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Ruthenium	and	Platinum	Nanoparticles	for	Artificial	Photosynthesis	

The	increasing	energy	demand,	necessary	to	meet	the	needs	of	the	growing	world	

population,	 has	 accelerated	 climate	 change	 in	 recent	 decades,	 due	 to	 the	

predominantly	 use	 of	 fossil	 fuels,	which	 in	 addition	 to	 being	 pollutants	 are	 non-

renewable	 and	 ill-distributed.	 This	 has	 aroused	 interest	 in	 cleaner	 energetic	

alternatives.	Thus,	taking	Nature	as	an	example,	Artificial	Photosynthesis	emerges	

as	a	way	to	store	the	enormous	amount	of	solar	radiation	received	by	the	Earth,	in	

the	form	of	chemical	bonds	of	a	fuel.	This	process	includes,	besides	the	oxidation	of	

water	 to	dioxygen,	 the	 reduction	of	 protons	 and	 the	 reduction	of	 CO2,	 obtaining,	

respectively,	 dihydrogen	 and	 products	 derived	 from	 carbon	 such	 as	methane	 or	

methanol.	 In	 both	 cases,	 the	 use	 of	 a	 catalyst	 is	 required	 to	 make	 the	 process	

efficient,	and	a	photoactive	material	that	triggers	the	process	induced	by	light.	

Chapter	I	further	develops	the	problem	of	climate	change	and	the	current	state	of	

the	proton	 and	CO2	 reduction	processes,	 pointing	out	 the	use	 of	 semiconductors	

such	 as	 carbon	 nitride	 as	 photoactive	 material	 and	 metallic	 nanoparticles	 as	

catalysts.	In	addition,	the	use	of	the	organometallic	method	for	the	preparation	of	

these	catalysts	is	highlighted,	under	mild	reaction	conditions	and	with	great	control	

over	their	physical	and	chemical	features.	

In	Chapter	II,	the	objectives	of	this	work	are	exposed,	centered	on	the	design,	multi-

technique	characterization	and	testing	of	materials	based	on	metallic	nanoparticles	

to	carry	out	these	processes.	

In	 Chapter	 III,	 ruthenium	 nanoparticles	 are	 prepared	 using	 different	 ligands	 as	

stabilizers,	observing	differences	in	their	activity	and	electrocatalytic	stability	in	the	

reduction	of	protons,	related	to	their	physical	properties	and	composition.	

In	 Chapter	 IV,	 mesoporous	 graphitic	 nitrogen	 carbide	 (mpg-CN)	 is	 used	 as	 a	

photoactive	material	 for	photoinduced	CO2	reduction.	The	effect	of	the	 loading	of	

platinum	 nanoparticles	 to	 the	 semiconductor	 is	 tested,	 notably	 improving	 the	

efficiency	and	selectivity	of	the	process.	

In	Chapter	V,	mpg-CN	is	used	again	but	with	ruthenium	and	platinum	nanoparticles	

for	 the	 photoreduction	 of	 protons.	 Ruthenium	 nanoparticles	 are	 prepared	 in	
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different	ways,	using	stabilizing	ligands,	carbon	materials	or	directly	deposited	in	

the	 semiconductor.	 It	 is	 found	 that,	 regardless	 of	 the	 technique,	 the	 observed	

catalytic	 efficiency	 is	 similar	 in	 all	 these	 systems,	 and	 much	 lower	 than	 the	

performance	 of	 Pt.	 The	 catalytic	 observations	 are	 supported	 by	 photophysical	

studies.	

In	Chapter	VI,	Pt	nanoparticles	supported	on	four	different	carbon	materials	(carbon	

nanohorns,	carbon	nanotubes,	reduced	graphene	oxide	and	grahpite)	are	prepared	

and	 incorporated	 into	an	electroanalytical	 sensing	platform,	proving	effective	 for	

the	detection	of	parabens	at	ultra-trace	levels.	

Finally,	in	Chapter	VII	the	global	conclusions	are	presented.	 	
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Nanopartículas	de	Rutenio	y	Platino	para	Fotosíntesis	Artificial	

La	 creciente	 demanda	 energética,	 necesaria	 para	 cubrir	 las	 necesidades	 de	 una	

población	cada	vez	más	numerosa,	ha	acelerado	el	cambio	climático	en	las	últimas	

décadas,	debido	al	empleo	predominantemente	de	combustibles	fósiles,	que	además	

de	 contaminantes	 son	 finitos	 y	 están	 mal	 distribuidos	 globalmente.	 Esto	 ha	

propiciado	el	interés	por	emplear	energías	más	limpias.	Así,	tomando	la	naturaleza	

como	ejemplo,	 surge	 la	Fotosíntesis	Artificial,	una	 forma	de	almacenar	 la	 ingente	

energía	solar	que	recibimos	en	la	Tierra	en	forma	de	enlaces	químicos	en	diferentes	

sustancias.	 Este	 proceso	 incluye,	 además	 de	 la	 oxidación	 de	 agua	 a	 dioxígeno,	 la	

reacción	 de	 reducción	 de	 protones	 y	 la	 reducción	 de	 CO2,	 obteniéndose,	

respectivamente,	dihidrógeno	y	productos	derivados	del	carbono	como	metano	o	

metanol.	 En	 ambos	 casos	 se	 requiere	 el	 empleo	 de	 un	 catalizador	 para	 hacer	 el	

proceso	eficiente,	y	un	material	fotoactivo	que	desencadene	el	proceso	inducido	por	

la	luz.	

En	el	Capítulo	 I,	 se	desarrolla	 aún	más	 la	problemática	del	 cambio	 climático	y	 el	

estado	actual	de	los	procesos	de	reducción	de	protones	y	CO2,	señalando	el	empleo	

de	 semiconductores	 como	 el	 nitruro	 de	 carbono	 como	 material	 fotoactivo	 y	 de	

nanopartículas	 metálicas	 como	 catalizadores.	 Se	 destaca,	 además,	 el	 empleo	 del	

método	organometálico	para	la	preparación	de	estos	catalizadores,	en	condiciones	

suaves	de	reacción	y	con	un	gran	control	sobre	sus	características	físicas	y	químicas.	

En	el	Capítulo	II,	se	exponen	los	objetivos	de	este	trabajo,	centrados	en	el	diseño,	

caracterización	 multitécnica	 y	 uso	 de	 materiales	 basados	 en	 nanopartículas	

metálicas	para	llevar	a	cabo	estos	procesos.	

En	 el	 Capítulo	 III,	 se	 preparan	 nanopartículas	 de	 rutenio	 empleando	 diferentes	

ligandos	como	estabilizadores,	observando	diferencias	en	su	actividad	y	estabilidad	

electrocatalítica	en	 la	reducción	de	protones,	relacionados	con	sus	propiedades	y	

composición.	

En	el	Capítulo	IV,	se	emplea	carburo	de	nitrógeno	grafítico	mesoporoso	(mpg-CN)	

como	material	 fotoactivo	para	la	reducción	fotoinducida	de	CO2.	Se	comprueba	el	
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efecto	que	 tiene	 la	 incorporación	de	nanopartículas	de	platino	 al	 semiconductor,	

mejorando	notablemente	la	eficiencia	y	la	selectividad	del	proceso.		

En	el	Capítulo	V,	vuelve	a	utilizarse	mpg-CN	pero	con	nanopartículas	de	rutenio	y	

platino	 para	 la	 fotorreducción	 de	 protones.	 Las	 nanopartículas	 de	 rutenio	 se	

preparan	de	diferentes	maneras,	utilizando	ligandos	estabilizadores,	materiales	de	

carbono	 o	 directamente	 en	 el	 semiconductor.	 Se	 comprueba	 que,	

independientemente	de	 la	 técnica,	 la	 eficiencia	 catalítica	observada	es	 similar	 en	

todos	 estos	 sistemas,	 y	 muy	 inferior	 a	 la	 obtenida	 con	 Pt.	 Las	 observaciones	

catalíticas	se	respaldan	con	estudios	fotofísicos.	

En	el	Capítulo	VI,	se	perparan	nanopartículas	de	Pt	soportadas	en	cuatro	materiales	

de	 carbono	 diferentes	 (nanohorns	 y	 nanotubos	 de	 carbono,	 óxido	 de	 grafeno	

reducido	y	grafito),	que	son	incorporadas	a	un	sistema	de	detección	electroanalítica,	

mostrándose	eficaces	para	la	detección	de	parabenos	a	niveles	de	ultratraza.	

Finalmente,	en	el	Capítulo	VII	se	exponen	las	conclusiones	globales.	
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Nanopartícules	de	Ruteni	i	Platí	per	Fotosíntesi	Artificial	

La	 creixent	 demanda	 energètica,	 necessària	 per	 a	 cobrir	 les	 necessitats	 d'una	

població	cada	vegada	més	nombrosa,	ha	accelerat	el	canvi	climàtic	en	 les	últimes	

dècades,	 a	 causa	 de	 l'ús	 predominant	 de	 combustibles	 fòssils,	 que	 a	 més	 de	

contaminants	són	finits	i	estan	mal	distribuïts	globalment.	Això	ha	propiciat	l'interès	

per	emprar	energies	més	netes.	Així,	prenent	la	naturalesa	com	a	exemple,	sorgeix	

la	 Fotosíntesi	 Artificial,	 una	 forma	 d'emmagatzemar	 la	 ingent	 energia	 solar	 que	

rebem	 a	 la	 Terra	 en	 forma	 d'enllaços	 químics	 en	 diferents	 substàncies.	 Aquest	

procés	inclou,	a	més	a	més	de	l’oxidació	de	l’aigua	a	dioxigen,	la	reacció	de	reducció	

de	protons	i	la	reducció	de	CO2,	obtenint-se,	respectivament,	dihidrogen	i	productes	

derivats	del	carboni	com	són	el	metà	o	el	metanol.	En	tots	dos	casos	es	requereix	l'ús	

d'un	catalitzador	per	fer	el	procés	eficient,	i	un	material	fotoactiu	que	desencadeni	

el	procés	induït	per	la	llum.	

En	el	Capítol	I,	es	desenvolupa	encara	més	la	problemàtica	del	canvi	climàtic	i	l'estat	

actual	 dels	 processos	 de	 reducció	 de	 protons	 i	 CO2,	 fent	 èmfasi	 en	 l'ús	 de	

semiconductors	 com	 el	 nitrur	 de	 carboni	 com	 a	 material	 fotoactiu	 i	 de	

nanopartícules	metàl·liques	com	a	catalitzadors.	Es	destaca,	a	més,	l'ús	del	mètode	

organometàl·lic	per	a	la	preparació	d'aquests	catalitzadors,	en	condicions	suaus	de	

reacció	i	amb	un	gran	control	sobre	les	seves	característiques	físiques	i	químiques.	

En	 el	 Capítol	 II,	 s'exposen	 els	 objectius	 d'aquest	 treball,	 centrats	 en	 el	 disseny,	

caracterització	multitècnica	i	l’ús	de	materials	basats	en	nanopartícules	metàl·liques	

per	dur	a	terme	aquests	processos.	

En	el	Capítol	 III,	es	preparen	nanopartícules	de	ruteni	emprant	diferents	 lligands	

com	 estabilitzadors,	 observant	 diferències	 en	 la	 seva	 activitat	 i	 estabilitat	

electrocatalítica	en	 la	 reducció	de	protons,	 relacionats	amb	 les	 seves	propietats	 i	

composició.	

En	el	Capítol	IV,	es	fa	servir	carbur	de	nitrogen	grafític	mesoporós	(mpg-CN)	com	a	

material	fotoactiu	per	a	la	reducció	de	CO2	fotoinduïda.	Es	comprova	l'efecte	que	té	

la	incorporació	de	nanopartícules	de	platí	al	semiconductor,	millorant	notablement	

l'eficiència	i	la	selectivitat	del	procés.	
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En	el	Capítol	V,	torna	a	utilitzar-se	mpg-CN	però	amb	nanopartícules	de	ruteni	i	platí	

per	 a	 la	 fotoreducció	 de	 protons.	 Les	 nanopartícules	 de	 ruteni	 es	 preparen	 de	

diferents	 maneres,	 utilitzant	 lligands	 estabilitzadors,	 materials	 de	 carboni	 o	

directament	en	el	semiconductor.	Es	comprova	que,	independentment	de	la	tècnica,	

l'eficiència	catalítica	observada	és	similar	en	tots	aquests	sistemes,	i	molt	inferior	a	

l'obtinguda	amb	Pt.	Les	observacions	catalítiques	es	recolzen	amb	estudis	fotofísics.	

En	el	Capítol	VI,	es	preparen	nanopartícules	de	Pt	suportades	en	quatre	materials	de	

carboni	diferents	(nanohorns	y	nanotubs	de	carboni,	òxid	de	grafè	reduït	i	grafit),	

que	són	incorporades	a	un	sistema	de	detecció	electroanalítica,	essent	eficaces	per	

a	la	detecció	de	parabens	a	nivells	ultratraça.	

Finalment,	en	el	Capítol	VII	s'exposen	les	conclusions	globals.	

	

	

	

	

	 	



 X 

Glossary	of	Terms	and	Abbreviations	

ACN	 	 Acetonitrile	
ADP		 	 Adenosine	diphosphate	
APS		 	 Artificial	Photosynthesis	
ATP		 	 Adenosine	triphosphate	
b		 	 Tafel	slope	[mV·dec-1]	
b6f		 	 Cytochrome	b6f	complex	
BET	 	 Brunauer-Emmet-Teller	method	
CDL		 	 Double-Layer	capacitance	[mF]	
CB		 	 Conduction	band	
CN	 	 Carbon	nitride	
CNH	 	 Carbon	nanohorns	
CNM	 	 Carbon	nanomaterial	
CNT		 	 Carbon	nanotubes	
coe		 	 Cyclooctadienyl	
cod		 	 1,5-Cyclooctadiene	
CP	 	 Chronopotentiometry	
CV	 	 Cyclic	voltammetry	
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Chapter I 

General Introduction 

 

 This chapter aims to offer insight into the state of the art in the field of 

artificial photosynthesis, including the light-driven water splitting and CO2 

reduction towards the production of solar fuels, as well as the motivation behind the 

growing interest in these processes and the main challenges they face. 
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1.1 Environmental concern and global energy transformation 

Since the first scientific papers addressing climate change were published two 

centuries ago, the concern about this problem has grown to become one of the main 

challenges in our world [1]. In 1896, Svante Arrhenius already pointed out how the 

emission into the atmosphere of certain substances, now known as greenhouse 

gases (GHG) (such as carbon dioxide, methane or nitrous oxide), could impact on the 

average temperature of Earth, based on theoretical calculations [2]. 

Since then, numerous studies have tried to prove the role that human activity plays 

in climate changes, such as global mean temperature rise, shrinking cryosphere, sea 

level rise, change on precipitation patrons, droughts, extreme climate events (e. g. 

hurricanes or winter storms), ocean acidification, etc. [3–6]. Most of the 

environmental research points to the increase in world population, motivated by 

improvements in life quality and expectancy, especially on the developed and 

industrialized countries, as the main cause of climate change. A larger population 

means a greater demand of resources and energy consumption, with fossil fuels (oil, 

gas and coal) being the main source of energy, according to the data collected in 

Figure 1 [7]. 

Fossil fuels are an abundant and cheap source of energy, but release large amounts 

of CO2 and other harmful gases and particles, thus increasing the concentration of 

GHG in the atmosphere [4,8–10]. The problem of fossil fuels is not only related to its 

contribution to a negative environmental impact through climate change. They are 

a major source of pollution, with subsequent health problems on the population. In 

addition, their distribution is unbalanced, so that not all countries have equal access 

to them, thus bringing economic and political factors (energy dependence) as well 

as logistics (transport and distribution) into play [9]. Fossil fuels are also non-

renewable energy sources, and although right now their production is only 

increasing and there are many deposits to be exploited, their use for future 

generations is not guaranteed. All these reasons have led to a peak in the search for 

cleaner and renewable alternatives. 
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Figure 1. Share of primary energy from fossil fuels (2019) (Source: OurWorldInData 

based on reference [7]). 

Renewable energies also come from natural sources, but are virtually inexhaustible 

(rapid regeneration), and are also cleaner, as they do not generate polluting gases 

during their exploitation [11]. These sources include wind, solar, hydro and tidal 

power, as well as geothermal or biofuels. However, this does not imply that their 

carbon footprint is zero. Renewable-energy power plants also require installation 

and maintenance, that being so, there will be other manufacturing industries 

indirectly involved in the process in which there will probably be emission of CO2 

and other substances. In spite of that, this is minimal compared to the use of fossil 

fuels. It is also important to point out that using some of these power facilities can 

have a negative impact on the environment. Many hydroelectric power plants 

require the creation of artificial water dams and reservoirs, which negatively affect 

the environment and wildlife.  

One of the joint actions that has been carried out globally to overcome the issues 

related with fossil fuels took place in 2015, when all members of the United Nations 

adopted the 2030 Agenda for Sustainable Development, a total of 17 objectives to 

be met within a 15 years period. Two of the agreements are to "ensure access to 

affordable, reliable, sustainable and modern energy for all" and to "take urgent 
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action to combat climate change and its impacts" [12]. Since the last decades, 

renewable, cleaner and more sustainable energy sources have been implemented 

[7]. However, with less than ten years to meet the purposes of the 2030 Agenda, the 

prospect of ceasing to be dependent on fossil fuels seems still distant.  

 

Figure 2. Share of global energy consumption by source  (right) from 1990 to 2019. 

(Source: OurWorldIndata based on reference [7]). 

Even though the use of renewable energy, especially solar or wind power, has 

increased in recent years, their total share with respect to fossil fuels has barely 

been altered for the past decades (Figure 2). Thus, both climate change and the 

development of an efficient and sustainable energy alternative will continue to be 

hot topics for years to come. 
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1.2 Solar energy 

Among the most developed renewable energies, there are many reasons to highlight 

solar energy as the ideal alternative. It is a sustainable, non-polluting and totally 

inexhaustible source, and one of the most abundant, since the Earth intercepts 

1.8×1014 kW per second from the Sun, although almost half of it is reflected, 

scattered or absorbed in the atmosphere before reaching the surface [13]. The 

remaining energy could be collected and directly used in a wide variety of ways 

[14,15]: 

- It can be concentrated to generate heat, which could be used as collected for 

thermal purposes, or it could be transformed into mechanical or electrical 

energy using an appropriate type of engine. 

- It could be directly converted into electricity using photovoltaic cells (PVC). 

The great advantage of these forms of exploitation is that they are already 

sufficiently developed, thus easy to implement from domestic to industrial 

purposes. 

Despite its abundance, there are places where or situations in which it is not possible 

to have access to solar energy. It is also necessary to take into account fluctuations 

in energy production, caused by weather conditions or at night, when the solar 

collectors or PVC are not operative [15]. Wind power and other renewable energies 

also suffer from this intermittency issue. Therefore, a storage system is necessary to 

optimize the use of captured solar power and, at the same time, ensure that the 

energy demand is covered in any situation. 

An attractive alternative is to harvest and store sunlight into the chemical bonds of 

a material, in a process similar to what happens in natural photosynthesis. This 

would allow energy consumption regardless of solar radiation availability. This kind 

of materials are the so-called solar fuels [16–18]. Besides being able to be 

transported and stored until further use, most of these solar fuels are compatible 

with existing infrastructure and engines, thereby facilitating their implementation. 
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1.3 Hydrogen as energy carrier candidate 

The use of hydrogen to meet the energy demand is one of the most viable 

alternatives to fossil fuels. Unlike the latter, hydrogen combustion is totally clean, 

generating only water, instead of greenhouse gases such as carbon dioxide. 

However, affirming that hydrogen is a totally clean energy nowadays is misleading. 

To understand this, the first thing is to classify hydrogen as an energy carrier. 

The concept of energy carrier is used to define those substances or energy systems 

that, like hydrogen, are capable of storing energy that can be used, at any time and 

situation, in a controlled manner [19,20]. The differential factor with other forms of 

energy is that they are manufactured products, in which a significant amount of 

energy has been invested for their production. Aside from hydrogen, electric 

batteries, capacitors, compressed air, dammed water and even springs could be 

categorized as energy carriers. 

Hydrogen, despite being the most abundant element in the universe, and the third 

on the Earth's crust, is hardly present naturally as H2 gas in the atmosphere. 

Therefore, to have hydrogen as an energy carrier, it is required both a substance that 

contains atoms of the mentioned element, and a source of energy. 

The common mistake of classifying hydrogen as clean energy carrier lies in the 

manufacturing process. Considering only its combustion, it could be considered a 

“green” energy. The trick is that its production normally involves the use of non-

renewable energy sources, or raw materials whose collection is not sustainable, for 

example steam-methane reforming and water-gas shift reactions (explained in 

detail in section 1.3.2), in which H2 is obtained from methane and ultimately 

releasing CO2 to the atmosphere [21]. This required clean-energy 

utilization/production cycle (Figure 3) represents another challenge on the way 

towards a non-polluting and sustainable energy source. 
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Figure 3. The water-hydrogen cycle as a clean way to produce energy [20]. 

1.3.1 Hydrogen properties as fuel 

Hydrogen is a very light gas. Hence, its non-existent abundance in the Earth's 

atmosphere, as it easily escapes from the Earth’s gravity. Although it is not toxic, like 

any gas other than oxygen, hydrogen can be a suffocating gas. However, its hazards 

are fundamentally due, as with most traditional and widely used fuels, in its 

flammable and explosive nature. Compared to gasoline or methane, the use of 

hydrogen can present more dangers due to its wide flammability range, low ignition 

energy or higher deflagration index [22]. However, when making a hazard 

comparison, other factors must be taken into account, such as the fact that hydrogen 

is a very light molecule that is easily dispersible in air, so the risks and their 

consequences could be offset, especially in wide or open spaces. 

From an energy point of view, hydrogen, whether in gas, liquid or compressed high 

pressure form, provides more energy per unit mass than any of the more common 

fuels [19,23]. However, hydrogen has a high energy density when it is compressed 

or in a liquid state, but lower compared to conventional fuels (Table 1). Thus, 

hydrogen storage tanks must be larger than gasoline tanks to provide the same 

amount of energy, which makes it more challenging to store and adapt to non-

stationary applications like transportation, as will be discussed later.  
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 Table 1. Comparison of the main energetic properties of gas or liquefied hydrogen, 

with the most commonly used fuels. Energy densities (per mass or volume units) 

refer to stored energy by each material, and released in combustion. Adapted from 

references [19,23]. 

1.3.2 Hydrogen production 

Hydrogen can be obtained from different resources. As discussed above, a 

hydrogen-containing material is required in order to be extracted from it. Water is 

the ideal substance, due to its abundance and availability almost anywhere (even in 

deserts it can be obtained from air humidity) [24]. There are three main ways to get 

hydrogen from water. The first one is electrolysis, using electricity to "break" the 

water molecule into its components. If this power comes from renewable sources, 

such as wind or solar energy, the final product could be labelled as "green hydrogen" 

[25]. The other two methods are thermochemical. On the one hand, there is 

gasification, which uses coal, and on the other hand, there is the steam reforming, 

which uses natural gas. These two techniques today represent the main routes of 

hydrogen production [19,21]. One way to lower the carbon footprint of these fossil 

fuel-dependant strategies would be to capture and store carbon emissions [25,26]. 

It might not be considered as a totally green hydrogen production route, but it would 

help reduce polluting gas emissions while completing the transition to fully 

renewable energy sources. 
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1.3.2.1 Electrolysis of water 

The electrolysis of water is an electrochemical process that uses an electrical current 

to split water molecules directly into dihydrogen and dioxygen gases (Eq. 1). 

Contrary to its reverse process, which is spontaneous under different reaction 

conditions (Eq. 2), the electrolysis of pure water is a thermodynamically demanding 

process.  

  2H2O → 2H2 +  O2 Δ𝐻0 = 285.85 kJ · mol−1 Eq. 1 

 2H2 + O2  → 2H2O  Eq. 2 

There is also a dependence of the thermodynamic potential with pH, according to 

the Nernst equation (Eq.3-4), from which the corresponding Pourbaix diagram can 

be obtained (Figure 4). 

𝐸𝑂2/𝐻2𝑂
0 (V) = 1.229 − (0.059 · pH) Eq.3  

𝐸𝐻2/𝐻2𝑂 
0 (V) = 0.000 − (0.059 · pH) Eq. 4  

In addition to the thermodynamic potential, water electrolysis requires a large 

amount of extra energy, referred as overpotential (η). This is mainly due to the 

kinetic barriers derived from the breaking and formation of chemical bonds during 

the process, but also to overcome the ohmic resistance of the aqueous electrolyte or 

ions mobility (drift and diffusion). In this way, many electrolytic cells require 

electrocatalysts to counteract the effect of this overpotential [27].  
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Figure 4. Thermodynamic water splitting oxidation and reduction potentials as a 

function of pH at standard conditions for temperature and pressure, according to 

Nernst equation. 

Alkaline water electrolysers have played a very relevant role in the production of 

hydrogen by electrolysis at an industrial level [21]. These alkaline electrolysis cells 

(AECs) (Figure 5) use an alkaline electrolyte solution (usually sodium hydroxide or 

potassium hydroxide), in which two electrodes are submerged, separated by a 

diaphragm. The latter was historically made of porous white asbestos and more 

recently made of ceramic-polymers composites, due to the toxicity-related problem 

of the former. The diaphragm acts as an impermeable membrane to dihydrogen and 

dioxygen gases but allowing the flow of OH- between the two electrodes. When the 

electric current is applied, oxygen begins to form at the anode (Eq. 5), as well as 

water molecules, which flow into the cathode compartment as the reduction of 

water molecules takes place, releasing hydrogen (Eq. 6).  

4OH(aq)
− →  2H2O(liq) +  2O2(g) + 4e− anode Eq. 5 

4H2O(liq) + 4e− →  2H2(g) +  4OH(aq)
−  cathode Eq. 6 
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The electrodes of AECs are usually nickel-based, offering resistance to corrosion in 

alkaline medium at a reasonable price. Also, cobalt could be used as an additive for 

the anode and iron for the cathode [28,29]. 

 

Figure 5. Schematic representation of an alkaline water electrolysis cell. Adapted 

from reference [29]. 

The other system that has been gaining prominence at large-scale hydrogen 

production are proton electrolyte membrane (PEM) based electrolyzers (Figure 6). 

Water is pumped through a stack of two electrodes and a polymer electrolyte 

membrane, only allowing protons to pass through [29]. By applying a current, water 

is oxidized, releasing oxygen and protons at the anode. The latter pass through the 

PEM reaching the cathode, where protons and electrons recombine to generate 

hydrogen (Eq. 8). Platinum black and mixed Ir and Ru oxides are commonly used as 

electrocatalyst, at the cathode and anode, respectively, in PEM electrolyzers [27]. 

 2H2O(liq) → 4H(aq)
+  + O2(g) + 4e− anode Eq. 7  

 4𝐻(liq)
+ + 4e− →  2H2(g) cathode Eq. 8  
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Figure 6. Schematic representation of a water electrolysis PEM cell. Adapted from 

reference [29]. 

Compared to alkaline electrolysis, PEM electrolysis delivers higher efficiency and 

does not suffer from corrosion problems derived from the use of an alkaline 

medium, which also facilitates its maintenance [30]. On the contrary, the use of 

scarce metals such as Pt and Ir increases the cost of manufacture. Employing 

renewable energy sources in electrolysis processes is key, not only to reduce the 

carbon footprint, but also to maximize the profitability of the process, as they are 

energy-demanding techniques. The high purity of the hydrogen obtained is also 

remarkable, as it is obtained in the form of an easily recoverable gas and not mixed 

with oxygen. 

1.3.2.2 Coal gasification 

Normally, the use of coal is associated with the direct production of energy by 

combustion. Coal gasification process, however, chemically treats this fossil fuel to 

produce synthetic natural gas (Figure 7). Water steam and oxygen gas are used to 

partially oxidize coal, inside a reactor at high temperature and pressure, thus 

yielding H2 and CO (syngas) (Eq. 9) [31,32].  

The H2/CO ratio can be increased if the syngas is treated with water (steam), in a 

catalysed process known as water-gas shift (WGS). It is a moderately exothermic 

 3C(s)/coal +  O2  +  H2O(liq) →  H2(g) +  3CO(g) Eq. 9  
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reaction (ΔH0 = -41.09 kJ·mol-1), which is thermodynamically favoured when 

operating at lower temperatures but kinetically favoured at elevated temperatures, 

which is why suitable catalysts are required [33]. WGS reaction step is essential 

when the final objective of coal gasification is the production of hydrogen (Eq. 10).  

 CO(g) + H2O(g) ⇄  H2(g) +  CO2(g) Eq. 10  

The benefits of this method are that coal is an accessible and affordable substance, 

allowing the generation of a low-cost synthetic fuel. The main drawback of coal 

gasification is that CO2 emissions are very high, due to the high carbon content of 

coal compared to other feedstocks. This also requires investment in carbon capture 

and storage strategies. Operating at high temperatures and pressures also makes 

the process and reactor maintenance more expensive. The efficiency of the system 

is not very reliable either, as it depends on the quality (impurities) of the starting 

coal [31,32].  

 

Figure 7. Outline of the main steps of coal gasification for hydrogen production. 

Adapted from reference [34]. 
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1.3.2.3 Steam methane reforming 

Natural gas, whose main component is methane, is the main feedstock for steam 

reforming, an economic and the most widely used industrial process for the 

production of hydrogen [19,32]. Steam methane reforming is a highly endothermic 

reaction, which requires natural gas treated with water steam, to convert it into 

hydrogen in the presence of a catalyst (commonly Ni). As with coal gasification, SMR 

reaction is followed by WGS reaction to increase hydrogen yield [33]. Carbon 

dioxide is captured for further use or storage, before hydrogen purification, where 

H2 gas is obtained and the tail gas reconducted to the first step, serving as supporting 

fuel to restart the process (Figure 8). 

 CH4(g) + H2O(liq) →  3H2(g) +  CO(g) Eq. 11  

 

Figure 8. Main steps in hydrogen production via steam methane reforming, 

including carbon capture and storage (CCS) techniques for the sequestration and 

exploitation of CO2. Adapted from reference [32]. 
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The disadvantages of this technique lie, once again, in the use of commodities 

(methane or natural gas) with high carbon content and the consequent pollution or 

investment in carbon capture techniques. On the contrary, SMR is a well-known and 

established technology, so its exploitation involves very few risks [31,32]. 

1.3.3 Hydrogen storage and distribution 

At room temperature, molecular dihydrogen is a gas (boiling point at −252.879 °C) 

and the most efficient way to store it in its pure form is to compress or liquefy it 

(compression process followed by cryogenization). Additionally, working with a 

compressed or cryogenic gas requires an energy investment and makes its 

maintenance more expensive, plus additional security measures. Even yet, hydrogen 

can easily be transported in gaseous form through pipes or, after liquefaction, in 

metal vessels or road tankers, using the existing transport logistics network, to 

storage facilities or directly to end-use locations (Figure 9) [19,21,35,36]. 

 

Figure 9. Large-scale hydrogen production, storage and transport. 

A large-scale storage option, gaining importance as hydrogen emerges as an energy 

alternative, is the underground hydrogen storage. This technique takes as an 

example the underground storage of natural gas, which has been used in the oil 



 General Introduction 
 

- 17 - 

 

I 

industry for years and goes hand in hand with the underground storage of CO2, also 

on the rise. Helium, a gas that diffuses faster than hydrogen, was successfully stored 

in this way years ago [37]. It involves injecting the gas into large existing geological 

underground spaces, such as aquifers, salt mines or depleted deposits of oil or 

natural gas [26,38–40]. Mines could also be dug for this purpose, although the 

environmental impact would no longer be zero. Underground hydrogen storage 

offers a series of advantages, such as storage security (deposits are buried dozens of 

meters under the ground), optimization of space (not requiring conventional 

warehouses), and also economic, as long as existing geological facilities are used, 

which are also very common in most places [40]. 

Another efficient resource is material-based hydrogen storage. This category 

includes hydrides (mainly metal hydrides or boron-based compounds), by forming 

chemical bonds with hydrogen atoms, and the use of adsorbent materials (with a 

very high surface area), such as carbon nanotubes (CNTs), metal-organic 

frameworks (MOFs), covalent-organic frameworks (COFs) or zeolites, which 

accommodate hydrogen molecules on their surface through physicochemical 

interactions [41]. Although these alternatives allow hydrogen to be stored and 

transported under ambient temperature and pressure conditions, reducing 

handling risks and saving on infrastructure maintenance costs, hydrogen storage 

remains a major drawback for the implementation of this energy alternative, and 

many researchers continue to focus on the development and improvement of these 

techniques. 

1.3.4 Hydrogen applications overview 

Hydrogen is used mainly in industry as a reagent, for the preparation of ammonia 

and as the main feedstock for the synthesis of fertilizers. It is also used in oil refiners 

and in the pharmaceutical or food industries [35]. However, the appeal of hydrogen 

as an energy carrier attaches increasing importance of its use directly as fuel or via 

more recently developed fuel cells (FC), being transportation the main target-

application. 

Any device capable of transforming, by means of a chemical reaction, the 

energy stored in a fuel into electrical energy, could be labelled as fuel cell. One type 
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of FC is polymer electrolyte membrane (PEM-FC), which have been marketed for 

decades for niche applications, but whose interest as a source of energy for mass 

applications such as transport or portable electronic devices is more recent [42]. 

Hydrogen is fed into the cell, where it is catalytically oxidized according to Eq. 12. 

The electrons are then conducted through an external circuit, performing electrical 

work before being redirected to the anode. The protons migrate to the cathode 

through the special proton-conducting polymer electrolyte membrane where they 

react with oxygen, which is reduced (Eq. 13). 

Hydrogen oxidation H2 →  2H+ +  2e− Eq. 12 
 

Oxygen reduction 4H+ +  4e− +  O2  → 2H2O Eq. 13 
 

 

Figure 10. Basic operation of a hydrogen fuel cell [20]. 

The higher the purity of the hydrogen fed, the cleaner the energy produced, since 

only water and heat are generated as by-products of the whole process [20]. 

Platinum usually serves as a catalyst, but being a scarce metal makes the process 

more expensive, so the development of equally efficient and more affordable 

catalysts is today one of the challenges when mass-implementing hydrogen-fuelled 

cells. A fuel cell works essentially like a conventional battery, except that it is not 

depleted or needs to be recharged, as long as the fuel supply is maintained. Fuel cells 

are more efficient than using hydrogen directly as fuel in conventional internal 

combustion engines. This is mainly due to, as already discussed, hydrogen's low 
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energy density by volume. Thanks to the high efficiency of hydrogen fuel cells in real 

motor vehicles (it is already capable of exceeding its competitors [43]) the principal 

ambition now is to match the cost and durability of the still dominant fossil fuel-

powered traditional engines. 

 

1.4 Carbon capture and storage 

In a deeply industrialized world dependent on fossil fuels, the shift to cleaner energy 

has to be gradual. Carbon capture and storage (CCS) technologies play an important 

role in this energy transition to a low carbon economy [44]. These techniques seek 

to reduce the carbon footprint derived from the consumption of fossil fuels, either 

for their direct use or, as previously stated, for the production of hydrogen. 

We can classify CO2 capture techniques into three main categories (Figure 11), 

depending on the stage of the industrial or energy process in which it is carried out 

[45,46]:  

- Post-combustion carbon capture: Separates CO2 from exhaust after the 

combustion process. It is the most used in power plants, since they can be 

easily adapted. One of the great challenges of this strategy is separating the 

low concentration of CO2 from the exhaust gas (4-14% depending on the 

fuel). 

- Pre-combustion carbon capture: Before using the fuel, it undergoes a 

treatment. In the case of coal, a gasification process (Eq. 9, page 13) is 

performed followed by WGS reaction (Eq. 10, page 14). In this case, the final 

CO2 concentration is high enough (> 20%) to facilitate its separation. In case 

of using natural gas (methane), the previous step to the WGS reaction would 

be steam reforming (Eq. 11, page 15). It is a technique devised for newly built 

power plants. 

- Oxy-fuel combustion carbon capture: It is a type of post-combustion carbon 

capture, in which high purity oxygen is used for combustion, instead of using 

air. This means that in the exhaust gases there are not so many by-products 

(such as NOx), which makes the subsequent separation of CO2 easier. 
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Figure 11. Main strategies for the capture of CO2 derived from the consumption of 

fossil fuels. Based on reference [50]. 

In terms of transport and storage, CO2 presents challenges similar to those seen with 

hydrogen. It is a gas at room temperature (boiling point at −78 °C). It can be 

transported similarly to natural gas through pipes, or it can be even compressed or 

liquefied, stored in pressurized vessels or in tankers trucks for transport [47,48]. All 

these techniques suppose an energetic investment, and therefore economic. Thus, a 

very attractive solution for long-term storage of large amounts of CO2 would be 

geological storage underground (e.g. depleted hydrocarbon deposits) [48,49]. 

The implementation of CO2 capture systems represents an economic outlay, either 

to create new infrastructure or adapt the existing one. Many countries regulate 
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carbon emissions through economic sanctions when limits are exceeded, which 

encourages the adoption of this type of measures by the industry.  

 

1.5 Natural Photosynthesis 

Nature has its own mechanisms, developed and perfected through millions of years 

of evolution. This is the reason why, whenever possible, scientists have taken Nature 

as a mirror to look at. One of these natural processes, very relevant because it 

supports the vast majority of life on Earth, is the photosynthesis, where sunlight is 

used to convert water and carbon dioxide in oxygen and sugar molecules [51]. Plants 

or algae are photosynthetic organisms capable of carrying out this transformation, 

using water as an electron donor, thus involving molecular oxygen in the 

mechanism. Although they are not of interest to this work, there are other 

organisms, such as bacteria, that use reduced inorganic compounds as a source of 

electrons, meaning no oxygen is produced [52]. Natural photosynthesis is usually 

condensed into a single reaction (Eq. 14), although it is actually a more complex 

process. 

sunlight + aH2O + bCO2  →  c(CH2O)n + dO2 Eq. 14  

This process takes place in the so-called thylakoid membranes (Figure 12) in the 

cells of oxygenated photosynthetic organisms. Inside the cells, the multi-protein 

complexes responsible for photosynthesis are located. There are two types of these 

multi-protein complexes, known as photosystem I (PSI) and photosystem II (PSII), 

each of which has a characteristic chlorophyll-based reaction centre, capable of 

absorbing light, called P700 for PSI, and P680 for PSII, where the number refers to 

the wavelength at which they absorb the light. Additionally, they also have other 

pigments that collaborate in this light harvesting process. 
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Figure 12. Photosynthetic electron-transfer chain of the thylakoid membrane. 

Adapted from [53]. 

Once the PSII begins the light absorption, the energy is transmitted from one 

pigment to another until it reaches the reaction centre. When P680 receives enough 

energy, an electron is excited and released from PSII and passed through the 

electron transport chain, consisting first of plastoquinone (PQ), a lipid molecule, 

then the enzymatic complex b6f, the plastocyanin (PC) protein, before reaching PSI. 

The lost electron on the PSII reaction centre is later replenished by water splitting. 

This reaction takes place after the electron donation from the oxygen-evolving 

complex (OEC), a metal cluster consisting of a cubane-type oxo-bridged structure of 

four Mn and one Ca ions (Figure 13). Additionally, the proposed structure is 

completed by adding four water molecules which are bound to one Mn and the Ca 

atoms [54].  
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Figure 13. Structure of the Mn4CaO5 cluster present in PSII, extracted from the 

reference [55]. 

Although mechanistically the water oxidation reaction that takes place in the OEC is 

debatable, it has been demonstrated that the Mn4CaO5 cluster could store four 

equivalent oxidative charges, thus facilitating the four-electron oxidation of two 

water molecules (Eq. 15) [55,56]. This reaction only generates oxygen as a by-

product, but of paramount importance because it maintains the oxygenated life of 

the planet. 

 2H2O + 4hv →  O2 + 4H+ +  4e− Eq. 15  

Electrons reaching PSI through the electron transport chain, together with protons 

released in water splitting are used at the end of this step of photosynthesis to form 

adenosine triphosphate (ATP) and nicotinamide adenine dinucleotide phosphate 

(NADPH), energy-carrying organic molecules necessary in the next step of 

photosynthesis, the Calvin cycle or the “dark reactions”, referring to the absence of 

light, where the fixation of carbon dioxide takes place, being incorporated into 

organic molecules and reduced, finally forming carbohydrates [51,52,55]. 
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1.6 Water Splitting 

The concept of manufacturing fuels using sunlight takes Nature as an example, as it 

is based on natural photosynthesis. In this manner, Artificial photosynthesis (APS), 

starting from water and using sunlight, is capable of carrying out the oxidation of 

water to oxygen (Eq. 15), releasing also protons and electrons, being able to use the 

latter in a reduction process, typically either protons or CO2 to H2 (Eq. 16) or 

hydrocarbons (which will be further discussed later on), respectively. Thus, 

substances with high-energy content are generated that could be consumed as fuels. 

 4H+ +  4e− →  2H2 Eq. 16  

 2H2O →  2O2 + 4H2  Eq. 17  

When the processes in Eq. 15 and Eq. 16 are combined, the Eq. 17 is obtained. This 

reaction is called water splitting, in which the water molecule is broken down into 

its components, dioxygen and dihydrogen gases. It is the reverse of the process 

previously described in section 1.3.4, page 17, which explained the operation of the 

hydrogen fuel cell.  

Solar-driven photoelectrochemical water splitting is emerging as one of the most 

interesting techniques to produce clean hydrogen [57]. This process would take 

place in electrolysers analogous to those used for the electrolysis of water. 

Photovoltaic cells (PVC) could be used to transform solar radiation into electrical 

energy that promotes water splitting. However, the high cost of PVCs is a drawback 

when it comes to scaling the process [21]. The alternative is the use of a 

photosensitive substance (PS), a light-harvesting material or molecule that allows 

direct use of sunlight, without its prior conversion into electricity. 

The typical photoelectrochemical cell (PEC) assembly for the photoinduced 

production of hydrogen from water splitting would be the one shown in Figure 14. 

It consists of an anodic and a cathodic compartment where the oxidation and 

reduction semi-reactions would take place, respectively. Each compartment 

consists of an electrode, linked together by an external circuit suitable for the 

electron flow. Electrodes are generally semiconductor materials, which can serve as 

light-harvesting units. Photosensitive molecules (photosensitizers, PS) can also be 
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used to modify the electrodes and promote light absorption. Furthermore, at the 

anode we find the Water Oxidation Catalyst (WOC) and at the cathode the Hydrogen 

Evolution Catalyst (HEC). A polymer electrolyte membrane (PEM) serves as junction 

between compartments, allowing the flow of protons and facilitating the collection 

of O2 and H2 [58]. 

 

Figure 14. Scheme of a photoelectrochemical (PEC) cell that operates the overall 

light-driven water-splitting reaction. Adapted from reference [58]. 

Titanium dioxide (TiO2) has been one of the most studied materials, not only as a 

light-harvesting unit but also as a catalyst (photocatalyst if we take into account the 

aforementioned photo-absorbent properties), since Honda and Fujishima reported 

in 1972 the first photocatalytic water splitting reaction [59,60]. When irradiated 

with UV light, the migration of electrons from the photoanode (TiO2) to the 

photocathode (Pt) occurred, and the formation of oxygen and hydrogen, 

respectively, was observed on the surface of the electrodes (Figure 15). 
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Figure 15. Photoelectrochemical water splitting with TiO2 as photoanode and Pt as 

counter electrode, separated with a polymer electrolyte membrane. Adapted from 

reference [61]. 

Although TiO2 draws a lot of interest because it is very stable and affordable, its 

photocatalytic activity is limited to the range of ultraviolet light. Over the past years, 

different strategies have been developed for the visible light-activation of TiO2 

[62,63]. Additionally, other photocatalytically active materials used for water 

splitting are Ta2O5,[64], WO3 [65], ZnO [66], ZrO2 [67], or Fe2O3 [68]. PEC electrodes 

could also be decorated with photo-responsive molecules such as dyes and pigments 

(such as chlorophyll in artificial photosynthesis). [Ru(bpy)3]2+ (bpy = 2,2’-

bipyridine) and its analogues are among the most developed photosensitizers in this 

field [69,70]. 

In order to ensure the efficiency of a PEC, each component should be optimized 

separately. Besides the photoactive species, the other key aspect when building a 

PEC is the design of both the WOC and HEC. These catalysts can be tested in a 

conventional single-compartment three electrode configuration, an electrochemical 

set-up consisting of a potentiostat to apply the desired potential, a working 

electrode where the catalyst would be immobilized, a reference electrode and a 

counter electrode. These catalysts are used to speed up the water oxidation and 
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proton reduction reactions, respectively, offsetting the overpotential required for 

the formation of O2 and H2 (concept introduced in page 10).  

After carrying out the electrochemical study of a species as a catalyst for OER or 

HER, a polarization curve similar to the ones shown in Figure 16 is obtained, 

plotting the applied potential against the measured current density (normalizing the 

intensity of the current with the area working electrode). Overpotential is typically 

assessed at onset (𝜂0), resulting from the difference between the thermodynamic 

potential at equilibrium (E0) and the current potential at which the catalyst begins 

to operate, but also at a given current density, being |j| = 10 mA·cm-2 (𝜂10) the most 

commonly used convention for the water splitting electrocatalysts [57,71]. 

 

Figure 16. Typical polarization curves obtained for the electrocatalytic evaluation 

of HECs at pH0. 

As the value of the current density j is already normalized according to the electrode 

area, this allows the comparison between different systems under similar reaction 

conditions (pH, catalyst load) but different surface area. Generally, the best  

overpotentials reported for OECs are around 200 mV, while for HECs they are less 

than 100 mV [72]. Although there are many considerations when evaluating the 
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different catalysts, the one that offers the lowest overpotential at a given current 

density is considered more efficient. 

Additionally, there are other analyses and parameters that serve to evaluate the 

efficiency of the catalysts used for OER and HER in water splitting. Tafel analysis 

allow to know more details about the mechanism and the reaction rate through the 

calculation of two different parameters, the so-called Tafel slope and the exchange 

current density (j0). This analysis also starts from a voltammogram, like the one in 

Figure 16, transforming the data to obtain a “log (j)” vs. “overpotential (𝜂)” plot. The 

Tafel equation is calculated by fitting the linear segment to a line, whose slope (Tafel 

slope), yields kinetic information about the rate determining step of the reaction 

(this will be further elaborated when discussing the HER mechanism) [73]. The 

exchange current density (j0), a descriptor of the catalytic activity, can also be 

deduced from the Tafel analysis, resolving the Tafel equation for 𝜂 = 0 mV. It 

corresponds to the obtained current in the lack of faradaic processes. 

Two other parameters to take into account when working with catalysts, regardless 

of their application, are the turnover number (TON) and the turnover frequency 

(TOF) [74]. Given a simple catalytic reaction, where the products are obtained 

directly from the reactants by the action of a catalyst, the TON is a measure of the 

lifetime robustness of the catalyst. It corresponds to the total number of cycles that 

a catalyst can achieve at a given time. Although TON does not depend on time, since 

it is a unitless parameter, it is generally calculated for a certain time range (t = T), 

thus facilitating the comparison between catalysts. TON values can be calculated 

from the Eq. 18, dividing the number of mol of product  formed at a certain time 

nP(t=T), by the number of mol of catalyst  (ncat). TOF, meanwhile, is a kinetic 

parameter that measures the instantaneous efficiency of the catalyst. It is calculated 

by dividing the TON value by a certain period of time (Eq. 19). 

 

 𝑇𝑂𝑁(𝑡=𝑇) =  
𝑛𝑃(𝑡=𝑇)

𝑛𝑐𝑐𝑎𝑡
 Eq. 18 

 

 
𝑇𝑂𝐹(𝑡=𝑇)(𝑠−1) =  

𝑇𝑂𝑁(𝑡=𝑇)

𝑇
=  

𝑛𝑃(𝑡=𝑇)

𝑛𝑐𝑎𝑡 · 𝑇
 

Eq. 19 
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The main objective of this Doctoral Thesis is to develop nanomaterial-based systems 

to catalyse the reductive half-reaction of water splitting, i.e. generating H2 through 

the Hydrogen Evolution Reaction (HER). Additionally, and still within the 

framework of artificial photosynthesis, the suitability of some of the prepared 

catalysts in the reduction of CO2 will also be studied. In the following sections, the 

mechanistic aspects and current state of these two processes will be further studied. 

1.6.1 Hydrogen Evolution Reaction 

The hydrogen evolution reaction (HER) is the cathodic half-reaction of the splitting 

of water and, therefore, one of the electrocatalytic processes that arouses most 

interest nowadays. From a thermodynamic point of view, it is a simpler process than 

its counterpart, the oxygen evolution reaction (OER). HER is a two-electron transfer 

reaction, which involves the formation of a H-H bond, and it requires a suitable 

catalyst (HEC) to reduce the overpotential of each step of the reaction. The general 

consensus is that when designing an electrocatalyst, it must be able to catalyse the 

HER reaction within an overpotential of 100 mV or less [75].  

1.6.1.1 Mechanism of the HER by heterogenous catalysts 

Proton electroreduction can take place under acidic or alkaline conditions. The 

potential required to carry out the transformation will depend on the pH, according 

to the Nernst equation (Eq. 4, page 10), and also on the overpotential of the system.  

Focusing solely on nanomaterials like HECs, there are two generally accepted 

pathways for the HER, either the Volmer-Heyrovsky or the Volmer-Tafel mechanism 

[73,76–78]. Thus, in acidic media, the processes consist of the following steps: 

 Volmer step H+ +  e−  → Hads  Eq. 20  

 Heyrovsky step Hads +  H+ + e−  →  H2  Eq. 21   

 Tafel step Hads +  Hads  →  H2 Eq. 22  

Volmer's reaction is the first step and is common to all HECs. It involves the 

adsorption of a proton on the catalyst surface, through a single electron transfer 

process. Desorption can occur in two ways: i) the Heyrovsky reaction, which means 

the electron assisted coupling of the adsorbed hydrogen atom with a proton in 

solution, or ii) the Tafel reaction, in which two adsorbed hydrogen atoms recombine. 
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Either way, the process ends releasing hydrogen. Figure 17 shows the scheme of 

the different mechanisms in acidic media. Eq. 23-25 represent the corresponding 

reactions in alkaline media, occurring analogously to the acidic counterpart. 

 Volmer step H2O +  e−  → Hads + OH−   Eq. 23  

 Heyrovsky step H2O +  e− +   Hads →  H2 +  OH−  Eq. 24  

 Tafel step Hads +  Hads  →  H2 Eq. 25  

 

Figure 17. Outline of the proposed mechanisms for the hydrogen evolution reaction 

in an acidic medium. Adapted from reference [79]. 

The specific interaction between the hydrogen atoms and each possible HEC at the 

surface of the electrode make the choice of the HECs a fundamental decision for the 

process to proceed in one way or another. Tafel analyses help to propose a 

mechanism when we use different HECs, and it also helps us to compare the catalytic 

activity of different electrocatalysts. The Tafel slope calculated for each 

electrocatalyst, explained above, provides information related to the rate-

determining steps when compared with the values calculated through kinetic 

models [73]. The Tafel equation used in HER is actually a simplification of the Butler-

Volmer equation ( Eq. 26), where j is the current density, j0 is the exchange 
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current density, α is the charge transfer coefficient, 𝜂 is the number of electrons 

transferred, F is the Faraday constant, R is the ideal gas constant, and T is the 

temperature [75].  

 
𝑗 =  𝑗0[−𝑒− 

𝛼𝑛𝐹𝜂
𝑅𝑇 + 𝑒

(1−𝛼)𝑛𝐹𝜂
𝑅𝑇 ] 

 Eq. 26 
 

 

Butler-Volmer equation shows the strong electrochemical potential-dependence of 

the kinetics of the HER reaction. At low overpotentials (𝜂 ≤ 0.005 V),  Eq. 26 can be 

simplified, resulting in equation Eq. 27, showing a linear correlation between the 

overpotential and the current density when we are close to the equilibrium 

potential. 

 
𝜂 = (

𝑅𝑇

𝑛𝐹𝑗0
) · 𝑗 

Eq. 27  

Oppositely, by approximating the Butler-Volmer equation to overpotentials farther 

from the equilibrium potential (𝜂 > 0.005 V), Tafel equation is obtained (Eq. 28). 

This indicates that there is a linear dependence between the overpotential and, in 

this case, the log j, where the slope b would correspond to the aforementioned Tafel 

slope. 

 
𝜂 =

−2.3𝑅𝑇

𝛼𝑛𝐹
· log 𝑗0 + 

2.3𝑅𝑇

𝛼𝑛𝐹
· log 𝑗 = 𝑎 + 𝑏 · log 𝑗 

Eq. 28 
 

 

The value of b observed for the different HECs is used to discern the rate-

determining steps (RDS) of the reaction in each case. A Tafel slope value around 120 

mV·dec-1 indicates that the RDS corresponds to the Volmer reaction. Instead, the 

limiting stage will be either Heyrovsky or Tafel reaction when the value of the slope 

b is much lower, usually around 40 or 30 mV·dec-1 respectively [75,80]. 

1.6.1.2 Nanomaterial-based catalysts in the HER 

Efficient catalysts are required to improve HER performance. Almost a 

century ago, Bowden and Rideal [81] were already studying the effect that a variety 

of metals, in the form of films, could have on the electrocatalytic HER. Noble metal-

based materials, and more specifically platinum, is the one that has offered the best 
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performance in this reaction, offering high exchange current densities and low 

overpotentials [82]. 

This trend could be explained through the HER mechanism, detailed in the previous 

section. Both Volmer-Tafel and Volver-Heyrowsky pathways involve the adsorption 

of hydrogen, thus forming intermediates (Hads) on the surface of the 

electrode/catalyst. The strength of this interaction (hydrogen adsorption free 

energy, ΔGH), will determine the RDS of the reaction, as it can affect both the initial 

adsorption step and the subsequent desorption, as originally described by Parsons 

[83]. Therefore, an ideal efficient HEC should offer an optimal ΔGH ≈ 0 [84–87]. As a 

result of this, and based on experimental studies and theoretical calculations, a 

Volcano-like relation (Figure 18) has been elaborated, where optimal M-H binding 

energy (not too low or too high), and hence maximum activity, could be found at the 

top of the Volcano graph. 

 

Figure 18. Volcano-plot based on intermediate metal-hydrogen bond formed 

during HER, as originally proposed by Trasatti [88]. 
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Volcano plots are built by plotting the exchange current densities of HER versus the 

strength of the metal-hydrogen bonds of different metals. Since the publication of 

the first Volcano plot, by Trasatti in 1972 [88], new studies have emerged that 

modify some of the assumptions used for the Volcano-dependence calculations [89–

91]. Nonetheless, common agreement seems to suggest that platinum-group metals 

have surface characteristics that make them more suitable as HECs [75]. 

The main drawbacks of the use of Pt as a HER electrocatalyst are its high demand 

and high cost due to its scarcity. This limitation is exacerbated when going from 

laboratory scale to real applications. However, its appeal as a catalyst has stimulated 

the search for strategies that are more affordable and scalable without giving up the 

use of this noble metal. An efficient way to reduce the amount of Pt required for 

catalysis is to use ultra-small platinum nanoparticles (Pt NPs). There are several 

studies that relate the drastic reduction in the size of the nanoparticles with the 

increase of the exchange current densities and the reduction of the overpotential 

[92–97]. 

Additionally, supports could be used to ensure the stability and dispersibility of 

these systems, preventing the aggregation of the nanoparticles, both during the 

synthesis and the electrochemical studies, thus maintaining their efficiency. In 2014, 

Y. Lei et al. reported a system of ultra-small platinum nanoparticles (1-3 nm) grafted 

on cellulose-derived carbon nanofibers (CNFs), with a Pt mass loading inferior to 

1wt% [98]. A working electrode was prepared by dispersing the electrocatalyst in a 

Nafion® solution, and depositing it via spin-coating on a carbon paper. Whereas the 

commercial Pt/C electrode (Pt 10 wt%) shows a very low overpotential at |j|= 10 

mA·cm-2 (η10 = 19 mV), this system with a Pt loading ten times lower shows just a 

slightly worse overpotential (η10 = 55 mV), maintaining its performance for more 

than 1000 linear sweep voltammetry (LSV) cycles in acidic conditions.  

Similarly, Devadas and Imae presented in 2016 a Pt-based composite, consisting of 

dendrimers-encapsulated Pt nanoparticles, supported on carbon materials, such as 

nanohorns (CNHs) or nanotubes (CNTs) [99]. In this case, Pt NPs were 

presynthesized by chemical reduction of the Pt precursor (Na2PtCl6·6H2O) in the 

presence of the dendrimer, and subsequently impregnation on the carbon material. 

For the electrochemical test, the material was immobilized on a glassy carbon (GCE) 
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electrode using a Nafion® solution. With a platinum loading of about 1wt%, and Pt 

NPs mean size of 5 nm, these composite catalysts delivered low onset overpotentials 

(η0 = 16 mV) and high stability in 0.5 M H2SO4 solution, being able to hold the activity 

of the catalyst towards the HER up to 500 LSV cycles. It can be considered a more 

than reasonable HER efficiency when compared to the commercially available Pt/C 

performance, which delivers η0 ≈ 0 mV, but with a much higher Pt content (40 wt%). 

Following this path of decreasing Pt loading without compromising catalyst 

efficiency, J. Chen and co-workers designed in 2010 a low-cost monolayer Pt-based 

catalyst on tungsten monocarbide substrates, to operate the hydrogen evolution 

reaction in acid conditions. The electronic and chemical properties of this hybrid 

material matches that of bulk Pt, thus demonstrating that the topmost layer of bulk 

platinum is probably the determining factor in its catalytic activity, being able to 

replace the rest with a more affordable carbon-based material [100]. 

Combining both strategies of lowering the metal content on the NPs and the use of 

supporting materials, X. Sun et al. reported a Pt-nanoclusters as catalyst for the HER. 

The synthesis was carried out by means of atomic layer deposition (ALD), in a 

reactor that contained, in addition to the Pt precursor, nitrogen-doped graphene 

nanosheets. A glassy carbon rotating-disk electrode (GC-RDE) serves as the working 

electrode. These systems present negligible overpotentials towards HER, 

comparable with commercial Pt/C, the Tafel slope being even lower (29 mV dec -1 vs 

31 mV dec-1 for the Pt species) in 0.5M H2SO4 solution. Stability was also studied, not 

losing catalytic activity in 100 LSV cycles [101].  

More recently, Fang et al. developed an atomically dispersed Pt on metal-organic 

framework (MOF) derived N-C framework, following the same synthetic route. The 

combination of ALD technique and a well-defined MOF structure were shown as key 

in the uniform deposition of single-atom Pt. The electrocatalyst was tested, after 

immobilization on a carbon cloth as working electrode, in 0.5M H2SO4 and 1.0M KOH 

solutions The overpotentials achieved were 19 mV and 46 mV in the acidic and basic 

media respectively, surprisingly also demonstrating excellent durability (up to 20h) 

in a wide pH range [102]. 
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Preparing single-atom and nanoclusters as catalysts is challenging, given the 

tendency of atoms to diffuse and agglomerate, forming larger nanoparticles, which 

can be difficult to control when scaling up the synthesis [103,104]. Thus, these 

promising atom-scale catalytic systems are required not only to be very efficient, 

but also to offer satisfactory stability [105].  

Despite efforts to develop economically affordable Pt-based catalysts, other factors 

must be considered. Most studies focus on the acidic medium because that is where 

Pt outshines all other metal-based candidates to catalyze the HER. However, its 

performance in an alkaline medium is more irregular, frequently presenting 

stability problems [97,106]. 

Ruthenium nanoparticles have been widely studied as catalysts in different 

applications [107]. However, within the field of HER for water splitting, the available 

literature is not as extensive as that found for platinum, and most of the publications 

are concentrated in recent years. This sudden interest in Ru as a substitute for Pt as 

a catalyst is due to the fact that it is more affordable, it is more stable in a wider pH 

range, and considering the strength of M-H bond, Ru-H bond is slightly weaker than 

for Pt, but according to experimental results and theoretical calculations, it does not 

represent a great concern in terms of catalytic efficiency [107,108]. Ru NPs of 

different sizes and morphologies have been reported. One of the most common 

problems with these materials is that they are prone to aggregation. In this way, 

much of the research on Ru NPs as an electrocatalyst for HER resorts to the use of 

supports as stabilizers, similar to what has already been discussed regarding Pt, 

prior to immobilization on the electrodes [97]. 

J. Baek et al. used a 2-dimensional (2D) nitrogenated-carbon (C2N) structure to 

stabilize the Ru NPs. C2N is a holey-structure in which nitrogen atoms serve as active 

sites to accommodate Ru (Figure 19a). Overpotentials in both acid and basic media 

are slightly lower than in commercial Pt/C (η10 = 13.5 mV and η10 = 17 mV in acid 

and basic media, respectively). Stability was also tested at 10,000 LSV cycles, with 

barely any shift in the curve [109]. Baek’s group also reported a system of Ru NPs 

uniformly deposited on edge-carboxylic-acid-functionalized graphene 

nanoplatelets (CGnP) whose HER performance in both acid and basic media 

surpasses that of commercial Pt/C catalysts, with Tafel slopes of 30 mV·dec-1 in 0.5M 
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H2SO4 and 28 mV·dec-1 in 1M KOH), and low overpotentials (η10 = 13 mV and η10 = 

22 mV in acid and basic media respectively). The substrate was prepared via ball-

milling graphite, in the presence of dry ice. In this way, the resulting CGnPs have 

improved electrical conductivity and numerous active sites (carboxylic acid groups) 

that allow simple metal ion anchoring. In this case, the ruthenium ions are 

subsequently reduced to Ru0 NPs (~2nm) by a thermal annealing treatment (Figure 

19b) [110]. This shows that the preparation and functionalization of the support is 

also key to ensure the efficiency of the Ru-based catalyst. The use of amorphous or 

highly defective materials can affect their performance (electrical conductivity or 

availability of active sites). 

Other commonly used supports for Ru NPs are carbon microfibers [111], carbon 

nanotubes (CNT) or [112] metal-organic frameworks (MOF) [113]. X. Xu et al., 

recently reported Ru NPs dispersed on N-doped carbon hollow nanospheres 

(Ru@NCHNS). The morphology of the 3D matrix is expected to increase the surface 

area of the support and facilitate access to the active sites. A facile synthetic method 

is proposed, based on the SiO2-template approach (Figure 19c). The resulting Ru-

based composites delivers an overpotential of η10 = 28.9 in 1.0M KOH, 

outperforming both commercial Pt/C (50.5 mV) and a Ru@NC hybrid (185.6 mV), 

prepared under the same conditions without the SiO2-templating step, thus 

demonstrating the influence of the 3D-matrix. Almost no changes in the polarization 

curve were observed after 1000 LSV cycles, strongly consolidating its position as 

one of the best reported Ru-based nanocatalysts towards HER in alkaline conditions 

[114]. 

As was the case with Pt, examples of ruthenium atomically dispersed in carbon 

supports are also found, such as that reported by Chen’s group [115]. The atomic-

Ru dispersed on N-doped carbon nanowires (CNW) outperformed the results of 

commercial Pt catalysts in alkaline medium (η10 = 12 mV vs. -49 mV for Pt/C). 

Outstanding results were also obtained by R. Tan et al. [116] who prepared a 

modulable nanoporous MoS2 structure, to accommodate dispersed single-atom Ru, 

serving as highly efficient HER catalyst. 
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Figure 19. (a) Ru NPs dispersed on the 2D nitrogenated carbon structure [109], (b) 

reduction of Ru ions and formation of Ru NPs on the surface of the graphene 

nanoplatelets (CGnPs) [110], (c) schematic representation of the synthetic 

procedure of Ru NPs dispersed on carbon hollow nanospheres (Ru@NCHNS) from 

a self-assembled SiO2@PSS (poly(sodium 4-styrenesulfonate) composite. After 

wrapping with Ru (III) and histidine and a subsequent heat treatment, 

SiO2@Ru@NCNS (Ru NPs on carbon nanospheres and SiO2 template) are obtained. 

After selective etching treatment of the SiO2 template with HF solution, Ru@NCHNS 

are yielded [114]. 
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Unlike with Pt, when working with Ru, it is necessary to take into account the 

oxidation state on the surface of the nanomaterials. Changes, usually between Ru0 

and RuIV, may occur when Ru-based materials are exposed to air or when a given 

potential is applied during electrochemical processes. This can affect its 

performance as a catalyst, since the efficiency will vary, depending on the acidic or 

basic medium, if the ruthenium is as metallic-Ru0 or as RuIV oxidation state [111].   

The choice of the appropriate synthetic route allows control over the key 

parameters in the activity and stability of the nanoparticulated co-catalyst, such as 

size and shape, surface environment, structure and homogeneity. The 

organometallic approach is a reproducible synthetic method that allows the 

preparation of Ru NPs in mild reaction conditions controlling most of these 

parameters. (Figure 20) [117]. During the synthetic procedure, H2 pressure triggers 

the decomposition of the olefinic ligands normally present in the organometallic 

precursor, and the by-products can be easily removed. Importantly, the presence of 

a stabilizing molecule is required to control the growth of the nanoparticles and 

ensure their stability, preventing them from agglomerating. Through this route, 

well-defined and dispersed nanoparticles can be obtained, which can also serve as 

catalysts in HER for water splitting [118]. 

 

Figure 20. Synthesis of ruthenium nanoparticles stabilized by 4-phenylpyridine 

(PP) following the organometallic approach [119]. 

Following this method, the research group recently reported on a HER catalyst 

consisting of Ru NPs stabilized with 4-phenylpyridine [119]. A layer of RuO2 was 

formed on the surface of the NPs after controlled exposure to air. It was observed 

that by applying a reductive potential in a 1M H2SO4 aqueous solution, this partial 

oxidation could be reversed, “recovering” the synthesized Ru0 NPs, and maintaining 

the coordination of the pyridine ligand. This step enhances the catalytic efficiency of 
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the NPs, reaching impressive overpotentials of η0 ≈ 0 mV and η10 = 20 mV, with 

hardly any changes in activity or the morphology of the nanoparticles during 12h. 

In 1M NaOH solution, reduction of the catalyst could not be reversed, but the 

pyridine-stabilized RuO2/Ru0 NPs still exhibit excellent activity and stability for 12h 

towards HER (η0 ≈ 0 mV and η10 = 25 mV). Under both pH conditions, these 

nanocatalysts overshadow the catalytic performance of both Pt/C and Ru-black 

commercial catalysts. Additionally, density-functional theory (DFT) calculations 

suggest that the coordinated ligands on the surface of NPs may play a role in their 

electrochemical performance.  

This justifies the interest in the design of ligand-capped nanoparticles for HER. The 

use of different ligands makes these systems easily tunable, being able to modify 

their morphology and surface composition, hence their catalytic activity. 

1.6.1.3 Benchmarking methodology for heterogeneous materials for 

HER electrocatalysis 

Different parameters have been previously detailed in the literature in order to 

compare the efficiency of catalysts. However, it is often difficult to make an 

appropriate comparison when the reaction conditions or the nature of the catalysts 

are very different. In 2015, Jaramillo et al. elaborated a standard benchmarking 

protocol for comparing different catalysts, applicable to both WOCs and HECs [120]. 

To develop this methodology, they subjected catalysts to different electrochemical 

processes under extreme acid (1M H2SO4) or alkaline (1M NaOH) conditions. The 

different techniques involved in this protocol are shown in Figure 21 and explained 

below.  

These experiments can be classified into groups depending on the disclosed 

information: 

- Surface characterization: Includes X-ray photoelectron spectroscopy 

(XPS), a qualitative analysis technique that allows knowing the nature and 

oxidation state of the chemical species responsible for catalysis. Once the 

electrode has been prepared, immobilizing the catalyst, it is necessary to 

determine the area of the electrode available to carry out the electrochemical 

process, which usually differs from the geometric surface area. This 
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parameter is referred as the electrochemically active surface area (ECSA). 

The roughness factor (RF) expresses the ratio between active surface and 

geometric area. ECSA value can be estimated by means of double-layer 

capacitance (CDL) measurements, by carrying out cyclic voltammograms (CV) 

in a non-Faradaic region. The calculation is based on the assumption that, in 

this region, the measured current is due to the double-layer charging. Based 

on this, the load current (ic) is directly proportional to the product of CDL and 

the scan rate (ν) (Eq. 29). 

 𝑖𝑐 =  𝜈 · 𝐶𝐷𝐿  Eq. 29  

After plotting ic as a function of v, a linear equation is obtained and whose 

slope equals CDL. Then, ECSA of a given catalyst can be calculated by dividing 

the obtained CDL value by the specific capacitance (CS) of the sample, intrinsic 

to the material and solution used (Eq. 30). Finally, RF value can be calculated 

using the ECSA and the value of the geometric area of the electrode (Selec.) 

(Eq. 31). 

 
ECSA (𝑐𝑚2) =  

𝐶𝐷𝐿

𝐶𝑆
 

Eq. 30  

 
𝑅𝐹 =  

𝐸𝐶𝑆𝐴

𝑆𝑒𝑙𝑒𝑐.
 

Eq. 31  

- Catalytic activity: The characterization of the catalytic efficiency of the 

materials is carried out by means of a combination of rotary-disk electrode 

(RDE) voltammetry measurements at 10 mV·s-1 scan rate, and both current-

controlled chronopotentiometric and potential-controlled 

chronoamperometric measurements by 30 s steps. From this study of 

catalytic activity, the overpotential (η10) is obtained, a value indicating the 

overpotential required to achieve a current density of |j| = 10 mA·cm-2. 

- Short and long-term stability: The study of the stability of the catalyst over 

time is carried out by applying constant current density of |j| = 10 mA · cm-2 

to the electrode containing the catalyst, measuring the potential fluctuations 

during a given time. Shorter stability tests last 2 hours, while long-term 

studies can take up to 24 hours. 
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- Faradaic efficiency (ε): It is used to verify that all electrones transferred to 

the system are devoted to the OER or HER. To do this, the amount of O2 or H2 

generated in the electrocatalytic OER or HER, respectively, is measured and 

divided by the expected amount of each gas based on the electrons 

transferred during electrocatalysis. 

 

Figure 21. Jaramillo’s benchmarking protocol of heterogeneous catalyst for both 

OER and HER [120]. 

1.6.1.4 Light-driven HER 

As was introduced in section 1.6, page 25, semiconductor materials are an 

interesting option to carry out the HER in water splitting, both for their abilities as 

light harvesters as for their catalytic performance. This duality brings closer the final 

objective of achieving a device for the generation of fuels from sunlight and water. 

The efficiency of a semiconductor will be determined not only by its catalytic 

performance, but also by its light absorbing abilities, which are dictated by its band 

structure (bandgap, energy difference between the conduction band (CB) and the 

valence band (VB)). At the same time, the position of the CB and VB will determine 

the capacity of the photogenerated charge carriers (electron-hole pairs) to promote 

oxidation and reduction reactions. TiO2 has been one of the traditionally most 
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studied materials as a photocatalyst, given its versatility in adapting to numerous 

applications [59,121]. However, its wide bandgap value (3.2 eV) restrains 

application to UV-light region to achieve the photoactivation, thus hindering its 

implementation in sunlight-driven photocatalysis frameworks [63,122]. 

Graphitic carbon nitride (g-CN) is a polymeric n-type semiconductor that exhibits a 

stacked structure, similar to graphite. Although it is not a newly developed material, 

is emerging as an ideal alternative to the use of the more widespread TiO2, mainly 

because it can be activated by visible light (bandgap ~2.7 eV), a determining factor 

in sunlight-triggered reactions. Its other virtues include its simple preparation 

compared to other metal-based semiconductors, non-toxicity, composition based on 

Earth-abundant elements, and high thermal and chemical stability [123–125]. 

Although there are different phases of g-CN and its structure may vary slightly 

depending on the precursor and the polymerization method chosen, the basic 

structure of mpg-CN is considered to consist of tri-s-triazine units interconnected 

through planar amino groups, forming stacked sheets interconnected by van der 

Waals forces (Figure 22). The result of this is a porous structure, in which the 

nitrogen atoms are located, and that can serve as active sites in catalysis, or as 

anchor points to modify the surface of the g-CN. 

 

Figure 22. Tri-s-triazine unit and a g-CN sheet. Based on reference [125]. 
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Despite its benefits, when using bare g-CN as a photocatalyst in HER, the results are 

not entirely satisfactory. The reason is mainly the rapid recombination of 

photogenerated charge carriers (electron-hole pairs) [126,127]. One way to achieve 

a photocatalyst with lower recombination rates, and therefore more efficient, is to 

modify the structure of g-CN, by preparing it through different synthetic routes, 

applying thermochemical treatments or doping the structure with heteroatoms 

[128–132]. In this way, it is also possible to narrow the semiconductor bandgap, 

thereby improving visible-light absorption. 

Another strategy would be loading the g-CN with substances that could serve as co-

catalysts [133,134]. In this context, any of the materials studied in the previous 

section, whose efficiency as catalysts in HER is more than proven, would fit for this 

task. Thus, while loaded metal nanoparticles improve the photoefficiency of g-CN, 

the structure of the latter will also serve to stabilize them. In the literature, there are 

many examples of these symbiotic systems for HER, mainly based on Pt [135–138], 

although there are also examples with non-noble metals [139–143]. For Ru, on the 

other hand, it is an area yet to be explored. 

In order to test these systems for photocatalytic HER, a cell containing g-CN loaded 

with the corresponding co-catalyst is normally used in an aqueous suspension with 

triethanolamine (TEOA), which acts as a sacrificial agent donating electrons to the 

semiconductor. By light-irradiating the semiconductor, photons are absorbed, 

promoting the excitation of electrons in the valence band (VB) of the semiconductor, 

and being able to "jump" to the conduction band (CB), where they are devoted to 

proton reduction. Co-catalyst on the surface accelerates the transfer of electrons in 

this step, thus suppressing the recombination of the charge carriers. Vacancies 

(holes) are generated in the VB, which are quickly replenished by the TEOA. This 

joint action between the g-CN and the co-catalyst considerably improves the 

catalytic performance of the semiconductor material (Figure 23). 
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Figure 23. Proposed mechanism of the charge carriers transfer process of 

photocatalytic HER using triethanolamine as sacrificial agent [134]. 

 

1.7 Photocatalytic CO2 reduction 

Solar-induced water splitting to generate O2 and H2 is not the only way to convert 

sunlight, using water molecules, into fuels. Carbon dioxide reduction uses the 

released protons and electrons from the oxidative half reaction in artificial 

photosynthesis (Eq. 15, page 23) to produce hydrocarbons, analogously to the 

production of sugar molecules during the Calvin Cycle in natural photosynthesis 

(section 1.5). CO2 reduction is a way to help reduce this greenhouse gas from the 

atmosphere, derived from the burning of fossil fuels and other industrial processes. 

These manufactured substances could be used as fuels, although a significant share 

of them is used as feedstocks in the industry [144]. 

CO2 reduction is a costly process, not only because of the investment involved in 

capturing and storing this gas, but also because it is a relatively inert gas  (ΔGf
0 =
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 −394.39 KJ · mol−1), thus requiring an adequate strategy for its fixation in useful 

fuels. As in the generation of hydrogen by photoelectrochemical water splitting, the 

first examples of photocatalyzed carbon dioxide reduction, by Inoue and co-workers 

in 1979,[145] also employed TiO2 and other photoactive semiconductors. Due to the 

energy input required, the most studied semiconductors are those with a wide 

bandgap, capable of providing the necessary energy to promote both the CO2 

reduction and H2O oxidation [144].  

CO2 reduction is a complex mechanism that involves the breaking of C=O double 

bonds, whose first step undergoes with the absorption of a CO2 molecule onto the 

catalyst surface, where the photoexcited electrons are transferred to it, coming from 

the CB of the semiconductor, thus forming the CO2
⦁− radical [146]. However, given 

the CB edges of the semiconductors listed in Figure 24, all of them below the highly 

negative redox potential at pH 7 of the anion radical (Eq. 32), this single-reduction 

intermediate step requires an external force to evolve. It is important to note that 

there are other more thermodynamically favoured pathways, involving proton-

coupled electron transfer (PCET) processes [147]. Thus, reducing CO2 can lead to a 

wide range of high-added value chemicals, commonly methane (CH4), formic acid 

(HCOOH), formaldehyde (HCOH) and methanol (MeOH) (Eq. 33-36), and also 

typically CO, which hinders the selectivity of the transformation. 

CO2 + e−  →  CO2
⦁− 𝐸𝑟𝑒𝑑𝑜𝑥

0 = −1.90 𝑉 Eq. 32 

CO2 + 8H+ +  8e−  → CH4 + 2H2O 𝐸𝑟𝑒𝑑𝑜𝑥
0 = −0.24 𝑉 Eq. 33 

CO2 + 2H+ +  2e−   → HCOOH 𝐸𝑟𝑒𝑑𝑜𝑥
0 = −0.61 𝑉 Eq. 34 

CO2 + 4H+ +  4e− → HCOH + H2O 𝐸𝑟𝑒𝑑𝑜𝑥
0 = −0.48 𝑉 Eq. 35 

CO2 + 6H+ +  6e− → CH3OH +  H2O 𝐸𝑟𝑒𝑑𝑜𝑥
0 = −0.38 𝑉 Eq. 36 

Despite being a process studied for decades, the mechanisms involved in the 

photoreduction of carbon dioxide towards its different products is still under 

discussion [148,149]. This lack of knowledge about the key steps of the reaction 

greatly hampers the development of fully efficient photocatalysts. At the same time, 

the interest in understanding more about this process increases.  
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Figure 24. Characteristic bandgap energies of typical semiconductor photocatalytic 

materials and their VB and CB positions, relative to the redox potentials of 

compounds involved in CO2 reduction, at pH = 7. Adapted from references [148,150]. 

TiO2 is, despite its known drawback of limited visible light absorption , the most 

widely used semiconductor also in the reduction of CO2 [151]. For this 

transformation, the choice of a suitable co-catalyst is key, not only to improve 

catalytic efficiency and absorbance of visible light by the semiconductor, by 

reducing both the recombination rates of the electron-hole pairs and the bandgap 

value, but also to achieve adequate selectivity towards the desired end-products. As 

seen for the photocatalytic proton reduction, metal-loaded based nanomaterials as 

co-catalyst is a simple and effective way to meet these requirements [152]. 

Wang’s group studied the effect of the noble metal-loading in the efficiency of TiO2 

as photocatalytic CO2 reduction catalyst [153]. Pt, Pd, Rh, Au and Ag were photo-

deposited onto the semiconductor surface and tested as co-catalyst under UV light. 

In all cases, the presence of the metal enhanced the selectivity of the reduction 

towards CH4, with formation rates corresponding to the ascending order Ag < Rh < 

Au < Pd < Pt. This matches with the expected results based on the electro 

donor/acceptor abilities of these metals, which follow the same trend. Thereby, Pt 
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offers less probability of charge carrier recombination, and therefore the efficiency 

of the transformation is higher. 

However, not only the nature of the co-catalyst is important, also, in the case of 

working with nanomaterials, it is its size and morphology. P. Biswas et al. prepared 

1D TiO2 films, coated with Pt NPs with sizes varying from 0.5 to 2 nm. These Pt-TiO2 

films proved to be efficient for CO2 photoreduction, in the UV light range, with a high 

selectivity towards the formation of CH4. Top performance occurred at Pt NPs size 

around 1 nm, whereas smaller nanoparticles exhibited poorer performance, which 

they attributed to a greater energy band separation, caused by quantum 

confinement [154]. 

M. Tasbihi et al. reported a Pt NPs-based TiO2 photocatalyst, prepared with different 

loadings of Pt following a deposition-precipitation method. H2, CO and CH4 were 

detected as the main reduction products after UV light irradiation. Even if bare TiO2 

produced CO as the principal product, the selectivity towards CH4 increased when 

incorporating platinum, being almost 100% at the optimal loading [155]. More 

recently, C. Matranga et al. designed a visible light-triggered TiO2 photocatalyst. In 

order to enhance the visible light sensitivity of TiO2,  not only they doped the 

semiconductor with Pt NPs, but also with nanocrystal quantum dots of another 

semiconductor, CdSe, whose band alignment makes it more appropriate to visible-

light absorption [156]. They managed to carry out the photoreduction of CO2 into 

CH4 and MeOH using only visible light. 

Despite the efforts to design efficient photocatalysts triggered by visible light 

modifying TiO2, a more straightforward strategy goes through the use of 

semiconductors with a suitable bandgap. As was the case with the HER, carbon 

nitride (g-CN) has attracted a lot of interest in this field [124,157]. 

B.Cheng et al. improved the catalytic performance of bare g-CN in the 

photoreduction of CO2 into CH4, CH3OH and HCOH, under simulated solar 

irradiation, by deposition of Pt NPs [158]. Pt co-catalyst not only had an effect on 

production rates, but also the selectivity increased towards CH4 and CH3OH, or 

towards HCOH, depending on the metal content. Likewise, J. Zhang et al. 

demonstrated the effect of nanoparticle size [159]. Pt NPs of different sizes were 
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synthesized on the surface of g-CN, and it was observed that the smallest NPs (1.8 

nm) delivered higher activity, in terms of generation rates. In contrast, with the 

largest ones (7 nm), the selectivity to produce CH4 was higher. The experiments 

were carried out with the same amount of Pt as co-catalyst and under simulated 

sunlight. These examples highlight, once again, the importance of a suitable 

synthetic method for the application of metal-based nanoparticles as co-catalysts. 

Research focused carbon dioxide photoreduction is on the rise. The full knowledge 

of its mechanism and the development of efficient, selective, and applicable catalysts 

on an industrial scale are pending issues that, together with the need to deal with 

the huge amounts of CO2 emitted into the atmosphere, are responsible for 

encouraging research in this field. 

 

1.8 Nanochemistry 

"Nano", derived from the Greek νᾶνος (dwarf), is currently used as a unit prefix used 

by the International System of Units (SI), equivalent to a factor 10-9, which in length 

units corresponds to the Anglo-Saxon billionth of a meter, in other words, a 

nanometer. In 2004, the Royal Society of London reported a consensual definition 

of nanoscience and nanotechnologies, defining nanoscience as the study and 

manipulation of materials at the atomic, molecular or macromolecular scales, whose 

properties differ from materials at larger scales. They also defined nanotechnology 

as everything that involves the design, characterization, production and application 

of materials or devices on a nanometric scale, controlling their shape and size [160]. 

Regardless of the terminology or the precise definition, these sciences have as their 

object of study all that matter, of both organic and inorganic nature, whose size is in 

the order of nanometers. Specifically in the range of 100 nm down to the atomic 

scale [160,161]. This scale is considered because it is where the properties of matter 

differ significantly from their corresponding bulk materials. By working at the 

nanoscale, the surface area increases significantly compared to materials of the 

same total volume (Figure 25). This means that, in many cases, the same materials 

are more reactive, having more exposed surface, or in the case of a catalyst, more 
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active sites, and therefore greater efficiency. It is also necessary to consider the 

changes in the optical, electrical or magnetic properties, the result of quantum 

effects, which become relevant when working in very small size ranges [162,163].   

 

Figure 25. Surface area comparison of a cube-shaped material before and after 
cutting off into nano-cubes. 

Nanomaterials can be classified according to their dimensions. To be considered a 

nanomaterial, at least one of its dimensions must be in the nanoscale range. 3D 

materials are not strictly confined to the nanoscale in any dimension, although they 

can be made up of nanomaterials. For example, graphite (3D) can be defined as 

stacked sheets of graphene (2D), a carbon structure with a dimension at the 

nanoscale. Carbon can also be in the form of nanotubes (1D) or fullerenes (0D) 

(Figure 26). Those nanomaterials whose three dimensions are confined to the 

nanoscale are defined as nanoparticles. 
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Figure 26. Classification of nanomaterials according to their dimensions, using 

carbon structures as a reference. Based on reference [164]. 

The enhanced properties of nanomaterials have awakened a nano-fever over the 

past years, and there are already many industrial applications that have 

incorporated them into their operating routine (coatings, dyes and pigments, 

cosmetics, biomedicine, sensors, electronics, catalysis, etc.) [165–168]. 

1.8.1 Strategies for the preparation of nanoparticles 

Nanoparticles can have a natural origin, in volcanic activity, plants or algae, and also 

derived from human activity, in combustion processes (at the industrial or domestic 

level) or in the exhaust gases of vehicles [160]. Artificially, nanoparticles can be 

prepared following two strategies: 

- Top-down techniques: This involves breaking or scaling down the bulk 

material into nanosized structures. These are the cases of mechanical 

grinding [169] or lithography [170]. The prepared nanoparticles are not 

completely homogeneous in shape and size and may present surface defects 

(due to physical treatment) that affect their final properties. 

- Bottom-up approach: It implies using smaller building blocks, such as 

atoms, molecules, or nanoparticles which, after self-assembly, will form 

larger and more complex nanostructures. This approach includes chemical 

vapor deposition (CVD), chemical reduction of ionic salts or sol-gel methods, 

to name a few [171]. They allow control of the growth and shape of the 

nanoparticles, diminishing the problems of top-down techniques [172,173]. 
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In previous pages, the importance of metal-based nanoparticles as catalysts has 

been highlighted, both for the reduction of protons and carbon dioxide reduction. 

Bottom-up strategies described above are the most suitable for the preparation of 

metal-based nanoparticles, based on the reproducibility in the preparation, a key 

aspect for catalysts. Coming up next, the most outstanding methods for the 

preparation of metallic nanoparticles will be addressed. 

1.8.1.1 Chemical reduction method 

This method consists of reducing an ionic salt of a transition metal, under suitable 

reaction conditions in the presence of a reducing agent. An additional stabilizing 

agent is usually also required to control the growth and prevent the coalescence of 

the nanoparticles. Silver NPs are commonly prepared by this method, using AgNO3 

as the salt, and NaBH4, ethylene glycol or DMF as reducing agents. Sometimes, the 

reducing agent itself also serves as a stabilizer (e.g. trisodium citrate), although 

others such as polyvinylpyrrolidone (PVP) or oleylamine are generally added [174]. 

It is a very simple method of preparation NPs, in which the main disadvantages are 

related not only to the cost or toxicity of the reagents, but also the effect on the 

catalytic activity that ions and other substances (impurities) involved in the 

preparation may have, which are difficult to remove and could poison the surface of 

the NPs [175]. 

1.8.1.2 Thermal, sonochemical, or photochemical decomposition 

These chemical reactions are triggered by temperature, sound or light irradiation. 

In some cases, the stabilizers can act as reductants, not requiring additional 

chemical agents to reduce or decompose the metal precursor prior to the assembly 

of the nanoparticles, thus reducing the probability of impurities in the catalyst. 

F. Davar et al. proposed a facile thermal method for the preparation of Cu and Cu2O 

NPs.[176] Metal precursor, [bis(salicylaldiminate)copper(II)], was heated up to 230 

C in the presence of oleylamine, serving as both solvent and stabilizer of the formed 

Cu0 NPs (Figure 27). Cu2O NPs can be easily obtained by air exposure of the former 

NPs, displaying great stability to both oxidation and agglomeration. 
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Figure 27. Simple thermochemical preparation of Cu and Cu2O NPs using 

oleylamine as stabilizer. Adapted from reference [176]. 

Regarding sonochemical decomposition, F. Griesser et al. [177]. prepared Au NPs 

after irradiation of an HAuCl4 aqueous solution. In this case, 1-propanol was added 

to accelerate the Au(III) reduction, and PVP to prevent agglomeration. Through this 

study, they were able to demonstrate that the ultrasound frequency had an influence 

on both the Au(III) rate of reduction and the final size of the nanoparticles. 

 

Figure 28. Left: Rate of Au (III) reduction as a function of ultrasound frequency; 

Right: Au NPs mean size as a function of ultrasound frequency. Extracted from 

reference [177]. 

L. Paterno and co-workers followed the photochemical route to prepare gold 

nanoparticles stabilized with polyethylenimine (PEI) [178]. The procedure involves 

irradiating a reactor containing the gold precursor (HAuCl4·3H2O) with PEI in 

aqueous solution. PEI controls the nucleation process of the NPs by forming strongly 

associated ionic pairs with AuCl4– ions, which are easily reduced to the zero-valent 

gold species, by the PEI amino groups, under UV radiation. 
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1.8.1.3 Chemical vapor deposition (CVD) 

This method is based on the vaporization and subsequent decomposition, on a 

substrate or surface, of the metallic precursors. H. Kim et al. developed bi-metallic 

Pt-Co NPs, suitable and very stable for electrochemical applications [179]. Starting 

from vaporized [Pt(Me)3(MeCp)], Pt NPs were deposited on a carbon support inside 

the CVD chamber, followed by the injection of [Co(CO)2(Cp)] also in the gas phase 

after which the Co atoms are deposited on the existing Pt NPs. By-products and 

volatile fragments (mainly hydrocarbons) are removed by flowing hydrogen gas 

from the chamber. Applying a subsequent heat treatment of at least 500 C, it is also 

possible to transform the NPs into ordered bimetallic alloys (Figure 29). 

 

Figure 29. Schematic representation of the synthesis of Pt-Co bimetallic NPs on a 

carbon support with the effect of the final annealing treatment in the atomic 

ordering. Adapted from reference [179]. 

1.8.1.4 Electrochemical reduction 

The electrochemical reduction method, developed by M. T. Reetz requires a 

sacrificial anode as the metal precursor, in the presence of a quaternary ammonium 

salt serving as electrolyte and stabilizer [180]. This anode is first oxidized (Eq. 37), 

generating ions in solution, that are later reduced at the cathode (Eq. 38), thus 

forming metallic nanoparticles (Figure 30). This method allows to control the size 

of the nanoparticles by varying the current intensity. The NPs are also easily 

recoverable, by precipitating them once formed, and offers high yields. 
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Figure 30. Synthesis of electrochemically reduced metal nanoparticles. Based on 

reference [180]. 

Another strategy would be to employ, as a metallic precursor, a transition metal salt 

instead of the sacrificial anode. It is the accurate alternative with metals that do not 

oxidize easily, such as Pt, Rh or Ru [181]. 

1.8.1.5 Organometallic approach  

This synthetic method was previously introduced when discussing HER catalysts 

(section 1.6.1.2, page 38). This methodology, developed by B. Chaudret and K. 

Philippot [117,182], starts, like the previous techniques, from a metallic precursor 

(organometallic complex) which, under hydrogen pressure, decomposes, thus 

yielding the nanoparticles. 

Ideally, the precursor contains a zero or low-valent metal, and olefinic ligands. In 

this way, when the ligands in the coordination sphere of the metal are hydrogenated, 

they are reduced to the corresponding alkanes, which are easily eliminated and do 

not interact with the surface of the NPs. Some examples of suitable metallic 

precursors are [Ru(cod)(cot)](cod = 1,5-cyclooctadiene, cot = 1,3,5-

cyclooctatriene), employed to prepare the ligand-capped Ru NPs system previously 

Anode Mbulk →  Mn+ +  ne− Eq. 37  

Cathode Mn+ + ne− +  stabilizer → MNPs/stabilizer Eq. 38  
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discussed as HEC[119], [Co(coe)(cod)] (coe = cyclooctenyl) [183], [Ni(cod)2] [184], 

or [Pt(dba)2] (dba= dibenzylideneacetone) [185], all of them decomposing at 

relatively low hydrogen pressures. 

Additionally, the method requires a stabilizing agent. For this purpose, different 

organic ligands have been studied [117]. These capping ligands are present from the 

beginning of the reaction, often mixed with the metallic precursor at low 

temperature, to avoid the formation of intermediates that are difficult to 

decompose. As soon as the atoms are released, these ligands can interact with their 

surface and thus influence their growth into nanoparticles (Figure 31).  

 

Figure 31. Schematic illustration of the organometallic approach for the synthesis 

of metallic nanoparticles. Based on reference [117]. 

The organometallic method not only focuses on colloidal solutions of nanoparticles, 

also hybrid materials or composites can be prepared, by decomposition of the 

organometallic precursor in the presence of a supporting material, which can also 

help controlling the growth and promoting the dispersion of the nanoparticles (e.g. 

carbon nanotubes (CNT) [186], carbon microfibers (CFs) [187], MOF [188], etc.). 

Therefore, the organometallic approach offers an alternative for the synthesis of 

nanoparticles in mild conditions, narrow size distribution and well-controlled 

surface state. 
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Chapter II 

Objectives 

 

 

After introducing the state-of-the-art in the field of artificial photosynthesis 

and electrochemical-induced water splitting, the main goals of these PhD thesis are 

presented in this chapter. Essentially, they involve the preparation of Ru-based 

nanoparticles as catalyst in the hydrogen evolution reaction, and Ru and Pt-based 

photocatalyst for CO2 reduction into fuels and other chemicals. In the first part, the 

objectives common to all the studied processes are exposed, and then the specific 

objectives for each chapter are detailed. 
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1.1. General objectives 

For the past decades, one of the great issues of researchers within the energy field 

has been focused on developing reliable catalyst for the processes involved in 

artificial photosynthesis. This process, which emerges as an alternative to the fossil 

fuels utilization and a strategy to reduce the CO2 emissions in the atmosphere, uses 

water and sunlight to produce fuels. During artificial photosynthesis, and after 

water is oxidized into oxygen, protons and electrons are released, which can be 

reduced into H2 (in the overall process known as water splitting). Electrons can also 

be used to reduce CO2, yielding fuels and other value-added chemicals. The main 

challenge of both Hydrogen Evolution Reaction (HER) and CO2 reduction is the 

development of robust and efficient catalysts to carry out these transformations. 

Thus, the overall objectives, and the backbone of this PhD thesis, can be summarized 

as follow: 

• Design of metal-based catalysts, within the nanoscale, for the HER and CO2 

reduction. 

• Lean on the organometallic approach as synthetic tool in order to carry out 

the preparation of the catalysts under mild reaction conditions, with a 

controlled surface state. 

• Select the adequate photoactive material both to support the catalytically 

active metal-based nanoparticles and to carry out the HER and CO2 reduction 

induced by light irradiation. 

• Complement the (photo)catalytic studies with diverse characterization 

techniques, to be aware of the surface environment, oxidation state, 

morphology or the evolution of species before and after the catalytic 

conditions. 

• Based on these observations, rationally design new (photo)catalysts by 

tuning their features, with the aim of improving their catalytic performances. 
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1.2. Specific objectives 

In the case of the HER, the reductive half-reaction of the water splitting process, Ru-

based NPs have been recently reported as a more affordable and, in some cases, 

more stable alternative to the state-of-the-art Pt. Thus, the specific objectives of this 

part are: 

• Synthesis and characterization of Ru-NPs, through the organometallic 

method, stabilized with pyridine-type ligands. Study the effect that reaction 

conditions (nature of the ligand and ligand-to-metal ratio) has on the size, 

surface composition or oxidation state of the nanoparticles. 

• Test the prepared Ru-based nanosystems as catalyst in the electrochemical 

HER, evaluate both their activity and stability under extreme pH conditions, 

and correlate their catalytic output with their physical and chemical features 

to better understand the mechanism involved in this transformation. Finally, 

compare with reported analogous systems. 

For the light-driven HER, in addition to the suitable catalyst, a photoactive species 

is required, such as semiconductor materials. The challenge with this process is the 

election of the semiconductor, which should feature the adequate bandgap to be 

visible light responsive, and an optimal communication with the metallic catalyst 

(co-catalyst), in order to facilitate the electron-transfer process, thus adding further 

goals: 

• Study of carbon nitride as photoactive material triggered by visible light, and 

also as support for the stabilization of the metal (Ru or Pt) nanoparticles used 

as co-catalyst. 

• Evaluate different strategies for the deposition of the metal nanoparticles on 

the surface, including direct deposition following the organometallic 

approach, or physical mixture with metal nanoparticles pre-deposited on 

different carbon-based conductive materials. 

• Elucidate the role of the different metal-loading methods and the nature of 

the co-catalyst in their corresponding photocatalytic outputs, based on 

photocatalytic HER experiments and complementary photophysical studies. 
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The major challenge concerning CO2 photoreduction is to achieve control over the 

selectivity towards each of the possible products of the reduction, including the 

competitive proton reduction. In this case, the election of the adequate co-catalyst 

(generally Pt) to load on the photoactive material not only affects the photocatalytic 

performance of the system, but also the selectivity of the process. Thus, in addition 

to the objectives described for the light-driven HER regarding the choice of 

photoactive support, as specific goals for this part are: 

• Preparation of carbon nitride-supported Pt NPs, with different loads, directly 

deposited using the organometallic approach.  

• Study the activity towards CO2 photoreduction and the selectivity towards 

different C-products, correlating the results with the absence/presence of 

the co-catalyst, the load of Pt, and the use of UV or visible as light sources. 

Finally, and as an additional objective, it is intended to test the versatility of 

nanoparticles prepared following the organometallic approach towards 

applications other than energy production. Sensors are one of the main applications 

of nanoparticles nowadays. The combination of their catalytic features with the 

electric conductivity of carbonaceous supports leads to an increase in the analytical 

signal, which is of paramount importance in this particular field. In this regard, the 

objectives for this final part are: 

• Preparation of Pt-based nanoparticles supported on carbon 

(nano)allotropes, by direct deposition following organometallic approach. 

• Test the prepared hybrid materials as electrochemical sensing platforms 

towards methylparaben (MeP) determination, a potential endocrine-

disrupting chemical present in many cosmetic and pharmaceutical 

formulations. 

• Validate the proposed electroanalytical method, with real samples, using the 

traditional, but more tedious, chromatographic technique (HPLC). 

 

 

 



 

 

Chapter III 

Ligand-capped Ruthenium Nanoparticles as 

Hydrogen Evolution Catalysts 

 

Two ruthenium-based nanocatalysts have been prepared, following the 

organometallic approach, and stabilized by pyridine-type ligands. After thorough 

characterization, including TEM, WAXS, ICP, EA and TGA analyses, the 

electrochemical output of both systems for the Hydrogen Evolution Reaction has 

been tested in acidic and basic conditions, trying to understand their behaviour 

based on their distinguished surface properties. 
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3.1 Abstract 

Ruthenium nanoparticles (NPs) have been easily prepared following the 

organometallic method, by hydrogenation of the organometallic compound 

[Ru(cod)(cot)] (cod = 1,5-cyclooctadiene; cot = 1,3,5-cyclooctatriene) in THF, in the 

presence of pyridine-type ligands as stabilizers, either 4’-(4-methylphenyl)-

2,2’:6’,2”-terpyridine (MPT) or 2-phenylpyridine (2PP). Ligand to metal ratio during 

the synthesis of the NPs was optimized to study the effect of the ligand, obtaining 

small, well-defined and homogeneous nanoparticles. After properly isolating and 

characterizing the NPs by the commonly used state characterization techniques, 

they were deposited onto a glassy carbon electrode, and tested as electrocatalysts 

in the hydrogen evolution reaction (HER). In 1 M H2SO4, the activity of these 

materials was highly dependent on the oxidation state on the surface of the NPs, 

being metallic Ru more active than RuO2, whereas in 1 M NaOH the Ru/RuO2 of the 

as-deposited nanomaterials is maintained even after reductive treatment. Both 2PP 

and MPT-stabilized Ru NPs systems were benchmarked after estimation of the 

active sites on the NPs surface and the electrochemically active surface area (ECSA), 

and they have proved to be active and highly stable in acidic and basic pH under 

turnover conditions. Furthermore, in 1 M H2SO4, the 2PP-stabilized system 

displayed low overpotentials and Tafel slope (η0 ≈ 0 mV and η10 = 30 mV and 42 

mV·dec-1, respectively) and high TOF (ca. 10 s-1 at η = 100 mV), values fairly 

competitive to the ones obtained for Ru NPs stabilized with 4-phenylpyridine 

recently reported, which outshines the state-of-the-art Pt and most of the HER 

electrocatalyst reported under acidic (and also basic) conditions. 
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3.2 Introduction 

Hydrogen evolution reaction (HER), as part of the sunlight-driven water splitting 

process, plays an important role in the global energy economy, promoting hydrogen 

production from water and sunlight as a clean and sustainable energy alternative to 

the still dominant, but highly polluting and ill-distributed fossil fuels [1,2]. This 

transformation of protons into hydrogen, and also its redox counterpart (the oxygen 

evolution reaction, OER), require catalysts operating at low overpotentials and 

under fast kinetic conditions, thereby making the whole hydrogen production from 

water splitting process efficient.  

Among all HER catalysts reported, Pt-based catalyst show the best performance, 

especially in acidic conditions. This could be explained through the HER mechanism: 

when Pt-H species are formed, they are stable enough due to the strength of the 

bond, but weak enough to promote dihydrogen gas formation afterwards [3]. 

However, stability problems in basic pH, together with its scarcity and high cost, 

hampers its implementation on large scale applications [4,5]. In this way, Ru is 

postulated as the ideal alternative, being cheaper than Pt, and more stable in alkaline 

medium, and with a Ru-H bond strength that does not differ much from the Pt-H one. 

Therefore, the small difference in bond strength  should not have a great impact on 

the overpotentials achieved by these catalysts [6,7].  

More concretely, the use of Ru-based nanoparticles (NPs) as (electro)catalysts for 

HER has attracted lots of attention in recent years [8]. This nanostructured 

heterogeneous systems, with a surface area to volume ratio significantly larger than 

the corresponding bulk material, offer high stability in both acidic and basic pH [3], 

although electron transfer is generally less facilitated compared to molecular 

complexes. This issue can be overcome by depositing the NPs on a support such as 

a conductive carbon-based matrix (e.g. carbon nanotubes or graphitic carbon 

nitride)[9,10], or by immobilizing them in a glassy carbon (GC) electrode [11], to 

directly test their electrocatalytic performance towards HER. 

One great advantage of preparing ex-situ Ru-based NPs as electrocatalysts for HER 

is that, as their intrinsic catalytic properties are not altered by the supporting 

electrodes, they allow greater control over the characteristics of the NPs when 
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choosing the adequate synthetic method, thus facilitating the correlation of their 

chemical and physical properties with their HER electrocatalytic output. In this 

regard, the organometallic approach is a very powerful tool for the preparation of 

small, homogeneous nanoparticles, with great control of the surface composition 

and under mild reaction conditions [12]. The organometallic precursor and the 

reaction conditions (temperature, solvent) are important for the final 

characteristics of the nanoparticles. An stabilizing ligand is generally required to 

ensure the nanosized structure of the obtained particles and also to prevent their 

aggregation. These ligands, coordinated on the surface of the nanoparticles, will 

influence the active sites of the electrocatalysts, thus affecting their performance. 

This makes the organometallic approach a rapid and easy alternative to prepare 

nanocatalysts with tunable properties playing with different types of ligands.  

Recently, the research group reported a Ru NPs system, prepared from the 

decomposition of the organometallic precursor [Ru(cod)(cot)] (cod = 1,5-

cyclooctadiene; cot = 1,3,5-cyclooctatriene) under 3 bars of hydrogen in THF, with 

4-phenylpyridine (4PP) as stabilizing ligand [13]. These small (1.5 ± 0.3 nm) Ru NPs 

were well-defined with a narrow size-distribution and, most important, with a well-

known surface composition after an exhaustive characterization study involving 

diverse techniques. After being immobilized onto a GC electrode, the nanomaterial 

was tested for the HER in extreme pH conditions, outperforming both commercial 

ruthenium black (Rub) and Pt/C in 1 M H2SO4, displaying really low overpotentials 

(η0 ≈ 0 mV and η10 = 20 mV) and high TOF (ca. 17 s-1), and also in 1 M NaOH (η0 ≈ 0 

mV and η10 = 25 mV), with outstanding stability in both acidic and alkaline 

conditions, thus being one of the best HER electrocatalysts reported to date. 

The objective of this chapter is to prepare analogous systems of Ru NPs stabilized 

by pyridine-type ligands via the organometallic approach, under the same reactions 

conditions as the previously reported system. These ligands are 2-phenylpyridine 

(2PP) and 4’-(4-methylphenyl)-2,2’:6’,2”-terpyridine (MPT). Through the different 

characterization techniques, we will be able to study the effect that these ligands can 

have on the morphology of the Ru NPs, as well as on their surface properties, and 

later correlate the effect these characteristics have on their catalytic output in acidic 

and basic media. 
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3.3 Experimental part 

3.3.1 Reagents and materials 

All procedures involved the synthesis of the Ru NPs stabilized by pyridine-type 

ligands were carried out using standard Schlenk-line and Fischer-Porter bottle 

techniques. A glovebox (MBRAUN Unilab) with argon atmosphere is also employed 

to handle the metal precursors. Glassware was dried at 120  ͦC before use. The 

following chemicals were used as purchased: [Ru(cod)(cot)] (cod = 1,5-

cyclooctadiene; cot = 1,3,5-cyclooctatriene) from NanoMePS, the pyridine-type 

ligand used as stabilizers, 2-phenylpyridine (2PP) and 4’-(4-methylphenyl)-

2,2’:6’,2”-terpyridine (MPT), from Sigma-Aldrich; hydrogen (H2) gas from Air 

Liquide (Alphagaz). Tetrahydrofuran (THF) and pentane, used as solvents, were 

treated in a purification apparatus (MBRAUN) and degassed by freeze-pump-thaw 

cycling prior to use. 

 

3.3.2 Synthesis procedure 

All Ru-NPs systems were prepared following the same procedure, solvent and 

ruthenium organometallic precursor, only varying the pyridine-type ligand and the 

ligand to metal (L/M) ratio. For MPT ligand, 0.05, 0.1, 0.2 and 0.5 L/M molar 

equivalents (eq.) where employed, whereas 0.2, 0.3, 0.4 and 0.5 L/M molar eq. were 

used when preparing 2PP-stabilized Ru-NPs.  Ru NPs stabilized by 0.05 molar eq. of 

MPT will serve as example, detailed as follow. A Fisher-Porter bottle, containing 

[Ru(cod)(cot)], (80 mg, 0.253 mmol) under argon atmosphere, is placed in an 

EtOH/N2 bath. A solution of MPT (4.1 mg, 0.012 mmol) ligand in THF (80 mL), 

prepared also under inert conditions, was transferred into the reactor, which was 

then pressurized with 3 bars of H2 gas and kept under stirring at room temperature 

(r.t.) for 16 h. Colour change from yellow to dark brown could be observed in the 

solution within the first minutes of reaction. The nanoparticles were precipitated by 

pentane addition under Ar atmosphere and washed also with pentane. Afterwards, 

they were isolated and dried under vacuum, and finally transferred into a vial inside 

the glovebox. The vial containing Ru NPs remained closed, outside the glovebox, for 
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several days (minimum 30 days), before opening, for a slow oxidation (i.e., 

passivation process) of the metallic surface. 

 

3.3.3 Characterization techniques 

Transmission Electron Microscopy (TEM) and High Resolution TEM (HRTEM). 

Transmission electron microscopy at low and high resolution (TEM and HRTEM) 

analyses were performed in Servei de Microscòpia at the UAB, using a JEM-2011 unit 

with an acceleration voltage of 200 kV. TEM samples were prepared by drop-casting 

method, depositing a small drop of the colloidal solution after synthesis and after 

cleaning process onto a carbon-coated copper grid. TEM micrographs were treated 

with the Fiji-ImageJ image processing freeware. An average of 200 NPs were 

measured to obtain the mean size and size distribution of each Ru NPs system.  

Wide-Angle X-Ray Scattering (WAXS). WAXS analyses were carried out at Centre 

d'Élaboration de Matériaux et d'Études Structurales (CEMES-CNRS) in Toulouse, 

France. Samples were placed in 1.0 mm diameter glass capillaries (Lindermann) 

under Argon, and the measurements were taken after irradiation with graphite 

monochromatized molybdenum Kα (0.071069 nm) radiation, while two-axis 

diffractometer was employed to carry out X-ray scattering intensity measurements. 

After Fourier transformation of the reduced and corrected data, Radial distribution 

functions (RDF) were estimated.  

X-Ray Photoelectron Spectroscopy (XPS). XPS analyses were carried out at 

Institut Català de Nanociència i Nanotecnologia (ICN2), in Barcelona. A Phoibos 150 

analyzer from SPECS GmbH (Berlin, Germany) at ultra-high vacuum conditions 

(base pressure of 5·10-10 mbar), with a monochromatic aluminum Kα X-ray source 

(1486.74 eV), was employed to perform the measurements. The energy resolution 

was measured by the FWHM of the Ag 3d5/2 peak, which for a sputtered silver foil 

was 0.62 eV.  

Elemental analysis (EA). EA was performed at Servei d’Anàlisi Química (SAQ) at 

the UAB in Barcelona, using a Flash EA 2000 CHNS from Thermo Fisher Scientific. 
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Inductively Coupled Plasma - Optical Emission Spectrometry (ICP-OES). The 

amount of Ru (wt.%) on each ligand-stabilized Ru NPs system was determined by 

an ICP-OES in an Agilent Optima model system at the “Servei d'Anàlisi Química 

(SAQ)” of the Universitat Autònoma de Barcelona.  

Thermogravimetric Analysis (TGA). Thermogravimetric analyses were 

performed using a Perkin Elmer TGA 7 analyzer under Ar atmosphere, in a 

temperature range from 30  ͦC to 500  ͦC and a heating rate of 2  ͦC·min-1. 

Measurements were performed per triplicate, showing the average results obtained.  

Ligand/Ru ratio calculation. The number of mol (n) of either MPT or 2PP ligands 

were calculated from a) N wt.% value obtained by EA, and Ru wt.% estimated after 

subtracting organics (CHN) from EA data or b) remaining wt.% after the drop 

observed in TGA analysis (attributed to the ligand) in the 150-300 °C range 

Surface hydride titration. This experiment was done for the crude colloidal 

solution of RuMPT and Ru2PP, using [Ru(cod)(cot)] (30 mg, 0.095 mmol) and MPT 

(1.54 mg, 0.005 mmol) or 2PP (2.94 mg, 0.019 mmol) to prepare the nanoparticles, 

following the method described at the beginning of this section. Synthesis was 

stopped by removing the excess of hydrogen, applying vacuum and refilling with 

argon, repeating the cycle three times. Then, 2-norbornene (45 mg, 0.475 mmol) 

was weighted and placed into the reactor, under inert atmosphere. The mixture was 

kept under stirring for three days, in which each two surface hydrides were able to 

hydrogenate one double bond from 2-norbornene to yield norbornane. After this 

time, an aliquot was taken, filtered through celite and kept in a vial for GC-MS 

analysis, experiment performed at the SAQ in UAB using a Gas Chromatograph HP 

6890 Series II with a SGE BP1 non polar 100% dimethyl polysiloxane capillary 

column of 50mx0.32mmx0.25μm, coupled with a MS detector model 5973 (Hewlett-

Packard). 

Calculations were performed as follows, using RuMPT as example. After analysing 

the samples and treating the data, the hydrogenation conversion of 2-norbornene to 

norbornane was estimated at 4.3 %, which is equivalent to 0.020 mol of norbornane, 

and therefore 0.040 mol of hydrides titrated.  
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Eq. 1 is used to calculate the total number of metal atoms per nanoparticle (NT), 

being d the density of Ru atom (12.45 g·cm-3), NA the Avogadro constant, V the 

volume of the nanoparticle considering a mean size of 1.4 nm and assuming each NP 

is a perfect sphere, and MW the molecular weight of Ru. 

𝑁𝑇 =
𝑑 · 𝑁𝐴 · 𝑉

𝑀𝑊
=

(12.45 · 106) · (6.022 · 1023) · (
4
3 · 𝜋 · (

1.4
2 · 10−9)

3

)

101.07
= 107 𝑎𝑡𝑜𝑚𝑠 

 

Eq. 1 

Once NT was determined, surface Ru atoms (NS) number was calculated following 

the magic-number clusters concept,[14,15] assuming that there are layers around 

the central atom, composed of the optimal number of atoms to achieve a stable 

configuration, while maintaining a certain structure. Whereas hexagonal close-

packed (hcp) is the bulk Ru crystalline structure, at the nanoscale, face-centered 

cubic (fcc) structure is also possible, even a combination of both of them [16–18]. 

The atoms of each shell around the central unit could be calculated using (10n2+2), 

where n is the number of each layer. Table 1 exemplifies various magic-number 

clusters, with the percentage of surface atoms considering a full shell[19],[20]. 

Number of shells (n) 1 2 3 4 5 

Number of atoms per cluster 13 55 147 309 561 

Percentage of surface atoms 

(Complete shell) 
92 % 76 % 63 % 52 % 45 % 

      
Table 1. Building of close-shell clusters by applying the magic number rule 

As calculated before, there are 107 atoms per nanoparticle of RuMPT, thus being in 

and intermediate situation between clusters of 2 and 3 full shells. Considering the 

initial quantity of [Ru(cod)(cot)] as 30 mg (0.095 mmol), and the percentage of 

surface atoms reflected on Table 1, the amount of surface Ru would be 0.072 mol in 

the case of 2 full-shell cluster, and 0.060 mol for a 3 full-shell cluster. With the 

previous calculation of titrated hydrides (0.040 mol) and considering the 

contribution of both full-shell clusters possibilities, a H/Rusurface ratio of ca. 0.7 was 

estimated. 

Electrochemical characterization. Electrochemical measurements were carried 

out in a BioLogic SP-150 potentiostat, using a three-electrode set-up. A glassy 

carbon rotating disk electrode (GC-RDE, 0.07 cm2 surface area) was employed as 
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working electrode (WE), connected to a R11V016 Radiometer CTV101 speed 

control unit fixed at 3000 rpm, which allows the removal of H2 bubbles as they form. 

A Pt mesh electrode and a saturated calomel electrode (SCE) (KCl sat.) were used as 

counter electrode (CE) and reference electrode (RE) respectively. This electrode 

configuration was employed for all the experiments unless otherwise noted. 1 M 

H2SO4 solution (pH 0) and 1M NaOH (pH 14) solution were prepared by dilution of 

95-97 % H2SO4 (56.1 mL) and dissolving NaOH (40.0 g), respectively, in Mili-Q water 

(1 L). The solutions were degassed by bubbling N2 gas prior to the experiments. 

Automatic correction of ohmic potential (iR) drop was adjusted to 85% using the 

Biologic EC-Lab software. The E values of the different experiments were expressed 

as V vs RHE adding +0.244 V in the case of using SCE as a reference, and +0.200 V in 

the case of using Ag/AgCl electrode. The measured or applied current intensity (i) is 

transformed into current density (j) dividing by the surface of the WE used in each 

case. 

Electrode Preparation. To prepare RDE-supported Ru NPs, a 2 mg·mL-1 colloidal 

solution was prepared (1 mg of the selected Ru NPs in 500 µL of THF, or 495 µL of 

THF and 5 µL of Nafion® solution when indicated), sonicating for 30 minutes. Three 

5 µL aliquots of the dispersion were added to the surface of the RDE, allowing the 

solvent to evaporate under an air current between each drop. 

In the case of the FTO-supported Ru NPs, a single 25 µL drop of NPs solution was 

added onto the surface of the electrode. 

Linear Seep Voltammetry (LSV). To obtain LSV curves, the voltage was scanned 

from Ei = 0.2 V vs NHE to Ef = -0.4 V vs NHE, at 10 m·Vs-1 scan rate. 

Chronopotentiometry (CP). To activate the surface of the NPs, a CP technique was 

employed. A current (i) of -0.7 mA was applied on the WE, when using the RDE, in 

order to have a current density (j) of -10 mA·cm-2, during at least 30 min. This 

activation process was required before carrying out the rest of the electrochemical 

studies. For CP experiments, iR drop was manually adjusted at 85% (Emod = Emeas + 

EiR; mod = modified; meas = measured) after estimating the value corresponding to 

EiR = iexp · (Rmes·0.85), where iexp is the applied current and Rmes the measured 

resistance of the 1 M H2SO4 or NaOH solutions. 
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Faradaic Efficiency. For the faradaic efficiency experiments, a fluorine-doped tin 

oxide (FTO) electrode (1 cm2 surface area) was used as WE, a Ag/AgCl (KCl sat.) 

electrode as RE, and a Pt mesh as CE. A two-compartment cell was employed, 

separated with a permeable membrane, equipped with a stirring bar and filled with 

either 1M H2SO4 or 1M NaOH solution. A Clark-type microsensor, Unisense H2-NP, 

was employed to monitor the hydrogen gas generation during bulk electrolysis. This 

Clark-type electrode was placed in the chamber containing the WE and the RE, 

whereas the CE was placed in the other one. The Clark-type electrode was calibrated 

by adding known volumes of pure hydrogen at the end of bulk electrolysis, applying 

the ideal gas law 

Double-layer capacitance (CDL) and ElectroChemically Active Surface Area 

(ECSA) determination. Double-layer capacitance (CDL) value was determined by 

performing successive cyclic voltammetry (CV) experiments, at increasing scan 

rates, starting from 5 mV/s up to 500 mV/s, and holding for ten seconds the 

potential vertex between each scan (up and down) of the CV. By doing this, a double 

layer of opposite charges will be created in the WE, thus acting as a capacitor, as 

reflected in the Eq. 2, where Q is the charge of each layer (absolute value) and V the 

electric potential difference between layers. This equation is divided by time, 

obtaining Eq. 3, where ic is for current density, and ν the scan rate. Plotting ic as 

function of v leads to a line whose slope is equal to CDL. 

 𝑄 =  𝑉 · 𝐶𝐷𝐿 Eq. 2  

 𝑖𝐶  =  𝑣 ·  𝐶𝐷𝐿 

 

Eq. 3  

The measurements were taken after each NPs system had been electrochemically 

activated, and the CVs were carried out in a potential range with no redox processes 

(non-Faradaic region). To calculate ECSA (Eq. 4), this CDL value was divided by the 

specific capacitance, CS, whose value depends on the nature of the WE and the 

solution used (for a carbon electrode in 1 M H2SO4, CS = 13-17  

μF·cm-2, and in 1 M NaOH CS = 40 μF·cm-2). Roughness Factor (RF) was calculated 

through Eq. 5, where S is the geometrical surface area of the WE. 

 
𝐸𝐶𝑆𝐴 =  

𝐶𝐷𝐿

𝐶𝑆
 

Eq. 4  
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𝑅𝐹 =  

𝐸𝐶𝑆𝐴

𝑆
 

 

Eq. 5  

Copper Under Potential Deposition (Cu UPD). To determine the number of the 

active sites through Cu UPD, which will allow TOF calculation and therefore 

benchmarking the electrocatalysts, a chronoamperometry (constant potential bulk 

electrolysis) (CA) was performed. Potential was fixed at 0.194 V vs NHE for RuMPT 

NPs, and at 0.244 V vs NHE for Ru2PP NPs, for 100 seconds, using a glassy carbon 

as WE, submerged in a 1M H2SO4 solution, in the presence of CuSO4 (5 nM). A linear 

sweep voltammetry (LSV) was run before and after the CA in the absence of CuSO4, 

observing an oxidation wave in the later LSV, due to the deposited Cu during the CA 

experiment (Eq. 6). Eq. 7 allowed the calculation of the active sites number (n) 

based on the UPD copper stripping charge (QCu, CuUPD), where F is the Faraday 

constant (96485 C·mol-1) [21]. 

 𝐶𝑢𝑈𝑃𝐷 =  𝐶𝑢2+ + 2𝑒− Eq. 6  

 
𝑛 =  

𝑄𝐶𝑢

2 · 𝐹
 

Eq. 7  

Turnover Frequency (TOF) (s-1) calculation. Eq. 8 was used to determine the TOF 

value, where i is the current intensity measured in the LSV experiments, F the 

Faraday constant and n the active sites number calculated above. 

 
TOF(s−1) =  

i

2 · F · n
=  

i

2 · QCu
 

Eq. 8  

 

  



   Ligand-capped Ru NPs as HECs 
 

- 81 - 
 

III 

3.4 Results and discussion 

3.4.1 Synthesis and characterization of Ru NPs stabilized with pyridine-type 

ligands Reagents and materials 

Ruthenium nanoparticles (Ru NPs) stabilized by pyridine-type ligands were 

prepared following the previously described organometallic approach, summarized 

in Figure 1. The process starts with the decomposition of the Ru organometallic 

precursor, [Ru(cod)(cot)] (cod = 1,5-cyclooctadiene; cot = 1,3,5-cyclooctatriene), 

after being pressurized under 3 bars of H2 gas, and in the presence of the selected 

pyridine-type ligand; namely 4’-(4-methylphenyl)-2,2’:6’,2”-terpyridine (MPT) or 

2-phenylpyridine (2PP). THF was selected as solvent. The reactions were left 

running for 16 h at room temperature. In all cases, the initial yellowish solution 

rapidly became a black colloidal dispersion after pressurizing the Fisher-Porter 

reactor. 

 

Figure 1. General synthesis of ligand-stabilized Ru NPs following the organometallic 

approach. 

The H2 pressure was removed, and pentane was added to clean the Ru NPs of any 

remaining uncoordinated ligand or precursor residue, under Ar atmosphere, which 

also favours the precipitation of the NPs. The cleaning process was repeated twice, 

after which the supernatant pentane was removed and the NPs were dried under 
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vacuum, obtaining at the end a blackish powder. All the systems are collected into a 

closed vial under argon. 

Transmission electron microscopy (TEM) analyses 

Due to the use of different type of ligands, in addition to the modification of the 

ligand-to-metal ratio (L/M), the properties of nanoparticles, in terms of mean size, 

shape or dispersion, could be affected [22]. The study of how all these variables 

influence the morphology of the Ru NPs was followed by Transmission Electron 

Microscopy (TEM). Samples for TEM analyses were taken, in all cases, from both 

crude colloidal dispersion and re-dispersed NPs after isolation, by depositing a 

single drop on the surface of a carbon-coated copper grid, not observing significant 

variations between both samples.  

To prepare Ru NPs with MPT ligand, a range of ligand to metal (L/M) ratio between 

0.05 and 0.5 equivalents was used. Based on previous studies within the research 

group, this range of MPT ligand concentrations led to the stabilization of small and 

well dispersed nanoparticles [23]. Dispersion of the NPs was remarkable 

throughout the ligand concentration range. At the same time, nanoparticles get 

drastically smaller by increasing the L/M ratio (Figure 2). This evidences the 

suitability of MPT as stabilizer ligand. The large size gap between Ru NPs depending 

on the L/M ratio suggests that MPT greatly influences nanoparticle growth. 
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Figure 2. TEM micrographs and histograms of Ru-MPT NPs stabilized with 

different L/M ratios: a) 0.05, b) 0.1, c) 0.2 and d) 0.5 molar eq. of MPT. 
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In the case of the 2PP ligand, the L/M ratios tested varied from 0.2 to 0.5 molar 

equivalents. Initially, only the 0.2 molar eq. system was prepared, as we expected a 

comparable result than when using the similar 4-phenylpyridine (4PP) ligand to 

prepare the Ru4PP reported system [13].  However, as observed in Figure 3a, the 

Ru NPs were slightly bigger than the reported ones with the 4PP ligand (1.8 nm vs 

1.5 nm). That is why higher L/M ratios were tested, expecting a decrease in the mean 

size of the NPs. However, it can be observed that ligand concentration affects the 

size of the NPs, although only slightly (Figure 3b to c), being the mean size of 1.6 ± 

0.3 nm when using 0.3 molar eq. of 2PP in the synthesis of the NPs, and a mean size 

ca. 1.5 with 0.4 and 0.5 molar eq. of 2PP. Thus, increasing the amount of ligand leads 

to a minimal decrease in the average size of the nanoparticles, while increasing the 

level of agglomeration thereof. At 0.2 molar eq. of 2PP NPs are still fairly dispersed, 

starting to increase the number of agglomerates observed at 0.3 molar eq. Thus, 

when using 0.4 molar eq. of ligand, NPs are mostly forming large aggregates whereas 

isolated nanoparticles are hardly observed. By increasing L/M ratio to 0.5 molar eq. 

the system is fully agglomerated, hindering the identification and subsequently 

measurement of the NPs accurately. 

The efficiency of pyridine-type ligands, functionalized with phenyl groups, as 

stabilizers of NPs has been previously demonstrated [24]. In addition to L/M ratio, 

other ligand-related factors such as steric effects or coordination modes of the 

ligand with the nanoparticle surface can influence its stabilizing capacity, which may 

explain the different behaviour between these ligands. If the results obtained by 

using both MPT and 2PP ligands are compared, different stabilizing effects could be 

observed. For instance, 2PP presents a simple pyridine structure with an extra 

phenyl group in ortho position. One possible hypothesis is that the initial interaction 

with the Ru-NPs surface would be through the pyridyl-N (σ-coordination), which 

allows the approaching of the phenyl group to the surface, thus resulting in π-

coordination from the phenyl ring [25]. However, the position of the phenyl ring 

could sterically hamper initial coordination through the nitrogen atom, impairing 

the stabilizing capacity of the ligand. MTP structure, in the other hand, displays 

three pyridyl groups, meaning that one single molecule has three different N-

coordination sites, vs. the single pyridyl-N unit of the 2PP molecule. This could lead 
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to a stronger coordination with the NPs surface and, therefore, more impact in their 

growth, which may explain the noteworthy difference regarding the L/M ratio when 

using MPT, as opposed to 2PP. The variety of coordination modes, depending on the 

nature of each ligand, and their effect on the growth and stabilization of 

nanoparticles has been previously reported, using, pyrazole-derived ligands to 

prepare palladium nanoparticles [26]. In that case they conclude that, at least two 

pyrazolyl groups were necessary in the ligand in order to stabilize the Pd NPs 

efficiently. Such stabilization would be, at the same time, influenced by the position 

of the pyrazolyl groups relative to the phenyl group, as certain positions facilitate 

the coordination of both pyrazolyl moieties to the NPs better than others. 

In order to compare the catalytic performance with the reported system stabilized 

with 4-phenylpyridine (Ru4PP) [13], from now on we will focus on the systems 

prepared using, on the one hand, 0.05 eq. of MPT (labelled as RuMPT), and on the 

other hand 0.2 eq. of 2PP (Ru2PP), as they are similar enough in terms of size and 

dispersibility, making the main differential factor between them the structure of the 

pyridine-type ligand. Interestingly, although the molar equivalents of ligand are not 

the same, if we consider the N-coordination sites the values are closer (0.05 molar 

eq. for the MPT, with 3 N-coordination sites/mol vs 0.2 molar eq. for the 2PP or 4PP, 

with 1 N coord. site/mol). 
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Figure 3. TEM micrographs and histograms of Ru-2PP-NPs stabilized with different 

L/M ratios: a) 0.2, b) 0.3, c) 0.4 and d) 0.5 molar eq. of 2PP. 
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Study of the oxidation state of pyridine-stabilized Ru-NPs 

The oxidation state and crystalline structure of the as-formed RuMPT and Ru2PP 

systems was studied by Wide Angle X-ray Scattering (WAXS). The preparation of the 

sample requires working under an Ar atmosphere, depositing the powder from both 

NP systems in 1μm glass capillaries, subsequently sealed until analysis. The pattern 

observed for the Ru2PP sample, kept under Ar atmosphere, corresponds to 

hexagonal close-packed (hcp) metallic Ru structure (Figure 4). A peak around 4° 

could be observed, attributed to the presence of a few agglomerated nanoparticles. 

The RuMPT sample was also analysed, but within the framework of a previously 

PhD work from the research group, yielding similar results [23]. 

 

Figure 4. WAXS analysis for Ru2PP after synthesis, with no air exposure, in 

comparison with hcp Ru phase diagram. 

From previous studies within the research group, when exposing these pyridine-

stabilized NPs in the solid state directly into air, they burned [13]. To overcome this 

high reactivity on the metal surface, a slow passivation processed is preferred, 

keeping the NPs powder in a closed vial under argon, and allowing the slow diffusion 

of air for several days before opening.  

X-ray photoelectron spectroscopy (XPS) analyses were performed after the 

passivation process on RuMPT-passivated(p) and Ru2PP-passivated(p). In both 

cases, Ru 3d5/2 peaks centered at 279.8 eV (Ru0) and 280.6 eV (RuO2) were 
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observed, thus confirming the presence of a Ru/RuO2 mixture on the NPs surface 

(Figure 5) [27]. 

 

Figure 5. Powder XPS analysis of a) RuMPT-p (red) and b) Ru2PP-p (red). Fit for 

the signals: in blue line, metallic Ru (Ru 3d5/2 278.8 eV); in green line, RuO2 (Ru 3d5/2 

280.6 eV; in bold, envelope; in dashed line, background. 

Elemental composition 

With the aim of shedding light on the elemental composition and to estimate the 

ligand-metal ratio of RuMPT-p and Ru2PP-p, inductively coupled plasma optical 

emission spectroscopy (ICP-OES) analyses, elemental analyses (EA), and 

thermogravimetric analyses (TGA) of the samples were performed. 

ICP-OES analyses exhibited a lower content on Ru than expected (56 and 68 Ru wt.% 

for RuMPT-p and Ru2PP-p respectively, vs. ca. 85 Ru wt.% expected for both 

systems, based on experimental synthetic calculations). However, the research 

group has previously had problems with the determination of Ru wt.% by ICP-OES 

in Ru NPs with an organic or inorganic matrix [23]. After acidic digestion of the 

samples, before ICP-OES analysis, a black residue attributed to Ru undissolved has 

been repeatedly detected, and this could explain the lower-than-expected Ru 

content. 
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EA, on the other hand, showed that the organic content was of 11.82 wt.% for 

RuMPT-p and 13.47 wt.% for Ru2PP-p (Table 2) 

 EA results 

 C wt.% H wt.% N wt.% CNH wt.% 

RuMPT-p 9.32 1.14 1.35 11.81 

Ru2PP-p 10.93 1.55 0.99 13.47 

     
Table 2. Elemental analysis (C, H, N) results for RuMPT-p and Ru2PP-p samples. 

Apart from the stabilizing ligand, on the surface of the nanoparticles other 

coordinating molecules could be expected, such as the synthesis solvent (THF) or 

hydrides (as hydrogen gas is used to decomposed Ru precursor). From EA data, 

calculations could be performed to estimate ligand-metal (L/M), THF-metal 

(THF/M) and hydrides-metal (H/M) ratios, and also the metal content. Thus, the 

ligand content (either MPT or 2PP) was calculated from N wt.% value, as ligands are 

the only source of nitrogen during the synthesis. Subtracting C wt.% and H wt.% 

corresponding to each ligand, the remaining C wt.% would indicate the amount of 

THF present on the Ru NPs (and assuming cyclooctane has been eliminated after the 

pentane-cleaning). Finally, the remaining amount of H was attributed to the 

hydrides on the surface (Table 3). 

 Calculations performed 

 L/M THF/M H/M Total organics wt.% Ru wt.% 

RuMPT-p 0.04 0.02 0.85 12.13 87.87 

Ru2PP-p 0.08 0.04 0.94 13.79 86.21 
 

Table 3. Estimated ligand, THF or hydride/metal ratios and total Ru from the EA 

results. 

The different ratios were calculated using Ru wt.% estimation derived from EA. For 

RuMPT-p, L/M value was 0.04, almost the 0.05 molar equivalents used for the 

synthesis of the RuNPs. In the case of the Ru2PP-p, the estimated value through EA 

was much lower (0.08 vs 0.2 molar eq. introduced for the synthesis). As seen in the 

TEM analyses, in the case of the synthesis with 2PP ligand, L/M ratio had low 

influence on the size of the NPs, unlike what happens with MPT ligand. As previously 

explained, the different modes of ligand coordination and possible steric hindrances 

may be responsible for these differences in the stabilization of NPs. The low 
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influence of L/M ratio on the NPs size was also observed by some collaborators 

when using different type of ligands, such as alkyl sulfonated diphosphines or a 

betaine adduct of N-heterocyclic carbene and carbodiimide [28,29]. 

Thermogravimetric (TGA) analyses were performed on both samples to confirm the 

presence of the ligand, and the L/M ratio estimated after EA analyses. The as-

synthesized RuMPT and Ru2PP samples were subjected to a heating process, 

detecting a variation in their weight in the temperature range 150-300 °C, attributed 

to the loss of the respective ligand. The mass variations, as well as the estimated L/M 

ratio and the Ru wt.% are shown in Table 4, while Figure 6 displays the obtained 

“weight vs. temperature” curves for the NPs samples and the free MPT and 2PP 

ligands. Ru wt.% values are comparable to those estimated with EA analyses (ca. 83 

wt.% with TGA vs. ca. 87 wt.% with EA, for both samples). In the case of the RuMPT, 

the L/M ratio of 0.06 was also close to the expected value (0.05 molar eq.), and for 

the Ru2PP, the estimated value of 0.13 molar eq. of ligand was lower than the 

employed for the synthesis (0.2 molar eq.), also in accordance with the estimated 

values through EA analyses. TGA were also performed after the passivation process 

on RuMPT-p and Ru2PP-p, samples, observing a comparable weight drop in the 

same temperature range (Figure S1). 

 TGA data Estimated values 

 
Δm 

(mg) 

Weight drop 

(%) 
L/M Ru wt.% 

RuMPT 0.292 17.46 0.06 82.54 

Ru2PP 0.375 16.72 0.13 83.28 
 

Table 4. Data from TGA analyses regarding the weight variation in the temperature 

range 150-300 °C, and the subsequent estimated values of L/M and Ru content in 

the samples, assuming that any mass variation corresponds to the loss of the ligand 

at that temperature range.  
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Figure 6. TGA curves for RuMPT (green) and Ru2PP (blue) samples and the 
corresponding MPT (dashed green) and 2PP (dashed blue) ligands. 

Surface hydrides’ titration 

Hydrogen plays a key role in the decomposition of the metal precursor, acting as a 

reducing agent. For this reason, hydrides are expected to be found onto the surface 

of the Ru nanoparticles, besides the chosen stabilizer and/or molecules of solvent 

[30]. In fact, the presence of hydrides has been previously confirmed through 

various NMR methods [31,32]. 

In the present case, we have demonstrated and quantified the presence of hydrides 

through a titration method previously reported [33], based on the hydrogenation of 

a simple olefin, such as 2-norbornene (Figure 7). The gas chromatography–mass 

spectrometry (GC-MS) technique was employed to monitor the conversion of 

norbornene into the corresponding alkane (norbornane). 

 

Figure 7. Hydrogenation of 2-norbornene by hydrides onto the nanoparticles 

surface. 
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This study was carried out with freshly prepared RuMPT or Ru2PP dispersions. 

The system was degassed to remove the remaining H2, necessary for the synthesis, 

by three purge-and-refill cycles, using Ar gas. This ensured that the hydrides 

required for hydrogenation all came from the nanoparticles surface hydrides. The 

reactor was placed inside the glove box where a known quantity of norbornene (an 

excess of 5 molar eq. of the olefin per Ru atom) is added into the Fisher-Porter bottle. 

After 72 hours of continuous stirring, an aliquot was filtered through celite to retain 

the Ru NPs, and the collected sample was taken to the GC-MS for analysis. The whole 

process was repeated three times, starting from the synthesis, and three aliquots 

were taken in total from each of them to ensure the reproducibility of the method. 

After calculations, detailed in the experimental section, it was estimated a H/Rusurface 

ratio of ca. 0.73 for RuMPT and 1.00 for Ru2PP. These values are similar to the 

estimated with the EA analyses (0.85 and 0.94 respectively), and comparable to 

other ligand-stabilized Ru NPs previously reported by the research group and 

collaborators, prepared with the same methodology [13,33], such as 1.2 H/Rusurface 

for Ru4PP (4PP = 4-phenylpyridine) NPs or 1.1 H/Rusurface for Ru-dppd [dppd = 1,10-

bis(diphenylphosphino)decane] NPs. 

3.4.2 Electrocatalytic HER studies in 1 M H2SO4 

RuMPT-p and Ru2PP-p were first evaluated as hydrogen evolution reaction 

electrocatalysts under extreme acidic conditions (1 M H2SO4). Both Ru-based 

systems were redispersed in THF, in order to prepare an ink to drop-cast on the 

surface of a glassy carbon rotating disk electrode (RDE/GC), which served as 

Working Electrode (WE) in a typical three-electrode configuration electrochemical 

set-up, together with a Saturated Camel Electrode (SCE, KCl saturated) as reference 

electrode (RE) and a Pt mesh as counter electrode (CE).  The obtained hydrogen 

evolution linear sweep voltammetry (LSV) polarization curves for both systems, at 

a scan rate of 10 mV·s-1 and RDE speed of 3000 rpm, are collected in Figure 8 

(dashed lines). It should be noted that, as with the reported Ru4PP system [13], after 

applying a fixed current density of j = -10 mA·cm-2 during at least 30 min, both 

systems show a change on the corresponding LSV curves (bold curves in Figure 8).  
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Figure 8. Polarization curves of RuMPT and Ru2PP before (dashed red and dashed 

blue, respectively) and after 30 min bulk electrolysis at j = -10 mA·cm-2 (bold red 

and bold blue, respectively), in 1 M H2SO4. Inset: Onset overpotential zone enlarged. 

This behaviour can be explained by a change in the oxidation state on the surface of 

the NPs. Even if the initially passivated NPs present a partially oxidized surface, as 

previously demonstrated (section 3.4.1), by applying a reduction potential the 

surface is reduced, obtaining again the as-synthesized Ru0 NPs, a more active species 

in the HER in acidic medium as it can be concluded from the benchmarking 

parameters that are extracted from the polarization curves. Before activation, 

RuMPT-p and Ru2PP-p show onset overpotentials (η0) around 50 mV and 100 mV, 

respectively, and a η10 (the overpotential required to reach a current density of j = -

10 mA·cm-2) of 129 mV for RuMPT-p and 104 mV for Ru2PP-p. After activation 

through bulk electrolysis, overpotential towards HER were improved in all cases, 

reaching values of η0 = 60 mV and η10 = 93 mV for RuMPT-activated in acid 

medium(aH), and η0 close to 0 mV and η10 = 30 mV for Ru2PP-activated in acid 

medium(aH). Interestingly, the values of the latter were closer to those reported by 

the Ru4PP system after activation, a system with a more similar capping-ligand, and 

that outperformed the results of commercial Pt/C (η10 = 20 for Ru4PP vs. 27 mV for 

Pt/C), prepared following the same protocol and reaction conditions. 
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XPS analyses were performed after reductive treatment in order to elucidate the 

species responsible for the catalytic activity. As mentioned above, RuMPT-p and 

Ru2PP-p samples were superficially passivated, with a mixture of Ru(0) and RuO2 

(Figure 5). After 30 minutes of bulk electrolysis at j = -10 mA·cm-2 in aqueous 1 M 

H2SO4, the disappearance of the peak centred at 280.6 eV, corresponding to RuO2, 

was observed for both RuMPT-aH and Ru2PP-aH, the XPS signals being due solely 

to the presence of metallic Ru (peak centred at 278.8 eV) (Figure 9) [27]. 

 

Figure 9. XPS analysis of a) RuMPT-aH (red) and b) Ru2PP-aH (red) after 30 

minutes of bulk electrolysis at j = -10 mA·cm-2 in 1 M H2SO4. Fit for the signals: in red 

line, metallic Ru (Ru 3d5/2 280.2 eV); in bold, envelope; in dashed line, background. 

Not only the catalytic performance of a catalyst is relevant for its consideration as 

potentially useful for the HER, but also stability should come into consideration. 

Long-term stability of RuMPT-aH was tested by a current-controlled experiment 

lasting 12 hours, applying a constant current density of j = -10 mA·cm-2 and 

monitoring the change on the required overpotential. This system did not show 

significant changes in the value of η10, obtaining a practically identical LSV 

polarization curve after the experiment (Figure 10a). TEM analyses were 

performed after recovering and redispersing the NPs from the electrode, confirming 

the presence of Ru NPs after the catalytic experiments (Figure 10b). Analogous 

results were obtained when testing the long-stability of the Ru2PP-aH system in 1 
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M H2SO4 (Figure S2). EDX analyses of both samples also confirmed the presence of 

Ru after the electrocatalytic experiments (Figure S3). 

 

Figure 10. a) 12 hours bulk electrolysis of RuMPT-aH at j = -10 mA·cm-2 in 1 M 

H2SO4 solution. Inset: polarization curves before (bold) and after (dashed) 12 h bulk 

electrolysis; b) TEM micrograph after 12 h bulk electrolysis experiment. 

Additionally, Faradaic efficiencies (Ɛ) were determined after quantifying the 

amount of H2 released during electrolysis, using a H2-probe, and comparing it with 

the maximum amount of H2 calculated using the total charge passing through the 

electrode during the experiment, giving a result of 98% for RuMPT-aH (Figure 11) 

and 97% for Ru2PP-aH (Figure S4). These results confirmed hydrogen production 

as the sole reaction taking place during the electrocatalytic experiments. 
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Figure 11. H2-monitored (red) current-controlled bulk electrolysis (black) of 

RuMPT-aH at j = -10 mA·cm-2 in 1 M H2SO4. H2 production was monitored in gas 

phase (red curve), using a Clark-type electrode, yielding a Faradaic efficiency (Ɛ) > 

98%. 

Another parameter that could be extracted from LSV polarization curves is the 

corresponding Tafel plot. As introduced in Chapter I, this analysis provides 

information about the mechanism and rate-determining step (rds) in the HER 

[34,35]. In this case, they also served to demonstrate the different nature and 

catalytic performance of the RuMPT-p and Ru2PP-p species with respect to 

RuMPT-aH and Ru2PP-aH. Both RuMPT-p and Ru2PP-p showed a high value for 

the Tafel slope of 133 mV·dec-1 (Figure 12, dark green) and 109 mV·dec-1 (Figure 

12, dark blue), respectively, typical values for catalysts displaying the Volmer step 

(hydrides adsorption on the surface of the NPs, with slope values ≈ 120 mV·dec-1) 

as the rds. After bulk electrolysis, Tafel slope value lowered to 93 mV·dec-1 for 

RuMPT-aH, a value in between the Volmer step and Heyrovsky step (H2 desorption 

after recombination of one adsorbed hydride with a proton from solution, typical 

slope values ≈ 40 mV·dec-1) as the rsd. For Ru2PP-aH, the slope was of 42 mV·dec-1, 

thus indicating Heyrovsky step as the rds of the reaction. A similar shift was also 

observed in the reference system Ru4PP, with a change in the Tafel slope from 106 

mV·dec-1 to 29 mV·dec-1 , the latter value indicated Tafel step as rds (also the 
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formation and desorption of H2, as the Heyrovsky step, but in this case after 

recombination of two adsorbed hydrides (Table S1). The reorganization on the 

surface state after the activation of the NPs (e.g., the disappearance of the superficial 

RuO2 or the change on the active sites, estimated later by Cu UPD), may be some of 

the reasons to explain this change in the mechanism, . 

 

Figure 12. Tafel plot of RuMPT-p (dark green), RuMPT-aH (light green), Ru2PP-p 

(dark blue) and Ru2PP-aH (light blue) in 1 M H2SO4. 

3.4.3 Electrocatalytic HER studies in 1 M NaOH 

HER performance of both RuMPT-p and Ru2PP-p was also tested in alkaline 

conditions (1 M NaOH) using the same procedure and electrochemical set-up as for 

the study in acidic medium. RuMPT-p delivered a η0 of ca. 100 mV and η10 of 131 

mV, and Ru2PP-p overpotential values were η0 ca. 75 mV and η10 = 86 mV. For the 

latter, as was the case with the Ru4PP system, no activation was observed  after 

applying a current density of j = -10 mA·cm-2 during at least 30 min, whereas 

RuMPT-p experienced an improvement in its activity after being kept under 

reductive conditions (η0 ca. 50 mV and η10 = 61 mV) (Figure 13). 
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Figure 13. Polarization curves of RuMPT-p and Ru2PP-p before (dashed red and 

dashed blue, respectively) and after 30 min bulk electrolysis at j = -10 mA·cm-2 (bold 

red and bold blue, respectively), in 1 M NaOH. Inset: Onset overpotential area 

enlarged. 

After applying the reductive treatment, XPS analyses were carried out to notice 

possible changes in the oxidation state of the NPs. For Ru2PP-p, in which no 

activation was observed after 30 min, the same mixture of Ru and RuO2 (peaks 

centred at 278.8 eV and 280.6 eV, respectively) was present as in the passivated NPs 

(Note: As no evolution under electrochemical conditions or change in the chemical 

composition of the sample were observed, the label Ru2PP-p is maintained when 

discussing the 2PP stabilized system in alkaline conditions, thus assuming that is 

the same system). Surprisingly, the same mixture was also observed in the case of 

RuMPT-activated in basic medium(aOH), which is activated after applying j = -10 

mA·cm-2 for 30 min (Figure 14). Some examples can be found in the literature that 

explain this difference in behaviour for the RuMPT-aOH, apparently unrelated to the 

oxidation state of the NPs. Zhang et al. reported a carbon-supported RuO2 NPs 

system which was activated in 1 M H2SO4 under reductive conditions, attributed to 

a possible structural deformation of RuO2 [36]. On the other hand, although not in 

the nanoscale, Näslund et al. studied the evolution of a RuO2-coated electrode under 

HER conditions in 1 M NaOH. Through an exhaustive study involving XPS and XRD 
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analyses, they demonstrated that, in fact, RuO2 was used in the catalytic cycle in 

favour of the metallic Ru during 24 h of catalysis (reductive conditions), with the 

formation of intermediate active species like RuO(OH)2 [37]. 

 

Figure 14. XPS analysis of a) RuMPT-aOH (red) and b) Ru2PP-p (red) after 30 

minutes of bulk electrolysis at j = -10 mA·cm-2 in 1 M NaOH. Fit for the signals: in 

blue line, metallic Ru (Ru 3d5/2 278.8 eV); in green line, RuO2 (Ru 3d5/2 280.6 eV); in 

bold, envelope; in dashed line, background. 

Regarding long-term stability, current-controlled experiments were performed at j 

= -10 mA·cm-2. RuMPT-aOH showed good stability, with an increase on η10 of only 14 

mV after 12 hours (Figure 15a), a change similar to that observed for Ru2PP-p, 

although in this case after 6 h of bulk electrolysis (Figure S5a). This behavior is due 

to mechanical stability issues of Ru2PP-p over the GC-RDE electrode in alkaline 

conditions, even when using fixation agents such as Nafion®, probably motivated 

by the tendency of this system to aggregate, as seen in the TEM analyses. In both 

cases, Ru NPs were still visible after 12 h and 6 h stability tests (Figure 15b and 

Figure S5b respectively). Ruthenium was also detected by EDX analyses after the 

experiments for both nanocatalysts (Figure S6). Faradaic efficiencies close to 100% 

were determined by measuring the amount of hydrogen released during electrolysis 

(Figure S7), confirming also in 1 M NaOHthat H2 production was the sole reaction 

taking place. 
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Figure 15. 12 hours bulk electrolysis of RuMPT-aOH at j = -10 mA·cm-2 in 1 M NaOH 

solution. Inset: polarization curves before (bold) and after (dashed) 12 h bulk 

electrolysis; b) TEM micrograph after 12 h bulk electrolysis experiment. 

Tafel plot analyses in 1 M NaOH solution show a change on the slope of RuMPT-aOH 

after activation (from 123 to 87 mV·dec-1), values similar to those expected for 

catalyst with hydrogen adsorption as the rds (Volmer step), whereas Ru2PP-p 

shows a slope of 72 mV·dec-1 (practically the same value before and after the 30 min 

bulk electrolysis at j = -10 mA·cm-2), closer to the typical values for catalysts with 

Heyrovsky step as rds (hydrogen formation and desorption), a value comparable to 

the Ru4PP reference system with a Tafel slope of 56 mV·dec-1 in 1 M NaOH (Table 

S2). 
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Figure 16. Tafel plot of RuMPT-p (dark green), RuMPT-aOH (light green) and 

Ru2PP-p (light blue) in 1 M NaOH. 

3.4.4 Electrocatalytic performance benchmarking 

The benchmarking methodology reported by Jaramillo et al.[38] (described in 

Chapter I) was employed to characterize the electrocatalytic performance and its 

short-term stability of RuMPT-aH and Ru2PP-aH (1 M H2SO4) and RuMPT-aOH and 

Ru2PP-p (1 M NaOH), in order to be able to compare them with other catalytic 

systems reported in the literature. First, the electrochemically active surface area 

(ECSA) of the four electrodes was calculated from the double-layer capacitance 

(CDL), estimated from the capacitive current in a non-Faradaic zone (see 

Experimental part for calculation details) (Figure 17 for RuMPT-aH in 1 M H2SO4 

(a) and RuMPT-aOH in 1 M NaOH (b); Figure S8 for for Ru2PP-aH 1 M H2SO4 (a) and 

Ru2PP-p in 1 M NaOH (b)). After dividing the calculated ECSA values by the 

geometric area of the electrode (S = 0.07 cm2), roughness factor (RF) could be 

estimated. These values of ECSA allowed to know the real electroactive area of each 

system, and thus to calculate the value of the specific current densities (js) by 

normalizing the measured current densities with the estimated RF values. Table S3 

(acidic medium) and Table S4 (basic medium) show the obtained values of 

overpotential η10 at t = 0 and after 2 hours, and js at η = 100 mV, together with the 
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values obtained for Ru4PP and other systems reported by the research group, and 

Pt for comparison. 

 

Figure 17. Multi cyclic voltammetry (CV) experiments at different scan rates (v) 

(left) and current values plotted at the middle of the potential range values (V vs. 

SCE) for the different scar rates for the CDL determination of a) RuMPT-aH in 1 M 

H2SO4 and b) RuMPT-aOH in 1 M NaOH.  
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Figure 18. Graphical comparison of different hydrogen evolution electrocatalysts 

by Jaramillo's methodology in a) 1 M H2SO4 and b) 1 M NaOH. 

In acidic conditions, Ru2PP follows the same trend as Ru4PP, with low 

overpotentials and outperforming Pt, while RuMPT shows larger overpotentials 

(ca. 100 mV) although excellent stability (Figure 18a). In alkaline conditions, 

neither of the RuMPT-aOH and Ru2PP-p systems stands out, with overpotentials 

much higher than those reached by Ru4PP, which tops Pt, although with a better 

stability than either of these two reported systems, with an increase in the η10 of ca. 

15 mV in both cases after 2 h of electrolysis (Figure 18b). Regarding the specific 

current density values at η = 100 mV, in acidic conditions only Ru2PP-aH (0.542 

mA·cm-2) can compete with Ru4PP (0.550 mA·cm-2) and Pt (2.500 mA·cm-2) 

whereas in alkaline conditions js values for both RuMPT-aOH (0.103 mA·cm-2) and 

Ru2PP-p (0.113 mA·cm-2) are in the same order as the benchmarked catalysts 

Ru4PP (0.191 mA·cm-2) and Pt (0.540 mA·cm-2) (Table S3 and Table S4). 

A more detailed study about the electrocatalytic activity of Ru NPs systems can be 

made by calculating the TOF values, which is carried out by estimating active sites 

through the copper underpotential deposition (Cu UPD). This technique consists of 

submerging the electrodes of the electrochemical set-up in a 5 mM CuSO4 solution, 

and applying a reductive potential in the working electrode (WE), thus promoting 

the electroreduction of Cu0 on top of the active sites on the electrode (Ru0). After 

carrying out a polarization curve in a Cu-free acid solution, the appearance of a wave 

due to the re-oxidation of Cu0 to Cu2+ could be observed, with the area below being 

a) b)
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proportional to the number of electrons required for the oxidative process, and 

therefore proportional to the Cu deposited and the active sites (Ru0) of the catalyst 

in WE. LSV curves before and after the Cu UPD in acidic solution are collected in 

Figure 19 for RuMPT-aH and RuMPT-p. Almost no oxidation of Cu after the Cu UPD 

was observed in the case of RuMPT-p, confirming the passivation on the surface of 

the NPs, thus decreasing the number of Ru0 active sites. Same behaviour was 

observed for Ru2PP-aH and Ru2PP-p (Figure S9). According to these curves, the 

area was higher for the Ru2PP-aH than for RuMPT-aH, thus indicating than the 

former has a greater number of actives sites in the surface of the NPs, which may 

explain its better electrocatalytic output. 

 

Figure 19. LSV curves (from 0.1 to 0.9 V vs NHE) before (black) and after copper 

underpotential deposition (Cu UPD) in 1 M H2SO4 solution of a) RuMPT-aH and b) 

RuMPT-p. 

TOF values were calculated at different overpotentials in 1 M H2SO4, the values being 

0.18, 0.28 and 0.95 s-1 (at 25, 50, and 100 mV, respectively) for RuMPT, and 0.32, 

1.37 and 10.3 s-1 for Ru2PP (Figure 20). Again, Ru2PP showed a behaviour more 

similar to Ru4PP (0.55, 3.06 and 17.38 s-1), which was even comparable with Pt 

(1.65, 5.60 and 23.36 s-1) under the same reaction conditions (Table S1). 
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Figure 20. TOF vs. η (mV) graph of RuMPT-aH (green) and Ru2PP-aH (blue) 

systems in 1 M H2SO4 solution. TOF calculations were obtained by dividing the value 

of current intensity (i, mV) by the charge under the Cu UPD wave in each case. 
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3.5 Conclusions 

The use of the organometallic approach as synthetic method has allowed the 

preparation of pyridine-type ligand-capped ruthenium nanoparticles with a narrow 

size distribution. 

Through TEM micrographs it has been possible to study the effect of the L/M ratio 

on the size of the nanoparticles, demonstrating that, when using MPT as ligand, the 

size of the nanoparticles was highly dependent on L/M ratio used, while for 2PP the 

size was not so affected. For the latter, the agglomeration of the NPs became more 

noticeable by increasing the amount of ligand. This highlights the importance of 

both ligand nature and L/M in stabilizing the nanoparticles. 

Other characterization techniques have allowed us to know the composition of the 

isolated nanoparticles. Through WAXS and XPS studies, it has been shown that, 

initially, the nanoparticles of Ru prepared consisted only of metallic Ru, and that 

after subjecting them to a passivation process when exposed to air, a mixture of 

Ru/RuO2 was obtained. EA and TGA analyses allowed to demonstrate the presence 

of ligand even after the passivation process, validating the good role of MPT and 2PP 

as stabilizing ligands. 

Selected systems RuMPT-p and Ru2PP-p were tested as electrocatalysts for HER in 

both acidic and alkaline conditions. In acidic medium (1 M H2SO4), the performance 

of both systems can be improved by applying a reductive treatment for a short 

period of time, in which Ru0 is recovered as the only species present in the catalyst. 

Ru2PP-aH outperformed RuMPT-aH offering lower overpotentials (η0 ≈ 0 mV and 

η10 = 30 mV vs. η0 = 60 mV and η10 = 93 mV), lower Tafel slope (42 mV·dec-1 vs. 93 

mV·dec-1) and achieved higher TOF at a 100 mV of overpotential (10.3 s-1 vs. 0.95 s-

1), being competitive with the previously reported Ru4PP system (η0 ≈ 0 mV and η10 

= 20 mV; Tafel slope of 29 mV·dec-1 and TOF value of 17 s-1 at η = 100 mV). Both 

Ru2PP-aH and RuMPT-aH were capable to produce a current density (j0) of -10 

mA·cm-2 during 12 h with hardly any deactivation and preserving the morphology 

of the nanoparticles. 
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In contrast, in alkaline conditions (1 M NaOH), only RuMPT-p experienced an 

improvement in catalytic performance after applying the reductive treatment. 

However, the original Ru/RuO2 mixture was detected after subjecting both samples 

to catalytic conditions. Both Ru2PP-p (η0 = 75 mV and η10 = 86 mV, Tafel slope of 72 

mV·dec-1) and RuMPT-aOH (η0 = 50 mV and η10 = 61 mV, Tafel slope of 87 mV·dec-1) 

systems were outperformed by Ru4PP (η0 ≈ 0 mV and η10 = 25 mV, Tafel slope of 65 

mV·dec-1) in basic medium, although exhibiting a superb stability when compared 

with state-of-the-art Pt under the same conditions. 
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3.6 Supporting Information 

 

Figure S1. TGA curves for RuMPT-p (green) and Ru2PP-p (blue) samples and the 
corresponding MPT (dashed green) and 2PP (dasedh blue) ligands. 

 

Figure S2. a) 12 hours bulk electrolysis of Ru2PP-aH at j = -10 mA·cm-2 in 1 M H2SO4 

solution. Inset: polarization curves before (bold) and after (dashed) 12 h bulk 

electrolysis; b) TEM micrograph after 12 h bulk electrolysis experiment. 
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Figure S3. EDX analyses of a) RuMPT and b) Ru2PP after stability tests in 1 M 

H2SO4. 
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Figure S4. H2-monitored (red) current-controlled bulk electrolysis (black) of 

Ru2PP-aH at j = -10 mA·cm-2 in 1 M H2SO4. H2 production was monitored in gas 

phase (red curve), using a Clark-type electrode, yielding a Faradaic efficiency (Ɛ) > 

97% 

 

Figure S5. a) 6 hours bulk electrolysis of Ru2PP-p at j = -10 mA·cm-2 in 1 M NaOH 

solution. Inset: polarization curves before (bold) and after (dashed) 6h bulk 

electrolysis; b) TEM micrograph after 6 h bulk electrolysis experiment. 
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Figure S6. EDX analyses of a) RuMPT and b) Ru2PP after stability tests in 1 M 

NaOH. 

 

Figure S7. H2-monitored (red) current-controlled bulk electrolysis (black) of a) 

RuMPT-aOH and b) Ru2PP-p at at j = -10 mA·cm-2 in 1 M NaOH. H2 production was 

monitored in gas phase (red curve), using a Clark-type electrode, yielding a Faradaic 

efficiency (Ɛ) of ca. 96 % (RuMPT-aOH) and 98 % (Ru2PP-p) 
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Figure S8. Multi cyclic voltammetry (CV) experiments at different scan rates (v) 

(left) and current values plotted at the middle of the potential range values (V vs. 

SCE) for the different scan rates for the CDL determination of a) Ru2PP-aH in 1 M 

H2SO4 and b) Ru2PP-p in 1 M NaOH. 
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Figure S9. LSV curves (from 0.1 to 0.9 V vs NHE) before (black) and after (red) 

copper underpotential deposition (Cu UPD) in 1 M H2SO4 solution of a) Ru2PP-aH 

and b) Ru2PP-p. 
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HEC 
Size 

(nm) 
η0 

(mV) 

η10 

(mV) 
b 

(mV·dec-1) 
j0 

(mA·cm-2) 
TOF (s-1) Ref. 

RuMPT-aH 1.4 60 93 42 0.99 
0.18 (25 mV) 
0.28 (50 mV) 

0.95 (100 mV) 

This 
work 

Ru2PP-aH 1.8 ≈ 0 30 93 1.93 
0.32 (25 mV) 
1.37 (50 mV) 

10.3 (100 mV) 

This 
work 

Ru4PP 1.5 0 20 29 2.04 

0.55 (25 mV) 
3.06 (50 mV) 

17.38 (100 
mV) 

[13] 

Pt/C  0 27 32 1.40 

1.65 (25 mV) 
5.60 (50 mV) 

23.36 (100 
mV) 

[13] 

Ru-black  70 150 65 0.14 
0.12 (25 mV) 
0.31 (50 mV) 
1.81(100 mV) 

[13] 

Ru-MeOH/ 
THF 

20 0 83 46 0.36 
0.07 (25 mV) 
0.10 (50 mV) 

0.87 (100 mV) 
[39] 

 

Table S1. Comparison of complementary electrocatalytic parameters of different 

HEC in 1 M H2SO4. Size (nm), onset overpotential (η0), overpotential at j = -10 

mA·cm-2 (η10), Tafel slope (b), exchange current density (j0) and turnover frequency 

(TOF). 

 

Catalyst 
Size 

(nm) 
η0 

(mV) 
η10 

(mV) 
b 

(mV·dec-1) 
j0 

(mA·cm-2) 
TOF (s-1) Ref. 

RuMPT-aOH
 1.4 50 61 87 2.03 - 

This 
work 

Ru2PP-p 1.8 75 86 72 0.54 - 
This 
work 

Ru4PP 1.5 0 25 65 0.19 

0.55  
(25 mV) 

3.06  
(50 mV) 

17.38 
(100 mV) 

[13] 

Pt/C  5 35 56 2.40  [13] 
Ru-black  50 125 80 0.65  [13] 

 

Table S2. Comparison of complementary electrocatalytic parameters of different 

HEC in 1 M NaOH. Size (nm), onset overpotential (η0), overpotential at j = -10 mA·cm-

2 (η10), Tafel slope (b), exchange current density (j0) and turnover frequency (TOF). 
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Catalyst RF 
η10 (t=0) 

(mV) 
η10 (t=2h) 

(mV) 
j(η=100) 

(mA·cm-2) 

js(η=100) 
(mA·cm-

2) 
Ref. 

RuMPT-aH 211 ± 44 93 95 12 0.056 
This 
work 

Ru2PP-aH 448 ± 85 30 31 243 0.542 
This 
work 

Ru4PP 895 ± 95 20 20 496 0.550 [13] 

Pt-(b) 90 ± 20 50 60 220 2.500 [40] 

Ru-
MeOH/THF 

645 ± 87 99 103 43 0.067 [39] 

RuPP@pCF - - - - 0.028 [41] 

 

Table S3. Comparison of electrocatalytic parameters of different HEC following the 

methodology of Jaramillo in 1 M H2SO4. RF (Roughness Factor), overpotential at j = 

-10 mA·cm-2 (η10) at t = 0 and t = 2h, current density (j) and specific current 

density at η = 100 mV (js). 

 

Catalyst RF 
η10 (t=0) 

(mV) 
η10 (t=2h) 

(mV) 
j(η=100) 

(mA·cm-2) 

js(η=100) 
(mA·cm-

2) 
Ref. 

RuMPT-aOH
 272 ± 50 61 68 28 0.103 

This 
work 

Ru2PP-p 159 ± 18 86 91 16 0.113 
This 
work 

Ru4PP 320 ± 140 25 40 61 0.191 [13] 

Pt-(b) 130 ± 50 30 60 70 0.540 [40] 

 

Table S4. Comparison of electrocatalytic parameters of different HEC following the 

methodology of Jaramillo in 1 M NaOH. RF (Roughness Factor), overpotential at j = 

-10 mA·cm-2 (η10) at t = 0 and t = 2h, current density (j) and specific current density 

at η = 100 mV (js). 
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Chapter IV 

Graphitic Carbon Nitride-supported 

Platinum Nanoparticles as  CO2 Reduction 

Photocatalysts 

 

Two carbon nitride-supported Pt-based nanoparticles systems have been 

prepared, following the organometallic approach, and characterized through a 

multi-technique process. Both hybrid materials have been tested as photocatalysts 

in the reduction of CO2 under UV and visible light irradiation, studying the effect of 

the Pt loading and the light source in their photocatalytic output and the selectivity 

of the CO2 reduction towards different carbon products. 
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4.1 Abstract 

Platinum nanoparticles (Pt NPs) have been directly deposited on the surface of 

mesoporous graphitic carbon nitride (mpg-CN) semiconductor, using the 

organometallic approach synthetic method with two different Pt loadings. After full 

characterization of the hybrid materials, well-dispersed, small (ca. 2.5 nm) and 

homogeneous Pt-based nanoparticles were observed on the surface of the mpg-CN, 

consisting predominantly of metallic Pt with a slight contribution of oxidic species 

on the surface. After loading mpg-CN with Pt NPs, the semiconductor experimented 

an enhancement in its charge separation properties upon bandgap excitation. This 

enhancement was attributed to the electron extraction from the conduction band of 

the semiconductor induced by the deposited Pt NPs, as confirmed by fluorescence 

lifetime measurements. Both hybrid materials showed photocatalytic activity in the 

reduction of CO2 under UV and visible irradiation, and an improved selectivity 

towards highly reduced carbon products such as methanol or methane, whereas 

bare mpg-CN led to the formation of CO as the main product. These results lead to 

new pathways to control the selectivity in the photocatalytic reduction of carbon 

dioxide, thus contributing to develop selective photocatalysts, which is one of the 

key issues in this rising technology for direct solar-to-chemical energy conversion.    
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4.2 Introduction 

The extreme economic and energy dependence on fossil fuels has led to a huge 

environmental impact, like global warming, caused by the excessive emission of 

gases, such as CO2, into the atmosphere [1]. Despite the growing interest in more 

sustainable energy sources, the prospect of having a dominant cleaner energy 

alternative is still far-off. In this regard, part of the research has focused on 

developing techniques for CO2 capture and storage (CCS) [2] and even transforming 

it into useful chemicals [3]. Among various strategies, photocatalytic reduction of 

CO2 to fuels and other value-added products emerge as a solution to stabilize the 

concentration of CO2 in the atmosphere, thus minimizing the environmental side-

effects, and, at the same time, directly converting solar energy into chemical energy 

[4–6]. Inoue and co-workers reported in 1979 the first examples of photocatalyzed 

CO2 reduction, employing an aqueous suspension of semiconductor powders, such 

as TiO2 [7]. Since then, the work of many pieces of research in the field of energy 

have focused on improving the efficiency of the complex transformation that is the 

CO2 reduction [8]. As introduced in Chapter I (section 1.7), although TiO2 is one of 

the most widely used materials in photocatalyzed reactions, other semiconductors, 

such as Ga2O3, ZrO2, CuO, LaCoO3, CdS, GaP or SiC, have been tested as photocatalyst 

for the reduction of carbon [4–9]. However, the main drawback of most of these 

semiconductors, including TiO2, is that they absorb predominantly in the UV range, 

thus restricting their potential application as sunlight-driven photocatalysts, 

considering the fact that UV light barely represents 4% of the solar radiation 

reaching the Earth crust [10]. Therefore, the design of visible light-triggered 

photocatalysts for CO2 reduction is required. 

Graphitic carbon nitride, also presented in the introduction chapter, is a 

semiconductor material with a stacked structure (resembling graphite), and a 

suitable band structure that can be activated by visible light irradiation (bandgap 

~2.7 eV). Depending on the preparation method, there are different types of 

graphitic carbon nitride with distinct morphological features. Among them, 

mesoporous graphitic carbon nitride (mpg-CN) is very interesting given its porosity, 

which further increases its surface area, thus increasing the amount of active sites 

in the material [11]. Its affordable and facile preparation, Earth-abundance, non-
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toxic elemental composition, and thermal and chemical stability make it a very 

promising semiconductor to be used as a photocatalyst in the reduction of CO2  [12–

14]. However, extended light absorption does not necessarily lead to an enhanced 

photocatalytic output, because a highly efficient charge separation/transfer at the 

semiconductor and fast catalysis are also needed in order to avoid charge 

recombination undesired deactivation processes [15]. The major challenge of CO2 

reduction is to achieve control over process selectivity towards the different 

possible carbon products, typically CO, HCOOH, CH3OH and CH4, just addressing C1 

products [1,16,17]. A simple and versatile manner to enhance the photocatalytic 

output and the selectivity of the materials is to load fitting co-catalysts on the surface 

of the semiconductor [1,17]. Supported metal nanoparticles (NPs) have proved to 

be effective in this role as co-catalysts [1,17,18] as they can improve activity by 

acting as electron transfer centers and catalytically active sites, but also they can 

help tuning the product selectivity. Noble-metals, and specifically Pt NPs, are 

remarkably effective in CO2 reduction due to their outstanding activity and 

selectivity [19]. However, not only the chemical nature of the co-catalyst is relevant, 

but also their morphological properties and its stability under reaction conditions. 

In this regard, the organometallic approach is a reproducible method that allows the 

preparation of small metal nanoparticles with narrow size distribution, with a well-

controlled surface state under mild reaction conditions [20].  

In this chapter, Pt nanoparticles have been directly deposited on the surface of 

mesoporous graphitic carbon nitride, through the organometallic approach method, 

and using two different metal loadings, achieving well-distributed and narrow-sized 

NPs all over the surface of the semiconductor. The obtained hybrid materials were 

studied as photocatalysts in the reduction of CO2 under UV and visible light 

irradiation, correlating their physical and chemical features with their 

photocatalytic output and selectivity. 
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4.3 Experimental part 

4.3.1 Reagents and materials 

All procedures involved in the handling of reagents and the synthesis of the hybrid 

materials were carried out inside a glovebox (MBRAUN Unilab), or using standard 

Schlenk-line and Fisher-Porter vessel techniques, under Ar atmosphere. All 

glassware were pre-dried before use, either at 120 °C in the oven or using a heat 

gun. The following reagents were used as purchased: [Pt(dba)3] (dba = 

dibenzylideneacetone) (Strem Chemicals), hydrogen gas (Abelló Linde, H2 >99%), 

13CO2 (Cambridge Isotope Laboratories, 13C 99%). Tetrahydrofuran (THF) and 

hexane, used as solvents (both from Scharlab), were distilled, dried and degassed by 

freeze–pump–thaw cycling.  

4.3.2 Synthesis of mpg-CN 

Synthesis of mesoporous graphitic carbon nitride (mpg-CN) was carried out via the 

sol-gel route, according to a procedure previously reported [21], consisting on the 

use of precursors cyanamide and triethyl orthosilicate (TEOS), yielding a mixture of 

carbon nitride and silica. After treating this mixture with NH4HF2 and washing with 

water and ethanol, SiO2, which serves as template, is removed, yielding the final 

mpg-CN. 

4.3.3 Synthesis of mpg-CN-supported Pt nanoparticles 

200 mg of mpg-CN and 16 mL of THF were added in a pre-dried Fisher-Porter bottle 

connected to the Schlenk-line. [Pt(dba)3] was weighed and placed into the reactor 

inside the glovebox, either 11.2 mg (0.012 mmol) or 4.5 mg (0.005 mmol) for Pt-

NPs@mpg-CN(H) and Pt-NPs@mpg-CN(L), respectively, where (H) and (L) stand 

for the high or low metal loading employed in each case. The reactor was then 

pressurized with 3 bars of H2, and the mixture was kept under vigorous magnetic 

stirring at room temperature (r.t.) for 16 h. After removing the H2 pressure, a sample 

for Transmission Electron Microscopy (TEM) was prepared. The Pt NPs / mpg-CN 

hybrid materials were washed with hexane, isolated by centrifugation, and dried 

under vacuum, thus yielding a brownish powder. 
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4.3.4 Characterization techniques 

Transmission Electron Microscopy (TEM) and Energy-dispersive X-ray 

spectroscopy (EDX). TEM and EDX analyses were performed at the Servei de 

Microscòpia at the UAB, using a JEM-2011 unit with an acceleration voltage of 200 

kV, equipped with an EDX detector model X-Max EDS with 136 eV energy resolution 

(Oxford Instruments). TEM samples were prepared after drop-casting a single drop 

of the crude colloidal solution on the surface of a carbon-coated copper grid (400 

mesh). Mean size and distribution of the Pt nanoparticles (NPs) contained in Pt-

NPs@mpg-CN(H) and Pt-NPs@mpg-CN(L) were estimated after measuring ca. 

200 NPs on the TEM micrographs, using the freeware Fiji-ImageJ. 

X-ray Powder Diffraction (XRD). X-ray diffractograms were measured in an 

Empyrean diffractometer (Malvern Panalytical) using Cu Kα radiation at a scanning 

rate of 0.01 °s−1. 

X-Ray Photoelectron Spectroscopy (XPS). XPS measurements were carried out at 

the Institut Català de Nanociència i Nanotecnologia (ICN2, Barcelona), using a 

Phoibos 150 analyzer (SPECS GmbH) at ultra-high vacuum conditions (base 

pressure of 5·10-10 mbar), with a monochromatic aluminium Kα X-ray source 

(1486.74 eV). The energy resolution was measured by the half-maximum intensity 

(FWHM) of the Ag 3d5/2 peak from a sputter cleaned silver foil (0.62 eV). 

Inductively Coupled Plasma - Optical Emission Spectrometry (ICP-OES). Pt 

content (wt.%) on each hybrid material was determined by ICP-OES analyses at the 

Servei d'Anàlisi Química (SAQ) at the UAB, using an equipment from Perkin-Elmer, 

model Optima 4300DV. 

Specific Surface Area (SSA) determination. SSA measurements were carried out 

on a Quantachrome Autosorb-1 apparatus. Nitrogen adsorption–desorption 

isotherms were measured at 77.3 K after degassing the samples at 120 °C for 6 h. 

SSAs were estimated through the Brunauer-Emmett-Teller (BET) method.  

UV–vis Diffuse Reflectance Spectroscopy (DRS). UV-vis diffuse reflectance 

spectra were obtained in a UV/Vis/NIR spectrometer model Lambda 1050 (Perkin 

Elmer), coupled with a Praying Mantis® diffuse reflectance accessory.  
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Fluorescence-Lifetime Imaging Microscopy (FLIM). Time-correlated single 

photon counting (TCSPC) was employed to carry out the measurement of the 

fluorescence-lifetime, using Mini- equipment (Edinburgh Instruments), with a 

pulsed UV laser diode (372.2 nm, 61.2 ps pulse width, repetition rate of 1 MHz) as 

excitation source, also including a band-pass filter at 450 or ± 25 nm. After repeating 

each experiment three times, experimental data were fitted to bi-exponential decay 

curves, calculating the average fluorescence lifetime as <τ>= [Σ(Aiτi2)]/Σ(Ai τi), 

where Ai is the amplitude and τi the lifetime of each contribution.  

4.3.5 Photocatalytic CO2 reduction experiments and calculations. 

All experiments towards CO2 photocatalytic reduction and data treatment were 

performed by Dr. Fernando Fresno at the Photoactivated Processes Unit in IMDEA 

Energy Institute (Madrid, Spain). 

Gas-phase CO2 photoreduction experiments were carried out in a continuous-flow 

mode, using a stainless-steel reactor (280 mL of effective volume), with a 

borosilicate window, which allowed irradiation. 100 mg of the photocatalyst 

material were used to prepare a suspension, and deposited on a glass microfiber 

filter. After drying at 100 °C under vacuum, the filter supporting the photocatalyst 

was placed in the reactor. UV and visible light were used as irradiation sources, 

using fluorescent lamps (6 W, maximum wavelength λmax = 365 nm and an average 

irradiance of 71.7 W/m2) or LED white lamps (30 W, emitting from 400 to 800 nm, 

with maxima at 445 and 540 nm and with an irradiance of 78.7 W/m2), respectively. 

Pure CO2 and water (CO2:H2O 7.25 molar ratio) were fed into the reactor using a 

Controlled Evaporation and Mixing (CEM) unit. Reaction products were determined 

in-line by gas chromatography (GC Bruker 450), equipped with two separation 

branches and two sampling loops. The first separation branch consisted on two 

semi-capillary columns (BR-Q Plot and BR-Molesieve5A), a thermal conductivity 

detector (TCD), a flame ionization detector (FID) and a methanizer. The second one 

was equipped with a capillary column (Agilent CP-Sil5B) and an FID. Before 

conducting the experiments, the reactor was evacuated at 50 °C for 1h and then 

purged with Ar (100 mL/min) for an extra hour, in order to remove any residual 

organic compounds weakly adsorbed on the surface of the catalyst. After that, both 
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CO2 and H2O were continuously fed in the dark during 1h, thus establishing an 

adsorption–desorption balance at the reaction temperature. Before light irradiation, 

the reactor was pressurized (2 bar) and kept at a reaction flow rate of 2 mL/min for 

another hour. Figure S1a shows a scheme of the reaction set-up.  

Selectivity towards each carbon-containing reaction product was calculated as the 

cumulative production of each product, divided by the total amount of all of them. 

Irradiance measurements were conducted using a fiber optics spectroradiometer 

(StellarNet Inc.) to calculate photonic efficiencies (utilized electrons divided by 

incident photons in a given wavelength interval), considering the different electron 

number required to yield each product from CO2. 13C isotope tracing experiments 

were carried out in stainless steel reactor (10.8 of effective volume), with a 

borosilicate window on top to irradiate through (Figure S1b). 20 mg of 

photocatalyst deposited on a glass microfiber filter (prepared following the 

procedure described above) were placed in the reactor, which was evacuated under 

vacuum (P < 1 mbar) at 50 °C during 30 min, and filled first with 3 µL of ultrapure 

water under static vacuum conditions, and then with 13CO2 until a total pressure of 

2 bars was reached. After that, the reactor was finally irradiated in batch mode 

during an hour with two 6 W fluorescent lamps (λmax 365 nm), after which the gas 

was introduced to a gas chromatograph (Agilent 7820A) fitted with a GS-Carbon-

PLOT column (Agilent) and coupled with a mass spectrometry detector (Agilent 

5977B) with electron impact ionization. 
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4.4 Results and discussion 

4.4.1 Photocatalysts synthesis and characterization 

The synthesis of the platinum nanoparticles (Pt NPs) supported on mesoporous 

graphitic-carbon nitride (mpg-CN) was performed following the organometallic 

approach (Figure 1). The Pt precursor [Pt(dba)3] and mpg-CN were placed, under 

inert conditions, in a Fisher-Porter bottle, using THF as solvent. After pressurizing 

the reactor (3 bar H2) the mixture was left under vigorous magnetic stirring for 16 

h. A colour change in the suspension, from purple to brownish, was observed during 

this time. The obtained material was washed with hexane, isolated by centrifugation 

and dried under vacuum, thus yielding a brownish powder. As two different loads 

of metal precursor were employed, the materials were labelled as Pt-NPs@mpg-

CN(H) or Pt-NPs@mpg-CN(L), referring to the higher (H) or lower (L) metal 

loading, respectively.  

 

Figure 1. Schematic representation of the organometallic approach for the 

synthesis of Pt-NPs@mpg-CN(H) and Pt-NPs@mpg-CN(L). 

The presence of Pt NPs on the surface of the mpg-CN material was first studied by 

TEM and EDX analysis. TEM micrographs in Figure 2 show the presence of small 

and well-dispersed Pt NPs on the surface of the mpg-CN material, with no apparent 

influence of the initial concentration of Pt precursor in the mean size of the NPs (2.7 

± 0.5 nm and 2.6 ± 0.4 nm for Pt-NPs@mpg-CN(H) and Pt-NPs@mpg-CN(L), 

respectively). These results prove the suitability of mpg-CN as stabilizer for Pt NPs 

following the organometallic approach, as it does not require an additional 

stabilizing ligand to control the size and dispersibility of the nanoparticles. EDX 
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analyses (Figure S2) further confirmed the presence of Pt on the surface of the mpg-

CN material. 

 

Figure 2. TEM micrographs (left) and size distribution histograms (right) of the as-

synthesized a) Pt-NPs@mpg-CN(H) and b) Pt-NPs@mpg-CN(L). 

X-ray diffraction analyses were performed after synthesizing the hybrid materials. 

The obtained diffractograms (Figure 3) show the reflections typically attributed to 

mpg-CN, with an intense peak at ca. 27.3 °, related to the stacking of carbon nitride 

layers with 0.326 nm of interplanar distance, and a weaker peak at ca. 13.1 °, due to 

the inter-planar repetition of the interconnected triazine units [22]. Two additional 

reflections, less intense and wider, can be observed for the Pt-NPs@mpg-CN(L) 

material, that can be indexed as the (111) and (002) planes of the platinum cubic 

structure (pattern also displayed, as vertical black bars, in Figure 3). Those signals 

become more prominent in the case of Pt-NPs@mpg-CN(H) sample, with NPs of the 

same size but with a higher Pt content. In good accordance with TEM images (see 

above), average Pt particle size calculation, after applying the Scherrer equation to 

the (111) peak in the Pt-NPs@mpg-CN(H) sample diffractogram, gave a value of 3.0 

nm. 
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Figure 3. X-ray difractograms of ‘pure’ mpg-CN (black), Pt-NPs@mpg-CN(L) (red) 

and Pt-NPs@mpg-CN(H) (blue). Black vertical bars indicate reference Pt cubic 

structure reflections (ICDD PDF #01-088-2343). 

The specific amount of Pt in each sample was measured by ICP-OES. The obtained 

results were in accordance witch those expected based on the initial concentration 

of Pt in each synthesis, being the experimental values 1.2 wt.% Pt for Pt-NPs@mpg-

CN(H) and 0.6 wt.% for Pt-NPs@mpg-CN(L), and 1.2 and 0.5 wt.% Pt the estimated 

ones, respectively. 

Additionally, XPS measurements helped to understand the chemical nature of the Pt 

NPs in the freshly prepared hybrid materials (Figure 4). Two Pt species were 

detected, corresponding to Pt0 (4f7/2 peak at 70.6 eV and 4f5/2 peak at 73.9 eV) and 

PtO, whose 4f7/2 and 4f5/2 peaks are shifted compared to metallic Pt (72.9 eV and 

76.6 eV respectively). Previous research in the literature involving Pt NPs 

demonstrate that they can be partially oxidized [17].  
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Figure 4. XPS analyses of Pt-NPs@mpg-CN(H) after synthesis. In red, the 

experimental XPS spectra. Fit for the signals: orange lines, the metallic-Pt 

components (Pt 4f); blue lines, the PtII components (Pt 4f); bold black lines, the 

envelope. 

Specific surface areas (SBET) measurements were carried out to study possible 

changes in the structural properties of the mpg-CN after depositing the Pt NPs (N2 

isotherms are collected in Figure 5). ‘Pure’ mpg-CN displays a SBET of 147.0 m2·g-1, 

thus confirming its mesoporosity nature. After depositing Pt NPs, a decrease in the 

specific surface area values was observed (109.9 and 114.7 m2·g-1 for Pt-NPs@mpg-

CN(H) and Pt-NPs@mpg-CN(L), respectively), possibly due to a partial blocking of 

the mesopores of the mpg-CN by the Pt NPs. 
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Figure 5. N2 isotherms corresponding to ‘pure’ mpg-CN, Pt-NPs@mpg-CN(H) and 

RuNPs@mpg-CN(L). 

UV-vis diffuse reflectance spectra (Figure 6) displayed the typical profile of mpg-CN 

semiconductors, with a steep absorption onset at ca. 450 nm (corresponding to a 

2.7-2.8 eV bandgap). A slight variation in the absorption edge could be observed in 

the spectra, probably attributed to the baseline of the visible region caused by the 

Pt NPs. 

Fluorescence lifetime measurements were performed on the mpg-CN material 

before and after the incorporation of Pt nanoparticles. The fluorescence decay 

curves (Figure 7) show a reduction of the estimated mean fluorescence lifetime 

after the decoration with Pt. The presence of metal NPs can induce electron 

withdrawal from the conduction band (CB) of the mpg-CN semiconductor upon 

excitation, reducing the CB population and consequently shortening the band-to-

band transition lifetime, involved in the fluorescence [23,24]. For the Pt-NPs@mpg-

CN(H), the decrease of the fluorescence lifetime is larger compared to Pt-

NPs@mpg-CN(L) sample, thus indicating that increasing the number of NPs can 

induce electron transfer to a larger extent. 
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Figure 6. UV-vis diffuse reflectance spectra of mpg-CN before and after Pt 

decoration 

 

Figure 7. Fluorescence decay curves of mpg-CN before and after Pt NPs deposition. 

Decay curves fitted to each dataset are represented in green lines, whereas dotted 

red curve corresponds to the instrument response function (IRF). Inset: Mean 

fluorescence lifetimes, estimated from the fitted decay curves. 
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4.4.2 CO2 photocatalytic reduction under UV and visible irradiation 

Both Pt-NPs@mpg-CN(H) and Pt-NPs@mpg-CN(L) were tested as gas-phase CO2 

reduction photocatalysts, using water as electron donor. Under UV irradiation, CO, 

CH3OH, CH4 and H2 were detected as the main reaction products (Figure 8). As 

expected, the presence of Pt NPs in the mpg-CN largely boosted the production of H2 

through water reduction, competing with that of CO2 [25]. Regarding carbon-based 

products, Pt shifted the selectivity from CO to CH4, reaching its maximum (ca. 65%, 

Figure 9a) in the case of Pt-NPs@mpg-CN(L) photocatalyst. A remarkable 

selectivity was also observed towards CH3OH, with a maximum in this case for the 

Pt-NPs@mpg-CN(H) photocatalyst, which also delivered almost total selectivity 

towards CH4 and CH3OH (ca. 60% vs. 40% respectively), with CO production 

virtually suppressed (Figure 9a). This suggests that the selectivity of mpg-CN 

photocatalyst in the CO2 reduction under UV irradiation may be roughly tuned by 

the election of the suitable co-catalyst. Nevertheless, further studies will be required 

to modulate the carbon product outcome. Thereby, the organometallic approach 

postulates as a powerful tool for the preparation of metal nanoparticles, allowing 

the fine-tuning of the catalytic features of the nanocatalysts by using a limitless 

variety of ligands for their surface stabilization, as done for molecular catalysts 

[26,27]. 
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Figure 8. Evolution of the main products obtained in the photocatalytic reduction 

of CO2 with water as electron donor, under UV irradiation: CO, CH3OH, CH4, H2. 

Figure 9a confirms that the shift in selectivity after deposition of the Pt 

nanoparticles took place together with an increase of CO2 conversion (from less than 

20 µmol · gcat
−1  with bare mpg-CN to 80-90 µmol · gcat

−1  with both Pt-based 

nanomaterials) thanks to a much better electron utilization, either in total terms (C-

products and H2 production) or just regarding electrons transferred into carbon 

products, moving from a value, in this scenario, of ca. 100 µmol · gcat
−1  when using 

mpg-CN to above 500 µmol · gcat
−1  with either Pt-NPs@mpg-CN(H) or Pt-

NPs@mpg-CN(L). Accordingly, the calculated photonic efficiency between λ = 300 

- 400 nm increased by an order of magnitude in the presence of Pt, from ca. 0.003 % 

for ‘pure’ mpg-CN to ca. 0.03% in both Pt-decorated mpg-CN photocatalysts. 

Despite these promising results under UV irradiation, as stated in the introduction, 

the most appealing photocatalytic applications of carbon nitride are those involving 

visible light. Figure 10 shows the evolution of the main reaction products under 

visible irradiation (λ > 400 nm). The utilization of ‘pure’ mpg-CN as photocatalysts 

yielded mainly CO and H2, being the latter a product of the competitive water 

CO CH3OH

CH4 H2
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reduction process, in a ratio ca. 7:1, thus indicating a higher selectivity towards CO2 

reduction when compared to UV irradiation conditions. Traces of CH3OH and CH4 

were also detected, giving rise to a larger carbon selectivity towards CO (ca. 82 %) 

when using bare mpg-CN as photocatalyst, as shown in Figure 9b. 

 

Figure 9. Product selectivity (coloured bars), CO2 converstion (triangles) and 

electron utilization (circles: in C-products; square: in C-products and H2) obtained 

with the mpg-CN, Pt-NPs@mpg-CN(H) and Pt-NPs@mpg-CN(L) photocatalysts in 

the photocatalytic reduction of CO2 using H2O as electron donor under a) UV  and b) 

visible irradiation. 

As observed under UV irradiation, loading the mpg-CN material with Pt NPs induced 

an increase in H2 production, although to a lesser extent than the former (Figure 

10). This demonstrated that a higher selectivity towards CO2 reduction vs H2O 

reduction takes place under visible light, one of the keystones of this reaction [8]. 

This is supported by estimated values of total electron use and electron transfer to 

carbon products, showed in Figure 9, which under visible excitation are practically 

equal, as opposed to UV conditions. Regarding C-products, the incorporation of Pt 

NPs clearly shifted the selectivity from CO to CH3OH and CH4. Interestingly, while 

with Pt-NPs@mpg-CN(L) the selectivity was clearly favorable towards CH3OH (ca. 

70% vs. 25% for CH4), increasing the amount of Pt led to a higher selectivity towards 

methane, the most reduced carbon product (50% vs. 40% for CH3OH when using Pt-

NPs@mpg-CN(H)). This could be explained as an enhancement of the electron 

transfer motivated by the increase of Pt centers, as also pointed out by the 

fluorescence lifetime measurements discussed above. Comparing both Pt-loaded 
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photocatalysts, the total CO2 conversion was noticeably lower when using Pt-

NPs@mpg-CN(H) sample (ca. 10 µmol · gcat
−1 , very similar to that of the ‘pure’ mpg-

CN), than the conversion obtained with Pt-NPs@mpg-CN(L) (approximately 40 

µmol · gcat
−1 ) photocatalyst. Accordingly, the estimated photonic efficiency under 

visible irradiation (up to 450 nm as corresponds to the photocatalyst absorption 

spectrum) was maximum with the Pt-NPs@mpg-CN(L) sample (ca. 0.01%). Thus, 

the latter hybrid material postulates a promising photocatalyst for visible CO2 

reduction, considering not only the total CO2 conversion and electron use, but also 

its selectivity towards CH3OH, a directly usable fuel.  

 

Figure 10. Evolution of the main products obtained in the photocatalytic reduction 

of CO2 with water as electron donor, under visible light irradiation: CO, CH3OH, CH4, 

H2. 

When studying the differences in terms of selectivity between UV and visible 

excitation conditions, it is interesting to remark that the selectivity towards CO2 

reduction compared to H2O reduction is superior under visible light, even after 

deposition of Pt NPs, a widely studied hydrogen evolution catalyst, on the mpg-CN.  

Considering carbon products, visible irradiation seems to favour the production of 

CO CH3OH

CH4 H2
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CH3OH to the detriment of CH4. It is worth highlighting that Pt-NPs@mpg-CN(L) 

photocatalyst delivered a selectivity toward methanol as high as 70% under these 

conditions. In this regard, it has been previously studied that irradiation with higher 

photon energy may induce the transfer of a higher number of electrons 

simultaneously, which could be one of the keys in determining the formation of a 

more or less reduced product (CH4 or CH3OH in this case), based on the excitation 

wavelength [28]. Similarly, when using Ag/TiO2 photocatalysts a change in 

selectivity was also observed when shifting from UV to visible excitation [29]. 

At the same time, with the aim of finding out the origin of the C-products, 13C tracing 

studies were performed, by carrying out a photocatalytic 13CO2 reduction, and 

analysing the as-formed products by GC-MS. The obtained chromatogram (Figure 

11) confirmed that the 13CO2 was being reduced to methane.  

 

Figure 11. GC-MS analysis after photocatalytic 13CO2 reduction, using Pt-NPs@mpg-

CN(H) sample as photocatalyst, under UV irradiation. a) Chromatogram; b) MS 

spectra of the highlighted peak. 

Finally, the study of the fate of the Pt-based mpg-CN materials after the 

photocatalytic experiment was carried out through TEM, EDX and XPS analyses. In 

TEM micrographs (Figure 12), nanoparticles could still be observed, showing good 

dispersibility on the mpg-CN surface and with a negligible change in their size 

(Table 1), with EDX analyses (Figure S3) confirming the presence of Pt. The XPS 

studies also supported this chemical stability of the materials after photocatalytic 

experiments (Figure 13a and b). 
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Figure 12. TEM micrographs corresponding to Pt-NPs@mpg-CN(H) and b) Pt-

NPs@mpg-CN(L) after UV-irradiated photocatalytic reaction; c) Pt-NPs@mpg-

CN(H) and d) Pt-NPs@mpg-CN(L) after visible-irradiated photocatalytic reaction. 
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Photocatalyst 

Particle size (nm) 

As 

synthesized 

After photocatalytic test 

UV light Visible light 

Pt-NPs@mpg-CN(H) 2.7 ± 0.5 2.4 ± 0.4 2.5 ± 0.4 

Pt-NPs@mpg-CN(L) 2.6 ± 0.4 2.3 ± 0.4 2.3 ± 0.4 

    

Table 1. Nanoparticle size comparision of the Pt NPs supported on the mpg-CN 

before and after photocatalytic test.  

 

Figure 13. XPS analyses of Pt-NPs@mpg-CN(H) (a) after photocatalytic reaction 

experiment under UV irradiation (b) after photocatalytic reaction test under visible 

irradiation. In red, the experimental XPS spectra. Fit for the signals: orange lines, the 

metallic-Pt components (Pt 4f); blue lines, the PtII components (Pt 4f); bold black 

lines, the envelope. 
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4.5 Conclusions 

Two mpg-CN supported Pt-based materials have been prepared following the 

organometallic approach, and studied as photocatalyst in the reduction of CO2 under 

UV and visible light excitation, in a continuous flow reactor. Both Pt-NPs@mpg-

CN(H) and Pt-NPs@mpg-CN(L) materials were subjected to a thorough 

characterization process, involving techniques such as TEM, ICP-OES, EDX and XPS. 

These studies revealed the presence of well-distributed nanoparticles on the surface 

of the mpg-CN, with a mean size of ca. 2.5 nm regardless of the metal loading, whose 

chemical composition was mainly Pt0 with a minor contribution of oxidized surface 

species. Photophysical characterization revealed that electron transfer process 

takes place between the mpg-CN semiconductor and the metal NPs. Consequently, 

Pt-loaded mpg-CN delivered improved photocatalytic features in terms of 

conversion and selectivity towards highly reduced (and directly usable) fuels such 

as methanol or methane, in both UV and visible irradiation, when compared to the 

bare mpg-CN, which yielded CO as the main product. Pt-NPs@mpg-CN(L) system 

particularly stood out, delivering a selectivity towards methanol of ca. 70% upon 

visible light irradiation. It is important to note that, under visible light conditions, 

the selectivity towards CO2 reduction was higher, whereas under UV irradiation the 

competitive H2O reduction played a more relevant role. The election of the 

organometallic approach as synthetic method, together with the utilization of mpg-

CN as support, have facilitated the preparation of stable and reproducible Pt NPs 

with clean surface, key features in the selectivity and photocatalytic output of the 

Pt-NPs@mpg-CN(H) and Pt-NPs@mpg-CN(L) hybrid materials here presented. 
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4.6 Supporting Information 

 

Figure S1. Schematic representation of the set-ups for a) photocatalytic tests and b) 

isotope tracing experiments. Controlled evaporation and mixing (CEM); flow 

indicator and controller (FIC): pressure indicator and controler (PIC); temperature 

indicator and controller (TIC). 

 

Figure S2. EDX analyses of a) Pt-NPs@mpg-CN(H) and b) Pt-NPs@mpg-CN(L) 

before the photocatalytic experiments. 
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Figure S3. EDX analyses after photocatalytic studies of a) Pt-NPs@mpg-CN(H) and 

b) Pt-NPs@mpg-CN(L) under UV irradiation; c) Pt-NPs@mpg-CN(H) and d) Pt-

NPs@mpg-CN(L) under visible irradiation 
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Chapter V 

Graphitic Carbon Nitride-supported Metal 

Nanoparticles for Photocatalytic  

Hydrogen Evolution Reaction 

 

Different hybrid materials, consisting of carbon nitride-supported Ru or Pt 

nanoparticles, have been prepared following the organometallic approach, with and 

without the stabilization of further carbon materials or 4-phenylpyridine ligand. 

After an in-depth characterization, all of the hybrid systems have been tested as 

photocatalysts in the reduction of H2 under visible light irradiation. The effect of the 

co-catalyst load and the additional stabilization on the nanoparticles were revealed. 

Photophysical studies were also performed to elucidate on the different 

photocatalytic behaviours observed. 
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5.1 Abstract 

Mesoporous graphitic carbon nitride (mpg-CN), a semiconductor typically 

employed in photo-induced catalytic reactions, has been used as infrastructure for 

the preparation of hybrid materials, either after mixing with Ru nanoparticles 

previously synthesized on carbon-based allotropes (nano)materials, or by direct 

deposition of metal nanoparticles (MNP; M= Ru or Pt), in both cases by the 

organometallic method. After fully characterizing the resulting RuNPs@CNM/mpg-

CN and MNP@mpg-CN systems, these hybrid materials were used in the 

photocatalytic hydrogen evolution reaction (HER), displaying an enhanced 

performance, especially the Pt-decorated material, when compared with the bare 

mpg-CN without any co-catalyst addition. All Ru-based photocatalysts surprisingly 

delivered similar output in the HER, independently of the use or not of the CNM 

support or further stabilizing ligands (4-phenylpyridine). The use of CNM has shown 

to be useful in controlling the stability and dispersibility of the nanoparticles, while 

direct deposition on the semiconductor has simplified the preparation of the 

photocatalysts. Additional photophysical experiments, carried out with the 

MNP@mpg-CN samples, indicated that an improvement on the electron transfer 

kinetics (from the mpg-CN to the MNP) could be the reason behind the enhanced 

photocatalytic performance of the Pt-based material over the Ru-based analogues. 
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5.2 Introduction 

As it has already been addressed in the previous chapters, there is a growing need 

to develop a cleaner, sustainable and carbon-free energy alternative to the fossil 

fuels, to minimize the effects of the climate change that humankind has already 

triggered, amid other economic and political issues derived from the fossil fuel 

dependence [1]. In this regard, hydrogen emerges as an ideal energy carrier able to 

meet the increasing energy needs of the population, but also requires a cleaner 

production strategy. Thus, artificial photosynthesis, which involves the storage of 

solar energy in the chemical bonds of a substance that can be used a fuel, has become 

a hot topic in the recent decades, with the aim of developing an environmentally 

sustainable energy supply [2]. 

The optimization of the light-driven water splitting reaction into molecular H2 and 

O2 is attracting crescent interest from energy researches [3]. This water splitting 

process can be divided into two half-reactions, the oxygen evolution reaction (OER) 

and the hydrogen evolution reaction (HER), requiring, in both cases, a suitable 

catalyst (or one for each half-reaction) in order to yield acceptable reaction rates.  

Focusing just in the photocatalytic HER, besides the catalyst, a photoactive species 

is required, with the adequate bandgap to be visible-light responsive. This is 

important to note as many of the materials typically used are more active under UV 

irradiation, which only represents ca. 4 % of the solar radiation reaching Earth 

surface [4]. Graphitic carbon nitride emerges as a candidate as photoactive 

semiconductor material for its visible-light photo-responsive features, but needs a 

suitable co-catalyst to speed up the reaction, overcoming the undesired electron-

hole recombination [5–7]. After harvesting (sun)light, excited electrons in the 

valence band (VB) of the semiconductor will move to the conduction band (CB), 

where, in the presence of the co-catalyst, will be used in the proton reduction to H2. 

Pt, due to its outstanding performance for this reaction, even at low concentrations, 

is the most employed co-catalyst. However, there is an urgent need to look for 

equally efficient alternatives, due to its high cost, scarcity and low stability in 

alkaline environments [8,9]. In this context, Ru nanoparticles (NPs) have recently 

proven to be good substitutes for this process, with high catalytic activity and 
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stability in a wide range of pH, even under extreme acidic or alkaline conditions [10]. 

However, the application of Ru NPs in photocatalytic HER triggered by visible light 

has been hindered by the apparent inefficient electron transfer from the typical 

molecular photoactive species to the Ru NPs, which, in most cases, has been 

overcome by the use of a photosensitizer coupled with an electron mediator, such 

as methyl viologen or derivatives [11]. 

A key factor after the election of metal nanoparticles as the co-catalyst in the light-

driven HER is its preparation, as surface environment, size, morphology, 

dispersibility and homogeneity of the selected NPs will play a role in their 

performance. Thus, the organometallic approach postulates as a powerful synthetic 

method, yielding small nanoparticles, with homogeneous size distribution and 

controlled surface state, under mild reaction conditions (generally at room 

temperature and under 3 bar of H2), by the decomposition of an organometallic 

precursor in the presence of a stabilizing ligand or support [12,13]. This also 

facilitates to link the catalytic output of these systems with their physical and 

chemical features. 

In this chapter, different hybrid materials were prepared using the photoactive 

mpg-CN semiconductor as stabilizer, following the organometallic method by two 

different approaches. The first set of hybrid materials were prepared by physically 

mixing mpg-CN with Ru NPs directly synthesized on the surface of different carbon 

allotropes (nano)nanomaterials (CNM = 0D carbon nanohorns, CNH; 1D single-

walled carbon nanotubes, CNT; 2D reduced graphene oxide, rGO; and 3D graphite, 

GP). The second set was prepared by direct deposition of Ru, with and without 

further stabilizing pyridine-type ligand, and Pt NPs on the surface of mpg-CN. Both 

hybrid systems sets were tested as photocatalyst in the HER under visible light. 

Additionally, the latter set was utilized to carry out photophysical experiments with 

the aim of elucidate about their photocatalytic behaviour. 
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5.3 Experimental part 

5.3.1 Reagents and materials 

All procedures involving either handling the reagents and the preparation of the 

hybrid materials were performed under inert conditions (Ar), using a glovebox 

(MBRAUN Unilab) and/or standard Schlenk-line and Fisher-Porter bottle 

techniques. Glassware was dried prior to use at 120 °C. The following chemicals 

were used as purchased: [Ru(cod)(cot)] (cod = 1,5-cyclooctadiene; cot = 1,3,5-

cyclooctatriene) from NanoMePS, [Pt(dba)3] (dba = dibenzylideneacetone) from 

Strem Chemicals; 4-phenylpyridine (PP) from Sigma-Aldrich; Carbon Nanohorns 

(CNH) and flaked Graphite (GP) were purchased from Sigma-Aldrich; reduced 

graphene oxide (rGO) was synthesized by some collaborators from GP, following a 

previously reported methodology [14]; single-walled carbon nonotubes (CNT) were 

provided by SES ResearchM; hydrogen (H2) gas from Abelló Linde; Mesoporous 

graphitic carbon nitride (mpg-CN) was prepared by the group of Prof. Arne Thomas 

(TU Berlin) as described in the following section. Tetrahydrofuran (THF) and 

hexane, purchased in Scharlab, were dried, distilled and degassed via freeze–pump–

thaw cycles before using them as solvents. 

5.3.2 Synthesis of mpg-CN 

Synthesis of mesoporous graphitic carbon nitride (mpg-CN) was carried out via a 

sol-gel route, according to a procedure previously reported [15], based on the use of 

cyanamide and triethylorthosilicate as precursors, yielding a mixture of carbon 

nitride and silica. Treating this mixture with NH4HF2 and washing with water and 

ethanol lead to the removal of the SiO2 template, obtaining the desired mpg-CN. 

5.3.3 Synthesis of carbon-supported (CNH, CNT, rGO or GP) Ru-based 

nanoparticles 

10 mg of the carbon material (either CNH, CNT, rGO or GP) were weighed and 

transferred into a Fisher-Porter bottle under inert conditions, with 40 mL of THF. 

The reactor was sonicated during 30 min before adding 40 mg (0.128 mmol) of 

[Ru(cod)(cot)] inside the glovebox. The Fisher-Porter bottle was then pressurized 

with 3 bar of H2, and the reaction mixture was kept under vigorous stirring for 2 h 
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at room temperature. After evacuating the H2 pressure, a sample for Transmission 

Electron Microscopy (TEM) analysis was prepared. The carbon-supported Ru NPs 

were cleaned with hexane and isolated after being centrifuged and dried under 

vacuum, yielding a black powder corresponding to each material, being 

RuNP@CNH, RuNP@CNT, RuNP@rGO or RuNP@GP depending on the carbon 

support employed. 

5.3.4 Synthesis of mpgCN-supported Ru and Pt-based nanoparticles 

200 mg of mpg-CN were placed into a Fischer-Porter bottle, together with 3.9 mg 

(0.013 mmol) of [Ru(cod)(cot)] (for RuNP@mpg-CN and for in-RuPPNP@mpgCN) 

or 11.3 mg (0.013 mmol) of [Pt(dba)3] (for PtNP@mpg-CN) and 16 mL of THF. 

Additionally, for in-RuPPNP@mpgCN, 0.4 mg (0.003 mmol) of 4-PP were dissolved 

in the solvent prior to the precursor addition. The reactor was used pressurized with 

3 bar of H2 at room temperature, and the reaction was kept under vigorous magnetic 

stirring for 16h. Hydrogen pressure was then removed, a TEM sample was prepared, 

and the hybrid materials were isolated by centrifugation, cleaned with hexane and 

dried under vacuum, obtaining a brownish powder for each sample. 

For the preparation of the ex-RuPPNP@mpgCN, the same procedure as for in-

RuPPNP@mpgCN was followed, but the mpg-CN material was not added until the 

H2 pressure was removed. Then, the mixture was left stirring for 24 h, and the 

brownish powder corresponding to this hybrid material was recovered as described 

above. 

5.3.5 Characterization techniques 

Transmission Electron Microscopy (TEM), Energy-Dispersive X-ray 

spectroscopy (EDX), and Scanning Electron Microscopy-Field Emission Gun 

(SEM-FEG). Electron microscopy characterization was carried out in Servei de 

Microscòpia at the UAB. For the TEM analyses, a JEM-2011 unit with an acceleration 

voltage of 200 kV, equipped with an X-Max EDS detector with 136 eV energy 

resolution (Oxford Instruments) for the EDX analyses. SEM-FEG analyses were 

carried out in a MERLIN FE-SEM unit with an EDS detector model LINCA X-Max 

(Oxford Instruments). TEM samples were prepared by drop-casting method, 

depositing a single drop of the colloidal solution after synthesis on the surface of a 
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carbon-coated copper grid (400 mesh). TEM micrographs were treated with the Fiji-

ImageJ image processing freeware, in order to obtain the size distribution of each 

Ru and Pt-based NPs system after measuring ca. 200 NPs. SEM-FEM samples were 

prepared by depositing the redispersed carbon-supported Ru-based NPs in a SEM 

specimen pin stub. 

X-Ray Photoelectron Spectroscopy (XPS). Chemical composition of the 

(photo)catalyst was determined by XPS at Institut Català de Nanociència i 

Nanotecnologia (ICN2, Barcelona), using a Phoibos 150 analyzer (SPECS GmbH) at 

ultra-high vacuum conditions (base pressure of 5·10-10 mbar), with a 

monochromatic aluminium Kα X-ray source (1486.74 eV). The energy resolution 

was measured by the FWHM of the Ag 3d5/2 peak, which for a sputtered silver foil 

was 0.62 eV. Samples were studied after synthesis and, in some cases, after 

photocatalytic experiments. 

Inductively Coupled Plasma - Optical Emission Spectrometry (ICP-OES). The 

estimated concentrations (wt.%) of Ru or Pt on each metal-based carbon/mpg-CN 

supported system were determined using an ICP-OES equipment from Agilent 

(model Optima) at the Servei d'Anàlisi Química (SAQ) of the UAB. 

X-ray Powder Diffraction (XRD). XRD patterns of the as-synthesised 

(photo)catalysts were obtained in the Servei Difracció Raigs X (SDRX) at the UAB, 

using a PANalytical X’Pert Pro Powder Diffraction with Cu Kα radiation and PIXcel1D 

detector. 

Specific Surface Area (SSA) determination. Surface area determination was 

carried out on a Quantachrome Autosorb-1 equipment. Nitrogen adsorption–

desorption isotherms were measured at 77.350 K once samples were degassed at 

120 °C for 6 h. SSAs were calculated applying the Brunauer-Emmett-Teller (BET) 

method. 

 

 

 



                         Carbon nitride-supported Metal NPs as HER photocatalysts 
 

- 155 - 
 

1 V 

5.3.6 Photocatalytic and photophysical experiments. 

Photocatalytic tests in the screening reactor. Preliminary photocatalytic 

experiments were carried out with the RuNPs@CNH sample to adjust the 

optimal co-catalyst loading. 26.3 mg of ‘pure’ mpg-CN were physically mixed 

in a mortar with the selected amount of of RuNPs@CNH (ca. 0.16, 0.41, 0.81, 

or 1.62 mg) and the mixture was placed into the reactor (35 mL of effective 

volume, Figure S1), together with 20 mL of a 10 vol.% triethanolamine (TEOA) 

aqueous solution, which acted as the sacrificial electron donor (SED) for the 

reaction. The system was purged with argon during 10 minutes. The cell was 

closed with a septum and then irradiated using a Xenon lamp (L.O.T. Oriel 

QuantumDesign, with a 395 nm filter). The distance from the lamp to the 

reactor was 10 cm and the temperature of the reactor was controlled using a 

thermostat (Huber, ministat 125) set at 19 °C. After 4 h of irradiation, 8 mL of 

the gas confined in the headspace was collected with a syringe and analysed 

in a gas chromatograph, through two 4 mL injections, in order to determine 

the amount of hydrogen generated during the photocatalytic studies. The 

equipment used was a gas chromatograph from Agilent, model 7890 A, fitted with a 

Thermal Conductivity Detector (TCD). The column was a Carboxen 1000 unit, using 

argon as carrier gas. TON and TOF values were calculated by estimating the amount 

of Ru after mixing each sample with the mpg-CN, based on the ICP results for the 

RuNPs@CNM materials.  

Photocatalytic tests in the standard reactor. 25 mg of ‘pure’ mpg-CN were 

physically mixed in a mortar with the selected amount of each RuNPs@CNM 

sample (ca. 0.15 or 0.39 mg) before placing them into the reactor (51.3 mL of 

effective volume; Figure S2 and Figure S3 for photocatalytic set-up and 

schematic representation of the reactor chamber, respectively). For the 

MNP@mpg-CN hybrid materials, ca. 26 mg of the samples were introduced in 

the reactor.  The system was sealed with a lid made of quartz glass. The reactor 

was connected to a Schlenk-Line in order to purge the system under Ar. After 

that, 38 mL of a 10% TEOA aqueous solution as SED, previously degassed 

using argon, was added with a syringe through a channel on the top of the 

reactor with an argon counter current. The reactor chamber was then 
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irradiated with a Xenon lamp (L.O.T. Oriel QuantumDesign, with a 395 nm 

filter), and the mixture was kept under vigorous stirring of 24 h, at 30 °C 

(using a thermostat unit LAUDA ECO RE 630). The distance between the Xe 

lamp and the reactor was 10 cm. The pressure variation inside the reactor was 

measured using a pressure sensor (Type-P30, ∆p = ±0.1, WIKA Alexander 

Wiegand SE & Co. KG). Since the temperature is a constant parameter, the 

amount of hydrogen produced can be determined through the ideal gas 

equation. Additionally, the amount of H2 generated was determined also by GC, 

using the same procedure described for the screening reactor. TON and TOF values 

were calculated by estimating the amount of Ru after mixing each sample with the 

mpg-CN, based on the ICP results for the RuNPs@CNM materials. In the case of the 

MNP@mpg-CN, the amount or Ru was estimated directly using the ICP analyses of 

the samples. 

Stability tests. A third set-up was employed to carry out the stability experiments 

for the mpg-CN directly supporting Pt or Ru-based NPs (Figure S4). In this case, the 

set-up configuration consisted on a glass-cell thermostated at 25 °C, containing 4 

mL of 10% TEOA aqueous solution as SED, in which the selected photocatalyst 

was dispersed. A septum was used to seal the cell. Hydrogen evolution was 

monitored using a Clark hydrogen electrode (Unisense H2-NP-9463), whose 

tip was introduced in the cell through the septum, using grease to ensure the 

correct sealing of the system. The reaction mixture was purged using Ar for at 

least 10 min or until stabilization of the signal from the Clark electrode. The 

cell was then irradiated using a solar simulator (Abet 10500), consisting on a 

Xe lamp placed at exactly 1 sun (100 mW·cm-2) distance. Once the stability 

test was over, the system was again purged using Ar, and the amount of H2 

was determined after calibration, injecting known volumes of  (e.g., 50, 100, 

150, 200, 250, 300, 350 and 400 µL) of H2. The amount of H2 in µmols were 

estimated with the ideal gas law. 

Photophysical tests. All experiments and data treatment involving the 

photophysical studies of the samples were carried out by Dr. Mirco Natali from the 

University of Ferrara (Ferrara, Italy). Absorption spectra in diffuse-reflectance 

mode were recorded in a Jasco V-570 spectrophotometer using an integrating 
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sphere setup. A spectrofluorometer from Edinburgh Instrument was 

employed to perform the steady-state luminescence measurements. Time-

resolved emission measurements were carried out in a TC-SPC (Time-

Correlated Single Photon Counting) unit (PicoQuant Picoharp 300) equipped 

with a sub-nanosecond LED source (380 nm, 500–700 ps pulse width) with a 

variable (2.5–40 MHz) pulsed power supply (PicoQuant PDL 800-B). 

PicoQuant FluoFit Global Fluorescence Decay Analysis Software was used to 

analyse the decays. Transient absorption measurements were carried out in a 

custom laser spectrometer comprised of a Continuum Surelite II Nd:YAG laser 

(FWHM 6 – 8 ns) with frequency tripled (355 nm) option, a Xe lamp (Applied 

Photophysics) including a mod. 720 150W lamp housing, a mod. 620 power-

controlled lamp supply and a mod. 03 −102 arc lamp pulser. Laser excitation 

was carried out at 90° with respect to the white light probe beam. Light 

transmitted by the sample was focused onto the entrance slit of a 300 mm 

focal length Acton SpectraPro 2300i triple grating, flat field, and double exit 

monochromator fitted with a photomultiplier detector (Hamamatsu R3896). Signals 

from the photomultiplier were processed using TeledyneLeCroy 604Zi (400 MHz, 

20 GS/s) digital oscilloscope. The excitation pulse (355 nm wavelength) was 

defocused using a diverging lens and set to an average energy of ~5 mJ/pulse using 

a combination of neutral density filters (Edmund Optics). 
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5.4 Results and discussion 

5.4.1 Synthesis and characterization of carbon-supported (CNH, CNT, rGO or 

GP) Ru-based nanoparticles 

Ruthenium nanoparticles (Ru NPs) have been synthesized using four different 

carbon (nano)materials (CNM) as stabilizing surfaces, namely 0D carbon nanohorns 

(CNH), 1D carbon nanotubes (CNT), 2D reduced graphene oxide (rGO) and 3D 

graphite (GP) (structures displayed in Figure 1), following the organometallic 

approach as synthetic method [12]. The preparation of the Ru NPs was carried out 

in a Fisher-Porter reactor, by hydrogenation of the organometallic Ru precursor 

[Ru(cod)(cot)] in mild conditions (3 bar or H2 and room temperature, for 2 h). THF 

was used as solvent and the selected carbon material was present in the medium 

since the start of the reaction (Figure 2). After removing the hydrogen pressure, a 

sample for TEM analysis was prepared, and the resulting materials were cleaned 

with hexane, isolated by centrifugation and dried under vacuum, yielding a black 

powder corresponding to either RuNPs@CNH, RuNPs@CNT, RuNPs@rGO or 

RuNPs@GP depending on the carbon support used. 

 

Figure 1. Chemical structures of the different carbon materials used as supports in 

the synthesis of the Ru NPs-based materials: 0D carbon nanohorns (CNH), 1D 

carbon nanotubes (CNT), 2D reduced graphene oxide (rGO) and 3D graphite (GP). 

Based on reference [16]. 
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Figure 2. Organometallic approach for the synthesis of RuNPs@CNM, using CNT 

material as example. 

TEM analyses of the four samples revealed the presence of tiny NPs on the surface 

of each CNM (Figure 3). For the CNH and the CNT, isolated Ru NPs were partially 

covering the surface of the carbon material, whereas the surface of rGO and GP were 

totally covered by NPs, observing even a slight agglomeration. This could be 

explained considering that, for the same amount of CNM, the total surface area is 

higher for the 0D (CNH) and 1D (CNT) materials than for the 2D and 3D materials 

(rGO and GP respectively). The nanoparticles were manually measured from each 

micrograph being the estimated mean sizes, in ascending order, of: 1.3 nm (CNH), 

1.5 nm (rGO), 2.0 nm (GP), and 2.3 nm (CNT). Although the size of the nanoparticles 

could be affected by the nature of the carbon material, it does not differ much 

between the different samples. 

The experimental Ru loading (wt.%) on each CNM was estimated by ICP-OES, 

resulting in 42, 41, 37 and 32 wt.% of Ru for RuNPs@CNH, RuNPs@CNT, 

RuNPs@rGO and RuNPs@GP, respectively, an interesting result considering that 

the increase in the surface to volume ratio of the CNM is accompanied by an increase 

in the metal load.  
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Figure 3. TEM micrographs and size distribution of Ru NPs supported on a) CNH, b) 

CNT, c) rGO and d) GP. 

XPS measurements led to an in-deep understanding of the chemical composition of 

the samples (Figure 4). For all samples, two Ru species could be encountered, Ru0 

(3d5/2 peak at 279.8 eV, 3d3/2 peak at 284.0 eV) and RuIV (3d5/2 peak at 280.8 eV, 

3d3/2 peak at 285.0 eV). Additionally, other peaks could be found in the spectra 

(centered at ca. 284.0 and 290.3 eV), which can be attributed to aliphatic, aromatic 
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and partially oxidized C atoms. The presence of the RuIV species was ascribed to the 

partial oxidation of the metallic Ru on the surface of the NPs to RuO2, a behaviour 

already observed for Ru NPs prepared following the organometallic approach [17]. 

In this case, the Ru NPs required a controlled passivation process, analogous for the 

ligand-stabilized Ru NPs presented in Chapter III, in order to avoid the directly air 

exposure of the nanoparticles and their subsequent burning. As this behaviour was 

not observed with these hybrid materials, the reductive properties of the CNM were 

thought to be responsible of preventing the rapid oxidation of the nanoparticles.  

 

Figure 4. XPS spectra corresponding to a) RuNPs@CNH, b) RuNPs@CNT, c) 

RuNPs@rGO and d) RuNPs@GP after synthesis. In red, the experimental XPS 

spectra. Fit for the signals: green lines, metallic-Ru components (Ru 3d); blue lines, 

RuIV components (Ru 3d); grey lines, carbon components. Dashed black lines, 

envelope. 

Further characterization was performed on these samples after mixing the 

RuNPs@CNM for their use as co-catalysts with the mpg-CN semiconductor. For the 

preliminary tests in the standard reactor, 26.3 mg of mpg-CN were mixed with four 
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different loads of each RuNPs@CNH sample (0.16, 0.41, 0.81, or 1.62 mg, with a 

final Ru wt.% in each case, estimated using the ICP values, of ca. 0.26, 0.63, 

1,24 and 2,39 wt.%). Specific surface areas (SBET) measurements were performed, 

confirming a decrease in the measured SSAs values after loading mpg-CN with each 

RuNPs@CNM. SBET decreased from 134.3 m2·g-1 for the ‘pure’ mpg-CN to 83.1 m2·g-

1 for the lower load in RuNPs@CNT/mpg-CN sample (0.16 mg), or 49.7 m2·g-1 with 

a higher load (0.39 mg) of the same material. Similar tendencies were observed for 

the rest of the samples (Figure S5, Table S1), thus suggesting the partial blocking 

of the mesopores of the mpg-CN material after the co-catalyst loading. 

SEM-FEG micrographs (Figure S6a to Figure S9a) showed the presence of big mpg-

CN particles (> 1 µm), partially covered by the corresponding RuNPs@CNM 

materials, which could be observed as white dots because of the use of a 

backscattered-electrons detector. EDX analyses confirmed the presence of Ru in the 

surface of these RuNPs@CNM/mpg-CN hybrid materials (Figure S6b Figure S9b). 

Finally, Powder XRD patterns confirmed the crystallinity of mpg-CN after loading 

each co-catalyst (0.16 mg), although the low Ru concentration (0.63 µmol) 

prevented the observation of any reflection corresponding to the metal NPs (Figure 

5). 

 

Figure 5. X-ray difractograms of ‘pure’ mpg-CN (black), RuNPs@CNH/mpg-CN 

(blue), RuNPs@CNT/mpg-CN (purple), RuNPs@rGO/mpg-CN (orange) and 

RuNPs@GP/mpg-CN (green). (*) indicates typical signals of mpg-CN. 
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5.4.2 Synthesis and characterization of mpg-CN-supported Pt and Ru-based 

nanoparticles 

The photoactive mpg-CN semiconductor served as support for the preparation of 

four different hybrid materials, after depositing metal nanoparticles (MNP, M = Ru 

or Pt) through the organometallic approach [12] (Figure 6). The preparation of the 

mpg-CN supported Pt NPs was already described in Chapter IV. Essentially, the 

metal precursor, either [Ru(cod)(cot)] or [Pt(dba)3], was placed in the Fisher-Porter 

reactor together with THF as solvent and mpg-CN as support for the preparation of 

the MNP. For the in-situ preparation of Ru NPs stabilized by 4-phenylpyridine (PP), 

the ligand was previously dissolved in the THF before the precursor addition. The 

reactor was pressurized then with 3 bar of H2 and the mixture was left at room 

temperature and under vigorous stirring for 16 h, yielding either RuNP@mpg-CN 

(Ru NPs directly stabilized onto mpg-CN surface),  in-RuPPNP@mpg-CN (Ru NPs 

directly stabilized onto mpg-CN surface with additional 4-PP stabilization), or 

PtNP@mpg-CN (Pt NPs directly stabilized onto mpg-CN surface). The fourth system 

consisted on an ex-situ preparation of RuPP NPs (this NPs were already reported by 

our group [17]). The obtained colloidal solution was used to impregnate the surface 

of the mpg-CN, obtaining the ex-RuPPNP@mpg-CN sample. In all cases, a TEM 

sample was prepared before washing the hybrid materials with hexane, and 

centrifuging and drying the samples under vacuum. 
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Figure 6. Organometallic approach for the preparation of Pt and Ru-based NPs 

supported by mpg-CN. 

TEM micrographs (Figure 7) confirmed the presence of small Pt NPs on the surface 

of the mpg-CN for the PtNP@mpg-CN (as already seen in Chapter IV, where this 

sample was labelled as Pt-NPs@mpg-CN(H)), with a mean size of 2.7 ± 0.5 nm. 

Similar results were observed with the RuNP@mpg-CN (2.9 ± 0.9 nm). When the 4-

phenylpyridine ligand is introduced into the synthesis, a decreased in the size of the 

Ru NPs was observed for the in-RuPPNP@mpg-CN system (1.6 ± 0.4 nm), due to 

the extra stabilization provided by the PP ligand. However, a certain level of 

aggregation was observed, suggesting the higher affinity of the Ru precursor 

towards the PP ligand than to the surface of the mpg-CN. Thus, once the NPs have 

been formed, their access into the small pores of the mpg-CN would be restrained, 

leading to the formation of aggregates on the surface of the semiconductor. The 

same trend was observed for the ex-RuPPNP@mpg-CN, yielding smaller 

nanoparticles (1.7 ± 0.3 nm) but forming agglomerates after the impregnation on 

the surface of the mpg-CN. Some isolated nanoparticles could be observed for both 
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of the PP-stabilized systems, but to a lesser extent than RuNP@mpg-CN. EDX 

confirmed the presence of Ru in these three systems (Figure S10, for PtNP@mpg-

CN the analysis was already shown in Chapter IV). 

The experimental load of Ru and Pt (wt.%) was measured by ICP-OES, which 

determined a metal content of 0.52, 0.69, 0.55 and 1.2 wt.% for RuNP@mpg-CN, in-

RuPPNP@mpg-CN, ex-RuPPNP@mpg-CN, and PtNP@mpg-CN respectively, while 

the expected values were 0.6 wt.% for the Ru-based hybrid materials and 1.2 wt.% 

for the Pt-based one (note that these theoretical concentrations were considered to 

obtain equimolar percentages), confirming a comparable molar concentration of 

metal in all samples. 

Powder XRD analyses were performed for all the samples and the obtained 

diffractograms were compared to that of ‘pure’ mpg-CN (Figure 8). As described in 

Chapter IV for the PtNP@mpg-CN/Pt-NPs@mpg-CN(H) sample, two peaks centred 

at 13.1˚ and 27.4˚ were observed, thus confirming the crystallinity of mpg-CN after, 

in this case, Ru loading. No reflections corresponding to the metal were observed, 

due to the low Ru concentration. 

Specific surface areas (SBET) measurements were carried out to monitor possible 

changes in the structural properties of the mpg-CN after depositing the Pt or Ru-

based NPs. Whereas ‘pure’ mpg-CN displayed a specific surface area of 147 m2·g-1, 

thus confirming its mesoporosity nature, a decrease in the SBET values was observed 

for each metal-loaded mpg-CN hybrid materials (102 m2·g-1 for RuNP@mpg-CN; 

134 m2·g-1 for in-RuPPNP@mpg-CN; 89 m2·g-1 for ex-RuPPNP@mpg-CN and 110 

m2·g-1 for PtNP@mpg-CN), probably derived from the partial blocking of the 

mesopores of the mpg-CN. 
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Figure 7. TEM micrographs and size distributions of a) RuNP@mpg-CN, b) in-

RuPPNP@mpg-CN, c) ex-RuPPNP@mpg-CN and d) PtNP@mpg-CN 
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Figure 8. X-ray difractograms of ‘pure’ mpg-CN (black), RuNP@mpg-CN (blue), 
in-RuPPNP@mpg-CN (red), ex-RuPPNP@mpg-CN (green). (*) indicates typical 
signals of mpg-CN. 

 

5.4.3 Photocatalytic HER in the screening reactor 

In order to have an idea of the H2 evolved by the hybrid materials, a screening test 

was performed with RuNPs@CNH/mpg-CN. The photocatalytic experiments were 

carried out under visible light irradiation (λ > 395 nm), using a 300 W Xe lamp in 

the screening quartz glass reactor (Figure S1) with 10% TEOA aqueous solution as 

SED. The amount of hydrogen generated was measured by GC by collecting an 

aliquot from the headspace of the reactor after 4 h of photoreaction (Table 1, Figure 

9). This screening was performed to optimize the co-catalyst loading. The aim is to 

achieve a balance between better catalytic performance (increasing the amount of 

co-catalyst is beneficial) and prevention of the darkening of the mpg-CN material 

(increasing the amount of co-catalyst is detrimental). For these screening tests, 

different loads (0.16, 0.41, 0.81, or 1.62 mg) of the RuNPs@CNH were 

incorporated to 26.3 mg of mpg-CN. The amount of Ru present in each sample 

(Table 1) expressed in µmol in order to calculate TON values was determined 

based on the estimated values of Ru wt.% (0.26, 0.63, 1,24 and 2,39 wt.%, 

respectively). Noteworthy is the fact that the use of ‘pure’ mpg-CN, RuNPs@CNH 
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without mpg-CN or bare-CNH mixed with mpg-CN led to negligible hydrogen 

production (Figure 9 and Table 1, entries 1, 2, 3, respectively). 

Thus, regarding the RuNPs@CNH/mpg-CN samples with different metal loadings, 

the best photocatalytic results in terms of H2 production were attributed to the two 

lowest Ru concentrations. Whereas the sample RuNPs@CNH/mpg-CN(b) led to the 

highest hydrogen production (41.0 µmol of H2 with 1.69 µmol of Ru; Table 1, entry 

5), RuNPs@CNH/mpg-CN(a) sample (36.2 of H2 produced with 0.68 µmol of Ru; 

Table 1, entry 4) delivered the fastest photocatalytic reaction, regarding TON and 

TOF values. Contrary, worse results were obtained with the two highest Ru loadings 

in the mpg-CN material (31.9 and 10.6 µmol of hydrogen produced, with Ru loadings 

of 3.38 and 6.75 µmol; entries 6 and 7 in Table 1 respectively). An explanation for 

this behaviour would be that, for the higher RuNPs@CNH loading, the excessive 

darkening of the RuNPs@CNH/mpg-CN hybrid material prevents light from 

reaching the surface of the semiconductor, thus decreasing the hydrogen 

photogeneration. The darkening is also observed by the naked eye (Figure 10) 

Entry 

mpg-

CN 

(mg) 

RuNPs@CNH 

(mg) 

Ru 

(µmol) 

H2 

(µmol) 

H2 evol. rate 

(µmol/g·h)b 

TONc 

(-) 

TOFc 

(h–1) 

1 26.3 - – 1.6 17 – – 

2 - 1.62 6.75 - - – – 

3 26.3 1.51a – 0.5 5 – – 

4 26.3 0.16 0.68 36.2 340 53 13.3 

5 26.3 0.41 1.69 41.0 420 24 6.1 

6 26.3 0.81 3.38 31.9 324 9 2.4 

7 26.3 1.62 6.75 10.6 105 2 0.4 

 

Table 1. Photocatalytic H2 production carried out in the screening reactor, under 

visible light irradiation (300 W Xe lamp; λ > 395 nm), during 4 h, using TEOA (10%) 

as SED, for different loads of RuNPs@CNH. (a only CNH as co-catalyst; b µmol of H2 

released per hour and per g of catalyst (including mpg-CN and RuNPs@CNH if 

applicable); c TON and TOF calculated considering molar concentration of Ru). 
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Figure 9. Hydrogen production after the photocatalytic experiments performed in 

the screening reactor, under visible light irradiation (300 W Xe lamp; λ > 395 nm), 

during 4 h, using TEOA (10%) as SED, using different loads of RuNPs@CNH in mpg-

CN. Total Ru content in RuNPs@CNH/mpg-CN samples: a) 0.68 µmol, b) 1.69 µmol, 

c) 3.38 µmol and d) 6.75 µmol. 

 

 

Figure 10. Darkening observed for the RuNPs@CNT/mpg-CN samples with 

diferent RuNPs@CNT loads, from a) the lowest to d) the highest load, compared to 

the bare mpg-CN. 
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5.4.4 Photocatalytic HER in the standard reactor 

Further photocatalytic experiments were performed for RuNPs@CNM/mpg-CN and 

MNP@mpg-CN after optimizing the co-catalyst loading. Starting from the former, Ru 

concentrations of 0.68 µmol (indicated by letter a in Table 2) and 1.69 µmol 

(indicated by letter b in Table 2) were selected for the different 

RuNPs@CNM/mpg-CN materials, prepared by mixing the corresponding amount 

of RuNPs@CNM with 25 mg of mpg-CN. All samples were placed in the standard 

reactor (Figure S2) with 38 mL of TEOA (as electron donor) and irradiated under 

visible light, using a 300 W Xe lamp (λ > 395 nm) during 24 h. Hydrogen evolution 

rate (Table 2 and Figure 11) was measured from the slope of the “mol of H2 vs. 

time” curves (Figure S11), expressed per hour and per g of photocatalyst (µmol·h–

1·g–1). The total amount of H2 generated was confirmed by GC. TON values were 

calculated at 24 h considering the total amount of Ru present in each sample (Table 

2 and Figure 11). 

 

Figure 11. Photocatalytic hydrogen production and TON (considering total µmol of 

Ru in the hybrid materials) calculated after 24 h of visible light irradiation (300 W 

Xe lamp; λ > 395 nm, 10% TEOA as SED) for the RuNPs@CNM/mpg-CN (CNM = 

CNH, CNT, rGO or GP) samples. Higher Ru load: 1.69 µmol. Lower Ru load: 0.68 µmol. 
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Entry 
Hybrid 

Material 

RuNPs

@CNM 

(mg) 

Ru 

(µmol) 

H2 evol. rate 

(µmol·h–1·g–1)a 

H2 

(µmol) 

TONb 

(-) 

TOFb 

(h–1) 

1 mpg-CN – – 2.0 1.2 – – 

2 

RuNPs@C

NH/mpg-

CN (b) 

0.15 0.63 67.4 40.1 64 2.7 

3 

RuNPs@C

NH/mpg-

CN (a) 

0.39 1.62 168.3 101.3 63 2.6 

4 

RuNPs@C

NT/mpg-

CN (b) 

0.16 0.64 120.6 72.5 113 4.7 

5 

RuNPs@C

NT/mpg-

CN (a) 

0.39 1.60 197.4 118.0 74 3.1 

6 

RuNPs@r

GO/mpg-

CN (b) 

0.18 0.64 73.8 44.3 69 2.9 

7 

RuNPs@r

GO/mpg-

CN (a) 

0.44 1.60 146.5 87.4 55 2.3 

8 

RuNPs@G

P/mpg-CN 

(b) 

0.21 0.65 108.2 65.1 100 4.2 

9 

RuNPs@G

P/mpg-CN 

(a) 

0.51 1.60 186.6 112.9 70 2.9 

 

Table 2. Photocatalytic H2 production conducted in the standard reactor, under 

visible light irradiation (300 W Xe lamp; λ > 395 nm), during 24 h, in the presence 

of 38 mL of TEOA (10%) as SED, for the different RuNPs@CNM/mpg-CN (CNM = 

CNH, CNT, rGO or GP; mixed with 25 mg of mpg-CN) with two different Ru loadings: 

(a) means low loading and (b) high loading. (a µmol of H2 released per hour and per 

g of catalyst (hybrid material); b TON and TOF calculated at 24 h considering the 

molar concentration of Ru). 
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In all cases, the highest amount of hydrogen was produced when using the highest 

Ru loading (Table 2, entries 3, 5, 7 and 9), in agreement with the results obtained 

from the screening reactor. The best results with the standard reactor, in terms of 

hydrogen generation after 24 h, have been obtained with the RuNPs@CNT/mpg-

CN (118.0 µmol of H2; Table 2, entry 5) and the RuNPs@GP/mpg-CN (112.9 µmol 

of H2; Table 2, entry 9) samples. Nevertheless, the material with the lowest 

performance using the same Ru load, which corresponds to RuNPs@rGO/mpg-CN 

(87.4 µmol of H2; Table 2, entry 7) generates only ca. 25% less hydrogen than the 

top-performance material, RuNPs@CNT/mpg-CN, thus indicating that the nature 

of the carbon support is not decisive for the activity of the catalysts, although the 

CNM itself is influential in the stabilization of the nanoparticles. On the other hand, 

for a given carbonaceous support, samples with the lower Ru content yielded the 

highest TON and TOF values (Table 2, entries 2, 4, 6 and 8). Again, 

RuNPs@CNT/mpg-CN (with the low Ru loading) delivered the best TON and TOF 

values (113 and 4.7 h-1).  

The optimization of the Ru loading in the RuNPs@CNM/mpg-CN samples helped in 

the design of the MNP@mpg-CN materials, prepared with metal NPs directly 

synthesized or loaded on the surface of the semiconductor, with no utilization of the 

carbonaceous supports. In fact, the concentration of metal precursor (either Ru or 

Pt) used in the synthesis (described in the experimental part) of this second set of 

hybrid materials, was calculated in order to obtain a final concentration of ca. 1.69 

µmol of metal (either ca. 0.6 wt.% of Ru or 1.2 wt.% of Pt) in ca. 26 mg of mgp-CN. 

This is the loading that yielded the best hydrogen production with the 

RuNPs@CNM/mpg-CN samples.  

Thus, the MNP@mpg-CN hybrid materials were tested as photocatalyst in the 

hydrogen evolution reaction. The selected sample was introduced in the standard 

reactor, with 38 mL of 10% TEOA aqueous solution as SED, and irradiated for 24 h 

under visible light, using a 300 W Xe lamp (>395 nm). Hydrogen evolution rate 

(Table 3 and Figure 12) was measured from the slope of the “mol of H2 vs time” 

curves (Figure S12 and Figure S13), expressed per hour and per g of photocatalyst 

(µmol·h–1·g–1). The total amount of H2 generated in 24 h was also confirmed by GC. 
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TON values were calculated at 24 h considering the total amount of Ru or Pt present 

in each sample (Table 3 and Figure 12). 

The H2 production value for PtNP@mp-CN (870 µmol·h–1·g–1) outperformed those 

of any of the Ru samples (137, 155 and 129 µmol·g–1·h–1 for RuNP@mpg-CN, in-

RuPPNP@mpg-CN and ex-RuPPNP@mpg-CN, respectively). Following this trend, 

PtNP@mp-CN (Table 3, entry 5) material delivered, the best final activity out of all 

the samples, more than 5-fold the total amount of H2 generated (522 µmol) and TON 

value after 24 h (339) when compared to any of the Ru samples. 

Regarding only the Ru-loaded samples (RuNP@mpg-CN, in-RuPPNP@mpg-CN, 

and ex-RuPPNP@mpg-CN; Table 3, entries 2, 3 and 4, respectively), it can be 

observed that after 24 h of photocatalytic HER, both hydrogen production and TON 

values were close (87, 96 and 82 µmol of H2 and 64, 54, 57 TON values for 

RuNP@mpg-CN, in-RuPPNP@mpg-CN, and ex-RuPPNP@mpg-CN, respectively). 

Better photocatalytic output was expected for the 4-phenylpyridine (PP)-stabilized 

materials (in-RuPPNP@mpg-CN, and ex-RuPPNP@mpg-CN), as it has been 

reported that the stabilization with PP ligand outstandingly enhances  the 

electrocatalytic performance of Ru NPs towards the HER [17]. The lower-than-

expected performances for these hybrid materials could be explained with the TEM 

micrographs: isolated Ru NPs are barely visible in the surface of the mpg-CN for in-

RuPPNP@mpg-CN, and ex-RuPPNP@mpg-CN; instead, they are forming 

aggregates, whose connectivity with the semiconductor would not be as good as if 

they were isolated, thus explaining the similar photocatalytic performance observed 

for the Ru samples. 
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Entry 
Hybrid 

Material 

MNP@mp

g-CN (mg) 

Metal 

(µmol) 

H2 

 (µmol·h–1·g–1)a 

H2 

(µmol) 

TONb 

(–) 

TOF 

(h–1) 

1 mpg-CN – – 2 1 – – 

2 
RuNP@ 

mpg-CN 
26.4 1.36 137 87 64 2.7 

3 

in-

RuPPNP 

@mpg-CN 

25.9 1.77 155 96 54 2.3 

4 

ex- 

RuPPNP 

@mpg-CN 

26.6 1.45 129 82 57 2.4 

5 
PtNP@ 

mpg-CN 
25.0 1.54 870 522 339 14.1 

 

Table 3. Photocatalytic H2 evolution in the standard reactor, under visible light 

irradiation (300 W Xe lamp; λ > 395 nm), during 24 h, with 38 mL of TEOA (10%) as 

SED, using MNP@mpg-CN (MNP = Ru, RuPP or Pt) samples as photocatalysts. (a 

µmol of H2 released per hour and per g of catalyst (hybrid material); b TON and TOF 

calculated at 24h considering the molar concentration of Ru or Pt). 
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Figure 12. Photocatalytic H2 evolution and TON (considering total µmol of Ru or Pt 

in the hybrid materials) calculated after 24 h of visible light irradiation (300 W Xe 

lamp; λ > 395 nm, 10% TEOA as SED) using the MNP@mpg-CN (MNP = Ru, RuPP or 

Pt) samples as photocatalysts. 
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Excluding the Pt-based photocatalyst, which overshadowed all of the other 

materials here presented, if we compare the RuNP@mp-CN and in/ex-

RuPPNP@mpg-CN samples with the previously studied RuNPs@CNM/mpg-CN 

materials, it can be observed that both hydrogen production and TON values, 

considering the same Ru content, are similar (Figure 13). This fact highlights, on the 

one hand, the need to load the mpg-CN with the appropriate co-catalyst so the 

photocatalytic performance in the HER would be efficient enough, and on the other, 

that the two strategies to prepare photocatalytic mpg-CN-based materials have 

proven to be equally useful, each offering different advantages. The use of CNM as 

supports allowed a greater control over the stability and dispersibility of the NPs, 

before and after mixing the materials with mpg-CN, whereas direct deposition of the 

metal NPs on the surface, as seen for the MNP@mpg-CN materials, significantly 

simplified the preparation and characterization of the hybrid materials. 

 

Figure 13. Photocatalytic hydrogen production and TON (considering total µmol of 

Ru in the hybrid materials) calculated after 24 h of visible light irradiation (300 W 

Xe lamp; λ > 395 nm, 10% TEOA as SED) for the RuNPs@CNM/mpg-CN (CNM = 

CNH, CNT, rGO or GP; Ru loading: 1.69 µmol) and the RuNP@mp-CN and in/ex-

RuPPNP@mpg-CN samples. 
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The main photocatalytic data for RuNPs@CNM/mpg-CN and MNP@mpg-CN are 

collected in Table S2, where they are compared with other examples found in the 

literature based on carbon nitride-supported nanocatalysts, which consist mainly 

on Pt, but also Pd and Ni (and their corresponding alloys with Co or Au) 

nanoparticles. The work presented here is up to date the only example of, carbon 

nitride-supported Ru NPs for photocatalytic HER. Pt-based photocatalysts display 

superior HER activities, including our PtNP@mpg-CN system, which outperformed 

most of the Pt-based photocatalyst reported under similar conditions, whereas the 

supported Ru-based systems here presented outperform Ni-based photocatalysts. 

 

5.4.5 Stability tests 

The long-term stability of the photocatalytic materials was studied with the 

RuNPs@CNT/mpg-CN sample, with Ru loading of 1.60 µmol, with the same 

reaction setup described for the standard reactor, but during 75 h of visible 

light irradiation. No sign of deactivation could be detected after this time 

(Figure 14), thus confirming the high stability of these materials. 

 

Figure 14. Photocatalytic H2 evolution using RuNPs@CNT/mpg-CN under visible 

irradiation (300 W Xe lamp; λ > 395 nm) in the standard reactor (38 mL of 10% 

TEOA as electron donor) during 75 h. 
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Additionally, the fate of the materials after the photocatalytic measurements 

was studied by TEM, with the systems with the highest amount of Ru, in order 

to facilitate their characterization. TEM micrographs confirmed the presence 

of Ru NPs (supported on the CNM and embedded onto the mpg-CN), with 

similar size and shape as those observed just after synthesis (Figure S14). 

 

The long-term stability of the MNP@mp-CN was also studied, using the 

RuNP@mpg-CN and PtNP@mpg-CN samples, experiments carried out using a 

Clark hydrogen electrode (Figure S4), to follow the H2 evolution under visible 

light irradiation (300 W Xe lamp; λ > 395 nm), with TEOA as SED. No sign of 

deactivation was observed for the PtNP@mpg-CN material after 65 h of 

reaction. In the case of the RuNP@mpg-CN, although a decay on the slope 

could be observed, the system was still active after 65 h (Figure 15). 

 

Figure 15. Photocatalytic H2 evolution with PtNP@mpg-CN and RuNP@mpg-CN) 

samples as photocatalysts, after more than 60 h of visible light irradiation (300 W 

Xe lamp; λ > 395 nm, 10% TEOA as SED). 
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5.4.6 Photophysical studies 

Photophysical studies were carried out with the MNP@mpg-CN hybrid materials. 

The first step was to study the absorption and emission properties of the bare mpg-

CN, with no co-catalyst loading, whose diffuse-reflectance absorption profile 

discloses an intense absorption at λ < 420 nm and a tail at longer wavelengths 

[18,19]. Tauc method was applied to the diffuse-reflectance spectra, in order to 

determine the bandgap energy of the semiconductor, estimating a value of ca. 2.7 eV 

(Figure 16). 

 

Figure 16. Tauc plot for bandgap energy dermination of the bare mpg-CN in water; 
The linear part of the plot is extrapolated to the x-axis; F(R) represents the optical 
absorption based on the the Kubelka-Monk function.  

The emission spectrum corresponding to the bare mpg-CN in water was recorded 

after excitation under λ = 390 nm. The wide luminescence band emitted, peaking 

near 475 nm (Figure 17), could be fitted using two Gaussian functions [20]. The 

high energy peak, centred at 465 nm (2.7 eV), was attributed to emissions from band 

edges, while the low-energy component at 524 nm (2.4 eV) was assigned to intra 

bandgap states. The time-resolved emission decay (Figure 18), measured by Time-

Correlated Single Photon Counting (TC-SPC) (monitored at 470 nm after excitation 

at 380 nm), can be fitted using a tri-exponential function, yielding an amplitude-

weighted average lifetime of <> = 2.04 ns. 
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Figure 17. Gaussian fit of photoluminiscence spectrum of bare mpg-CN in water 
after excitation under λ = 390 nm. In blue, high-energy component (465 nm; 2.7 eV); 
in green, low-energy component (524 nm; 2.7 eV); In grey, experimental data; In 
black, the cumulative fit. 

 

Figure 18. Time-resolved emmision decay of mpg-CN in water, obtained by TC-SPC 
(excitation at 380 nm, monitored at 470 nm), and corresponding fitting using a tri-
exponential function. 
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The semiconductor delivered similar emission lifetimes (ca. 2 ns) without TEOA 

after the different co-catalyst loading (Table S3), although a tiny decrease was 

observed for PtNP@mpg-CN and ex-RuPPNP@mpg-CN samples, thus suggesting 

that the co-catalyst quenches the emissive states with low efficiency (<14%). This 

slight decrease was also observed after the incorporation of the sacrificial  donor, 

attributed to hole transfer efficiencies between 4-7% (Figure 19). The tenuous 

degree of luminescence quenching by either Ru and Pt NPs or the TEOA donor 

indicates the low efficiency of the charge carrier transfer from the emissive excited 

states.  

 

Figure 19. Scheme of the photophysical processes in the mpg-CN system, involving 

charge carriers in emissive excited states (potentials corresponding to conduction 

(CB) and valence (VB) bands of the mpg-CN semiconductor, and TEOA have been 

extracted from literature [21–24]). 

Transient absorption spectroscopy (TAS) helped with the elucidation on the charge 

carrier dynamics. A relevant decay pathway of charge carriers in ‘bare’ mpg-CN 

sample is thus expected to involve gradual trapping into deep trap levels. The 

related charge trapped states are usually non-emissive [20,25]. A laser pulse (355 

nm) was used to photoexcite the bare semiconductor sample. The observed 

transient signal in the µs-to-ms timescale, exhibiting a maximum at ca. 750 nm, as 

shown in Figure 20, was attributed to photogenerated charge carriers [20,21,26]. 

An analogous profile could be observed after the incorporation of 10% TEOA in the 

medium, but with an increased amplitude and longer lifetime (Figure 20), which 
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can be explained taking into account that the transient profile is mainly related to 

photogenerated electrons and that reaction of trapped holes with TEOA takes place 

in a time scale below the resolution limits of the experiment [20]. The sacrificial 

donor was expected to react with photogenerated holes, thus leaving long-lived 

electrons, which decay through complex kinetics [27].  

 

Figure 20. a) Transient absorption spectra at 100 µs time-delay obtained by laser 
flash photolysis after excitation at λ = 355 nm, for the ‘pure’ mpg-CN sample in water 
with and without TEOA (10%) in the medium. (dots corresponds to experimental 
data; lines corresponds to the best fits in each case, using gaussian functions); b) 
TAS kinetic decay at λ = 750 nm. 

TAS analyses were also employed to study the dynamics of the photogenerated 

electrons after loading the mpg-CN with metal NPs (Ru or Pt) (Figure 21). The TAS 

kinetics decays were apparently unaltered after the incorporation NPs. On the 

contrary, the amplitude of the transient signal (prompt ΔOD at ca. 10 µs) was 

quenched in the presence of the metal NPs, thus indicating that trapped electrons 

could be transferred to the co-catalyst within a comparable timescale of the hole-

scavenging by the TEOA [20]. The amount of prompt transient quenching changes 

according to the nature of the co-catalyst, following the descending sequence: 

PtNP@mpg-CN (78%) >> in-RuPPNP@mpg-CN (48%) > ex-RuPPNP@mpg-CN 

(32%) ~ RuNP@mpg-CN (31%), and could be linked to the efficiency of the electron 

transfer processes from mpg-CN to the metal co-catalyst (Figure 22). It is important 

to note that the same trend was also detected after the photocatalytic hydrogen 

evolution reaction experiments previously discussed, indicating that the electron 

transfer from the photoexcited mpg-CN to the metal NPs, represents the rate 

determining step for this reaction. 
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Figure 21. TAS kinetic decays probed at 750 nm, following excitation at 355 nm 

(measured by laser flash photolysis) corresponding to the bare mpg-CN, and the 

PtNP@mpg-CN, RuNP@mpg-CN, in-RuPPNP@mpg-CN, and ex-RuPPNP@mpg-

CN hybrid materials in water (10% TEOA solution). A tri-exponential function, 

whose lifetimes in the order of 1 ~ 10-5 s, 2 ~ 10-4 s, and 3 ~ 10-3 s, was used to 

fit the kinetic traces in all cases. 

Therefore, the superior photocatalytic performance of PtNP@mpg-CN came from a 

more efficient electron transfer, when compared to all Ru-decorated systems. A 

similar behaviour as the latter systems was observed at the research group when 

studying Ru NPs supported onto sensitized TiO2 for HER [28]. Considering just the 

Ru-based samples, the slightly higher electron transfer yields determined for the in-

RuPPNP@mpg-CN, could be due to the smaller size of the NPs, thus yielding a 

higher surface-area-to-volume ratio and therefore a larger number of active sites 

when compared to the RuNP@mpg-CN sample, as well as to enhanced interactions 

and electronic connectivity with the semiconductor, when compared to the ex-

RuPPNP@mpg-CN material. But even in the case of the Pt-based hybrid material, 

the reduction of the transient signal is not quantitative, indicating that electron 

transfer from the mpg-CN to the metal NPs always occurs in competition with 

further trapping. As already stated, the corresponding decaying kinetics seem to be 

practically independent of the metal NPs, indicating that progressively trapped 

electrons lose their energy and do not have sufficient driving force to reduce the 
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metal NPs regardless of their nature. Figure 22 summarizes the mechanistic 

scenario involving non-emissive states. 

 

Figure 22. Scheme of the main processes involving trapped charge carriers in non-

emissive states (potentials corresponding to conduction (CB) and valence (VB) 

bands of the mpg-CN semiconductor, and TEOA have been extracted from literature 

[21–24]). 
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5.5 Conclusions 

Two sets of mpg-CN supported metal NPs-based hybrid materials have been 

prepared, via the organometallic approach. The first set, RuNPs@CNM/mpg-CN 

(CNM = carbon nanohorns, CNH; single-walled carbon nanotubes, CNT; reduced 

graphene oxide, rGO; and graphite, GP), was prepared after depositing the Ru NPs 

on the surface of CNM, by physically mixing them with the mpg-CN. For the second 

set, MNP@mpg-CN (M= Ru or Pt), metal NPs were deposited directly on the surface 

of the mpg-CN. For the Ru NPs, syntheses were carried out in the absence/presence 

of 4-phenylpyridine (PP) ligand as stabilizer, either with the mpg-CN also present in 

the medium or with an impregnation process afterwards. Both sets of hybrid 

materials were subjected to an in-depth characterization process, using techniques 

as diverse as TEM, SEM-FEG, EDX, ICP-OES, XRD, XPS, and specific surface area 

measurements. In all cases, small Ru or Pt NPs were detected, with sizes from ca. 1.3 

to 2.9, depending on the metal precursor, and the use or not of further carbon 

support or PP ligand. 

Initial photocatalytic test in the HER were performed using the RuNPs@CNH/mpg-

CN hybrid material, demonstrating that higher loads of Ru led to a darkening in the 

material, thus preventing light from reaching the surface of the semiconductor. 

Therefore, a compromise was reached between maintaining the light-absorbing 

properties of the material, and using enough Ru load to deliver an efficient 

photocatalytic performance.  

After optimizing the Ru load (0.68 and 1.69 µmol of Ru), RuNPs@CNM/mpg-CN 

were tested as photocatalyst in the HER for 24 h, under visible light irradiation and 

using a 10 % TEOA aqueous solution as sacrificial electron donor. In all the 

materials, the highest loading of Ru (1.69 µmol) led to the highest amounts of H2 

released, whereas the best TON values were obtained with the lowest loading of Ru 

(0.68 µmol). More specifically, RuNPs@CNT/mpg-CN delivered the best 

performance, producing between 4 and 26 % more hydrogen, and with a TON value 

12-43 % higher than the rest of the hybrid systems. 

Interestingly, similar results, in terms of H2 generation and calculated TON at 24 h, 

were obtained when using the second set of hybrid materials (MNP@mpg-CN, M = 
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Ru), for photocatalytic HER under the same experimental conditions,  using 1.69 

µmol of Ru loading. Nevertheless, as expected, PtNP@mpg-CN stood out, with a 

hydrogen production as high as 558.1 µmol·h–1·g–1, 5-fold higher than its Ru 

counterparts, which despite the variations in their preparation, delivered 

comparable results. 

Photophysical experiments were employed to rationalize the observed 

photocatalytic behaviour for the MNP@mpg-CN hybrid materials (M = Ru or Pt). 

The tendency was related with the estimated electron transfer efficiency, which 

follows the sequence PtNP@mpg-CN >> in-RuPPNP@mpg-CN > ex-

RuPPNP@mpg-CN (32%) ~ RuNP@mpg-CN. Again, PtNP@mpg-CN outshined, 

offering the highest electron transfer yield which, in combination with the small size 

and high dispersibility of the Pt NPs on the material, led to a much higher hydrogen 

production when compared to the Ru-decorated mpg-CN materials. On the other 

hand, no notable differences were observed for these Ru-based hybrid materials, 

although for the in-RuPPNP@mpg-CN, given its higher electron transfer yield and 

larger number of active sites, derived from the smaller size of the NPs, better 

photocatalytic output was expected. An explanation to this lower-than-expected 

performance may lie in the agglomeration of the NPs observed on the surface of the 

mpg-CN, which probably hampers the connectivity between the NPs and the mpg-

CN support. . In the case of the RuNP@mpg-CN, while presenting larger 

nanoparticles (and thus fewer active sites), the Ru NPs are isolated and well 

dispersed all over the surface of the mpg-CN. These differences in NPs’ size and 

agglomeration may explain their similar outputs in H2 production. 

As a final remark, the incorporation of metal NPs as co-catalyst has improved the 

performance of the bare mpg-CN in the photocatalytic HER, in terms of activity, H2 

production and stability, as the prepared hybrid materials remain active after more 

than 60 h of photocatalysis. Regarding the Ru NPs-based systems here presented, 

they are among the few examples available in the literature where the photo-

responsive material, mpg-CN, is able to carry out the electron-transfer process 

towards the Ru NPs without the utilization of an electron mediator. 
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5.6 Supporting Information 

 

Figure S1. Experimetal set-up corresponding to the screening reactor for the 

photocatalytic experiments, consisting mainly on a) light source; b) fused quartz 

reactor; c) magnetic stirrer. 

 

Figure S2. Experimetal set-up corresponding to the standard reactor for the 

photocatalytic experiments, consisting mainly on a) light source; b) reactor; c) 

magnetic stirrer. 
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Figure S3. Schematic design for the different components of the standard reactor 

for the photocatalytic experiments. The reactor consist on a main body made of 

Teflon, with a reaction chamber and thermocouples inside. This block is attached to 

a stainless-steel housing with cooling. The window oof the reactor is a 6 mm thick 

round piece of quartz glass. In the top part of the reactor two channels allow the 

addition of (liquid) substances and the measurement of the pressure, using a 

pressure sensor and a manometer. A third hole fitted with a temperature sensor 

allows the control over the temperature inside the reactor [29]. 

 

Figure S4. (Right) Experimetal set-up corresponding to carry out the stabilization 

tests of the photocatalytic experiments, consisting on (a) light source; b) reactor; c) 

Clark electrode. (Left) Close-up of the Clark electrode inside the reactor. 
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Figure S5. a) BET isotherms corresponding to ‘pure’ mpg-CN and 

RuNPs@CNT/mpg-CN(a; 0.39 mg co-cat., 1.60 µmol Ru) and RuNPs@CNT/mpg-

CN(b; 0.16 mg co-cat; 0.64 µmol Ru); b) BET isotherms for each RuNPs@CNM/mpg-

CN with a co-catalyst load of 0.39 (ca. 1.60 µmol Ru). 
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Sample RuNPs@CNM (mg) Ru (µmol) SBET (m2·g-1) 

mpg-CN - - 134.3 

RuNPs@CNT/mpg-CN (b) 0.16 0.64 83.1 

RuNPs@CNT/mpg-CN (a) 0.39 1.60 49.7 

RuNPs@CNH/mpg-CN (a) 0.39 1.62 51.8 

RuNPs@rGO/mpg-CN (a) 0.44 1.60 51.4 

RuNPs@GP/mpg-CN (a) 0.51 1.60 70.4 

 

Table S1. Specific surface area (SBET) values for each RuNPs@CNM/mpg-CN hybrid 

materials determined after certain co-catalyst loads. 
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Figure S6. a) SEM-FEG micrographs corresponding to RuNPs@CNH/mpg-CN using 

secondary and back-scattered electrons (75 and 25 % respectively). b) EDX analysis 

confirming the presence of the RuNPs@CNH nanohybrids on the surface of the 

mpg-CN (area marked as spectrum 3). 
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Figure S7. a) SEM-FEG micrographs corresponding to RuNPs@CNT/mpg-CN using 

secondary and back-scattered electrons (75 and 25 % respectively). b) EDX analysis 

confirming the presence of the RuNPs@CNT nanohybrids on the surface of the mpg-

CN (area marked as spectrum 1). 
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Figure S8. a) SEM-FEG micrographs corresponding to RuNPs@rGO/mpg-CN using 

secondary and back-scattered electrons (75 and 25 % respectively). b) EDX analysis 

confirming the presence of the RuNPs@rGO nanohybrids on the surface of the mpg-

CN (area marked as spectrum 1). 
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Figure S9. a) SEM-FEG micrographs corresponding to RuNPs@GP/mpg-CN using 

secondary and back-scattered electrons (75 and 25 % respectively). b) EDX analysis 

confirming the presence of the RuNPs@GP nanohybrids on the surface of the mpg-

CN (area marked as spectrum 4). 
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Figure S10. EDX analyses of a) RuNPs@mpg-CN, b) in-RuPPNPs@mpg-CN, and c) 

ex-RuPPNPs@mpg-CN 
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Figure S11. Photocatalytic H2 evolution for the different samples after 24 h of visible 

irradiation (300 W Xe lamp; λ > 395 nm, 10% TEOA as electron donor) in the 

standard reactor. C and D correspond to the Ru load on each material (1.69 and 0.68 

µmol respectively). 

 

Figure S12. Photocatalytic H2 evolution with RuNPs@mpg-CN,  

in-RuPPNPs@mpg-CN, and ex-RuPPNPs@mpg-CN as photocatalysts, after 24 h of 

visible irradiation (300 W Xe lamp; λ > 395 nm, 10% TEOA as electron donor) in the 

standard reactor. 
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Figure S13. Photocatalytic H2 evolution with PtNPs@mpg-CN as photocatalyst, 

after 24 h of visible irradiation (300 W Xe lamp; λ > 395 nm, 10% TEOA as electron 

donor) in the standard reactor. 
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Entry Ref. Photocat. 
Co-catalyst 
(loading) 

SED Light source t (h) TOF (h-1) 

1 
This 
work 

mpg-CN 
RuNPs@CNH 

(0.26 wt% Ru) 
TEOA 
(10%) 

300 W Xe 
lamp 

λ > 395 nm 
24 2.7 

2 
This 
work 

mpg-CN 
RuNPs@CNT 

(0.26 wt% Ru) 
TEOA 
(10%) 

300 W Xe 
lamp 

λ > 395 nm 
24 4.7 

3 
This 
work 

mpg-CN 
RuNPs@rGO 

(0.26 wt% Ru) 
TEOA 
(10%) 

30W Xe lamp 
λ > 395 nm 

24 2.9 

4 
This 
work 

mpg-CN 
RuNPs@GP 

(0.26 wt% Ru) 
TEOA 
(10%) 

300 W Xe 
lamp 

λ > 395 nm 
24 4.2 

5 
This 
work 

mpg-CN 
Ru NPs 

(0.52 wt% Ru) 
TEOA 
(10%) 

300 W Xe 
lamp 

λ > 395 nm 
24 2.7 

6 
This 
work 

mpg-CN 
In-RuPP NPs 

(0.69 wt% Ru) 
TEOA 
(10%) 

300 W Xe 
lamp 

λ > 395 nm 
24 2.3 

7 
This 
work 

mpg-CN 
ex-RuPP NPs 

(0.55 wt% Ru) 
TEOA 
(10%) 

30W Xe lamp 
λ > 395 nm 

24 2.4 

8 
This 
work 

mpg-CN 
Pt NPs 

(1.2 wt% Ru) 
TEOA 
(10%) 

300 W Xe 
lamp 

λ > 395 nm 
24 14.1 

9 [30] 
g-CN 

nanosheets 
Pt 

(3 wt%) 
TEOA 
(10%) 

150 W Xe 
lamp 

λ > 420 nm 
4 31.6 

10 [31] g-CN 
Pt 

(0.87 wt%) 
TEOA 
(10%) 

350 W Xe 
lamp 

λ > 400 nm 
3 13.2 

11 [32] g-CN 
Pt 

(3.2 wt%) 
TEOA 
(10%) 

300 W Xe 
lamp 

λ > 420 nm 
6 83.0 

12 [33] mpg-CN 
Pt 

(3 wt%) 
TEOA 
(10%) 

300 W Xe 
lamp 

λ > 420 nm 
4 15.5 

13 [34] g-CN 
Pt 

(3 wt%) 
TEOA 
(10%) 

Xe lamp 
λ > 420 nm 

6 6.3 

14 [35] 
g-CN (single 

layer) 
Pt 

(3 wt%) 
TEOA 
(10%) 

500 W Xe 
lamp 

λ > 420 nm 
4 1.5 

15 [36] 
mpg-CN 

(S-doped) 
Pt 

(3 wt%) 
TEOA 
(15%) 

300 W Xe 
lamp 

λ > 420 nm 
4 8.9 

16 [37] g-CN 
Pt, Co 

(1 wt%) 
TEOA 
(10%) 

300 W Xe 
lamp 

λ > 400 nm 
5 4.3 

17 [38] g-CN 
Pd 

(0.1 wt%) 
TEOA 
(20%) 

300 W Xe 
lamp 

λ > 400 nm 
3 77.5 

18 [39] g-CN 
Pd, Au, 

(0.5 wt%) 
TEOA 
(10%) 

300 W Xe 
lamp 

λ > 400 nm 
6 4.5 

19 [40] 
g-CN 

(N-doped) 
Ni 

(1.9 wt%) 
TEOA 
(10%) 

300 W Xe 
lamp 

λ > 420 nm 
3 1.0 

20 [41] 
g-CN 

(porous) 
Ni 

(10 wt%) 
TEOA 
(10%) 

500 W Xe 
lamp 

-
- 

0.2 

 

Table S2. Photocatalytic H2 evolution data of RuNPs@CNM/mpg-CN, MNP@mpg-

CN, and other carbon nitride-supported nanocatalysts reported in the literature. 
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Figure S14. TEM images corresponding to a) RuNPs@CNH/mpg-CN, b) 

RuNPs@CNT/mpg-CN, c) RuNPs@rGO/mpg-CN and d) RuNPs@GP/mpg-CN 

after the photocatalytic studies in the standard reactor (24 h). 
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 1 2 3 <> 

mpg-CN 0.75 (68%) 3.28 (28%) 14.92 (4%) 2.04 

mpg-CN + TEOA 0.75 (69%) 3.27 (27%) 14.00 (4%) 1.97 

PtNP@mpg-CN 0.72 (69%) 3.17 (27%) 13.78 (4%) 1.95 

PtNP@mpg-CN + 
TEOA 

0.67 (68%) 2.94 (28%) 13.30 (4%) 1.81 

RuNP@mpg-CN 0.70 (66%) 3.14 (29%) 14.00 (5%) 2.02 

RuNP@mpg-CN + 
TEOA 

0.71 (68%) 3.17 (28%) 14.30 (4%) 1.94 

in-RuPPNP@mpg-CN 0.74 (65%) 3.17 (30%) 13.26 (5%) 2.09 

in-RuPPNP@mpg-CN 
+ TEOA 

0.75 (68%) 3.19 (28%) 14.23 (4%) 2.00 

ex-RuPPNP@mpg-CN 0.62 (68%) 2.87 (28%) 13.22 (4%) 1.76 

ex-RuPPNP@mpg-CN 
+ TEOA 

0.61 (69%) 2.77 (27%) 12.01 (4%) 1.67 

 

Table S3. Compilation of the emission lifetimes of the different MNP@mpg-CN 

materials in water, obtained via TC-SPC (excitation at λ = 380 n, analysis at 470 nm). 
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Chapter VI 

Carbon-supported Platinum Nanoparticles for 

Electrochemical Determination of Parabens 

 

 Metal-based hybrid materials have been prepared by decoration of four 

different carbon (nano)allotropes materials with Pt nanoparticles, through the 

organometallic method. The materials have been studied, after deposition on a 

glassy carbon electrode, as electrochemical sensing platforms towards 

methylparaben determination. The method has been further validated using a 

standard HPLC technique with commercial samples. 
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6.1 Abstract 

Four different Pt-based carbon (nano)materials (CNM), typically employed for 

detection applications as they improve the analytical response when embedded into 

a sensing platform, have been prepared. The organometallic approach was used as 

an easy and reproducible method to directly deposit small, homogeneous and well-

dispersed Pt NPs onto the surface of four carbon (nano)allotropes, namely 0D 

carbon nanohorns (CNH), 1D carbon nanotubes (CNT), 2D reduced graphene oxide 

(rGO) and 3D graphite (GP). After being characterized through TEM, XRD and TGA 

analyses, the obtained Pt-NP@CNH, Pt-NP@CNT, Pt-NP@rGO and Pt-NP@GP 

hybrid (nano)materials were tested for methylparaben (MeP) determination, a 

potential endocrine-disrupting chemical. Pt-NP@CNT material outperformed its 

CNH, rGO and GP-supported counterparts, yielding the lowest detection limit (5.00 

± 0.03 nM) and the best sensitivity (4.5·1011 µA·M-1) towards MeP detection and 

quantification, which are also among the best carbon-based system reported in the 

literature. Furthermore, the proposed electrochemical sensing platform has been 

validated, using commercial samples of shampoo, by a standard bench-top 

chromatographic technique (HPLC-UV), thus highlighting the suitability of Pt-

NP@CNT material for sensing applications. 
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6.2 Introduction 

In the previous chapters, we have focused on the design and characterization of 

nanoparticulate systems, and their use as electrocatalyst in the Hydrogen Evolution 

Reaction (HER) (Chapter III), or photocatalysts, in both CO2 and H2 reduction 

(Chapers IV and V, respectively). These studies have shown that the organometallic 

approach is a very versatile synthetic method, easily adaptable to the use of different 

metal precursors, stabilizing ligands or supports. In the present chapter we want to 

demonstrate also the versatility of these metal nanoparticles (NPs) prepared with 

this methodology, beyond the energetic purposes already addressed and which are 

the core of this work. 

(Bio)sensors are one of the most widespread applications of nanomaterials [1]. 

Conducting nanomaterials are highly demanded since they lead to an increase on 

the analytical signal, related to the intrinsic electron transfer abilities of the 

transducer, when incorporated into electrochemical sensing frameworks [2–4]. 

More specifically, carbon (nano)materials (CNM), which consisted completely of 

sp2-bonded graphitic carbon and whose dimensions could be confined in the 

nanoscale, are very attractive due to their enhanced electrochemical activity by their 

large surface to area ratio, biocompatibility, stability, electric conductivity and easy 

tunability [5–9]. 0D carbon nanohorns (CNH), 1D carbon nanotubes (CNT), 2D 

reduced graphene oxide (rGO) and 3D graphite (GP) are among the most employed 

carbon (nano)allotropes in electrochemical analysis and catalysis. Their 

performance can even be improved after the deposition of metal nanoparticles 

(NPs) [10–15]. Concretely, CNT in combination with platinum nanoparticles have 

yielded an enhanced sensitivity towards different (bio)analytes [16–18]. 

Thus, these systems could be very useful in the detection and quantification of 

substances, like the determination of potentially hazardous chemicals in 

commercial samples. One example would be parabens (PBs), a type of alkyl esters 

of p-hydroxybenzoic acid that, due to their superb antimicrobial activity, are 

specifically synthesized to use them as preservatives in food, or in pharmaceutical 

and cosmetic formulations [19,20]. However, it has been reported that PBs exposure 

could lead to a harmful effect in human’s health, similar to estrogen-like endocrine-
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disrupting chemicals, being also detected in human breast tumors [21–23]. That is 

why many institutions now regulate their utilization. For example, in cosmetic 

formulations, the maximum allowed concentration of a mixture of PBs is set at 0.8 

wt.%, according to European Union Council regulations [24]. Therefore, there is a 

necessity to design a rapid, simple and sensitive analytical methodology to 

determine PBs at ultra-trace level. In this regard, these electrochemical sensing 

frameworks presents an ideal alternative to the traditional methods, such as high-

performance liquid chromatography (HPLC). Some advantages include being easy-

to-use and more cost-effective. Furthermore, time response is also lower, and this 

devices can be easily miniaturized, which facilitates their implementation in 

multiple potential applications [5,25–29]. 

In this Chapter, addressing the crescent concern about the presence of PBs in 

commercial products and also aquatic environments, different CNM-supported 

metal-based hybrid (nano)materials will be prepared and tested for 

methylparabene (MeP) determination. The hybrid systems will be synthesized by 

decorating the surface of four CNM (CNH, CNT, rGO and GP) with Pt NPs by means 

of the simple and reproducible organometallic approach [30]. Then their 

electrochemical performance towards MeP detection and quantification will be 

studied, and the method will be validated by means of HPLC-UV, comparing the 

results with those reported in the literature for analogue systems. 
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6.3 Experimental part 

6.3.1 Reagents and methods 

Synthesis of the carbon-based hybrid materials were carried out under inert 

conditions (Ar), either using a glovebox (MBRAUN Unilab) or standard Schlenk-line 

and Fisher-Porter vessel techniques. All glassware was pre-dried at 120 °C. All 

chemicals, except solvents, were used as purchased. Metal precursor [Pt(dba)3] (dba 

= dibenzylideneacetone) was purchased from Strem Chemicals; Carbon Nanohorns 

(CNH) and flaked Graphite (GP), from Sigma-Aldrich; reduced graphene oxide (rGO) 

was synthesized from GP following a previous methodology reported by our 

collaborators [31]; single-walled carbon nonotubes (CNT) were purchased by SES 

ResearchM; hydrogen (H2) gas from Abelló Linde; Tetrahydrofuran (THF) and 

hexane, used as solvents, were purchased from Scharlab, were dried, distilled and 

degassed via freeze–pump–thaw cycles. 

6.3.2 Synthesis of Pt-NP@CNM 

5 mg of CNM (either CNH, CNT, rGO o GP) were weighed and placed, together with 

20 mL of THF, inside a Fisher-Porter bottle. The reactor was sonicated for 20 min. 

Afterwards, 57 mg of the metal precursor [Pt(dba)3] were weighed inside the 

glovebox, and incorporated into the reactor. The Fisher-Porter bottle was then 

pressurized with 3 bars of H2, keeping the mixture under vigorous magnetic stirring 

at room temperature (r.t.) for ca. 16 h. Once the reactor was depressurized, a sample 

for Transmission Electron Microscopy (TEM) analysis was prepared, and the 

yielded black power (corresponding to the Pt-NP@CNH, Pt-NP@CNT, Pt-NP@rGO 

and Pt-NP@GP hybrid materials, depending on the selected CNM) was washed with 

hexane, isolated by centrifugation, and dried under vacuum. 

6.3.3 Characterization techniques 

Transmission Electron Microscopy (TEM). TEM analyses were performed at the 

Servei de Microscòpia in the UAB, using a JEM-2011 unit with an acceleration 

voltage of 200 kV. TEM samples were prepared after drop-casting a single drop of 

the crude colloidal solution after synthesis, on the surface of a carbon-coated copper 

grid (400 mesh). Mean size and distribution of the Pt nanoparticles (NPs) contained 
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in each CNM were estimated after measuring ca. 200 NPs on the TEM micrographs, 

treated using the freeware Fiji-ImageJ. 

X-ray Powder Diffraction (XRD). XRD patterns Pt-based hybrid (nano)materials 

were obtained at the Servei Difracció Raigs X (SDRX) at the UAB, using a PANalytical 

X’Pert Pro Powder Diffraction with Cu Kα radiation and PIXcel1D detector. 

Thermogravimetrid Analysis (TGA). TGA measurements were carried out in a 

STA 449 F1 Jupiter® (NETZSCH) unit. Samples were heated up to 1000 °C under air, 

at a 10 °C·min-1 rate. 

6.3.4 Electrochemical characterization and MeP determination 

All experiments involved in the electrochemical studies and method validation were 

performed by Dr. Jose Muñoz at the Institute of Materials Science of Barcelona 

(ICMAB-CSIC) (Barcelona, Spain). 

Preparation of modified Glassy Carbon Electrodes (GCE). The bare GCE were initially 

polished using aluminium sandpaper. Modified electrodes were prepared by 

deposition of 5 µL of a dispersion containing 0.1 mg·mL-1 of the Pt-NP@CNM in 

ethanol. For the blank experiments, bare CNM were employed to prepare the 

modified GCE. 

Electrochemical Measurements. Cyclic voltammetry (CV), Electrochemical 

Impedance Spectroscopy (EIS) and Differential Pulse Voltammetry (DPV) 

measurements were carried out using the conventional three-electrode cell set-up, 

in a potentiostat/galvanostat from Metrohm Autolab (PGSTAT128N), with NOVA 

2.1.2 software. The modified GCE served as working electrode, whereas Ag/AgCl 

(sat. KCl) and a Pt wire were employed as reference and counter electrode, 

respectively. For CV and EIS characterization, a 0.1 M solution of KCl containing 10 

mM [Fe(CN)6]3-/4- served as redox marker. For DPV measurements, the selected 

electrolyte was a 20 mL phosphate-buffered saline (PBS) pH 7 solution. 

Preparation and analysis of methylparabene (MeP). Calibration curves were 

constructed starting from a stock solution of 1.0 mM MeP in ethanol. Quantification 

was carried out using both DPV and HPLC-UV techniques. The analysis with the real 
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sample was carried out by mixing ca. 0.25 mg of a commercial shampoo with 10.0 

mL of acetonitrile (ACN). After sonicating the mixture for 15 min, the sample was 

centrifuged for another 15 min at 300 rpm. An 10 µL aliquot of the supernatant was 

taken and analysed via HPLC to determine the MeP concentration in the commercial 

sample.  Electroanalytical measurements were performed by DPV. Once the 

electrochemical set-up was prepared, progressive volume additions of the standard 

MeP solution were incorporated into the electrolyte. The repeatability of the method 

was ensured by repeating the measurements in triplicate. Detection limits (LOD) 

and recoveries are also presented, within a 95 % confidence interval. 

High-performance liquid chromatography with ultraviolet detection (HPLC-

UV) analysis. HPLC-UV measurements were performed in an equipment from 

Agilent (1260 Infinity II model), fitted with a Kromasil Eternity C18 column (250 x 

4.6 mm ID, 5 µm particle). The measurements were performed isocratically, 

repeated per triplicate, with the temperature of the column set at 25 °C using a 

MeOH–ACN–H2O (15:27:58 v/v/v) mobile flowing at 1 mL·min-1 (injection volume: 

10 µL). Peaks were recorded at 256 nm, the maximum absorbance wavelength for 

the MeP. 
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6.4 Results and discussion 

6.4.1 Synthesis and characterization of Pt-NP@CNM 

The synthesis of the platinum nanoparticles (Pt NPs) supported on different carbon 

allotropes (nano)materials (CNM = 0D carbon nanohorns (CNH), 1D carbon 

nanotubes (CNT), 2D reduced graphene oxide (rGO) and 3D graphite (GP)) was 

performed following the organometallic approach (Figure 1) [30]. Essentially, the 

samples were prepared after decomposition of the organometallic precursor 

[Pt(dba)3] in a Fisher-Porter reactor, which contained THF as solvent, and the 

selected carbonaceous support to stabilize the NPs, under 3 bar of H2. After ca. 16 h 

of reaction at r.t., a TEM specimen was prepared, and the reaction mixture was 

cleaned with hexane, centrifuged and dried under vacuum, thus recovering a black 

powder, corresponding to Pt-NP@CNH, Pt-NP@CNT, Pt-NP@rGO or Pt-NP@GP. 

 

Figure 1. Schematic representation of the organometallic approach for the 

synthesis of Pt-NP@CNM (CNM = CNH, CNT, rGO or GP). 

TEM micrographs confirmed the presence of small Pt NPs on the surface of each 

CNM (Figure 2). The estimated mean sizes were found in a range from 2.3-2.7 nm, 

suggesting that, under these conditions and at the selected Pt load, the nature of the 

carbon support is not a major differential factor in the stabilization of the Pt NPs, 

and that the organometallic method is a useful tool to obtain homogenous 

nanoparticulate systems. 
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Figure 2. TEM micrographs (left) and size distribution histograms (right) of the as-

synthesized a) Pt-NP@CNH, b) Pt-NP@CNT, c) Pt-NP@rGO and d) Pt-NP@GP. 

Interestingly, in the micrographs of the Pt-NP@CNT a lower amount of Pt NPs 

covering the CNT surface could be observed, whereas the rest of the samples the 

CNM are almost full-covered. This behaviour was confirmed by TGA analyses, which 

estimated a 37.6 wt.% of Pt for Pt-NP@CNT, in contrast of the 57.5, 53.6 and 56.4 
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wt.% of Pt found for Pt-NP@CNH, Pt-NP@rGO and Pt-NP@GP, respectively 

(expected value, according to precursor concentration, of ca. 70 wt.%). 

Powder X-ray diffraction analyses helped to study the phase purity and the crystal 

structure of the different samples (Figure 3). The diffractograms revealed the 

presence of the face-centered cubic (fcc) structure of Pt (characteristic (111), (200), 

(220), (311) and (222) reflections), thus demonstrating the formation of crystallite 

Pt NPs. A decrease in the intensity and a shift in the graphite (002) framework to 

lower 2θ values were also observed, attributed to the presence of amorphous 

graphite on the walls of the 0D to 2D carbon nanomaterials. 

 

Figure 3. X-ray difractograms of the different Pt-NP@CNM (CNM = CNH, CNT, rGO 

or GP), highlighting the characteristic peaks of the fcc Pt structure, and a basal 

reflection (002) peak corresponding to bare flaked graphite, whose intensity 

decreased and position shifted in the corresponding 0D to 2D CNM, due to the 

presence of amorphous graphite in their structure. 
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6.4.2 Preliminary electrochemical studies 

The electrochemical behaviour of the prepared Pt-NP@CNM was first studied 

through Cyclic Voltammetry (CV) and Electrochemical Impedance Spectroscopy 

(EIS) experiments, after being deposited on the surface of a glassy carbon electrode 

(GCE), adding [Fe(CN)6]3-/4- into the electrochemical cell as redox probe. The 

experimental data was collected in Figure 4, using the results for Pt-NP@CNT/GCE 

as reference of the Pt-based CNM, and compared to the results of the clean GCE and 

the bare CNT. 

Focusing on the CV experiments (Figure 4(i)), a peak current (Ip) increased and a 

peak-to peak (ΔE) separation were observed after the incorporation of the bare CNT 

to the GCE. These Ip and ΔE give information about the accessibility of the redox 

probe to be oxidized/reduced at the surface of the GCE, and about the reversibility 

of the redox couple, respectively [32].  This enhanced electrochemical performance 

of the CNT/GCE when compared to the bare GCE could be due to the intrinsic 

conducting properties of the CNM, and also related with an increased in the 

electrochemically active surface area, due to the higher roughness. This tendency, 

but more prominent, was also observed after the deposition of the Pt-loaded CNM 

onto the GCE. 

Figure 4(ii) reflects the EIS results, with the Nyquist plots (imaginary vs. real 

impedance, Zimag vs. Zreal) as an indicator of the electron transfer capabilities in the 

frequency domain. For the bare GCE, it was observed a semi-circular portion at 

higher frequencies, attributed to the charge transfer resistance (RCT), which 

indicates the resistance at the electrode-solution interface [4]. In a similar trend to 

that of CV experiments, RCT values decrease after depositing either bare CNT or Pt-

NP@CNT in the GCE (1.58 and 1.21 kΩ, respectively, vs. 4.43 kΩ for the polished 

GCE), due to the conducting nature of the casted materials. For the rest of the Pt-

NP@CNM, the charge transfer capabilities were also improved after casting either 

the bare CNM or the Pt-NP@CNM on the electrode, but the values were a bit higher 

this time with the latter materials, when compared with the bare CNM ones (Figure 

5). This could be due to the huge amount of Pt NPs covering the surface of these CNM 
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observed in the TEM micrographs, unlike the Pt-NP@CNT sample, thus hindering 

the intrinsic electronic transfer potential of these carbon supports. 

 

Figure 4. Electrochemical characterization of a) bare GCE (black); b) CNT/GCE 

(red); c) Pt-NP@CNT/GCE (green). i) CV experiments conducted at 50 mV·s-1; ii) EIS 

experiments conducted at 0.1 Hz to 100 kHz of frequency range; bias potential: +150 

mV; AC amplitude: 5 mV. 

 

Figure 5. EIS experiments for the Pt-based i)CNH, ii)rGO or iii) GP stabilized 

systems, conducted at 0.1 Hz to 100 kHz of frequency range; bias potential: +150 

mV; AC amplitude: 5 mV). In each graph, results for a) bare GCE (blue), b) CNM/GCE 

(red) and c) PtNP@CNM@/GCE (green) are shown. 
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After the initial electrochemical test, the next step was to study the electrochemical 

response of the Pt–NP@CNM/GCE electrodes in the oxidation of methylparabene 

(MeP) (20 nM), which was measured by Differential Pulse Voltammetry (DPV) 

(Figure 6). As suggested by the previous studies, only the Pt–NP@CNT/GCE 

delivered a well-defined anodic current response (Ipa) at 0.89 V vs Ag/AgCl towards 

MeP oxidation in the nM range. Once again, this behaviour was attributed to the 

partial covering of the CNT surface by the deposited Pt NPs. For the other materials, 

the combined effect of the catalytic properties of the Pt NPs and the enhanced 

electron transfer capability of the carbon material was lost due to the total coating 

of the CNM surface. This led to a poor electrocatalyst output of the Pt-NP@CNH, Pt-

NP@CNH and Pt-NP@CNH, whose performance is comparable to the bare CNT 

(Figure 6, curve b’, measured as blank). 

 

Figure 6. DPV response for a) Pt-NP@CNH/GCE, b) Pt-NP@CNT/GCE, b’) 

CNT/GCE, as blank, c) Pt-NP@rGO/GCE and d) Pt-NP@GP/GCE, in presence of MeP 

(20 nM). Set-up: three electrode configuration in a 20 mL phosphate-buffered saline 

(PBS) pH 7 electrolyte solution. Scan rate : 50 mV·s-1. 
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This behaviour was confirmed by the calibration curves (Figure 7) elaborated, as 

described in experimental section, for MeP determination, with only Pt–

NP@CNT/GCE yielding a relevant electrocatalytic signal towards MeP 

determination at ultra-trace levels. The average Ip values lead to an excellent linear 

correlation with the MeP concentration in the range of 5.0 to 30.0 nM, with a 

detection limit (LOD) as low as 5.00 ± 0.03 nM (Figure 7B). Blank experiments 

carried out using bare CNT proved the role that the presence of Pt NPs played on the 

MeP oxidation, with no signal detected at such low concentrations (Figure 8). 

Regarding the rest of the hybrid materials, their analytical responses fell in the μM 

linear range, with LODs of 30.0, 2.5 and 5.0 µM for the Pt–NP@CNH, Pt–NP@rGO 

and Pt–NP@GP samples, respectively. This was also an indicator that the synergistic 

effect between the CNM and the Pt NPs could be linked to the optimal load of Pt NPs 

in the CNM, which, according to the TGA measurements, must be lower than 50%. 

 

Figure 7. Calibration curves constructed from DPV analyses, for a) Pt-

NP@CNH/GCE, b) Pt-NP@CNT/GCE, c) Pt-NP@rGO/GCE and d) Pt-NP@GP/GCE 

electrodes in the determination of MeP at different concentrations (A-B) in the nM-

µM range. 
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The sensitivity of the Pt–NP@CNT material (corresponding to the slope of the 

calibration curve in Figure 7) was also outstanding, with a value of 0.045 µA·nM-1, 

ca. 4·103 – 6·103 times higher than the rest of the Pt-based samples. Therefore, Pt–

NP@CNT was the selected hybrid material to carry out the studies with the real 

samples. 

 

Figure 8. DPV response, using CNT/GCE, for MeP determination at different 

concentrations: a) 0 nM, b) 5 nM, c) 50 nM, d) 100 nM, e) 500 nM. Inset: Analogous 

analysis but using Pt-NP@CNT/GCE at different concentrations of MeP. Set-up: 

three electrode configuration in a 20 mL phosphate-buffered saline (PBS) pH 7 

electrolyte solution. Scan rate : 50 mV·s-1. 

  



Carbon-supported Pt NPs for parabens determination 
 

- 219 - 

 

1 VI 

6.4.3 MeP determination in real samples and method validation 

The validation of the electrochemical sensing method here presented was carried 

out using high-performance liquid chromatography with ultraviolet detection 

(HPLC-UV). The overlapped chromatograms in Figure 9 obtained at different [MeP], 

featured a peak area (A) increase while increasing the concentration of MeP. With 

these values, a calibration curve (Figure 9, inset) was constructed to quantify the 

[MeP] in a commercial shampoo sample. 10 µL of the real sample (after the pre-

treatment described in the experimental section), were interpolated in the 

calibration curve, yielding a concentration value of 196.2 ± 0.4 µM. 

 

Figure 9. Overlapped HPLC-UV chromatograms for MeP quantification at different 

concentrations (a) 5.00·10-9, b) 5.00·10-8, c) 1.00·10-7, d) 5.00·10-7, e) 5.00·10-6, f) 

5.00·10-5, g) 1.00·10-4 and h) 5.75·10-4 mol·L-1). Inset: Calibration curve, calculated 

with the logarithmic range amplification. 

Five different samples were prepared (SA-1 to SA-5), whose added and found values 

are displayed in Table 1. The concentration for SA-1 is due to a dilution of the MeP 

concentration initially present in the real shampoo sample. Then, for the 

preparation of the SA-2 to SA-5 samples, known standard [MeP] solutions were 

added to SA-1, which lead to notable recoveries using the HPLC technique. Same 

procedure was employed with the DPV technique for MeP determination, using Pt-

NP@CNT/GCE as electrode, by incorporating into the electrochemical cell different 

concentrations of MeP (Figure 10). Good recoveries were also obtained with this 
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method (Table 1), thus indicating the selectivity of the method, as the matrix effect 

that could induce the use of the commercial shampoo did not interfere with the 

electrochemical sensing signal. 

 

Figure 10. DPV response, using Pt-NP@CNT/GCE, for MeP determination in real 

samples. Analytical signals corresponding to a) background current, b) to f), SA-1 to 

SA-5 samples. Set-up: three electrode configuration in a 20 mL phosphate-buffered 

saline (PBS) pH 7 electrolyte solution. Scan rate : 50 mV·s-1. 
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No significant differences were observed after comparing the results from DPV or 

HPLC techniques (see HPLCCMeP/DPVCMeP column in Table 1), for any of the SA-1 to SA-

5 samples. Therefore, it is safe to conclude that the electrochemical sensor here 

presented is validated, being a suitable platform for the determination of MeP in real 

samples at ultra-low concentrations.  

Sample 
CMeP 

(µM) 

CMeP 

added 

(µM) 

HPLCCMeP 

found 

(µM) 

HPLCRecovery 

(%) 

DPVCMeP 

found 

(µM) 

DPVRecovery 

(%) 

𝑪𝑴𝒆𝑷
𝑯𝑷𝑳𝑪

𝑪𝑴𝒆𝑷
𝑫𝑷𝑽  

SA-1 

4.79 

0 
4.99 ± 

0.18 
104.2 

4.96 ± 

0.02 
103.5 1.01 

SA-2 4.5 
9.45 ± 

0.27 
101.7 

9.49 ± 

0.05 
102.2 1.00 

SA-3 9.0 
13.94 ± 

0.91 
101.1 

13.48 ± 

0.08 
97.8 1.03 

SA-4 13.5 
18.16 ± 

0.28 
99.3 

18.39 ± 

0.06 
100.5 0.99 

SA-5 18.0 
22.75 ± 

0.84 
99.8 

23.48 ± 

0.11 
103.0 0.97 

 

Table 1. Statistical comparison of MeP quantification, using real shampoo samples, 

derived from DPV and HPLC-UV techniques. 
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Additionally, when compared with other carbon-based electrochemical electrodes 

reported in the literature (Table 2), Pt-NP@CNT delivered the best sensitivity and 

one of the lowest delivered the best sensitivity and one the lowest LOD towards MeP 

determination. This is even more significant considering that the synthetic method 

for the hybrid material preparation is more simple than other reported systems with 

comparable performance [33,34]. 

Carbon 

material 

Detection 

Method 

Linear 

Range (M) 
LOD (M) 

Sensitivity 

(µA·M-1) 

HPLC 

validation 
Ref. 

Cellulose 

Nanocrystals-

rGO/ 

DPV 
2.0·10-4 – 

9.0·10-4 
1.0·10 2.79 No [35] 

CNTs-

Nafion/GCE 
LSV 

3.0·10-6 – 

1.0·10-4 
1.0·10-6 3.38·104 No [36] 

CNTs-LB/GCE LSV 
1.0·10-6 – 

8.0·10-5 
4.0·10-7 3.9·105 No [37] 

Ru–

NP@rGO/GCE 
SWV 

5.0·10-7 – 

3.0·10-6 
2.4·10-7 4.5·106 Yes [15] 

Au–

NP@rGO/GCE 
SWV 

3.0·10-8 – 

1.3·10-6 
1.4·10-8 1.3·106 No [14] 

CNTs-Hb/CPE DPV 
1.0·10-7 – 

1.3·10-5 
2.5·10-9 2.5·108 No [33] 

 

(Co-Ni-Pd)NP-

CNFs/GCE 
SWV 

3.0·10-9 – 

3·10-7 
1.2·10-9 1.3·1011 No [34] 

Pt–

NP@CNT/GCE 
LSV 

5.0·10-9 – 

3·10-8 
5.0·10-9 4.5·1011 Yes 

This 

work 

 

Table 2. Comparison of sensing features for MeP determination of Pt-NP@CNT/GCE 

with other carbon-based electrochemical electrodes. 
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6.5 Conclusions 

Pt NPs have been successfully deposited on the surface of four different 

carbon (nano)materials (CNM = CNH, CNT, rGO or GP), following the organometallic 

approach. Nanoparticles with similar sizes (ca. 2.5 nm) were obtained in all cases, 

well distributed all over the surface of the CNM, although in the case of the Pt-

NP@CNT hybrid material, the surface was not fully covered. TGA analysis confirmed 

an inferior Pt load for the last. 

The four hybrid systems were used for MeP determination, where Pt-

NP@CNT yielded the best electrochemical responses in CV and DPV analyses, after 

deposition on a GCE. This Pt-NP@CNT/GCE electrochemical sensing platform 

delivered a low detection limit (5.00 ± 0.03 nM), and the best sensitivity found in 

literature for this type of systems (4.5·1011 µA·M-1). This behaviour was related to 

the Pt load, which was found optimal for the Pt-NP@CNT system. As the CNT were 

not fully covered by Pt NPs, the resulting hybrid material benefited from the 

synergic effect achieved by combination of the enhanced electrochemical abilities of 

the CNM and the catalytic properties of the metal nanoparticles. The electrochemical 

method was validated, using commercial samples, by means of the conventional 

HPLC-UV technique.  

Furthermore, the electrochemical platform here presented, based on Pt-

NP@CNT, involves a fast and simple preparation, is reproducible, highly sensitive 

and precise. Its effectiveness has also been tested with real samples. Thus, this cost-

effective and easy to miniaturize system would be an ideal candidate for diverse 

applications in the pharmaceutical, biomedical or environmental fields. 
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Chapter VII 

Conclusions 

 

 

Considering the objectives first exposed, and after discussing the obtained 

results towards the accomplishment of these goals, this chapter summarize the 

outputs and reflections of this PhD thesis. 
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1.1. General conclusions 
 

 The synthesis and characterization of different metal-based (Ru or Pt) 

nanoparticle systems have been presented, together with their evaluation as 

electrocatalyst in the hydrogen evolution reaction (HER), or photocatalyst 

for both HER and CO2 reduction.  

 Complementarily, some of these systems have been evaluated for 

electrochemical determination and quantification of methylparabens (MeP).  

 In all cases, the preparation has been carried out using the organometallic 

approach, which has proved to be a powerful technique for the preparation 

of small, well-dispersed and well-stabilized metal nanoparticles (NPs), with 

a controlled surface environment, key in the catalytic purposes of these 

nanoparticles. 

  The physical and chemical properties of nanoparticles have been studied 

through diverse characterization techniques, such as TEM, SEM, EDX, XPS, 

ICP-OES or TGA. 

Characterization of the materials, not only as-synthesized but also after 

catalysis, have helped to correlate their different catalytic output with their 

physical and chemical features, thus highlighting the potential of the 

organometallic approach to design nanocatalysts, starting from different 

metal precursors, organic ligands or carbon supports as stabilizers, to fine 

tune their catalytic properties. 

 

1.2. Chapter III 

 
 Ru NPs stabilized by pyridine-derived ligands, namely 2-phenylpyridine 

(2PP) and 4’-(4-methylphenyl)-2,2’:6’,2”-terpyridine (MPT), have been 

prepared.  

 Different ligand-to-metal ratios were explored in the synthesis, 

demonstrating that the nature of the ligand is a key parameter in the 

stabilization of the NPs. MPT, with three N-coordination sites per molecule, 

had more impact in the size of the NPs when changing L/M ratio than the 

2PP, with just one N-coordination site per molecule. Thus, in a range of 0.05 
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to 0.5 molar equivalents of MPT, the size of the NPs was drastically reduced 

from 1.4 to 0.6 nm, while for the 2PP ligand, the size only decreased from 1.8 

to 1.5 nm in a similar concentration range. 

 Optimization of L/M ratio led to two ligand-capped (either MPT or 2PP with 

0.05 and 0.2 ligand to metal molar ratio, respectively) Ru NPs system 

with distinct morphological properties and surface environment, and high 

Ru content (ca. 85 wt.%) which, after deposition onto a glassy carbon 

electrode, delivered different catalytic activities towards the HER and, in 

both cases, with high stability (up to 12 h) in a wide pH range, superior to the 

state-of-the-art Pt. 

 In acidic medium, an activation of the systems was observed by applying a 

reductive potential, which later was linked to the reduction of the passivation 

RuO2 layer (after air exposure of the as-synthesized Ru NPs), thus recovering 

the Ru0 species, more active under these conditions. After this activation, 

RuMPT NPs delivered an overpotential of 93 mV at a current density of j = -

10 mA·cm-2,  higher than the overpotential of the activated Ru2PP system 

(30 mV) at the same current density. This improved electrocatalytic response 

of the Ru2PP system was supported by Cu underpotential deposition (UPD) 

analyses, which estimated a higher number of actives sites in the latter NPs 

system. Additionally, a larger number of hydrides were determined on the 

surface of the as-synthetized Ru2PP (1.0 H/Rusurface vs. 0.7 H/Rusurface for 

RuMPT), which could have an effect facilitating the HER mechanism on the 

surface of the NPs. 

 Differences observed, in terms of catalytic activity and stabilization, in both 

MPT or 2PP-stabilized Ru NPs could also be related with the different 

coordination modes of each ligand. However, DFT calculations (currently in 

progress) will be required to better understand these coordination modes, 

and how they affect the catalytic performance of these systems. 

 These results, together with previously reported studies, point to pyridine 

derivative ligands as a good alternative to stabilize Ru NPs, as the features of 

the latter could be easily changed by using different ligands, being a simple 

way to modulate their catalytic behaviour in HER. 

 



Chapter VII 
 

 

- 230 - 
 

1.3. Chapter IV 

 
 Pt NPs supported on mesoporous graphitic carbon nitride (mpg-CN) have 

been prepared, using a higher (Pt-NPs@mpg-CN(L)) and a lower (Pt-

NPs@mpg-CN(L)) metal concentration. Both samples have been tested as 

photocatalyst in the CO2 reduction. 

 Both Pt-based systems displayed similar sizes of NPs (ca. 2.5 nm) and a good 

dispersion all over the mpg-CN semiconductor material, thus indicating that 

the selected metal loads were not determining factors in the synthesis. 

 The importance of the co-catalyst (Pt NPs) in the CO2 reduction was revealed 

through photophysical characterization, showing that the presence of the 

metal NPs induced electron transfer from the semiconductor. This 

enhancement was even more prominent when increasing the Pt load, thus 

facilitating the availability of these electrons towards the reduction of CO2, 

instead of losing them in electron-hole recombination processes. 

 Photophysical results has been backed by the photocatalytic experiments, 

with the Pt-loaded samples yielding higher conversion and selectivity 

towards methanol and methane, more suitable for use as fuels, compared 

with the non-loaded mpg-CN, under both UV and visible irradiation. Thus, the 

bare mpg-CN delivered high selectivity towards CO (50% and 80% under UV 

and visible light, respectively), but after Pt loading these values decreased 

below 10% in all cases. Lower CO2 conversions were also observed for the 

bare mpg-CN under UV (20 µmol · gcat
−1 ) and visible light (10 µmol · gcat

−1 ) 

irradiation. This conversion values increased after Pt loading up to 90 µmol ·

gcat
−1   and 40 µmol · gcat

−1  under UV and visible light, respectively. 

 Differences in the photocatalytic results were also observed when comparing 

the Pt-loaded materials, as stated in the specific conclusion for that chapter. 

Under UV irradiation both systems delivered higher selectivity towards 

methane (65% and 60% for Pt-NPs@mpg-CN(L) and Pt-NPs@mpg-CN(H) 

samples, respectively). In the case of Pt-NPs@mpg-CN(H), this selectivity is 

almost maintained under visible irradiation (50% vs. 40% for methanol), but 

a shift was observed for Pt-NPs@mpg-CN(L) sample towards methanol 

(70% of selectivity vs. 25% for methane). This fact indicates that not only the 
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presence of a co-catalyst is enough to carry out the photoreduction of CO2 

efficiently, but also an optimization of the metal load to achieve high 

selectivity towards the desired carbon product, and the nature of the light 

source employed. 

 

1.4. Chapter V 

 
 mpg-CN has served as support for the preparation of different hybrid 

materials, based on Ru (with and without 4-phenylpyridine, 4PP, ligand) or 

Pt NPs, directly deposited on the semiconductor. Additionally, Ru NPs, 

previously deposited on four different carbon (nano)allotropes (CNM = CNH, 

CNT, rGO and GP) and later mixed with the carbon nitride material have been 

prepared. Neither the carbon supports nor the mpg-CN showed a great 

impact in the size of the NPs (sizes around 1.3-2.3 nm for the former 

materials, and 2.7-2.9 nm for the latter materials, without further 

stabilization ligand). However, the incorporation of 4PP ligand led to a 

decrease in the size of the Ru NPs, when compared to the non-ligand capped 

Ru NPs directly deposited on the mpg-CN (1.6 and 1.7 nm vs 2.9 nm). 

 All of the hybrid systems were tested as photocatalysts in the HER. 

Optimization of the metal load was key in order to benefit from the catalytic 

properties of the metal co-catalyst, and the photosensitive features of the 

mpg-CN, in terms of hydrogen production or TON/TOF. Thus, using 

RuNPs@CNH hybrid material as the optimization sample, when loading ca. 

26 mg of mpg-CN with 1.62 mg of the former material, a H2 evolution rate of 

105 µmol·h–1·g–1 was obtained, a value that increased up to 420 µmol·h–1·g–1 

when the RuNPs@CNH loading was reduced to 0.41 mg. However, the best 

TON value was obtained after further reducing the metal loading, obtaining 

a TON value of 53 when incorporating just 0.16 mg of RuNPs@CNH to the 

mpg-CN.  

  Pt NPs directly deposited on mpg-CN (PtNP@mpg-CN) displayed the best 

photocatalytic performance (870 µmol·h–1·g–1 of H2 and TON value of 339, 

using the optimized metal loading).  
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 Among the Ru-based hybrid materials, both the pre-supported on CNM or the 

directly deposited onto mpg-CN, almost no significant photocatalytic 

differences were observed, considering the same metal loading. Even the 

4PP-stabilized systems, whose enhanced catalytic output was studied in 

Chapter III, did not stand out. This behaviour was attributed to an important 

agglomeration of NPs observed through TEM, that could diminish their 

catalytic performance, matching that of larger, but more dispersed, 

nanoparticle systems.  

 These observations were corroborated after photophysical experiments, 

which linked their photocatalytic performance with their electron transfer 

yields. PtNP@mpg-CN material was the most efficient towards electron 

transfer processes, in good accordance with the photocatalytic data, followed 

by in-RuPPNP@mpg-CN (sample prepared in the presence, at the same 

time, of 4PP and mpg-CN as stabilizers). The higher electron transfer yields 

observed for this sample could be due to the smaller size of NPs, when 

compared to the non-ligand-capped hybrid material (RuPPNP@mpg-CN), 

and better interaction and electronic connectivity with the mpg-CN, when 

compared with the ex-RuPPNP@mpg-CN material (NPs prepared with 4PP 

as stabilizer, and further impregnation in the mpg-CN). However, the 

aforementioned agglomeration observed for some of these systems likely 

affects their actual photocatalytic production. 

 Beyond hydrogen production and TON/TOF values, which are comparable to 

most of the reported systems (based mainly in Pt), it is worth highlighting 

the fact that the hybrid materials were able to carry out the electron transfer 

process between the mpg-CN and the co-catalyst efficiently, without an 

electron mediator, which is rare in the literature concerning Ru-based 

systems. 
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1 VII 

1.5. Chapter VI 

 
 Four different carbon (nano)allotropes (CNM = CNH, CNT, rGO and GP) have 

served as support for the preparation of Pt NPs-based hybrid materials, with 

no significant differences in the size of the NPs (from 2.3 to 2.7 nm), 

suggesting that the presence of each support is essential for nanoparticle 

dispersibility, but the differences between them are not a critical factor in 

their growth. 

 When embedded into an electrochemical sensing platform, after 

immobilization in a glassy carbon electrode, the hybrid systems were tested 

for the detection and quantification of methylparabens (MeP). Pt-based 

material using CNT as support yielded the best results, in terms of limit of 

detection and sensibility (5.00 ± 0.03 nM and 4.5·1011 µA·M-1, respectively). 

This was attributed to the higher surface area of carbon material exposed, 

when compared to the other fully metal-covered samples. Thus, the latter 

benefited of the synergic effect of the conducting carbon material and the 

catalytically active Pt NPs, which increased the analytical response. The 

response was also optimal when validating the method using real samples.  

 These results, and those reported for analogous systems in previous 

chapters, serve to demonstrate that this type of hybrid materials can 

efficiently fulfil various purposes, thus making it worth investing in their 

design and development. 
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Chapter VIII 

Annexes 

In the present chapter, three different papers published during the 

development of this PhD thesis are collected, closely related with the previous PhD 

work. In the first published work [1] carbon nitride (mpg-CN)-supported Pt 

nanoparticles are prepared and tested as photocatalysts in the CO2 reduction, 

delivering high activity and selectivity for this particular reaction. In the second 

paper [2], Ru nanoparticles are deposited on the surface of different carbon 

(nano)allotropes, and tested as co-catalyst of the mpg-CN photoactive material for 

photocatalytic Hydrogen Evolution Reaction (HER), being one of the few examples 

in the literature that uses Ru NPs efficiently for this process without requiring an 

electron mediator. The third paper [3] is focused on the deposition of Pt 

nanoparticles on the same set of carbon (nano)allotropes already mentioned, but 

tested for electrochemical determination of parabens, yielding low detection limits 

and high selectivity, which place them among the best carbon-based systems 

reported in the literature for electrochemical sensing applications. 

[1]  "A molecular approach to the synthesis of platinum-decorated mesoporous 

graphitic carbon nitride as selective CO2 reduction photocatalyst" Journal of 

CO2 Utilization, 2021, 50, 101574. DOI:10.1016/j.jcou.2021.101574 

[2]  "Ruthenium nanoparticles supported on carbon-based nanoallotropes as 

co-catalyst to enhance the photocatalytic hydrogen evolution activity of 
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[3]  "Synthesis of 0D to 3D hybrid-carbon nanomaterials carrying platinum ( 0 ) 

nanoparticles : Towards the electrocatalytic determination of 

methylparabens at ultra-trace levels" Sensors & Actuators: B. Chemical, 2020, 

305, 127467. DOI:10.1016/j.snb.2019.127467 
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