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General Introduction

This first chapter aims at providing to the readers the state of the art in the field of
water splitting catalysis, as well as to report the motivation that focused our interest
on this scientific challenge. The main aspects of the Oxygen and Hydrogen Evolution
Reactions (OER and HER, respectively) will be displayed together with a general review
on catalysts development and mechanistic understanding.

Recently, metal NPs proved to be efficient catalysts for the production of hydrogen
from water. However, fundamental studies are still necessary in order to design more
efficient nanocatalysts. In this line, the organometallic approach will be presented as a
prominent tool for the synthesis of metal nanoparticles, which allows a control on their
structural properties (e.g. surface environment, size, shape) and thus reactivity, being
the method chosen for own studies in the other parts of this work.
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General Introduction

1. General Introduction

1.1 World Energy Outlook

The huge increase on the population during the last century1 (Figure 1a) as well as the

establishing of the welfare state in 1% world countries as a basic lifestyle, have
enhanced the energy demand (Figure 2a) and thus the need for the associated 1
resources. Additionally, the great advances in technological, scientific and medical

research are not only accomplishing their purpose, which is to facilitate people’s
everyday life, but are fundamentally creating a dependency of human being on energy-
requiring devices. This statement is depicted on Figure 2a, where we can see how the
energy consumption changed over the years.” This illustrates how the priorities have
changed on 1* world population, to reach a more comfortable society following the
colloquially called “minimum effort law”.

a) World's population b) Life Expectancy at birth
10 - 86 -
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Figure 1. a) World’s population increase over the last decades (green) and future perspectives (blue);" b)
increase on the life expectancy at birth during the last 15 years.3

In fact, the advancement in medicine that is increasing the life expectancy in human
beings (Figure 1b),? is of course promoting this aforementioned rise on the world
citizens, affecting not only on the energy reservoirs for artificial devices, but most
importantly on the availability of sufficient products for feeding the entire population.4

Besides the philosophical discussion on the changes of 1%-world-“civilized” society,
there is a drawback to be solved, energetically speaking. Energy has largely been
obtained by the combustion of fossil fuels as coal, oil or natural gas (Figure 2a), leading
to two important problems: firstly, the main feedstocks are running out inducing an
obvious increase on their price;> secondly, and with a greater significance in what
Earth and human lifetimes concern, the use of these sources as energy precursors has
dramatically increased the presence of greenhouse gases (GHG: H,O(g), CO,, CH4, NOx
or O3) in the atmosphere.® Ozone hole or global warming are some of the resulting

-3-
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effects of this massive GHG concentration, but derivative outcomes are also observed,
like ocean level increase due to glaciers melting or animal migration due to
temperature rising. Nonetheless, air pollution is the 4™ risk factor for human health,’
after high blood pressure, dietary risks and smoking; and SOy, O3 or NOy are well-
associated with a range of illness.

a) 1s : b) Renewable energy sources
m Renewables™ '
6 g Hydro
14 | Nuclear
m Coal

12

m Gas
10

Billion toe

W biomass

W heat energy

i
i

: hydroelectricity
1965 1975 1985 1995 2005 2015 2025 2035
v u others: wind, solar geothermal, biomass
ear

Figure 2. Left, world energy consumption by year in billion toe, divided in energy sources.’ Right,
percentage of energy obtained from the main renewable sources.”

Fortunately, the interest on replacing fossil fuels as energy sources, by more cleaner
and renewable products that can be widely used without damaging the environment,
is rising. Obviously, this concern is not shared with all the administrations, governs and
of course companies, who prioritize the own success against to the common interest
to keep a healthier world. Recent studies hypothesize that fossil fuels will remain
supplying 75% of the energy demand on 2035, against 85% in 2015.% This means a
slowing down on the increase of carbon emissions, even though a fall by around 30%
by 2035 should be achieved to accomplish the goals set up in the “Paris agreement” by
the United Nations.” As in 2015 only 3% of the overall consumed energy was coming
from renewables,? an increase up to 10% as planned for 2035 would be a significant
progress, even if still a small achievement.

The development of engines allowing the use of renewable energies has already
reached a milestone: they start becoming cost-competitive in the countries where
there is an obvious governmental support.® On the other hand, as depicted in Figure
2b, out of the 3% of power that is being supplied by renewables, 46% is coming from
traditional biomass, 22% from heat energy (modern biomass, geothermal and solar
heat), 20% from hydroelectricity and 12% is electricity from wind, solar, geothermal,

and biomass.



General Introduction

1.2 Solar Energy

Among all renewable sources, sunlight energy is the most available one: more sunlight
energy strikes the earth in 1 hour than all of the energy consumed on the planet in 1
year.”® This means that a 0.02% of this solar energy would be enough to fulfil all

human energy requirements. Additionally, all chemical and radioactive polluting by-
products of so-called thermonuclear reactions taking place in the Sun are there 1

retained, and only pure radiant energy is transmitted to the Earth.™ The effective solar

radiation reaching the whole surface of the Earth in one year (eliminating the
backscattered and absorbed, which is around 46%), means approximately a solar
power of 89,300 TW, nine times higher than the wind power (1000 TW) that is the
second most powerful renewable source. This indicates that by using a 10% efficient
device, on only 0.17% of the Earth’s surface, we could achieve the current 15 TW of
worldwide energy consumption.

However, this harvested energy needs to be harnessed in other forms such as fuels,
chemicals or electricity. This implies to transform the charge formed by photon
absorption into a vector of energy that can be later used. Nowadays, devices using
sunlight can be divided in three main categories, as follows:

a) Solar thermal systems, which directly convert sunlight radiation into thermal
energy for heating applications.

b) Photovoltaics (PVs) that transform the solar energy into electricity without the
interface of a heating engine.

c) Solar fuels, namely the storage of the solar energy into the chemical bonds of
molecules.

To achieve an alternative to fossil fuels using sunlight as energy source we need
chemical products as vectors that, when consumed, release clean and environmentally
friendly by-products. In this sense, in 1912, the photochemist G. Ciamician, who is
considered as the father of solar panels, proposed a challenge:***

“to fix the solar energy through suitable photochemical reactions with
new compounds that master the photochemical processes that hitherto
have been the guarded secret of the plants”

In summary, he proposed to use the sunlight energy and to store it into chemical
bonds, as plants do for example with CO, fixation during the photosynthesis. This aims
at energy transformation and storage into solar fuels.

This is the birth of the “Artificial Photosynthesis” (APS) concept, which will be further
discussed in section 1.4. Briefly, it is a biomimetic process inspired by the principle of
photosynthesis that plants apply for the energy storage. Through the photosystem |l
(PS-11), plants absorb the solar energy to break water molecules into O, and a gradient

-5-
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of protons (H") and electrons (&). The released charged species go to the photosystem
I (PS-1), where they act as reductive agents to achieve the energy storage as chemical
bonds in carbohydrates. In the APS concept, the breaking of water molecules is
achieved by means of the sunlight energy as well, but synthetic catalysts are required
to perform the involved redox process, instead of the natural ones in plants. By this
way, water becomes precursor of a fuel, which can either be a carbon-based one (from
CO, reduction) or H,.

Regarding more precisely the redox process involved when considering water as
energy source, two products are obtained when breaking water molecules: O, and H,.
The H-H bond in the gaseous H, molecule is highly energetic.14 Once initiated, its
combustion in the presence of O, is straightaway and can be explosive in
concentrations of 4-74%, following the reverse reaction:

2H, + 0, —» 2H,0 AH = —113.5 Kcal - mol™? Eq. 1

As a consequence, the use of H, as a fuel is of high interest due to the high energy
release in its combustion. However, its utilization can be dangerous as well as its
transportation and storage is complex. In the following section, H, advantages and
disadvantages as chemical energy vector will be discussed.

1.3 Hydrogen: Advantages & Disadvantages

Hydrogen as an element is the most abundant in the universe,’® which at standard
temperature and pressure (273.15 K, 10° Pa) is present as molecular H,: a colorless,
odorless, tasteless and highly combustible gas. It was first identified by H. Cavendish in
1766, who named it as “inflammable air”. Some years later he found out that water
was produced when this gas was combusted (Eq. 1). In 1783, A. Lavoisier proposed the
name “hydrogen” to imply that it is a component of water (hydro). However, it was
over one century before, in 1672, that R. Boyle produced it describing the synthetic
reactions,’’ starting up from iron filings and diluted acids:

Fe + 2HX — FeX, + H, Eq.2

Despite the fact that in the Universe “H” is basically found in atomic or plasma states,
in the Earth it exists as molecular H,, even if it is a light gas that rapidly escapes from
Earth’s gravity,”® and in chemical compounds such as hydrocarbons and H,0. H, is
naturally produced by some bacteria and algae, and it is also a component in flatus.™®

Several advantages strongly suggest H, as a promising alternative to fossil fuels:

1. It can be obtained from the most abundant chemical product on Earth, H,O.
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2. Its combustion leads to the only formation of steam and liquid H,O, which is
highly considerable from an environmental point of view.

3. Itis nontoxic.
In fuel cells, the chemical energy of H-H bond gets directly transformed into
electricity without any heat requirement and with enhanced efficiency, in

contrast to other fuels.
5. The long-distance energy transmission is more economical than through high- 1

voltage AC (alternating current) lines.

The comparison of the properties of H, with those of gasoline evidences the high
capacity of this gas as a fuel:

Table 1. Comparison of H, properties with those of gasoline.20

Properties
Specific Energy Self-ignition Flame Explosion Difussion
Fuel energy density temperature | propagation energy coeficient in
(K Wh-Kg'I) (MJ-dm) (K) in air (m-s™) (Kg TNT-m’) | air (cm*s™)
H, 33.33 9.17 858 0.02 2.02 0.61
Gasoline 12.4 34.2 498-774 0.40 44.22 0.05

Interestingly, hydrogen has a specific energy value 2.5 higher than gasoline, although
its low energy density hampers its storage (further discussed in section 1.3.2). In terms
of security, H, self-ignition starts at temperatures around 50% higher than gasoline
(858 vs. 498-774 K), and its explosion energy is more than 20 times lower, stating it as
a less dangerous alternative. Moreover, H, is a light gas that rapidly diffuses in air and
it has no damaging healthy effect due to its non-toxicity, in contrast to gasoline.

Table 2. Comparison of energetic parameters of H, and typical molecules usable as fuels.”! Gibs free
energy (AG®), theoretical thermodynamic potential (E o), Maxiumum potential (E°,,,) and energy per
mass density (KWh-Kg'l).

Fuel H, MeOH | NH; N,H, HCOH co HCO,H CH, CsHg | EtOH
AG®
(Kcal-mol™)
E°eor (V) 1.23 1.21 1.17 1.56 1.35 1.33 1.48 1.06 1.08 | 1.15
E°max (V) 1.15 0.98 0.62 1.28 1.15 1.22 1.14 0.58 0.65 -

-56.7 | -166.8 | -80.8 | -143.9 | -124.7 | -61.6 | -68.2 | -195.5 | -503.2 | -341

Specific
Energy 33.33 | 6.13 5.52 5.22 4.82 2.04 1.72 13.9 - 8
(KWh-Kg™)

It is also worth to compare H, energy data with those of several products that can be
used in fuel cells as energy vectors.?! Doing so (Table 2), we notice that the specific
energy of H, is not only higher than gasoline’s one, but also than other fuels such as
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formic acid, MeOH or ammonia. Additionally, H, is the energy vector losing less energy
on its combustion (E°weor E°max).

In the following section, hydrogen production processes will be described, with the
focus centered on the Water Electrolysis (WE) and the Steam Reforming of Methane
(SMR) from natural gas. In terms of cost,”> WE is highly advantageous given that water
is renewable, cheaper and easier to obtain than petroleum or natural gas; however,
the refining process increases the costs of its production up to similar rates than
gasoline, as depicted in Figure 3.

$81

$6 ~—i= Gasoline (gallon)

e Electricity (WE kg H2 - Commercial $)
=== Natural Gas (SMR kg H2 - CommercialS)
—— Electricity (WE kg H2 - Industrial §)

—o—Natural Gas (SMR kg H2 - Industrial $)

$4-

$2-

Nominal SUSD per Gasoline
Gallon Equivalent

$0 T T 1
2010 2015 2020 2025
Year

Figure 3. Past, present and future perspective on the cost of using H, instead of gasoline, published by
Air Products.” Gasoline (black triangle), commercial electricity from WE (empty green square), industrial
electricity from WE (filled green square), commercial natural gas from SMR (empty blue diamond) and
industrial natural gas from SMR (filled blue diamond).

Consequently, it is important to consider not only the interest of H; as a fuel, but also
the feasibility of its production, storage and transport. All these points will be briefly
discussed in the following sections.

1.3.1 Hydrogen production

Nowadays, several processes are being used to produce H, starting up from various
chemical compounds. The most important ones are briefly described hereafter.

Steam-reforming

Industrially, H, gas is mainly obtained by the Steam Reforming of Methane (SMR) or
fossil fuel reforming from natural gas (95% of H, production in US in 2017).2 SMR is an
environmentally unfriendly process that consists in reacting gaseous water (steam) and
CH4 under high temperature and pressure (700-1100 °C, 20 atm.) to promote the H,
formation as follows:
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CH, + H,0 > CO + 3H, Eq. 3
CO + H,0 - CO, + H, Eq. 4

By this way, a well-known mixture called as “syngas” (synthesis gas) composed by H,
and CO is obtained (Eq. 3). The formed CO can be reused in the “water-gas shift

reaction” for further obtaining H, (see Eq. 4).

The main drawback of the steam reforming process for obtaining H, is the huge

production of CO, as by-product, which is one of the green-house gases to be avoided
in the atmosphere. In this sense, there is nowadays the aim of using a renewable
source instead of naphta in the reforming process. Ethanol can be an alternative,”***
as it is easy to transport, biodegradable, has low toxicity and it can be easily

decomposed in the presence of H,0 to form H; (Eq. 5):
C,HsOH + 3H,0 — 2C0, + 6H, Eq. 5

EtOH can be produced from the sugar fermentation of biomass. Those carbohydrates
are produced by natural plants from CO, and water. Considering that CO, is the only
by-product of EtOH reforming, the latter is considered as a renewable fuel. Moreover,
the efficiency of ethanol in the reforming process is higher than that of other carbon-
based products with a reaction enthalpy of AH,95 = 83.03 Kcal-mol ™.

Thermochemical decomposition

Another typical method to produce H, consists on the thermal treatment of water to
split it into O, and H,. The Gibbs free energy of the water decomposition can be
lowered down by increasing the temperature, becoming null at 4700 K.*> However, the
highest available temperature by a nuclear reactor is 1300 K which is far from the
required heat for the single-step decomposition of water.

An alternative to circumvent this drawback is to realize the thermal splitting of water
by a multi-step method. Metal-based two-step decomposition of water can be
achieved at temperatures above 1273 K, involving the intermediate formation of a
metal oxide, metal hydride or hydrogen halide. With the purpose to lower down even
more the required temperature, a multi-step process can be used involving several
reactions all of them having smaller energy barriers. For example, the following four-
step procedure (Eg. 6-9) involves only one reaction with temperatures above 1000 K:

2H,04) + Iy(g) + SO2(g) = 2HI(g) + HyS04() T=300K Eq. 6
HyS045) = Ha0(g) + SO3(g) + 0.505(4) T=510K Eq.7
Nis) + 2HI gy = Nily(s) + Hag) T=570K  Eq.8
Nilys) = Niggs) + I T=1070K  Eq. 9
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Any thermochemical process aimed to be employed for the H, production requires
these four steps: 1%, water decomposition or hydrolysis (Eq. 6) followed by the oxygen
(Eq. 7) and hydrogen generation (Eq. 8), and ending up by the regeneration of any
consumed intermediates (Eq. 9).

Water electrolysis

The electrochemical water splitting, or electrolysis of water, was discovered by W.
Nicholson and A. Carlisle on 1800.?° As its name announces, it consists in applying an
electric potential onto a water-containing two-electrode cell, thus leading to the
formation of O, and H, as the result of the splitting of water molecules (Eq. 10):

2H,0 - 2H, + 0, AH = 113.5 Kcal - mol™? Eq. 10

This breaking of water molecules is a non-favored reaction thermodynamically
speaking and, as previously mentioned, the backward process is spontaneous at a wide
range of concentrations (Eq. 1). Obviously, there is a dependency of the generation of
the two gases formed (O, and H;) on the applied potential at each electrode
(cathode/anode). According to the Nernst equation, the required potentials (E° vs.
NHE, for Eg- 11-12) for the anode to start oxidizing water and for the proton reduction
at the cathode are:

E°, /m,0 = 1.229 — (0.059 X pH) Eq. 11
E°y+ /1,0 = 0.000 — (0.059 X pH) Eq. 12

As it can be deduced from the two equations, there is a clear dependency of the
thermodynamic potential (E°) for the production of O, and H, on the pH, graphically
displayed in Figure 4.%

1.5

J1.229

0.5 1
] 0.401
{ 0.000

E° (V) vs. NHE

H,
1 ] -0.828

0 2 4 6 8 10 12 14

Figure 4. Graphical representation of the dependency of the thermodynamic potential (E° vs. NHE) of
the O, and H, production from H,0, depending on the pH.
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In the case of the oxygen evolution reaction (OER), there is a potential decrease while
the pH increases as the OER is favored under alkaline conditions. In contrast, for the
cathodic hydrogen evolution reaction (HER), there is an increase on the required
reductive potential at higher pH due to the smallest [H']. Moreover, there is an excess
energy coming from electrochemical system resistance or water conductivity, which

needs to be beaten and that is called overpotential (n). A catalyst is necessary to
lowering down this energy in both semi-reactions. In “Nicholson & Carlisle”’s 1

experiment, H, and O, bubbles appeared on two Pt-wires, which were used inside a

sealed tube containing water, and powered with a voltaic pile, making a precedent for
the use of Pt as electrocatalyst.

Currently, one commercial device to perform water electrolysis is the polymer

.” In most of the PEM commercial systems, both

electrolyte membrane (PEM) fuel cel
the cathodic and anodic catalysts are based on Pt and Ir, which are scarce and highly-
expensive metals that make them unsuitable for large-scale and industrial applications.
As a consequence, there is still room for improvement in the development of
electrodes and electrolytes with catalysts that are efficient, low-cost and that have

long-term durability, based on more earth-abundant metals.?®

The previously mentioned APS is a sunlight-assisted electrolysis of water, in which the
energy comes from the sun irradiation instead of the electric power.

1.3.2 Hydrogen storage & transport

Hydrogen can be stored on the Earth in gas, liquid or solid (in chemical bonds or
adsorbed) states. Gas and liquid storing have been used for a long time, but they have
several disadvantages as follows:

e Liquid H; boils at around 20.3 K (-252.9 °C), which means that a high amount of
energy is required to get liquated Hs.

e Cryogenic containers with temperature insulating are needed for the H,
storage at so low temperatures, increasing the price of storing.

e Both liquid and compressed H, gas have lower energy density (MJ-dm™) than
hydrocarbon fuels. Thus, bigger tanks are required for having the same energy
than with e.g. gasoline.

Given the drawbacks above mentioned, high density hydrogen storage is an issue for
stationary and portable applications and remains significantly challenging for
transportation. Carbon fiber is a material recently used for hydrogen containers, e.g. in
fuel-cell vehicles (FCV), which enhances the tanks safety towards withstand crash, drop
test, fire, and ballistic, as tested.?® Alternative ways for storing H, in the solid state are
being investigated, either under the form of chemical bonds in bigger molecules or
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metal complexes, or physically or chemically adsorbed onto solids’ surfaces or within
porous solids. For instance, H, can be stored under the form of metal hydride (M-H)
species (Eq. 13-14):

M + (%) Hy > MH, Eq. 13
M+ (3)H0 + (5)& - MH, + (3) 0H~ Eq. 14

Other possibilities are to physically store H, molecules into the cavities of three-
dimensional molecular porous matrices.”® Zeolites for example, allow hydrogen
penetration in their pores at high temperatures.29 By cooling down the material H, can
be guested inside the pores, while reheating it releases H, back. However, very low
storage capacity of 0.1-0.8 wt.% is achieved with zeolites. In Metal-Organic
Frameworks (MOFs), both metal clusters and organic units can work as adsorption
sites for H, molecules.® They are easy to synthesize and their physical properties can
be tuned to achieve larger-diameter pores or change channel curvatures, to reach a
storage capacity over 1-4 wt.%.

Chemical storage into liquid-phase compounds can be also considered, achieving good
storage capacity of 8.9 wt.% for methanol, 15.1 wt.% for ammonia, and 13.2 wt.% for
methylcyclohexane.”® Aminoboranes (AB = NHs-BH3) are another alternative H,-storing
molecules thanks to their high hydrogen density (15.4 %) and low molecular weight
(30.8 g-mol'l).31 The transition-metal catalyzed AB hydrolysis to obtain H, can be
achieved under mild conditions, being able to generate three equivalents of H, per AB
molecule (Eq. 15):

cat.

NH3BH; + 2H,0 =5 NH,BO, + 3H, Eq. 15

Carbon-based materials are also promising for molecular H, storage because of their
combined adsorption ability, high specific surface, pore microstructure, and low mass
density.32 Activated carbon,**® carbon fibers (CFs)32c'd and either Single-Walled Carbon
NanoTubes (SWCNT) or Multi-Walled ones (MWCNT)**® are among carbon-based
materials used as storage materials.

Although H, production, storage and transport methods are being investigated, there
is still room for improvement to make H, a cost-effective alternative to carbon fuels.

1.4 Artifical Photosynthesis vs. Natural Photosynthesis

33
|

As previously mentioned, plants harvest solar energy in the PS-I11"" and use it to reduce

CO, into carbohydrates by using water (Eq. 16-17):*
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6H20 + 6C02 + hv d C6H1206 + 602 EO = 1.24‘V Eq. 16
2H,0 - 0, + 4H* + 4¢ E®°=123V Eq. 17

In other words, solar energy is being stored as chemical bonds in primary sugar
molecules, such as glucose, that plants use as precursors for the formation of superior
carbohydrates like cellulose. O, is formed as a byproduct, being the only waste product
in this whole process that started around 3500 million years ago, and the responsible
of guaranteeing the continuity of life in the Earth. In this way, plants are both,
diminishing the CO, concentration in the atmosphere and producing the O, that life-
being species require.

More specifically, water is oxidized on the oxygen evolving complex (OEC) by the
Mn4CaOs cluster,®® using the sunlight energy harvested on the PS-11 (see Figure 5). The
Mn-cluster is capable of storing four oxidative charge equivalents, and the gradient of
protons and electrons (4H" + 4&) is transported to the PS-1, where it is used for the
reduction of NADP® (nicotinamide adenine dinucleotide phosphate) to form the
reduced form NADPH,"® which is later on the responsible of fixing or reducing CO, in
the Calvin cycle.

NADP*+ H*—> NADPH

) Q W4
FNR ) , j
i W2 2\ /
Fd ‘? \ 2\ S 2A
PS-l PS-I 2.2\ . O
Q \ 05 il \\3 4 o1
3 W1 Mn4, 25 2.5
25 Peso +2H. P700 Q/Zfl‘_\ o\ \2"\“.?;‘“
ol j 21\ 24/ 027 Tl
OEC 3 1.9 2
/> P | N # :
Mn3 21T @ 21,
H,0 —> 120, + 2H* i o4 e

Figure 5. Left, photosynthetic electron-transfer chain of the thylakoid membrane;35 right, Mn,CaOs
cluster in the OEC in the PS-11.**

This clean process has been for a long time a source of inspiration for scientists who try
to find an alternative way to produce energy avoiding the use of C-based sources, and
mimicking the natural photosynthetic pathway in plants. The splitting of water
liberating “4H* + 4&” follows the proton-coupled electron transfer (PCET) mechanism,
that was described by T. J. Meyer et al. in 2004,*® and which is of high importance for
the rational development of water oxidation catalysts, as it will be later discussed.

The principle of artificial photosynthesis relies on the use of the released H" and &
resulting from water oxidation, to produce at disposal molecules with high-energetic
bonds. This means: a) CO,-derivated carbohydrates (Eq. 18) or b) hydrogen (Eq. 19):

4H* + 4é + €O, — [CH,0] + H,0 Eq. 18

AH* + 46 - 2H, Eq. 19
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1.5 Water Splitting

Water splitting is known as a promising option to produce H, from the most available
source in the Earth, H,O (see Eq. 10 on page 10). The breaking of water into H, and O,
gases is an energetically demanding process. It can also be named as water
electrolysis, if the energy comes from an electronic device as it is the case on
photovoltaic electrolyzer cells (PV/Electrolyzer, Figure 6a); or artificial photosynthesis,
if the source of electrons is the direct sunlight irradiation, as in the mixed-colloid
devices (Figure 6b).>” However, systems that combine both techniques are of high
interest, namely photoelectrochemical cells (PEC, Figure 6c). They take advantage of
sunlight energy harvesting as inexorable source through photoactive species
(photoanodes/photocathodes), instead of using expensive PV-devices. Further, alike
PV-based systems, in PEC the two catalysts are placed in separated compartments and
they can be present in homogeneous solution or immobilized onto the electrodes’
surface.

a) PV/Electrolyzer b) mixed-colloid c) PEC

Figure 6. Schematic drawing of three different devices for the light driven water splitting process.

In plants chlorophyll is the antenna that harvests light. The light harvesting activates
the OEC and its Mn-cluster leading to the breaking of water and O, formation (see Eq.
17 on page 13). In the APS, a photocatalyst (photosensitizer, semiconductor, etc.) is
required to act as solar-energy absorbing species, as well as a Hydrogen Evolution
Catalyst (HEC) or CO; reduction catalyst, and a Water Oxidation Catalyst (WOC). A
photosensitizer (PS), as the well-known [Ru(bpy)_:,]2+ complex (1 in Figure 7, left),® is a
species that can work in a mixed-colloid device (e.g.) harvesting sunlight to provide the
light-excited electron to the HEC, as shown in Figure 7 (right). The reduction catalyst is
then able to reduce H" or CO, molecules, while on the same time, the oxidation
catalyst gives an & to reduce the PS* back to PS, being ready to oxidize water to O,.
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Also semiconducting materials (such as TiO,, ZnO or CdS) can be simultaneously used
as light-harvesting species and catalyst, e.g. in PEC devices. The first example was
described by K. Honda and A. Fujishima in 1972:*° they used TiO, as photoanode in
connection with a Pt-based cathode, and, by irradiating UV-vis light, O, and H;, bubbles
respectively appeared on the surface of each electrode (Figure 7, bottom-left). If a PEC

is used, both catalysts are activated through photoactive electrodes or species in each
compartment, what enhances the efficiency of the whole device. 1

c) 0, +4H*

4WOocC*

4ps
; 2H,0

4WoC

— 4ps* 4ps*
B
1as
H.
Vv t

[ &
CcB +
2
0
U
30ev (A<415 nm)
OZ
H,0
VB N Electrolyte

TiO, n-type semiconductor Pt counter electrode +
photoelectrode 4H ZHI

Figure 7. a) Photosensitive [Ru(bpy)3]2+ complex 1; b), photoelectrochemical cell containing a TiO,-
photoactive anode and a Pt cathode, reported by Honda and Fujishima;39 ¢) schematic representation of
the electron transfer process in a photo-induced catalytic WS.

As previously introduced on page 11, potentials above the thermodynamic potential
(1.23 V at pH=0) are required to oxidize water, as there are complex electron and ion
transfer processes that slow down kinetics and make the reaction energetically
inefficient.*® This additional potential that is needed above the thermodynamic
reaction potential (E°(0,/H,0) = -1.23 V and E°(H*/H,) = 0.00 V vs. RHE), is called
overpotential (n). It derives from both chemical drawbacks and device set-up, as for
example activation energy, species diffusion, electrodes and wires resistance, or
bubble formation.

The role of the WOC is to lower down the activation barrier of the oxidative semi-
reaction, and so to diminish the required overpotential to start forming O,. The WOC
can be an oxide material as first published by A. Coehn and M. Glaser in 1902,*! or a
molecular complex. Molecular complexes have recently been widely studied since the
discovery of the ruthenium “blue dimer” by T. J. Meyer in 1982 (2 in Figure 8).*?
Analogously, the HEC is needed to diminish the energy barrier for reducing protons (n),
which is much lower than for the oxidative counterpart as it simply involves the
formation of two H-H bonds (see section 1.5.2 for further details).
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Figure 8. Structure of Meyer’s “blue dimer” 2.2

Considering that the general topic of this PhD work is the development of Ruthenium-
based nano-sized species, to be used as catalysts for the WS process, from now on we
will mainly focus on Ru-based catalysts for both, water oxidation and proton reduction
reactions.

Before highlighting the literature data on WOCs and HECs, it is important to define two
crucial concepts for the description and comparison of catalysts in general. The
TurnOver Number (TON) of a catalyst (cat in Eq. 20) defines the number of times that
the cat. is capable of performing the catalytic reaction (R=>P in Eqg. 20), and therefore
how stable it is under the catalytic conditions. This can be easily calculated by dividing
the number of moles of product (np-) in Eq. 21) formed at time t=x, by the number of
moles of catalyst (nct. in Eq. 20):

cat

R— P Eq. 20
TON (poy) = L& Eq. 21
(t=x) = Ncat o
_ TON(t—y)  Mp(tex
TOF(t=x)(S D= ;t t= nPc:t'x) Eq. 22

The kinetic parameter generally used for catalyst benchmarking, is the TurnOver
Frequency (TOF, [s). It corresponds to the TON value divided by a given period of
time (t=x), for example the turnovers that a catalyst does per second (Eq. 22),
corresponding to the velocity of the catalyst. Both parameters may change during
catalytic experiments, depending on the catalyst stability, availability of substrates
and/or reaction conditions.

Three other parameters that are key for the description and comparison of
electrocatalysts are the onset overpotential (o), the overpotential at |j| = 10 mA-cm™
(n10) and the Tafel slope (b):

» nois referred to the electrochemical potential (respect to the thermodynamic
E°) at which the catalytic reaction starts, and it can be distinguished by a
change on the current intensity (/) due to a Faradaic process, when performing
voltammetry experiments.
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» N1 is the potential (respect to the thermodynamic E°) at which the system
reaches a |j| = 10 mA-cm™. This value is already normalized by the geometrical
electrode surface area, so it allows the comparison between systems with
similar loading and different surface areas, and it is generally accepted as the
approximate current density expected for an integrated solar water-splitting

device under 1 sun illumination operating at 10% solar-to-fuel efficiency.
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Figure 9. Typical polarization curves for HECs with ng, nio and E° parameters.

» The Tafel plot is the representation of the overpotential of an electrochemical
system vs. the log of the current density (j). The equation ruling an
electrocatlyst’s curve is called the Tafel equation, and possesses an slope (b)
which gives kinetic information on the rate determining step (rds) among the
different reaction pathways (see specific information on the following OER/HER
sections).

» Another interesting parameter can be deduced from the Tafel plot, which is
informative of the catalyst activity: the exchange current density (jo). It is
defined as the obtained current in the absence of any faradaic process and at
no; the higher jo, the better the catalyst is considered. It can be obtained by
resolving the Tafel equation for n = 0 mV, giving rise to the residual current of
the catalytic system under non-faradaic conditions.

1.5.1 Oxygen Evolution Reaction

As previously mentioned, the OER is considered as the bottleneck for the development
of water splitting devices. It is a complex reaction as it involves the extraction of 4
protons and 4 electrons from two water molecules, and an O=0 double bond
formation.” From a catalytic point of view, the Mn cluster of the PS-ll system in
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natural PS is a model for the development of WOCs, as it collects the four hole
equivalents produced by solar irradiation that are required for performing the
oxidation of water. With regards to WO nanocatalysts, since the understanding of their
catalytic mechanisms still supposes a significant challenge, the scientific community
has paid great attention in the mechanisms arising in molecular WO complexes, with
the aim of correlating their main steps onto solid systems. In this sense, the polypyridyl
structure of the so-called “blue dimer” (Figure 8 in section 1.5) gave birth to a new
family of water oxidizing Ru-compounds known as Ru-OH, polypyridyl complexes.‘m'45
The study of the Ru-OH, polypyridyl family has permitted to elucidate the two most
important processes in the oxygen evolution reaction: the Proton Coupled Electron

Transfer (PCET) and the Oxygen-Oxygen bond formation.*®
Proton-Coupled Electron Transfer (PCET)

An exhaustive study of Ru-OH, polypyridyl species through Cyclic Voltammetry (CV)
and spectroscopic techniques enabled T. J. Meyer et al. to define the “Proton Coupled
Electron Transfer” (PCET) mechanism.*®** They studied the different Ru oxidation
states as well as the pKas of the aqua groups in each species, and observed that when
an electron was removed from the [Ru"-OH,]*" species a proton was simultaneously
lost. Hence, by the removal of 1H* and 1& or 2H" and 2& of the [Ru"-OH,]*" species (Eq.
23), three different metal oxidation states appeared to be stable:

—-H*,—é

.
[Ru!! — OH,]** — 5 [Ru! — OH]** —5 [Ru! = 0]+ Eq. 23

This PCET process results from the increase in acidity of the aqua groups when the
metal is oxidized. Therefore, the removal of an electron from the [Ru"-OHz]2+ core
induces the loss of a proton, leading to [Ru"-OH]*" species which undergoes the same
process to form [RuV=0]*". This entity contains a more powerful electron donating
oxygen group (H,O < OH < 0%), which better stabilizes high metal oxidation states.
Consequently, redox potentials are lowered when PCET occurs, avoiding high energetic
intermediates, as can be seen in Scheme 1:

0.46V

[Ru(Bpy), (py)OH]* —————— [Ru"{bpy)y(pVIOHI"

-1H*,-1e”
-H*| pKa=0.85 0.66V -H*| pKa=10.6
1.02V

[Ru(bpy), (py) OH, 1 —— [Ru"(bpy),(pY)OH 1™

Scheme 1. Acid-base redox potential diagram for Ru"'/Ru" redox couples of [Ru"(bpy),(py)(OH,)1**.

Potentials are given versus NHE.
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PCET mechanism elucidation has been crucial not only for the understanding of Ru-OH,
polypyridyl complexes reaction pathways, but also to contribute to the general
knowledge of water oxidation mechanisms in the natural Mn-based OEC.

Oxygen-oxygen bond formation

After release of the necessary electrons and protons and the accumulation of the
oxidative equivalents in the Ru'Y=0 species, the 0-O bond can be formed. Scheme 2 1

illustrates the two plausible mechanisms that have been experimentally proven by

studying different molecular WOCs:***

1. Water Nucleophilic Attack (WNA): a water molecule attacks the M-O
moiety of a highly oxidized metal.

2. Intramolecular or Intermolecular pathway (I,M): two M-O centers merge
to form a M-0O-0O-M peroxo moiety.

.
WNA w=0 —, m—o0 — M=+ P +o2n

O—M o)
LM 2x M=0 —>, M—O —, M~y

Scheme 2. Two plausible mechanisms for 0-O bond formation with molecular wocs.

Both mechanisms have been observed depending on the catalyst nature and the
reaction media. The most outstanding examples of water oxidation catalysts will be
presented in the following section.

In the materials field, S. Trasatti et al. proposed a multi-step mechanism after studying
as catalyst ternary metal oxides of Rug3Ti(o.7-xCexO, composition that catalyzed the OE

reaction in acidic media.’>*?

Analogous to the homogeneous processes, the first step is
the absorption of a hydroxide group (Eq. 24), followed by the formation of a metal-
oxide species (Cat-O), either through a second electron transfer (Eq. 25) or a

recombination step (Eq. 26):

a) Cat(sy + H,0 — Cat — OHgq) + H* + & Eq. 24
b) Cat — OH (qq) = Cat — O(aq) + H{zq) + & Eq. 25
b’) 2Cat — OH (qq) = Cat — O(qq) + Cat(s + H,0 Eq. 26
c) 2Cat — O(qq) = 2Cat(s) + 0, Eq. 27

The last step, the O=0 bond formation (Eq. 27), allows to regenerate the catalyst active
species through a “I,M”-like pathway.
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As previously presented, from the Tafel equation of an electrocatalyst kinetic
information on the catalyst performance can be obtained. In the particular case of
heterogeneous OE catalysis, a Tafel slope (b) of 40 mV-dec™ suggests a mechanism in
which the second electron transfer (Eq. 25 or 26) is the rds, whereas a slope of 30
mV-dec’ is characteristic for systems where the rds is the recombination reaction (Eq.
27).

1.5.1.1 Molecular complexes as WOCs

Among the state-of-the-art of molecular catalysts as WOCs, first-raw transition metals
(TMs) such as Co, Cu, Mn and Fe are the most frequently earth-abundant metals object
of study.”®®! Mn is particularly interesting due to its role in natural photosynthesis, but
also because of its high abundance. R. H. Crabtree, G. W. Brudvig et al. described in
1999 the first dinuclear Mn complex, [H,O(terpy)Mn(O),Mn(terpy)OH,](NO3); (terpy is
2,2:6’,2”-terpyridine), capable of oxidizing water into molecular dioxygen (3 in Figure
10).>® Later on several studies reported no impressive activities and the decomposition
of the sacrificial oxidant as secondary reaction.>® B. Akermark et al. could diminish the
required overpotentials of dinuclear Mn-based complexes by using imidazole and
carboxylate groups on the ligands, making the catalytic system compatible with the
sacrificial oxidants.”

Figure 10. Some TM-based molecular complexes as WOCs: [H,0(terpy)Mn(O),Mn(terpy)OH,](NOs); (3),
Fe'-TAML (4), [Co(Py5)(OH,)(CIO,); (5), [(bpy)Cu(u-OH)1,™" (6), and [Ir(ppy)a(H,0).1" (7).

Similar to Mn, Fe is highly abundant and has low toxicity, being thus a feasible option
for OER.® S. Berhnard et al. reported in 2010 the first family of Fe complexes able to
catalyze the OE (Fe"-TAML, 4 in Figure 10), followed by J. Lloret-Fillol, M. Costas et al.>’
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Again, the stability under the oxidative conditions was doubtable in some cases,®
achieving the formation of FeO, species.

General knowledge on molecular Co-based OEC has rapidly evolved since C. P.
Berlinguette’s first published in 2011 the [Co(Py5)(OH,)](ClO4), (Py5 = 2,6-(bis(bis-2-

pyridyl)methoxymethane)pyridine) complex (5 in Figure 10).° Good activities have
been reported in other contributions,®® but the nature of the real active species 1

proved to be not molecular in some cases. Decomposition to nanoparticulated CoO, or

films has been observed,®® thus stating the low stability of cobalt coordination
compounds under OER conditions.

J. M. Mayer et al. described the first Cu-based complex as WOC [(bpy)Cu(u-OH)],** (6
in Figure 10), which at high pH values formed a dinuclear active species.®®> From this
point, T. J. Meyer,64 A. Llobet® and G. W. Brudvig,66 among others, described several
Cu-based homogeneous catalysts.

On the second and third row of the periodic table, low-abundant Ir-based complexes
have attracted much attention as molecular WOCs. S. Bernhard described in 2008 the
first family of Ir-complexes bearing cyclometalated phenylpyridine ligands, such as
[Ir(ppy)2(H20),1" (7) in Figure 10,%” which showed OE activity for several days. R. H.
Crabtree and M. Albretch also contributed on the development of Ir-based complexes
containing  pentamethylcyclopentadienyl (Cp*) and carbene-type ligands,
res.pectively.68 However, the stability of such molecular compounds and thus the
nature of the active species are not evident due to ligand oxidation under the strong
oxidative conditions,®® and formation of active IrO, species was observed.”

-4 . m e |
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t (years)

Figure 11. General plot on the report of new WQOCs over the time and their increased catalytic activity in
log(TOF) compared to the OEC from PS-l. The catalysts are shown in Figure 12 (8-12).
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Polypyridyl-stabilized Ru molecular complexes were the center of intensive studies and
improvements on the development of homogeneous water oxidation catalysis, due to
both the electronic properties that polypyridyl ligands offer and their stability under
catalytic reaction conditions. A proper way to analyze the progress over the years on
the development of WOCs is to compare the increase of the TOF values (Figure 11).

According to that, a long time was necessary to develop a catalyst with activity values
as high as the naturally occurring system (Figure 11). Blue dimer’s TOF (0.004 s™) and
TON (13.2) are much lower than the Mn cluster ones (TOF = 100-400 s*).”* Until A.
Llobet et al. reported in 2004 a ruthenium dimer containing a trpy and Hbpp ligands
(2,2":6’,6"”-terpyridine; 2,2'-(1H-pyrazole-3,5-diyl)dipyridine, 8 in Figure 12), no great
improvement has been achieved in terms of catalyst efficiency while this one reached
higher TON (512) and TOF values (0.014 s) than the “blue dimer”.”*”? At that time, it
was believed that a dinuclear complex was mechanistically required for achieving the
0-0 bond formation,”* but R. P. Thummel (2005)”> and T. J. Meyer (2008)’, among
others, proved that mononuclear metallic complexes (9,10 and 11, respectively) could
also work as WOCs.”* Furthermore, M. Bonchio and C. L. Hill simultaneously published
a family of Ru-POM (polyoxometallates) complexes mimicking the natural occurring
Mn cluster,®® such as the fast and water-soluble PWy034 with a tetraruthenium active
core (12 in Figure 12), which exhibited 4.5 TON/s rate.””’®

Figure 12. Structure of Llobet’s dinuclear [Ru',(bpp)(trpy)y(H,0),1>" (8), Thummel’s [Ru'(tnp)(Me-
py)a(H;0)1"" (9) and [Ru'(trpy)(pynap)(H;0)]** (10), Meyer’s [Ru(trpy)(bpm(OH,)]*" (11), and Bonchio’s
Ru,-POM (12).

One step forward on the development of active WOCs and the rational design for
mechanistic understanding of the molecular oxidation of water are the recent studies

-22 -



General Introduction

made by L. Sun and A. Llobet with a new family of mononuclear ruthenium

798 The incorporation of a dianionic ligand (main characteristic of this new

complexes.
family), 2,2’-bipyridine-6,6’-dicarboxylic acid (13, bdaz') or 6,6'-dicarbonixilate-
[2,2":6',2”-terpyridyl] (14, tdaz'), provides an electronically richer metal center, in

which this negatively charged equatorial ligand decreases the necessary overpotential

for accessing higher oxidation states to oxidize water (15 in Figure 13).2" Thus, complex
15 from the Ru-bda family could produce oxygen with TON up to 55000 in an 1
extremely short time lapse, leading to a TOF value of 300 s™. These numbers narrow

the difference between the Mn cluster at OEC in PS-ll and human designed catalysts

(Figure 11). For Ru-bda complexes, an 1M intermolecular mechanism for the O-O bond

formation was detected by UV-vis spectroscopy through dimerization of two
79,803,82

ruthenium centers.

(0]
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Figure 13. Structure of ligands bda® (13) and tda” (14) and their complexes [Ru(bda)(4-pic),] (15),
[Ru(tda)(Py),] (16) and [Ru(tda)(Py-Pyr),] (17).

More impressive is still the performance of the Ru-tda-based complex, such as
complex 16 in Figure 13. In this case, initial 7-coordination geometry is observed on
the Ru center without the presence of any H,O molecules in the coordination sphere.®
This is crucial as the carboxylates play a double role: besides facilitating the oxidation
of the metal towards higher oxidation states due to its anionic ability, after the
coordination of a water molecule they act as acidic groups for the PCET, removing
protons for the formation of the Ru'=0 active species. Ru-tda family complexes can
reach up to 50000 s TOF values depending on the nature of the axial ligands, and
being the more active WOCs published so far (Figure 11). This improvement on the
catalytic activity is attributed to the richer electron density of the metal coordination
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sphere, which at the same time creates also steric hindrance, leaving aside the 1,M
mechanism as a feasible option.

The fact that Ru-tda complexes follow the WNA pathway, and so do not require the
approach of two catalyst molecules for the O-O bond formation, allows their anchoring
onto solid supports without altering their catalytic performance and avoiding side
reactions as complex decomposition.®* When I,M is the main 0-O bond formation
pathway, e.g. with Ru-bda complexes,® the immobilization of the catalyst hinders the
approach of two complex molecules, facilitating those side reactions. m-Stacking
interactions between pyrene-based ligands and CNTs is a plausible choice for
molecular catalyst immobilization, as demonstrated with Ru(tda)(py-Pyr), complex 17

84a

in Figure 13, which enables the preparation of photoactive materials for the light-

driven oxidation of water.?*

These results open a new door towards the construction of molecular anodes for the
OER, in which the proper rational design of ligands will permit to tune the mechanistic
pathway of the catalytic reaction. Further, the immobilization of the active species in
an efficient manner is a way to maintain the catalytic active species stable and to allow
their recycling.

1.5.1.2 Metallic nanoparticles as WOCs

As previously mentioned, it is well-known since the publication of A. Coehn and M.
Glasser in 1902 that metal-oxide materials can also catalyze oxygen evolution from
water.*! For the development of new catalytic materials, maximizing the number of
surface active sites is of paramount importance and, therefore, systems at the
nanoscale, with large surface area to volume ratios, present obvious advantages.
Contrarily to traditional electrolyzers, that work in basic condition, proton exchange
membrane (PEM) for WS systems operate in acidic media and provide numerous
performance advantages that convert them in ideal devices for the delocalized storage
of renewable electricity at the small scale.®® IrO, species are widely used in Proton
Exchange Membrane Water Electrolyzer (PEMWE),87’52 but their prohibitive conditions
(expensive and scarce)® prevent them to be applied in large-scale industrial
applications.

RuO, has been widely used as WOC after P. A. Christensen et al. first published in 1988
the photochemical performance of a rutile-structured RuO, in oxidizing water.®
Recently, J. Rossmeisl| et al. attributed this high catalytic performance to the average
binding energy of surface bonded oxygen species (found as activity-controlling
parameter) through thermochemical density functional theory (DFT)-based OER
calculations, as represented in the volcano type activity plot (Figure 14), which
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correlates the overpotential of a series of MOx-based WOCs with their M-O binding
90
energy.

0.0

-1.0 -

“MNine v

-1.5 -

25 : 1
1 0 1 2 3 4

AGY. — AGP- 1 eV

Figure 14. Volcano-type plot of the correlation between MO,-WOCs activity (expressed as overpotential)
and their metal-oxygen binding standard free energies based on DFT-calculations.”

A recent contribution of I. E. L. Stephens, I. Chorkendorff et al. constitutes the state-of-
the-art work to discuss the factors that influence the activity and stability of Ru-based
NPs in OER.2® Ru°/Ru0O, NPs (2-9 nm) prepared through magnetron sputtering were
tested with thermally oxidized RuO,. The former turned out to be more active than the
oxidized material, but it immediately corrodes to form soluble RuQg4, therefore losing
the activity as WOC, as already observed for other systems based on metallic Ru.”**®
OER mass activity, specific activity (0.32 mA-cm™at n = 0.25 V) and TOF data (0.1-1.0 s™
for n = 0.22-0.27 V) for the RuO; system resulted one order of magnitude higher than
those found for any other NP in acidic media, which is attributed to the clean surfaces
provided by this preparative method. This is particularly clear when the performance
of this system is compared with the chemically prepared 6 nm RuO,-NPs reported by Y.
Shao-Horn et al.”? of similar size and crystallinity but clearly lower specific activities
(0.182 mA-cm™ at n = 0.30 V), although being in basic media.

Metallic Ru stability issues under OER acidic conditions were also observed by P.
Strasser et al. when they compared the electrocatalytic OER activity and stability of Ru,
Ir and Pt NPs with that of their corresponding bulk counterparts.91C Even if Ru®-NPs
show the best initial specific activity, important passivation and corrosion are observed
from the first CV scan given that RuO,4 forms at potentials close to those needed for
OER.

In basic media (1 M NaOH), high current densities at relatively low overpotentials (n =
0.35 V) have also been reported by J. C. Peters, T. F. Jaramillo et al. when
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benchmarking a commercial RuO; as well as a wide set of nanoparticulate metals.”
However, when the specific current densities are calculated by taking into account the
electrocatalytic (ECSA) or BET (Brunauer-Emmett-Teller) surface areas, the obtained
values drastically decrease, underperforming other transition metal oxides such as
NiO, NiCoO; or Mn30Q,.

B. Lim et al. published the inferior efficiency of hydrous RuO, of low crystallinity with
regards to that of a crystalline counterpart prepared by annealing of the former at 400

°C (N10 is 123 mV lower for the latter).’*?

The inverse trend is reported by M. Han et al.
when analyzing metallic RuNPs of different crystallinity.®* The better performance of
amorphous RuNPs in this case (ng 50-60 mV lower) is attributed to the higher number
of coordinately unsaturated available surface sites. This trend better correlates with
the general results observed for other transition-metal oxides and from those

described for RuO, thin films.>

Decomposition of molecular complexes into nanosized materials is barely reported for
Ru-based catalysts, contrasting with other TMs. This is in agreement with the intrinsic
stability of Ru molecular WOCs that contain robust ligands. However, when using
ligands with easily oxidizable organic groups,96 CO, generation has been observed. This
implies that massive ligand degradation occurs concomitant with the formation of O,,
thus pointing to the formation of RuO, as the final active species rather than the initial
molecular complex. A particularly interesting example of ligand degradation is the case
of the Ru-bda complex (Figure 15a) when anchored onto a glassy carbon surface (for
further details see section 1.5.1.1).% Although this catalyst is extremely robust in
homogeneous phase, under its immobilized form it cannot undergo dimerization due
to restricted mobility, resulting in ligand degradation and the formation of highly
active RuO,-NPs (j = 1.5 mA-cm™ at = 283 mV, Figure 15b).

a)
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Figure 15. a) Ru-bda@GC complex structure (18) and degradation under catalytic conditions. b)
Repetitive cyclic voltammograms (50 cycles) for GC-supported Ru-bda at pH=7 up to 1.20 V. The black
solid line corresponds to the first cycle whereas the rest are drawn in gray.
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T. Ren et al. reported the embedding of pre-formed 1.6 nm RuO;, NPs into mesoporous
silica (SBA-15),°* displaying higher TOF than any other related particles in SiO; (TOFmax
= 0.27 s) and a TON > 200 after 15 cycles. This high activity relays on the pore-
confinement effect in SBA-15, which prevents crystal growth during annealing and thus
allows obtaining a metal oxide of small size, low crystallinity and high surface area. This

hypothesis is in agreement with the reduced activity reported by D. W. Bruce et al. for
similar RuO, NPs embedded in a MCM-41 mesoporous silica with very small pore 1
diameter (2.7 nm, TOFmax = 0.038 s).”'¢ Probably, the small pores size blocks the

access of active surface area. Low TON and TOF values (10 and 0.006 s™, respectively)
have been also recently reported by E. V. Johnston et al. with subnanometric RuO, NPs
embedded into a pyridine-functionalized siliceous mesocellular foam (MCF) arising
from RuCls impregnation, reduction with NaBH; and air oxidation of the Ru’-NPs
formed.”’ Finally, it is also worth mentioning the work of A. Mills et al. about the
photoreduction of RuO,” to yield RuO, NPs of 2-3 nm with TiO, as dopant in a one-pot
reaction.”® When triggered by ce", the system shows remarkable stability but a
moderate TOF of ca. 0.02 s

M. V. Martinez-Huerta et al. reported an electrochemically-triggered system where the
support/electrode has a key role for the described performance.” The catalytic system
is composed of bimetallic (PtsRu) NPs supported onto titanium carbonitride (TiCN).
While the expected role of Pt is merely affecting the final Ru %wt. in the sample,
enhanced activity and stability of the supported Ru/RuO, catalyst under OER
conditions are observed. Both effects are attributed to the TiCN support that prevents
the catalyst aggregation and dissolution.

Although the [Ru(bpy);;]2+ complex has been commonly employed for the

photocatalytic evaluation of Ru-based NPs in OER,**1%

the use of semiconducting
materials as light-harvesters has been also reported.’™ T. Ren et al. photocatalytically
evaluated the RuO,@SBA-15 system of 2nd generation with a better dispersion of the
catalyst, which showed O, yields > 90%, with a TOF value of 6.6:10° s.1% This system
outperforms many other transition metal oxides and previous RuO, systems reported
to date, probably due to the pores of the SBA-15 support, which allow the efficient
interaction between the catalyst and the PS. The photocatalytic evaluation of the MCF-
based system of E. V. Johnston et al. (vide supra),®’ in a similar OER configuration, led

to a TON of 4 and a three times lower TOF of 2.2-10% s,

A different approach aiming at facilitating eé-transfers between the RuO, catalyst and
the PS was described by R. Yoshida et al*®* The reported hydrogel system closely
arranges pre-formed RuO, NPs and a [Ru(bpy)3]2+—derivative by means of both
electrostatic interactions between polar groups and steric confinement within a
polymeric matrix, which produces O, under visible light irradiation. Finally, the n-
semiconductor TaON has been doped with RuO, NPs of different sizes arising from the
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calcination of [(NH4),RuClg] at different temperatures.91b Under visible light irradiation
the doped system outperforms bare TaON, highlighting the higher efficiency of RuO, as
OER catalyst.

1.5.2 Hydrogen Evolution Reaction

The reduction of protons is a simpler process than the O, evolution reaction. In
contrast to the oxidative process where four H-O bonds have to be broken and an 0=0
double bond formed, HER involves the formation of two H-H bonds by the reduction of
two H' groups. This divergence is evidenced with the overpotentials that catalysts
require in each semi-reaction, in general being < 100 mV for HECs and > 200 mV for
WOCs.

Pt-group metals are the most used for HER, being Pt itself the most active metal in
reducing protons. Thus, there is a huge interest in replacing it, due to its scarcity and
resulting prohibitive price. However, WS-devices containing a proton exchange
membrane work better at acidic pH, making most of the first-raw metal-based species
unsuitable given their low stability under these conditions.

After studying the mechanistic insights on published catalysts based on natural
products, V. Artero et al. stated that an efficient catalyst for the reduction of protons
should possess the following features:*°?

- Aredox-active species (usually d-block transition metals) capable to be oxidized
or reduced at moderate potentials.

- An available coordination site for the M-H bond formation, either with an easy-
to-exchange labile ligand (through ligand reductive elimination) or a vacant
position.

- A basic group (often called proton relay) which assists the M-H bond formation
and facilitates the PCET process by capture and deliver of protons to the vicinity
of the reactive center.

Mechanistic studies on molecular proton reduction are multitudinous, going through a
M-H bond formation preceded by a metal reduction. The mechanism has been
described, for example, for Co-based complexes both experimentally and theoretically.
It can go through a homolytic pathway by the interaction of two Co*-H species to form

(X-1)

two Co groups (bold arrows, Scheme 3), or by the heterolytic pathway by the

reaction of a Co*-H with a H* in solution, thus recovering the Co” species (dashed

arrows, Scheme 3).1%
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Scheme 3. HER mechanism proposal by H. B. Grey a et al. for the [(triphos)Colll(H),]" (triphos, 1,1,1-
tris(diphenylphosphinomethyl)ethane) complex through hemolytic (bold) and heterolytic (dashed)
pathways.103

In nanomaterials HER has been described to occur through two different reaction
pathways, namely Volmer-Heyrovsky or Volmer-Tafel. The followed steps are

represented in Scheme 4 and hereafter described (Eq. 28-30):*%*
Volmer: Catsy + Hfygy + & = Cat — Haq) Eq. 28
Heyrovsky:  Cat — Higqy + H{yq) + & = Hy(sy + Cat(s Eq. 29
Tafel: 2Cat — H(ad) - HZ(S) + ant(s) Eq. 30

The Volmer step (Eq. 28) is the adsorption of one proton onto the catalyst surface, and
is common for all the HEC. It is considered as a PCET-step on the surface of the
catalyst, and is alternatively called discharge reaction. The desorption step can either
go through the electrodesorption of the adsorbed hydride with an H* in solution
(Heyrovsky, Eq. 29), which is also a PCET process (analogous to WNA in OER); or the
recombination of two metal-hydride groups (M-H), from a unique particle or from two
different ones (Tafel, Eq. 30, analogous to [,M in OER).

‘ o
@ H \ ¥
@ Volmer step N \‘\d(o H—H

Scheme 4. Representation of the three steps involved on the HER mechanism on materials as catalysts.
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Thermodynamically, electrocatalysts are ruled by the Nernst equation, which allows to
calculate the thermodynamic potentials as E°(H*/H,) = 0.00 — (0.059 x pH). However,
electrocatalysts require higher energies than the thermodynamic equilibrium potential
due to kinetic drawbacks. This additional energy is called overpotential (1), and is the
difference between E° and the potential at which the catalytic reaction starts. The
catalyst has to overcome this barrier, being considered as good HECs the ones reaching
remarkable activities at n £ 100 mV. HER kinetics follows the Butler-Volmer equation
(Eg. 31), which evidences that there is a strong dependency on the electrochemical
potential:'®

RT | Eq. 31

where j is the current density, jo is the exchange current density, a is the charge
transfer coefficient, n=1 is the number of electrons transferred, F is the Faraday
constant, R is the ideal gas constant, and T is the temperature. At a low overpotential
close to the equilibrium potential (n = 0.05V), the equation is simplified and a linear
correlation between n and j is observed (Eq. 32). However, at higher n values, the
linear relationship appears between n and log(j) (Eq. 33 and 34):

RT ..
n= (nF—jO)J Eq. 32
. 2.3RT . 2.3RT .
n=a+b-log(j) =— ( s ) logjo + (m)log] Eq. 33
2.3RT
= Eq. 34

As previously presented, the graphical representation of n vs. log(j) is called the Tafel
plot, with the slope of the equation plotting the curve equal to b (Eq. 34), named as
Tafel slope. The equation gives kinetic information about the catalyst and its rate
determining step (rds), even though complete information on the reaction mechanism
is hard to elucidate. The rds of the general hydrogen evolution reaction depends on
the binding energy of the M-H bond. In acidic conditions, if the rds of the reaction is
the Volmer step, a typical Tafel slope (b) of =120 mV-dec™ is obtained. However, if the
rds is the Heyrovsky or the Tafel step, characteristic slopes of =40 mV-dec’ or =30
mV-dec ! are observed, respectively.

1.5.2.1 Molecular complexes as HECs

There are several examples of first-row earth-abundant metal-based catalysts that are
active for the reduction of protons.106 For instance, bio-inspired [FeFe] (19) and [NiFe] -
hydrogenases (20)'®’ have already been described (Figure 16). Also, iron-based
porphyrins (21) have attracted the attention of the scientific community,108 being Fe
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one of the most earth-abundant metals and also highly present in natural reactions. In
fact, Co™® and Ni**® porphyrins have also been reported as HECs. In fact Co™** has been
used in several molecular complexes such as polypyridinic-based ones, cobaloximes™*?
or diamine-dioxine [Co”(DO)(DOH)anz] (22, Figure 16),'13 among others.
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Figure 16. Earth-abundant metal-based complexes as HECs: [Fe-Fe]-hydrogenase (19),107 [Ni-Fe]-
hydrogenase (20),"” Fe-based porphyrin (21),"%® [Co"(DO)(DOH)pnX,] (22),*** [Ni(P,""N""),](BF,), (23) ***
and [Cu(CI-TMA)C,] (24)."

Ni(ll) bis(diphosphine) complexes, among other types, have been shown to be active
towards the reduction of protons as well, with [Ni(PZPhNPh)z](BF4)2 described by D. L.
DuBois et al. (23, Figure 16) reaching higher TOFs than [FeFe]-hydrogenase enzymes
due to the pendant amine, which acts as an effective proton relay.***

Cu, as Fe, has also been a widely studied alternative as it is earth-abundant and low-
cost. The best electrocatalytic performances have been achieved by the corrole-based
[(Cor)Cu™° complex published by R. Cao et al.**>® Nonetheless, [Cu(CI-TMPA)CI,] (24,
Figure 16) has also been studied in electrochemical systems (by X . Wang et a/.),115b
and it has also shown photocatalytic activity stating Cu as a good choice for light-driven

HER devices.

Manganese is particularly attractive due to its abundance and low safety concern, as
stated by the European Medicine Agency. Both mono- and dinuclear Mn complexes

116

have been recently reported as active HECs.” Also, Mo-based complexes with

polypyridine chelating ligands have been described as HECs by J. R. Long and C. J.

7 pyridine-based ligands are particularly attractive due to the roughness of the

Chang.
aromatic structure against hydrogenation, but also because of their strong o-donation
and m-backbonding interactions, which stabilize low metal oxidation states, crucial for

catalytic hydrogen evolution.
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The M-H bond energy plays a key role in proton reduction catalysis given that a high
M-H binding energy eases the adsorption of hydrogen but hardens the H, desorption.
On the other hand a low M-H binding energy results in the opposite effect (Figure 17).
Platinum is at the center of the volcano plot for proton reduction catalysts since it
possess the optimum M-H binding energy, which is neither too low nor too high.'*®
However, M-H strength also depends on the coordination sphere of the metal,
highlighting the importance of the right ligand design for correctly tuning the complex
catalytic performance. Ruthenium presents a slightly weaker M-H bond compared to
Pt, which hardly decreases the HER efficiency.119
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Figure 17. Volcano plot correlating the experimentally measured exchange current, log(ip), as a function
of the free Gibbs energy for H absorption (AG» = AE,; + 0.24 eV). Plot adapted from ref. 118.

In molecular electrocatalysis, Ru complexes appeared not to be appropriate candidates
for proton reduction catalysis. Several groups tried to use Ru complexes, but their
decomposition was observed onto the electrode surface. T. Abe et al. demonstrated in
2000 that a Ru-based complex ([(NH3)sRu"-O-Ru"(NH3)s-O-Ru"(NHs)s]Cls) (25) was
able to catalyze HER, but only after a few electrochemical cycles it lost its reversibility
(Figure 18a), presumably forming zero-valent species on the surface of the electrode,
which were not molecular anymore.120

R. P. Thummel and E. Fujita employed their complexes previously used as WOCs (26 in
Figure 18)™% in HER.!# They observed some activity with these complexes, reaching
current intensities of 90 pA at £ = 1.36 V in an organic:acid mixture solution. Similarly,
T. J. Meyer published that the [Ru(tpy)(bpy)X]** complex (27 in Figure 18, X = solvent,
H) was capable of reducing protons with an i=80 pA at E= 1.5V vs. NHE. P
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Figure 18. Abe’s Ru-based complex (23) and electrochemical decomposition upon HER conditions with
simultaneous reductive current increasing.120 Thummel and Fujita (top, 24)"** and Meyer (down, 25)121b
Ru-based molecular complexes tested as HEC.

Hence, the low HER performances of the Ru-based molecular complexes were not
encouraging for those willing to substitute the expensive Pt by Ru as metallic center in
coordination compounds as HECs.

1.5.2.2 Metallic nanoparticles as HECs

Concerning Ru-based nanomaterials capable of reducing protons to H,, the literature is
neither more extensive than with homogeneous catalysts. The use of Ru-
electrocatalysts at the nanoscale for HER is a very recent field, with most of the papers
published in the 2016-18 period. They are mainly based on RuNPs dispersed or
supported onto C-based N-doped materials. One of the most important parameters
controlling the HE activity of a Ru-based nanocatalyst is the oxidation state of the
particles of the catalytic material: in general, metallic Ru is claimed to be the
responsible in reducing protons, but a few isolated examples report on catalysts made
of Ru°/Ru0, mixtures or RuO,, that are also available to conduct HER. The following
part will mainly focus on Ru metal systems, highlighting the most outstanding
materials.
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Analogously to WOCs, it has been common to test the catalysts on the surface of a GC
electrode. For instance, V. Horvat-Radosevi¢ et al. published a catalytic system made
of Ru’-nanomaterial of ca. 100 nm in size, that were synthesized by electroreduction of
(NH.),RuClg onto the GC surface.'?” The obtained hybrid material was tested in a 0.5 M
H,S0O, solution, giving no = 50 mV and nip = 90mV. In a similar synthetic methodology
but starting from another Ru precursor, RuCls-xH,0,'* 0. Joo et al. reported a film
composed by 80-90 nm sized NPs with a ng =30 mV, lower than in the previous paper,
but a higher nio > 380 mV. None of the two publications provide information on the
stability of the catalyst.

Another synthetic possibility, highly explored in the recent years, is to pre-synthesize
stabilized RuNPs onto a carbon-based matrix (e.g. carbon nitride, doped graphene,
hollow carbon spheres, etc.) and deposit them afterwards onto the GC surface. J. Baek
et al. reported RuNPs onto a nitrogenated holey two-dimensional carbon structure
(Figure 19a), Ru@CzN,119 which are active and stable in both acidic and alkaline pH,
showing one of the best performances for Ru-based HE-nanocatalysts, with no = 9.5
mV and nig = 22 mV at acidic pH, very close to the state-of-the-art Pt performance.
Very interestingly, in this paper they experimentally estimate the number of active
sites of the hybrid system by the Cu UnderPotential Deposition method (UPD), that will
be further detailed in the following section, and which allows a normalization of the

124 with an analogous synthetic methodology, T.

activity for benchmarking purposes.
Adschiri et al. prepared 2-5 nm NPs onto graphene-layered carbon (GLC, Figure 19d),
which when deposited onto RDE-GC started reducing protons at ng close to 0 mV,
reaching j = -10 mA-cm™ at only 35 mv.'?

Similarly R. K. Shervedani et al. described a synthetic S-doped graphene as a support
for 35 nm RuNPs in-situ obtained by electroreduction.”® When drop-casted onto GC,
the hybrid material showed marked activity with a ng = 65 mV and n;9 = 80 mV, being

I.,127 4 nm RuNPs were

stable after 500 cycles. In another study by C. Liu et a
encapsulated in a C-based core-shell material being surrounded by N,P-codoped
carbon in a 30 nm hollow structure (RuP,@NPC, Figure 19b). The supporting material is
believed to prevent particles aggregation and tune the electronic structure of the
particles, giving catalytic activities of no =0 mV and n,0 =51 mV and good stability with

only slight current degradation after 10h.

M. Shao et al. published a study on RuNPs of ca. 42.9 nm supported onto Si nanowires,
a material obtained by simple impregnation of the support in a RuCls solution.*?®
Despite that the system on GC showed worse o = 150 mV and nio = 200 mV than the
same RuNPs in absence of the Si-based support (ng = 110 mV and ny9 = 185 mV), they
observed an enhancement of the stability under catalytic conditions, with limited
agglomeration of the particles. A. M. Onal et al. published a 4 nm Ru’/Ce0, catalyst

with different Ru loadings, what controls the specific activity of the hybrid system, with
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the catalyst containing 1.86% Ru achieving a small nyo = 47 mV and a TOF,7,,v = 0.8 §

! 129 and which is completely stable after 10000 catalytic cycles.

c) RuP, @NPC
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Figure 19. Ru-based nanosystems as HECs: a) Baek’s Ru@C,N,"® b) Liu’s RuP,@NPC,

Ru/C;N,/C, " d) Adschiri’s Ru@GLC™> and e) Tour’s Ru-NG750."*°

c) Qiao’s

In comparison to Baek’s Ru@C;N system,119 which is active also under alkaline pH with
N1 = 17 mV and high TOFs (0.76 s™ (25 mV) and 1.66 s (50 mV)), J. M. Tour™*®
presented a catalytic system made of 6 nm Ru®-nanoclusters deposited onto N-doped
graphene (Ru-NG750, Figure 19e) which is unstable under acidic conditions, but that
presents a variable catalytic activity at 1 M KOH depending on the reducing thermal
treatment temperature and exhibits a very small 1 = 8 mV, with a medium TOF9gmy =
0.35 s*. S. Qjao et al. prepared an anomalously fcc-structured 2 nm Ru catalyst on
131 hamed Ru/C3N,/C, and drop-casted
onto a GC. The system has a very high activity as HEC in basic conditions, with ng = 15-

graphitic carbon nitride supported onto carbon,

20 mV and nig = 79 mV, due to the atypical Ru structure, which might be induced by
the g-CsN4 support (Figure 19c¢). The RuP,@NPC material described by C. Liu showed
also interesting results (1o = 74 mV) when tested under alkaline conditions.'*’

It is worth noting that RuO, has also been reported as a good HEC. This suggests a
change of the oxidation state at its surface due to the reductive conditions applied,
which may favor the formation of a Ru-H bond. Indeed, H. You in 2003"*? and H. Zhang
in 2010"3 both described an activation of RuO,, suggesting an increase of the number
of active sites, through the formation of metallic Ru. Also L. A. Naslund observed the

same trend in a recent work,"** and demonstrated the formation of a RuO(OH), by XPS
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analysis at different reduction times. B. Lim reported hydrous RuO, NPs (size < 5 nm)
capable to catalyze the reduction of protons under alkaline conditions with ng = 25 mV
and nip = 60 mV, but without any description on the oxidation state modification.’*® As
mentioned in section 1.5.1.2 (M-NPs as WQOCs), an annealed crystalline-RuO, sample
obtained from this hydrous-RuO, was good in oxidizing water, what allowed them to
prepare an efficient tandem cell with both catalysts on the cathode and anode,
respectively. As a curiosity, S. Barman et al. described a bifunctional catalyst made of
RuO,-nanowires supported onto carbon nitride (Rqu—NWs@g—CN),135 which was able
to catalyze both HER and OER with good-to-moderate activities and high stabilities at
acidic and basic pHs.

2D Ru®-nanosheets reported by Peng and et al.**®

showed remarkable catalytic results
as HEC onto GC electrode supports with o = 0 mV and nyo = 20 mV at j, = 10 mA-mg™
(jm = mass activity). The interesting feature of this system is that RuO, is being formed
when Ru®-nanosheets are oxidized under heat, which is active towards OER. The use of
both Ru® and RuO, permits the construction of a durable cell with good performances

in water splitting.

S. Fukuzumi et al. studied photocatalytic HER using PVP-stabilized RuNPs (PVP =
polyvinylpyrrolidone) as HEC, and described the optimal conditions for this system
(Figure 20).*” One of the main objectives of their work was to use basic media for the
reductive reaction, since OER is thermodynamically more favorable under this
condition. The main conclusions they reached were:

» An optimal catalyst concentration was found to be 12.5 mg-L'l, not observing
an increase on the reaction rate at higher concentrations, presumably due to
light dispersion and opacity when more material is present in the reaction
medium.

> Even though at acidic pH HER is favored due to increased H* concentration, this
system barely diminishes its catalytic rate at pH ranging from 4.5-10, dropping
off to very low values only at pH = 11.

» An activity-size dependency was observed when testing NPs of different sizes.
On the one hand, small NPs present higher negative charge density, easing the
hydrogen-atom association step but hindering the proton reduction process.
On the other hand, larger NPs ease the proton reduction process but hinder the
hydrogen-atom association step. The best results were obtained with particles
of intermediate size, namely 4.1 nm sized NPs.

» Electron transfer between species in a colloidal solution was not optimal when
using RuNPs as catalyst with typical PS (e.g. [Ru(bpy)s]**). The use of 2-phenyl-
4-(1-naphthyl)-quinolinium ion (QuPh*™-NA) as co-PS seemed to be crucial for
enhancing the electron transfer to the particles.
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» The use of MOyx-based materials (SiO,, TiO,, CeO,, etc.) as supports for RUNPs
enhanced the reaction rate and stability of the materials.**®
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Figure 20. a) Mechanistic scheme for the hydrogen-evolving reaction catalyzed by RuNPs: size effect on
the reaction rate for the “hydrogen-atom association” and “proton reduction” steps; b) time courses of
hydrogen evolution under photoirradiation, rate dependency on pH and c) particle size. Figure adapted
from references 137-138.

1.5.3 Benchmarking of immobilized electrocatalysts

The main difficulty when looking at the data at our disposal on nanoparticulated
systems or materials for comparative purposes is the wide range of conditions that are
used for the catalytic experiments. Catalyst loading, pH-media, particle size/surface,
etc. may all affect catalysis, in both OE and HE reactions. There is a requirement of
normalizing the activity in order to compare a series of catalysts in spite of the
different conditions employed. This normalization can be done by metal percentage,
number of active sites, electrochemically active surface area, or any other feasible
guantification. To reach this objective, two valuable methods have been reported
(among others) in order to benchmark the electrocatalytic performance of different
catalysts.
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The first method, reported by T. F. Jaramillo et al., is based on the approximate
calculation of double-layer capacitance (Cp.) of a deposited catalyst onto an electrode,
which allows obtaining a modified electrochemical active surface area (ECSA), and thus
the normalization of the catalytic current by this area.’* The second one is a bit more
precise and consists on the deposition of Cu’ onto the active sites of the material
through an electroreduction process of a Cu®"-salt, and the consecutive oxidation,
which is of course proportional to the amount of deposited Cu and thus, to the

number of active sites. 1?4

1.5.3.1Jaramillo’s benchmarking methodology

T. F. Jaramillo et al. described a methodology that allows normalizing the vast
electrochemical data nowadays on WOCs and HECs independently of the metal used

on each case.'®

This methodology basically consists on precise steps and reaction
conditions, importantly focused on referencing the results by the real electrode active
area, and on choosing benchmarking parameters that allow a fast and easy evaluation

of the intrinsic activity and stability of the system.

Elemental
Composition
XPS
h
Cp. / ECSA/RF Catalyst deposited CV/LSV
(n=0-06Vat10 mV-s') onto GC-RDE electrode (n=0-0.6Vat10 mV-s')
| |
Electrochemical Potential-controlled bulk
impedance electrolysis
spectroscopy (EIS) Current-controlled bulk _ (n=10-0.6V)
electrolysis (2h and 24h) . |
(I = 10 mA-cm2) Potential-controlled bulk
- electrolysis
Stability (Ij1 =0.1-20 mA-cm?)
) |

Faradaic efficiency \

Scheme 5. Different steps proposed for catalyst electrocatalytic activity benchmarking in Jaramillo’s
methodology.

The main points are summarized below and in Scheme 5:

1. Use of RDE-GC as non-catalytic conductive material.
Working in 1 M NaOH and 1 M H,S0,.

3. Estimation of Electrochemically Active Surface Area (ECSA) and Roughness
Factor (RF) from double-layer capacitance (Cp) measurements in non-faradaic
regions (see Experimental part in Chapter 3A for an example of Cp,, ECSA and
RF estimation).
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7.
8.

Normalization of activity (i or j) by ECSA/RF: js =

Change on the nio before and after 2h-electrolysis at |j| = 10 mA-cm™.
24h-stability test.
Faradaic efficiency calculation.

General Introduction

J i

RF  S*ECSA

Controlled current electrolysis at |j| = 10 mA-cm™, the approximate current
density expected for an integrated solar water-splitting device under 1 sun
illumination operating at 10% solar-to-fuels efficiency.

In addition, they suggest the use of X-Ray Photoelectron Spectroscopy (XPS) for

elemental composition determination, and Electrochemical Impedance Spectroscopy

(EIS) as a complementary technique for surface area calculation (ECSA). To sum

everything up, all the data can be collected in one single graph, giving an idea of the

activity, stability and active area at a glance (Figure 21). Thus, the best catalysts should

appear at the left corner of the graph, and the closer to the diagonal the more stable

they are after 2h electrolysis.
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Figure 21. Plot of activity, stability and RF for HER catalysts in 1M H,SO,. Image adapted from ref. 139b.

1.5.3.2 Copper Under-Potential Deposition

Underpotential deposition (UPD) is an electrochemical process that consists in the

reductive deposition of a metal at potentials less reductive than the equilibrium

potential of this metal. This is possible because if a reductive species is present on an

electrode (M°), it can electroreduce a metal ion A" at a more positive potential than it

would occur without the presence of M°. Thus, a M-A deposition is achieved, whereas

A-A (bulk formation) would take place in the absence of M".

0124
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If we consider a Ru material, Cu is an ideal metal for performing UPD, as Cu and Ru

atoms have similar atomic radii as well as Pt (Cu: 0.128 nm; Ru: 0.134 nm; Pt: 0.138

nm). Experimentally, the method consists in 2 steps as follows:

1.

First, the Cu-UPD potential value needs to be found (Eq. 35, Eypp), Which will
depend on the supported metal and the catalyst itself (surface environment,
reductive power, etc.). Also different experiment times need to be checked, to
ensure complete active sites (Ru,e) coverage. For doing so, similar conditions to
Kucernak’s paper (ref. 124) have been used (5 mL of a 5 mM CuSO, solution in
1 M H,S0,), and these parameters can be modified as required. It is important
to work in an accurate way, since Eypp and the bulk Cu deposition potential can
be close enough to get a mixture of deposited species.

E
Rug, + Cu?* =5 Rug, — Cuypp Eq. 35

Second, once the UPD is done under the optimized conditions (see Eqg. 35), a
sweep voltammetry has to be performed in a fresh solution (1 M H,SO,)
without any Cu trace. If only UPD is achieved, an oxidative wave will appear at
potentials barely more positive than Eypp, corresponding to the oxidation of
deposited Cu® back to Cu** (Eg. 36). The area under this wave (Qc,, Coulombs)
will be proportional to the number of active sites, which can be calculated as
shown in Eq. 37. However, if the equilibrium potential is reached during the
reduction process, two overlapped waves will appear in the oxidation step
corresponding to both deposited species. This will hinder the active sites

calculation.
Cuypp — Cu?t + 2@ Eq. 36
n(mol) = %x Eq. 37
2F
e S
TOF(s™) = 5= 5o Eq. 38

(i is the current intensity on a LSV measurement, F is the Faradaic constant, and
n the number of active sites obtained by the UPD method)

This procedure allows the direct calculation of the kinetic parameter TOF (Eq. 38), by

simply dividing current values (i) in a voltammetric measurement by Q..

1.6 Nanochemistry

The use of metal (M) and metal-oxide (MOyx) nanoparticles (NPs) has been widely

increasing in the last decades due to their intrinsic properties and the extensive fields
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and applications where they can be used.**

It is currently considered that
nanomaterials are those materials that possess at least one dimension (1D) ranging
from 1-100 nm (Figure 22), while for NPs the three dimensions are within the

nanometrc scale, being formed by several metal atoms.

Molecular Nanoscience Materials
A A A

[—— (I \

1A 1nm 10 nm 100 nm 1um 10 pm

) | | | | | | .
5 2
N
SN2

Figure 22. Metric scale involving species under nanometric size and up to micrometric materials: atom,
molecular coordination complex, nanoparticle, carbon nanotube, crystalline material, carbon micro-
fibers.

In catalysis, NPs are in the frontier between homogeneous and heterogeneous
catalysts, as they display properties from both families.*** In homogeneous catalysis,
the reactants and the catalyst are in the same phase, ensuring a good interaction but a
difficult recovery of the catalytic species. Each entity acts as an active site, allowing the
understanding of the mechanistic pathways and providing high activities and
stabilities. On the other hand, heterogeneous catalysts are in different phase than
reactants (normally rugged solid catalysts vs. gas/solution reactants) permitting the
easy recovery and recycling of the catalysts. They require high surface areas for
achieving high active sites’ population, and there can be different active sites acting in
alternative ways, what hinders the mechanistic understanding and the selectivity of
the process. NPs can present different selectivity by tuning their surface composition,
and on the other side, they can be deposited onto solid supports to be recycled and
reused. Ru-based NPs have been used in a wide set of catalytic reactions, such as aryl

oxidation,143 Heck and Suzuki reactions,144 Cco

146
h,

hydrogenation,142 methanol

oxidation,** or Fischer-Tropsc among others.

Depending on the properties of the NPs homogeneous dispersions can be obtained,
first called by T. Graham as colloidal suspensions,**’ considering as colloids those
compounds that have a very slow and non-crystalline precipitation. A wide range of
NPs are described in the literature as the result of intensive work made by the
scientific community, playing with synthesis methods, stabilizing agents, etc. as it will
be shortly summarized hereafter.
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1.6.1 Stabilization of metal nanoparticles

The existence of small NPs is only kinetically favored, being the formation of the bulk
material the thermodynamically stable process.148 The use of stabilizing agents (STAG)
allows: 1%, to stop the nucleation process during the synthesis, obtaining a range of
sizes, shapes and dispersions by using different molecules; 2" to limit the aggregation
of NPs keeping their intrinsic properties; and 3" to make the NPs dispersible in

149

different conditions depending on the nature of the STAG.”™ Two main stabilization

ways are described:

e Steric stabilization, which is a repulsive interaction happening between organic

moieties from molecules present on the surface of two different particles (see
Figure 23a). This prevents the interaction between different particles, and thus,
the agglomeration to form the bulk material.

e Electrostatic stabilization, which involves the presence of ionic species, creating

an electric double layer surrounding the NPs that get electrostatically repulsed

by the other stabilized particles (see Figure 23b).**°
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Figure 23. Illustrative representation of a) steric stabilization and b) electrostatic stabilization modes.

The use of an appropriate stabilizing agent is of paramount importance, as the nature
of the stabilizer can completely shift both the physical properties and chemical
interactions of the particles and the other molecules in the catalytic reactions. A wide
range of molecules can act as stabilizers for metal-based NPs. One well-known
example is the use of polymers,149 which lead to steric interactions due to their long
polymeric chains, as well as playing a role on the solubility of the NPs due to their
polar/apolar properties. Polyvinylpyrrolidone (PVP) has been widely used as STAG.™!

Also surfactants, micelles and microemulsions can create a confined environment

around the particles, controlling the NPs growth and preventing them from the
interaction with other particles or nucleating species.

lonic liguids have been widely studied as NPs’ stabilizers having an interesting behavior
as they can do both, steric and electrostatic stabilization,***> namely “electro-steric”
interactions. Additionally, they play a double role as they can act both as stabilizer and
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as reaction media. Molecules containing an electron-donor moiety can be also
employed as stabilizing agents. In this sense, organic ligands like those used to build
metallic complexes such as phosphines, carbenes, amines, pyridines or thiols have

153

been reported to allow the formation of stable NPs.”” Small molecules as CO or NHs,

or even solvents like 1-heptanol or other alcohols have been also described for that

purpose.’*

1.6.2 Synthesis of metal-NPs

There are several synthetic methods that allow the generation of nanoparticles,
offering different advantages/disadvantages in key parameters as size, shape,
dispersion, surface control or oxidation state. Those methodologies are classified in
two main categories:™°

¢ The physical methods (top-down), consist on the subdivision of large metallic

structures by using physical or mechanical energy. The main drawback is the
lack of control of the final structure, obtaining irregular nanocrystals with no
uniformity on the size or shape.

X/

+* The chemical methods (bottom-up), are based on the growth or nucleation of

small units as atoms, molecules or clusters, by means of chemical reactions.
This approach is less effective in terms of quantitative production than the
previous one, but it allows an extensive control on the reaction conditions
permitting the tuning of the size, surface and dispersion of the particles, in
other words, it offers better defined NPs.

Most of the strategies used for the synthesis of metal-based NPs are from the second
category, and the main methods are as follows:

a) Chemical reduction of transition-metal salts. It is the most common method
for the production of NPs and it involves the chemical reduction of an oxidized

155 The atomic unit starts

transition metal salt to a zero-valent naked atom.
nucleating with other metallic atoms until forming a stable nucleus. This
method allows the reproducible formation of monodispersed particles or
clusters. There are advantages of using salts, such as the ease to deal with their
solubility in water or organic solvents, thus allowing the use of a wide range of
STAG. However, the main disadvantage of this procedure is the remaining
counter-ions, both from the precursor and the reducing agent, which are
difficult to eliminate and can end up coordinated on the surface of the

particles, tuning their reactivity or selectivity.
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b) Thermal, photochemical or sonochemical decomposition. In this case, the use
of temperature, light or ultrasound radiation promotes the decomposition of a
metal complex, allowing obtaining big amounts of particles without the use of
further reagents, but with a poor control on the size and shape of the NPs.

c) Chemical vapor deposition (cvp).**

As its name defines, this process consists
on the evaporation of relatively volatile metallic precursors under reduced
pressure, and the subsequent condensation of the metal atoms at low
temperatures and in presence of organic solvents in gaseous phase, which act
as STAG. Once again, the lack of control on the size and shape of the formed

NPs makes the method disadvantageous.

d) Electrochemical reduction. This method™’ consists on the applying of a
negative potential to a NPs’ precursor. It is advantageous as there are no
remaining secondary products from the reducing agents or salts, and the
colloidal product is easy to isolate as a precipitate or deposited onto the
electrode (electrodeposition).

Besides those different methods the decomposition of an organometallic or a metal-
organic complex as metal source, has proven to be a very efficient and versatile
method to have at disposal well-defined NPs. It is called the organometallic approach,
and will be more deeply described in the following section.

1.6.3 Organometallic approach for the synthesis of metal-NPs

The organometallic approach was first described by B. Chaudret et al. in the early
90s’.*® It consists of the decomposition of an organometallic precursor, preferentially
under H, atmosphere thus liberating naked metal atoms and volatile by-products
(Scheme 6). The released metal atoms start nucleating to form a nucleus and the
presence of a stabilizing agent can control the particles’ growth to form a nanosized
material. The role of the STAG is to interact with the surface of the particles during the
synthetic procedure, to reach a stable material and limit a further growth under those
synthetic conditions.

THF \
3 bar H,
STAG =L \

r.t, overnight
n ? Ru / 9 - /L
Y 7 ; /
L
2n

Scheme 6. Schemcatic representation of the organometallic approach for the synthesis of Ru’-NPs.
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The rational experiment design allows a control on the size of the NPs, either by
changing the reaction conditions (temperature, pressure, concentration, etc.), the
ratio between the stabilizing agent and the metallic source, or by replacing the STAG
itself, being the last parameter crucial. Each molecule will have different coordination
properties, interacting at a different synthesis time and in a different way with the

NPs’ surface, what will finally have influence not only on the size, dispersion and
structure of the product, but most importantly on its performance as catalysts. Some 1

important features of the organometallic methodology are:

v" No salts are used, avoiding the presence of coordinated ions.

v" Mild conditions can be applied as low temperature and pressure, so no specific
requirements are needed.

v" No by-products are formed, just the decomposed organic material and the
STAG excess, which are easy to remove by solubility/precipitation techniques.
The use of olefinic groups leads to alkanes formation, very easy to remove by
simple evaporation.

v Control of the oxidation state, which under the inert conditions used during the
synthesis, can be preserved.

v Reproducibility.
There are some drawbacks to mention as well:

x Synthetic precursors are not always commercially available, meaning in some
cases a time-consuming preparation.

x The use of organic solvents instead of water as reaction media, although some
possibilities exist to circumvent this problem, like the use of a water-soluble
precursor or the use of amphiphilic ligands that allow the redispersion of the
obtained NPs in water.

x Zero-valent metallic particles are obtained, which are very reactive under air
and so oxidation may be hard to control.

Moreover, as an interesting aspect, the methodology allows the addition of a support
in the reaction media. In this way, the nanomaterials can be directly synthesized on
the surface of another material, as for example CNTs,** silica,*®® MOFs,*®* etc. The
approach opens as well the possibility of preparing bimetallic systems, using as
“nucleation center” as-synthesized NPs of one specific metal, during the synthesis with
a second organometallic precursor, or by decomposing simultaneously two metal
precursors.™®
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1.6.4 Characterization of metal-based NPs

Several techniques are used to characterize nanosized materials, from their size,
morphology and structure, to oxidation state or surface environment. Elemental
analysis (EA), Inductive-Coupled Plasma (ICP), Infrared spectroscopy (IR) or
solution/solid state Nuclear Magnetic Ressonance (NMR), are common techniques
which can be applied for nanomaterials. Hereafter, a short summary on more specific
characterization techniques that have been used during this PhD thesis is given, mainly
focused on the application and information obtained from each analysis.

Transmission Electron Microscopy (TEM) and High Resolution TEM (HRTEM). TEM &
HRTEM are microscopic techniques that allow obtaining at low and high resolution,
respectively, visual information as size distribution, dispersion on solid support or
morphology.163 Practically, it consists on the applying of an electron beam in high-
vacuum conditions to the sample, which is deposited onto a carbon-covered copper
grid; the detection of the transmitted electrons allows magnifying and focusing the
image onto a screen or a Charge-Coupled Device (CCD) camera. The sample needs to
contrast against the support to be able to differentiate one to each other, and there
are some limitations related for example with the high energy of the electron beam or
with the use of magnetic particles. High-resolution microscopes can be equipped with
a device allowing the analysis of generated X-Ray by the Energy-dispersive X-Ray
spectroscopy (EDX), providing information on the elements present on a specific
region, in addition of information on the structure and oxidation state of the NPs.

Wide-Angle X-Ray Scattering (WAXS). WAXS is an X-Ray diffraction technique that
analyzes the scattering at wide angles, which as Bragg’s law describes, are caused by
small crystalline structures or subnanometer-sized ones.’®™ Thus, WAXS gives
information on the crystalline structure/s of small NPs, reporting also interatomic
distances (crystalline domains). The radial distribution function (RDF) is obtained by
the Fourier transform of the intensity, providing a distribution of the metal-metal
bonds inside an assembly of nanoparticles, being well-defined when homogeneous
crystalline NPs are analyzed.

Thermogravimetric Analysis (TGA). TGA is based on the change on a sample weight by

decomposition or evaporation of species due to heat application.165

It requires a
precision balance and a high-temperature furnace that allows increase the
temperature with a controlled rate (°C/min). Different species might have a different
thermal stability leading to change of the weight loss slope at different temperatures,
proportional to the weight of the species. This technique is very useful for determining

loading of species on supports or organic percentage on a metal-organic material.

X-Ray Photoelectron Spectroscopy (XPS). XPS is a technique based on the analysis of
X-Ray photoexcited superficial electrons that gives information on the nature of the
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atoms as well as the oxidation state. The peak position is indicative of the chemical
composition of the sample, while the intensity gives information on the abundance of
the species, being dependent on each element and oxidation state.
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