also developed by others
such as Meyer [35, 54, 55] and Lehn [56, 57], are electrochemically active, and readily react
with carbon dioxide to form formic acid and carbon monoxide. Over the past 30 years, several

groups have studied the mechanism of formation of carbon monoxide, formate and hydrogen
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by this kind of complexes. As for the Ni(Il)cyclam catalyst, formate and carbon monoxide
production follow two different pathways. Formate is produced through CO; insertion in a
hydride bond, as reported by Meyer [58], and carbon monoxide is produced through oxidative
addition of CO» on the reduced catalyst, as reported by Tanaka [49].

In the case of the catalytic cycle releasing carbon monoxide, proposed by Tanaka et
al. [59], the initial step is the localised reduction of [Ru(bpy)2(CO).]*" (intermediate (8) in
Figure 1.14.) at the bpy ligand, occurring at —1.20 V vs. saturated calomel electrode (SCE) in
aqueous solution. These surplus electrons in the 7~ orbital of the bipyridyl redistributed across
the metal centre and the ¢ orbital of the Ru-CO bond, thus cleaving the CO molecule from
the complex. In the presence of CO,, the now neutral penta-coordinated complex (1) is
sensitive to an electrophilic attack, resulting in a CO ligand. In aqueous acidic solutions, this
complex dehydrates to the starting complex, [Ru(bpy)2(CO).]*", completing the catalytic
cycle. In the absence of water, an organic proton carrier, such as triethanolamine, might be
able to protonate the bound CO> and induce the release of water. Another possibility is
through the formation of bicarbonate from the abstraction of hydroxide by CO> (between 7
and 8). Tanaka and co-workers claim that the formation of formate occurs in the equilibration
of the three interchangeable species (6-8), but without specific proton attack of the carbon
atom, this is debatable. Yet, pH dependence studies by these researchers demonstrated that an

alkaline pH favours formate production.

Meyer [58] proposed an alternative mechanism for the formation of formic acid, based
on an earlier work by Hawecker [60] regarding formate formation using only [Ru(bpy)s;]*"
and TEOA in DMF. This second proposed cycle has a common species with the carbon
monoxide cycle: [Ru(bpy )2(CO)]° (1). This common intermediate is produced upon reductive
elimination of either formate (cycle right) or CO (cycle left) Figure 1.14. The resultant
coordinatively unsaturated neutral complex, contains an available coordination site for a new
ligand. The nature of this ligand would seem to dictate the product to be ultimately formed.
Hence, CO will be preferentially produced via direct CO; coordination, whereas formate

predominates when a hydride intermediate is formed instead, followed by CO; insertion into

the metal-hydride bond.
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Figure 1.14. The combination of two catalytic cycles for the [Ru(bpy)>(CO)L]"" in the photocatalytic reduction

of CO; to formate or carbon monoxide [61]

For ruthenium complexes, the catalysts are not limited to a single metallic centre.
Deronzier et al. [62] reported that cis(Cl)-[Ru(bpy)(CO)2Cl] catalyzes the reduction of COs,.
They stated that the loss of a chloride could lead to the formation of Ru-Ru dimers, acting as
the catalytic species. Furthermore in electrolysis, they reported the formation of a polymeric
film of [Ru(bpy)(CO):]n on the electrode catalyzing the reduction of CO,. Recently, Ishida
[63] showed that the ratio of formation of carbon monoxide and formate was influenced by
the catalyst concentration. The selectivity towards formate is favoured at higher
concentrations of catalyst, as the formation of a Ru-Ru bond is a key step in the catalytic

cycle of formate evolution.

The rhenium polypyridyl class of catalyst can act both as photo- and electrocatalyst.
The most studied catalysts of this class are based on the [Re(bpy)(CO):X] type of compounds,
which study was pioneered by Lehn, Ziessel and Hawecker [64-66] reporting selective
evolution of carbon monoxide. Meyer [67] studied the electrochemical reduction of CO; by
[Re(bpy)(CO)sCl] and proposed the first mechanism for this catalyst. By voltammetry they

observed two one-electron reduction, the first one is attributed to the reduction of the bpy
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ligand, and the second reduction, attributed to the reduction of the Re(I) metal centre, is
irreversible. Two catalytic pathways were proposed, operating through either a one- or a two-
electron initial reduction of the complex. In the one-electron reduction pathway (on the left of
Figure 1.15.), a slow intramolecular electron transfer is required to reduce the metallic centre
to trigger the slow loss of the chloride ligand. Cyclic voltammetry displays no current

enhancement at the first reduction of the complex due to a very slow process. In the catalytic
cycle, CO, disproportionates to CO and CO; . In contrast, the two-electron pathway displays

in a fast kinetics, but requires a higher potential to first reduce the metallic centre,
immediately followed by the rapid loss of the chloride ligand. In the catalytic cycle, CO> is

reduced to CO through a one-electron process, but in the presence of an oxide acceptor.

CO,+2e CO+GCOZ fac-Re(bpy)(CO),Cl CO+[AO] A+e

A e el A

Re(bpy)(C0O),CO, Re(bpy)(CO), [Re(bpy)(CO),CIF AT»[Re(bpw(cou [Re(bpy)(CO),CO,I-

- T

co, co,

Figure 1.15. One- and two electron pathway mechanisms proposed by Meyer. Compound A is an oxide acceptor

[67].

Following the initial research from Meyer, the mechanism of the catalytic cycle was
intensively studied. The one- and two-electron pathways for activation of the catalyst were
confirmed by IR spectroelectrochemistry by Johnson [68]. They showed that the one-electron
activation of the catalyst is only possible in a weakly coordinating solvent such as THF,
which renders solvent exchange with chloride possible. Deep insight into the catalytic
mechanism for CO; reduction was obtained recently by Kubiak at al. [69] by density
functional theory computation. Activation of the catalyst requires two successive reductions,
and the catalytic mechanism for reducing CO; into CO is highly similar to mechanism of CO
evolution presented in Figure 1.12. and Figure 1.14. CO; binds to the reduced complex, water
is then eliminated via two successive protonations. Two one-electron reductions are necessary
to release the product. Two possible cycles are proposed in the mechanism depending on the

order in which the protons and the electrons are transferred to the catalyst. But in terms of
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energy barrier and reduction potential these two catalytic cycles are very similar. The high
selectivity of this catalyst for CO evolution compared to hydrogen evolution is explained by
the barrier-less interaction with CO2, compared to a 21.6 kcal/mol activation energy with
protons. However, the DFT analysis could not explain all the possible catalytic pathways as

the one-electron activation is not described. Additionally, it is experimentally observed that

the reduction of CO; by this catalyst leads to the formation of CO and CO; .
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Ruthenium and rhenium complexes remain among the most effective homogeneous
catalysts for CO; reduction, and are still the focus of recent studies as the mechanisms of
catalysis is still not fully understood. With this type of complexes, fine-tuning of the ligand
leads to modification of the reduction potential of the complex. As well as attachment of
bulky groups on the bipyridyl group avoids formation of dimers. Ishitani ez al. [70] have also
greatly improved the photocatalytic reduction of CO2 by rhenium complexes by synthesizing
a supramolecular Ru-Re complex that combines a catalyst and a photosensitizer in a single

molecule.

1.3. Supercritical CO2

Efficiency of CO> reduction in standard conditions, even with appropriate catalysts
remains generally quite low, and is additionally in competition with hydrogen evolution in
protic media. The approach used in this thesis is to vastly increase the reactant concentration,
converting CO> when it is in a liquid or supercritical state, highly pressurised and highly

concentrated to maximize efficiency and selectivity.

By definition, a supercritical fluid is a substance at a temperature and pressure above
its critical temperature and pressure. In supercritical conditions, fluids have properties of both
liquid and gas simultaneously. Supercritical fluids are characterised by a density similar to
that of liquids, while having mass transfer properties close to those of gases. These properties
are highly interesting as supercritical fluids can dissolve materials and have a viscosity
generally one order of magnitude smaller than liquids. The low viscosity of the solvent has
clear implications upon the diffusion of species and hence on the overall kinetics of chemical
processes. For CO> the critical point is at 31.1°C and 73.8 bars as shown in Figure 1.17,

which are moderate conditions compared to most of the supercritical fluids commonly used.

Supercritical CO2 (scCO») is already commonly employed as solvent in chemical
synthesis [71], particularly in the food and pharmaceutical industries. This is due to its

physical and chemical properties rendering it a rather “green” solvent that is completely
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removed on decompression to “harmless” gaseous CO». A well-known application in the food

industry is caffeine extraction [72].

Pressure, p

Te=31.1°C
pc = 73.8 bar

Temperature, T

Figure 1.17. CO; phase diagram [71].

An interesting property of scCOz is the tunability of its properties, such as viscosity
and density. In the supercritical region, these two properties are easily tuneable by slightly
changing temperature or pressure as seen in Figure 1.18., with density ranging from 200 to

800 g/L.
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Figure 1.18. CO; density diagram from 0 to 300 bars and —50° to 140°C [73].

The major drawback of scCO; is its extremely low capacity of dissolving charged
species, because of its low diclectric constant (& <1.8). This is highly detrimental for
electrochemical studies. The main approach used since the early electrochemical studies in

scCOz is the introduction of a co-solvent to increase the solubility of ionic species.

In the late 1980s, Wightman et al. [74-76] used water as a co-solvent, but water is not
miscible with scCO> and its solubility is poor, therefore the amount of ionic species that can
be dissolved in such mixture is limited. They needed an arrangement of microelectrodes to be
able to observe a defined redox wave of ferrocene. Increasing the amount of water in the
supercritical phase can lead to a higher increase in the conductivity with the proper stirring of
the phase to generate a water-in-scCO> microemulsion. These types of microemulsions were
used by Odhe et al. to obtain well defined voltammograms on microelectrodes [77]. Water-in-
CO2 microemulsions were further applied to the field of electrochemical deposition for the
formation of ZnO mesocrystals [78] and electroplating of copper [79] and nickel [80]. The
formation of an emulsion with water is due to the immiscibility of water and scCO2, but in
contact with organic co-solvents scCO> forms a single phase with scCO and hence increases
the solubility of ionic species in a homogeneous phase. To date methanol [81, 82],

dimethylformamide [83] and acetonitrile [84, 85] have been employed. This mixed solvent
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phase has been largely documented in the field of electrodeposition [81, 86, 87], with Bartlett

et al. recently reviving interest in supercritical fluid as electroplating media.

In this thesis, three different solvents systems will be considered for the reduction of

COs:

- A biphasic system constituted of water and scCO, with interfacial reduction of
CO..

- Addition of a co-solvent to the CO; supercritical phase to increase solubility of
ionic species.

- CO; expanded liquid, as organic solvents can dissolve an abundant amount of CO»

as the pressure is increased.

Placing scCO; in contact with water has three major consequences, allowing for a
more efficient reduction of COa,. First of all, the concentration of CO, in water can be
increased up to 50-fold compared to a non-pressurized system. At standard temperature and
pressure, the solubility of CO; in pure water is very small, and reaches only 0.0286 mol/kg
water at atmospheric pressure and 30°C. In supercritical conditions, this solubility can be
increased to 1.361 mol/kg water at 100 bars and 30°C[88]. The second major consequence is
the formation of a very particular interface when an aprotic solvent is in contact with a very
protic solvent [89]. If a compound catalysing CO» reduction adsorbs at this interface, it will be
simultaneously in contact with a huge concentration of CO; and protons, potentially
increasing the production rate of reduction products. The last effect, linked to the increase in
concentration of CO2 in water. The aqueous solvation of CO> accompanied by hydration,
results in carbonic acid, and subsequent acid-base chemistry leading to bicarbonate and

carbonate, as shown in the two following reactions.[90]

CO, ., +3H,0 2 CO,,  +3H,0 & H,CO,+2H,0 (1.17)

(g)

2 (aq)

H,CO, +2H,0 2 HCO; +H,0" +H,0 &2 CO +2H,0" (1.18)
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The net result of those two reactions will be an important decrease in the pH of the
water. The pH of the solution can have important effects on the efficiency of the catalyst and
its selectivity for CO» reduction versus proton reduction. However, the pH of the solution can

be readily controlled by the introduction of a buffer into the aqueous phase.

Supercritical CO; is immiscible with water, with only a small portion of the CO» in the
molar range, dissolving into the water. Organic solvents such as dimethylformamide (DMF)
and acetonitrile (AcN) are totally miscible with scCO; and can be used as co-solvents in the
supercritical CO». For these systems a single phase will be maintained regardless of the molar
ratio of the two solvents. These solvents are however not ideal for the catalytic reduction of
CO2 due to their non-protic character. Addition of a proton source is therefore requested.
These proton sources are either water or other organic solvent, such as trifluoromethanol or
triethanolamine. Addition of organic solvents has no effect on the phase equilibrium due to
their miscibility with scCO,. But mixture of water, organic solvent and scCO; are rather
complex in term of phase equilibrium, depending on the ratio of the three solvents, the system
is either biphasic or single phase. The nature of the organic solvent is also of importance,
Figure 1.19. presents ternary phase diagrams of three different organic solvents : isopropanol,
methanol and acetone. Apices of the triangles represent the single pure component, the top
apex is liquid carbon dioxide, the bottom-left apex the water and the bottom-right the organic
solvent. The sides of the triangle, directly opposite the apex, represent 0% of that apex
component. The compositions of regions indicated inside the triangle are a mixture of the
three components. The curves inside the triangles are the limit between the one-phase and
two-phase region, with the two-phase region inside the curve. Intersection between the tie
lines and the curve give the composition of the two phases when the mixture composition is
“inside” the two-phase region. In general, to obtain a single phase an important fraction of
organic solvent is necessary. In the case of formation of two phases, for ispropanol and
methanol, one phase is almost pure CO, while the other phase contains water and organic
solvent. For acetone, one phase is mainly composed of water, while the second is a mixture of

COs and acetone.
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Figure 1.19. Ternary phase diagrams of three liqgCO;-water-organic solvent systems, IP stand for isopropanol,

ME for methanol and AE for acetone[91]

The third solvent system that will be used in this work is a gas expanded liquid, which
is a mixed solvent composed of a compressible gas dissolved in an organic solvent under
pressure. Even in mild pressure conditions, the amount of gas dissolved in the organic solvent
represents a concentration large enough to noticeably increase the volume of the liquid phase.
The conditions of pressure and temperature are therefore below supercritical values. CO»-
expanded liquids are the most commonly used gas expanded liquid [92]. These liquid media
represent a range from neat organic solvents to liquid or supercritical CO,. These solvents
have been exploited in a variety of applications, such as separation [93], precipitation of fine

particles [94] and as reaction media for catalytic reactions [95].

Physical properties, such as density, of pure CO; are well understood[96] and
tabulated [97], but for mixtures with other solvents, phase density or concentration of CO, are
influenced by a lot of different factors. Among them, pressure and temperature, but also it
differs from an organic solvent to another. Solubilisation of a large amount of ionic species
will also tend to decrease the concentration of CO; in the phase. Phase density and CO»
concentration are therefore impossible to predict and will have to be determined

experimentally.
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1.4. Scope of the present work

This work is devoted to fundamental research on carbon dioxide reduction catalyzed by
molecular catalysts. Principally focusing on the understanding of the mechanism of the
reaction and on the effect of the CO> concentration or pressure on the efficiency and

selectivity of CO; reduction.

Chapter 2 is devoted to the description of the material, the experimental procedures
and the synthesis of the different catalysts. For the following chapters, this work is separated
according to the type of catalyst and the method used to input the energy required for the
reaction to take place. As seen in section 1.2.1, CO; reduction is a highly endergonic reaction,

and three different methods can be used to input energy in the catalytic system.

Chapter 3 is dedicated to the use of Decamethylferrocene (DMFc) as catalyst and
sacrificial electron donor to drive the reduction of carbon dioxide in a biphasic system

composed of water and scCOx.

In a similar solvent system, chapter 4 is dedicated to the study of the photocatalytic
reduction of CO; by the aqueous catalyst nickel(II)cyclam. As part of the photosensitizing
cycle ruthenium(II) tris bipyridine and ascorbic acid are used as photosensitizer and sacrificial

electron donor respectively.

With the objective to improve the photocatalytic reduction of carbon dioxide, in
chapter 5, polypyridyl carbonyl complex of ruthenium are used as catalyst with ruthenium(II)
tris bipyridine as photosensitizer and 1-benzyl-1,4-dihydronicotinamide as sacrificial electron
donor. Due to poor solubility of these compounds in aqueous solution, the main solvent is

dimethylformamide.

Chapter 6 is dedicated to the understanding of the voltammetry in expanded liquid and
supercritical CO>. With determination of phase behaviour, concentration of CO; and diffusion

coefficient of species in these specific solvent systems.

In chapter 7, the voltammetry in expanded liquid and in supercritical conditions is

adapted to the study of the electrocatalytic reduction of carbon dioxide by two different
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catalysts : polypyridyl carbonyl complexes of ruthenium and [Re(bpy)(CO);X]. Objectives of
this chapter are to understand the different catalytic mechanisms of these complexes and to

determine the effect of pressure on the catalytic rate.
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CHAPTER 2

Experimental and Instrumentation

2.1. Introduction

In this chapter, detailed descriptions of the material and the different experimental procedures
and techniques employed are provided. First of all, the material and instrumentation used in
this thesis are described. The supercritical equipment used throughout this thesis has been
designed and manufactured in-house. This includes the high-pressure setup, the different
reactors used for the various experiments. In the second part, the different procedures used in
this thesis are described in details starting with the procedures for CO; reduction product
analysis, as these procedures are common to all chapters. Following, the different specific

procedures in the order of appearance in the following chapters are presented
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2.2. Material

2.2.1. Pump system

The experimental setup used in standard CO> reduction experiments is presented in Figure
2.1. and Figure 2.2. The system is composed of two piston pumps (Teledyne, Isco Model100
DX, USA), with one dedicated to CO; and one to water, therefore the volume of the two
phases can be controlled and the reactor can be compressed by addition of water or CO,. For
experiments with organic solvents, only the pump dedicated to CO> was used. Between the
CO2 pump and the reactor, a piezoelectric pressure sensor (Swagelok, UK) monitors the
pressure in the line and the reactor. The temperature is monitored by a thermocouple plugged
into the reactor. For decompression of the reactor, a series of two autoclaves are used, one to
trap the water or solvent escaping the reactor during decompression and one to recover a gas

sample for analysis.

Figure 2.1. Experimental setup used for supercritical conditions.
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Figure 2.2. Schematic illustration of the double pump system for photocatalytic experiment.

2.2.2. Reactors

For the different experiments, four types of reactors have been used. The simplest reactor is a
three-valve autoclave, as shown in Figure 2.3. This reactor is used for reactions that take place
in the dark, but also for taking gas sample during decompression of the reactor. Two of these
reactors are connected in series to act as a liquid trap and gas collector for sample analysis.
This stainless steel reactor, with an inner volume of 37 mL, is equipped with three valves and
an integrated manometer. For temperature control, it can be fitted into a water circulation

chamber connected to a thermostated bath.
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Figure 2.3. Three-valve autoclave.

For UV-visible spectrophotometric measurements and pendant drop experiments, a
three sapphire window (Rayotek, USA) reactor, of inner volume 50 mL, was used. Two
windows are aligned and the third one is perpendicular to the others. In this reactor, water
circulation is integrated into the walls of the reactor for temperature control. It has two gas or

liquid inlets and one inlet to connect a thermocouple for accurate temperature monitoring.

Figure 2.4. Three-window view cell.
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The reactor used in most of the photocatalytic experiments is a single window reactor,
shown in Figure 2.5. Compared to the previous reactor, this reactor has the advantage of a
smaller inner volume (31 mL), a larger bottom area, which allows a more efficient stirring,
and is more convenient to use due to a cap manually screwed in and out. This reactor is also
less prone to gas-leaks. This reactor has also been adapted for electrochemistry in scCO; by
building an additional cap equipped with three electrodes. The electrodes are sealed in PEEK
and Teflon and includes a silver wire quasi reference electrode, platinum wire counter
electrode and an interchangeable working electrode. Three different working electrodes have
been built; gold disk (geometric area 0.0173cm?), copper disk (4mm diameter) and glassy
carbon disk (2mm diameter). But for the glassy carbon electrode, a good connection between
the glassy carbon rod and the copper connection was never achieved and the electrode
appeared resistive to current flow. To integrate a glassy carbon electrode into the reactor,
commercial glassy carbon electrode (BASi, USA) of the appropriate diameter (1/4” inch) has
been equipped with a high-pressure ferule to connect to high-pressure connector of the reactor
(Swagelok, UK). The temperature in the reactor is controlled by water circulation integrated

into the walls of the reactor.

Figure 2.5. Reactor used for photoreduction experiments, the three-electrode cap and glassy carbon electrode

equipped with high-pressure connection.
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The last reactor used in this thesis, is a high-pressure sapphire tube, with an inner
volume of 7 ml. The reactor is used for the NMR experiments carried at high pressures and

also for expansion measurements of gas expanded liquids.

Figure 2.7. High-pressure NMR tube.

2.2.3. Light sources

Two different light sources have been used for photocatalytic experiments and spectroscopic

analysis:

- A white light source 600W Xenon lamp (ORIEL Model 66021, USA), UV and IR
radiation can be removed with optical filters (UV cut-off filter <420nm and IR cut-off
filter >650nm).
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- A 455nm monochromatic high power LED (ThorLabs M455L2, USA) mounted on a
lens tube equipped with three lenses to collimate the light beam to a diameter of about
I cm.

Due to easier quantification of the quantum yield of photocatalytic experiments with

monochromatic light, the high power LED was preferred in photocatalytic experiments.

Spectroscopic measurements were performed using the Xenon lamp as light source
and a UV/VIS spectrometer (Ocean Optics, model USB2000, USA). Grey filters with optical

density from 0.8 to 3 were used to decrease the light brightness.

2.24. Catalysts synthesis

Decamethylferrocene (DMFc) (ABCR) was purified by sublimation to produce a highly

crystalline solid.

Synthesis of the complex dichloro-(1,2,8,11-tetraazacyclotetradecane) Nickel(II), also
named Ni(IT)cyclam, was carried out following a reported procedure[1]. Nickel(II) chloride
hexahydrate (Sigma) was dissolved in ethanol and was added to a solution of the ligand (1.1
equivalent) in ethanol. The resulting light brown solution was heated to 40°C for 10 minutes.
Then, diethyl ether was added to obtain a light mauve precipitate, which was then filtered and
rinsed with diethyl ether. Recrystallization was done by adding ether to a saturated solution of

product dissolved in methanol. The final product was dried overnight in vacuum.

[Ru(bpy)2CL], [Ru(bpy)2COs3], [Ru(bpy)2(CO)(OCHO)](PFs) and
[Ru(bpy)2(CO)(H)](PFs) were synthesized stepwise following methods reported by Meyer
and Ishitani [2-5]. Synthesis was conducted under a nitrogen atmosphere on a Schlenk line.
[Ru(bpy)2Clz] was synthesized from RuCl3x3H>O (Sigma, CH) with 2.1 equivalent of
bipyridine and 0.1 equivalent of LiCl heated at reflux for 8 hours in dimethyformamide. After
cooling down to room temperature, acetone was added and the resultant solution was cooled
down to 0°C overnight. Filtering yields a dark green microcrystalline product. The solid was

washed with water and diethyl ether.

49



Chapter 2

For the synthesis of [Ru(bpy)>COs], the previously obtained product, [Ru(bpy).Clz],
was suspended in deaerated water and heated at reflux for 15 minutes. 10 equivalent of
sodium carbonate was added and the solution was heated at reflux for 2 hours. After cooling
at room temperature the solution was filtered, yielding dark purple crystals, which were then

washed with water.

Synthesis of [Ru(bpy)2(CO)(OCHO)](PFs) was obtained by dissolving [Ru(bpy)>COs3]
in formic acid 90%. The mixture was heated at reflux for 1 hour. The formic was removed
after cooling of the solution to room temperature on a rotary evaporator. The resultant sticky
solid was dissolved in water. The product is precipitated by addition of saturated solution of
NH4PFs. The bright yellow solid was subsequently filtered and washed with water and diethyl

ether.

For  synthesis of  [Ru(bpy)(CO)(H)](PFs), the  previously obtained
[Ru(bpy)2(CO)(OCHO)](PFs) was dissolved in 2-methoxyethanol and heated at reflux for 5
hours. The solution was then cooled to room temperature and saturated solution of NH4PFg
and water were added. The yellow-orange flocculent product was filtered then washed with

water and diethyl ether.

Synthesis of [ReCl(bpy)(CO)3] was carried out following reported methods [6].
Re(CO)sClI (Sigma) and one equivalent of bipyridine were dissolved in a mixture of toluene
and heptanes (50:50) and heated at reflux for 2 hours. The product precipitates upon cooling
down to room temperature. The resulting yellow-brown crystal were filtered and washed with

toluene.

2.3. Procedures

2.3.1. Product analysis

Ionic chromatography was used for the detection and quantification of formate in aqueous and

organic samples recovered from the reactor after decompression. The presence of other
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anions, such as acetate, fluoride, chloride, oxalate, etc. can also be determined using this
technique. A Metrohm 883 Basic IC plus ion chromatograph (Metrohm, CH) equipped with
an injection loop of 20uL, a polymethacrylate-based column (75 x 4.6mm, Metrosep Dual 2,
Metrohm, CH) and a chemical suppressor was employed. The eluent for these measurements
was a solution of 1.3 mM Na;COs; and 2mM NaHCOs;. The procedure differs slightly for
aqueous and organic samples; as organic solvents are inevitably containing traces of formic
acid. For water samples analysis, a 100 pL. sample was taken from the reactor and diluted 10
folds with pure water to match the sample concentration with the calibration curve (1 to 20
mg/L. formate). For organic samples (dimethylformamide or acetonitrile), the amount of
formic acid generated was determined from the difference in concentration between the
sample recovered after decompression and a sample taken from the reactor before sealing it.
This second sample was kept aside during the reaction time. Both samples were diluted 10
folds with pure water. The dilution step is performed right before the injection to avoid further
degradation of the organic solvent into formic acid. Indeed DMF/H>O mixtures are known to
spontaneously decompose to formate, especially for mixture of high water content, this
production is favoured in presence of organic bases such as TEOA [7]. Control reactions
without catalysts or without light were conducted to confirm that the formate detected is
solely produced by CO; reduction and not by the degradation of solvent during reaction. A
typical chromatogram obtain after reaction is shown in Figure 2.8., with identification of the
different peaks. The carbonate peak is a systematic peak as the eluent is a
carbonate/bicarbonate buffer solution. Quantification of this peak is impossible due to its
important concentration in the eluent solution. The calibration curve used for quantification in
DMF/water is also shown. All measurements for this calibration were performed in the same
DMF/water mixtures, the amount of formate originally present in the solvent mixture was

subtracted for every measurement.
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Figure 2.8. a) Chromatogram obtained for a standard reaction diluted 10x in pure water b) Calibration curve for

formate measured in water-DMF mixture.

Gas chromatography was used for analysis of the gas collected upon decompression of
the reactor. For hydrogen determination, the autoclave is connected to a silicon tube and the
gas is bubbled in a beaker containing water for 1 minute. Then, a gas sample of 1 mL is
collected with a gas-tight syringe followed by on-column injection of a GC-TCD (Perkin
Elmer, Clarus 500, USA). Argon was chosen as the carrier gas according to the significant
difference in thermal conductivity with hydrogen. CO and CH4 quantification was performed
on a GC-FID (Perkin Elmer Clarus 500, USA) equipped with a methanizer operating at 400
°C. The reactor was decompressed into an autoclave, which was then connected to the
injection six-way valve of the gas chromatograph, and the gas was gently flowing through the
injection loop for 1 minute before injection into the column. Calibration was performed by
injection of certified gas mixtures in nitrogen at a concentration of 500 ppm (Carbagas, CH).
As COgz is present in large amounts in the sample, the methanizer valve was switched before
the peak of CO; appears to protect the methanizer. Exact determination of the total amount of
CO2 in the reactor was necessary for the quantification of the amount of CO produced. For
biphasic water-scCO; systems, the amount of CO> was calculated from density and phase
volume, as the amount of CO; dissolved in water is negligible. With organic solvents,
determination of the amount of COz in the reactor in given conditions of pressure, temperature
and volume of the different component was calculated by injecting a known amount of CHy
and determining its concentration in the reactor after compression at 150 bar by gas

chromatography and calculating the dilution factor.
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For the determination of methanol and other volatile organic molecules, analysis of
headspace of water sample was performed on another gas chromatograph (Perkin Elmer,
Autosystem Gas Chromatograph, USA), equipped with a polar column (Permabond CW 20m
x 0.25um, CH) and a FID. Samples of 1 mL in 5 mL vials equipped with a rubber septum

were heated at 80°C and 0.5 mL of the headspace was injected on column.

2.3.2. Reduction by DMFc in biphasic systems

Experiments with DMFc¢ were performed in a three-valve autoclave reactor connected to both
the CO» and the water pump. Presence of oxygen in the reactor was avoided by setting a small
gas flow through the reactor for 20 minutes before compression. As DMFc is soluble in
scCO; but not in water, it was introduced initially in the reactor and CO; was injected up to a
pressure of 80 bars, with the temperature maintained at 40 °C. The reactor was stirred for 20
minutes to solubilise the DMFc in the supercritical phase. Then, an aqueous solution of an
hydrophobic anion, generally lithium tetrakis(pentafluoropheyl)borate (LiTB) was added to
the reactor using the second pump up the desired pressure of 150 bars. This solution was also
deoxygenated before injection into the pump. The reactor was decompressed after a reaction
time of 2 hours with analysis of the gas phase for CO and H> determination. The aqueous
solution was analyzed by ionic chromatography for formate quantification. Solid DMFc and
DMFcTB was recovered on the wall of reactor as it precipitate in the supercritical phase, this

solid was then analyzed by UV/VIS spectrometry and mass spectrometry.

2.3.3. High-pressure spectroscopy

To monitor the progress of the reaction with DMFc, spectrophotometric measurements were
carried out in scCOz using the three-window viewcell. A white light source was set on a side

with a UV/VIS spectrometer on the other. Spectra were recorded through the supercritical
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phase, to determine the variation of concentration of DMFc¢ and DMFc* over time.
DMFc'TB" is insoluble in scCOa, and its precipitation on the windows was hindering
spectrophotometric measurements. Acetonitrile was therefore added as co-solvent in the
reaction medium to limit precipitation of DMFc¢"TB~ and improve light transmission through

the supercritical phase.

In chapter 4, a similar setup was used for the determination of the pH of water in
contact with scCO». Absorption spectra of the two selected pH indicators, bromophenol blue
and bromocresol purple, were recorded in pH controlled solutions prior to measurements in
the reactor to obtain calibration curves. In situ spectra of water in contact with CO, were done
in the three-window viewcell. The reactor was firstly loaded with 25 mL of water, the blank
spectra was recorded then the pH indicator was injected, the solution saturated with CO; at
atmospheric pressure and the reactor sealed. Spectra were recorded as the inner pressure was

increased from 1 to 150 bars.

2.3.4. High-pressure NMR

High-pressure NMR was used in chapter 3 for the investigation of the reduction of CO> by
decamethylferrocene with HTB as the proton source. Two sets of experiments were
performed in CD>Cl>, one under nitrogen at atmospheric pressure and one under 50 bars of
COas. For the measurement without CO,, DMFc and HTB were mixed together in the tube
shown in Figure 2.7. under nitrogen atmosphere. NMR spectra were recorded every five
minutes for 2 hours. For measurements with CO3, the time between the introduction of DMFc¢
and HTB in solution and the beginning of the recording of the spectra is quite long due to the
additional preparative step needed to compress with CO». To start the NMR recording at the
beginning of the reaction a capillary tube containing a solution of HTB in CD>Cl, was
inserted in the NMR tube containing the solution of DMFc in CD>Cla. Therefore, the two
solutions could not mix before the compression with CO». Before insertion into the NMR, the
tube was shaken to mix the solutions of DMFc and HTB together to initiate the reaction.

NMR spectra were also recorded every 5 minutes for 2 hours.
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2.3.5. Photocatalytic reduction

For photocatalytic reduction of CO> catalyzed by Ni(Il)cyclam, suitable volumes of separated
aqueous solutions of the catalyst, the photosensitizer and the sacrificial electron donor were
loaded into the reactor. CO2 was gently flowing through the reactor and the autoclaves used
for decompression, to saturate the entire system with CO». The reactor was then sealed, the
temperature raised to 313 K and CO> was finally compressed into the reactor by the piston
pump up to the desired pressure. The light source used was the 600 W Xenon lamp, with a
cutoff filter (A < 400 nm). After the desired reaction time the reactor was decompressed in
two autoclaves connected in series, with the first one acting a solvent trap and the second as
gas sample vessel for H> and CO quantification by gas chromatography. Quantification of
formate by ionic chromatography was impossible due to the overlapping of the peak on the

ionic chromatography of formate and ascorbate used as sacrificial electron donor.

For photocatalytic reductions with a ruthenium catalyst, the reactor was filled in a
similar manner, with introduction of the solution of catalyst, photosensitizer and electron
donor in DMF/water solutions. Before sealing of the reactor, a 100 pL. sample was taken for
initial formate concentration determination. The reactor was then purged with CO; and the
pressure was increased by compression with the CO> pump. For this catalyst, the light source
has been changed to the 455 nm monochromatic LED. Decompression of the reactor was also
performed with the two autoclaves connected in series with H> and CO quantification by gas
chromatography. After total decompression a liquid sample was taken from the reactor for

formate quantification.
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2.3.6. Three-electrode voltammetry

Conventional three-electrode electrochemical analyzes were conducted using an Autolab
potentiostat 30 (Metrohm, CH) or a Palmsens portable potentiostat (Ivium Technologies, NL).
The working electrode was a glassy carbon electrode, platinum grid as counter electrode, and
for reference electrode a Ag/AgCl in KCI 3 M reference electrode (Sarstedt, DEU) was used
for experiments in water, and a silver wire quasi reference electrode with calibration with
ferrocene or decamethylferrocene was used in organic solvents. As electrolytes, 0.1 M KCI or
LiClOs was used in water and tetrabutylammonium hexafluorophosphate (TBAPFs) in
organic solvents. The cell was sealed during measurements and the solution was saturated

with argon or CO> between measurements.

2.3.7. Wilhemy plate surface tension measurements

The Wilhelmy plate method was used for the determination of the interfacial tension and
surface concentration of catalyst in chapter 4. In this method, a paper strip immersed in a
solution is attached to a pressure sensor. Pressure-area isotherms were initially measured for
pure water with a computerized Langmuir trough (NIMA Model 611, Nima technology Ltd.,

Coventry, UK) to confirm the absence of surface-active molecules.
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Figure 2.9. Wilhelmy strip probe for interfacial tension measurements. w = strip width, ¢# = thickness and /& =

distance between the surface and the immersed extremity of the strip.

Then, measurements of the surface tension of water were performed with an increasing
concentration of nickel(Il)cyclam catalyst ranging from 0 to 100 mM. Experiments were
carried at 25 °C with a 1cm-wide filter paper. Assuming a contact angle between the strip and

the liquid of 0°, the net force acting on the plate is:

F =7(2w+2t)—pghtw 2.1)

net

where p is the liquid density and g the gravity. Given that these experiments are generally
carried out with very thin probes and with the probe about to detach from the surface of the
liquid. Equation 2.1. can then be simplified as the right hand side of the equation vanished

(h — 0) and the contribution of the strip thickness is extremely small compared to its width:

i3
~ e 2.2
r 2w (2.2)
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2.3.8. Pendant drop surface tension measurements

As the method of the Wilhelmy plate is invasive, it was only suitable for surface tension
measurements of the air-water interface. To estimate the tension of the water-supercritical
CO; interface a custom-built pendant drop system was used. The three-window viewcell was
equipped with a syringe needle (inner diameter = 0.5 mm) on the roof on the inside of the
reactor. The shape of aqueous pendant droplets of 15 pLL formed at the tip of the needle was
recorded with a high resolution handheld microscope (ProscopeHR, Bodelyn Technologies,
USA) mounted on one side window of the viewcell opposite to a light source. Potentially
destabilizing pressure gradient were successfully avoided by operating the CO> pump at a
constant pressure of 140 bar, while the pump dedicated to the injection of water was operated
at a constant flow rate of 10 uL-min~'. Reproducible and stable pendant drops of 15 uL were
obtained after an injection period of 90 seconds. Image acquisition was always performed
after an equilibration time of 10 seconds and further analysis was carried out with the
software Mathematica 8.0 (Wolfram research). Drop profiles were obtained by applying a
Shen-Castan algorithm to the raw image. All measurements were done by triplicate. Drop

shape analysis and interfacial tension determination are detailed in chapter 4.

2.3.9. Phase behaviour of expanded liquids

Determination of the volume expansion coefficient and CO> concentration in CO;-expanded
liquid was performed using the high-pressure NMR tube. A volumetric scale was fixed to the
reactor to easily measure volume differences. The tube was initially filled with the desired
amount of organic solvent, the reactor was then closed and weighted to determine precisely
the amount of solvent. The reactor was then successively filled with a moderate pressure of
CO: (about 5 bar) then decompressed. This step was repeated 5 times in order to purge the
reactor from any other gas. The reactor was maintained in a thermostated bath at the desired

temperature. The pressure was increased by injecting CO; into the reactor and the liquid phase
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volume and total reactor mass were recorded at different pressures. Liquid phase density, CO»
concentration and molar fraction were determined from the total mass of the reactor,

subtracting the mass of the upper phase considered as a pure CO; phase.

2.3.10. High-pressure electrochemistry

The high-pressure reactor used for electrochemistry is the reactor presented in Figure 2.5.
with the three-electrode cap. For the voltammetry of DMFc in scCO2, only the three-
electrodes of the cap were used. The working electrode is a gold disk electrode (geometric
area 0.0173 cm?) set in a peek body with a platinum wire as counter electrode and a silver
wire as quasi reference electrode. The wire electrodes were bent to position them at the
closest possible proximity of the working electrode to decrease uncompensated resistance
through the solution. The electrolyte was a room temperature ionic liquid (RTIL), which was
synthesized by ion exchange of two precursor salts, lithium tetrakis(pentafluorophenyl)borate
(TFPB") and tetradecyl ammonium bromide (TDA™). Equimolar solutions of the salts (0.05
mM) in methanol/water 6:1 molar ratio were added together under stirring. The combined
solution was stirred for 12 hours to form a highly viscous gel at the bottom of the vessel. The
solvent was removed and the gel dissolved in 1,2-dichloroethane. The RTIL was then purified
by water extraction to remove the excess of lithium and bromide ions. Ionic chromatography
confirms the total elimination of bromide. The solvent was then completely evaporated to
leave a viscous clear liquid. For electrochemical measurements, the desired amount of RTIL
and acetonitrile used as co-solvent for scCO2 was introduced in the reactor. The reactor was
purged with CO; by setting a small flow of CO» through the reactor for 10 minutes, during
that time the reactor temperature was set as cold as possible to avoid evaporation of the
solvent. The reactor was then sealed, temperature set to 313 K and the pressure increased to
100 bars while the reactor was stirred. Electrochemical measurements were performed at

variable scan rates under quiescent conditions.

For voltammetry of ruthenium and rhenium catalysts, to obtain a broader potential

window the electrode used was a glassy carbon electrode (BASi, USA) equipped with a high-
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pressure connection (Swagelok, UK). For calibration of the reference electrode, 1 to 2 mM
DMFc was added to the solution. The reactor was initially filled with solvent, electrolyte,
catalyst and DMFc used for the calibration of the quasi reference silver wire. The reactor was
sealed and purge with CO,. The pressure was increased with the pump to the desired value
and voltammetry was recorded in quiescent conditions. Generally, many voltammograms
were recorded in the same solution as the pressure was increased by step of 2 to 5 bar, with

voltammogram recorded on each step once the pressure has equalized.
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CHAPTER 3

Reduction by decamethylferrocene in biphasic systems

3.1. Introduction

Due to the very negative potentials required to reduce carbon dioxide and the need for a
catalyst to drive multi-electron coupled to multi-proton transfer reactions, the number of
compounds capable of reducing CO, without external driving force, such as light, is very

limited.

The proficiency of hydrogen evolution reaction (HER) at a catalyst has often been
taken as an initial indicator of a suitable catalyst for CO> reduction. Numerous compounds
and metals catalyse the reduction of protons to hydrogen, and have been explored with respect
to CO; with little success. However, one class of compound, the metallocenes, has recently
gained renewed interest with respect to the HER. Hydrogen evolution has been observed
using cobaltocene [1] osmocene [2] and decamethylferrocene [3]. This last compound is of
particular interest, as it has a relatively high solubility in supercritical CO2, in the millimolar

range.
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As with the metallocenes used in the HER research, the intention is to use
decamethylferrocene (DMFc) in scCO> reduction as a sacrificial electron donor. However, the
presence of an electron donor alone is not sufficient for the reduction of CO», as electron
transfer must be coupled to proton transfer to decrease the reduction potential accordingly.
Water is an obvious clean and abundant source of protons, but as discussed in the
introduction, it is not miscible with scCO. The aqueous protons will therefore need to be

transferred from the water phase to the supercritical phase.

3.2. DMFc as electron donor for hydrogen evolution

Metallocenes are known to be capable of generating hydrogen in presence of strong acid in an
organic phase [4, 5]. But decamethylferrocene has been demonstrated to produce hydrogen
from aqueous protons through biphasic reaction at the interface between two immiscible
electrolyte solutions (ITIES) [6]. As DMFc is not soluble in water, it remains in the organic
phase, typically 1,2-dichloroethane, while the water phase in contact is the source of protons
for hydrogen formation. For the reaction to proceed, the protons need to transfer from the
aqueous to the organic phase. This mechanism has been comprehensively studied and
understood for decamethylruthenocene [7] and the Nernst equation for the proton transfer is

given by:

a’.
Alp=¢"—¢"=Al4". +%ln[ = J @3.1)

CIH+

where A)¢ is the Galvani potential difference between the two phases, a,.and a;. the

activity of protons in the organic and the water phase respectively and AJ¢;. is the standard

transfer potential of the proton from water (w) to organic phase (0) expressing in a voltage

scale the standard Gibbs energy of transfer AG™ ">
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©,W—0

Algp=—"0 (3.2)

=t
This Nernst equation shows that if the interface is polarised positively at potentials
higher than the standard transfer potential of protons, protons will transfer to the organic
phase. The Nernst equation can be written in another way to express the ionic partition

coefficient P; of an ion i of charge z;:

o

a. zF , z F
P=—"L=exp| —(A"¢0—-A"@¢" ) |=P” exp| =—A" 3.3
= p{RT( RING )} l p[RT 04 (3.3)

i

For neutral species, the partition depends only of the properties of the two solvents,
while for ionic species the partition depends also on the Galvani potential difference. In
presence of a proton acceptor such a DMFc, the proton transferred in the organic phase will
quickly react and protonate DMFc, decreasing its concentration in the organic phase. The ion
transfer is therefore facilitated by the metallocene in the organic phase due to the subsequent

chemical reaction.

The polarisation of the interface can be achieved by two means: with a potentiostat or
by the distribution of an electrolyte in the two phases. The partition of the electrolyte between
the two phases will result in the polarisation of the interface. The Galvani potential
established at the interface is called the distribution potential given by:

A=

AW 9+ +AW 97 0+ WL
A 08 ﬂh{_y Z J 6

2 2F 7ty

where y/ is the ionic activity coefficient of the ionic species i in the phase a.

In the case of the distribution of a salt or an acid containing a hydrophobic anion, the
interface will be polarised positively as the standard transfer potential of this anion is largely
positive. If this standard transfer potential is high enough, protons will transfer spontaneously

from water to the organic phase and will therefore be able to react with the DMFc in the
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organic phase to produce hydrogen. The different ions investigated for protons transfer are
ranging from slighty hydrophilic, BF4~, PFs, ClO47, to hydrophobic, tetraphenylborate (TPB).
More hydrophobicity can be obtained with the anions of the series of compound called BARF
salts, in which a boron centre is covalently bonded to 4 aryl groups, which are in turn

fluorinated. Two examples of BARF anions are shown in Figure 3.1.

F F
i _
b gad J:E
F -..,.B '|:= FagF:’.
g} Q D
F F

Figure 3.1. Structure of two common BARF anions, tetrakis(pentafluorophenyl)borate (TB™) and tetrakis(3,5-

bis(trifluoromethyl)phenyl)borate (CTB™).

The standard ionic transfer potential of these different anions are reported in table 3.1.
No value for the anion CTB™ are reported in literature but due to the similarities in the
structure with the anion TB™, a standard ionic transfer potential very close to the one of TB~

can be expected.

Table 3.1. Standard Gibbs energy of transfer and standard ionic transfer potential from water to 1,2-DCE for

different common hydrophobic anions

Anion AG?" 7P [kJ/mol] Aper®” VI
BT ECE -0.186
PFG_ 15.9 b -0.165
ClO, 149 -0.154
TB- -68.5 ¢ 0.710

For the anion PF¢~, the solvent is not 1,2-dichloroethane but 1,6-dichlorohexane as no value are reported for this

solvent, *>¢ values respectively taken from[8],[9] and [10].

For protons, the standard ionic transfer potential from water to DCE is estimated to
0.587 V [11]. Therefore, from Equation (3.3), the partition of protons between water and DCE

will be positive for polarisation of the interface higher than the standard transfer potential of
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proton, causing transfer of protons from water to DCE. The values expressed in Table 3.1. are
only valid for the biphasic system water-DCE. When transposed in a water-scCOz, the exact
value of the polarization of interface is unknown, but the difference between the standard
ionic transfer potential of the anion and the standard ionic transfer potential of protons should
remain comparable. The Gibbs transfer energy is mainly a measure of the interaction between

the anion and water, as DCE and scCO> are both non-coordinating solvent.

Experimental [12] and theoretical [13] studies have already demonstrated the basic
character of DMFc and other ferrocene derivative. Subsequently, DMFc dissolved in DCE
can be protonated by the protons transferred to the DCE phase to form a DMFc hydride
molecule. Protonation of DMFc is the initial step of hydrogen formation, the following
mechanism is not yet fully understood but is presumably happening via a bi-molecular
reaction between two DMFc hydride molecules ([DMFc-H]"). Considering the intermediate
[DMFc—H]" being a hydride complex with two bulky ligands, steric hindrance should largely
inhibits the bimolecular elimination pathway. But it is not fully clear that the proton is bonded
to the metal centre. If the proton is localized on the ring rather than on the metal centre the

steric hindrance should be a smaller barrier to the reaction.

For COz reduction by DMFc, the mechanism of hydrogen evolution is not a key point
as CO; should interfere in the hydrogen evolution mechanism and use the intermediate

[DMFc—H]" as a source of protons and electrons to reduce CO».

3.3. COz reduction in water-scCQO: systems

In a water-scCO; systems the same principle of proton transfer from an aqueous to an organic
phase explained in the previous section can also be applied, with scCO; replacing the organic
phase. Assisted transfer of protons to the supercritical phase should lead to a similar formation
of [DMFc—H]". The large concentration of CO> (15M at 150bar and 40°C) will intensively
favour reaction with CO» rather than a bimolecular pathway. The high pressure should also

limit the production of hydrogen from protons due to Le Chatelier principle.
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In section 1.2.4, the general mechanism of reduction of CO; into formate was
discussed. For all catalysts considered, the initial step is the formation on a hydride complex
on the catalyst followed by insertion of CO; into the hydride bond to generate the formato-
complex. This mechanism can be transposed to DMFc, given the reaction chain shown in
Figure 3.2. To complete the cycle and release the formate molecule generated, the formato-
complex needs to be reduced, the electron is presumably coming from another DMFc
molecule. In the overall reaction, two DMFc¢ molecules are oxidized to reduce carbon dioxide

into formate.

Rallle Sl

Figure 3.2. Presumed mechanism for formate generation by DMFc.

The overall reaction is thermodynamically feasible from the calculation of the Gibbs

energy of the reaction.
CO, +2[DMFc-H|" — HCOOH + 2DMFc’ AG, =-5kJ/mol

The activation barrier is, however, estimated to be too important to drive the reaction
in standard conditions of pressure. And DFT calculations have so far not been able to resolve
the reaction between CO> and [DMFc-H]". Performing the reaction under high CO, pressure
conditions might be highly beneficial for the reaction. The presence of CO; as the solvent

facilitates the approach of COxz to the hydride.

"' DFT calculations performed by the group of Pr. Clémence Corminboeuf in the Laboratory

for Computational Molecular Design
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3.3.1. Choice of anion

Different anions have been tested for the reaction, ranging from slightly hydrophilic to
very hydrophobic. The procedure used for the experiments is detailed in section 2.3.2 in
chapter 2. Quantification of the amount of product generated by the reaction is performed in
the following section, the spectral analysis of the solid precipitated on the walls of the reactor
can be used to quantify the amount of DMFc oxidized. Visible spectra of pure DMFc and
DMFc¢" are shown in Figure 3.3. DMFc shows only one absorption band in the visible region,
with its maxima at 430 nm. While DMFc" has an absorption band of similar extinction
coefficient in the red and near infrared region with its maxima at 776 nm. Additionally, a

second absorption band is partially visible in the UV region.

0.6 -
0.5
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Figure 3.3. Visible spectra of 2.9 mM solution of DMFc (green line) and DMFc™ (blue line) in acetonitrile. Peak

at 450 nm is an artefact caused by the spectrophotometer.

Analysis of the solid recovered after reaction in the reactor is shown in Figure 3.4. As
predicted by the standard ion transfer potential of the different anions tested, when using
BF4, only 30% of DMFc is oxidized after 4 hours of reaction. This is explained by the fact
that the transfer potential of tetraphenylborate is close to that of protons, therefore, the

transfer of protons from water to CO: is predicted to happen but in a moderate way. In
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contrast, for highly hydrophobic anions such as TB™ the oxidation is complete as the transfer

potential of these anions is higher than the one of protons.
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Figure 3.4. Visible spectra of 1 mg of solid recovered after 4 hours of reaction and re-dissolved in 1,2-
dichloroethane. Reactions were performed at 150bars 313°K with 30umol DMFc and around 10 ml of water

containing SmM of a) NaBF4, b) NaTPB and c) LiTB.

For experiments in presence of highly hydrophobic anion, the DMFc is totally
oxidized, therefore amount of product corresponding to the same amount of electrons is

expected.

3.3.2. Production yield of reduction products

From the suggested mechanism the major product is presumed to be formate. As a side
product hydrogen can also be generated. As carbon monoxide is the most common reduction
product of CO; it was also quantified. Gas and ionic chromatography were used to detect and

quantify those products, following the procedures detailed in section 2.3.10f chapter 2.

The average amount of formate and hydrogen generated in for different reactions are
reported in Table 3.2. For each experiment, the amount of DMFc dissolved in supercritical
phase was 30 umol. The amount of carbon monoxide detected was slightly above the blank.

The carbon dioxide used in the experiment naturally contains around 1 ppm of carbon
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monoxide. The amount detected after reaction is around 1.5 ppm. The accuracy of the

measure is not sufficient to ensure the generation of carbon monoxide during the reaction.

Table 3.2. Amount of products for different reactions with 30 pmol of DMFc initially in the reactor.

Experiment Formate [pumol] Hydrogen [umol]
DMFc, LiTB 0.4 traces

DMFc, NaCTB 0.8 traces

DMFc, HTB, no water Less than the blank 5.1

The third experiment reported in Table 3.2 has a different procedure from the other
two. In this experiment, no water was used, and the acid salt of the anion TB™ was dissolved
with DMFc in acetonitrile prior the addition of CO»> in the reactor and increasing the pressure
to 150 bars. Therefore, proton transfer through the interface was not needed, as the system
consists of scCOs-acetonitrile single phase. However, for this reaction two problems
appeared. First, the two reagents DMFc and HTB had time to react together before the
introduction of CO; and produced considerable amounts of hydrogen. More than 30% of the
DMFc is oxidized to produce hydrogen. The second problem is the contamination of the
solvent, in the range of mg/L, with small organic molecules such as formic acid. At the end of
the reaction the concentration of formic acid in acetonitrile has decreased compared to the

initial solution.

For all experiments the amount of product detected does not account for all the DMFc
oxidized in the reactor. This suggests that other compounds than formic acid, carbon
monoxide and hydrogen are being produced. As the range of reactant contained in the reactor
is very limited, the compounds that could be reacting with the DMFc are the anion, oxygen, or

further reduction of formic acid or carbon monoxide.
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Fluorinated molecules like TB™ can be reduced by metallocenes [14], and evidences

for this reaction have been observed:

- The analysis of the solid precipitated on the walls of the reactor at the end of the
reaction by MALDI-TOF shows various decomposition products of TB, the two most
abundant adducts are presented in Figure 3.5. But the amount of these decomposition

products remains very small compared to the amount of TB™.

- In the ionic chromatography the peak area of the fluoride anion after the reaction has
increased compared to the initial solution of LiTB, which is caused by the formation

of the first adduct.

- The use of the anion CTB", the second anion in Figure 3.1., shows a slightly better
yield for formate. This anion has no fluoride in the para-position of the phenyl ring,
and might therefore be more stable[15]. MALDI-TOF of the precipitate recovered

after the reaction with this anion shows less decomposition of the anion.
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Chemical Formula: C gBF4
Exact Mass: 530.98
Molecular Weight: 530.98

Chemical Formula: C;y,HBF o
Exact Mass: 660.99
Molecular Weight: 661.05

Figure 3.5. Structures of the adducts obtained from TB™ upon a) the loss of fluoride or b) replacement of a ring

by fluoride.

The presence of oxygen in the reactor is avoided as much as possible, but it can be the
main detrimental factor as if only a small amount of oxygen is present it will quickly be
reduced to H2O2 and then further reduced to water [3]. A single molecule of oxygen can
therefore oxidize four molecules of DMFc and even by purging the system carefully oxygen
cannot be completely removed. With water being the final product of reduction of oxygen, the

amount of oxygen reduced to water by DMFc cannot be quantified.

Other reduction products of CO;, were sought by analysis of the water recovered after
the reaction, using the headspace gas chromatography method described in section 2.3.1. In
experiments with LiTB the headspace analysis of the water recovered at the end shows the
presence of an organic volatile compound, which has been identified to be diethylether. This
compound is unavoidably present in the LiTB salt. No other products were detected, though it

is possible that the method was limited by a relatively high limit of detection.

Although not detected, the presence of other reduction products than formate and
carbon monoxide is still possible. The fact that during the third reaction of Table 3.2. the

concentration of formic acid in acetonitrile decreases with time corroborates the hypothesis
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that formic acid can be reduced further by DMFc. However, to prove the existence of the
reaction between formate and DMFc a shake flask experiment has been conducted. The
experiment consisted of three vials containing each 5 ml of DCE and 5 ml of water, with
different compounds dissolved in the two phases as presented in Figure 3.6. In flask 1) and 2)
the DCE solution turned to green in one hour, indicating a complete oxidation of DMFc. Both
solutions were evolving hydrogen as bubbles were generated in solution. But in the first vial,
the concentration of formic acid in water has also decreased by about 30%. No decrease in
formic acid concentration in vial 3) confirms that formic acid has been transformed and not

simply transferred to the DCE phase.

1) 2) 3)
Formic acid 2.5mM Formic acid 2.5mM
HCl 1M HCI TM HCI TM
LiTB 10mM LiTB 10mM LiTB 10mM
Water Water Water
P ——— P ————————————— ————————————
DMFc SmM DMFc 5mM
DCE DCE DCE

Figure 3.6. Shake flask experiments for the reduction of formate.

3.4. NMR analysis

To validate the hypotheses that CO; is reduced by DMFc and to investigate the
mechanism of reaction, the reaction between DMFc¢ and HTB in CD,Cl, was followed by
NMR under nitrogen and under 50 bars of CO»>. The procedures of these experiments are

detailed in section 2.3.4 of chapter 2.

For the measurement without CO2, DMFc and HTB were mixed together in a sealed

NMR tube under nitrogen atmosphere. DMFc was quickly oxidized and hydrogen bubbles
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evolved from the solution. NMR spectra were recorded every five minutes during the
—A— 2
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experiment and are presented in Figure 3.7.

=

LN N N W -

=

o S S iy S -k -,

T

O R e, o
4

NN Ny | S I (W (O SN I G O (I . .

L - o ). g, =i S - s

=

| OO

ppm
Figure 3.7. NMR of HTB and DMFc in CD,Cl, over 2 hours of reaction, one spectrum taken every five minutes.

All peaks were identified by performing individual NMR spectra of pure compounds and are

given from left to right in Table 3.3.
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Table 3.3. List of compounds identified

Chemical shift Compound
12.5 Proton of HTB
5.4 CDCL,
4.7 H> dissolved
4 -CH:- of diethylether
2.3 Trace of acetone contamination
1.8 Base peak of DMFc
14 CHs- of diethylether
-3.6 Hydride [DMFc-H]"
—4 to 10 Coalescent peak of DMFc and DMFc¢*

Two signals are increasing over the two hours of reaction, the dissolved hydrogen
peak and the DMFc hydride peak. This second signal is of greater interest as its increase
means that the formation of the hydride is faster than the bimolecular reaction between two
hydrides to form hydrogen, and therefore the hydride can accumulate in the solution. The
most interesting observation is the peak moving from —4 to —10 ppm, after 24 hours, this
signal has stabilized at —38 ppm. This signal is a coalescent peak of two compounds: DMFc
and DMFc'. When the electron exchange between two compounds is fast compared to the
measurement time of the NMR, the two compounds cannot be resolved independently and a
single coalescent signal appears. Kinetic of the electron transfer can be estimated from the
peaks width and has been reported to be around 2 x 10" M 's™! [16]. However, this value is
very dependant of the solvent and the presence of electrolyte [17]. The chemical shift of the
coalescent peak is a function of the chemical shift of the two compounds and the molar

fraction in the solution, as presented in Equation (3.5):

d(coalescent) = x,,,,, 6(DMFc) +x, . . 0(DMFc") @3.5)

Using Equation (3.5), the molar fraction of DMFc and DMFc¢" can be calculated from
the NMR data. The increase of DMFc" concentration is represented in Figure 3.8. As it can be

seen, on the first measurement 15% of the DMFc has already been oxidized. Preparing the
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solution under inert atmosphere and transferring the tube into the NMR, then calibrating the
measure consumes about 10 minutes. By the time of the first measurement the reaction has
already had time to progress. This explains the high concentration of DMFc" measured

initially.

0.35F ' ' : : ' '
0.30}
0.25}
0.20f g™ .

0.15} ® .

DMFc+ molar fraction

0.10F g

0.05F i

000 1 1 1 1 1 1 1]
0 20 40 60 80 100 120

Time [min]

Figure 3.8. DMFc* molar fraction evolution over the two hours of NMR experiment.

For a similar experiment but under high pressure of CO», the time between
introduction of DMFc¢ and HTB in solution and the begin of recording the NMR spectra is
even longer due to the additional preparative step needed to compress with CO». To prevent
the compounds from mixing before compression with CO2, HTB in CD:Cl; solution was
contained in a capillary tube inside the NMR tube as explained in the section 2.3.4. Spectra
recorded are displayed in Figure 3.10. The peaks appearing in the spectra are mostly the same
as in the previous experiment, but with several important changes. The hydrogen peak is
much smaller and does not increase anymore after 30 minutes of reaction. The hydride peak is
not present at all, suggesting it is either not formed, or consumed faster than produced.
Previous NMR experiments have shown than the hydride peak disappeared when a solution
containing DMFc and HTB is compressed with CO». Therefore, the reaction between DMFc
hydride and CO; is considered to be faster than the bimolecular reaction to produce Ho, this is

supported by the fact that under supercritical conditions no hydrogen is detected in the
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reactor. The proposed mechanism in Figure 3.2. seems to be confirmed by these observations.
The major difference compared to the previous experiment is the faster shifting of the
coalescent signal. After two hours the chemical shift of the signal is much more negative,
meaning that around 50% of DMFc has been oxidized. With CO», about 60% of the DMFc is
oxidized compared to 35% without CO,. The last signal at —38 ppm is pure DMFc’ in
solution, this has been confirmed from NMR and X-rays diffraction analysis of crystals
recovered in the NMR tube after 24 hours. Figure 3.10. shows the structure of pure
DMFc¢'TB™ salt obtained by X-rays diffraction analysis. The presence of the signal of DMFc¢*
in addition of the coalescent seems contradictory. But with the capillary containing HTB
inside the NMR tube, two different solutions are analyzed simultaneously. Initially, HTB was
entirely contained in the capillary while the DMFc was around the capillary. Before installing
the tube in the NMR, the solution was shaken vigorously to mix the two solutions. But due to
capillarity phenomenon, the HTB solution remains mainly in the capillary. The two solutions,
inside and outside of the capillary, are very different in terms of concentration of species.
Outside of the capillary, the concentration of DMFc is high and concentration of HTB is low.
With opposite situation inside the capillary, an important concentration of acid for a small
concentration of DMFc. The speed of reaction in the two solutions might be quite different,
with a much faster reaction inside the capillary where the concentration of acid is important
compared to the small concentration of DMFc. In Figure 3.9. the NMR spectra of the two
solutions are overlapping, with the coalescent signal being a measure of the DMFc outside the

capillary, and the steady signal at more negative shift being the DMFc inside the capillary.
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Figure 3.9. High pressure NMR of HTB and DMFc in a mixture CD,Cl, and liquid CO», at 60 bars and 298°K

over two hours of reaction, one spectrum taken every five minutes.
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Figure 3.10. Crystal Structure of DMFc-TB at 140°K, orthorhombic lattice system.
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These NMR experiments demonstrate the existence of a reaction between the DMFc
hydride and CO2, which is faster than the bimolecular process for hydrogen generation. But
no product of CO> reduction has been highlighted by this technique. Formate should be easily
identified by NMR due to its particular chemical shift of 8.44 ppm. But no peak is detected in
this range of the NMR spectra.

3.5. Conclusions

Decamethylferrocene has been demonstrated to be a potential reductive agent for carbon
dioxide. Its complete oxidation is observed in the suitable conditions with anions polarizing
the interface to transfer protons to the supercritical phase containing the DMFc. The reduction
of CO2 by DMFc highlights the advantages of using supercritical carbon dioxide as solvent
and reactant. The large excess of carbon dioxide orientates the reaction selectively toward
CO2> reduction rather than hydrogen evolution. The reduction of CO, appears to  be
conducted at moderate potentials while the most famous CO; reduction catalysts operate at

very negative potentials.

Efficiency of the reaction suffers however several limitations leading to a maximal
effective conversion yield of DMFc into formate of 4%. The major limitation is believed to be
the presence of oxygen in the reactor as it is successively reduced by the DMFc hydride to
produce hydrogen peroxide and water. Other products are potentially formed as experiments
demonstrate a consumption of formate coupled to the oxidation of DMFc. To be detected
these products need better detection methods or higher concentrations of products. As DMFc
is used as a sacrificial regent, the amount of product generated is limited by DMFc¢ solubility
in scCOz. The oxidation of DMFc is a simple and reversible reaction, therefore regeneration
of the DMFc and making CO> reduction catalytic may be a way to enhance the amount of
product generated and coupled with better analytic techniques other products could be

detected, and therefore new insight on reaction mechanism could be found.
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CHAPTER 4

Photocatalytic reduction by nickel cyclam in biphasic systems

4.1. Introduction

In this chapter, the water-scCO. biphasic system previously used in chapter 3 is evaluated for
reducing CO> wusing an aqueous catalyst, nickel(Il)-1,4,8,11-tetraazacyclotetradecane
(Ni(IT)cyclam), previously introduced in section 1.2.4. In the previous chapter, CO; reduction
was conducted on the metallic centre of a complex dissolved in the supercritical phase. This
complex was used as a sacrificial reagent, which limits the amount of product that can be
obtained. The strategy in this present chapter is to drive the reaction catalytically with a
sacrificial electron donor, sodium ascorbate, being consumed. The electrons are transferred to

the catalyst via a photosensitizing system composed of Ru(bpy)s.

This catalyst was pioneered by Tinnemans [1] and the mechanism of the catalytic
reduction of CO; was initially studied electrochemically by Sauvage [2] and photochemically
by Calvin [3]. This catalyst has been reported to evolve carbon monoxide and formate with

moderate selectivity. The advantages of using supercritical conditions will be evaluated by

83



Chapter 4

determining the improvement in catalytic turnover and selectivity when the reaction is driven
in supercritical conditions. It is necessary to mention here that some parts of the present

chapter were published as [4].

4.2. Voltammetry of catalyst and photosensitizer

To confirm the activity of the catalyst toward CO> reduction, electrochemical
characterization of the catalyst under normal conditions of pressure were carried out. With
this purpose, cyclic voltammograms were obtained in absence and presence of COz. The
voltammograms are shown in Figure 4.1. In absence of CO», a reduction wave corresponding
to the [Ni(Il)cyclam]**/[Ni(I)cyclam]" couple is observed. This wave appears to be not fully
reversible, but analysis is rather difficult as the wave is at the limit of the potential window in
aqueous solutions. In presence of CO», a marked increase in the cathodic current in addition
of a shift of the signal towards less negative values of potential are observed. This behaviour
is in accordance with an electrocatalytic reductive process. The anodic wave observed at 0.85
V vs SHE correspond to the reversible oxidation of [Ni(Il)cyclam]*" to [Ni(IlI)cyclam]*”.
Comparing voltammograms of the catalyst and the photosensitizer shows that the electron
transfer from the photosensitizer to the catalyst is possible as the reduction [Ru(bpy)s]*"
happens at more negative potentials. But, the driving force of the electron transfer is
suspected to be quite small as the potential difference between the half-wave potential is only

70 mV, therefore the electron transfer step might limit the rate of the catalytic cycle.
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Figure 4.1. Cyclic voltammetry of a) [Ni(Il)cyclam]|Cl, 2mM in absence (red) and in presence (blue) of CO, and
b) [Ru(bpy);]Cl> 2mM in KC1 0.1M over a glassy carbon disk electrode (0.13cm?), scan rate = 100mVs™!, CE =
Pt, RE = Ag/AgCl (KCI 3M).

4.3. Photocatalytic reduction of CO;

Photocatalytic reduction experiments were conducted following the procedures described

in section 2.3.5 of chapter 2. Results of comparative experiments in which the reaction time
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and pressure were varied while keeping constant the concentration of all components are
summarized in Figure 4.2. A seven-fold increase in the activity of the catalyst is observed for
a pressure increase from 44 to 144 bar for a fixed time of reaction of 4 hours (inset). Only the
production of carbon monoxide is determined, as the detection of formate by ionic
chromatography was impossible due to the large concentration of ascorbate overlapping with

the formate peak.
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Figure 4.2. CO production as a function of irradiation time. 18 umol PS, 4.5 umol Ni(Il)cyclam and 3 mmol
Asc at 313 °K and 144 bars. Inset presents comparative data after 4 h of reaction at various pressures with 4.5

umol PS, 18 umol Ni(Il)cyclam and 3 mmol Asc.

The increase in pressure is indeed causing an increase in COz concentration in the
water phase, with approximated concentrations of CO» in water of 0.5 M at 23 bars, 1 M at 44
bars and 1.4 M at 144 bars [5]. The increase in concentration is highly similar between 23 and
44 bars as it is between 44 and 144 bars. As the increase in concentration from 0.5 to 1 M is
not affecting the production of carbon monoxide, it suggests that the productivity at 144 bars
is increased by another effect than merely the increase in concentration of CO,. The

introduction of the water-scCO; in the system could be the main advantage provided by the
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high pressures conditions. The nickel complex is rather hydrophobic and is likely to adsorb at
the interface, where it is in contact with CO> and protons in significant concentrations.
Metallic macrocycles are usually surface active in solvent extraction [6] and cobalt porphyrins
have been shown to reduce oxygen at water|1,2-dichloroethane interface indicating they are
surface-active [7]. Besides, protein adsorption at the water-scCO» interface has been reported

as a pressure-dependent process [8].

It is clear from Figure 4.2. that the system cannot sustain the reaction indefinitely.
Limitations come from either building up concentration of carbon monoxide in the reactor
that can poison the catalyst, as reported by Hori for a rhenium catalyst [9, 10], or from the
degradation of the catalyst or the photosensitizer, instability of [Ru(bpy);]*" in water is well
known [11, 12], and was additionally observed in cyclic voltammogram in Figure 4.1. Indeed,
two reduction waves were observed with only a single peak-shaped reverse wave. In organic
solvents, however, three successive and reversible reduction waves of [Ru(bpy)s;]** can be

observed corresponding to the reduction of the three bipyridyl ligands.

4.4. pH effect on the reactivity

Another key point in the efficiency of the system is the pH of the aqueous solution. From
the catalytic mechanism shown in Figure 1.12 of section 1.2.4., one proton is required for the
reduction of CO> into CO. Therefore the catalytic rate can be improved by lower pH values.
But, in the other hand, the catalyst can also evolve hydrogen from aqueous protons, causing
the catalytic selectivity for CO> reduction to decrease in lower pH conditions. Hence, the
determination of the pH as a function of the CO; pressure in the reactor was carried out by
spectrophotometric determination using bromophenol blue and bromocresol purple as
indicators following the procedures described in section 2.3.3. Bromophenol blue was
employed in the case where the aqueous phase did not contain any pH buffer. As it can be
observed in Figure 4.3, an important decrease, down to 3.5, in the pH is confirmed. The

values of pH are determined using the following equation:
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A(595nm) &>
H=Lo —— |+ pK +Lo A=
p 10 A(438nm) P&, 1o 8;‘;8 4.1)

where A(595nm) and A(438nm) are the absorbance of the solution at 595 and 438 nm. These

two wavelengths correspond to the absorbance maxima of the non-protonated and protonated

indicator respectively, with & and &*

., being the extinction coefficients of the non-

protonated and protonated indicator at their absorbance maxima.
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Figure 4.3. a) Visible spectra of an aqueous solution of bromophenol blue 2 x 10> M at pressures of 1 (black),
11, 20, 30, 50, 90, 110 and 140 bar (purple). (b) pH as a function of pressure.

In presence of sodium ascorbate 0.5 M, the pH remains slightly above 5 as seen in
Figure 4.4, due the buffering capability of sodium ascorbate. Therefore sodium ascorbate has
a double-purpose in the reaction: 1) acting as a sacrificial electron donor and 2) acting as pH

buffer. The difference in productivity observed in Figure 4.2 is therefore not explained by an
increase in proton concentration either.
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Figure 4.4. (a) Visible spectra of an aqueous solution of ascorbate 0.5 M and bromocresol purple 2 x 1075 M at
pressures of 1,4, 7, 12,32, 44, 61, 95 and 144 bar. (b) pH as a function of pressure.

Experiments, in which the pH of the aqueous phase at 144 bars was varied, by
controlling the ratio ascorbic acid/ascorbate in the aqueous phase showed that the amount of
CO produced is lower for aqueous pH 3 but is similar for pH 4 and 5, as seen in Figure 4.5. At
the same time, H> production was determined to be maximum at around pH 4, which is in
good agreement with the results found by Grant[11]. Although there are some discrepancies
in the results published concerning H» evolution, most of the reports for this catalytic cycle in
water show that H» is produced in approximately equal or higher amounts than COJ[11, 13,
14]. In the present biphasic system, the comparison of the amounts of H> and CO produced
clearly indicates that the reaction proceeds more selectively towards CO» reduction at all pH
values tested, and optimal operation conditions are attained at pH 5. Previous reports at pH 5
estimated the ratio CO/Hz to be 0.83[11] whereas this ratio is here determined to be 7.1,

representing an enhancement in the selectivity of 8.6 times.

89



Chapter 4

—_—
<o N

oo

umoles of product
=~ N

3]

Figure 4.5. CO (green) and H; (blue) production as a function of the aqueous pH value at 144 bar and 313 °K.
Irradiation time=4 h, 18 umol PS and 4.5 pmol Ni(II)cyclam.

4.5. Interfacial tension measurement

To confirm the hypothesis of an interfacial reaction, surface tension measurements as a
function of the aqueous concentration of Ni(II)cyclam were conducted to attest the adsorption
of catalyst at the interface. In a first step, experiments were conducted on the air-water
interface with a Wilhelmy plate following the procedures described in section 2.3.7. Surface
excess concentration of the catalyst, Inicye (umolxm™2), was determined from the surface

tension and the catalyst bulk concentration Chicy according to the Gibbs equation:

FMCW:_[ dy ] :_L(—dV J z_L( dy J 4.2)
d iy o RT\ dInay,, o RT\ dInCy., -

Measurements with the Wilhelmy plate revealed that adsorption of the catalyst does

take place and follows a Langmuir-type behaviour as shown in Figure 4.6. A standard Gibbs

energy of adsorption for Ni(Il)cyclam at the air-water interface and maximum surface
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coverage are found to be —10 kJ-mol™! and 1.09 pmol-m™ respectively, which is in agreement

with the relatively weak adsorption of this complex.
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Figure 4.6. (a) Air—water interfacial tension as a function of the Ni(Il)cyclam aqueous concentration. (b) Surface
excess concentrations calculated from the Gibbs adsorption equation (solid circles). Fitting to a Langmuir

isotherm is presented in dashed lines.

The maximum surface coverage can be analogously expressed as the area occupied per
molecule at the interface, yielding a value of 152 A’ per molecule of complex adsorbed. The
latter indicates that complex molecules adsorbed at the water-air interface assume more likely

a planar geometry.

As adsorption of Ni(II)cyclam occurs at the water-air interface, this is also very likely
to occur at the water-scCO» interface. The custom-built pendant drop setup described in
section 2.3.8 was employed to compare drop profile between pure water and a 50mM

Ni(Il)cyclam aqueous solution.

[Nustration of the droplets obtained is presented in Figure 4.7. from which it can be
observed a slight elongation of the droplet in presence of Ni(Il)cyclam 50mM which is
equally observed once the profile is extracted. From these, and using the selected plane
method for determining the interfacial tension previously described by Andreas et al. [15], the

parameter S was determined according to:
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dS

§=5
dE

4.3)

where dr is diameter at the equator and ds the diameter of the droplet in a parallel plane
located at a distance dr from the apex defined as the point where the axis of rotation cuts the
drop. Thus, in absence of Ni(Il)cyclam an average value for S of 0.517 is obtained while in

presence of the catalyst this value shifted to 0.537.

According to the theory, the shape of a static pendant drop can be described by the

Laplace equation:

40 _, gy _sin®)
o =2-pr -2 (4.4)

This equation can be numerically solved by combining it with the following two

equations :
% =cos(0) 4.5)
% —sin(6) (4.6)

where d6/dS is the radius of curvature, S the normalized radius of curvature (s/b), X=x/b,

Y=y/b and the normalization constant, b, is the curvature at the apex of the droplet.
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Figure 4.7. Image of the aqueous droplet a) in absence and b) in presence of the Ni(II)cyclam at a concentration
of 50mM, c¢) and d) profiles extracted using Mathematica after applying Shen-Castan algorithm, ¢) theoretical

profiles calculated from the parameter S obtained for c¢) is presented in blue and for d) in red.
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A useful dimensionless parameter, f, is defined as follows:

Apgh’
p=rE (4.7)
/4
where y is the interfacial tension, g the gravitational constant, and 4p the effective density of
the drop, i.e. the density difference between water and scCO; in this particular case. Herein,
the polynomial approximation proposed by Girault et al. [16] is used in order to determine the

parameter f.
B =0.02664+0.62945S> (4.8)

Applying equation (14) to the values of S previously found for the two cases, f is
estimated to be equals to 0.195 in the absence and 0.208 in the presence of Ni(Il)cyclam. The
theoretical profiles presented in Figure 4.7.¢) were determined taking into account the values
for f aforementioned. Qualitatively comparable elongation of the droplet is observed in the
theoretical and experimental drop profiles. Additionally, if one assumes curvature radius at

the apex, b, remains approximately constant for both cases, then:

Pro _ e _y o67 4.9
ﬁNiC Vw0

Meaning that the water-scCO; interfacial tension diminishes by approximately 6.7%
when Ni(IT)cyclam is present at a concentration of 50mM. Analogously a decrease of 5.7% in
the air-water interfacial tension is obtained when the surface tensions of pure water and
aqueous solution 50 mM of Ni(Il)cyclam are compared. These data demonstrate that the

catalyst is adsorbing at the interface.

In consequence, it is reasonable to consider that in the present system, Ni(I)cyclam
complexes also adsorb at the water-scCO- interface, as being even more hydrophobic than the
Ni(Il)cyclam complex. Both complexes probably assume a planar configuration at the
interface, in accordance to the experiments described above. The latter can have a crucial
impact on the CO; reduction reaction, since binding of CO> on Ni(IT)cyclam would be largely

favoured in a CO;-rich environment.
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The interface is therefore considered to be the key in the explanation of the seven-fold
increase in productivity under supercritical conditions, as adsorption of the catalyst at this
interface is proven. It is therefore rational to consider that most of the carbon monoxide is
produced at the interface. Figure 4.8. presents the reaction mechanism, where the interface is

locus of the reduction of COs.

scCO,
Co,

? CO
[L=Ni(1)]* [L-Ni(ll)-CO,]* H*

[L=Ni(ll1)~COOHP*

e

Figure 4.8. Catalytic cycle proposed for the photoreduction of CO; using [Ni(II)cyclam] as catalyst in a water—

supercritical CO; biphasic system.

This mechanism presents two electrochemical cycles, one for the photosensitizer and
one for the catalyst, connected together. For the catalytic cycle, only the first involved
electron is represented coming from the photosensitizer, but the second one is very likely

transferred from a similar cycle.

A common method for comparing the efficiency of the catalyst is by measuring its
turnover number, calculated as the molar ratio of CO; reduction products to the initial amount
of catalyst as explained in section 1.2.2. From the result of Figure 4.2., a TON of 1.7 is
determined for initial concentrations of catalyst and photosensitizer of 0.5 and 2 mM
respectively. As the electron transfer between the photosensitizer and the catalyst appears to
be the rate-limiting step, TON is increased to 3.5 for a catalyst concentration of 0.1 mM. If we

consider that the increase in production yield is caused by the interfacial reaction, the bulk
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production of CO for the three different pressure conditions in Figure 4.2. can be considered
similar. Therefore in supercritical conditions, the bulk production accounts for only up to 20%
of the global carbon monoxide production, therefore 80% is formed at the interface. From the
Wilhelmy plate experiment the surface concentration of Ni(II)cyclam in the reactor can be
estimated to be around 0.1 umol-m~2 for a bulk concentration of 0.5 mM. For an interface of
10 cm? in the reactor, the amount of catalyst adsorbed at the interface is only 0.1 nmol.
Considering the same total production of 10.4 pmol as for the bulk turnover calculation the
turnover number for the absorbed molecules reached finally 80’000 in four hours of reaction,
or 5.5 cycles per second. This number has to be considered carefully, indeed it represents a
turnover number per site on the interface rather than a turnover number per molecule, as
under vigorous stirring the exchange between bulk catalyst and adsorbed catalyst is presumed

to be rather fast.

Some points, such as stirring, interface area, or portion of light shining on the interface

can be keys point in the efficiency of the system.

4.6. Conclusions

In summary, this chapter demonstrates that it is possible to reduce super-critical CO:
using adsorbed Ni(Il)cyclam catalysts and that this reduction is more selective to CO
production than when carried out simply in water. Under supercritical conditions, the yield
and selectivity are increased respectively 7 and 8-folds. The recycling of the catalyst and its
reduction by an aqueous sensitizer occurs homogeneously whereas the CO» binding process is
more likely to occur at the interface. This work clearly shows that the classical Ni(II)cyclam-
Ru(bpy)s-ascorbate photocatalytic cycle becomes much more efficient and selective when
carried out at elevated pressures, corroborating the hypothesis that the CO2 binding step is an

interfacial process.
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CHAPTER 5

Photocatalytic reduction by [Ru(bpy)2(CO)L]™

5.1. Introduction

In this chapter, in order to build a more stable and efficient photocatalytic system for CO>
reduction than the one described in the previous chapter, the ruthenium bis-bipyridyl class of
catalyst introduced in section 1.2.4 is used. The most referenced complex of this family is
[Ru(bpy)2(CO)L]™" where bpy is 2,2’-bipyridine and L is a hydride or a carbonyl ligand. In
this chapter only the catalyst [Ru(bpy)2(CO)H]" will be used in experiments. This catalyst is
reported to evolve carbon monoxide and formate through two different catalytic cycles as

described in Figure 5.1.

Carbon monoxide is produced following the mechanism proposed by Tanaka et al. [1-
4], the initial step is the localised reduction of [Ru(bpy)2(CO).]*" (compound (8) in Figure
5.1.) at the bpy ligand, occurring at —1.20 V vs. saturated calomel electrode (SCE) in aqueous
solution. These surplus electrons in the 7" orbital of the bipyridyl redistribute across the metal
centre and the ¢ orbital of the Ru-CO bond, thus cleaving the CO molecule from the

complex. In the presence of CO;, the now neutral penta-coordinated complex (1) is open to
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electrophilic attack, resulting in a CO> ligand. In aqueous acidic solutions, this complex
dehydrates to the starting complex, [Ru(bpy)2(CO)2]*, completing the catalytic cycle. In the
absence of water, an organic proton carrier, such as triethanolamine, might be able to
protonate the bound CO> and induce the release of water. Another possibility is through the

formation of bicarbonate from the abstraction of hydroxide by CO, (between 7 and 8).

Formate evolution follows a different catalytic cycle as proposed by Meyer et al. [5, 6]
following the earlier work of Hawecker et al. [7]. Formate is produced by insertion of CO>
into the hydride bond of the reduced complex (3). Release of formate follows a second
reduction of the complex to generate [Ru(bpy)2(CO)]° (1) a common intermediate of both
cycles. This neutral complex being coordinatively unsaturated, contains an available
coordination site for a new ligand. The nature of this ligand would seem to dictate the product
to be ultimately formed. Hence, CO will be preferentially produced via direct CO»
coordination, whereas formate predominates when a hydride intermediate is formed instead,

followed by CO; insertion into the metal-hydride bond.

BNAH - BNAH
*[Ru(bpy)s] *[Ru(bpy);)**
BNAH'S hv BNAH'S
- -"\N'\-’h )
[Ru(bpy)s]” [Ru(bpy);]”
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Figure 5.1. The combination of two catalytic cycles for the [Ru(bpy)(CO)L]"* in the reduction of CO; to

formate or carbon monoxide. The CO cycle was proposed by Tanaka ef al.[1] and the formate cycle Meyer ef al.

[6].
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As this catalyst is highly insoluble in water, a different solvent system from the two
previous chapters has been used. Dimethylformamide (DMF) has been chosen as the primary
solvent due to the high solubility and stability of the catalyst and the photosensitizer in this
solvent. Replacing water by an organic solvent offers also the advantage of using alternative
compounds to ascorbate as a sacrificial electron donor, as the most efficient quenchers for
[Ru(bpy)s]*" are highly insoluble in water. The compound 1-benzyl-1,4-dihydronicotinamide
(BNAH) has been chosen as the highest quantum yield for a system composed of the catalyst
and sensitizer used in this chapter has been reported for this electron donor [8], with a

quantum yield up to 15% for CO evolution and 3% for formate.

Similarly to ascorbate, once oxidized BNAH becomes a strong proton donor, which
can supply the CO; reduction reaction in protons. But a reversible proton acceptor is required
in solution to transport the proton from BNAH to the catalytic unit. In this chapter, to serve
this purpose two compounds will be tested: water and the organic base triethanolamine
(TEOA). When pressurized with scCO;, the systems DMF-water-scCO> and DMF-TEOA-
scCO; have different phase equilibria. As described in section 1.3. a pure organic phase of
DMF and TEOA are completely miscible with scCO», while systems containing water can
have one or two phases depending on the proportion of water. Single-phase systems have the
advantage of an important concentration of CO», while biphasic systems enable the possibility
of product extraction in the upper scCO> phase. This can be particularly interesting for
production of important amount of carbon monoxide as this compound is known to coordinate

strongly to metal complexes and thus could inhibit catalytic reaction.

High-pressure photocatalytic reductions on carbon dioxide have been explored by Hori
et al. [9, 10] but for a rhenium polypyridyl catalyst, [fac-ReCl(bpy)(CO)s]". They
demonstrated enhanced catalysis by a factor 5.1 at 25 atm compared to 1 atm, with

enhancements in part attributed to the increased stability of the catalyst.

In this chapter, a comprehensive study on the influence of CO: pressure and
concentration on the efficiency and productivity of the catalyst [Ru(bpy)(CO)L)]"" in
different solvent conditions is conducted. Particular attention will be given to understand the

limitations of the system on the turnover number (TON) and turnover frequency (7OF) of the
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catalyst. It is important to mention here that some parts of the present chapter were publisher

in[11].

5.2. Optimal solvent conditions

High-pressure experiments and product analyses were carried out following the procedures
described in section 2.3.5 and 2.3.1. Before starting to evaluate the effect of pressure on the
photocatalytic system composed of [Ru(bpy)2(CO)H]" as catalyst, [Ru(bpy);]** as
photosensitizer and BNAH as electron donor, attention was given to find the optimal solvent
conditions, more specifically the water content of the liquid phase DMF-water. The molar
fraction of water in DMF was varied from 0 to 0.85 molar ratio and the photocatalytic
reaction carried out at 150 bars and 313 K for 2 hours. Quantification of carbon monoxide,
formate and hydrogen were performed and results are shown in Figure 5.2. Hydrogen is not

reported on the figure, as the amount detected was too low to be quantified.
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Figure 5.2. The production of CO (white square) and HCOO™ (white triangle) over 2 hours as a function of the
water molar fraction in DMF. Reaction medium comprises 2 umol catalyst ([(Ru(bpy)2(CO)H][PFs]), 8 umol of
photosensitizer ([Ru(bpy);]Clz), and 1 mmol BNAH. The pressure was 150 bars and temperature 313 K.
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The composition of the biphasic water-DMF / scCO; system was monitored through
the sapphire window of the reactor. Under supercritical conditions, seemingly small changes
in the relative composition of the liquid phase strongly affected the reaction conditions and
final composition. Without water or with only a small amount, up to 1 mL in a DMF volume
of 17 mL, the liquid phase and CO> were completely miscible and a single phase was formed.
Increasing the amount of water, but keeping the total volume of the water-DMF phase
constant, changes the equilibrium. This led to a biphasic system in which the top phase is

mainly scCO> and the bottom phase a mixture of DMF and water.

Production of both carbon monoxide and formate follows the same trend, both
reaching a maximum at a water molar fraction of 0.6 (30 % water in volume). Without water,
no products are formed presumably due to the absence of a proton carrier. In the presence of
an excess of water, the catalyst and/or the photosensitizer are less stable, resulting in a sharp
decline in productivity. Indeed, the post reaction solutions in the presence of too much or too
little water were considerably darker red/orange colour than the optimum conditions. Other
authors have also reported the instability of the catalyst in high water content conditions [6,
12]. Achieving a balance between CO, concentration and water concentration, explains the
product trends in Figure 5.2. A phase separation is observed to be more favourable to CO

production.

When the water is replaced by the same volume of TEOA, a single phase is observed.
Figure 5.3 shows comparative results of the two different solvent systems. A similar total
production is achieved for both systems, indicating similar stability of the catalyst and
photosensitizer. The difference comes from the ratio of the two products, CO and HCOO™.
This difference can be explained by the different nature of the proton carrier in the solution.
Referring back to Figure 5.1., at the point of the common intermediate (1), proton or CO»
addition on the metal centre dictates the path to be followed. If proton addition is slow,
addition of COz into the reduced catalyst will be favoured and the main product will then be

carbon monoxide.
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Figure 5.3. A comparison of the total product formed over 2 hours for three systems with different proton carrier
(water or TEOA) and electron donor (BNAH). In dark grey is the total CO formed, and in lighter grey, the total
formate. All are in the presence of DMF with 2 pmol catalyst, 8 umol of photosensitizer, and where applicable, 1

mmol BNAH. The pressure was 150 bars and temperature 313 K.

As TEOA can also be used as sacrificial electron donor with the photosensitizer, a
control experiment was performed to ensure that BNAH was acting as the electron donor. It
appears that TEOA can indeed be used as quencher for the photosensitizer but the efficiency
is 60% less than when BNAH is used. This indicates that in presence of BNAH and TEOA,

BNAH is the dominant electron donor.

5.3. Effect of pressure

The main objective of this thesis is to investigate the effect of CO> pressure on the production
of catalytic systems. The reactions used the optimum water volume conditions determined
previously, 30% water in volume. The pressure inside the reactor was varied from 10 to 150
bars solely through the addition of pure CO». The effect of CO; pressure is shown in Figure
5.4. The plot overlays the amount of formate, carbon monoxide and total product formed (CO
+ HCOQ"), against pressure. For carbon monoxide, production increased linearly over the

pressure range. Overall, carbon monoxide production increased 120% between 10 bars and
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150 bars. The formate yield remained unaffected by CO» pressure yielding between 50 and 60
umol over the pressure range studied. The independence of formate production on pressure

has been noted previously over the 1-10 bars range [12].
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Figure 5.4. The production of CO (white square), HCOO™ (white triangle), and the total amount (white circle)
over 2 hours in the water-DMF system, as a function of pressure. The molar fraction of water in DMF was 0.6
and the reaction medium consisted of 2 pmol catalyst, 8 pmol of photosensitizer, and 1 mmol BNAH. The

temperature was 313 K.

These results may be explained by referring to the catalytic cycles in Figure 5.1. The
most important step dictating whether formate or carbon monoxide will form occurs at the
common intermediate (1), the penta-coordinated catalyst awaiting the addition of either H" or
COa. As the CO» pressure and concentration increase, the carbon monoxide cycle is favoured,
as CO; is more abundant and forced into the vacant coordination site. This does not account
for the steady rate of production of formate that is independent of the CO» pressure. Formate
synthesis evidently does not compete with CO, as the CO increase is greater than the formate
production, and the latter does not decrease with pressure. In the catalytic scheme, the formate
cycle undergoes COz insertion after the first reduction. For the formate cycle, the rate limiting
step is probably the electron transfer step (2)-(3) due to the very negative redox potential

required to reduce the hydride complex. For the CO cycle, the CO> concentration is involved
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in the rate limiting step, which can be the oxidative addition of CO> (1)-(6) or hydroxide

abstraction by proton attack or bicarbonate formation with COx.

As shown in Figure 5.5., when performing the reaction in TEOA-DMF rather than in
water-DMF, the overall productivity across the whole pressure range was also 250 pmol. Yet,
a significant change in product distribution is depicted, as we observe formate at its highest at
10 bars and 180 pmol, declining to 130 pumol as the pressure is increased. For carbon
monoxide however, the initial yield is just 20 umol at 10 bars, but this increases linearly with

pressure until 120 umol is obtained at 150 bars.

- N N
(o) o (o)
o o o
T T
1 1

-

o

o
T

Product amount [umol]

50
U

20 40 60 80 100 120 140
Pressure [bar]

Figure 5.5. The production of CO (white square), HCOO~ (white triangle), and the total amount (white circle)
over 2 hours in the TEOA-DMF system, as a function of pressure. The TEOA volume fraction was 0.3 and the
reaction medium consisted of 2 umol catalyst, 8 pmol of photosensitizer, and 1 mmol BNAH with a temperature
of 313 K.

Unlike the water-DMF system, these results show that using TEOA as the proton carrier
favours the formate catalytic cycle, and that increasing CO> concentration results in
competitive catalysis as the initial step of the catalytic cycle consists of addition of CO>
instead of H'. The competitive step might therefore be rate-determining for both cycles.
Carbon monoxide production is especially favoured by the supercritical conditions, as the
transition from high pressure to supercritical is met with a 300% increase in CO. Formate

concentration decreases somewhat with increasing pressure, suggesting the competition in the
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catalytic cycles, but may also be due to a detrimental change in the reaction medium as the

reaction components are diluted by the formation of a single phase.

Selectivity in product formation has been suggested in previous publications, with
Tanaka et al. [1] observing a clear pH dependence on the CO; reduction products, with
alkaline systems especially favouring the formation of formic acid. More recently, a
publication by Tamaki et al. [13] noted that the absence of TEOA decreased formate

production ca. 5 fold and also decreased selectivity towards this product.

5.4. Turnover number and frequency

The photocatalytic activity and efficiency of the system under supercritical conditions was
determined by calculating the turnover number (7ON) over a 2-hour period and the initial
turnover frequency (7OFini) over 15 minutes of reaction. For the two solvent systems
considered in the previous section, the same total amount of product is reached at high
pressures, ca. 250 pumol. This corresponds to a TON for the catalyst of 120 in 2 hours, and to a
TOF i of 113 h™! (reaction 1 in Table 5.1.). The quantum yield of the reaction over two hours,
using a monochromatic blue LED, was 9.8%. Compared to the catalytic system investigated
in the precedent chapter, these values correspond to a 70-folds increase for similar

concentration of catalyst and photosensitizer.

These results are difficult to compare to those by Tanaka [2, 14, 15], Lehn [7] and
others [13, 16] owing to the wide variation in reaction conditions. In the original, and most
comparable study, due to the use of the same catalyst, photosensitizer and electron donor, by
Ishida et al. in 1988 [14], under atmospheric pressure the total product after 10 hours was 85
umol, with no more than 30 pmol in the first 2 hours. Yet, in using just 0.5 pmol of catalyst
(unlike the 2 umol used herein), this corresponded to a quantum yield of 14.8 % for CO and
2.7 % for formate. But owing to the wide variation in reactor volumes, reaction time, surface

of windows and light intensity, a comparison with published results is not really meaningful.
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It is therefore more interesting to identify and estimate the different limiting factors in the

reaction system used herein.

5.5. Limiting factors

Because both the water-DMF and TEOA-DMF reactions reach a very similar total
productivity, a common limitation is likely to occur in both systems. The following sections
describe a series of experiments varying catalyst concentration, irradiation time, light
intensity, electron donor concentration, and product saturation. For each experiment, unless
otherwise stated, the optimized water-DMF system was used for 2 hours at a pressure of 150
bars. The BNAH electron donor concentration was in a large excess at 0.03 mol-L™! (1
mmol), the catalyst, [Ru(bpy)2(CO)H][PF¢], was used at a concentration of 62 umol-L™!' (2
umol) and the photosensitizer, [Ru(bpy)s;]Clz, at a concentration of 250 umol-L™! (8 umol).
The results corresponding to the subsequent variations in parameters are summarized in Table

5.1, and discussed in the following sections.
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Table 5.1. Product amount, turnover number and initial turnover frequency TOF;,; (h™") for different reaction
conditions. Product amount (umol) and TON were calculated after 2 hour reactions except for experiment 5,

which was a 16 hour reaction.

Catalyst | PS |BNAH| Pressure | Light | CO HCOOH
[umol] | [umol] | [mmol] |  [bar] [mW] |[umol] | TON | TOFw | [umol] | TON | TOFui
1. 2 8 1 150 200 210 105 78 48 24 35
2. 2 8 1 10 200 103 52 56 48 24 29
3. 0.1 8 1 150 200 102 | 1020 | 1120 10 100 | 480
4, 0.1 8 1 10 200 54 540 280 18 180 | 360
5. 29.
2 8 1 150 40 80 40 17 59 5 9
6. 2 8 2 150 200 193 97 73 91 45 45
7. 2 8 3 150 200 220 110 78 143 72 60
8. 2 0 1 150 200 20 10 ND 10 5 ND
9. 0.4
0 8 1 150 200 18 2% ND 3 * ND

* calculated using the photosensitizer amount; ND = not determined

5.5.1. Catalyst and photosensitizer concentration

From experiments in which the amount of catalyst was varied, as shown in Figure 5.6., the
amount of catalyst in the reactor can be decreased by a factor of 4 (2 to 0.5 umol) without any
significant modification of the TON. Reducing this amount further, however, causes a

significant decrease in productivity.
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Figure 5.6. The effect of catalyst ([(Ru(bpy)2(CO)H][PFs]) concentration on the photocatalytic production of
CO (white squares) and HCOO™ (white triangles) over 2 hours. The water-DMF system with 1 mmol BNAH and

8 umol of photosensitizer was used at a pressure of 150 bars and temperature of 313 K.

Using the values determined from the smallest added amount of catalyst (result 3 in
Table 5.1.), a limiting TON and TOF,; can be estimated. With 0.1 umol of catalyst (3 pumol-L~
1, the total amount of product formed is 112 umol in 2 hours (102 pmol CO and 10 pmol
HCOO"). The total TON is therefore 1120 the TOFi; is 1600 h™' (calculated from the
production of 28 pmol CO and 12 umol HCOO™ in 15 minutes), values that are considerably
larger than the previously mentioned numbers for the optimised volume ratio system. It shows
that in the concentration conditions used before, the catalytic turnover is not a limiting factor

and degradation of the catalyst is not responsible for the limit in total production.

Without catalyst (result 9 in Table 5.1.), a small amount of product is still detected, 18
and 3 umol for CO and HCOOH respectively. This is produced by the conversion of the
photosensitizer, [Ru(bpy)s;]*", into a catalytic unit by the loss of one bipyridyl ligand. The
yield is very small compared to that of just 0.1 pmol of catalyst however, indicating that
photosensitizer degradation is negligible during the 2 hour reaction. Reactions conducted
without a photosensitizer (result 8 in Table 5.1.) show that the catalyst alone is photoactive.
This has been observed for other metal carbonyl complexes, which operate catalytically as a

single species in the CO2 reduction cycle [17, 18]. Indeed, the catalyst used herein is
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absorbing light, and its excited state can be quenched by BNAH to reduce and activate the
catalyst. However, the reaction efficiency is limited, as carbon monoxide production
decreased 90% from 200 pmol to 20 pmol, and formate production decreased 80% to 10
umol. Studies by Tanaka ef al. [19, 20] found that the catalytic intermediates (2) and (4) in
Figure 5.1., can be photo-excited at the bpy ligand and accept an electron from the BNAH
directly, whereas the double carbonyl ligand intermediates (complexes (8) and (9), Scheme 1)
of the carbon monoxide catalytic cycle are not activated by visible light. UV-vis spectroscopy
of the catalyst intermediates indicates that the colourless compound, [Ru(bpy)2(CO).]*" is
indeed inactive in light above 300 nm wavelength, where as compounds (2) and (4) of the
formate catalytic cycle are bright yellow solids with typical Ru-bpy MLCT absorbance peaks
in the blue light region (ca. 450 nm). Control reactions without light did not produce

anything.

Performing the experiments at 10 bars with 0.1 pmol catalyst (reaction 4 in Table 5.1.)
led to a 2-fold decrease in CO yield (54 umol) compared to the experiment at high pressures
with the same amount of catalyst (reaction 3.). This is a comparable decrease to the high and
low pressure experiments with 2 pumol catalyst thus maintaining the observation that
increasing the pressure to 150 bars doubles the CO production. Formate production however
is favoured at low pressures and the yield doubled to 18 pumol, indicating no dependence on
CO2 concentration or pressure but a possible competition with CO formation. The total TOF;y;
at low pressures decreased to 640 h™! (calculated from the production of 7 pmol CO and 9
umol HCOO™ in 15 minutes), which corresponds to a 4-fold decrease in CO production rate,

and an unchanging rate for HCOO~ production when compared to the high-pressure system.

The results shown in Figure 5.7. indicate that the reaction is complete after 2 hours.
Formate production reaches 80% completion in just 30 minutes compared to 40% for CO.
Reducing the light power from 200 to 40 mW reduced the TOFi, proportionally (ca. 5 fold)
from 78 to 17 for CO and 36 to 9 for HCOO™. For a lower light intensity experiment, the
reaction was slower, with the plateau in CO productivity observed after 16 h. The lower
intensity was quite detrimental to the final yield for CO, as a TON of 40 was observed
compared to 105 in the 200 mW experiment. For HCOO~ the final TON was independent of

light intensity and remains ca. 27.
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Figure 5.7. The effect of varying irradiation time on the production of CO (white squares) and HCOO~ (white
triangles). The water-DMF system with 1 mmol BNAH, 2 umol catalyst and 8 umol of photosensitizer was used
at a pressure of 150 bars and temperature of 313 K, light intensity 200 mW.

For a 15-minute reaction at 200 mW, the total product yield reaches 57 pmol,
corresponding to a TOF;,; of 113 h™!. This initial turnover frequency is much lower than the
previously mentioned limiting turnover frequency for a small amount of catalyst, therefore
one limitation may come from the photosensitisation cycle. The irradiation time of 2 hours
was optimum for the 200 mW reaction, as the total productivity reaches a plateau at this time.
Considering the shortest irradiation time of 15 min however, the quantum yield is at its
highest, with 17.4% of monochromatic light converted to products. A comparable quantum

yield of 19.3 % was obtained at 40 mW.

5.5.2. Electron donor

Two electrons are necessary for the production of one molecule of carbon monoxide or
formate, therefore two molecules of BNAH are required per molecule of product. The
electron donor, BNAH, is present in the catalytic system in significant excess to the catalyst

and photosensitizer concentrations. Considering that ca. 250 umol of product is produced in 2
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hours of reaction with 2 pmol of catalyst under 150 bars, ca. 500 pumol of BNAH is
consumed, which is 50% of the initial amount. The decrease in BNAH concentration over
time might decrease the rate of the photosensitizing cycle, but this does not explain the

appearance of a plateau at 50% consumption.

A series of experiments in which the amount of BNAH in the reactor was 1, 2 and 3
mmol was conducted is shown in Figure 5.8 and summarized in Table 5.1 (reactions 1, 6 and
7). At 1 mmol, ca. 250 umol of total product is obtained. In the reactions with more BNAH
however, we observe a trend in which the total CO produced remains at approximately 200
umol, yet the formate concentration increases 50 pmol (i.e. 100 %) per mmol of BNAH. This
indicates that the two catalytic cycles undergo two distinct limiting factors that lead to a
plateau in the production rate. Carbon monoxide production seems more limited by its own
saturation concentration and the formate by the electron donor concentration. Indeed, the
TOF,; for CO production is not influenced at all by the electron donor concentration, but for
HCOO™ production the TOFi, increases consistently with the electron donor concentration.
This confirms that the limiting step for CO production involves CO2 concentration only,
presumably the oxidative addition of CO2 on complex (1) or hydroxide abstraction from CO»
on complex (7) to form bicarbonate. For HCOO™ the limiting step involves the electron donor
concentration indicating a limitation in the photosensitizing cycle or in the electron transfer
from photosensitizer to the hydride catalyst (2). Indeed, the reduction potential of
[Ru(bpy)2(CO)H]" is 140 mV more negative than [Ru(bpy)s;]** (-1.450 V and —1.310 V vs
SCE respectively) [21], indicating an unfavourable electron transfer. This electron transfer
will be highly influenced by the concentration of reduced photosensitizer, therefore

influenced by the concentration of the electron donor.
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Figure 5.8. The effect of increasing electron donor concentration on the production of CO (dark grey) and
HCOO™ (grey) over 2 hours. The water-DMF system with 2 pmol catalyst and 8 pmol photosensitizer was used

at a pressure of 150 bar and temperature of 310 K.

5.5.3. Interferences

For carbon monoxide production, even with a large amount of electron donor (3
mmol) the final concentration does not exceed 220 pmol in the 32 mL reactor used throughout
the experiments. It was considered that CO was reaching a saturation concentration, which
may have been limiting the reaction by poisoning the catalytic or photosensitization cycles.
This was previously reported by Hori et al. [9] for a rthenium complex in a high-pressure
mixed solvent single phase. To ascertain if the CO was reaching a maximum limit after 2
hours and was poisoning the catalyst, the reaction was decompressed at 2-hour intervals, the
products analysed, and an additional 1 mmol of BNAH was added to the reactor before
recompressing with CO,. The results from three consecutive decompressions are shown in

Figure 5.9.
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Carbon monoxide ceased to be produced to the same levels (i.e. 200 umol) after the
first 2 hour compression, yet the formate was consistently produced at the rate of 50 pmol
(+/— 10 pmol) per compression. This supports that there are two independent cycles occurring

to produce the respective products, and they are each limited in different ways.

For carbon monoxide, the theory that a saturating product concentration is poisoning
the catalytic cycle is corroborated by this experiment, as production of CO resumes after
removing the carbon monoxide produced in the first run. However, production decreased in
the two subsequent runs to 135 and 104 umol for the 2™ and 3™ respectively. A second
experiment was then performed in which the gas phase was removed and replenished with
pure CO; in the three subsequent reactions, but further BNAH was not added to the liquid
phase. The results strongly indicate the detrimental effect of not replacing the BNAH on CO
formation, as productivity decreased to 43 and 2 umol by the 2™ and 3™ runs respectively.
Formate production was also affected in similar proportions when the electron donor was not

replenished.
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Figure 5.9. Products formed following periodic 2-hour reactions and decompression of the reactor (1% run in
dark grey, 2" in intermediate grey, and 3™ in light grey), with and without addition of 1 mmol of BNAH
between runs. The water-DMF system with an initial amount of 1 mmol BNAH, 2 pumol catalyst and 8

photosensitizer was used at a pressure of 150 bars and temperature of 313 K.
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It appears that another product that is detrimental for the catalytic reaction is generated
in solution. This product is believed to be the BNA> dimer, which is the product of the

oxidation of BNAH formed by the three successive following reactions:

BNAH — ¢ +BNAH"
BNAH"™ — H" + BNA®
2BNA® — (BNA),

This dimer is in itself a very strong reductant, stronger than BNAH (Eox = 0.26 V vs SCE
[22], Eox = 0.57 V vs SCE [23] respectively). With respect to the quenching rate constant
published by Tamaki et al. [24], the dimer quenches the excited state of [Ru(bpy)s;]** twenty
times faster than BNAH. However, unlike for BNAH, the BNA:> quenching is highly
inefficient due to back electron transfer from the photosensitizer to BNA». Finally, the BNA»
is unchanged but the photosensitizer is no longer excited, as presented in the following

reactions:
PS*+ (BNA), — PS™+ (BNA).," — PS+ (BNA),

With BNAH as quencher, the back electron transfer is certainly hindered by the
chemical modification of BNAH"™ induced by the loss of one proton. As the reaction
proceeds, BNAH is converted into BNA> and the quenching becomes more and more
governed by BNA; leading to an inefficient light adsorption process. A mathematic model of
the photosensitizing system, developed in the following section, demonstrates the importance

of BNA; on the efficiency of the photosensitizing cycle.

An increase in the initial amount of BNAH in the reactor might reduce the negative
effect of the presence of BNA> in the reactor. But as shown in Figure 5.8., the amount of
carbon monoxide produced did not change even with 3-fold the initial amount of BNAH in
the reactor. The main limitation for carbon monoxide therefore comes from a limiting
concentration of products. As pressure increases the concentration of CO; in the reactor, the
dilution of CO product in the supercritical fluid might explain the improved efficiency of the

system at higher pressures.

116



Photocatalytic reduction by [Ru(bpy)(CO)L]""

5.6. Mathematic model

The chain of reactions considered for making a mathematic model of the
photosensitisation cycle i1s presented in Figure 5.10. To simplify the model only the
photosensitizer cycle is considered, as the catalytic cycle is apparently not rate limiting in the

overall process, which was discussed in Section 5.5.1.

BNAH BNAH
(1=a)kq, BNAH VzBNA2 Cat Cat
k
PS —— >PS*\ > PS \/>
krad (qu,l
kg
BNA, BNA,

Figure 5.10. Chain of reactions inducing reduction of the catalyst, PS : [Ru(bpy);]**, PS* the excited state :
*[Ru(bpy)s]*", and PS™: [Ru(bpy)s]".

Initial step is the excitation of the photosensitizer, with k.. the rate constant of this
process. This rate constant is function of light intensity, but is unknown and will be tuned to
match the present model with experimental results. The excited state PS* can deactivate
without quenching by fluorescence, phosphorescence and non-radiative pathways outside of
quenching. The rate constant of all these process together is obtained from the lifetime of the
excited state in absence of quencher. Lifetime reported in pure DMF is about 600 ns [25],
giving a rate constant ks of 1.66-10° [s7!]. In presence of BNAH, two quenching mechanisms
are possible; efficient quenching leading to the formation of the reduced photosensitizer PS~
and inefficient quenching leading back to the initial state of the photosensitizer PS. The cage

escape coefficient o represents the probability of efficient quenching. As this factor is
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presumed to be the main limitation for the quantum yield in optimal conditions, the maximal
quantum obtained experimentally (®max= 0.2) is used as a first-order approximation. In
presence of the dimer BNA», quenching by this compound is possible, but this quenching is
purely inefficient leading back to PS. Quenching rate constant for BNAH and BNA» have
been obtained by the lifetime of the excited state in presence of the quencher and reported by
Tamaki [13]: k;1 = 1.64-10'M7's? and k.o = 3.09:-10M!'s!. Once reduced, the
photosensitizer transfers one electron to the catalyst, the rate constant of this reaction is
unknown but as this reaction is not in competition with any other, this rate constant is of
moderate importance. The amount of product generated by the whole system is determined

from the amount of BNA; generated.

The differential equations dictating evolution of the system are the following:

@ =k, [PS]+k,, [PS*|+(1-a)k,, [ BNAH |[PS*]+k,, [ BNA,)[PS |+, [ PS"] (5.1)
@ = ko [PS]=k, [ PS*]|—k,,[BNAH ][ PS*] -k, ,[ BNA, ][ PS *] (5.2)
AENAH) o, [ mvar] s 53)
[PS],,.. =[PS]+[PS*]+| PS| (5.4)
[BNAH,  =[BNAH|+1/2[BNA,] (5.5)

with 0<a <land k,'=k,[Cat]

Two different equilibrations exist on two different timescales for this system; the two
first equations reach a steady-state in a very short time (<< 1 second) due to the very short
lifetime of the excited state of the photosensitizer. Equation (5.3) represents the long-term
consumption of electron donor and generation of CO; reduction product with variations over

hours of reaction.

The concentration of the different states of the photosensitizer can be solved for the

steady state conditions, from equations (5.1), (5.2) and (5.4):
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k&‘ckR '

PS|= PS 5.6
[PS¥] kohey '+ ak k[ BNAH |+ ky 'k, [ BNAH |+ ky 'k, , [ BNA, |+ k. ke [PS)a 50)
_ ak, k, [ BNAH |
|Ps”]= 2 [PS]. ~ (5.7)
keka '+ akexkq,l [BNAH] + kR 'kq,l [BNAH] + kR 'kq,z [BNA2 ] + kradkR ' initial

Equation (5.3) is then integrated to obtain the concentration of BNAH at a function of time,
with the excited state of the photosensitizer being a function of BNAH concentration as given
by equation (5.6):

[BNAH], =[BNAH] "D (5.8)
The set of values for the rate constants and initial conditions used for numerical simulations

are shown in Table 5.2.

Table 5.2. Values for the different rate constant and initial concentration used for numerical simulations

kex 045!
kraa 1.66-10°s!
for 1.64-107s "M !
o 3.05-10%s "M
kr’ 10°s™!
o 0.2
[PS]initiar 5-10*M
[BNAH st 0.0625 M

The consumption of BNAH over time can therefore be plotted as shown in Figure
5.11. Two decays of BNAH concentration are represented: in light grey, a theoretical
exponential decrease that would be obtained if absence of quenching by BNA>, and in dark
grey a decrease obtained from the equations aforementioned with quenching by BNA>

slowing down considerably the overall process.
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Figure 5.11. Decay of BNAH concentration in the reactor, in grey considering only the quenching from BNAH,

in dark grey with the inefficient quenching from BNA» considered.

The production of BNA; calculated by the model can be compared with the amount of

reduction product experimentally determined as shown in Figure 5.12.
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Figure 5.12. Comparison of the model with experimental production rate, for conventional high-pressure

conditions (150 bars, optimized water/DMF ratio, | mmol BNAH, 2 umol catalyst, 8 pmol photosensitizer).

120



Photocatalytic reduction by [Ru(bpy)(CO)L]""

The mathematic model is validated by the experimental data, except for the 4 hour
experiment where saturation of CO is believed to hinder the catalytic cycle. The model
presented here is considering bulk concentration and production rate, but the concentration of
the excited photosensitizer is not equally distributed in the solution. Due to the high light
absorption of the solution, almost all the light is absorbed within the first 4 millimetres of
solution after the sapphire window. Concentration of PS* is therefore considerably higher in
this reduced volume. Diffusion of different species, such as BNAH, BNA>, CO> between the

bulk and the window may therefore also limit the reaction rate.

The mathematic model used in here is not totally representing the real situation. One
spatial dimension can be included to have a better representation of the reality. The activity of
the photosensitizing cycle is depending on the light intensity (/(x)), which is not a bulk value,

but depends on the distance from the windows (x), as predicted by the following equation:

1(x)=1,-101"h (5.9)

where, ¢ is the molar extinction coefficient of the photosensitizer and [PS/in its initial
concentration and /o the light intensity at the window. With the concentration of
photosensitizer used and its high extinction coefficient (14600 M~'-cm™), 99.98% of light
intensity is absorbed in the first 5 mm of solution. From the very short lifetime of the excited
state of the photosensitizer, diffusion of the excited state is excluded and the reduction of the
catalyst is mainly happening in the reduced volume in the first 5 mm behind the window. A
better mathematic model can be constructed considering that the excitation rate constant key, is
function of light intensity. The concentrations of the three states of the photosensitizer are
consequently function of distance and time. Concentration of BNAH and BNA,, however are
always considered as bulk values. Changes in concentration for these two compounds happen
over long time, diffusion of these compounds will therefore equilibrate the concentration over

the entire volume.

The software MATLAB has been used to solve a mathematic model with inclusion of
the distance, while matching the previous results for BNAH and BNA:> evolution.
Concentrations of ground and excited state of the photosensitizer are presented in Figure 5.13

for long and short time span.
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Figure 5.13. Simulation of the evolution of concentration of the ground and excited state of the photosensitizer
over time and distance from the window. On the top, long term evolution over 2 hours of reaction. On the
bottom, short term equilibration over the first microsecond. Time and distance axis are reverted on excited state

graphic for better visibility.

Over the 5 mm considered, the concentrations of the two species change totally. The
photosensitizer is almost totally in its excited state at the windows while at 5 mm from the
windows the ground state is highly dominating. Due to the important value taken for the rate
of electron transfer from photosensitizer to catalyst, the lifetime of the reduced form of the
photosensitizer is very small. Its concentration is therefore small compared to the
concentration of the two other states. This explains that the graphics for ground and excited
state appears to be the reciprocal of each other. Variations of concentrations over the two
hours of reaction are limited, only a slight decrease of the concentration of the excited is
observed. This decrease is caused by a faster deactivation of the excited when the

concentration of BNA> is increasing. The initial sharp change in concentration is more
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detailed on the two graphs on the bottom of Figure 5.13. Equilibration of the concentrations

happens in approximately one microsecond after the light has been turned on.

From the concentration of the excited state determined, and considering a bulk
evolution of the concentration of BNAH and BNA;, the production of CO over the surface of
the window as a function of time and distance can be determined. As shown in Figure 5.14.,
most of the production of carbon monoxide happens in the first 2 mm and in the first hour of

reaction.

CO production
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Figure 5.14. Production rate of carbon monoxide over time and distance over the surface of the windows of the

reactor (2.83 cm?).

Volume integration of the surface gives the overall production of carbon monoxide in the
reactor. For the data presented in Figure 5.14. the amount of product generated is determined
to be 234 pumol in 2 hours. From these values, a more accurate determination of the turnover
number and initial turnover frequency is possible as the amount of catalyst and

photosensitizer reacting can be estimated. For 2 umol of catalyst in the reactor only 0.125
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umol is present in the first 4 mm behind the window of the reactor and participating in the
generation of all the products of reduction of CO;. Therefore at 150 bars with 2 pmol of
catalyst (reaction 1. of table 5.1.) TON is determined to be 2064 cycle over two hours of
reaction with a TOF;,; of 1808 h~!. With catalyst concentration decreased to 0.1 pmol
(reaction 3. of table 5.1.) these values are increased to 17°778 for TON and 25’397 for TOF ..
But these values must be taken with caution as diffusion of the catalyst is possible, increasing

the amount of catalyst molecules that are participating in the formation of the products.

5.7. Conclusions

The effects of increased CO» pressure and imparting supercritical conditions on the catalytic
reaction of the well characterized CO: reduction catalyst [Ru(bpy)2(CO)(H)]", have been
presented. CO> reduction was comprehensively optimized with respect to proton carrier, co-
solvent and CO; concentration/pressure, providing further insight into the catalytic cycles, the
relationship between catalyst, photosensitizer and electron donor, and demonstrating the

advantages of vastly increasing CO> concentration on the catalytic system.

The two products identified in the analysis were carbon monoxide and formate. The
former was found to have a linear relationship with pressure over a 10-150 bars range, such
that production was consistently doubled. Formate however, was independent of CO>
concentration in water-DMF solutions, and decreased 25% in a TEOA/DMF medium between
10 and 150 bars. Increasing the CO> concentration therefore favours the CO catalytic cycle
and is rate limiting for the reaction, whereas formate is independent of CO2 concentration due
to insertion later in the catalytic cycle. It was found that the greatest CO yields were obtained
from a biphasic water-DMF / supercritical CO, system rather than a single phase of all
components. This was suggested to be due to the extraction of CO from the liquid phase
where the catalyst was present to the upper supercritical CO; phase, thus preventing the
catalytic cycle from being poisoned. Nonetheless, a saturation concentration of ca. 200 umol

was identified in subsequent experiments to be a limiting value.
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Turnover numbers and frequencies for the optimized systems were considerably greater
than previously reported in the literature [2, 12-15]. For a system irradiated for 2 hours with 2
umol of catalyst, the TON was 120 with a TOF,; of 174 h™! but this reached 1120 h™! and
1600 h™! when the catalyst was used at its limit of 0.1 pmol. The rapid turnover and overall
productivity of the systems compared to the literature demonstrates the enhancement offered
by operating the reaction at high-pressure over the range of 10-150 bars, and the potential for

obtaining much more product in a short time frame.

The role of the dimer BNA; in the inhibition of the photosensitizing cycle was
demonstrated by mathematic simulation, which also demonstrates that the reaction is taking
place in a reduced volume in the first millimetre of solution behind the windows irradiated.
Taking into account this reduced volume of reaction for the determination of the TON and
TOF i, gives higher values of 17°778 and 25’397 respectively. But these values do not take
into consideration diffusion of the catalyst, which could increase greatly the amount of

catalyst molecule participating in the reaction.
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CHAPTER 6

Electrochemistry in expanded liquid and supercritical fluids

6.1. Introduction

In the two preceding chapters, photocatalytic reduction of carbon dioxide has been
demonstrated to be feasible, but the process requires the consumption of a sacrificial electron
donor. Inhibition of photocatalysis in presence of the dimer BNA: demonstrated the
importance of irreversibility in the oxidation reaction of the electron donor. The consumption
of an organic electron donor renders the photocatalytic process economically inexploitable. It
is therefore interesting to investigate if the photosensitizing system can be replaced by a pure

electrochemical system in which the catalyst is supplied in electron at an electrode surface.

The objectives of this chapter are to describe the high-pressure electrochemical
conditions that will be used in the next chapter to study the electrocatalytic reduction of CO>
with ruthenium and rhenium polypyridyl catalysts. In a first part, voltammetry in expanded
liquids will be described for systems with a moderate pressure up to 50 bars. In the second
part, voltammetry in supercritical conditions will be addressed with the determination of the

volume of co-solvent required to render the supercritical phase conductive thus enabling
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voltammetry on a macroscale electrode. Analysis of the voltammetric behavior of the
reversible oxidation of decamethylferrocene (DMFc) will give insight on the nature of the
supercritical phase close to the electrode. It is necessary to mention here that some parts of the

present chapter were published in [1, 2].

6.2. Electrochemistry in expanded liquids

Voltammetry of COz-expanded liquids have only been scarcely studied, to date, only the work
of Chanfreau ef al. have been reported. They have studied the voltammetric behaviour of
ferrocene in COsz-expanded DMF to determine its diffusion coefficient as a function of
pressure [3]. They have then investigated the electrocarboxylation reaction of benzyl chloride
to synthesize phenylacetic acid in pressurized mixtures of CO2 and DMF [4]. Their objective
was to use an electrochemical process to replace the Grignard reaction commonly used in
these processes. In the electrocarboxylation process, an organic halide is reduced on the
electrode to a carbanion, which can further react with CO; to form the desired carboxylate.
The carbanion formed at the electrode is indeed highly reactive. Therefore, increasing vastly
the concentration of CO2 by using COz-expanded DMF has the advantage of increasing the
selectivity of the reaction. A pressure of 60 bars was found to be the optimal operating

pressure.

As presented in section 1.2.3 of chapter 1, the current measured for a catalyst
operating the electrocatalytic reduction of CO> depends on few parameters that are highly
influenced by the composition of the gas-expanded liquid phase. The concentration of the
catalyst is influenced by the volume of the phase. Thus, increasing the pressure cause the
dilution of the catalyst. The diffusion coefficient of the catalyst in the media is also impacting
the current measured. With an increase of pressure, this coefficient is supposed to decrease as
the viscosity of the liquid is decreasing. Finally, the concentration of CO> has also an impact

on the catalytic rate.
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6.2.1. Phase composition

Determination of the expanded liquid phase volume and the CO: concentration were
performed using the high-pressure NMR tube using the procedure described in section 2.3.9.
The tube was initially filled with 3 mL of a solution of 0.2 M tetrabutylammonium
hexafluorophosphate (TBAPFs) in DMF. It has been observed that even a moderate
concentration of electrolyte is decreasing the solubility of CO»> in the liquid phase. At 50 bars
the concentration of CO2 decrease from 14 M to 10 M in presence of 0.2 M TBAPFs. In
Figure 6.1., results for liquid phase volume, CO> concentration and molar fraction at a

temperature of 20°C are shown.
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Figure 6.1 a) Photography of the reactor filled with 3 mL of 0.1 M TBAPFs in DMF at 1, 10 and 50 bars of COo.
b) Normalised volume of the solution as a function of CO; pressure. ¢) Concentration of CO, as a function of

CO; pressure. d) Molar fraction of DMF and CO:s in the liquid phase.
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As it appears from these data, the volume of the liquid is increasing rather linearly
between 1 and 20 bars, with a more steep increase above 20 bars. As at 20°C, the pressure of
condensation of COz is 57.3 bar, the volume of the liquid phase above this pressure is limited
by the volume of the reactor. Concentration and molar fraction are following a linear increase
over the complete pressure range considered. The experimental protocol was validated by
comparison of results obtained in absence of electrolyte in pure DMF with results obtained by
Duran-Valencia et al. [5] using gas chromatography analysis. Their method however, has the
advantage of determining the composition of the gas phase in addition to the expanded liquid
phase, with the gas phase being composed at 99.94% of CO; at 5.6 bar. This result supports
the approximation used in the calculations, consisting of considering that the DMF was

exclusively in the liquid phase.

Phase composition for different systems can therefore be determined by the method
developed here such as the water-DMF liquid phase used in chapter 5. The concentration of
CO> determined experimentally for different volume fractions of water is decreasing
considerably in presence of water as shown in Figure 6.2. But the concentration of CO»
determined by this method is the sum of the concentration of the different species that are in

equilibrium in water : CO,, H2COs3, HCO3~ and COs*".
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Figure 6.2. Concentration of CO, determined experimentally in DMF-water mixture as a function of pressure at

20°C.
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6.2.2. Diffusion coefficient as function of pressure

In addition to the phase volume and composition, the diffusion coefficient of the CO
reduction catalyst studied by voltammetry is of great importance to evaluate its activity.
Diffusion coefficients are commonly determined by rotating disk electrodes, but this method
is unsuitable for high-pressure electrochemical analyses. Diffusion coefficients were
determined from measurement of cyclic voltammetry of a reversible reduction with different
scan rate (from 0.025 V/s to 0.5 V/s) at different pressures. The peak currents are function of
the electrode surface, catalyst concentration, scan rate and diffusion coefficient as described
by the Randles-Sevcik equation (Equation (1.9)). Knowing the catalyst concentration from the
previous section, the diffusion coefficient at each pressure was determined from the linear

relationship observed between the peak current and the square root of the scan rate.

To enable the determination of the diffusion coefficient of a catalyst, this latter must
have a totally reversible reduction wave. The catalyst [ReCl(bpy)(CO)s] was chosen, as it
displays two successive reduction waves on voltammetry, with only the second wave being
catalytic for CO; reduction. The first reduction wave of the complex is totally reversible and
Randles-Sevcik equation is applicable. Similar analysis with the catalyst [Ru(bpy)2(CO)H]" is
impossible as this catalyst reacts with CO» after the first reduction of the complex. But due to
high similarities in term of size and nature of the ligands, the diffusion coefficients of these

two catalysts should be comparable.

In Figure 6.3 a), the Randles-Sevcik analysis of the reversible wave of the catalyst
under 20 bars of pressure is displayed. From similar analysis conducted in the same solution
at different pressures, the diffusion coefficients are determined (Figure 6.3. b)). The diffusion
coefficient is increasing linearly in the initial pressure increase up to 15 bars, with a 30%
increase observed over this pressure range. This increase in diffusion coefficient is well

explained by the Stokes-Einstein equation :

k,T

D =
67znr

1

(6.1)
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where kp is the Boltzmann’s constant, # the dynamic viscosity of the solvent and » the radius
of the spherical particle considered. Viscosity of COz-expanded liquid is known to be highly
influenced by CO> molar fraction. Foster ef al. have experimentally determined the viscosity
of CO»z-expanded methanol solution by falling-weight viscometry [6]. For them, the apparent
correlation factor appeared to be the composition of the liquid phase and the degree of its
volume expansion rather than the phase density or the pressure. They observed a linear
relationship between the viscosity and the CO; molar fraction, which corroborates well the
linear dependence observed herein between pressure and diffusion coefficient, as has a linear

relationship is also observed between pressure and CO> molar fraction.

Above 20 bars of pressure, the diffusion coefficient remains more or less constant.
This result is a bit surprising as CO> molar fraction is keeping increasing linearly until the
liquid phase fills the entire reactor, which only happens at a pressure of 40. Therefore above
this pressure, change in solution composition and liquid viscosity are suspected to be very
limited with pressure. But the reactor volume constraint cannot explain the steady value of the
diffusion coefficient observed between 20 and 40 bars. Conventional methods used with gas-
expanded liquids for measuring fluids viscosity, such as falling-weight viscometry or
electromagnetic viscometry are macroscale methods. While with voltammetry the diffusion
coefficient are measured through a microscale layer on the electrode surface. The results
obtained herein can be explained by heterogeneities in the solution, with the existence of a
microscale film on the surface of the electrode and the wall of the reactor having a slighty

different composition than the bulk solution.
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Figure 6.3. a) Cyclic voltammetry at 10, 25, 50, 100, 200, 350 and 500 mV/s of the reversible wave of
[ReCl(bpy)(CO)3] in DMF with 0.2 M TBAPFs on a glassy carbon electrode at 20°C and 20 bars CO». b)
Diffusion coefficient obtained from Randles-Sevcik equation for [ReCl(bpy)(CO);] in DMF as a function of CO,
pressure at 20°C. c¢) Catalyst concentration in the high-pressure reactor as a function of pressure for an initial
concentration of 2 mM [ReCl(bpy)(CO);]. d) Peak current of the reversible reduction wave of the catalyst as a

function of pressure.

The behavior of the reversible peak current of the catalyst while the pressure is raising
(Figure 6.3. d)) is well explained by the changes in diffusion coefficient and concentration up
to 20 bars. Indeed both counter-balance each other at moderate pressures thus maintaining a
constant reversible peak current. At higher pressures, the continuous dilution of the catalyst
leads to a decrease in peak current as the diffusion constant remains stable. At 50 bars
however, a continuous decrease in the current is not expected as the catalyst as already
reached the concentration limit caused by the limited volume of the reactor. The decrease in

peak current observed at this pressure is therefore not fully explained. At this pressure, the
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important concentration of CO> in the liquid phase, approaching 10 M, is disturbing the
voltammetry owing to the resistive character of liquid or supercritical CO2. As it seen in
Figure 6.4. the potential is shifted to more negative values and the peak separation is
increased from 90 mV to 120 mV indicating an ohmic drop in the solution between the
electrodes. Appearance of an additional reduction wave before the reversible wave analyzed is
very detrimental for accurate measures of the current peak height. This wave is attributed to
the direct reduction of CO; on the connection of the glassy carbon electrode. Indeed, this
wave is observed even in absence of catalyst. The glassy carbon electrode is not designed to
support high-pressure, and after some series of experiments, the electrode appeared recessed
by about 1 mm into the plastic body. The solution can therefore diffuse behind the working
electrode and reaches the contact made of copper or brass on which the reduction of CO; is
catalyzed. As it appears here, voltammetric analysis for comparison of catalyst activities is

particularly difficult at pressure above 40 bars, where the molar fraction of CO> is above 50%.
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Figure 6.4. Cyclic voltammetry at 10, 25, 50, 100, 200, 350 and 500 mV/s of the reversible wave of
[ReCl(bpy)(CO)3] in DMF with 0.2 M TBAPF¢ on a glassy carbon electrode at 20°C a) under 10 bars CO; b)
under 50 bars CO,.
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6.3. Electrochemistry in scCO

As it appeared in the precedent section, the high resistivity of the phase with molar fraction of
CO> above 0.5 is causing important distortions on voltammetry. Therefore conducting
voltammetry at higher pressures in supercritical conditions is challenging. As previously
mentioned in chapter 1, scCO> is not a suitable solvent for electrochemistry owing to a very
low dielectric constant (¢ < 1.8). Solubility of compounds is highly limited, especially for
ionic species. With conventional organic solvent electrolytes proving insoluble in the
supercritical phase [7, 8]. Consequently scCO» electrochemical research has predominantly
focused on overcoming the low dielectric constant of the solvent. The first studies exclusively
using scCO» as solvent were in the late 1980s by Wightman et al. [9-11]. Using water as a co-
solvent and a microelectrode arrangement the group found that water aided the solvation of
electrolyte [NHex4"]'[PFs]~ and allowed for a defined ferrocene (Fc/Fc') redox wave to be
observed. Water was necessary to obtain an electrochemical signal with 0.64 M without
electrolyte giving rise to an uncharacteristic reverse peak [9]. This was postulated to be due to
the deposition of insoluble Fc' ions on the electrode surface. Addition of electrolyte reduced
the intensity of this reverse wave and conventional, reversible redox voltammetry for Fc was
observed with 0.13 M water. Wightman and Michael later studied the direct modification of
the microelectrode surface with a conductive ionic polymer membrane (Nafion), providing a
conductive interface with which the dissolved Fc could interact (Figure 6.5. a)) [12]. Further
developments lead to the appearance of surface modified electrodes that even allowed for

studies of metallocenes without a polar co-solvent [13].

In the 1990s Abbott et al showed that very hydrophobic electrolytes, especially the
class of the tetraalkylammonium tetraarylborate salts, could be dissolved in scCO: to a limited
extent to give conductive media without a polar modifier [7, 8]. Voltammetry could be
obtained, but analysis of data was difficult due to complications arising from strong
adsorption processes at the electrode surface [14]. The latter publication was also the first
attempt to achieve macroscale voltammetry in this resistive medium (Figure 6.5 b)). Abbott

and Harper’s comprehensive study highlighted the importance of solvent density on the
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solubility of the electrolyte with conductivity increasing from 10~% to 107 S-cm™! over the 313
— 343 K temperature range at 100 bars. At 300 bars, it was an order of magnitude higher. The
authors attributed the better conductivity to improved solvation properties at pressures and
temperatures where greater fluid densities are obtained. Bulky, hydrophobic electrolytes have
since been commonplace in scCO; electrochemistry, with recent advances focusing on the
halogenation of the ions. An extensive study by Bartlett ez al. evaluated the conductivity of a
series of electrolytes and determined that cation fluorination has little effect but for the anion
it was crucial [15]. Specifically fluorinated derivatives of [BArs], the BARF anions
previously seen in chapter 3, were the most soluble and conductive in a mixed

scCOy/acetonitrile fluid [15].
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Figure 6.5. Exemples of voltammetry in scCO», a) Fc (200 uM) in scCO, containing 0.13 M water at 80°C and

89 bars. Scan rate 100mVs—1 using a Nafion-coated Pt microelectrode (50 um) [11] b) TDDA,Ni(mnt), (5 mM)
in scCO; at 300 bars and 70°C containing 0.1 M "DecN4"B(CgHs)4~ electrolyte. Scan rate ImV-s™' and 1 mm Pt

electrode [14].

An alternative strategy proposed to enhance the ionic conductivity of the scCO; is to
add a highly polar and miscible co-solvent. To-date methanol [15, 16], dimethylformamide
[3] or acetonitrile [2, 15] have been employed. Organic co-solvents form a single phase with
the CO; on reaching the critical point, and considerably improve the solubility of supporting
electrolyte. This mixed solvent phase has been largely documented in the field
electrodeposition [15, 17, 18], with Bartlett e al. recently reviving interest in SCFs as media

for the electrodeposition of metals. Their research efforts have demonstrated that the unique
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mass transport properties and lack of surface tension in supercritical media permits the

formation of well-defined nano-structured electrodeposits [17].

6.3.1. Conductivity in scCO:

Ferrocene and ferrocene derivative are frequently used as reference for the calibration of
voltammetry in organic solvents. Due to its high solubility in scCO> decamethylferrocene
(DMFc) has been chosen as redox couple for the analysis of voltammetry in scCO,. This
complex is used in the high-pressure three-electrode setup described in section 2.3.10, using
the gold-disk electrode as working electrode and acetonitrile as polar co-solvent. The better
electrolytes for scCO; electrochemistry are highly fluorinated salts and consist of bulky ions.
Recent publications by Bartlett et al [19-21] explored a variety of lipophilic electrolytes for
use in the supercritical medium, and specifically applied tetrabutylammonium
hexafluorophosphate (TBAPF¢), tetrabutylammonium tetrafluoroborate (TBABF4) and
tetrabutylammonium tetrakis(3,5-trifluoromethyl phenyl) borate (TBATFMPB) as electrolytes
for metal electrodeposition in scCO; fluid, the latter exhibiting the best conductivity. Studies
by Abbott et al. [22-24] during the late 1990’s found that increasing the cation size also gave
favourable results with respect to the lipophilicity of the salt and solubility in supercritical
CO> and non-polar solvents. Consequently, the electrolyte used in the present investigation
used the large tetra(decyl)ammonium cation (TDA™) and tetrakis(pentafluorophenyl)boron
anion (TB~). The anion was previously used in chapter 3 and proven to be capable to transfer
protons from a water phase to a scCO2 phase. The synthesis of the salt is reported in section
2.3.10. The bulky electrolyte formed was found to be a room temperature ionic liquid (RTIL),
with a melting point of approximately 25°C, an unusual property given the symmetry of both
ions. Similar RTILs have been used by Samec ef al. in the study of charge-transfer process at

the interface between water and ionic liquids [25].

In the presence of no other solvent, the molten electrolyte was found to swell slightly
as the CO» pressure increased. But its solubility in scCO; remains negligible, leading to the

formation of a biphasic system under supercritical conditions. The TDATB/scCO; fluid did
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not give a significant current response over a 4 V potential window, and was therefore

considered to be non-conducting.

A polar co-solvent was consequently introduced in the reactor to enable solubilization
of the electrolyte in the supercritical phase. The TDATB and DMFc were therefore dissolved
in varying amounts of acetonitrile to give a transparent yellow liquid. The liquid readily
dissolved in the scCO», preceded by extensive expansion of the solvent phase during the CO»
saturation stage and formation of a single phase above critical pressure (ca. 73 at 313K).
Electrochemical experiments were undertaken at 100 bar and 313K to ensure supercritical

conditions.

In the scCO2-CH3CN solution a current response was observed on the pA scale. The
electrolyte concentration was 10 mM and the DMFc concentration 0.5 mM in the final
volume of the reactor (18mL). The volume of acetonitrile added to the reactor was varied
between 0.5 and 8 mL corresponding to a mole ratio CH3CN/COz of 0.04 to 0.60 respectively
at 100 bar and 313K. The mole ratio was determined similarly as in expanded liquids. The
CH3CN-TDATB mixture did not dissolve in the scCO; until a ratio of at least 0.07 was
achieved, and as shown in Figure 6.6 appreciable solution conductivity was not observed until

a mole ratio of 0.13 (2 mL) was used, corresponding well to literature values [19, 26, 27].
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Figure 6.6. Overlay of cyclic voltammograms for increasing mole ratios of CH3CN/CO,. The solution in each

experiment contained 10 mM TDATB electrolyte and 0.5 mM DMFc. The scan rate is 200 mV-s™!.
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Above a ratio of 0.19 the DMFc redox couple became discernable, however, after a
mole ratio of 0.3 any improvement in the DMFc voltammetry was not significant. In the
absence of any electrolyte, a redox couple for DMFc¢ was not observed, even at ratios as high

as 0.8 (i.e. 10 mL).

Despite some degree of uncompensated resistance, the redox couple for DMFc was
evident at ca. 0.3 V (vs Ag quasi reference electrode). The voltammetric behaviour shown in
Figure 6.6. is similar to the response of a rotating disc electrode in a fully supported
acetonitrile solution. The measured current is the sum of a steady-state component indicative
of a fixed diffusion layer thickness, and of a peak shape response attributed to semi-infinite
linear diffusion. As the mole ratio CH3CN/CO> was increased, the steady state component
decreased indicating a thicker diffusion layer. Indeed, extrapolation of the limiting current izin
gave a diffusion layer thickness 0 of 39, 54 and 59 pum for 0.19, 0.26 and 0.41, mole ratio

respectively, at 200 mV-s™! from the equation:
5 =(FDC,\ A) /iy, (6.2)

where D is the diffusion coefficient of DMFc, Cpur. its concentration and A4 the electrode

arca.

Conductivity studies of the TDATB electrolyte in acetonitrile at 40°C show an
increase from 100 puS-cm™ to 10 mS-em™'. It would appear that this intrinsic conductivity
increase is sufficient to raise the conductivity of the supercritical fluid and acetonitrile to
eliminate a migrational flux component, and therefore observe near reversible voltammetry at
0.3 mole ratio and above. As the most peak-shaped voltammetry was achieved after a mole

ratio of 0.41, scan rate dependence experiments were performed in this composition.
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6.3.2. Scan rate dependence of DMFc¢ in CH3CN and
scCO2/CH3CN

The scan rate dependence experiments, shown in Figure 6.7. indicate a semi-infinite linear
diffusion process. Using the Randles-Sevcik equation (Equation (1.9)), a linear plot was
obtained with a R* = 0.9995. However, extrapolation to zero scan rate yielded a steady-state
component of 2 pA (Figure 3b). The near steady-state voltammetry observed at 25 mV-s !,
illustrated in the in-set of Figure 3a, gave a comparable limiting current of 2.4 pA. A steady-
state response was also readily achieved at considerably higher scan rates (1 V-s™!), when the

system was placed under moderate stirring using a magnetic stirrer.

The electrochemical response of the same three-electrode set-up was also observed
under atmospheric pressure in only acetonitrile and electrolyte. In similar conditions of
concentration: 0.5 mM and 10 mM, for DMFc¢ and electrolyte respectively, at a temperature of
313 K. As expected, typical peak-shaped voltammograms attributed to semi-infinite linear
diffusion were observed at a macro electrode in quiescent conditions at 25 mV-s~! and above.
Furthermore, extrapolation of the scan rate dependence plot yielded zero current at zero scan
rate, confirming the absence of any steady-state component (Figure 6.8.). The comparison of
CH3CN to scCO2/CH3CN voltammetry clearly indicates an intrinsic difference in mass
transport regimes, especially as the magnitude of Faradaic current in both conditions is the

same.
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Figure 6.7. Overlay of cyclic voltammograms obtained for DMFc at increasing scan rate (25 - 1000 mV-s™).
Medium consists of DMFc (0.5 mM), TDATB (10 mM), CH3CN (mole ratio 0.41) and CO at 100 bars (10
MPa) and 313 K. b) Plot of anodic peak current vs. the square root of the scan rate. ¢) The stead-state CV

observed at 25 mV:-s ..

Randles-Sevcik analysis of the results shown in Figures 6.7 and 6.8 also allowed for
the estimation of the DMFc diffusion coefficient, D. The calculated value of 1.86:107 cm?'s™!
in supercritical conditions was almost the same as in pure acetonitrile (1.85-107 cm?s™!) at
the same temperature and concentration of electrolyte. This second value is in good
agreement with the previously reported constant for DMFc¢ measured in acetonitrile [28],
when the higher temperature of 313 K and different electrolytes used are taken into
consideration. This result appears highly surprising as a marked increase in diffusion
coefficient for a rhenium complex was observed in COz-expanded DMF. Acetonitrile is less
viscous than DMF, therefore a smaller change in diffusion coefficient can be expected, but
not similar values. Chanfreau reported a decrease in diffusion coefficient of ferrocene at
pressure above 60 bars in DMF-scCO; phase [3]. Similarly, binary diffusion coefficients of

ferrocene and 1,1’-dimethylferrocene in scCO> measured by the Taylor dispersion method
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and chromatographic impulse response were reported to decrease while the pressure was

raising [29].
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Figure 6.8. Overlay of cyclic voltammograms obtained in atmospheric conditions of pressure for DMFc (0.5
mM) at increasing scan rates (25 — 1000 mV s') in CH3CN fully supported by TDATB (10 mM), at 313 K. In-

set) The plot of anodic peak current vs. square root of scan rate.

6.3.3. Diffusion in the scCO2/CH3CN single phase

The fact that the diffusion coefficients calculated for DMFc in supercritical conditions and in
pure acetonitrile are near identical is either a huge coincidence or suggests that a liquid-like
acetonitrile phase is forming at the electrode surface. Determination of the diffusion
coefficient as a function of pressure expanded liquid and supercritical conditions would help
to confirm the second hypothesis. The thickness of the suspected layer of acetonitrile is
restricted in the supercritical conditions, giving rise to a steady-state response at moderate
scan rates, below 50 mV-s™! From the near steady-state voltammogram observed at 25 mV s~
"in the scCO»/CH3CN solution, a diffusion layer thickness of 60 um was determined from the
limiting current. Given the strict limits of the diffusion layer in the scCO; fluid, it may be
inferred that beyond the liquid-like phase is a more turbulent, supercritical-like phase. This
bulk phase exhibits high natural convection, owing to the low viscosity of the supercritical

fluid, and inevitable density differences throughout. Compton et al. [30, 31] observed a
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comparable steady-state response at macro electrodes in a series of studies exploring
sonoelectrochemistry. The exhibited restriction in diffusion layer thickness was much more

pronounced in their studies however, ranging between 1 and 6 pm [31].

CH,CN/scCO,
liquid-like phase

Figure 6.9. A schematic representation of the proposed thin-layer of CH3CN (yellow) compressed and restricted
by the more turbulent bulk scCO,/CH3CN phase (blue). The electrolyte and DMFc concentrations are considered
uniform throughout the two liquids, and the diffusion layer thickness is assumed not to propagate beyond the

thin layer of CH3CN.

The electrochemical system may therefore be considered in terms of both thin-layer
and convective-diffusion voltammetry. The proposed system is depicted in Figure 6.9. with a
thin layer of mostly acetonitrile at the electrode surface restricted in thickness by the
scCO2/CH;3CN phase in the bulk solution, both of which are fully supported by the electrolyte.
The DMFc concentration is uniform throughout the reactor, and supplements the liquid
CH3CN thin layer on depletion of the diffusion layer. Consequently, the diffusion coefficient
calculated is that of DMFc in pure acetonitrile and electrolyte, rather than in a more mixed

and diffuse solution with scCO,, which would have different viscosity and density.

When electrochemical reactions are performed at a macro interface (i.e. at an electrode
over a mm in diameter), in a liquid medium the key limitation on the current magnitude is the
rate of mass-transport. Typically, when voltammetry is carried out in a large volume of
stagnant liquid a depletion of redox species concentration occurs near the electrode surface
limiting the measured currents and imposing a concentration gradient towards the electrode.
The rate of mass transport is considered entirely dependent on this gradient and the rate at

which the redox species can diffuse to the electrode from the bulk concentration. At high scan
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rates, diffusion limited mass transport effects are particularly pronounced. On the contrary, in
well-stirred or convective media the rate of redox species consumption at the electrode is
comparable to the fast mass transfer rate to the electrode, thus providing a constant, steady
flux of material for oxidation or reduction (i.e. steady-state). The intermediate case with a thin
layer of stagnant liquid phase, between an electrode and highly convective solution, should
exhibit transitional behavior. Voltammograms simulated by the finite elements methods at 50
mVxs~™' with thin layer thickness varied does reflect the transitional voltammetry observed

experimentally at thickness between 60 and 70 pm.

6.4. Conclusions

Voltammetry in high CO> content solutions was achieved through two different approaches.
In the first one, the concentration of CO> was progressively increased by the expansion of the
liquid phase as CO2 was compressed in the solution. Liquid phase volume, CO2 concentration
and diffusion coefficient of [ReCl(bpy)(CO)3] were determined over a pressure range of 1 to
50 bars. The diffusion coefficient is increasing with pressure up to 20 bars, and remains stable

above this pressure.

In the second approach, voltammetry was performed in supercritical conditions,
starting from pure scCO> with a RTIL used as electrolyte. Acetonitrile was added as co-
solvent to the supercritical phase to increase the conductivity of the phase to enable
voltammetric measurements without the aid of a modified electrode surface or microelectrode
dimensions. The low viscosity supercritical carbon dioxide fluid evidently enhances diffusion
to the electrode, as steady-state voltammetry is observed at high scan rates of up to 50 mV-s .
Moderate stirring of the solution also gave near steady-state voltammetry at scan rates as high
as 1000 mV-s~'. Experimental and simulation results suggest that a quiescent liquid-like film
of mostly CH3;CN and electrolyte is formed at the electrode surface, which is limited in

thickness but supplemented by a more convective, supercritical-like phase in the bulk
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solution. The presence of this film enables electrochemical studies of species dissolved in the

supercritical phase.
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Electrocatalytic reduction of carbon dioxide by ruthenium and rhenium catalysts

CHAPITRE 7

Electrocatalytic reduction by ruthenium and rhenium catalysts

7.1. Introduction

In chapter 6, the conditions for operating electrochemical measurements at elevated pressures
have been well described. The objectives of this chapter will be to apply the electrochemistry
in expanded liquids and in supercritical CO» to the study of two catalysts of the polypyridyl
family. The principal objective of this chapter is to investigate the effect of CO, pressure on the
catalytic mechanisms for CO> reduction. The first catalyst will be the ruthenium catalyst
previously used in chapter 5, [Ru(bpy)2(CO)H]". As it was already demonstrated in chapter 5,
this catalyst has an overall complex mechanism owing to the existence of two different catalytic
cycles producing two different products: carbon monoxide and formate. Analysis of the
voltammetry is therefore complicated as different reactions are happening simultaneously. The
catalytic cycles are shown again in Figure 7.1. The photosensitization cycles that were
supplying the catalyst in electrons in chapter 5 are now replaced with electron transfers

happening at the electrode. The potentials of these electron transfers are reported versus SHE
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and were determined experimentally by Tanaka and Meyer for the carbon monoxide and

formate cycle respectively [1, 2].
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Figure 7.1. The combination of two catalytic cycles for the [Ru(bpy)2(CO)L]"" in the catalytic reduction of CO,

CO,

to formate or carbon monoxide.

In addition, an alternative catalyst will be investigated: [ReCl(bpy)(CO)s]. This catalyst
has the advantage of being totally selective toward CO evolution. Additionally, the mechanism
of CO evolution has been investigated recently by Kubiak ez al. by density functional theory
[3]. The computed mechanism obtained is shown in Figure 7.2., and will serve as a good base
for the understanding of the voltammetric behavior of this catalyst. With a unique mechanism
for CO; reduction, determination of the apparent rate constant of the catalytic process is
possible. And therefore quantification of the advantage provided by high CO> pressure can be

done.
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Figure 7.2. Complete mechanism of CO; reduction by [Re(bpy)(CO);Cl] proposed by Kubiak, in red

experimentally obtained reduction potentials and in blue calculated data [4].

The first objective of this chapter is to investigate the electrochemical behaviour of two

chosen catalysts and determine how the catalytic mechanism is affected by different factors
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such as proton donor concentrations or CO; pressures. In the preceding chapter, the difficulties
of conducting electrochemistry under high pressures have already been discussed. As it was
shown, the solution become highly resistive, which is causing important distortion in the
voltammetry due to ohmic drop. Additionally under high pressures, perfect sealing of the
reactor becomes difficult, and connections of the electrodes can be exposed in the solution.
These connections are made of copper, which can catalyze the direct reduction of COz, thus
causing the appearance of new voltammetric signal at high pressures. For these reasons,
catalytic activity of the two selected catalysts will be investigated in a limited range of pressure,

up to 50 bars in expanded organic solvent.

In the field of electrochemical reduction of CO», the effect of CO; pressure have been
mainly limited to the study of product distribution as a function of pressure in electrolysis
experiments. While catalytic mechanism investigation by voltammetry has only been scarcely
performed and exclusively restricted to heterogeneous catalysis. Abbott reported a decrease in
the reduction potential in supercritical state for the reduction of CO, on Pt and Pb electrode
surfaces [5]. Sakara et al. reported a change in reduction product selectivity on copper
electrodes while the pressure was increased. Hydrogen being the major product at low
pressures, CO at high pressures, and at intermediate pressures different hydrocarbons were
observed such as methane, ethylene and ethanol [6]. For homogeneous catalysis of CO;
reduction, high-pressure voltammetry is a field that has not been explored yet for the

investigation of catalytic mechanisms.

7.2. Ruthenium catalyst

7.2.1. Voltammetric behaviour

For cyclic voltammograms (CV) reported in this chapter, the setup and procedure used was
described in sections 2.2.2 and 2.3.10. Initially, the gold disk electrode was used, and was

thereafter replaced by a glassy carbon electrode to improve the voltammetry. Calibration of the
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potential window was achieved by introduction of decamethylferrocene (DMFc) in the solution
to have a reference reversible oxidation wave in the cyclic voltammograms. The electrode

potential is therefore always given versus the half-wave potential of DMFec.

Voltammetric behaviour of the catalyst [Ru(bpy)2(CO)H](PFs) in acetonitrile and
atmospheric conditions of pressure is presented in Figure 7.3. On the right of the CV, the
reversible oxidation of DMFc is shown. In the negative potential region, in absence of CO; two
successive reversible reduction waves are observed. These two reduction waves are attributed
to the reduction of the two bipyridyl ligands in the catalyst. The first reduction wave
corresponds to the step (2-3) in Figure 7.1., while the second reduction is only observed in
absence of CO,. Under atmospheric CO; pressure, the first wave becomes irreversible even at
a scan rate of 1000mV/s. Two additional waves are appearing with CO., the wave at 1.4 V
corresponds to the reduction of the formato complex formed upon CO» addition on the reduced
hydride complex, which is corresponding to the step (4-5) in Figure 7.1. The second reduction
wave was unexpected from the mechanism previously discussed. As this wave appears at
potentials more negative, the catalytic complexes that are responsible of this reduction current
have already undergo one complete catalytic cycle. Therefore, the determination of the
mechanism involved here is impossible at the present stage. The reduction potential is more
negative than any step shown in Figure 7.1. and slightly more negative than the second
reduction of the hydride complex. Variation in the conditions of pressure and proton
concentration will be used in the following section to obtain more insight in the mechanisms

involved.
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Figure 7.3. CV in AcN 0.1 M TBAPFs of ImM [Ru(bpy)(CO)H](PF¢), gold working electrode, potential
calibrated versus DMFc*/DMFc, scan rate 100mV/s, in black under argon in colour under atmospheric pressure of

CO, with different vertex potentials.

7.2.2. Variation in protons and CO: concentrations

The acetonitrile used as solvent in the preceding section is not completely dry, the water present
as contaminant (0.1%) can be the source of protons required for CO; reduction. This
corresponds to a concentration of 55mM. For the next experiments, SOuL of water was added
to the reactor to increase its concentration to 275mM. With this higher water concentration, the
shapes of the different CVs are highly modified as shown in Figure 7.4. Voltammograms from
the left hand side are taken with addition of water. In addition to the change in proton donor
concentration, CO; pressure was also varied between 1 and 6 bars. The scan rate was increased

to 500mV/s as the difference in voltammograms shape is more pronounced at higher scan rate.
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Figure 7.4. CV in AcN 0.1 M TBAPF¢of 1mM [Ru(bpy)2(CO)H](PFe) with 275mM water (left) and without water
(right), gold working electrode, potential calibrated versus DMFc/DMFc, scan rate 500mV/s, under argon in black

and in colour for different pressure of CO> (1 bar in red, 2 bars in green, 4 bars in purple and 6 bars in blue).

The first catalytic wave, corresponding to the reduction of the formato complex, appears
almost not affected by the concentration of water and CO; pressure. While the second
unidentified wave, is highly increased in presence of water. The effect of pressure on this
catalytic wave is surprising. In presence of water the current measured for this wave is maximal
for a CO» pressure of 2 bars, but above this pressure this wave is not observed in presence of

water.

The use of a gold working electrode limits severely the range of pressure that can be
studied, especially with addition of water. Above a pressure of 3 bars, the current measured
comes almost exclusively from the direct reduction of CO on the gold electrode surface. Hori
and Ikeda have demonstrated that the reduction of carbon dioxide is efficiently catalyzed by
gold electrode in aqueous solution [7]. In Figure 7.5. comparison with a solution without

catalyst demonstrate that the catalyst is not participating in the reduction current measured.
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Figure 7.5. CV in AcN 0.1 M TBAPF¢ with 275mM water of 1mM [Ru(bpy).(CO)H](PFs) (left) and no catalyst
(right), gold working electrode, potential calibrated versus DMFc*/DMFc, scan rate 500mV/s, in black under argon
and in colour for different pressure of CO» (1, 2, 4, 6, 8, 10, 12, 14 and 16 bars).

As can be seen, the reduction current measured at 3 bars and above is totally similar
with and without catalyst. To observe the activity of the catalyst toward CO; reduction, a limited
range of pressure will be investigated. To compare more easily the activity of the catalyst in
different conditions, subtraction of the current measured in absence of catalyst will be
performed for the following voltammograms. Additionally, to improve the readability of the
figures, only the forward scan are displayed. In the following four figures, the effect of water
addition is shown at four different CO; pressure and with scan rate ranging from 50 to
1000mV/s. With higher scan rate implying larger current. On the left hand side the
voltammograms are measured with addition of water, while on the other side, no water has been

added.
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Figure 7.8. Blank subtracted linear scan in AcN 0.1 M TBAPFs with 275 mM of water added (left) and dry
acetonitrile (right) of ImM [Ru(bpy).(CO)H](PFs), gold working electrode, potential calibrated versus
DMFc*/DMFc, under CO; at atmospheric pressure at different scan rate (50 , 100, 200, 300, 400, 500, 750 and
1000 mV/s).
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Figure 7.9. Blank subtracted linear scan in AcN 0.1 M TBAPFs with 275 mM of water added (left) and dry
acetonitrile (right) of 1mM [Ru(bpy).(CO)H](PFes), gold working electrode, potential calibrated versus
DMFc*/DMFc, under 2 bars of CO» pressure at different scan rate (50 , 100, 200, 300, 400, 500, 750 and 1000
mV/s).
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Figure 7.10. Blank subtracted linear scan in AcN 0.1 M TBAPF¢ with 275 mM of water added (left) and dry
acetonitrile (right) of ImM [Ru(bpy).(CO)H](PFs), gold working electrode, potential calibrated versus

DMFc*/DMFc, under 4 bars of CO, pressure at different scan rate (50 , 100, 200, 300, 400, 500, 750 and 1000
mVY/s).
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Figure 7.11. Blank subtracted linear scan in AcN 0.1 M TBAPF¢ with 275 mM of water added (left) and dry
acetonitrile (right) of ImM [Ru(bpy).(CO)H](PFs), gold working electrode, potential calibrated versus

DMFc*/DMFc, under 6 bars of CO, pressure at different scan rate (50 , 100, 200, 300, 400, 500, 750 and 1000
mV/s).
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Without addition of water, at the four different pressures considered, the activity of the
catalyst is very similar. The current wave corresponding to the reduction of the formato
complex remains constant over the pressure range considered. This result is in good agreement
with the results of chapter 5, in which it has been observed that the production of formate was

not affected by a pressure increase.

In presence of water the behaviour of this current wave is very similar, and no
noteworthy increase is observed. But for the second reduction wave at more negative potentials,
major differences are observed with pressure and scan rate. This reduction wave is not present
under all conditions of pressure and scan rate. A fast scan rate favours this catalytic wave, but
increasing the pressure above 2 bars tends to decrease this catalytic wave. Depending on the
pressure, the wave is not visible at all scan rates; the minimal scan rate required increases with
pressure. The disappearance of this wave at higher pressures implies that the carbon monoxide
evolution mechanism is not involved in the current measured, as a steady increase with pressure
would be expected. But CO; addition on the reduced penta-coordinated complex after
completion of a first catalytic cycle might be the cause of the disappearance of the wave at
higher pressures. As the catalyst in solution is the hydride form, the mechanism of the first cycle
is inevitably the formate mechanism. But after a complete cycle, the catalyst will follow one of
the two cycles depending on the concentration of protons and CO». At low pressures, the carbon

monoxide cycle seems not to participate in the catalytic current observed.

Scan rate is also an important factor influencing the mechanism; at low scan rates this
reduction wave is not visible at all. The minimal scan rate required to observe this wave is also
increasing with pressure. This is apparently indicating the existence of a competition between
an electron transfer reaction with a reaction implying CO». The reduction potential of this
catalytic wave is very similar with the second reduction potential of the hydride complex. A
possible mechanism explaining the observed behaviour includes two successive reductions of
the hydride complex, followed by reaction with CO. The mechanism of the reaction with CO»
however, is unknown. But this reaction is apparently much faster than the other mechanisms
proposed in Figure 7.1. The mechanism proposed here is not the only possibility. Fast scan rate
and low CO; concentration can also favour the polymerization reaction of the complexes.

Deronzier et al. have observed the formation of a film of [Ru’(bpy)(CO)2}n] on platinum
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electrode surface while using [Ru'l(bpy)2(CO):]*" as catalyst. In their voltammetry, a sharp
reductive current peak was observed and attributed to the formation of the film. In the reverse
scan, a sharp reverse peak attributed to the desorption of the film was observed [8]. In the
present case, nor a sharp reduction peak nor an oxidation peak in the reverse scan are observed.
As both should be observed in presence of a polymerization process, the formation of a catalytic
film of [Ru’(bpy)(CO)2}x] is apparently not happening in the conditions used here. Therefore,
the most probable explanation of the important catalytic wave observed under low CO> pressure
with fast scan rate is a faster catalytic reaction between the reduced hydride complex [Ru(bpy~

)2(CO)H] and CO,. But no further investigations on this mechanism have been performed.

7.2.3. Pressure effect on glassy carbon electrode

The use of a gold electrode was demonstrated in Figure 7.5. to highly hinder the possibility of
conducting electrochemical experiments at high pressures due to the large current measured for
the direct reduction of CO> on the gold surface. Replacing the gold electrode by a glassy carbon
electrode was performed to study the effect of CO» pressure over a 50 bars range.
Dimethylformamide (DMF) was used as solvent to replace acetonitrile as volume expansion

and diffusion coefficient determination were performed in this solvent in chapter 6.

In this alternative solvent and on glassy carbon electrode, the voltammetric behaviour
of the catalyst is comparable. At fast scan rates and low pressures, the second wave is also
observed. The effect of pressure appears to be very limited as shown in Figure 7.12., the
catalytic current is increasing between 1 and 15 bars but above this value the current reach a
maximal value and even decrease at high pressure due to the dilution of the solution. The
increase observed here is rather limited compared to the steady increase in photocatalytic

production of carbon monoxide over a 10-150 bars pressure range observed in chapter 5.
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Figure 7.12. CV in dimethylformamide 0.1 M TBAPF¢ with 300mM water of ImM [Ru(bpy).(CO)H](PFs), glassy
carbon working electrode, potential calibrated versus DMFc*/DMFc, scan rate 100mV/s, under argon in black and

different pressure of CO» (1, 3, 5, 10, 15, 20, 30 and 50 bars) in colour.

7.3. Rhenium catalyst

7.3.1. Voltammetric behaviour

The voltammetric behaviour of the catalyst [ReCl(bpy)(CO)3] is presented in Figure 7.13. In
absence of CO», the catalyst presents also two reduction waves, but only the first one is
reversible. On the second reduction, the loss of a chloride, as shown in Figure 7.2., renders the
reduction step irreversible. This step being the activation of the catalyst, after which CO;
addition on the catalyst happens and a two-electron reduction cycle can proceed. Under
atmospheric pressure of COg, a catalytic current is observed at the second reduction with two
successive reduction waves. With the first one at the same potential of the irreversible reduction

of [ReCl(bpy)(CO)s]~, and the second about 200 mV more negative. The first wave
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corresponds to the mechanism shown in Figure 7.2., but the second wave is unidentified. From
Figure 7.2., two mechanisms appear possible depending if the second proton is transferred to
the catalyst before or after the first electron of the catalytic cycle. On the voltammetry, these
two mechanisms are not discernible as the potential required to complete the cycle is the same.
With addition of a weak organic acid as proton source, trifluoroethanol (TFE), the catalytic
current is increased for the first wave and decreased for the second. The second waves appears
to be attributed to a reaction mechanism in absence of protons, such as the reduction of

[Re(bpy)(CO)3(CO2)], the complex resulting of the addition of CO> on the activated catalyst.
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Figure 7.13. CV in DMF 0.1 M TBAPF¢ of ImM [ReCl(bpy)(CO)3], glassy carbon working electrode, potential
calibrated versus DMFc*/DMFec, scan rate 100mV/s, in black under argon, in blue under atmospheric pressure of

CO; and in red with CO; and addition of 1M trifluoroethanol.

The potential required for the activation of the catalyst is about 200 mV more negative
than the potential required for the catalytic cycle. Therefore crossing of the forward and the
reverse scan happens often. For this reason, in the following figures only the forward scans are
displayed. In the following sections, variation in reaction mechanism will be investigated in

presence of increasing the proton donor concentration or the CO; pressure.
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7.3.2. Proton donor concentration

As seen in the previous figure, increasing the proton donor concentration is increasing the first
catalytic wave. The mechanism involved here appears to be that expected from Figure 7.2. The
catalytic current is increasing with proton concentration as the second proton addition appears

to be the rate-determining step due to the high activation energy barrier of this step.

But as seen in Figure 7.14., a second effect is observed between the activation wave and
the first catalytic wave. This indicates that a large concentration of trifuoroethanol (TFE) is
promoting the release of chloride anion by the complex after the first reduction of the complex.
TFE is a coordinating solvent, solubilising the released anion and stabilizing the complex after
the loss of chloride. This effect has been observed by different authors. Spectroelectrochemical
investigations by Johnson have shown that in weakly coordinating solvents such as TFE, the
release of chloride was happening after the first reduction event [9]. By voltammetry, this effect
was also observed by Schreier with a similar catalyst in presence of large concentrations of

methanol used as proton donor [10].
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Figure 7.14. Linear scan voltammetry in DMF 0.1 M TBAPFs of 1mM [ReCl(bpy)(CO)s], glassy carbon
working electrode, potential calibrated versus DMFc*/DMFc, scan rate 100mV/s, with different concentration of

TFE.
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Increase of the catalytic rate with proton donor concentration has been observed by Wong for
different acids, such as trifluoroethanol, phenol, water or methanol [11]. With TFE being the
most effective in enhancing the rate of catalysis owing to its higher acidity. Extracting the
catalytic rate using Equation (1.15) from chapter 1 is impossible as the voltammogram is peak
shaped rather than tending to a plateau current, even for small scan rates. But the ratio of the
peak current to the reversible wave current is a good indication on the increase in catalytic
activity. In Figure 7.15., a linear increase for the peak current observed up to a TFE
concentration of 1.25 M. This result is in good agreement with the mechanism shown in Figure
7.3. With the second proton addition being the rate-limiting step. At higher proton
concentrations, the peak current should tend to a limiting value as a different rate-limiting step
appears. But due to the change in the activation mechanism with high acid concentration, the

catalytic current keeps increasing but with a different slope.
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Figure 7.15. Normalised catalytic peak current as a function of acid concentration.

7.3.3. Pressure effect

From the mechanism described in Figure 7.2., CO> addition on the complex is a

barrierless process. Therefore, the catalytic current should not be much influenced by the CO»
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pressure. But experimentally, in absence of a proton source in solution, the increase of pressure
has a tremendous impact on the catalytic current measured. With 2.5 M TFE the catalytic
current peak was increasing from 40 to 110 pA in atmospheric conditions. While increasing
CO» pressure increases the catalytic current peak up to 550 pA. With the highest catalytic
current measured for a pressure of 30 bars. Further increase in pressure leads to important
dilution due to volume expansion, and shift of the potential due to ohmic drop caused by the
increasing resistivity of the solution. Catalytic waves measured at 40 and 50 bars have a reduced
slope due to ohmic drop. A sharp current peak is observed between 15 and 40 bars,
corresponding to an adsorption process on the electrode, possibly caused by the polymerization
of the catalyst on the electrode. But this process remains limited, and do not interfere much in

the voltammetry.
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Figure 7.17. Linear scan voltammetry in DMF 0.1 M TBAPF¢ of 2mM [ReCl(bpy)(CO)s], glassy carbon working

electrode, potential calibrated versus DMFc*/DMFc, scan rate 25mV/s, with increasing CO2 pressure.

In the presence of a S-shaped voltammetry exhibiting a stable plateau current, the rate

constant of the catalytic process can be determined from the plateau current as presented in
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section 1.2.3. But, as the voltammograms are peak shaped, even at a scan rate of 25 mV/s,
Equation (1.15) cannot apply. The method used to determine the rate constant is the foot-of-the-
wave analysis developed by Savéant ef al. [12]. The peak-shape of the voltammetry is caused
by the consumption of the substrate and limitation in the diffusion. But at the foot of the wave,
these factors play a smaller role and the current measured is given by the rate of the catalytic

reaction.

In this method, the current at the base of the wave is compared to the peak current of the
non catalytic process. The wave that is analyzed with this method is the second reduction of the
catalyst, corresponding to the activation and release of chloride. The peak current in absence of

catalysis is therefore given by the modified Randles-Sevcik equation for irreversible process:

b
anDj (1.12)

i =0.496nFAC
i RT

where F'is the Faraday constant, 4 the electrode surface, C the concentration of the catalyst, v
the scan rate (in V/s) and D the diffusion coefficient of the catalyst. The catalyst concentration
and diffusion coefficient have been determined in chapter 6 for the different conditions of

pressure used herein.

The current of a catalytic S-shaped wave was also given in chapter 1, for a multi-step

catalytic reaction, with second electron transfer easier than the first:

nFAC\|Dk,,

1+exp{?{];(E—E;)}

1=

(1.16)

where kops 1s the apparent rate constant of the catalytic cycle and supposed to be first order to
CO; concentration. As the voltammograms obtained are peak-shaped, this equation is valid only

at the foot of wave.

The apparent rate constant is obtained by plotting i/i, as a function of

cat

2F
1/ (exp [E (E -E? )D and determined by the linear relationship at the foot of the wave. The
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non-catalytic peak current cannot be determined experimentally at high pressures and was then
calculated from Equation (1.12) using the values of concentration and diffusion determined in
section 6.2.2. The current ratio is given by the two previous equations:

] 2a/k
i s |RT 1 7.1)

i 0.496 \vF 1+exp{2F(E_E9)}
RT

cat

The apparent rate constant can then be directly obtained from the slope, as done in Figure
7.18. a). In Figure 7.18. b), the apparent rate constant as a function of CO, obtained with a

similar analysis at different pressures are plotted.
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Figure 7.18. a) Foot-of-the-wave analysis at 10 bars, in black experimental data and in red linear fitting near the

foot of the wave. b) Apparent rate constant as a function of CO» concentration for 1-50 bars pressure range.

The rate constant obtained appears to vary linearly versus the CO> concentration up to
a concentration of 4 M, corresponding to a pressure of 20 bars. Above this pressure, the
concentration of CO; is important enough to cause a significant ohmic drop in the solution.
Therefore, the observed decrease in rate constant at high pressures, might be due to the
uncompensated resistance of the solution rather than a modification of the mechanism changing
the rate determining step of the catalytic cycle. Compensation of the ohmic drop is therefore
necessary for mechanism analysis at high pressures, but with the experimental setup and

potentiostat used herein, this was impossible to achieve.
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In the previous section, proton addition appeared to be the rate-limiting step of the
catalytic cycle. It appears contradictory that from the results with increasing pressures, the rate-
determining step involves CO». To determine if the same catalytic mechanism is involved in
both cases, in the next section, comparison of voltammograms at high pressures with and

without proton donor is performed.

7.3.4. Proton donor concentration at high pressures

In Figure 7.19. voltammograms obtained at 4 different pressures are compared. In red the
voltammograms are measured with a TFE concentration of 1 M, while the voltammograms in

blue are the same as in the previous section, in absence of proton donor.
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Figure 7.19. CV in DMF 0.1 M TBAPFs of 2mM [ReCl(bpy)(CO)s], glassy carbon working electrode, potential
calibrated versus DMFc"/DMFc, scan rate 25mV/s, for different CO, pressures, in blue without addition of acid,
in red with 1M TFE.

With an important concentration of acid, the pressure has a very limited effect on the
catalytic current measured. The increase in peak current is very limited and the shape of the

voltammogram is not changing at all. In absence of TFE, the peak current is much smaller at
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atmospheric pressure but become much higher under high-pressure conditions. Surprisingly,
the catalytic current is larger at elevated pressures in absence of proton donor. Indicating that at
in absence of proton donors, a different mechanism appears, and this mechanism is highly

influenced by CO> concentration.

As an increase in proton donor concentration at high pressures is causing a decrease in
the catalytic activity, the change in mechanism is happening at the first proton transfer step. In
high acid concentration conditions, as this step is barrierless, this protonation is presumed to be
fast and the catalytic cycle follows the mechanism of Figure 7.2. But at high pressures in
absence of protons, a new catalytic cycle appears, replacing the first protonation step. With this
catalyst, evolution of carbonate during the reduction of CO; to carbon monoxide has been
reported previously [13]. Therefore, an additional mechanism is suspected, in which a second
molecule of CO; replaces the two protons in the abstraction of the oxygen atom from the CO-
molecule bound to the complex. Gibson, Kubiak et al. [14] have shown that a bimolecular
reaction was possible with this type of catalyst. Formation of a supramolecular complex made
of two hydrogen-bonded catalytic unit was highly favourable for the catalytic reductive
disproportionation of CO, into CO and CO3%~. The proposed mechanism for this catalytic cycle

is shown in Figure 7.20.
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Figure 7.20. Proposed bimolecular mechanism for electrocatalytic reduction of CO, in absence of proton donor

[14].
In absence of a proton donor, this mechanism can explain the observed dependence
between the apparent rate constant and CO» concentration. Confirmation of the existence of this

mechanism could be done by recording voltammetry with different concentrations of catalyst,

as this mechanism is supposed to be second order in catalyst.

7.4. Conclusions

Voltammetry in COsz-expanded liquids has been conducted for two catalysts,
[Ru(bpy)2(CO)H]+ and [ReCl(bpy)(CO)3]. The suspected catalytic mechanisms were
confirmed by voltammetry for both complexes under atmospheric pressure and at low proton

donor concentrations.
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In initial experiments with the former catalyst, a gold working electrode was used. But this
electrode limits severely the range of pressures that can be studied as the direct reduction of
CO: on the electrode surface is generating an important catalytic current in presence of weak
proton donors and above a pressure of 2 bars. In presence of water, at low pressures, an
additional catalytic wave is observed at fast scan rates. This catalytic wave is attributed to the
second reduction of the hydride form, which is then reacting with CO> through a faster catalytic

mechanism.

Replacing the gold working electrode by glassy carbon enables voltammetry at higher
pressures. But for this ruthenium catalyst, CO» concentration seems to have limited impact on

the catalytic rate. Indeed, increase in current was only observed up to a pressure of 15 bars.

For the rhenium catalyst, additional mechanisms were observed when increasing the proton
donor concentration or CO> pressure. Above a TFE concentration of 1 M, 1-electron activation
of the complex was observed, reducing the required potential for the activation of the catalyst.
In absence of proton donor under higher pressures of CO., an alternative mechanism is also
observed. This mechanism has the highest catalytic rate observed for CO> reduction and can be

attributed to a bimolecular pathway catalyzing the disproportionation of CO; into CO and CO3*~
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CHAPTER 8

General conclusions and perspectives

The results presented in this thesis describe the catalytic reduction of CO> in different
pressurized systems, such as biphasic solvent systems, supercritical CO2 with co-solvent
addition or expanded liquids. With each system demonstrating the advantage of using high-

pressure conditions.

Reduction of carbon dioxide was initially conducted in biphasic systems composed of
supercritical CO> and water. In this biphasic system decamethylferrocene was used as an
electron donor and reaction centre to conduct the reduction of CO; in the dark. The beneficial
effect of high pressure was to generate the biphasic system in which protons were transferred
from the aqueous to the supercritical phase. Phase in which the important concentration of
CO. orientated the reaction selectively toward CO; reduction rather than H> evolution. But
very low yield for product were obtained. The main limitations were believed to be caused by
side reactions, such as oxygen reduction or degradation of the anion transferring protons

through the interface.

With DMFc, the reduction of CO; is conducted at very moderate potential.

Additionally recycling of the DMFc is a simple one-electron process, and can be integrated to
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catalytically reduce CO» in an effort to generate higher reaction yield. But integration of an
electrochemical recycling of DMFc gives rise to additional problems. To recycle the DMFc
on an electrode, an oxidation process must happen on the counter electrode. But oxidation of
the products of CO» reduction at the counter electrode or generation of oxygen that will
further oxidize DMFc¢ must be avoided. In conventional electrolysis system, to avoid this kind
of inconveniences, membranes are used to separate the products of each electrode reaction.
But the high-pressure conditions necessary for the reduction of CO2 by DMFc appears

incompatible with the use of usual membranes.

In the same biphasic system, photocatalytic reduction of CO, was explored and
demonstrated to be more efficient and selective towards CO production when driven in
supercritical conditions. The main advantage of this biphasic system appeared to be the
existence of the interface at which the aqueous catalyst, Ni(II)Cyclam could adsorb.
Adsorption of the catalyst was demonstrated at the air-water and the scCO;-water interfaces.
The recycling of the catalyst was believed to occurs homogeneously in the aqueous phase
whereas the CO: binding process was occurring at the interface. Integration of
microelectrodes in the reactor is part of the ongoing work. With these types of electrodes,
recording approach curves of the interface in the aqueous phase could be a valuable tool to

demonstrates the interfacial activity of this catalyst.

Activity and stability of the Ni(II)Cyclam and the photosensitizing cycle were an
important limitation in chapter 4. To improve the photocatalytic system, a different catalyst
was used, a ruthenium polypyridyl catalyst, the aqueous phase was also replaced by an
organic solvent dimethylformamide, as this catalyst is not soluble in water. The photocatalytic
reduction of CO; at high pressure was conducted in two different solvent conditions. Addition
of water as proton carrier lead to the formation of a biphasic system, while with
triethanolamine a single phase was formed. The total production of the two systems were
similar but the product distribution was slightly different, with formate being favour with
TEOA. CO production was found to have a linear relationship with pressure while formate

evolution was independent of pressure.
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Two major limitations were identified, the saturation concentration of CO in solution
and the formation of the BNA> dimer, from the oxidation of the sacrificial electron donor. The
biphasic system was favourable to CO production due to the extraction of the product in the
supercritical phase, preventing the catalyst from being poisoned. The limitation caused by the
BNA, dimer highlights the importance of the irreversibility of the oxidation of the electron
donor in photocatalytic systems. It has been demonstrated with a mathematic model that in
presence of a reversible electron donor, the back electron transfer occurring between the
photosensitizer and the quencher inhibits totally the production. With this limitation, it
appears highly difficult to improve further the photocatalytic system or to couple the

reduction of CO; to the oxidation of water to mimic natural photosynthesis.

Due to the limitations inherent to the photocatalytic reduction of CO», the last part of
the thesis moved away from mimicking natural photosynthesis and was focused on the
electrocatalytic reduction of CO,. Due to the forecasted development and expansion of
photovoltaic energy, electrocatalytic reduction of CO, appear as a more attractive process. In
this part, the research was focused on the mechanism of CO: reduction by two molecular
catalysts. Pressure was used to determine the effect of CO2 concentration of the catalytic

mechanism in expanded liquids.

Voltammetry at elevated CO; pressure could not be achieved in pure scCO; phase due
to the very low dielectric constant of the media. Two different solvent systems were used to
conduct voltammetry in pressurized CO> systems : COz-expanded liquids and scCO; with
addition of an organic co-solvent to solubilise a room temperature ionic liquid as electrolyte.
In the expanded liquids, volume expansion, phase composition and diffusion coefficient of a
rhenium catalyst were determined over a range of pressure of 1 to 50 bars. Change in
viscosity of the expanded liquid was explaining well the increase in diffusion coefficient up to
a pressure of 20 bars. But above this pressure, the increase in diffusion coefficient was
limited. This modification in behaviour was attributed to heterogeneities in the solution with
the formation of a film on the electrode of different composition than the bulk solution. In
supercritical conditions with addition of an organic co-solvent a similar film formation was
suspected on the electrode surface. Experimental and simulation results suggest that a liquid-

like film was formed at the electrode surface.
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Mechanistic analysis of ruthenium and rhenium polypyridyl catalysts were performed
in expanded liquids with moderate pressure. At pressures higher than 40 bars, voltammetry
appeared highly distorted due to ohmic drop in the solution and by incomplete sealing of
electrode connections. Improving the electrochemical setup and the reactor connection is
under way to enable better voltammetric measurements at higher pressure especially in

supercritical conditions.

For the ruthenium catalyst the effect of CO> concentration on the catalytic activity was
found to be very moderate. A surprising catalytic activity was appearing at fast scan rates and
between 1 and 2 bars of pressure. The catalytic mechanism involved in these conditions was
not fully understood. A possible explanation was the formation of a highly reduced hydride

intermediate reacting with CO; via a faster catalytic mechanism.

The rhenium catalyst was suspected to have a unique catalytic mechanism, which
appeared simpler for voltammetric analysis. Variations in proton donor concentration
confirmed that the rate limiting step was a protonation reaction. But at higher pressure in
absence of proton donor, a large increase in catalytic current was observed. This results

demonstrated that the reaction could happen in absence of proton to form CO and COs*".

In this last chapter, the research was focused only on the reduction of CO2 and do not
consider the oxidation process necessary on the counter electrode. But for developing a
complete process for the reduction of CO,, an oxidation process must be coupled. Ideally, this
process would be oxidation of water as in natural photosynthesis, generating oxygen and
protons which are consumed in the reduction of CO>. A new electrochemical reactor is in
development to conduct electrolysis experiments. Ruthenium and rhenium catalyst are
expensive material, in future researches different catalytic material will be tested as cheaper
alternative. Heterogeneous catalysis on the electrode surface is also a possibility to
investigate. Gold electrode showed an important catalytic activity toward CO; reduction, but

cheaper metals such as copper appear promising.
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