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Abstract

The atmospheric CO, concentration has increased by more than 20% since
1980s and has now reached the highest level than at any point in the past
800 000 years. Electrochemical CO, reductions are receiving particular in-
terest as the apparatus are relatively easy to maintain and cheap to operate.
However, the direct reduction of CO, into CO; radical requires a very high
over-potential, meaning a substantial waste in energy. In order to lower the
over-potential required, a large number of catalysts has been synthesised and
studied. Among these catalysts, three are studied in this work due to their
interesting reactivities. We believe the further understanding gained in our
studies will benefit the development of new and better catalysts.

Ru(6-Mebpy)(tBus-tpy) reduces CO; at its first reduction potential and can
therefore lower the over-potential required significantly. This observation is
unique for Ru(tpy)(bpy) type of catalysts. Density functional theory (DFT) cal-
culations revealed that the steric hindrance provided by the 6-methyl group
weakens Ru-solvent interactions and hence allows solvent detachment to take
place after only one reduction, which is otherwise not possible. Furthermore,
we proposed a new mechanism for CO, to CO reduction at the first reduc-
tion potential and identified a cyclic intermediate by Infra-red spectroscopy in
collaboration with experimentalists. Such intermediate was not reported pre-
viously for Ru-based electrocatalysts.

Co(TPP)/CNTs as a heterogenous catalyst exhibits superior reactivity as
compared to in solution. DFT calculations with implicit solvent model ac-
counts its enhanced reactivity to the increased proton concentration in water.
The inverse-loading effect was studied by potential mean force (PME) sam-
pling. Our results suggest that aggregation is triggered by the strong inter-
molecular r - n interactions among the catalysts. Flatter nanotubes have better
contact with Co(TPP) and hence reduces aggregation tendency. The same cat-
alyst was also used as an example to study catalysis at interfaces in an electric
field. Our full-explicit EVB -MD (Empirical Valence Bond-Molecular Dynam-
ics) model illustrates that the electric double layer concentrates cations, which
significantly stabilises polarised CO, at a higher concentration and hence eases
CO; binding. Furthermore, we have also shown that either the electric field or
the cations along provides only a minor, almost negligible stabilisation.

In 2019, CoPc/CNTs was reported to be the first early-period transition
metal complex that can catalyse CO,-to-CH3OH conversion at a decent yield.
Literature search on previous work suggests that the presence of well-dispersed,
monomeric CoPc is crucial to further reduce CO into CH3;OH. We calculated
the reaction profiles for both monomeric CoPc and dimeric CoPc, which is
the simplest form of aggregates. Our DFT results demonstrate that after the
formation of catalyst-CO™ complex, monomers tend to go though further reac-
tions to afford CH3OH while dimers tend to dissociate CO as reductions are
slightly harder, which in turn, is raised from a less degree of solvation stabili-
sation upon reductions.



Svensk sammanfattning

Sedan 1980-talet har koldioxidhalten i atomsfaren 6kat mer &n 20% och har
nu ndtt den hogsta nivan pa 800 tusen ar. Elektrokemisk CO, reduktion har
fatt sarskilt intresse eftersom apparaturen &r relativt latt att underhdlla och bil-
lig att anvidnda. Den direkta reduktionen av CO; till CO; radikal krdver en
mycket hog overpotential, vilket innebér sloseri av energi. For att undvika
reaktionsoverpotential har en stor mdngd katalysatorer syntetiserats och stud-
erats. Bland dessa katalysatorer, studerade vi i denna avhandling tre pa grund
av deras intressanta reaktiviteter. Vi tror att vara studier kommer att hjilpa
vid utformningen av nya och béttre katalysatorer.

Ru(6-Mebpy)(tBus-tpy) kan reducera CO; vid en ldgre 6verpotential efter-
som reduktionen sker efter bara en reduktion av katalysatorer. Det hédr fenome-
net dr unikt for Ru(tpy)(bpy) typ of katalysatorer. Med hjdlp av berdkningar
med tdthetstsfunktionalteori (DFT) har vi visat att 6-methyl gruppen ger up-
phov till en sterisk effekt som forsvagar interaktionen mellan Ru och 16snings-
medel vilket majliggor l16sningsmedelsdissociationen utan ett behov av fler re-
duktioner. Vi har dessutom foreslagit en ny CO,-till-CO reduktionmekanism
vid den fosta reduktionspotentialen. Vi har dven identifierat en cyklisk mellan-
produkt med infrardd spektroskopi i samarbete med experimentalister. En sa-
dan mellanprodukt har inte rapporterat tidigare for Ru-baserade electrokataly-
satorer.

Co(TPP)/CNTs som en heterogen katalysator uppvisar ett mycket battre
reaktivitet &n ndr Co(TPP) ar upplost. DFT berdkningar med implicita 16s-
ningsmedel visar att anledningen till den battre reaktiviteten dr den hogre
protonkoncentrationen i vatten. Potential mean force (PMF) simuleringar an-
vandes for att 6ka forstdelse av den inversa koncentrationseffekten. Vara re-
sultat visar att aggregat bildas pd grund av starka n - interaktioner mellan
katalysatorerna. Plattare CNTs har bittre kontakter med katalysatorer och kan
darfor minska aggregeringstendensen. Samma katalysator anvandes som ett
exempel for att studera katalys vid gransnittet i ett elektrisk falt. Vara simu-
leringar med en fullstindig EVB-MD (Empirisk valensbindning-MD) model
visade att katjoner koncentrerar sig i det elektriska dubbelskiktet och stabilis-
erar de polariserade CO; molekylerna vilket bidrar till att CO, bindningar kan
ske mycket ldattare. Utover detta har vi visat att varken elektriska falt eller
katjoner kan leda till en betydande stabilisering.

CoPc/CNTs repporterade i 2019 som det fostra heterogena 6vergangsmet-
allkomplexet som kan katalysera CO, till CH;OH reduktion med en hog ef-
fektivitet. Var litteratursokning antyder att det &r viktigt att ha véal-separerade
CoPc pa CNTs for att fa CH3;OH som en reduktionsprodukt. Vi braknade reak-
tionsprofilerna for bade CoPc monomer och dimer (dvs. den enklast formen av
aggregat). Vara DFT resultat visar att bara monomer kan reducera CoPc-CO
vidare. For dimer &r det lite svarare att reducera (CoPc),-CO™ och darfor blir
istallet CO dissociation den foredragna reaktionsvégen.
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INTRODUCTION

The environmental crisis we are currently facing, together with
the urge to meet the ever-increasing energy demand, requests us
to eventually switch to an energy source that is green, renewable
and has a reserve that is greater than fossil oil. The reduction
of CO, provides one possible solution as: (1) it recycles CO; in
the atmosphere and is hence carbon-neural; (2) renewable energy
from hydroelectric or geothermal sources can be used to drive
the reaction; (3) if solar energy is used to drive the reaction, the
potential reserve is essentially unlimited - Considering the fact
that earth surface receives much more solar radiation every hour
than the total energy we currently consume for a whole year."
Photochemical CO, reduction is hence the most obvious answer.
However, most catalysts discovered are not active under visible
light,” which makes up the majority of solar radiation, resulting
in them being not so attractive for industrial applications.

Electrochemical Reduction of CO;

Another strategy is to first convert solar energy to electric en-
ergy, which can then be used to reduce CO; via electrochemistry
to more energy-dense species (Figure 1.1), such as formic acid
or methanol. Although a two-step process is not as efficient as
the direct photochemical reduction, multi-junction solar cells are
now well-studied (an over-all efficiency of more than 45%° has
been reported) and electrochemistry on the other hand is easily
scalable and offers more flexibility.

COs+ ¢ — COy E° = —1.90V (1.1)
CO;y +2¢ — CO E° = —0.53V (1.2)

Before addressing the varies catalysis strategies, it is worth
noting that the direct, one electron reduction of CO; forms a high
energy intermediate, CO,’, as a result of the significant change in

electronic structure. The standard reductive potential for CO, /CO,’

is -1.90V (vs. NHE) in water, which is much more negative than,
for example, the two-electron reduction of CO; to CO (-0.53V vs.
NHE). In order for the later reaction to take place, the build up of
a two-electron reservoir on the catalyst site is required. Therefore
it is essential for the catalyst to have multiple accessible redox
states. Such comparison was made because CO is a key interme-
diate for the reduction of CO, to more reduced species, such as
CH4 and methanol.

Another issue we should bear in mind is that proton reduction
(0.0V vs. SHE) is a potential competing reaction. Therefore, an

co -0.53
HCOOH -0.61
HCHO -0.48
CH;0H -0.38
CH,4 -0.24

FIGURE 1.1: Major Reductions
Products for Electrochemical
CO>* Reductions
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Catalyst

FIGURE 1.3: (a) Re(tBu-
bpy)(C0O)sCl; (b) modified
Fe porphyrin and (c) Ru(t-
Bustpy)(6-mbpy)

0_0_z +C0; -COz%0orHCO; O

+CO, \E JJ
toe © Catalyst 4 / \ © Catalyst

+H* H,O

+nH", ne

HCHO, Methanol, ethylene etc.

FIGURE 1.2: The General CO; Reduction Strategy

ideal catalyst reduces only CO; but not protons. In other words,
a good catalyst for CO; reduction can be reduced at a potential
that is as close to the CO,/reduced form of interest couple as possi-
ble. Its reduced form then transfers electrons to CO; in an irre-
versible manner through the formation of an adduct. An acid, in
the form of a proton or a second molecule of CO,, then acts as an
oxide accepter to form a catalyst-carbonyl complex and releases
a bicarbonate or carbonate as by-product (Figure 1.2). The next
step can either be CO dissociation to close the cycle or further
protonations/reductions to form value-added products. Ideally,
the life of the catalyst should be as long as possible in order to
reduce the overall cost.

Catalysis in Solution and on Electrode

Many molecular electrocatalysts studied are late-period transi-
tion metal (e.g., Re, Ru, Fe, Co) complexes which turn CO, into
CO. The conversion to more reduced products is, to some ex-
tent, rare.” Since a prerequisite for catalysis in solution is that
the catalyst must be soluble, organic solvents such as DMF and
DMSO are frequently used. Some notable examples of molecu-
lar catalysts including: (1) poly pyridine containing metal com-
plexes such as Re(bpy)(COs)Cl type® and Ru(bpy)(tpy) type’ of
catalysts; (2) Metal with a macro-ring such as Saveant’s iron por-
phyrin® and (3) metal phosphines.

The fine tuning of their properties can be achieved by mod-
ifying the organic side groups in the outer coordination sphere,
enabling better performance at a lower energy cost. Specifically,
for a Re complex (Figure 1.3a), adding -tBu groups on the 4, 4’
positions of the bpy ring triggers a larger current enhancement
than other modifications (-COOH, -Me, -OMe) on the same posi-



CATALYSISIN SOLUTION AND ON ELECTRODE

tions;’ for iron porphyrin, adding 4 N(CH3)s* groups at the ortho
positions of the porphyrin phenol groups'(Figure 1.3b) can lead
to a dramatic improvement in reactivity via the through-space
interactions between the binded CO» and the positively charged
N(CHz)4"; for Ru(tpy)(bpy), structural modifications by fine tun-
ing the electron donating /withdrawing properties of the ligands
also leads to changes in reactivity.” Moreover, adding a methyl
group on the 6’ position of the bpy ring (Figure 1.3c) can even
open up an low-energy reaction pathway that allows catalysis
at the first reductive state,'! which we shall discuss in detail in
Chapter 4.

Theoretical investigations by density functional theory (DFT)
together with experimental electrochemical studies unveil the re-
action mechanisms of many catalysts. However, there are still
work left to be done in order to find the perfect catalyst.

For reactions on the electrode, it is no longer required for the
catalyst to dissolve and therefore larger varieties of materials can
be studied. Moreover, a much stronger electric field is now ex-
perienced by the catalysts (Figure 1.4) since catalysis takes place
in the electric double layer (EDL). It also becomes possible to use
water as the reaction medium, which is more polar and environ-
mentally friendlier as compared to organic solvents. Since catal-
ysis takes place at interfaces, this type of catalysts is also known
as heterogenous catalysts.

Potential

Apart from metal electrodes (e.g., Au, Ag, Zn), which are ac-
tive themselves, other materials studied including metal organic
frameworks (MOFs), dopped graphene with dispersed metal ato-
ms,'?!® and adsorbed molecular catalysts etc. For most metal
electrodes, although catalysis is not as fast as other materials, re-
searchers focus more on the CO/H; ratio that favours further
processes.'* Copper as a metal electrode is particularly inter-
esting because it is currently the only metal that can further re-
duce CO™ to a wide range of alcohol and hydrocarbon products.
However, as many as 11" different reduction products can be
produced under the same reaction conditions and the separation
of them is unfortunately far from simple.

Distance

FIGURE 1.4: A Graphical Illus-
tration of the Electric Double
Layer

MOFs are crystalline and porous materials produced by the
self-assemble process of ions and small organic molecules called
linkers. They have extremely high surface area (thousands m?*/g)'®
and hence high number of potential active sites. The porous
structure is also believed to concentrate CO,, which leads to a
favourable high local concentration.'® However, the diffusion of
both electrons and substrates (e.g., CO,, H") needs to be fast in or-
der for the material to function well. They are not only almost as
stable as metal electrodes but their properties can also be tuned
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in a similar fashion as molecular catalysts. However it is harder
to achieve the desired results as the self assemble process is not
yet well-understood.

AG AG*

Another strategy for catalysis at interfaces is to adhere molec-
ular catalysts on the electrode surface, either directly or via a
Under Homogenous supporting material. Such treatment combines the advantages of
Conditions (in DMF) both worlds: the property of the catalyst can be adjusted without
much difficulty as it is a molecular catalyst by nature; the adhe-
sion enables reaction on the electrode where a strong electric field
is experienced. Supporting materials such as CNTs have surface
Electric Double Layer area comparable to MOFs, if not larger.

Reaction Coordinate 1718
For example, supported Co(TPP)”*® has better performance

as compared to a cobalt porphyrin MOF" and solvated Co(TPP)
in DMF. The strong field not only interacts with the catalysts and
activated CO» in a constructive fashion,?’ but also concentrates
the electrolyte cations, which are added to the reaction media in
the form of salts in order to improve conductivity. The combined
effect easies the formation of catalyst-CO, adduct, leading to a
much improved performance as compared to catalysis in solu-
tion?! (Figure 1.5). Adhered catalysts are not as well explored as
molecular catalysts theoretically since many factors need to be
considered. Various models have been reported, from purely an-
alytical models which calculate the concentration of substances
as a function of distance from the electrode® to Quantum Me-
chanics (QM) based methods®*** where the reactants together with
a small number of solvent molecules were taken into account ex-
plicitly.

FIGURE 1.5: the Electric Dou-
ble Layer eases CO; Binding

Outline of the Thesis

Although homogenous catalysis in solution is already relatively
well-understand and DFT as a theoretical tool has long been proved
to be the ‘standard’ for mechanistic studies, in certain cases, it
can also offer useful predictions for experimentalists® to explore.
Deeper understanding of catalysis at interfaces is still required
for further catalysts design and this is what this thesis tries to
provide.

To begin with, Chapter 2 gives a brief introduction of the re-
lated chemistry to set the stage for further discussions. Then
the theoretical tools used in the projects, including DFT, Molec-
ular Dynamics (MD) and Empirical Valance Bond (EVB) are ex-
plained in Chapter 3. Moving on, Chapter 4 demonstrates how
the collaboration between theoreticians and experimentalists can
lead to the discovery of new reaction intermediates - using a
molecular Ru(6-Mebpy)(tBus-tpy) catalyst (paper I, II) as an ex-



ample. Next, Chapter 5 explores the inverse loading effect fre-
quently observed for heterogenous catalysts via a combination
of DFT and MD simulations (paper III). To continue, Chapter 6
goes deeper in reactions on the electrode surface, decipher the
much improved catalytical reactivity by a EVB model parame-
terised by us (paper IV). Afterwards, Chapter 7 explains another
interesting phenomenon observed for heterogenous CoPc/CNTs
- when and why methanol can be the major product (paper V).
A summary and outlook is then presented. Finally, the papers,
along with supporting information, are included.

OUTLINE OF THE THESIS



BACKGROUND

In order to understand the experimental results and relate them
to our theoretical investigations, a basic understanding of elec-
trochemistry together with related thermodynamics and kinetics
is required.

Electrochemistry
CYCLIC VOLTAMMETRY

Cyclic Voltammetry (CV) is a popular method for characterising
outer-sphere electron transfers. The distinct features of current
vs. voltage graphs produced by CV can provide meaningful in-
formation of the reaction mechanism and hence the statue it en-
joys today.

A simple cyclic voltagramm showing a reversible wave is dis-
played in Figure 2.1H, where the x-axis represents the applied
potential (V) imposed on the system while the y-axis is the mea-
sured current (i) in response to the applied potential. The arrow
indicates scan direction (e.g., positive to negative).

A1
o
0
H ' F
endH G
C
<
- (V]
o £ D
"::; ]
(3] G
o
i stat-| A =
Fc —>Fc'+e- F!
|1 L i LA DL LA | I I
03 02 01 00 -01 -02 -03 E, E,
Potential (V vs Fc*/Fc) Potential

FIGURE 2.1: (A-G) Concentration profiles (mM) for Fc* (blue) and Fc (green) as a function of the distance
from the electrode at various points during the voltammogram Adapted from Reference?® Copyright 2011,
Imperial College Press. ; (H): Voltammograms of the reversible reduction of a 1mM Fc* solution to Fc, at

a scan rate of 100 mV s%; (I): Applied potential as a function of time for a generic cyclic voltammetry ex-
periment, with initial, switching and end potentials represented (A, D, and G, respectively?’ Reprinted with
Permission from American Chemistry Society.



When the solution is scanned towards negative potential ( Fig-
ure 2.1H, point A to D), Fc" is reduced to Fc on the electrode sur-
face resulting in a measured current. Figure 2.1 (A)-(D) together
with (H) illustrate how the surface concentrations of Fc and Fc*
species vary during the scanning process. A peak current is ob-
served at point C, after which the diffusion layer continues to
grow (from point C to D) and as a result, the mass transport of
Fc" species from the solution to the electrode is slowed down.
The mass transport rate continues to diminish while the applied
potential becomes more negative.

Faster scan rate (e.g., the speed at which the applied potential
is changed) leads to thinner diffusion layer and hence higher cur-
rent, which is proportional to the square root of the scan rate as
described by the Randles-Sevcik equation:

nFUDO )1/2
RT

where i), is the current; n is the number of moles of electrons; F’
is the Faraday constant; A is the electrode surface area; C" is the
bulk concentration; is the scan rate and Dy is the diffusion coef-
ficient of the reactant.

ip = 0.466nFAC°( (2.1)

At point D, the scan direction is switched and the potential is
now scanned towards the positive direction (change in potential
is illustrated in Figure 2.1I). Fc near the electrode is now oxidised
back to Fc*. The new peak at point F is the point where mass
transport start to dominate as previously discussed.

If the reaction is both chemically and electrochemically re-
versible, then the difference between the oxidation and reduc-
tion peaks (e.g., distance between point C and E in Figure2.1H)
should be ca. 57mV at 25° according to Fick’s law of diffusion.?®
Disturbed CVs are to be expected otherwise. Electrochemical re-
versibility depends on electron transfer kinetics — when it is dif-
ficult to pass the electron between the electrode and the reactant
in solution, a more negative/positive reductive potential is re-
quired, resulting in a larger peak separation; chemical reversibil-
ity depends on the stability of the reactant, whether it is stable
upon reduction and re re-oxidation. For a reactant that is not
chemically stable, the reduced form may react with the solvent
or decompose and hence cannot be re-oxidised to form the same
species when the scan direction is switched.

ELECTROLYSIS MECHANISMS

The simplest mechanism is called EC (electrochemical, chemical),
which means an electrochemical reduction follows by an irre-

ELECTROCHEMISTRY
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FIGURE 2.2: Voltammograms
modelled using DigiElch simu-
lation software. E,C; and C.E,
are simulated with different
scan speed (red to purple, slow
to fast); ErEr with varying the
difference in thermodynamical
reductive potential between
the two reductions (red to pur-
ple, a harder second reduc-
tion to a easier second reduc-
tion).2” Reprinted with Permis-
sion from American Chemistry
Society.

versible chemical reaction:

Ox +e <= Red (2.2)

Red — 7 (2.3)

For a quick follow-up chemical reaction, the cathodic peak
current decreases because the reduced species is partially con-
sumed by the chemical reaction. Such mechanism can be veri-
fied experimentally by varying the scan rate. When the scan rate
is sufficiently fast, the reduced species can be re-oxidised before
chemical consumption (Figure 2.2). With intermediate scan rates,
we expect to see a positive correlation between the cathodic peak
current as the scan rate. For the CE (chemical, electrochemical)
mechanism, the CVs are simply reversed.

More complicated mechanisms including EE (electrochemi-
cal, electrochemical), ECE (electrochemical, chemical. electro-
chemical), and EEC (electrochemical, chemical, electrochemical).

Ox +e <= Red (2.4)

Red 4+ e <= Red” (2.5)

EE mechanism (Figure 2.2) goes through two sequential re-
versible reductions. Depending on the standard reductive poten-
tials (E°) of the two electron-transfer processes, only one reduc-
tion peak may be observed (instead of two), if the second reduc-
tion requires a lower reductive potential. However, in this case,
the peak-to-peak separation is halved (e.g., it is now ca.29mV
instead of 57mV). Coulometric measurement can also confirm
the nature of a two electron process by counting the amount of
charges (Q) that pass through the system. When the second re-
duction is harder, depending on the difference in reductive po-
tentials, we either see one reduction peak with a widened peak
separation up to 140mV, or two separate reduction peaks.

EEC can be seen as a combination of EE and EC mechanisms.
For ECE mechanism, the first step can be seen as an EC mech-
anism but the product of the chemical reaction can be further
reduced:

Ox 4+ e <= Red (2.6)
Red — 7 (2.7)
Z +e <= Red2 (2.8)

Depending on the difficulty of the second reduction as well as
the chemical reaction, CVs are expected to be different, highlight-
ing the role CV plays in mechanistic studies. In detail, for a quick
chemical reaction follows by an easy second reduction, weexpect
to see two reduction peaks in the forward scan but only one in
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the reverse scan (since Z cannot be re-oxidised back to Oz in the
reverse scan).

A different behaviour is expected if the second reduction is
easier. In that case, we observe only one large reduction peak
in the forward scan; in the reverse scan, a negligible or small first
peak can be observed for the Oz / Red couple, then the main peak
for the Z/Red2 couple. A second scan is usually required since
there are still detectable amount of Z near the electrode, which
can lead to the observation of two distinct reduction peaks in the
second scan.

Deeper quantitative analysations can provide further infor-
mation, such as whether the substrate tends to simply react on
the electron surface or being adsorbed; the relationship between
electron transfer activation energy and the applied potential, etc.

Gibbs Energy and Redox Reactions

For electrocatalysis, energy is provided to the system in terms of
electrical energy. The Gibbs free energy (i.e., work produced by
the electrochemical cell) provided is related to the applied poten-
tial by the following equation:

AG = —nFE (2.9)

where n is the number of moles of electrons; F' is the Faraday
constant; F is the applied potential.

OVER-POTENTIAL

Over-potential is the potential difference between the thermody-
namical reduction/oxidation potential of a half reaction and the
potential at which the electrochemical reaction is observed, or
the condition under which the electrochemical cell is operating.
In other words, it is the additional energy required to drive an
electrochemical reaction. In practice, if possible, the potential as-
sociated with the sharpest % (i.e., the potential at half of
the catalytic current, Figure 2.3) should be used to estimate over-
potential as it can be more accurately determined than both "on-

set potential" and "peak potential".*’

FIGURE 2.3: An lllustration of
the Catalytic Wave for an Ideal
Electrocatalyst, Showing Egnset,
Ecat/2 and Epeak

For example, the thermodynamical reduction potential for CO,
to CO reduction is -0.53V (vs. NHE) and the observed reduction
potential (i.e., equilibrium potential for CO production) when
cobalt porphyrin® is used as a homogenous catalyst in CH;CN
is -2.02V (vs.SCE), which converts to -1.78V (vs. NHE). The over-
potential for this reactionis —1.78V —(—0.53V') = —1.22V, which



BACKGROUND

0

Electrode

Distance

FIGURE 2.4: A Schematic II-
lustration of Different types

of Over-Potential: (1) Activa-
tion Over-potential; (2) Mass-
Transport Over-Potential; (3)
Ohmic Over-Potential and (4)
Over-Potential Related to Elec-
trochemical CO; Reduction
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is relatively high.

The origin of over-potential can be divided into several sub-
categories (Figure 2.5) and the actual measured over-potential
usually originates from more than one sources. Reducing the
over-potential can save energy and hence makes the electrochem-
ical reactions more attractive for industrial implications.

* Activation over-potential evolves from the activation energy
of the redox reaction, that is, the activation energy to transfer an
electron from the electrode surface to the substances/catalysts. It
is determined by the nature of the electrode materials. For exam-
ple, it is much easier to evolve H, from platinum electrodes than
on Mercury electrodes.

*Ohmic over-potential raises from the resistance of the elec-
trolyte solution. Since 1, = iR, the ohmic over-potential drops
linearly with current.

® Mass transport over-potential is driven by the inertia to trans-
port substances/catalysts to and away from the electrode sur-
face. Depending on the competition between (electro)chemical
reactions and mass transport, it can, in certain cases, be rate-
limiting. Heterogenous catalysts sit on the electrode surface and
therefore minimises the mass transport over-potential, which can
be one of the reasons why their performances are usually supe-
rior than their homogenous counterparts.>'**

eFor electrocatalytical CO; reductions, the main source of over-
potential raises from the difference in the reductive potential of
the catalyst (or catalyst-CO, adduct) and the E°co,,co couple.
Hence it is important to find a catalyst that not only can act as
an electron-reservior but is also easy to reduce and highly active.

Transition State Theory (TST)

Atoms and molecules can collide and combine to form an unstable, high
energy complex. When the molecules fall out of this high energy state,
they may do so as new and different molecules, or in their original
states. The energy required to reach the activated state must be available
if the molecules are changed into something new.

— Herry Erying™

As first formulated by Erying and co-workers in 1935,* a key
concept of transition state theory is the existence of activated com-
plexes (i.e., transition states, TS), which are formed by collusions
between reactant molecules with sufficient energy. The transition
state is defined by a first order saddle point which is a maximum
on one coordinate but a minimum in all other coordinates. In
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other words, it has one and only one imaginary vibrational fre-
quency, which is on the reaction coordinate.

According to Eyring’s definition, the activation Gibbs Free En-
ergy is the difference in energy between the transition state and
the ground state Gibbs Free Energy of the reactant. Since the tran-
sition state is unstable, the reaction rate of a given reaction can
be treated as the rate of activated complex decomposition. Here
is where experimental observations (i.e., reaction rates) connect
with changes in Gibbs Free Energy, which can be calculated by
theoretical chemists.

For a simple binding process:
A+B— A---B— A-B (2.10)

where A - - - B is the transition state. Since one important as-
sumption of TST is the presence of an equilibrium between the
reactant and the transition state, the equilibrium constant of acti-
vation can be written as:

koA Bl _Qa-n 7 (2.11)

[A][B] Qals

where Ej is the activation energy, Qa... B, @4, QB are the parti-
tion functions of relevant species.

The partition function for a molecule, say A, can be expressed
by :

_ %
QA = Qtrans = Z g; €eXp kT (212)
J

where g; is the number of allowed degenerate quantum micro-
states and j is the number of non-degenerate states.

Energy

For the TS, its partition function consists of the partition func-
tion of the reaction coordinate (Qr) and all other degrees of free- Reactant
dom (Qother):

QTS = QRQother (213) 2G

According to Schrodinger equation, the allowed states along
the reaction coordinate fullfill £,, = gg;, where v is the oscil- T product
lator frequency and h being the Plank constant. Therefore, ac-
cording to equation 2.12 the partition function along the reaction
coordinate can be written as: FIGURE 2.5: Potential Energy
Diagram for a Reaction Involv-

(2.14)  ing a Transition State

Reaction Coordinate

inf
_ nhv ., 1 kT
QR — ;GXP( k;BT) - 1 — exp _1;“/ - hl/

kpT
Since the rate of activated complex decomposition (r;s) is:

kT

Tts =V

11
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Therefore, according to equation (2.11), (2.14) and (2.15), the
reaction rate r can be written as:

r=r[A-- Bl = r. K[A][B] = kBT Qother

Eq
T O exp (— ) 4] B]

ksT
(2.16)

With the thermodynamical relationship in mind:
AG” = —RTIn K (2.17)

Erying’s equation is then formulated by combining equation
(2.16) and (2.17):
r = k[A][B]

- (2.18)
LB _ keT o keT o AG
r h h RT

k=

Performance Benchmark

An ideal electrocatalyst is stable, active, efficient and selective.
These properties are measured experimentally by turn over num-
ber (TON), turn over frequency (TOF), over-potential (n), and
Faradic efficiency (FE) respectively.

TON is defined as the total number of substrates that one cat-
alyst unit can convert before it becomes inactive; TOF is TON
per unit time, a measure of efficiency; over-potential was dis-
cussed in detail in section 2.2; FE describes the efficiency at which
charges are transferred through an electrochemical reaction. A
high FE means most charges consumed are used to form the de-
sired product, while a low FE means most charges are wasted in
forming by-products (e.g., hydrogen revolution as a competing
reaction for CO; reduction).
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Density Functional Theory (DFT)

Today most quantum chemistry softwares implement DFT based
methods. Despite the fact that more accurate wave function based
methods do indeed exist, DFT provides a good time-to-value so-
lution. Two important components involved in DFT calculations
are basis set and DFT functionals. For the same set of reactions,
different combinations can lead to very different reaction pro-
files. Therefore it is essential to choose a suitable combination
for the system of interest.

For materials (e.g., “infinite system” built up by a unit cell with
periodic boundary conditions), since the outer electrons behave
almost like free electrons, plane wave basis sets are frequently
used to describe those electrons.

DFT FUNCTIONAL

A functional is a function of functions. A DFT functional is a
functional of electron density as Hohenberg and Kohn® proved
that the ground state electronic energy is purely dependent on
electron density. It takes the following general form:

Flp] = T[p] + Enelp] + Eee[p] (3.1)

Where T'[p] is the kinetic energy of the system; E,.[p] is the po-
tential energy raised from nuclei-electrons interactions ; and E.. [p]
is the electron-electron interactions, which can be further divided
into Coulumbic interactions and an exchange term, which is is
raised from the wave function of indistinguishable particles be-
ing subject to exchange symmetry, and a correlation term, which
is defined as the difference between the exact energy and the
Hartee-Fock (HF) energy

Although there are continuing attempts to develop orbital-
free DFT,*¥ the accuracy is not yet comparable to the Kohn-
Sham (KS) method (equation (3.2)), where KS orbitals describing
a system of non-interacting electrons that generate the same den-
sity as interacting electrons, are introduced to give much better
descriptions of the kinetic term. The price to be paid is that the
system dimentionality raised from 3 of the non-orbital approach
to 3N - the same as wave function based methods.

Flpl = Ts|p] + Enelp] + Jp] + Exc[p] (3.2)

13
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Here T's[p| is the non-interacting kinetic energy; Enc[p] is po-
tential energy raised from nuclei-electrons interactions; J[p| is
Coulombic electron-electron repulsions; E,. is the exchange-corre-
lation functional, which is the sum of exchange and correlation
energies.

One should note that the correlation energy in KS-DFT are
not identical to the traditional correlation energy defined under
Hartee-Fock theory. This difference is raised from the fact that
the movement of one electron is influenced by the presence of all
other electrons.

The difference between various DFT functionals lies in how
the exchange-correlation (XC) functional is described, since it is
the only part in DFT functional that is not exact. In the ma-
jority of our work, B3LYP-D3* (Becke, 3-parameter, Lee-Yang-
Parr, three-body effects taken into account, -D3 is a dispersion
correction for middle to long range interactions) XC functional
is used for structural optimisations and M06 (Minnesota 06) for
single point calculations. B3LYP is a hybrid functional, where
the XC functional is a combination of accurate HF component™
and contributions from LSDA (local spin density approximations,
states as the XC functional depends purely on electron density)
and GGA (generalised gradient approximations, an improved ver-
sion of LSDA, which assumes the XC functional does not only
depend on electron density but also its derivatives) terms.

E)]?CZ%LYP — E)I:DA—FCLQ (E)I(-IF_E)I:DA)_I_GX (ESGA_E)I;DA)_I_EEDA_’_GIC (ESGA—EEDA)

(3.3)
where ao, a, and a. are semi-empirical parameters obtained by
fitting experimental data.

Same as B3LYP-D3, M06™ is also a highly parameterised hy-
brid DFT functional. It consists of 27% exact HF exchange, and is
intended for both main group and transition metal thermochem-
istry as well as organometallics calculations. Although B3LYP(-
D3) has a good record of calculating molecular geometries, it is
less satisfactory when calculating energies.4142 Therefore, an ex-
tra single point calculation on B3LYP(-D3) optimised geometries
is required for more accurate results. Both our group®** and
other groups**® have used M06 for accurate single point calcula-
tions and the results have been satisfying.

BASIS SET

A basis set is a set of functions that represents the electronic wave
function. Slater-type orbitals (STOs) were created by fitting the
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experimental atomic spectra data and therefore are good descrip-
tions of the electrons. They take the following functional form in
polar coordinates:

Dsro(r) = NY (¢0)r" e <" (3.4)

where N is the normalisation constant; Y is the spherical har-
monics that gives the shape of a given atomic orbital; ¢ and 6
are angular coordinates; n is the principle quantum number, ¢
is a constant fitted to effective charge, as the nuclear charge is
partially shielded by the electrons; r being the distance to the nu-
cleus.

As a reminder, a hydrogenic orbital, which is the exact so-
lution for the time-independent Schrodinger equation, takes the
following general form:

Oy (r) = NY (40)(2Z/nr) Le™ Z/™" (3.5)

where N is the nucleus charge and L being the Laguerre polyno-
mial, and ! being the angular momentum quantum number.

STOs and hydrogentic orbitals are similar in shape (Figure
3.1) and functional form. However, the Laguerre polynomial
(denoted by L in equation (3.5) ) is missing in STOs, meaning
a loss of polynomial dependence on both angular and principle
quantum numbers.”’ As a result, radial nodes can only be gen-
erated by taking linear combinations of STOs. Since orbitals fur-
ther away are less shielded, therefore STOs may not be suitable to
treat lanthanides and actinides complexes where f electrons are
important. Overall, STOs offer a good accuracy48 at a much im-
proved computational cost as compared to hydrogenic orbitals.

PGaussian (T) = NY(¢9)T2n727Z€7CT2 (36)

However, the lack of symmetries makes it slow to integrate
STO functions, while the less-accurate Gaussian-type functions
((3.6)) can be dramatically reduced by Gaussian Product Theo-
rem (i.e., the product of two gaussians can be represented as a
third Gaussian with its centre on the line connecting the previous
two Gaussians, hence a many-body problem can eventually be
simplified to a single Gaussian) when doing integrations, mak-
ing large-scale calculations possible. Furthermore, the operations
can be even faster when calculations are performed in Cartesian
coordinates.*” One natural solution is to use a number of Gaus-
sian functions to model one STO function, such that we can reach
a desired accuracy. Non-the-less, STOs are still used in softwares
like ADEF, MOPAC efc. since (unlike Gaussian functions) they
give the correct representation of the nuclear cusp (Figure 3.1)

1.01

0.8

0.6

0.4

0.2

0.0

A) Hydrogenic Orbital
e B) Slater Type Orbital

——- C) Gaussian Type Orbital

1 2 3 4
r/Distancet to the nucleus

FIGURE 3.1: A Comparison of
1s hydrogenic, STO and Gaus-
sian type orbitals G
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and exponential decay at longer distances.

2
(I)Gaussian (CL’, Y, Z) = x%yzzﬁe_qr (37)

where A(A;, Ay, A;)isafixed pointand x4 = z— Az efc.; [, m,n
are integrals that defines the shape of the Gaussian. For example,
when [ = m = n = 0 the Gaussian is a 1s type Gaussian; when
l=1,m =n=0,itis a2px type Gaussian etc.

In the smallest possible basis set, one STO, which is described

by a number of GTOs, is used to describe an electron. The first
improvement in accuracy is made by use multiple STOs (which
O + —_ are again, described by a number of GTOs) to describe a sin-
gle electron. Such treatment enables us to describe orbitals that

are more contracted or diffuse in certain directions, such as in a
bonding situation.

FIGURE 3.2: A p-polarisation

Function added to a s Orbital The inclusion of higher angular momentum can produce a de-
Resulting in a Polarised s Or- sired polarisation effect, giving a better description of the elec-
bital trons (Figure 3.2). Polarisation functions, denoted as *, are usually

only added to the outer-shell electrons since they are by far, the
most important. Another way to improve accuracy is by adding
diffuse functions to the basis set. They are very shallow Gaussians
that describe anions or long-range interactions.”

Effective core potential basis set

Elements with higher atomic number (e.g., Ru, Re, Fe) have many
core-electrons that would require many of basis functions to de-
scribe, and hence a high computational cost. Here is where ef-
fective core potential basis set comes into play. For this type of
basis set, all core electrons are described by a set of analytical
functions of nuclear-electron distance while valence electrons are
described as a set of node-less pseudo-orbitals.” Moreover, the
analytical fitting can also take relativistic effects, which affects
heavier atoms, into account.

In most of our works, LACVP** (Los Alamos effective core
potentials) basis set was used for geometry optimisations and
LACV3P**++ basis set for single point calculations. "LACV" means
that the basis set includes an effective core potential describing
the inner core and individual electronic orbitals for the outermost
core electrons (e.g., 4s4p4d5s for Ru). P indicates that 6-31G (e.g., 6
contracted Gaussian functions are used to describe core electrons
that do not participate in bonding; 3 additional contracted Gaus-
sians for inner shell orbitals and one for the outer orbitals) basis
set is used to describe lighter elements (i.e., H- Ar). "LACV3" is
a larger basis set than "LACV", meaning all s functions as well

16
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as the last p and d Gaussians are uncontracted. * denotes polari-
sation functions on all atoms except transition metals, hydrogen
and helium atoms; and ** denotes polarisation functions for all
atoms except transition metals. The + sign denotes for diffuse
functions and the double + means that diffuse functions are also
used for hydrogen and helium atoms.”

Molecular Dynamics (MD)

MD relies on Newtonian motions to describe interactions in a
system. Since the formulation (e.g., Newton’s second law, equa-
tion (3.8)) is extremely simple as compared to QM based meth-
ods, much larger systems (e.g., proteins) at much longer time
scales (up to ms) can be studied.

F=ma (3.8)

Time step is the first important parameter in MD. It should
be shorter than the quickest events of interest to ensure sufficient
sampling. If we follow Figure 3.3, it is not hard to imagine that if
the time step is too large, it would lead to too large a force, which
in turn leads to a very large displacement and hence creates in-
stability in the system. The repetition of such processes would in-
evitably blow up the system eventually. On the other hand, if the
time step is too small, then the computation can be very expen-
sive. In general, a time step between 0.5fs - 2fs’' are frequently
used and is considered safe when exploring a new system.

Forcefield parameters describe the interactions between atoms.

Parameters that define each energy term are empirical and are
titted to a set of molecules known as a training set. Certain force-
fields are better fitted for certain systems (e.g., AMBER force-
field*? is suitable for proteins and nucleic acid, while EAS force-
field™ is more applicable to alkanes). Therefore, the second criti-
cal choice to be made for a MD simulation is to choose the right
forcefield.

Since molecules are constructed of units that are very similar
in property across a wide range of molecules, it is, for example,
possible to use one set of parameters to describe most sp3 carbons
(e.g., in -CH3, -CH>-). The total force field energy (Figure 3.4) can
be written in the following form:

EFF == Est?"etch + Ebend + Etorsion + Evdw + Eel + Ecross (39)

where the cross term describes an empirical coupling between
the first three terms, if any.

Read in initial positions(r) and
velocities, and time interval A t

A 4

Calculate forces F = dv/dt and
Acceleration a= F/m

A 4

Update positions: r =ry+ v At + 0.5 a At?
and velocities : v=v +a At

A 4

Move time forward t =t + At
Repeat for as long as required

FIGURE 3.3: A Simplified MD
Algorithm Scheme

FIGURE 3.4: An lllustration of
the Fundamental Forcefield
Energy Terms
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— The bonded term can be calculated at a very low cost, as for
% @) each atom, its bonded neighbours are clearly defined. However,
— 0 calculating the non-bonded interactions can be computationally

/ \O expensive as the system size increases. In detail, if all non-boneded
/ interactions are to be considered, a system of N atoms means N?
interactions. Fortunately, these interactions decrease rapidly as a
function of distance, therefore it is sufficient to only consider the

nearer neighbours, and therefore the concept of cut-off distance is
introduced.

[

Cut-off distance does not by itself provide much improvement
in performance since all distances need to be calculated before

FIGURE 3.5: An lllustration of deciding which atoms are within the cut-off region. What is actu-

the cut-off Regian, "Skin Re- ally done in most codes™ is to generate a neighbour list for every
gion" and Outer Sphere

atom before the simulation and only contributions for atoms in
the list are evaluated. The neighbour list is typically only updated
every 10 or more steps hence a significantly improved efficiency.

Further optimisations including: (1) construct a "skin" region
outside the cut-off region (Figure 3.5) such that the new 'neigh-
bour list’ can be constructed by only calculating distances within
the "skin" region. The "skin region" does not have to be updated
frequently if a proper time step is chosen, further reducing the
frequency to calculate all-neighbour distances; (2) keep a list of
maximum displacement of all atoms and only update neighbour
lists when the maximum displacement of two atoms is larger
than the "skin region" width (i.e., when a movement resulting
in an atom being moved from within the cut-off region to the
outer sphere). Such treatment avoids the problem raised when
some atoms suddenly started to move very fast as compared to
the others. As the system cools down, the list-update also be-
comes less-frequent, which saves computational power.

PERIODIC BOUNDARY CONDITIONS (PBC)

PBC is perhaps one of the most popular boundary conditions in
MD simulations. It avoids boundary effect (e.g., solvent molecules
closer to the box edge has less degrees of freedom as compared to
bulk solvent) caused by finite box sizes. Under PBC, the simula-
tion box is replicated throughout space to form an infinite lattice
(Figure 3.6). When any atom leaves the simulation box, it enters
a box next to it hence preserving the degrees of freedom of all
atoms.

Nevertheless, one should pay attention to the fact that un-

FIGURE 3.6: Periodic Boundary der PBC, if the simulation box is too small for the cut-off dis-
Conditions tance of choice, then the system being simulated would interact
with its mirror images in the adjacent boxes leading to unphys-

18
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ical self-interactions, which questions the reliability of the sim-
ulation. Furthermore, PBC imposes a specific symmetry on the
system which gives some order to the bonds, such slight order
usually has no pronounced effects. However, in the case of crys-
tal nucleation, it has a tendency to enhance the nucleation rate™
and hence produces unrealistic simulation results.

TEMPRETURE & PRESSURE COUPLING

In order for MD simulation to proceed smoothly, the third set of
parameters to be chosen wisely are thermostats and barostats for
temperature and pressure coupling. They ensure the fluctuation
of temperature and pressure is within an acceptable range. In
classical MD, simulations are done in a microcanonical ensemble
where particle number(N), volume(V) and total energy are kept
constant. However, in experiments, temperature (i.e., the sum
of kinetic energy of all particles in the system. equation (3.10))
is easier to control and hence favours the use of a thermostat in
simulations. Another reason to use a thermostats is to avoid the
accumulation of numerical errors, which consistently shift the to-
tal energy, during an MD simulation .

N
1

Ekinetic = Zlmzv? = §Ndfk3T (310)

where k is Bolzmann’s constant; Ny is the total degree of free-

dom.

Popular thermostats are: velocity-rescaling,”” Andersen ther-
mostat,”® Nose-Hoover thermostat™ and Berendsen® thermostat.
Different thermostats have different treatments to velocities (hence
the temperature). For example, Andersen thermostats couples
temperature by randomising the velocity of a fraction of the par-
ticles at every time step; Nose-Hoover introduces an extra degree
of freedom in the equation of motion, which now becomes:

d27°i . F; p(e) dr;

a2~ m;  Q dt
where ( is the mass parameter (a constant); e is called heat bath
parameter and p(e) is its momentum, which can also be described

(3.11)

as:
dp(e)
=TT 3.12
- . (3.12)
where T’ is the current temperature; T is the reference tempera-
ture.
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Velocity-rescaling is used for most works included in this the-
sis. It is built on the Berendsen thermostat, to which a properly
constructed random force is added to the equation of motion. A
rescale factor (o = (K¢/K)/? ) scales up the velocities so that the
new kinetic energy (Ky) is close to the average kinetic energy (K)
at the target temperature. K; is selected through a stochastic pro-
cedure so that the desired NVT (particle number, volume and
temperature) ensemble (equation (3.13) ) that follows Boltzmann
distribution can be maintained. Such formulation also ensures a
quick convergence to the target temperature.

Nay _
P(K)dE, x K. 2 Ve PRk, (3.13)

where P(K;) denotes the probability density that the system has
a total kinetic energy of K.

Of the same principle as temperature coupling, pressure cou-
pling ensures that the system maintains a constant pressure. The
simplest barostat is Berendsen barostat, which is fast but is now
considered less accurate for systems at equilibrium:

dP _ Py~ P

.14
dt Tp (3.14)

where P is the current pressure; P is the reference pressure and
Tp is the coupling parameter (a time constant).

It rescales the coordinates and box vectors at every step by a
scaling matrix mu:

npcAt

paig = 0ij — ——Pij (Poij — Pi;(t)) (3.15)

Tp
where § is the Kronecker delta; /3 is the compressibility of the sys-
tem; npc is the number of steps between each pressure coupling;

At is the timestep.

Parrinello-Rahman Barostat adds additional terms in the equa-
tion of motion in a similar fashion as Nose-Hoover thermostat,
but the formulation is even more complicated. It is considered
more reliable for simulations at equilibrium as well as for calcu-
lating thermodynamic properties.

FORCEFIELD PARAMETERISATION

Transition metal-ligand bonds can be very specific for each com-
plex, therefore it is difficult to develop a general forcefield de-
scribing these bonded interactions. This explains why quite of-
ten forcefield need to be parameterised in a case-by-case fash-
ion for transition metal complexes. Luckily there are usually
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only a few bonds and a number of angles/dihedrals that have
to be fitted. Since very few experimental geometrical data ex-
ist, parameter-fitting usually relies on DFT calculations. Alter-
natively, force constants can also be obtained from the Hessian
matrix obtained from a quantum chemical frequency calculation,
with®! or without® further optimisations. In paper III, a Co(TPP)
forcefield was developed based on a published iron porphyrin
forcefield® within a Hemoglobin 450 unit. We adapted the Co-N Ph Ph
bond lengths and calculated electrostatic potential (ESP) charges

from our DFT optimised Co(TPP) structure.

Ph

Ph
In general, when parameterise a metal-ligand bond, we need

to first identify the bond length range we are interested in - whether
it is closer to the equilibrium distance, or it is a longer range
from equilibrium to dissociation. For the former, the bond can be Angles and Dihedrals can be
treated as a spring and described by a simple harmonic poten-  Rpegarded as Rigid (i.e., a very
tial (equation 3.16). For the latter, Morse potential is frequently  |arge force constant) Hence
used, as it allows the convergence towards dissociation energy at  Reduce the Amount of DFT
longer distances. A Morse potential is commonly adapted when  Geometry Scans we had to
one studies a bond forming/breaking process by methods such  Perform

as EVB, which shall be discussed later, or ReaxFE.* Angle dihe-

dral terms are fitted to harmonic potentials using data obtained

from DFT relaxed coordinate scans.

FIGURE 3.7: Thanks to the Rigid
Nature of the Porphyrin Ring,

1
Estreten = 5]431)(7" - 7'0)2 (316)

where k;, depends on the two atoms involved in the covalent
bond and rq being the equilibrium bond distance. rqg can be easily
extracted from the optimised geometry while k; is either fitted to
energy data acquired from DFT relaxed coordinate scans or from
the Hessian matrix. For very rigid molecules such as Co(TPP),
large force constants are selected for certain bond (Co-N bond in
this case) to maintain rigidity.

ENHANCED SAMPLING: POTENTIAL MEAN FORCE

The free energy difference(s) between two or more states are of
great interest since it provide information of how easy/hard it
is to move the system from one state to another hence the likeli-
hood for a reaction to be observed experimentally. The relation-
ship between change in free energy (AG) and the equilibrium
rate constant (Keq) follows:

AG = —RT In(K.q) (3.17)
where R is the gas constant and T is temperature.
In order to calculate the free energy difference by MD, one

can integrate the canonical partition function Q of a system in all
degrees of freedom but the reaction coordinate ¢, the description
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of which can be as simple as a distance, or more complex, such
as the difference between root mean square deviations of the two
states.®

_ S expl=BBOIe(r) — iy

A = T T ep[ BB

(3.18)

However, if the energy landscape of a system involves signif-
c /xm icant energy barriers that separate it into different regions, it may
suffer from inadequate sampling when ordinary MD is used. Some
regions may even be un-sampled, as the probability to cross the
FIGURE 3.8: Free energy (black) ~ €Nergy barrier is low according to Boltzmann distribution. In

€

and the Contributions from In- other words, regions with an energy barrier significantly greater
dividual Sampling Windows than k, T, can hardly be sampled.
(dotted lines). At the Bottom )

€
the Corresponding Biased Dis- pi x exp(— B ) (3.19)
tribution from MD Simulations b
is shown. where p;j is the probability for the system to be at state €;, and k;,

is the Boltzmann constant.

One method to ensure sufficient sampling is potential mean
force sampling (a.k.a. umbrella sampling), where the reaction
coordinate is pulled to a target value by a bias potential, which
is usually described by a harmonic oscillator. Since the reaction
coordinate is not constrained, the correct momentum space can
be sampled. The aim is that energy distributions from different
sampling windows overlap (Figure 3.8) so that the known bias
potential connects all these energetically separate windows to-
gether. All the results are then combined and analysed by meth-
ods such as weighted histogram analysis method(WHAM).*

In detail, the bias potential w;, of window i gives an additional
energy term to the (unbiased) free energy:

Ebiased(r) = Eunbiased(r) + w; (5) (3.20)

MD simulations with bias potentials provide a biased proba-
bility distribution, Q’:

_ [ exp[—BEbiasea(r)]|6[e(r) — e]d"r

f exp[_/BEbiased(T)]dNT (321)

Q'(e)

Since the bias depends and only depends on the reaction co-
ordinate ¢ integration in all other degrees of freedom except ecan
easily be performed:

¢) = Q'(¢) exp[—Pwi(e J exp[=BE(r)] exp —pwile(r)]d"r
@@ et [ exp[=BE(r)]dNr

= Q'(¢) exp[—Bwi(e)|(exp[—Sw(e)])

(3.22)
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MOLECULAR DYNAMICS (MD)

The global free energy A(e) can then be expressed as a func-
tion of Q’, which can be obtained directly from MD simulations:

Ale) = =(1/8) InQ(e)
= —(1/8)In Q' () — w(e) — (1/8) In{exp[—pw(e)])

Hence the exact free energy can be calculated providing that
an appropriate umbrella potential that ensures sufficient sam-
pling is selected. One last thing to be noted is that the part in
equation (3.23) highlighted in red cannot be obtained directly
from MD simulations, and therefore analysation methods such
as WHAM are required.

(3.23)

Since the total partition function is the sum of partition func-
tions of individual sampling windows:

windows

Qo)=Y pi(eQi(e) (3.24)

The weights p; are chosen to minimise the statistical error, pro-
viding the condition ) | p; = 1is filled, then we have:
pi = &
> a (3.25)
a;i(€) = Ni exp[—pwi(e) — In{exp[—LFw(e)])

where q; is the free energy change in window 4 and N; is the total
steps sampled in window ¢.

Combining equation 3.25 and 3.24 gives:

winlows

expl-pu(@)) = [ Y p(OQ(O expl-pulelde  (26)

equation (3.25) and (3.26) have to be solved iteratively until
convergence is reached.

FREE ENERGY PERTURBATION

Free energy perturbation (FEP) is yet another method to calculate
the free energy change in a system when it evolves from one state
to another. The theory, as presented in Zwanzig’s 1954 paper,*’
states that the change in free energy to move a system from state
0 to state 1 equals to the expectation value of energy difference
sampled at state 0.

FIGURE 3.9: An lllustration of
how Amoves the System from

—(E+ — E State O to State 1
(;b—TO)Do (3.27)

It is to be noted that FEP only converges well if the difference
between the two states is small enough. Therefore, like umbrella

F = F1 — Fo = k:len<exp[
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AG

FIGURE 3.10: A Schematic De-
scription of the EVB Framework

Reaction Coordinate
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sampling, multiple sampling windows are usually required (Fig-
ure 3.9). In order to move the system slowly from state 0 to state
1, a coupling parameter, A is introduced, such that:

E=XEy+(1-\E (3.28)

Empirical Valence Bond Theory

Empirical valence bond (EVB) theory was first introduced by A.
Warshel and co-workers® in the 1980s. It has since then became a
popular® and efficient method to calculate the reaction free ener-
gies in condensed-phase. The applications were initially focused
on biomolecules””! and the proton transport process’>” but re-
cently also on organometallics.”*”

To study both enzymatic reactions and other catalytic reac-
tions, it is essential to calculate the free energy profiles. For the
former, EVB lowers the computational cost by its semi-empirical
nature (as opposed to the extremely high computational costs for
such systems by ab initio QM /MM methods); while for the latter,
it enables us to study catalysis in more complicated environment
at much longer timescale.

EVB can be considered as a combination of force field methods
with a valence bond (VB) type diabatic potential surface on the
reaction coordinate.”® In specific, it describes the Hamiltonian of
the reacting system by corresponding VB resonance states. For
example,” a simple ionic bond cleavage reaction:

X-Y =X +Y" (3.29)

can be described by three resonance forms with wave functions
as follow:

=X -Ypo=X"Y ¢3=X"YT" (3.30)

where ¢ describes a covalent X-Y bond while ¢2 and ¢3 are ionic
in nature. If we assume X is much more electronegative than Y,
then ¢1 and ¢ are the most relevant resonance forms. Therefore,
the Hamiltonian Matrix can be written as:

H - F Hio

=0 3.31
Hy Hoy — E (3.31)

where Hy; and Hy, represent the reactant and product state
of the system, each state can be described by a set of classical
force field parameters. It is to be noted that a Morse-potential,
as opposed to a harmonic potential, is used to describe the X-Y
bond, since it converged toward dissociation energy and hence
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correctly models the bond formation/breaking process. The off-
diagonal terms describe the transition energy from¢1 state to ¢2
state (or vice versa). The resulting ground state energy surface
can be obtained by solving equation (3.31):

1
E=S(Hu + Ha) - 5\/(1{11 — Ha2)% 4 4H12 (3.32)

N —

Once we have the analytical form of the ground state energy
surface, free energy as a function of energy gap (between the two
states) can be described as:

—E(X') — En(X)

G(X)—a = AG(Am)—RTIn(6(X'—X)xexp Y

(3.33)
where « is a constant describing the energy of formation, which
is not included in forcefield parameters; AG(X) is free energy as
a function of the reaction coordinate ; AG(}) is free energy as a
function of A which is obtained from FEP calculations; m is a
given FEP state; the delta function discretes the reaction coordi-
nate X into finite intervals; E(X) is the ground state potential en-
ergy surface described in equation (3.32); En(X’) is the mapping
potential that keeps the system around state X. The mapping po-
tential is described by equation (3.28).

It has been proved that the off-diagonal term, Hi» is only mildly
affected by the environment.”” Therefore, once the EVB model is
calibrated, it is then possible to study the same reaction in more
complicated environments, which we shall discuss in detail in
Chapter 6.
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FIGURE 4.1: The Struc-
ture of Ru[(tBus-tpy)(6-
mbpy)(NCCH3)1?*

AN ALTERNATIVE REACTION
PATHWAY FOR A Ru CATALYST

Recent work by our co-workers B.A Johnson et al” as well as other
groups””’ have shown that polypyridine containing metal com-
plexes are good catalysts for CO,-to-CO electrochemical conver-
sion as the polypyridyl architecture can store multiple reducing
equivalents.

This theoretical investigation was built on an interesting ex-
perimental observation:"" when a methyl group is added on the
bipyridine ligand at its 6" position, CO,-to-CO reduction can take
place at the first reduction potential, as opposed to the general

knowledge that two reductions are required to activate Ru(tpy)(bpy)

type of catalysts (Figure 4.2). In this work, our close collaboration
with B.A. Johnson and other co-workers resulted in new mecha-
nisms being proposed and then confirmed experimentally in (1)
the solvent detachment step and (2) carbonate dissociation step.

Solvent Detachment

Upon electrochemical reductions, two reductions are generally
required for Ru(tpy)(tpy) type of catalysts to dissociate acetoni-
trile and bind with CO,, following an EEC (electrochemical, elec-
trochemical, chemical) mechanism.

~N

t-Bu

FIGURE 4.2: The Initial Steps for Electrocatalytic CO, Reduction by Ru[(2,2’-Mebpy)(tBusz-tpy)(NCCHsz)]?*

26

The presence of the 6-methyl group provides a geometrical
distortion that weakens the orbital overlap between coordinated
acetonitrile and Ru**, allowing solvent dissociation after only
one reduction (Table 4.1).

As opposed to what proposed previously,'" which suggests
that CO; binding ctakes place after only one reduction, our cal-

Oxidation State 2+ + neutral
Ru(2,2’-Mebpy)(tBus-tpy) | 41.0 25.1 9.5
Ru(6-Mebpy)(tBus-tpy) 270 45 -7.4

TABLE 4.1: The Calculated Acetonitrile Dissociation Energy (kcal/mol)
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FIGURE 4.3: The Proposed Initial Steps for Electrocatalytic CO, Reduction by Ru[(6-Mebpy)(tBus-tpy)(NCCH3)]?*

culations suggest that CO, binding at the first reduction state has
to go through a relatively high activation barrier (23.1 kcal/mol,
Figure 4.3) that does not match the observed catalytic rate of 1.14
s, which converts to an activation energy of ca. 17.5 kcal /mol.
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Instead, the five coordinated Ru[(6-Mebpy)(tBus-tpy)]" is read-
ily reduced again to afford Ru’ as this reduction requires a less
negative reductive potential than the first one. Afterwards, CO>
can bind with Ru without difficulty. This mechanism is con-
firmed by conducting electrochemical measurements in a non-
coordinating solvent, where we were able to observe a second
reduction at a less negative potential.

Being able to dissociate acetonitrile and bind to CO; early
serves as a pre-request for catalysis at the first reduction poten-
tial. Although the alternative mechanism (Figure 4.5) is not im-
possible for other Ru(tpy)(bpy) complexes, they need to be re-
duced twice to activate and hence a more negative applied po-
tential is required.

CO;? Dissociation

What exactly happens after CO, binding? In an earlier work
by T.J. Mayeret al®® it was proposed that the neutral catalyst-
CO; complex needs to take two additional electrons and form
Ru'(tpy) (bpy) -CO>*]*, which readily dissociate first carbonate
and then CO to close the catalytic cycle. According to our cal-
culations, the third and forth reductive potentials for the Ru(6-

32" DISSOCIATION
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AN ALTERNATIVE REACTION PATHWAY FOR A Ru CATALYST

Mebpy)(tpy) complex are -2.13V and -2.37V respectively, both are
much more negative than the first reduction potential (-1.94V).
Moreover, Figure 4.4 clearly illustrated that although the bind-
ing with a second CO; is possible without further reductions, this
mechanism is associated with a very high activation energy (60.5
kcal/mol) for carbonate dissociation. Therefore, an alternative
mechanism must exist for catalysis at the first reduction poten-
tial.

& N=(
t-Bu HC— /)

60.5 kcal/mol '

8.0 kcal/mol 0.0

FIGURE 4.4: All Possible Reaction Pathways Should the Mechanism Proposed by T.J.Mayer being Followed
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Jumping out of the box, we proposed an alternative mecha-
nism that does not require a more negative applied potential. By
breaking one of the Ru-N bonds and hence allows one terminal
oxygen to bind with the metal centre, Ru now acts as a base (as
it donates its d » electrons to carbon) and an acid (as it accepts
electron density from oxygen) at the same time (Figure 4.5). In
contrast, previous studies on electrochemical CO, reduction usu-
ally require an additional acid, in the form of a light metal ion or



a proton, to assist C-O bond cleavage.®#?

The presence of the cyclic [Ru-COOCO;]" complex was con-
firmed by good agreement between DFT calculated and exper-
imental IR spectrum. Namely the DFT calculated IR exhibits a
strong peak at 1688 cm™, which corresponds to the antisymmet-
ric C=0 stretches of the cyclic intermediate, while in experimen-
tal Infra-red (IR) spectrum, a peak at 1685 cm™ was observed.
Similar, the DFT calculated peak at 1744 cm™, which corresponds
to the symmetric C=O stretches, is observed at 1740 cm™ in the
experimental IR spectrum. Moreover, the calculated activation
energy of 17.3 kcal /mol is in good agreement with the activation
energy (17.5 kcal/mol) converted from the catalytic rate constant
of 1.14s™.

FIGURE 4.5: An Alternative Mechanism Proposed by us

In order to further investigate the new carbonate dissociation
mechanism proposed by us, another Ru complex was designed
by Johnson et al. The 6-Mebpy ligand is replaced by a 2-methyl-
1,10-phenanthroline (Figure 4.6) ligand, which is more rigid so
that the N-C-C-N dihedral cannot rotate. Similar to bpy, tpy also
possesses flexible C-C single bonds between the individual pyri-
dine rings. We understand that tri-dentate ligands are usually
more stable than the bi-dentate ones, however, if we substitute
6-Mebpy by the more rigid 2-Mephen, then we can expect one
of the Ru-N(tBus-tpy) bond to dissociate if the proposed mecha-
nism takes place.

Again the peaks in the DFT calculated IR spectrum match well
with experimental IR. Namely, the characteristic cyclic interme-
diate exhibits asymmetrical C=O stretch peak at 1690 cm™ and

CO3% DISSOCIATION

‘Rate Determine Transition State

‘,‘" 2.5+

FIGURE 4.6: The Structure
of Ru[(2-Mephen)(tBus-
tpy)(NCCH3)]2*
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symmetrical C=O stretch peak at 1746 cm™ in the calculated IR.
They are in good agreement with experimentally obtained peaks
at 1686 cm™ and 1735 cm™ respectively.

We also checked that the difference in reaction free energy for
breaking either a Ru-N(tpy) bond or a Ru-N(6-Mebpy) in form-
ing the cyclic intermediate. It takes an extra 1.4 kcal/mol to break
a Ru-N(tpy) bond confirming, that tri-dentate ligands do form
more stable adduct with the metal centre, which explains why
the Ru-N(6-Mebpy) bond tends to dissociate and provide a va-
cant site when possible.

CO Dissociation

The nature of the Ru-CO bond is more complicated than the Ru-
NCCHj; bond described earlier. The later is a simple dative bond
with nitrogen donating its lone pair to Ru, hence the bond can
be easily weakened by either reduction, or steric hinderance, as
in the case of Ru(6-Mebpy)(tBus-tpy). The Ru-CO bond has two
components: (1) a c bond between the carbon lone pair and the
metal d-orbital; (2) n backbonding between a filled metal d-orbital
and the empty carbonyl « * orbital.

If we compare the CO dissociation energy for Ru(6-Mebpy)(tBus-
tpy) at different oxidation states, it can be observed that the sec-
ond reduction does not weaken the Ru-CO bond at all. Although
reductions do weaken the c component, it strengthened the back-
bonding at the same time.

Oxitation State 2+ +  neutral
Ru(2,2-bpy)(tBus-tpy) | 42.8 35.1 15.6
Ru(6-Mebpy)(tBus-tpy) | 33.4 15.8 15.9

TABLE 4.2: The Calculated CO Dissociation Energy (kcal/mol)

Even though the reaction free energy for CO dissociation is
lower than the activation energy for the formation of cyclic Ru-
COOCO; complex, it can be rate-limiting if we allow more nega-
tive applied potential (textiti.e., when T.J. Mayer’s classic mecha-
nism is followed). A recent work by J.M. Miller and co-workers®
studied a Ru(tpy)(pyridyl-carbene) catalyst, where either the pyri-
dine or the carbene can sit trans to CO. A dramatic improvement
in CO dissociation rate was observed when the carbene is trans
to CO.

Such improvement can be explained by the trans influence. As

carbene is a much better o donor than N-heterocycles, it signifi-
cantly weakens the interaction between Ru centre and the ligand

30



that is trans it. Our DFT calculations suggest that when the car-
bene group is trans to the carbonyl ligand, CO dissociation en-
ergy is lowered to merely 0.58 kcal /mol, which is in all cases not
rate-limiting (Figure 4.7).

0
— 0.58 kcal/mol
/ > +CO
0
17.1 kcal/mol
> +CO

FIGURE 4.7: Calculated CO Dissociation Energy for the two
Ru(tpy)(pyridyl-carbene) Isomers

Hereby we illustrated how close-collaboration between ex-
perimental and theoretical chemists can lead to very interesting
new findings on reaction mechanism.s For the first time, a 5-
membered cyclic Ru-COOCO; intermediate was proposed for
Ru-polypyridyl complexes, which deepens our understanding
for this type of catalysts.

CO DISSOCIATION
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FIGURE 5.1: The Chemical
Structure of Co(TPP)
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Co(TPP)/CNT SYSTEM

The first heterogenous electrocatalyst for CO, reduction covered
in this thesis is a cobalt tetraphenylporphyrin (CoTPP) /CNT sys-
tem. Such choice was made not only because of its superior per-
formance when heterogenised, but also due to the observation
of an interesting inverse loading effect: as opposed to general
knowledge, adding more catalysts on the electrode surface leads
to a decrease in reactivity, as evidenced by a lowered TOF per
catalyst.”

Superior Performance

When Co(TPP) is attached to CNTs via n-r interactions and hence
react in a heterogenous fashion, the onset potential for CO,-to-
CO conversion is improved from -1.88V (vs. Satuated calomel
electrode SCE) to -1.35V. We reasoned that the change in reaction
medium is one cause; another cause can be the experience of a
much stronger electric field at the electrode/solution interface,
which shall be explored in detail in the next chapter.

HO?. o
INCER
I
050 Co'TPP
kcal/mol : ‘ . H-0.©,.0 ,'"_WSJ
-1.35V in water ﬂp 9 J
! . Co'TPP /
far AT Y
o ‘Q%C;O XQ’ 17 : Voew
N o/ Nl el : \
Co''TPP, 2 LoTPR & 164
Ve 35 :
o/ B \ -H0
Co'TPP, H |
-10.4 CO  Co'TPP
142
| (.)o
“Co'TPP .7
-25.1

FIGURE 5.2: DFT Calculated Reaction Mechanism in Water at a Reduc-
tive Potential of -1.35V.84 Reprinted with permission from the Ameri-
can Chemistry Society

The activation free energy of 16.1 kcal/mol (Figure 5.2) agrees
well with the experimental TOF of ca. 2.77 s, which converts
to an activation energy of ca. 16.9 kcal/mol by Eyring equation.
Three endergonic steps are presented in Figure 5.2: (1)CO; bind-
ing; (2) proton assisted reduction;* and (3) C-OH bond cleavage.
Since protons participate in the last two steps, the Gibbs free en-
ergy associated with those steps is affected by proton reactivity.
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It is generally accepted that as compared to aprotic solvents, pro-
ton has a higher concentration as well as mobility® in water. As

a consequence, these two steps are much easier in water than in
DMEFE.

AG O g
o2t
kcal/mol CoTPP
-1.35V in DMF o K221
HO~ -0 S \
o\\c//o ¢ PI \ +PhOH
i N Co'TPP' : |
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J— c P H \ H,0, phO*
130~ coTPP,c” [/ . |
vy 3, . Y
S 08 : | Co''TPP
* 5 & : \ COy
oo Ry : E S 88
cortep’y T N / 325 Vo
Co''TPP s U O — H Vo ;
| / S CoteR 05 : \Co''TPP,
N, f’ O °*§7 ° : 26
N Co'TPP :
Co'TPPlr‘
-10.4
FIGURE 5.3: DFT Calculated Reaction Mechanism in DMF at a Reductive
Potential of -1.35V.84 Reprinted with permission from the American
Chemistry Society
Figure 5.3 shows that the less-reactive protons in DMF raise
the activation free energy to 32.5 kcal/mol, which corresponds
to a reaction rate of 4.47 x 107%h'. A rate that is too low to be
observed experimentally.
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FIGURE 5.4: DFT Calculated Reaction Mechanism in DMF at a Reductive

Potential of -1.88V.84 Reprinted with permission from the American
Chemistry Society
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309 4
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FIGURE 5.5: TOF for CO produc-
tion at GC plates coated with
COoTPP-CNT composites of dif-
ferent mass ratios for 15 min
electrolyses.!” Reprinted with
permission from John Wiley and
Sons

FIGURE 5.7: SEM Image of
Co(TPP) attached on mw-CNT
by adsorption
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The reaction profile in DMF was also calculated at a more
negative reductive potential of -1.88V, which is the thermody-
namic reductive potential for the Co'(TPP)/Co°(TPP) couple, to
complete the picture. Now the activation energy is lowered to
20.3 kcal/mol, which is in good agreement with the experimen-
tal TOF" of 0.98 h' (the corresponding activation energy is 22.3
kcal /mol).

Destructive Interference

The intermolecular interactions between the catalysts, can be con-
structive, such as observed for Ru(bda)L; ( a water oxidation cat-
alyst) on CNTs,”* where the dimers formed are more reactive;
non-interactive, where we would expect a linear relationship be-
tween reactivity and catalyst loading; or destructive, as in the
case of Co(TPP)/CNT (Figure 5.5).

A literature search also indicates that such destructive inter-
ference is not specific to Co(TPP), other heterogenous catalysts
prepared in a similar fashion, such as supported CoPc,” FePc®
and Mn(bpy)(CO);Br,* also suffer from the same phenomenon.
It then inspired us to explore theoretically the reasons lie behind
the destructive interference, deepening our understanding of cat-
alyst/CNTs systems.

As a first step, we "visualised” the Co(TPP)/CNT system by
simply placing Co(TPP) molecules on a graphene sheet, which
represents a carbon supporting material, such as mw-CNTs with
small curvatures.

9 @ A (b)
FIGURE 5.6: Co(TPP) on Graphene with Mass Ratios:(a) 0.02, (b) 0.1
and (c) 0.2 after a 1ns MD Simulation.8* Reprinted with permission
from the American Chemistry Society

Although no quantitative information can be extracted from
such simulations, Figure 5.6 illustrates that there are sufficient
place for Co(TPP) to move around at lower mass ratios, ranging
from 0.02 to 0.2. One can imagine that if the mass ratio contin-
ues to increase, it will eventually leads to surface saturation and
hence aggregates-formation and/or catalyst-detachment would
be unavoidable. One should also bear in mind that in reality
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CNTs are staggered together (Figure 5.7) and hence the acces-
sible surface area would be much less than the ‘ideal” situation
presented in Figure 5.6.

However, the destructive interference is also observed at lower
concentrations, which cannot be explained by surface saturation.
It is well-known that flat molecules, like cobalt porphyrin, tends
to aggregates™ due to the significant n- n interactions among
themselves. Although the bulky phenyl groups can lessen the
tendency, aggregation cannot be totally avoided, especially when
the catalysts are adsorbed on high-curvature CNTs where the
CNT-Co(TPP) interactions cannot out-compete with the intermolec-
ular interactions among the Co(TPP) molecules.

FIGURE 5.8: The top Co(TPP) is
pulled alone the CNT to Sepa-
rate the two Catalyst Molecules
in Umbrella Sampling

Umbrella sampling was used to study the aggregation effect
with the assumption that only electrostatic and vdW interactions
exist among the Co(TPP) molecules as well as between Co(TPP)
molecules and CNTs (Figure 5.8). In other words, all other effects,
including polarisation, the possibility of bonded interactions in
Co(TPP) aggregates etc., are ignored.

Results from umbrella sampling were used to compute the
free energy profile to separate a Co(TPP) dimer. In Figure 5.9,
x axis is the distance moved by one Co(TPP) while y axis is the
relative Gibbs Free Energy taking the initial conformation as the
zero point. Figure 5.9 illustrates that wider CNTs results in a
flatter free energy surface, meaning better Co(TPP)-CNT interac-
tions and hence a weaker aggregation tendency.

-1

G (keal mol )
&~

G (keal mol™")

[/ ': = X 3 (.
((,J : I s I . ! ol ‘ N !

).5 1 ) L5 0.6 08 1 1.2 1.4 1.6
Distance(nm) Distance(nm)

&)

FIGURE 5.9: PMF Energy Surface for Co(TPP) on two Different CNTs: (a) CNT Diameter = 8 Aand (b) Diame-
ter = 10 A.84 Reprinted with permission from the American Chemistry Society

As alast step, a flat graphene sheet, which models larger CNTs,
is used as the supporting material. In this case, the stacked dimer
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is no-longer the global minimum while the side-to-side confor-
mation was determined to be more stable. Figure 5.9 together
with Figure 5.10 confirm that aggregation is an important fac-
tor responsible for the destructive interference observed even at
lower catalyst loadings. One should also note that our results
cannot guarantee that aggregation does not take place on larger
CNTs, since other factors, such as how the catalyst is prepared,
are equally important, but suggesting a less tendency.
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FIGURE 5.11: TOF for CO pro-

duction at GC plates coated FIGURE 5.10: PMF Energy Surface for Co(TPP) on a Flat Graphene
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Furthermore, theoretical findings are supported by experimen-
tal results. We conducted experiments using much wider CNTs
(60-130 A in diameter) at the same loadings as Hu et al’s earlier
work."” Although the inverse loading effect can still be observed,
there is a consistent improvement in TOF at all catalyst loadings
(Figure 5.11) as compared the previous study where sw-CNTs
were used.



CATALYSISIN THE ELECTRIC
DOUBLE LAYER

To further investigate the difference in catalytic reactivity under
homogenous and heterogenous conditions, EVB, which allows
free energy calculations at much larger scale than traditional QM
methods, was used to to study catalysis in the electric double
layer (EDL). As explained in the last chapter, for Co(TPP) catal-
ysed electrochemical CO, to CO conversion, there are three en-
dergonic reactions. We chose to study CO, binding in detail be-
cause: (1) it is the only endergonic step that does not involve pro-
tons, which are hard to model due to their non-classical diffusion
behaviour; (2) it is the step with the largest activation free energy.

Not only is the inverse loading effect frequently observed for
heterogenous, carbon material supported electrocatalysts, a dra-
matic improvement in reactivity,”**> as characterised by TOF,
is usually also the case. Different carbon supporting materials,
such as activated carbon, carbon black, and CNTs, do have some
contributions to the over-all reactivity due to their properties and
even synthesis methods™ but the differences among them are
usually not siginificant. In this work we treat the supporting ma-
terial as a non-reactive, hydrophobic surface, which is fixed on
the electrode.

In this study, a flat graphene sheet is used to model wider mw-
CNTs that are often used in experiments. For the catalyst, we
continue to use the Co(TPP) forcefield developed in our earlier
work but with updated partial charges for Co'(TPP) and [Co(TPP)-
COzJ". For the latter, the Co-CO; bond is modelled by a morse po-
tential that gives the correct behaviour for bond formation/disso-
ciation and the N-Co-C-O dihedrals were parameterised by DFT
data. The reactant state and product state are illustrated in Fig-
ure 6.1

FIGURE 6.1: The Geometry of
(a) the Unbonded State and (b)
the Bonded State. Reprinted
with Permission from the Amer-
ican Chemistry Society

() (b)
T S Product State
EVB reactant State - “ ot V.\'f "
Ph o 3.3! 3.6 ‘I:z< k[:} .
phph DFT reactant State EVB Reactant State
Pho CO; Reaction Coordinate

FIGURE 6.2: (@) The DFT Calculated Reaction Profile and (b) Calibrated EVB Model in

Water. Reprinted with Permission from the American Chemistry Society
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The free energy surface for the CO, binding process is cali-
brated by EVB using DFT calculated activation free energy and
reaction free energy in a dielectric continuum embedding param-
eterised for water (Figure 6.2), so that we can study the same pro-
cess in more complicated environment, such as the electric dou-
ble layer (EDL). To model the EDL, an electric field of -0.4V/m
was applied perpendicular to the graphene sheet. It was calcu-
lated by linearised Possion-Bolzmann equation to match an ap-
plied potential of -1.1V (vs. SHE, the onset potential for CO,-
to-CO conversion reported by Hu et al'” ) and a Dyebe length
of -0.96nm, which corresponds to a 0.1M KCl solution as 0.1M
K* electrolyte is frequently used in experiments,” to describe
charge carrier’s net electrostatic effect.

Field Assisted Cation Effect

—— Co(TPP) in water
| —— Co(TPP)/CNT in water

(a) 1]

©
L

Free Energy (kcal/mol)

7 L=

Reaction Coordinate

Free Energy (kcal/mol)

A
i A

.6 kcal/mol

G* = 4.7 kcal/mol
G =-7

—e— Co(TPP)/CNT in KCl(aq) with E Field

Reaction Coordinate

FIGURE 6.3: The EVB Gibbs Free Energy Profile for CO; Binding to Co(TPP)/CNT in (a) Water; and (b) 0.1M
KCl (ag) and with the Applied Electric Field Strength being -0.4 V/nm. Note the Different Scales on the y-
axis. Reprinted with Permission from the American Chemistry Society
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Figure 6.3a suggests a minor improvement in the presence of
a hydrophobic supporting material, while Figure 6.3 (b) shows a
dramatic stabilisation in the EDL with the presence of electrolyte
ions. This is line with the cation effect observed in previous stud-
ies: the presence of cations can ease CO; binding and hence en-
hance the reactivity of electrochemical CO; reduction.””*®

However, it is unclear whether the electric field or the pres-
ence of cations dominates the observed stabilisation effect, or if
it is a combined effect of the two factors that eases CO, binding.
We decomposed the two conditions (i.e., electric field, presence
of electrolyte ions) and studied each separately by running ad-
ditional EVB calculations with (1) only the electric field and (2)
only the ions. Neither the electric field nor the presence of ions
alone can ease CO; binding siginificantly. A minor stabilisation
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of 0.2-0.3 kcal /mol was observed for activation free energy while
reaction free energy was unchanged.

Unlike previous studies where cations were "fixed” on the elec-
trode surface,”?’ our EVB-MD model has absolutely no restraints
on the cations hence allows ion re-distribution over time. In Fig-
ure 6.4a, a higher cation concentration can be observed closer to
the electrode in an electric field, while more even ion distribu-
tions can be seen in the absence of electric fields (Figure 6.4 ¢, d).

i i With E Field

05 - WKT1EF|e[d 05 -
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02 02
01 01
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- ! -

0.35 4

0.30 4 030 |
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0.05 1 0.05 1

0.00 -
0.00 - 0.0 05 10 15 20 25 30 35 40
(C) 0.0 . 20 d 1 . 1 (d) m

nm
FIGURE 6.4: The normalised ion distribution as a function of distance from the electrode
(i.e., the graphene sheet) surface: (a) K* ion distribution with an applied electric field; (b)
CI" ion distribution with an applied electric field; (c) K* ion distribution without an applied
electric field; (d) CI" ion distribution without an applied electric field.Reprinted with permis-
sion from the American Chemistry Society

Building on previous studies on cation effect for heterogenous
catalysis,85 190 ur work further demonstrated that the effect relies
on a high local cation concentration near the activated 'catalyst-
COy" complex. The electrostatic interactions between the cations
and CO; produce a stabilisation effect. The strengthened the
cation-oxygen interactions throughout the catalyst-to-CO, charge
transfer process, stabilising the product state. As a result, not
only is the activation free energy lowered, the reaction energetics
is also overturned.
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Our findings are further supported by radial distribution anal-
ysis of K™ to CO, oxygen distances. Radial Distribution Func-
tions (RDFs) of the reactant state (Figure 6.5a), shows a peak at
5 A in the presence of an electric field, while no peaks were ob-
served otherwise. In the product state, an extra peak at 3.7 A
was observed in the presence of an electric field, confirming that
the electric field concentrates cations and serves as a pre-request
for the cation effect observed experimentally. Such phenomena
were not reported earlier since ion re-distribution can only be
observed by explicit models and with long simulations (50ns in
our case).

101 without Electric Field —— without Electric Field
—— with Electric Field 1.04 —— with Electric Field
0.8 1
0.8 1
0.6 -
- ~ 0.6
=) k)
0.4
0.4
0.2 4 0.2
0.0/ 001 (b)
6 é 1'0 1'5 2'0 0.0 2.5 5.0 7.5 10.0 125 15.0 17.5 20.0
Distance/ A Distance/ A

FIGURE 6.5: The Radial Distribution Function of the K* ions and the CO, Carbon Recorded over a 50 ns Sim-
ulation at (a) the Reactant State and (b) the Product State. Reprinted with Permission from the American
Chemistry Society

Solvation Stabilisation Effect

The moderate improvement (Figure 6.3a) for the heterogenous
Co(TPP)/CNT system as compared to the simpler "‘Co(TPP) in
water’ model is due to the presence of a carbon supporting mate-
rial, which blocks the access of water to the catalyst from beneath.
The change in solvent accessible surface area causes a change in
solvation stabilisation energy. In Molecular Dynamics, solvation
energy is defined as the sum of electrostatic and VdW interac-
tions between the target molecules and the solvent molecules.
Such stabilisation effect is similar in nature to the cation effect
discussed in the previous section, but the reactant state (i.e., once
reduced Co'(TPP)) is stabilised more than the product state (i.e.,
the Co(TPP)-CO, adduct), as the charge is now distributed over
a larger volumn. As the catalyst becomes less charged during
the charge transfer process (i.e., CO, binding), the catalyst-water
electrostatic interactions weaken, which in turn results in a de-
crease in solvation stabilisation energy.
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A larger decrease in solvation stabilisation was observed for
molecular Co(TPP) compared to the Co(TPP)/CNT system since
both side of the catalysts are accessible by water, while the sta-
bilisation effect for the CO, part remains unchanged through-
out the reaction. After all, total change in free energy consists of
the change in Reactant-Reactant interactions plus the change in
Reactant-Environment interactions. If we assume the Reactant-
Reactant interactions remain unchanged for the same chemical
reaction as do EVB theory, a less decrease in solvation stabilisa-
tion would result in both a lowered activation free energy and
reaction free energy. It even further explains why larger CNTs
lead to better performance of the hybrid material - they block a
larger surface area from beneath, resulting in a less destabilisa-
tion of the catalyst part throughout the charge transfer process.
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FIGURE 6.6: The Change in Solvation energy for the Full Systems
(black), the Catalyst (blue) and CO; (red) Throughout the CO; Bind-
ing Process. Reprinted with Permission from the American Chemistry
Society

Furthermore, Figure 6.6 shows that the CoPc/CNT system
possesses an extra -1.5 kcal/mol in over-all solvation stabilisa-
tion, which is very close to the stabilisation provided (-1.3 kcal /mol)
by the presence of a hydrophobic support (Figure 6.3a) , adding
credibility to our explanations.

To complete the picture we performed EVB calculations for
two additional solvents, DMF and methanol. An ideal solvent
can stabilises CO, through strong hydrogen bonds as in the case
of water, but at the same time, does not significantly destabilise
the Co(TPP) part once it becomes less charged. Methanol as a
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protic solvent is able to form hydrogen bond with CO; and being
less polar than water, we expect a less significant ‘destabilisation
effect’. DMF is used as a control group here to validate our point
- less polar solvents interact weaker with the charged species and
produces a weaker stabilisation effect.

Figure 6.7 shows that reactions in both DMF and methanol re-
sult in a higher activation energy as well as reaction free energy
compared to the "Co(TPP) in water” model (Figure 6.2). The or-
der for over-all stabilsation effect provided by different solvents
(water > methanol > DMF) suggests that more polar solvent sta-
bilises the product state better. The presence of hydrogen bonds
in methanol cannot overcome the over-all weaker electrostatic in-
teractions. One should also note that a larger difference between
EVB profile and DFT data was observed for methanol than for
DME. Since dielectric continuum model does not consider ex-
plicit hydrogen bonding, it actually under-estimate the solvation
free energy in methanol. This is yet another advantage our EVB
model as it allows an explicit description of the solvent.

Reaction Coordinate Reaction Coordinate

FIGURE 6.7: The EVB Gibbs Free Energy Profile of the Co-CO, Bond formation Process in (a) DMF and (b) MeOH.
Reprinted with Permission from the American Chemistry Society
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The next heterogenous catalyst explored is cobalt phthalocyanine
(CoPc), which was reported to have an extremely high reactiv-
ity in terms of TOF as well as a lower over potential as com-
pared to Co(TPP).""! Later on, it was reported to be the only
non-copper heterogenous early-period transition metal electro-
catalyst that gives methanol at a reasonable yield for CO; elec-
trochemical reduction.'” These experimental findings inspired
us to study: (1) why CoPc is so special and (2) why other experi-
mental groups did not observe significant methanol production.

Monomer Reactivity

The CO; to CO reaction mechanism for monomeric CoPc s calcu-
lated by DFT . At-1.04V (vs. SHE), which is the potential that the
best CO; to CO conversion efficiency was observed, the activa-
tion free energy was calculated to be -16.7 kcal/mol, which is in
excellent agreement with the activation energy of 17.0 kcal/mol
converted from experimental TOF (2.7 s™).

Gibbs Free Energy
10 kcal/mol
o | S ; ;
oPc -2 CoPc-CO....OH"
N NS CoPc-CO,H_ __ R
5 CoPc—-CO% " 4 ™ R - -39 -~ CoPc-CO
'%\tv | =19 % -5.4 m 6.1 .
-10 AN S’V i CoPc-CO* H o *.. CoPc
| b 16.7; 2 -10.8
\ CoPc :
\_~—‘b_":‘e_~_ 19.0 ; SHE -1.04V
A7 09g), T - D -
-20 %V Copc?

FIGURE 7.1: DFT Calculated Reaction Mechanism for CO> to CO Conversion in Water at a Reductive Potential
of -1.04V

It is generally accepted'®'" that both CO and HCHO are im-
portant intermediates for CO, to CH3;OH electrochemical conver-
sion. Therefore, whether the catalyst-CO adduct can react with
protons plays an important role in whether it can be further re-
duced to methanol. The potential competing reactions for proto-
nation are: (1) further ligand based reductions (Figure 7.3); and
(2) spontaneous CO dissociation.
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-CO
Co'Pc

—
- 4.7 kcal/mol -
co (Co'Pc) -
(CO"PC)-CO - 6.5 kcal/mol
+e. -0.37V
£ (Co'Pc)-cO
-15.4 kcal/mol
(a) -1.04Vv
-CO
Co'Pc
- 4.7 kcal/mol
L» (COIPC) -
(Co'Pc)-cO - 6.5 kcal/mol -CO CoPc2
i A G = 5.0 kcal/mol
% (Co"Pc)-CO +e.-1.09V > (Co'Pc)>-CO
-22.4 kcal/mol -5.9 kcal/mol . H
———» CoPc-CHO
(b) -1.34V A G =5.0 kcal/mol

FIGURE 7.2: Possible Reaction Pathways Beyond CoPc-CO at (a) -1.04V and (b) -1.34V

Figure 7.2 reveals that the further reduction to CoPc-CO is
clearly preferred over CO dissociation. However, what happens
afterwards is applied reductive potential dependent, since it pro-
vides the driving force for electrochemical reductions. At -1.04V,
CO dissociation is the preferred (Figure 7.2 red) reaction path-
way while at -1.34V, we see a competition between protonation
and CO dissociation (Figure 7.2b), explaining why a mixture of
CO and methanol was obtained experimentally.'*

Once the CoPc’-CHO complex is obtained, further reductions
to CH3OH proceed without difficulty (Figure 7.4). In detail, a
further protonation leads to Co-C bond cleavage and releases
HCHO, which immediately bind again with Co centre on the
oxygen site in an exergonic fashion. The next proton assisted re-
duction is associated with a reduction potential of -1.47V, which
means the next intermediate ( CoPc-OCHj3) lies merely 2.5 kcal /mol

FIGURE 7.3: Top to Bottom: higher in energy at -1.34V. Overall, the proposed mechanism, as
Spin Densities of CoPc-CO, illustrated in Figure 7.1, Figure 7.2 and Figure 7.4, is in good
CoPc-CO" and CoPc-CO% agreement with experimental observations.
‘ Hon
0-g-H O:C\H o’/C O,CHa + CH30H
€]
%N(x;\," /7N +H* % @ %N\% +HY +e %QQ%N +HY +e %N@

Co

—nN —_— —
SNy 23 kealimol & % -13.5 kcal/mol & N% 1.47V & N L &"

FIGURE 7.4: Further Step Associated with Methanol Production
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Catalyst Synthesis

Different experimental groups adapted rather different method
to adhere CoPc/CNT mixture onto the electrode surface. In cases
where only trace amount of methanol was observed at a reduc-
tive potential that is no-less negative than -1.34V (vs. SHE), no
pre-treatment was performed for either the CNTs or CoPc.'**!%
That is, the sonicated CoPc/CNT suspension was then drop-casted
onto the electrode surface and then air-dried in a fume-hood.

While in Wang et al’s work, a sophisticated method was adapt-
ed in pre-treatment,'” resulting in methanol being the major prod-
uct at -1.34V (vs. SHE). In detail, instead of sonicate CNTs as
received, they were first heated at 500 °C and then washed ex-
tensively by deionised water to remove impurities. After the ad-
dition of CoPc, the mixture was stirred for a much longer time
(20h vs. less than 1 hour in some other studies,104105) Thereupon,
the mixture was centrifuged to afford CoPc/CNTs participate,
which was properly washed first by DMF and then by ethanol
before use. Moreover other studies did not mention if the elec-
trolyte (i.e., 0.1IM KHCO3) was purified or not, which may also
plays a role in methanol selectivity.

FIGURE 7.5: Top: The STEM-
As a result, well dispersed CoPc was observed (Figure 7.5)  HAADF image of CoPc/CNT
by STEM-HAADF and atomic-resolution STEM-HAADE, where  with Corresponding Overlaid
monomeric CoPc units can be identified. In comparison, other ~ EDS maps of Co, Cand N; Bot-

works that we are aware of did not publish any high resolution ~ tom: Atomic Resolution STEM-
STEM images. HAADFImage, where Individual

CoPc Molecules are Circled.
Reprinted with Permission from

It is well-known that flat molecules such as metal phthalocya- ,
Springer Nature

nines tends to aggregate'® which has a negative impact on their
activities. We therefore hypothesised that it is harder for CoPc ag-
gregates to further reduce CO to methanol, which is non-the-less
possible for monomeric CoPc. In other words, the trace amount
of monomeric CoPc exists may be responsible for the weak CO»-
to-methanol activity observed %! in earlier studies.

Dimer Reactivity

Dimers are the simplest forms of aggregates. We believe that by
exploring their reactivities, we can understand how aggregates
differ from monomers in selectivity. Figure 7.6 illustrated that as
oppose to further reduction(s), regardless of whether protons are
involved or not, spontaneous CO dissociation is favoured even
at -1.34V, explaining why only trace amount of methanol were
detected when CoPc aggregates dominate. Comparing to the
possible reaction pathways with monomers (Figure 7.4), it was
revealed that dimers are slightly harder to reduce, which accord-
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(CoPc),-CO

ing to our DFT calculations, is caused by a less degree of sol-
vation stabilisation. For dimers, the incoming electrons are dis-
tributed over a larger system upon further reductions, resulting
in a weaker electrostatic interactions with water.

-CO
——— > (CoPc), -CO
-3.8 kcal/mol r —————— > (CoPc),~
- 4.1 kcal/mol
+ e~ -0.42V
(CoPc)»-CO <
- 21.2 kcal/mol

FIGURE 7.6: The Possible Reaction Pathways for (CoPc),-CO at -1.34 V

Although a more negative applied potential can ,in theory,
ease the reductions and hence favour methanol production. In
a recent study where CO-to-methanol conversion was investi-
gated,'™ a dramatic improvement in TOF was observed for meth-
anol should the reduced potential being lowered from -1.31V to
-1.41V. However, it is unclear whether it is the trace amount of
monomer or actived-dimer that catalysed CO-to-methanol pro-
duction. Non-the-less, we should bear in mind that proton re-
duction always acts as a competing reaction, and it dominates
at more negative applied potentials. For example, in the same
study when the applied potential was lowered further to -1.76V
(vs. SHE), hydrogen became the major product and no methanol
was detected.

Hereby we answered both questions stated at the beginning of
this chapter: (1) the low over-potential is associated with the fact
that the electrochemical reactions are easier to proceed as com-
pare to Co(TPP); (2) the unique high methanol yield reported by
Wang et al is a result of their sophisticated method in prepar-
ing the CoPc/CNT hybrid material, which leads to the domi-
nation of monomeric CoPc on CNTs. As illustrated by Figure
7.6 and Figure 7.2, at -1.34V, monomer-CO™ can be further re-
duced/protonated to form methanol while dimer-CO™ tends to
dissociate CO, which closes the catalytic cycle.
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Heterogenous materials, ranging from catalyst-loaded CNTs (such
as our Co(TPP)/CNT system and CoPc/CNT system described
in this thesis), chemically modified carbon materials (such as dot-
ted graphene), metallic nanoparticles, as well as MOFs are gain-
ing increasing attention, shifting the focus of electrochemical CO,
reductions from molecular catalysts to materials, which not only
provide higher reactivities but also offer the possibility of reac-
tion in water hence cheaper operation at larger scales.

Non-the-less, for molecular catalyst based materials, the de-
sign of the former still plays an essential role in the reactivity of
the latter. Therefore, we should continue working on deepen our
knowledge in the properties and design principles of molecular
catalysts. Using a Ru(6-Mebpy)(tBus-tpy) catalyst as an example,
we studied the reaction mechanism in detail and proposed a new
pathway for CO;-to-CO conversion at the first reduction poten-
tial via a cyclic intermediate (Figure 4.5) where Ru itself acts as
the acid to assist C-O bond cleavage. Close collaboration with
our experimental co-workers helped us to confirm the existence
of this cyclic intermediate by IR spectroscopy, adding credibility
to our work (Paper I, II).

For heterogenous catalysts, it is not possible to obtain clear
and detailed spectra and hence gain insights of the intermedi-
ates during the catalysis. Moreover, unlike homogenous cata-
lysts, which give very fine CVs, which to a extent unveils the re-
action mechanism, heterogenous catalysts give very rough CVs
which means little information can be extracted. The limitation
in experimental analysation tools highlighting the even-more im-
portant role theoretical investigations now plays in understand-
ing their properties. Since catalysts are no longer dissolved, it
is understandable that when polar solvents (e.g., water) are used
there is a tendency for molecular catalyst to aggregate in the case
of catalyst-loaded CNTs, which is not necessarily a bad thing. As
previously studied by our group, the aggregation of Ru(bda)L>
(a water-oxidation catalyst) results in the formation of more re-
active dimers. While in our cases, both Co(TPP) and CoPc experi-
ence destructive interferences, resulting in not all Co sites being
accessible to CO, hence lowered activity (in terms of TOF) per
molecule.

Through MD and PMF calculations, we confirmed that the t-n
interactions among Co(TPP)s are stronger than between Co(TPP)s
and small-CNTs, hence aggregation is favoured. We further pro-
posed that flatter CNTs can offer better contact hence reduce ag-
gregation tendency, which was latter confirmed by experiments
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conducted by us and our collaborators (Paper III).

With CoPc, we used dimers as an example to further study the
property of aggregates by DFT. It was found out that reductions
became harder as compared to monomers due to added electrons
being spread over a larger volumn on the reduced species (hence
a less degree of solvation stabillisation due to weaker electro-
static interactions with water). As a result, after the formation
of once reduced catalyst-CO complex (i.e., a key intermediate in
CO,-to-CH30H reduction), instead of proceeds via a proton as-
sisted reduction, CO dissociation become the preferred reaction
pathway, explaining why CH3OH as a reduction product was
only observed with a large Faradaic Efficiency when monomeric
CoPc dominates (Paper V).

We should also note that interfacial reactions on the electrode
surface take place in a strong electric field and this should be
taken into account. Again use Co(TPP)/CNT as an example, we
calibrated a EVB model and studied the CO; binding step (i.e.,
the step with the largest activation free energy in catalytic cycle)
in an electric field with a full explicit description of the environ-
ment. It was found out that the electric field concentrates cations,
which in turn stabilises the polarised CO; and hence eases CO,
binding by lowering both the activation free energy and the re-
action free energy. On the contrary, neither the electric field nor
the electrolyte ions alone can provide any significant stabilisation
(Paper 1V).

However, stability and hence scalability are yet issues to be
addressed. For hybrid catalyst/CNT systems, depending on how
the system is prepared, significant catalyst deactivation can take
place in merely a few minutes. MOF offers more stability, since
the molecular catalysts are fixed in the framework by chemical
bonds, and in theory a higher density of active sites since aggre-
gation is no longer a concern. Yet better understanding in how
the chemical structures and the mass/electron transport proper-
ties are linked to one other is still required since the latter prop-
erties also determines what the optimal catalyst loading would
be. In other words, there are still lots of work left to be done for
our future scientists.

It is exciting that we are witnessing the convergence of molec-
ular organometallic catalyst design and material engineering. Build
on our experience with catalyst/CNT systems in the group, we
are currently developing MD models for MOFs, moving towards
the understanding of more complicated systems. The results and
especially methodologies presented here not only provide guid-
ance for the design of new molecular catalysts and hybrid cata-
lyst/CNT systems but will also help us to study larger, intricate
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materials by analysing the observed phenomena and dissecting
reaction conditions for theoretical investigations.
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