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General Introduction 

 

 

This first chapter aims at providing to the readers the state of the art in the field of 

water splitting catalysis, as well as to report the motivation that focused our interest 

on this scientific challenge. The main aspects of the Oxygen and Hydrogen Evolution 

Reactions (OER and HER, respectively) will be displayed together with a general review 

on catalysts development and mechanistic understanding.  

Recently, metal NPs proved to be efficient catalysts for the production of hydrogen 

from water. However, fundamental studies are still necessary in order to design more 

efficient nanocatalysts. In this line, the organometallic approach will be presented as a 

prominent tool for the synthesis of metal nanoparticles, which allows a control on their 

structural properties (e.g. surface environment, size, shape) and thus reactivity, being 

the method chosen for own studies in the other parts of this work. 
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1 

1. General Introduction 

1.1 World Energy Outlook 

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

establishing of the welfare state in 1st world countries as a basic lifestyle, have 

enhanced the energy demand (Figure 2a) and thus the need for the associated 

resources. Additionally, the great advances in technological, scientific and medical 

research are not only accomplishing their purpose, which is to facilitate people’s 

everyday life, but are fundamentally creating a dependency of human being on energy-

requiring devices. This statement is depicted on Figure 2a, where we can see how the 

energy consumption changed over the years.2 This illustrates how the priorities have 

changed on 1st world population, to reach a more comfortable society following the 

colloquially called “minimum effort law”. 

 

Figure 1. a) World’s population increase over the last decades (green) and future perspectives (blue);
1
 b) 

increase on the life expectancy at birth during the last 15 years.
3
  

In fact, the advancement in medicine that is increasing the life expectancy in human 

beings (Figure 1b),3 is of course promoting this aforementioned rise on the world 

citizens, affecting not only on the energy reservoirs for artificial devices, but most 

importantly on the availability of sufficient products for feeding the entire population.4  

Besides the philosophical discussion on the changes of 1st-world-“civilized” society, 

there is a drawback to be solved, energetically speaking. Energy has largely been 

obtained by the combustion of fossil fuels as coal, oil or natural gas (Figure 2a), leading 

to two important problems: firstly, the main feedstocks are running out inducing an 

obvious increase on their price;5 secondly, and with a greater significance in what 

Earth and human lifetimes concern, the use of these sources as energy precursors has 

dramatically increased the presence of greenhouse gases (GHG: H2O(g), CO2, CH4, NOX 

or O3) in the atmosphere.6 Ozone hole or global warming are some of the resulting 
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effects of this massive GHG concentration, but derivative outcomes are also observed, 

like ocean level increase due to glaciers melting or animal migration due to 

temperature rising. Nonetheless, air pollution is the 4th risk factor for human health,7 

after high blood pressure, dietary risks and smoking; and SOX, O3 or NOX are well-

associated with a range of illness.  

 

Figure 2. Left, world energy consumption by year in billion toe, divided in energy sources.
2
 Right, 

percentage of energy obtained from the main renewable sources.
8
 

Fortunately, the interest on replacing fossil fuels as energy sources, by more cleaner 

and renewable products that can be widely used without damaging the environment, 

is rising. Obviously, this concern is not shared with all the administrations, governs and 

of course companies, who prioritize the own success against to the common interest 

to keep a healthier world. Recent studies hypothesize that fossil fuels will remain 

supplying 75% of the energy demand on 2035, against 85% in 2015.2 This means a 

slowing down on the increase of carbon emissions, even though a fall by around 30% 

by 2035 should be achieved to accomplish the goals set up in the “Paris agreement” by 

the United Nations.9 As in 2015 only 3% of the overall consumed energy was coming 

from renewables,2 an increase up to 10% as planned for 2035 would be a significant 

progress, even if still a small achievement. 

The development of engines allowing the use of renewable energies has already 

reached a milestone: they start becoming cost-competitive in the countries where 

there is an obvious governmental support.8 On the other hand, as depicted in Figure 

2b, out of the 3% of power that is being supplied by renewables, 46% is coming from 

traditional biomass, 22% from heat energy (modern biomass, geothermal and solar 

heat), 20% from hydroelectricity and 12% is electricity from wind, solar, geothermal, 

and biomass. 
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1.2 Solar Energy 

Among all renewable sources, sunlight energy is the most available one: more sunlight 

energy strikes the earth in 1 hour than all of the energy consumed on the planet in 1 

year.10 This means that a 0.02% of this solar energy would be enough to fulfil all 

human energy requirements. Additionally, all chemical and radioactive polluting by-

products of so-called thermonuclear reactions taking place in the Sun are there 

retained, and only pure radiant energy is transmitted to the Earth.11 The effective solar 

radiation reaching the whole surface of the Earth in one year (eliminating the 

backscattered and absorbed, which is around 46%), means approximately a solar 

power of 89,300 TW, nine times higher than the wind power (1000 TW) that is the 

second most powerful renewable source. This indicates that by using a 10% efficient 

device, on only 0.17% of the Earth’s surface, we could achieve the current 15 TW of 

worldwide energy consumption.  

However, this harvested energy needs to be harnessed in other forms such as fuels, 

chemicals or electricity. This implies to transform the charge formed by photon 

absorption into a vector of energy that can be later used. Nowadays, devices using 

sunlight can be divided in three main categories, as follows: 

a) Solar thermal systems, which directly convert sunlight radiation into thermal 

energy for heating applications. 

b) Photovoltaics (PVs) that transform the solar energy into electricity without the 

interface of a heating engine. 

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

molecules. 

To achieve an alternative to fossil fuels using sunlight as energy source we need 

chemical products as vectors that, when consumed, release clean and environmentally 

friendly by-products. In this sense, in 1912, the photochemist G. Ciamician, who is 

considered as the father of solar panels, proposed a challenge:12,13   

“to fix the solar energy through suitable photochemical reactions with 

new compounds that master the photochemical processes that hitherto 

have been the guarded secret of the plants” 

In summary, he proposed to use the sunlight energy and to store it into chemical 

bonds, as plants do for example with CO2 fixation during the photosynthesis. This aims 

at energy transformation and storage into solar fuels. 

This is the birth of the “Artificial Photosynthesis” (APS) concept, which will be further 

discussed in section 1.4. Briefly, it is a biomimetic process inspired by the principle of 

photosynthesis that plants apply for the energy storage. Through the photosystem II 

(PS-II), plants absorb the solar energy to break water molecules into O2 and a gradient 
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of protons (H+) and electrons (ē). The released charged species go to the photosystem 

I (PS-I), where they act as reductive agents to achieve the energy storage as chemical 

bonds in carbohydrates. In the APS concept, the breaking of water molecules is 

achieved by means of the sunlight energy as well, but synthetic catalysts are required 

to perform the involved redox process, instead of the natural ones in plants. By this 

way, water becomes precursor of a fuel, which can either be a carbon-based one (from 

CO2 reduction) or H2.  

Regarding more precisely the redox process involved when considering water as 

energy source, two products are obtained when breaking water molecules: O2 and H2. 

The H-H bond in the gaseous H2 molecule is highly energetic.14 Once initiated, its 

combustion in the presence of O2 is straightaway and can be explosive in 

concentrations of 4-74%, following the reverse reaction: 

2𝐻2 + 𝑂2 → 2𝐻2𝑂                𝛥𝐻 = −113.5 𝐾𝑐𝑎𝑙 · 𝑚𝑜𝑙
−1  Eq. 1 

As a consequence, the use of H2 as a fuel is of high interest due to the high energy 

release in its combustion. However, its utilization can be dangerous as well as its 

transportation and storage is complex. In the following section, H2 advantages and 

disadvantages as chemical energy vector will be discussed. 

 

1.3 Hydrogen: Advantages & Disadvantages 

Hydrogen as an element is the most abundant in the universe,15 which at standard 

temperature and pressure (273.15 K, 105 Pa) is present as molecular H2: a colorless, 

odorless, tasteless and highly combustible gas. It was first identified by H. Cavendish in 

1766,16 who named it as “inflammable air”. Some years later he found out that water 

was produced when this gas was combusted (Eq. 1). In 1783, A. Lavoisier proposed the 

name “hydrogen” to imply that it is a component of water (hydro). However, it was 

over one century before, in 1672, that R. Boyle produced it describing the synthetic 

reactions,17 starting up from iron filings and diluted acids: 

𝐹𝑒 + 2𝐻𝑋 → 𝐹𝑒𝑋2 +𝐻2  Eq. 2 

Despite the fact that in the Universe “H” is basically found in atomic or plasma states, 

in the Earth it exists as molecular H2, even if it is a light gas that rapidly escapes from 

Earth’s gravity,18 and in chemical compounds such as hydrocarbons and H2O. H2 is 

naturally produced by some bacteria and algae, and it is also a component in flatus.19 

Several advantages strongly suggest H2 as a promising alternative to fossil fuels: 

1. It can be obtained from the most abundant chemical product on Earth, H2O. 



 General Introduction 
 

- 7 - 
 

1 

2. Its combustion leads to the only formation of steam and liquid H2O, which is 

highly considerable from an environmental point of view. 

3. It is nontoxic. 

4. In fuel cells, the chemical energy of H-H bond gets directly transformed into 

electricity without any heat requirement and with enhanced efficiency, in 

contrast to other fuels. 

5. The long-distance energy transmission is more economical than through high-

voltage AC (alternating current) lines. 

The comparison of the properties of H2 with those of gasoline evidences the high 

capacity of this gas as a fuel: 

Table 1. Comparison of H2 properties with those of gasoline.
20

 

  Properties 

Fuel 
Specific 
energy 

(KWh·Kg
-1

) 

Energy 
density 

(MJ·dm
-3

) 

Self-ignition 
temperature 

(K) 

Flame 
propagation 
in air (m·s

-1
) 

Explosion 
energy  

(Kg TNT·m
-3

) 

Difussion 
coeficient in 
air (cm

2
·s

-1
) 

H2 33.33 9.17 858 0.02 2.02 0.61 

Gasoline 12.4 34.2 498-774 0.40 44.22 0.05 

 

Interestingly, hydrogen has a specific energy value 2.5 higher than gasoline, although 

its low energy density hampers its storage (further discussed in section 1.3.2). In terms 

of security, H2 self-ignition starts at temperatures around 50% higher than gasoline 

(858 vs. 498-774 K), and its explosion energy is more than 20 times lower, stating it as 

a less dangerous alternative. Moreover, H2 is a light gas that rapidly diffuses in air and 

it has no damaging healthy effect due to its non-toxicity, in contrast to gasoline. 

Table 2. Comparison of energetic parameters of H2 and typical molecules usable as fuels.
21

 Gibs free 
energy (ΔG°), theoretical thermodynamic potential (E°theor), maxiumum potential (E°max) and energy per 
mass density (KWh·Kg

-1
). 

Fuel H2 MeOH NH3 N2H4 HCOH CO HCO2H CH4 C3H8 EtOH 

ΔG° 
(Kcal·mol

-1
) 

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

E°theor (V) 1.23 1.21 1.17 1.56 1.35 1.33 1.48 1.06 1.08 1.15 

E°max (V) 1.15 0.98 0.62 1.28 1.15 1.22 1.14 0.58 0.65 - 

Specific 
Energy 

(KWh·Kg
-1

) 
33.33 6.13 5.52 5.22 4.82 2.04 1.72 13.9 - 8 

 

It is also worth to compare H2 energy data with those of several products that can be 

used in fuel cells as energy vectors.21 Doing so (Table 2), we notice that the specific 

energy of H2 is not only higher than gasoline’s one, but also than other fuels such as 
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formic acid, MeOH or ammonia. Additionally, H2 is the energy vector losing less energy 

on its combustion (E°theor- E°max). 

In the following section, hydrogen production processes will be described, with the 

focus centered on the Water Electrolysis (WE) and the Steam Reforming of Methane 

(SMR) from natural gas. In terms of cost,22 WE is highly advantageous given that water 

is renewable, cheaper and easier to obtain than petroleum or natural gas; however, 

the refining process increases the costs of its production up to similar rates than 

gasoline, as depicted in Figure 3.  

 

Figure 3. Past, present and future perspective on the cost of using H2 instead of gasoline, published by 
Air Products.

22
 Gasoline (black triangle), commercial electricity from WE (empty green square), industrial 

electricity from WE (filled green square), commercial natural gas from SMR (empty blue diamond) and 
industrial natural gas from SMR (filled blue diamond). 

Consequently, it is important to consider not only the interest of H2 as a fuel, but also 

the feasibility of its production, storage and transport. All these points will be briefly 

discussed in the following sections. 

 

1.3.1 Hydrogen production 

Nowadays, several processes are being used to produce H2 starting up from various 

chemical compounds. The most important ones are briefly described hereafter. 

Steam-reforming 

Industrially, H2 gas is mainly obtained by the Steam Reforming of Methane (SMR) or 

fossil fuel reforming from natural gas (95% of H2 production in US in 2017).23 SMR is an 

environmentally unfriendly process that consists in reacting gaseous water (steam) and 

CH4 under high temperature and pressure (700-1100 °C, 20 atm.) to promote the H2 

formation as follows: 
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𝐶𝐻4 +𝐻2𝑂 → 𝐶𝑂 + 3𝐻2   Eq.  3 

𝐶𝑂 + 𝐻2𝑂 → 𝐶𝑂2 + 𝐻2   Eq.  4 

By this way, a well-known mixture called as “syngas” (synthesis gas) composed by H2 

and CO is obtained (Eq. 3). The formed CO can be reused in the “water-gas shift 

reaction” for further obtaining H2 (see Eq. 4).  

The main drawback of the steam reforming process for obtaining H2 is the huge 

production of CO2 as by-product, which is one of the green-house gases to be avoided 

in the atmosphere. In this sense, there is nowadays the aim of using a renewable 

source instead of naphta in the reforming process. Ethanol can be an alternative,21,24 

as it is easy to transport, biodegradable, has low toxicity and it can be easily 

decomposed in the presence of H2O to form H2 (Eq. 5): 

𝐶2𝐻5𝑂𝐻 + 3𝐻2𝑂 → 2𝐶𝑂2 + 6𝐻2  Eq.  5 

EtOH can be produced from the sugar fermentation of biomass. Those carbohydrates 

are produced by natural plants from CO2 and water. Considering that CO2 is the only 

by-product of EtOH reforming, the latter is considered as a renewable fuel. Moreover, 

the efficiency of ethanol in the reforming process is higher than that of other carbon-

based products with a reaction enthalpy of ΔH0
298 = 83.03 Kcal·mol-1. 

Thermochemical decomposition 

Another typical method to produce H2 consists on the thermal treatment of water to 

split it into O2 and H2. The Gibbs free energy of the water decomposition can be 

lowered down by increasing the temperature, becoming null at 4700 K.25 However, the 

highest available temperature by a nuclear reactor is 1300 K which is far from the 

required heat for the single-step decomposition of water.  

An alternative to circumvent this drawback is to realize the thermal splitting of water 

by a multi-step method. Metal-based two-step decomposition of water can be 

achieved at temperatures above 1273 K, involving the intermediate formation of a 

metal oxide, metal hydride or hydrogen halide. With the purpose to lower down even 

more the required temperature, a multi-step process can be used involving several 

reactions all of them having smaller energy barriers. For example, the following four-

step procedure (Eq. 6-9) involves only one reaction with temperatures above 1000 K: 

2𝐻2𝑂(𝑔) + 𝐼2(𝑔) + 𝑆𝑂2(𝑔) → 2𝐻𝐼(𝑔) +𝐻2𝑆𝑂4(𝑔) T = 300 K Eq.  6 

𝐻2𝑆𝑂4(𝑔) →  𝐻2𝑂(𝑔) + 𝑆𝑂2(𝑔) + 0.5𝑂2(𝑔)  T = 510 K Eq.  7 

𝑁𝑖(𝑠) + 2𝐻𝐼(𝑔) → 𝑁𝑖𝐼2(𝑠) +𝐻2(𝑔)   T = 570 K  Eq.  8 

𝑁𝑖𝐼2(𝑠) → 𝑁𝑖2(𝑠) + 𝐼2(𝑔)    T= 1070 K Eq.  9 
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Any thermochemical process aimed to be employed for the H2 production requires 

these four steps: 1st, water decomposition or hydrolysis (Eq. 6) followed by the oxygen 

(Eq. 7) and hydrogen generation (Eq. 8), and ending up by the regeneration of any 

consumed intermediates (Eq. 9). 

Water electrolysis  

The electrochemical water splitting, or electrolysis of water, was discovered by W. 

Nicholson and A. Carlisle on 1800.26 As its name announces, it consists in applying an 

electric potential onto a water-containing two-electrode cell, thus leading to the 

formation of O2 and H2 as the result of the splitting of water molecules (Eq. 10): 

2𝐻2𝑂 → 2𝐻2 + 𝑂2  𝛥𝐻 = 113.5 𝐾𝑐𝑎𝑙 · 𝑚𝑜𝑙−1  Eq.  10 

This breaking of water molecules is a non-favored reaction thermodynamically 

speaking and, as previously mentioned, the backward process is spontaneous at a wide 

range of concentrations (Eq. 1). Obviously, there is a dependency of the generation of 

the two gases formed (O2 and H2) on the applied potential at each electrode 

(cathode/anode). According to the Nernst equation, the required potentials (E0 vs. 

NHE, for Eq- 11-12) for the anode to start oxidizing water and for the proton reduction 

at the cathode are: 

𝐸0𝑂2/𝐻2𝑂 = 1.229 − (0.059 × 𝑝𝐻)   Eq.  11 

𝐸0𝐻+/𝐻2𝑂 = 0.000 − (0.059 × 𝑝𝐻)   Eq.  12 

As it can be deduced from the two equations, there is a clear dependency of the 

thermodynamic potential (E0) for the production of O2 and H2 on the pH, graphically 

displayed in Figure 4.25 

 

Figure 4. Graphical representation of the dependency of the thermodynamic potential (E° vs. NHE) of 
the O2 and H2 production from H2O, depending on the pH. 
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In the case of the oxygen evolution reaction (OER), there is a potential decrease while 

the pH increases as the OER is favored under alkaline conditions. In contrast, for the 

cathodic hydrogen evolution reaction (HER), there is an increase on the required 

reductive potential at higher pH due to the smallest [H+]. Moreover, there is an excess 

energy coming from electrochemical system resistance or water conductivity, which 

needs to be beaten and that is called overpotential (η). A catalyst is necessary to 

lowering down this energy in both semi-reactions. In “Nicholson & Carlisle”’s 

experiment, H2 and O2 bubbles appeared on two Pt-wires, which were used inside a 

sealed tube containing water, and powered with a voltaic pile, making a precedent for 

the use of Pt as electrocatalyst.  

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

electrolyte membrane (PEM) fuel cell.27 In most of the PEM commercial systems, both 

the cathodic and anodic catalysts are based on Pt and Ir, which are scarce and highly-

expensive metals that make them unsuitable for large-scale and industrial applications. 

As a consequence, there is still room for improvement in the development of 

electrodes and electrolytes with catalysts that are efficient, low-cost and that have 

long-term durability, based on more earth-abundant metals.28 

The previously mentioned APS is a sunlight-assisted electrolysis of water, in which the 

energy comes from the sun irradiation instead of the electric power. 

 

1.3.2 Hydrogen storage & transport 

Hydrogen can be stored on the Earth in gas, liquid or solid (in chemical bonds or 

adsorbed) states. Gas and liquid storing have been used for a long time, but they have 

several disadvantages as follows: 

 Liquid H2 boils at around 20.3 K (-252.9 °C), which means that a high amount of 

energy is required to get liquated H2. 

 Cryogenic containers with temperature insulating are needed for the H2 

storage at so low temperatures, increasing the price of storing. 

 Both liquid and compressed H2 gas have lower energy density (MJ·dm-3) than 

hydrocarbon fuels. Thus, bigger tanks are required for having the same energy 

than with e.g. gasoline. 

Given the drawbacks above mentioned, high density hydrogen storage is an issue for 

stationary and portable applications and remains significantly challenging for 

transportation. Carbon fiber is a material recently used for hydrogen containers, e.g. in 

fuel-cell vehicles (FCV), which enhances the tanks safety towards withstand crash, drop 

test, fire, and ballistic, as tested.20 Alternative ways for storing H2 in the solid state are 

being investigated, either under the form of chemical bonds in bigger molecules or 
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metal complexes, or physically or chemically adsorbed onto solids’ surfaces or within 

porous solids. For instance, H2 can be stored under the form of metal hydride (M-H) 

species (Eq. 13-14): 

𝑀 + (
𝑥

2
)𝐻2 → 𝑀𝐻𝑥     Eq.  13 

𝑀 + (
𝑥

2
)𝐻2𝑂 + (

𝑥

2
) ē → 𝑀𝐻𝑥 + (

𝑥

2
)𝑂𝐻−  Eq.  14 

Other possibilities are to physically store H2 molecules into the cavities of three-

dimensional molecular porous matrices.20 Zeolites for example, allow hydrogen 

penetration in their pores at high temperatures.29 By cooling down the material H2 can 

be guested inside the pores, while reheating it releases H2 back. However, very low 

storage capacity of 0.1-0.8 wt.% is achieved with zeolites. In Metal-Organic 

Frameworks (MOFs), both metal clusters and organic units can work as adsorption 

sites for H2 molecules.30 They are easy to synthesize and their physical properties can 

be tuned to achieve larger-diameter pores or change channel curvatures, to reach a 

storage capacity over 1-4 wt.%.  

Chemical storage into liquid-phase compounds can be also considered, achieving good 

storage capacity of 8.9 wt.% for methanol, 15.1 wt.% for ammonia, and 13.2 wt.% for 

methylcyclohexane.20 Aminoboranes (AB = NH3-BH3) are another alternative H2-storing 

molecules thanks to their high hydrogen density (15.4 %) and low molecular weight 

(30.8 g·mol-1).31 The transition-metal catalyzed AB hydrolysis to obtain H2 can be 

achieved under mild conditions, being able to generate three equivalents of H2 per AB 

molecule (Eq. 15): 

𝑁𝐻3𝐵𝐻3 + 2𝐻2𝑂
𝑐𝑎𝑡.
𝑟.𝑡.
→  𝑁𝐻4𝐵𝑂2 + 3𝐻2   Eq. 15 

Carbon-based materials are also promising for molecular H2 storage because of their 

combined adsorption ability, high specific surface, pore microstructure, and low mass 

density.32 Activated carbon,32b carbon fibers (CFs)32c,d and either Single-Walled Carbon 

NanoTubes (SWCNT) or Multi-Walled ones (MWCNT)32e are among carbon-based 

materials used as storage materials.  

Although H2 production, storage and transport methods are being investigated, there 

is still room for improvement to make H2 a cost-effective alternative to carbon fuels. 

 

1.4 Artifical Photosynthesis vs. Natural Photosynthesis 

As previously mentioned, plants harvest solar energy in the PS-II33 and use it to reduce 

CO2 into carbohydrates by using water (Eq. 16-17):13 
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6𝐻2𝑂 + 6𝐶𝑂2 + ℎ𝜈 → 𝐶6𝐻12𝑂6 + 6𝑂2    𝐸0 = 1.24 V  Eq.  16 

2𝐻2𝑂 → 𝑂2 + 4𝐻
+ + 4ē   𝐸0 = 1.23 V  Eq.  17 

In other words, solar energy is being stored as chemical bonds in primary sugar 

molecules, such as glucose, that plants use as precursors for the formation of superior 

carbohydrates like cellulose. O2 is formed as a byproduct, being the only waste product 

in this whole process that started around 3500 million years ago, and the responsible 

of guaranteeing the continuity of life in the Earth. In this way, plants are both, 

diminishing the CO2 concentration in the atmosphere and producing the O2 that life-

being species require.  

More specifically, water is oxidized on the oxygen evolving complex (OEC) by the 

Mn4CaO5 cluster,34 using the sunlight energy harvested on the PS-II (see Figure 5). The 

Mn-cluster is capable of storing four oxidative charge equivalents, and the gradient of 

protons and electrons (4H+ + 4ē) is transported to the PS-I, where it is used for the 

reduction of NADP+ (nicotinamide adenine dinucleotide phosphate) to form the 

reduced form NADPH,13 which is later on the responsible of fixing or reducing CO2 in 

the Calvin cycle.  

 

Figure 5. Left, photosynthetic electron-transfer chain of the thylakoid membrane;
35

 right, Mn4CaO5 
cluster in the OEC in the PS-II.

34
  

This clean process has been for a long time a source of inspiration for scientists who try 

to find an alternative way to produce energy avoiding the use of C-based sources, and 

mimicking the natural photosynthetic pathway in plants. The splitting of water 

liberating “4H+ + 4ē” follows the proton-coupled electron transfer (PCET) mechanism, 

that was described by T. J. Meyer et al. in 2004,36 and which is of high importance for 

the rational development of water oxidation catalysts, as it will be later discussed. 

The principle of artificial photosynthesis relies on the use of the released H+ and ē 

resulting from water oxidation, to produce at disposal molecules with high-energetic 

bonds. This means: a) CO2-derivated carbohydrates (Eq. 18) or b) hydrogen (Eq. 19): 

4𝐻+ + 4ē + 𝐶𝑂2 → [𝐶𝐻2𝑂] + 𝐻2𝑂  Eq.  18 

4𝐻+ + 4ē → 2𝐻2    Eq.  19 



Chapter 1 
 

 

- 14 - 
 

1.5 Water Splitting 

Water splitting is known as a promising option to produce H2 from the most available 

source in the Earth, H2O (see Eq. 10 on page 10). The breaking of water into H2 and O2 

gases is an energetically demanding process. It can also be named as water 

electrolysis, if the energy comes from an electronic device as it is the case on 

photovoltaic electrolyzer cells (PV/Electrolyzer, Figure 6a); or artificial photosynthesis, 

if the source of electrons is the direct sunlight irradiation, as in the mixed-colloid 

devices (Figure 6b).37 However, systems that combine both techniques are of high 

interest, namely photoelectrochemical cells (PEC, Figure 6c). They take advantage of 

sunlight energy harvesting as inexorable source through photoactive species 

(photoanodes/photocathodes), instead of using expensive PV-devices. Further, alike 

PV-based systems, in PEC the two catalysts are placed in separated compartments and 

they can be present in homogeneous solution or immobilized onto the electrodes’ 

surface. 

 

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

In plants chlorophyll is the antenna that harvests light. The light harvesting activates 

the OEC and its Mn-cluster leading to the breaking of water and O2 formation (see Eq. 

17 on page 13). In the APS, a photocatalyst (photosensitizer, semiconductor, etc.) is 

required to act as solar-energy absorbing species, as well as a Hydrogen Evolution 

Catalyst (HEC) or CO2 reduction catalyst, and a Water Oxidation Catalyst (WOC). A 

photosensitizer (PS), as the well-known [Ru(bpy)3]2+ complex (1 in Figure 7, left),38 is a 

species that can work in a mixed-colloid device (e.g.) harvesting sunlight to provide the 

light-excited electron to the HEC, as shown in Figure 7 (right). The reduction catalyst is 

then able to reduce H+ or CO2 molecules, while on the same time, the oxidation 

catalyst gives an ē to reduce the PS+ back to PS, being ready to oxidize water to O2. 
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Also semiconducting materials (such as TiO2, ZnO or CdS) can be simultaneously used 

as light-harvesting species and catalyst, e.g. in PEC devices. The first example was 

described by K. Honda and A. Fujishima in 1972:39 they used TiO2 as photoanode in 

connection with a Pt-based cathode, and, by irradiating UV-vis light, O2 and H2 bubbles 

respectively appeared on the surface of each electrode (Figure 7, bottom-left). If a PEC 

is used, both catalysts are activated through photoactive electrodes or species in each 

compartment, what enhances the efficiency of the whole device. 

 

Figure 7. a) Photosensitive [Ru(bpy)3]
2+

 complex 1; b), photoelectrochemical cell containing a TiO2-
photoactive anode and a Pt cathode, reported by Honda and Fujishima;

39
 c) schematic representation of 

the electron transfer process in a photo-induced catalytic WS. 

As previously introduced on page 11, potentials above the thermodynamic potential 

(1.23 V at pH=0) are required to oxidize water, as there are complex electron and ion 

transfer processes that slow down kinetics and make the reaction energetically 

inefficient.40 This additional potential that is needed above the thermodynamic 

reaction potential (E0(O2/H2O) = -1.23 V and E0(H+/H2) = 0.00 V vs. RHE), is called 

overpotential (η). It derives from both chemical drawbacks and device set-up, as for 

example activation energy, species diffusion, electrodes and wires resistance, or 

bubble formation.  

The role of the WOC is to lower down the activation barrier of the oxidative semi-

reaction, and so to diminish the required overpotential to start forming O2. The WOC 

can be an oxide material as first published by A. Coehn and M. Gläser in 1902,41 or a 

molecular complex. Molecular complexes have recently been widely studied since the 

discovery of the ruthenium “blue dimer” by T. J. Meyer in 1982 (2 in Figure 8).42 

Analogously, the HEC is needed to diminish the energy barrier for reducing protons (η), 

which is much lower than for the oxidative counterpart as it simply involves the 

formation of two H-H bonds (see section 1.5.2 for further details). 
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Figure 8. Structure of Meyer’s “blue dimer” 2.
42

 

Considering that the general topic of this PhD work is the development of Ruthenium-

based nano-sized species, to be used as catalysts for the WS process, from now on we 

will mainly focus on Ru-based catalysts for both, water oxidation and proton reduction 

reactions. 

Before highlighting the literature data on WOCs and HECs, it is important to define two 

crucial concepts for the description and comparison of catalysts in general. The 

TurnOver Number (TON) of a catalyst (cat in Eq. 20) defines the number of times that 

the cat. is capable of performing the catalytic reaction (RP in Eq. 20), and therefore 

how stable it is under the catalytic conditions. This can be easily calculated by dividing 

the number of moles of product (nP(t=x) in Eq. 21) formed at time t=x, by the number of 

moles of catalyst (ncat. in Eq. 20): 

𝑅
𝑐𝑎𝑡
→ 𝑃      Eq. 20 

𝑇𝑂𝑁(𝑡=𝑥) =
𝑛𝑃(𝑡=𝑥)

𝑛𝑐𝑎𝑡
    Eq. 21 

𝑇𝑂𝐹(𝑡=𝑥)(𝑠
−1) =

𝑇𝑂𝑁(𝑡=𝑥)

𝑥
=
𝑛𝑃(𝑡=𝑥)

𝑛𝑐𝑎𝑡·𝑥
  Eq. 22 

The kinetic parameter generally used for catalyst benchmarking, is the TurnOver 

Frequency (TOF, [s-1]). It corresponds to the TON value divided by a given period of 

time (t=x), for example the turnovers that a catalyst does per second (Eq. 22), 

corresponding to the velocity of the catalyst. Both parameters may change during 

catalytic experiments, depending on the catalyst stability, availability of substrates 

and/or reaction conditions. 

Three other parameters that are key for the description and comparison of 

electrocatalysts are the onset overpotential (η0), the overpotential at |j| = 10 mA·cm-2 

(η10) and the Tafel slope (b): 

 η0 is referred to the electrochemical potential (respect to the thermodynamic 

E0) at which the catalytic reaction starts, and it can be distinguished by a 

change on the current intensity (i) due to a Faradaic process, when performing 

voltammetry experiments.  
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 η10 is the potential (respect to the thermodynamic E0) at which the system 

reaches a |j| = 10 mA·cm-2. This value is already normalized by the geometrical 

electrode surface area, so it allows the comparison between systems with 

similar loading and different surface areas, and it is generally accepted as the 

approximate current density expected for an integrated solar water-splitting 

device under 1 sun illumination operating at 10% solar-to-fuel efficiency. 

 

Figure 9. Typical polarization curves for HECs with η0, η10 and E
0
 parameters. 

 The Tafel plot is the representation of the overpotential of an electrochemical 

system vs. the log of the current density (j). The equation ruling an 

electrocatlyst’s curve is called the Tafel equation, and possesses an slope (b) 

which gives kinetic information on the rate determining step (rds) among the 

different reaction pathways (see specific information on the following OER/HER 

sections).  

 Another interesting parameter can be deduced from the Tafel plot, which is 

informative of the catalyst activity: the exchange current density (j0). It is 

defined as the obtained current in the absence of any faradaic process and at 

η0; the higher j0, the better the catalyst is considered. It can be obtained by 

resolving the Tafel equation for η = 0 mV, giving rise to the residual current of 

the catalytic system under non-faradaic conditions. 

 

1.5.1 Oxygen Evolution Reaction 

As previously mentioned, the OER is considered as the bottleneck for the development 

of water splitting devices. It is a complex reaction as it involves the extraction of 4 

protons and 4 electrons from two water molecules, and an O=O double bond 

formation.43 From a catalytic point of view, the Mn cluster of the PS-II system in 
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natural PS is a model for the development of WOCs, as it collects the four hole 

equivalents produced by solar irradiation that are required for performing the 

oxidation of water. With regards to WO nanocatalysts, since the understanding of their 

catalytic mechanisms still supposes a significant challenge, the scientific community 

has paid great attention in the mechanisms arising in molecular WO complexes, with 

the aim of correlating their main steps onto solid systems. In this sense, the polypyridyl 

structure of the so-called “blue dimer” (Figure 8 in section 1.5) gave birth to a new 

family of water oxidizing Ru-compounds known as Ru-OH2 polypyridyl complexes.44,45 

The study of the Ru-OH2 polypyridyl family has permitted to elucidate the two most 

important processes in the oxygen evolution reaction: the Proton Coupled Electron 

Transfer (PCET) and the Oxygen-Oxygen bond formation.46 

Proton-Coupled Electron Transfer (PCET) 

An exhaustive study of Ru-OH2 polypyridyl species through Cyclic Voltammetry (CV) 

and spectroscopic techniques enabled T. J. Meyer et al. to define the “Proton Coupled 

Electron Transfer” (PCET) mechanism.36,47 They studied the different Ru oxidation 

states as well as the pKas of the aqua groups in each species, and observed that when 

an electron was removed from the [RuII-OH2]2+ species a proton was simultaneously 

lost. Hence, by the removal of 1H+ and 1ē or 2H+ and 2ē of the [RuII-OH2]2+ species (Eq. 

23), three different metal oxidation states appeared to be stable: 

[𝑅𝑢𝐼𝐼 − 𝑂𝐻2]
2+

−𝐻+,−ē
→     [𝑅𝑢𝐼𝐼𝐼 − 𝑂𝐻]2+

−𝐻+,−ē
→     [𝑅𝑢𝐼𝑉 = 𝑂]2+  Eq.  23 

This PCET process results from the increase in acidity of the aqua groups when the 

metal is oxidized. Therefore, the removal of an electron from the [RuII-OH2]2+ core 

induces the loss of a proton, leading to [RuIII-OH]2+ species which undergoes the same 

process to form [RuIV=O]2+. This entity contains a more powerful electron donating 

oxygen group (H2O < OH- < O2-), which better stabilizes high metal oxidation states. 

Consequently, redox potentials are lowered when PCET occurs, avoiding high energetic 

intermediates, as can be seen in Scheme 1: 

 

Scheme 1. Acid-base redox potential diagram for Ru
III

/Ru
II
 redox couples of [Ru

II
(bpy)2(py)(OH2)]

2+
. 

Potentials are given versus NHE. 
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PCET mechanism elucidation has been crucial not only for the understanding of Ru-OH2 

polypyridyl complexes reaction pathways, but also to contribute to the general 

knowledge of water oxidation mechanisms in the natural Mn-based OEC. 

Oxygen-oxygen bond formation 

After release of the necessary electrons and protons and the accumulation of the 

oxidative equivalents in the RuIV=O species, the O-O bond can be formed. Scheme 2 

illustrates the two plausible mechanisms that have been experimentally proven by 

studying different molecular WOCs:48,49 

1. Water Nucleophilic Attack (WNA): a water molecule attacks the M-O 

moiety of a highly oxidized metal. 

2. Intramolecular or Intermolecular pathway (I2M): two M-O centers merge 

to form a M-O-O-M peroxo moiety. 

 

Scheme 2. Two plausible mechanisms for O-O bond formation with molecular WOCs.
50 

Both mechanisms have been observed depending on the catalyst nature and the 

reaction media. The most outstanding examples of water oxidation catalysts will be 

presented in the following section. 

In the materials field, S. Trasatti et al. proposed a multi-step mechanism after studying 

as catalyst ternary metal oxides of Ru0.3Ti(0.7-x)CexO2 composition that catalyzed the OE 

reaction in acidic media.51,52 Analogous to the homogeneous processes, the first step is 

the absorption of a hydroxide group (Eq. 24), followed by the formation of a metal-

oxide species (Cat-O), either through a second electron transfer (Eq. 25) or a 

recombination step (Eq. 26): 

a) 𝐶𝑎𝑡(𝑠) +𝐻2𝑂 → 𝐶𝑎𝑡 − 𝑂𝐻(𝑎𝑑) +𝐻
+ + ē   Eq.  24 

b) 𝐶𝑎𝑡 − 𝑂𝐻(𝑎𝑑) → 𝐶𝑎𝑡 − 𝑂(𝑎𝑑) +𝐻(𝑎𝑞)
+ + ē  Eq.  25 

b’) 2𝐶𝑎𝑡 − 𝑂𝐻(𝑎𝑑) → 𝐶𝑎𝑡 − 𝑂(𝑎𝑑) + 𝐶𝑎𝑡(𝑠) +𝐻2𝑂   Eq.  26 

c) 2𝐶𝑎𝑡 − 𝑂(𝑎𝑑) → 2𝐶𝑎𝑡(𝑠) + 𝑂2    Eq.  27 

The last step, the O=O bond formation (Eq. 27), allows to regenerate the catalyst active 

species through a “I2M”-like pathway.  
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As previously presented, from the Tafel equation of an electrocatalyst kinetic 

information on the catalyst performance can be obtained. In the particular case of 

heterogeneous OE catalysis, a Tafel slope (b) of 40 mV·dec-1 suggests a mechanism in 

which the second electron transfer (Eq. 25 or 26) is the rds, whereas a slope of 30 

mV·dec-1 is characteristic for systems where the rds is the recombination reaction (Eq. 

27).  

 

1.5.1.1 Molecular complexes as WOCs 

Among the state-of-the-art of molecular catalysts as WOCs, first-raw transition metals 

(TMs) such as Co, Cu, Mn and Fe are the most frequently earth-abundant metals object 

of study.48-61 Mn is particularly interesting due to its role in natural photosynthesis, but 

also because of its high abundance. R. H. Crabtree, G. W. Brudvig et al. described in 

1999 the first dinuclear Mn complex, [H2O(terpy)Mn(O)2Mn(terpy)OH2](NO3)3 (terpy is 

2,2’:6’,2”-terpyridine), capable of oxidizing water into molecular dioxygen (3 in Figure 

10).53 Later on several studies reported no impressive activities and the decomposition 

of the sacrificial oxidant as secondary reaction.54 B. Åkermark et al. could diminish the 

required overpotentials of dinuclear Mn-based complexes by using imidazole and 

carboxylate groups on the ligands, making the catalytic system compatible with the 

sacrificial oxidants.55 

 

Figure 10. Some TM-based molecular complexes as WOCs: [H2O(terpy)Mn(O)2Mn(terpy)OH2](NO3)3 (3), 
Fe

III
-TAML (4), [Co(Py5)(OH2)](ClO4)2 (5), [(bpy)Cu(μ-OH)]2

2+
 (6), and [Ir(ppy)2(H2O)2]

+
 (7). 

Similar to Mn, Fe is highly abundant and has low toxicity, being thus a feasible option 

for OER.56 S. Berhnard et al. reported in 2010 the first family of Fe complexes able to 

catalyze the OE (FeIII-TAML, 4 in Figure 10), followed by J. Lloret-Fillol, M. Costas et al.57 
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Again, the stability under the oxidative conditions was doubtable in some cases,58 

achieving the formation of FeOx species. 

General knowledge on molecular Co-based OEC has rapidly evolved since C. P. 

Berlinguette’s first published in 2011 the [Co(Py5)(OH2)](ClO4)2 (Py5 = 2,6-(bis(bis-2-

pyridyl)methoxymethane)pyridine) complex (5 in Figure 10).59 Good activities have 

been reported in other contributions,60,61 but the nature of the real active species 

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

films has been observed,62 thus stating the low stability of cobalt coordination 

compounds under OER conditions. 

J. M. Mayer et al. described the first Cu-based complex as WOC [(bpy)Cu(μ-OH)]2
2+ (6 

in Figure 10), which at high pH values formed a dinuclear active species.63 From this 

point, T. J. Meyer,64 A. Llobet65 and G. W. Brudvig,66 among others, described several 

Cu-based homogeneous catalysts. 

On the second and third row of the periodic table, low-abundant Ir-based complexes 

have attracted much attention as molecular WOCs. S. Bernhard described in 2008 the 

first family of Ir-complexes bearing cyclometalated phenylpyridine ligands, such as 

[Ir(ppy)2(H2O)2]+ (7) in Figure 10,67 which showed OE activity for several days. R. H. 

Crabtree and M. Albretch also contributed on the development of Ir-based complexes 

containing pentamethylcyclopentadienyl (Cp*) and carbene-type ligands, 

respectively.68 However, the stability of such molecular compounds and thus the 

nature of the active species are not evident due to ligand oxidation under the strong 

oxidative conditions,69 and formation of active IrOx species was observed.70 

 

Figure 11. General plot on the report of new WOCs over the time and their increased catalytic activity in 
log(TOF) compared to the OEC from PS-I. The catalysts are shown in Figure 12 (8-12). 
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Polypyridyl-stabilized Ru molecular complexes were the center of intensive studies and 

improvements on the development of homogeneous water oxidation catalysis, due to 

both the electronic properties that polypyridyl ligands offer and their stability under 

catalytic reaction conditions. A proper way to analyze the progress over the years on 

the development of WOCs is to compare the increase of the TOF values (Figure 11).  

According to that, a long time was necessary to develop a catalyst with activity values 

as high as the naturally occurring system (Figure 11). Blue dimer’s TOF (0.004 s-1) and 

TON (13.2) are much lower than the Mn cluster ones (TOF = 100-400 s-1).71 Until A. 

Llobet et al. reported in 2004 a ruthenium dimer containing a trpy and Hbpp ligands 

(2,2’:6’,6”-terpyridine; 2,2'-(1H-pyrazole-3,5-diyl)dipyridine, 8 in Figure 12), no great 

improvement has been achieved in terms of catalyst efficiency while this one reached 

higher TON (512) and TOF values (0.014 s-1) than the “blue dimer”.72,73 At that time, it 

was believed that a dinuclear complex was mechanistically required for achieving the 

O-O bond formation,74 but R. P. Thummel (2005)75 and T. J. Meyer (2008)76, among 

others, proved that mononuclear metallic complexes (9,10 and 11, respectively) could 

also work as WOCs.74 Furthermore, M. Bonchio and C. L. Hill simultaneously published 

a family of Ru-POM (polyoxometallates) complexes mimicking the natural occurring 

Mn cluster,61 such as the fast and water-soluble PW9O34 with a tetraruthenium active 

core (12 in Figure 12), which exhibited 4.5 TON/s rate.77,78 

 

Figure 12. Structure of Llobet’s dinuclear [Ru
II

2(bpp)(trpy)2(H2O)2]
3+

 (8), Thummel’s [Ru
II
(tnp)(Me-

py)2(H2O)]
2+

  (9) and [Ru
II
(trpy)(pynap)(H2O)]

2+
 (10), Meyer’s [Ru(trpy)(bpm(OH2)]

2+
 (11), and Bonchio’s 

Ru4-POM (12). 

One step forward on the development of active WOCs and the rational design for 

mechanistic understanding of the molecular oxidation of water are the recent studies 
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made by L. Sun and A. Llobet with a new family of mononuclear ruthenium 

complexes.79,80 The incorporation of a dianionic ligand (main characteristic of this new 

family), 2,2’-bipyridine-6,6’-dicarboxylic acid (13, bda2-) or 6,6'-dicarbonixilate-

[2,2':6’,2”-terpyridyl] (14, tda2-), provides an electronically richer metal center, in 

which this negatively charged equatorial ligand decreases the necessary overpotential 

for accessing higher oxidation states to oxidize water (15 in Figure 13).81 Thus, complex 

15 from the Ru-bda family could produce oxygen with TON up to 55000 in an 

extremely short time lapse, leading to a TOF value of 300 s-1. These numbers narrow 

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

(Figure 11). For Ru-bda complexes, an I2M intermolecular mechanism for the O-O bond 

formation was detected by UV-vis spectroscopy through dimerization of two 

ruthenium centers.79,80a,82 

 

 

Figure 13. Structure of ligands bda
2-

 (13) and tda
2-

 (14) and their complexes [Ru(bda)(4-pic)2] (15), 

[Ru(tda)(Py)2] (16) and [Ru(tda)(Py-Pyr)2] (17). 

More impressive is still the performance of the Ru-tda-based complex, such as 

complex 16 in Figure 13. In this case, initial 7-coordination geometry is observed on 

the Ru center without the presence of any H2O molecules in the coordination sphere.83 

This is crucial as the carboxylates play a double role: besides facilitating the oxidation 

of the metal towards higher oxidation states due to its anionic ability, after the 

coordination of a water molecule they act as acidic groups for the PCET, removing 

protons for the formation of the RuV=O active species. Ru-tda family complexes can 

reach up to 50000 s-1 TOF values depending on the nature of the axial ligands, and 

being the more active WOCs published so far (Figure 11). This improvement on the 

catalytic activity is attributed to the richer electron density of the metal coordination 
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sphere, which at the same time creates also steric hindrance, leaving aside the I2M 

mechanism as a feasible option.  

The fact that Ru-tda complexes follow the WNA pathway, and so do not require the 

approach of two catalyst molecules for the O-O bond formation, allows their anchoring 

onto solid supports without altering their catalytic performance and avoiding side 

reactions as complex decomposition.84 When I2M is the main O-O bond formation 

pathway, e.g. with Ru-bda complexes,85 the immobilization of the catalyst hinders the 

approach of two complex molecules, facilitating those side reactions. π-Stacking 

interactions between pyrene-based ligands and CNTs is a plausible choice for 

molecular catalyst immobilization, as demonstrated with Ru(tda)(py-Pyr)2 complex 17 

in Figure 13,84a which enables the preparation of photoactive materials for the light-

driven oxidation of water.84b 

These results open a new door towards the construction of molecular anodes for the 

OER, in which the proper rational design of ligands will permit to tune the mechanistic 

pathway of the catalytic reaction. Further, the immobilization of the active species in 

an efficient manner is a way to maintain the catalytic active species stable and to allow 

their recycling.  

 

1.5.1.2 Metallic nanoparticles as WOCs 

As previously mentioned, it is well-known since the publication of A. Coehn and M. 

Glässer in 1902 that metal-oxide materials can also catalyze oxygen evolution from 

water.41 For the development of new catalytic materials, maximizing the number of 

surface active sites is of paramount importance and, therefore, systems at the 

nanoscale, with large surface area to volume ratios, present obvious advantages.  

Contrarily to traditional electrolyzers, that work in basic condition, proton exchange 

membrane (PEM) for WS systems operate in acidic media and provide numerous 

performance advantages that convert them in ideal devices for the delocalized storage 

of renewable electricity at the small scale.86 IrOx species are widely used in Proton 

Exchange Membrane Water Electrolyzer (PEMWE),87,52 but their prohibitive conditions 

(expensive and scarce)88 prevent them to be applied in large-scale industrial 

applications. 

RuO2 has been widely used as WOC after P. A. Christensen et al. first published in 1988 

the photochemical performance of a rutile-structured RuO2 in oxidizing water.89 

Recently, J. Rossmeisl et al. attributed this high catalytic performance to the average 

binding energy of surface bonded oxygen species (found as activity-controlling 

parameter) through thermochemical density functional theory (DFT)-based OER 

calculations, as represented in the volcano type activity plot (Figure 14), which 
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correlates the overpotential of a series of MOX-based WOCs with their M-O binding 

energy.90  

 

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

90
 

A recent contribution of I. E. L. Stephens, I. Chorkendorff et al. constitutes the state-of-

the-art work to discuss the factors that influence the activity and stability of Ru-based 

NPs in OER.86 Ru0/RuO2 NPs (2-9 nm) prepared through magnetron sputtering were 

tested with thermally oxidized RuO2. The former turned out to be more active than the 

oxidized material, but it immediately corrodes to form soluble RuO4, therefore losing 

the activity as WOC, as already observed for other systems based on metallic Ru.91a,90 

OER mass activity, specific activity (0.32 mA·cm-2 at η = 0.25 V) and TOF data (0.1-1.0 s-1 

for η = 0.22-0.27 V) for the RuO2 system resulted one order of magnitude higher than 

those found for any other NP in acidic media, which is attributed to the clean surfaces 

provided by this preparative method. This is particularly clear when the performance 

of this system is compared with the chemically prepared 6 nm RuO2-NPs reported by Y. 

Shao-Horn et al.92 of similar size and crystallinity but clearly lower specific activities 

(0.182 mA·cm-2 at η = 0.30 V), although being in basic media.  

Metallic Ru stability issues under OER acidic conditions were also observed by P. 

Strasser et al. when they compared the electrocatalytic OER activity and stability of Ru, 

Ir and Pt NPs with that of their corresponding bulk counterparts.91c Even if Ru0-NPs 

show the best initial specific activity, important passivation and corrosion are observed 

from the first CV scan given that RuO4 forms at potentials close to those needed for 

OER.  

In basic media (1 M NaOH), high current densities at relatively low overpotentials (η = 

0.35 V) have also been reported by J. C. Peters, T. F. Jaramillo et al. when 
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benchmarking a commercial RuO2 as well as a wide set of nanoparticulate metals.93 

However, when the specific current densities are calculated by taking into account the 

electrocatalytic (ECSA) or BET (Brunauer-Emmett-Teller) surface areas, the obtained 

values drastically decrease, underperforming other transition metal oxides such as 

NiO, NiCoO2 or Mn3O4.  

B. Lim et al. published the inferior efficiency of hydrous RuO2 of low crystallinity with 

regards to that of a crystalline counterpart prepared by annealing of the former at 400 

°C (η10 is 123 mV lower for the latter).91a The inverse trend is reported by M. Han et al. 

when analyzing metallic RuNPs of different crystallinity.94 The better performance of 

amorphous RuNPs in this case (η0 50-60 mV lower) is attributed to the higher number 

of coordinately unsaturated available surface sites. This trend better correlates with 

the general results observed for other transition-metal oxides and from those 

described for RuO2 thin films.95 

Decomposition of molecular complexes into nanosized materials is barely reported for 

Ru-based catalysts, contrasting with other TMs. This is in agreement with the intrinsic 

stability of Ru molecular WOCs that contain robust ligands. However, when using 

ligands with easily oxidizable organic groups,96 CO2 generation has been observed. This 

implies that massive ligand degradation occurs concomitant with the formation of O2, 

thus pointing to the formation of RuO2 as the final active species rather than the initial 

molecular complex. A particularly interesting example of ligand degradation is the case 

of the Ru-bda complex (Figure 15a) when anchored onto a glassy carbon surface (for 

further details see section 1.5.1.1).85 Although this catalyst is extremely robust in 

homogeneous phase, under its immobilized form it cannot undergo dimerization due 

to restricted mobility, resulting in ligand degradation and the formation of highly 

active RuO2-NPs (j = 1.5 mA·cm-2 at η = 283 mV, Figure 15b).  

 

Figure 15. a) Ru-bda@GC complex structure (18) and degradation under catalytic conditions. b) 
Repetitive cyclic voltammograms (50 cycles) for GC-supported Ru-bda at pH=7 up to 1.20 V. The black 
solid line corresponds to the first cycle whereas the rest are drawn in gray. 
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T. Ren et al. reported the embedding of pre-formed 1.6 nm RuO2 NPs into mesoporous 

silica (SBA-15),91d displaying higher TOF than any other related particles in SiO2 (TOFmax 

= 0.27 s-1) and a TON > 200 after 15 cycles. This high activity relays on the pore-

confinement effect in SBA-15, which prevents crystal growth during annealing and thus 

allows obtaining a metal oxide of small size, low crystallinity and high surface area. This 

hypothesis is in agreement with the reduced activity reported by D. W. Bruce et al. for 

similar RuO2 NPs embedded in a MCM-41 mesoporous silica with very small pore 

diameter (2.7 nm, TOFmax = 0.038 s-1).91e Probably, the small pores size blocks the 

access of active surface area. Low TON and TOF values (10 and 0.006 s-1, respectively) 

have been also recently reported by E. V. Johnston et al. with subnanometric RuO2 NPs 

embedded into a pyridine-functionalized siliceous mesocellular foam (MCF) arising 

from RuCl3 impregnation, reduction with NaBH4 and air oxidation of the Ru0-NPs 

formed.97 Finally, it is also worth mentioning the work of A. Mills et al. about the 

photoreduction of RuO4
2- to yield RuO2 NPs of 2-3 nm with TiO2 as dopant in a one-pot 

reaction.98 When triggered by CeIV, the system shows remarkable stability but a 

moderate TOF of ca. 0.02 s-1. 

M. V. Martinez-Huerta et al. reported an electrochemically-triggered system where the 

support/electrode has a key role for the described performance.99 The catalytic system 

is composed of bimetallic (Pt3Ru) NPs supported onto titanium carbonitride (TiCN). 

While the expected role of Pt is merely affecting the final Ru %wt. in the sample, 

enhanced activity and stability of the supported Ru/RuO2 catalyst under OER 

conditions are observed. Both effects are attributed to the TiCN support that prevents 

the catalyst aggregation and dissolution.  

Although the [Ru(bpy)3]2+ complex has been commonly employed for the 

photocatalytic evaluation of Ru-based NPs in OER,91,94,100 the use of semiconducting 

materials as light-harvesters has been also reported.91b T. Ren et al. photocatalytically 

evaluated the RuO2@SBA-15 system of 2nd generation with a better dispersion of the 

catalyst, which showed O2 yields > 90%, with a TOF value of 6.6·10-3 s-1.100 This system 

outperforms many other transition metal oxides and previous RuO2 systems reported 

to date, probably due to the pores of the SBA-15 support, which allow the efficient 

interaction between the catalyst and the PS. The photocatalytic evaluation of the MCF-

based system of E. V. Johnston et al. (vide supra),97 in a similar OER configuration, led 

to a TON of 4 and a three times lower TOF of 2.2·10-2 s-1.  

A different approach aiming at facilitating ē-transfers between the RuO2 catalyst and 

the PS was described by R. Yoshida et al.101 The reported hydrogel system closely 

arranges pre-formed RuO2 NPs and a [Ru(bpy)3]2+-derivative by means of both 

electrostatic interactions between polar groups and steric confinement within a 

polymeric matrix, which produces O2 under visible light irradiation. Finally, the n-

semiconductor TaON has been doped with RuO2 NPs of different sizes arising from the 
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calcination of [(NH4)2RuCl6] at different temperatures.91b Under visible light irradiation 

the doped system outperforms bare TaON, highlighting the higher efficiency of RuO2 as 

OER catalyst. 

 

1.5.2 Hydrogen Evolution Reaction 

The reduction of protons is a simpler process than the O2 evolution reaction. In 

contrast to the oxidative process where four H-O bonds have to be broken and an O=O 

double bond formed, HER involves the formation of two H-H bonds by the reduction of 

two H+ groups. This divergence is evidenced with the overpotentials that catalysts 

require in each semi-reaction, in general being < 100 mV for HECs and > 200 mV for 

WOCs. 

Pt-group metals are the most used for HER, being Pt itself the most active metal in 

reducing protons. Thus, there is a huge interest in replacing it, due to its scarcity and 

resulting prohibitive price. However, WS-devices containing a proton exchange 

membrane work better at acidic pH, making most of the first-raw metal-based species 

unsuitable given their low stability under these conditions. 

After studying the mechanistic insights on published catalysts based on natural 

products, V. Artero et al. stated that an efficient catalyst for the reduction of protons 

should possess the following features:102 

- A redox-active species (usually d-block transition metals) capable to be oxidized 

or reduced at moderate potentials. 

- An available coordination site for the M-H bond formation, either with an easy-

to-exchange labile ligand (through ligand reductive elimination) or a vacant 

position.  

- A basic group (often called proton relay) which assists the M-H bond formation 

and facilitates the PCET process by capture and deliver of protons to the vicinity 

of the reactive center. 

Mechanistic studies on molecular proton reduction are multitudinous, going through a 

M-H bond formation preceded by a metal reduction. The mechanism has been 

described, for example, for Co-based complexes both experimentally and theoretically. 

It can go through a homolytic pathway by the interaction of two CoX-H species to form 

two Co(X-1) groups (bold arrows, Scheme 3), or by the heterolytic pathway by the 

reaction of a CoX-H with a H+ in solution, thus recovering the CoX species (dashed 

arrows, Scheme 3).103 
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Scheme 3. HER mechanism proposal by H. B. Grey a et al. for the [(triphos)CoIII(H)2]
+
 (triphos, 1,1,1-

tris(diphenylphosphinomethyl)ethane) complex through hemolytic (bold) and heterolytic (dashed) 
pathways.

103
 

In nanomaterials HER has been described to occur through two different reaction 

pathways, namely Volmer-Heyrovsky or Volmer-Tafel. The followed steps are 

represented in Scheme 4 and hereafter described (Eq. 28-30):104 

Volmer: 𝐶𝑎𝑡(𝑠) +𝐻(𝑎𝑞)
+ + ē → 𝐶𝑎𝑡 − 𝐻(𝑎𝑑)   Eq.  28 

Heyrovsky: 𝐶𝑎𝑡 − 𝐻(𝑎𝑑) +𝐻(𝑎𝑞)
+ + ē → 𝐻2(𝑠) + 𝐶𝑎𝑡(𝑠)  Eq.  29 

Tafel:  2𝐶𝑎𝑡 − 𝐻(𝑎𝑑) → 𝐻2(𝑠) + 2𝐶𝑎𝑡(𝑠)   Eq.  30 

The Volmer step (Eq. 28) is the adsorption of one proton onto the catalyst surface, and 

is common for all the HEC. It is considered as a PCET-step on the surface of the 

catalyst, and is alternatively called discharge reaction. The desorption step can either 

go through the electrodesorption of the adsorbed hydride with an H+ in solution 

(Heyrovsky, Eq. 29), which is also a PCET process (analogous to WNA in OER); or the 

recombination of two metal-hydride groups (M-H), from a unique particle or from two 

different ones (Tafel, Eq. 30, analogous to I2M in OER). 

 

Scheme 4. Representation of the three steps involved on the HER mechanism on materials as catalysts. 
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Thermodynamically, electrocatalysts are ruled by the Nernst equation, which allows to 

calculate the thermodynamic potentials as E0(H+/H2) = 0.00 – (0.059 x pH). However, 

electrocatalysts require higher energies than the thermodynamic equilibrium potential 

due to kinetic drawbacks. This additional energy is called overpotential (η), and is the 

difference between E0 and the potential at which the catalytic reaction starts. The 

catalyst has to overcome this barrier, being considered as good HECs the ones reaching 

remarkable activities at η ≤ 100 mV. HER kinetics follows the Butler-Volmer equation 

(Eq. 31), which evidences that there is a strong dependency on the electrochemical 

potential:105 

𝑗 = 𝑗0[−𝑒
−
𝛼𝑛𝐹𝜂

𝑅𝑇 + 𝑒
(1−𝛼)

𝑛𝐹𝜂

𝑅𝑇 ]     Eq.  31 

where j is the current density, j0 is the exchange current density, α is the charge 

transfer coefficient, n=1 is the number of electrons transferred, F is the Faraday 

constant, R is the ideal gas constant, and T is the temperature. At a low overpotential 

close to the equilibrium potential (η = 0.05V), the equation is simplified and a linear 

correlation between η and j is observed (Eq. 32). However, at higher η values, the 

linear relationship appears between η and log(j) (Eq. 33 and 34): 

𝜂 = (
𝑅𝑇

𝑛𝐹𝑗0
)𝑗       Eq.  32 

𝜂 = 𝑎 + 𝑏 · 𝑙𝑜𝑔(𝑗) = −(
2.3𝑅𝑇

𝛼𝑛𝐹
) 𝑙𝑜𝑔𝑗0 + (

2.3𝑅𝑇

𝛼𝑛𝐹
)𝑙𝑜𝑔𝑗  Eq.  33 

𝑏 =
2.3𝑅𝑇

𝛼𝑛𝐹
       Eq.  34 

As previously presented, the graphical representation of η vs. log(j) is called the Tafel 

plot, with the slope of the equation plotting the curve equal to b (Eq. 34), named as 

Tafel slope. The equation gives kinetic information about the catalyst and its rate 

determining step (rds), even though complete information on the reaction mechanism 

is hard to elucidate. The rds of the general hydrogen evolution reaction depends on 

the binding energy of the M-H bond. In acidic conditions, if the rds of the reaction is 

the Volmer step, a typical Tafel slope (b) of ≈120 mV·dec-1 is obtained. However, if the 

rds is the Heyrovsky or the Tafel step, characteristic slopes of ≈40 mV·dec-1 or ≈30 

mV·dec-1 are observed, respectively. 

 

1.5.2.1 Molecular complexes as HECs 

There are several examples of first-row earth-abundant metal-based catalysts that are 

active for the reduction of protons.106 For instance, bio-inspired [FeFe] (19) and [NiFe] -

hydrogenases (20)107 have already been described (Figure 16). Also, iron-based 

porphyrins (21) have attracted the attention of the scientific community,108 being Fe 
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one of the most earth-abundant metals and also highly present in natural reactions. In 

fact, Co109 and Ni110 porphyrins have also been reported as HECs. In fact Co111 has been 

used in several molecular complexes such as polypyridinic-based ones, cobaloximes112 

or diamine-dioxine [CoII(DO)(DOH)pnX2] (22, Figure 16),113 among others. 

 

Figure 16. Earth-abundant metal-based complexes as HECs: [Fe-Fe]-hydrogenase (19),
107

 [Ni-Fe]-
hydrogenase (20),

107
 Fe-based porphyrin (21),

108
 [Co

III
(DO)(DOH)pnX2] (22),

113
 [Ni(P2

Ph
N

Ph
)2](BF4)2 (23)

 114
 

and [Cu(Cl-TMA)Cl2] (24).
115a

 

Ni(II) bis(diphosphine) complexes, among other types, have been shown to be active 

towards the reduction of protons as well, with [Ni(P2
PhNPh)2](BF4)2 described by D. L. 

DuBois  et al. (23, Figure 16) reaching higher TOFs than [FeFe]-hydrogenase enzymes 

due to the pendant amine, which acts as an effective proton relay.114 

Cu, as Fe, has also been a widely studied alternative as it is earth-abundant and low-

cost. The best electrocatalytic performances have been achieved by the corrole-based 

[(Cor)CuIII]0 complex published by R. Cao et al.115a Nonetheless, [Cu(Cl-TMPA)Cl2] (24, 

Figure 16) has also been studied in electrochemical systems (by X . Wang et al.),115b 

and it has also shown photocatalytic activity stating Cu as a good choice for light-driven 

HER devices. 

Manganese is particularly attractive due to its abundance and low safety concern, as 

stated by the European Medicine Agency. Both mono- and dinuclear Mn complexes 

have been recently reported as active HECs.116 Also, Mo-based complexes with 

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

Chang.117 Pyridine-based ligands are particularly attractive due to the roughness of the 

aromatic structure against hydrogenation, but also because of their strong σ-donation 

and π-backbonding interactions, which stabilize low metal oxidation states, crucial for 

catalytic hydrogen evolution.  
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The M-H bond energy plays a key role in proton reduction catalysis given that a high 

M-H binding energy eases the adsorption of hydrogen but hardens the H2 desorption. 

On the other hand a low M-H binding energy results in the opposite effect (Figure 17). 

Platinum is at the center of the volcano plot for proton reduction catalysts since it 

possess the optimum M-H binding energy, which is neither too low nor too high.118 

However, M-H strength also depends on the coordination sphere of the metal, 

highlighting the importance of the right ligand design for correctly tuning the complex 

catalytic performance. Ruthenium presents a slightly weaker M-H bond compared to 

Pt, which hardly decreases the HER efficiency.119 

 

Figure 17. Volcano plot correlating the experimentally measured exchange current, log(i0), as a function 
of the free Gibbs energy for H absorption (ΔGH* = ΔEH + 0.24 eV). Plot adapted from ref. 118. 

In molecular electrocatalysis, Ru complexes appeared not to be appropriate candidates 

for proton reduction catalysis. Several groups tried to use Ru complexes, but their 

decomposition was observed onto the electrode surface. T. Abe et al. demonstrated in 

2000 that a Ru-based complex ([(NH3)5RuIII-O-RuIV(NH3)4-O-RuIII(NH3)5]Cl6) (25) was 

able to catalyze HER, but only after a few electrochemical cycles it lost its reversibility 

(Figure 18a), presumably forming zero-valent species on the surface of the electrode, 

which were not molecular anymore.120 

R. P. Thummel and E. Fujita employed their complexes previously used as WOCs (26 in 

Figure 18)75a in HER.121a They observed some activity with these complexes, reaching 

current intensities of 90 µA at E ≈ 1.36 V in an organic:acid mixture solution. Similarly, 

T. J. Meyer published that the [Ru(tpy)(bpy)X]2+ complex (27 in Figure 18, X = solvent, 

H) was capable of reducing protons with an i = 80 µA at E ≈ 1.5 V vs. NHE.121b 
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Figure 18. Abe’s Ru-based complex (23) and electrochemical decomposition upon HER conditions with 
simultaneous reductive current increasing.

120
 Thummel and  Fujita (top, 24)

121a
 and Meyer (down, 25)

121b
 

Ru-based molecular complexes tested as HEC. 

Hence, the low HER performances of the Ru-based molecular complexes were not 

encouraging for those willing to substitute the expensive Pt by Ru as metallic center in 

coordination compounds as HECs. 

 

1.5.2.2 Metallic nanoparticles as HECs 

Concerning Ru-based nanomaterials capable of reducing protons to H2, the literature is 

neither more extensive than with homogeneous catalysts. The use of Ru-

electrocatalysts at the nanoscale for HER is a very recent field, with most of the papers 

published in the 2016-18 period. They are mainly based on RuNPs dispersed or 

supported onto C-based N-doped materials. One of the most important parameters 

controlling the HE activity of a Ru-based nanocatalyst is the oxidation state of the 

particles of the catalytic material: in general, metallic Ru is claimed to be the 

responsible in reducing protons, but a few isolated examples report on catalysts made 

of Ru0/RuO2 mixtures or RuO2, that are also available to conduct HER. The following 

part will mainly focus on Ru metal systems, highlighting the most outstanding 

materials. 
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Analogously to WOCs, it has been common to test the catalysts on the surface of a GC 

electrode. For instance, V. Horvat-Radošević et al. published a catalytic system made 

of Ru0-nanomaterial of ca. 100 nm in size, that were synthesized by electroreduction of 

(NH4)2RuCl6 onto the GC surface.122 The obtained hybrid material was tested in a 0.5 M 

H2SO4 solution, giving η0 = 50 mV and η10 = 90mV. In a similar synthetic methodology 

but starting from another Ru precursor, RuCl3·xH2O,123 O. Joo et al. reported a film 

composed by 80-90 nm sized NPs with a  η0 = 30 mV, lower than in the previous paper, 

but a higher η10 > 380 mV. None of the two publications provide information on the 

stability of the catalyst.  

Another synthetic possibility, highly explored in the recent years, is to pre-synthesize 

stabilized RuNPs onto a carbon-based matrix (e.g. carbon nitride, doped graphene, 

hollow carbon spheres, etc.) and deposit them afterwards onto the GC surface. J. Baek 

et al. reported RuNPs onto a nitrogenated holey two-dimensional carbon structure 

(Figure 19a), Ru@C2N,119 which are active and stable in both acidic and alkaline pH, 

showing one of the best performances for Ru-based HE-nanocatalysts, with η0 = 9.5 

mV and η10 = 22 mV at acidic pH, very close to the state-of-the-art Pt performance. 

Very interestingly, in this paper they experimentally estimate the number of active 

sites of the hybrid system by the Cu UnderPotential Deposition method (UPD), that will 

be further detailed in the following section, and which allows a normalization of the 

activity for benchmarking purposes.124 With an analogous synthetic methodology, T. 

Adschiri et al. prepared 2-5 nm NPs onto graphene-layered carbon (GLC, Figure 19d), 

which when deposited onto RDE-GC started reducing protons at η0 close to 0 mV, 

reaching j = -10 mA·cm-2 at only 35 mV.125 

Similarly R. K. Shervedani et al. described a synthetic S-doped graphene as a support 

for 35 nm RuNPs in-situ obtained by electroreduction.126 When drop-casted onto GC, 

the hybrid material showed marked activity with a η0 = 65 mV and η10 = 80 mV, being 

stable after 500 cycles. In another study by C. Liu et al.,127 4 nm RuNPs were 

encapsulated in a C-based core-shell material being surrounded by N,P-codoped 

carbon in a 30 nm hollow structure (RuPx@NPC, Figure 19b). The supporting material is 

believed to prevent particles aggregation and tune the electronic structure of the 

particles, giving catalytic activities of η0 = 0 mV and η10 = 51 mV and good stability with 

only slight current degradation after 10h.  

M. Shao et al. published a study on RuNPs of ca. 42.9 nm supported onto Si nanowires, 

a material obtained by simple impregnation of the support in a RuCl3 solution.128 

Despite that the system on GC showed worse η0 = 150 mV and η10 = 200 mV than the 

same RuNPs in absence of the Si-based support (η0 = 110 mV and η10 = 185 mV), they 

observed an enhancement of the stability under catalytic conditions, with limited 

agglomeration of the particles. A. M. Önal et al. published a 4 nm Ru0/CeO2 catalyst 

with different Ru loadings, what controls the specific activity of the hybrid system, with 
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the catalyst containing 1.86% Ru achieving a small η10 = 47 mV and a TOF27mV = 0.8 s-

1,129 and which is completely stable after 10000 catalytic cycles. 

 

Figure 19. Ru-based nanosystems as HECs: a) Baek’s Ru@C2N,
119 b) Liu’s RuPx@NPC,

 127 
 c) Qiao’s 

Ru/C3N4/C,
131

 d) Adschiri’s Ru@GLC
125

 and e) Tour’s Ru-NG750.
130

 

In comparison to Baek’s Ru@C2N system,119 which is active also under alkaline pH with 

η10 = 17 mV and high TOFs (0.76 s-1 (25 mV) and 1.66 s-1 (50 mV)), J. M. Tour130 

presented a catalytic system made of 6 nm Ru0-nanoclusters deposited onto N-doped 

graphene (Ru-NG750, Figure 19e) which is unstable under acidic conditions, but that 

presents a variable catalytic activity at 1 M KOH depending on the reducing thermal 

treatment temperature and exhibits a very small η10 = 8 mV, with a medium TOF100mV = 

0.35 s-1. S. Qiao et al. prepared an anomalously fcc-structured 2 nm Ru catalyst on 

graphitic carbon nitride supported onto carbon,131 named Ru/C3N4/C, and drop-casted 

onto a GC. The system has a very high activity as HEC in basic conditions, with η0 = 15-

20 mV and η10 = 79 mV, due to the atypical Ru structure, which might be induced by 

the g-C3N4 support (Figure 19c). The RuPx@NPC material described by C. Liu showed 

also interesting results (η10 = 74 mV) when tested under alkaline conditions.127  

It is worth noting that RuO2 has also been reported as a good HEC. This suggests a 

change of the oxidation state at its surface due to the reductive conditions applied, 

which may favor the formation of a Ru-H bond. Indeed, H. You in 2003132 and H. Zhang 

in 2010133 both described an activation of RuO2, suggesting an increase of the number 

of active sites, through the formation of metallic Ru. Also L. A. Näslund observed the 

same trend in a recent work,134 and demonstrated the formation of a RuO(OH)2 by XPS 
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analysis at different reduction times. B. Lim reported hydrous RuO2 NPs (size < 5 nm) 

capable to catalyze the reduction of protons under alkaline conditions with η0 ≈ 25 mV 

and η10 = 60 mV, but without any description on the oxidation state modification.91a As 

mentioned in section 1.5.1.2 (M-NPs as WOCs), an annealed crystalline-RuO2 sample 

obtained from this hydrous-RuO2 was good in oxidizing water, what allowed them to 

prepare an efficient tandem cell with both catalysts on the cathode and anode, 

respectively. As a curiosity, S. Barman et al. described a bifunctional catalyst made of 

RuO2-nanowires supported onto carbon nitride (RuO2-NWs@g-CN),135 which was able 

to catalyze both HER and OER with good-to-moderate activities and high stabilities at 

acidic and basic pHs.  

2D Ru0-nanosheets reported by Peng and et al.136 showed remarkable catalytic results 

as HEC onto GC electrode supports with η0 ≈ 0 mV and η10 = 20 mV at jm = 10 mA·mg-1 

(jm = mass activity). The interesting feature of this system is that RuO2 is being formed 

when Ru0-nanosheets are oxidized under heat, which is active towards OER. The use of 

both Ru0 and RuO2 permits the construction of a durable cell with good performances 

in water splitting. 

S. Fukuzumi et al. studied photocatalytic HER using PVP-stabilized RuNPs (PVP = 

polyvinylpyrrolidone) as HEC, and described the optimal conditions for this system 

(Figure 20).137 One of the main objectives of their work was to use basic media for the 

reductive reaction, since OER is thermodynamically more favorable under this 

condition. The main conclusions they reached were: 

 An optimal catalyst concentration was found to be 12.5 mg·L.1, not observing 

an increase on the reaction rate at higher concentrations, presumably due to 

light dispersion and opacity when more material is present in the reaction 

medium. 

 Even though at acidic pH HER is favored due to increased H+ concentration, this 

system barely diminishes its catalytic rate at pH ranging from 4.5-10, dropping 

off to very low values only at pH = 11. 

 An activity-size dependency was observed when testing NPs of different sizes. 

On the one hand, small NPs present higher negative charge density, easing the 

hydrogen-atom association step but hindering the proton reduction process. 

On the other hand, larger NPs ease the proton reduction process but hinder the 

hydrogen-atom association step. The best results were obtained with particles 

of intermediate size, namely 4.1 nm sized NPs. 

 Electron transfer between species in a colloidal solution was not optimal when 

using RuNPs as catalyst with typical PS (e.g. [Ru(bpy)3]2+). The use of 2-phenyl-

4-(1-naphthyl)-quinolinium ion (QuPh+-NA) as co-PS seemed to be crucial for 

enhancing the electron transfer to the particles. 
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 The use of MOX-based materials (SiO2, TiO2, CeO2, etc.) as supports for RuNPs 

enhanced the reaction rate and stability of the materials.138 

 

Figure 20. a) Mechanistic scheme for the hydrogen-evolving reaction catalyzed by RuNPs: size effect on 
the reaction rate for the “hydrogen-atom association” and “proton reduction” steps; b) time courses of 
hydrogen evolution under photoirradiation, rate dependency on pH and c) particle size. Figure adapted 
from references 137-138. 

 

1.5.3 Benchmarking of immobilized electrocatalysts 

The main difficulty when looking at the data at our disposal on nanoparticulated 

systems or materials for comparative purposes is the wide range of conditions that are 

used for the catalytic experiments. Catalyst loading, pH-media, particle size/surface, 

etc. may all affect catalysis, in both OE and HE reactions. There is a requirement of 

normalizing the activity in order to compare a series of catalysts in spite of the 

different conditions employed. This normalization can be done by metal percentage, 

number of active sites, electrochemically active surface area, or any other feasible 

quantification. To reach this objective, two valuable methods have been reported 

(among others) in order to benchmark the electrocatalytic performance of different 

catalysts. 
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The first method, reported by T. F. Jaramillo et al., is based on the approximate 

calculation of double-layer capacitance (CDL) of a deposited catalyst onto an electrode, 

which allows obtaining a modified electrochemical active surface area (ECSA), and thus 

the normalization of the catalytic current by this area.139 The second one is a bit more 

precise and consists on the deposition of Cu0 onto the active sites of the material 

through an electroreduction process of a Cu2+-salt, and the consecutive oxidation, 

which is of course proportional to the amount of deposited Cu and thus, to the 

number of active sites. 119,124  

 

1.5.3.1 Jaramillo’s benchmarking methodology 

T. F. Jaramillo et al. described a methodology that allows normalizing the vast 

electrochemical data nowadays on WOCs and HECs independently of the metal used 

on each case.139 This methodology basically consists on precise steps and reaction 

conditions, importantly focused on referencing the results by the real electrode active 

area, and on choosing benchmarking parameters that allow a fast and easy evaluation 

of the intrinsic activity and stability of the system.  

 

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

The main points are summarized below and in Scheme 5: 

1. Use of RDE-GC as non-catalytic conductive material. 

2. Working in 1 M NaOH and 1 M H2SO4. 

3. Estimation of Electrochemically Active Surface Area (ECSA) and Roughness 

Factor (RF) from double-layer capacitance (CDL) measurements in non-faradaic 

regions (see Experimental part in Chapter 3A for an example of CDL, ECSA and 

RF estimation). 
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4. Normalization of activity (i or j) by ECSA/RF: 𝑗𝑆 =
𝑗

𝑅𝐹
=

𝑖

𝑆∗𝐸𝐶𝑆𝐴
 

5. Controlled current electrolysis at |j| = 10 mA·cm-2, the approximate current 

density expected for an integrated solar water-splitting device under 1 sun 

illumination operating at 10% solar-to-fuels efficiency. 

6. Change on the η10 before and after 2h-electrolysis at |j| = 10 mA·cm-2. 

7. 24h-stability test. 

8. Faradaic efficiency calculation. 

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

elemental composition determination, and Electrochemical Impedance Spectroscopy 

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

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

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

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

they are after 2h electrolysis. 

 

Figure 21. Plot of activity, stability and RF for HER catalysts in 1M H2SO4. Image adapted from ref. 139b.  

 

1.5.3.2 Copper Under-Potential Deposition 

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

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

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

electrode (M0), it can electroreduce a metal ion A+ at a more positive potential than it 

would occur without the presence of M0. Thus, a M-A deposition is achieved, whereas 

A-A (bulk formation) would take place in the absence of M0.124  
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If we consider a Ru material, Cu is an ideal metal for performing UPD, as Cu and Ru 

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

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

1. First, the Cu-UPD potential value needs to be found (Eq. 35, EUPD), which will 

depend on the supported metal and the catalyst itself (surface environment, 

reductive power, etc.). Also different experiment times need to be checked, to 

ensure complete active sites (Ruae) coverage. For doing so, similar conditions to 

Kucernak’s paper (ref. 124) have been used (5 mL of a 5 mM CuSO4 solution in 

1 M H2SO4), and these parameters can be modified as required. It is important 

to work in an accurate way, since EUPD and the bulk Cu deposition potential can 

be close enough to get a mixture of deposited species. 

𝑅𝑢𝑎𝑒 + 𝐶𝑢
2+

𝐸𝑈𝑃𝐷
→   𝑅𝑢𝑎𝑒 − 𝐶𝑢UPD  Eq. 35 

2. Second, once the UPD is done under the optimized conditions (see Eq. 35), a 

sweep voltammetry has to be performed in a fresh solution (1 M H2SO4) 

without any Cu trace. If only UPD is achieved, an oxidative wave will appear at 

potentials barely more positive than EUPD, corresponding to the oxidation of 

deposited Cu0 back to Cu2+ (Eq. 36). The area under this wave (QCu, Coulombs) 

will be proportional to the number of active sites, which can be calculated as 

shown in Eq. 37. However, if the equilibrium potential is reached during the 

reduction process, two overlapped waves will appear in the oxidation step 

corresponding to both deposited species. This will hinder the active sites 

calculation. 

𝐶𝑢UPD → 𝐶𝑢
2+ + 2ē   Eq. 36 

𝑛(𝑚𝑜𝑙) =  
𝑄𝐶𝑢

2𝐹
    Eq. 37 

𝑇𝑂𝐹(𝑠−1) =  
𝑖

2𝐹𝑛
= 

𝑖

𝑄𝐶𝑢
  Eq. 38 

(i is the current intensity on a LSV measurement, F is the Faradaic constant, and 

n the number of active sites obtained by the UPD method) 

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

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

 

1.6 Nanochemistry 

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

increasing in the last decades due to their intrinsic properties and the extensive fields 
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and applications where they can be used.140 It is currently considered that 

nanomaterials are those materials that possess at least one dimension (1D) ranging 

from 1-100 nm (Figure 22), while for NPs the three dimensions are within the 

nanometrc scale, being formed by several metal atoms. 

 

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

In catalysis, NPs are in the frontier between homogeneous and heterogeneous 

catalysts, as they display properties from both families.141 In homogeneous catalysis, 

the reactants and the catalyst are in the same phase, ensuring a good interaction but a 

difficult recovery of the catalytic species. Each entity acts as an active site, allowing the 

understanding of the mechanistic pathways and providing high activities and 

stabilities. On the other hand, heterogeneous catalysts are in different phase than 

reactants (normally rugged solid catalysts vs. gas/solution reactants) permitting the 

easy recovery and recycling of the catalysts. They require high surface areas for 

achieving high active sites’ population, and there can be different active sites acting in 

alternative ways, what hinders the mechanistic understanding and the selectivity of 

the process. NPs can present different selectivity by tuning their surface composition, 

and on the other side, they can be deposited onto solid supports to be recycled and 

reused. Ru-based NPs have been used in a wide set of catalytic reactions, such as aryl 

hydrogenation,142 methanol oxidation,143 Heck and Suzuki reactions,144 CO 

oxidation,145 or Fischer-Tropsch,146 among others. 

Depending on the properties of the NPs homogeneous dispersions can be obtained, 

first called by T. Graham as colloidal suspensions,147 considering as colloids those 

compounds that have a very slow and non-crystalline precipitation. A wide range of 

NPs are described in the literature as the result of intensive work made by the 

scientific community, playing with synthesis methods, stabilizing agents, etc. as it will 

be shortly summarized hereafter. 
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1.6.1 Stabilization of metal nanoparticles 

The existence of small NPs is only kinetically favored, being the formation of the bulk 

material the thermodynamically stable process.148 The use of stabilizing agents (STAG) 

allows: 1st, to stop the nucleation process during the synthesis, obtaining a range of 

sizes, shapes and dispersions by using different molecules; 2nd, to limit the aggregation 

of NPs keeping their intrinsic properties; and 3rd, to make the NPs dispersible in 

different conditions depending on the nature of the STAG.149 Two main stabilization 

ways are described: 

 Steric stabilization, which is a repulsive interaction happening between organic 

moieties from molecules present on the surface of two different particles (see 

Figure 23a). This prevents the interaction between different particles, and thus, 

the agglomeration to form the bulk material. 

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

an electric double layer surrounding the NPs that get electrostatically repulsed 

by the other stabilized particles (see Figure 23b).150 

 

 

Figure 23. Illustrative representation of a) steric stabilization and b) electrostatic stabilization modes. 

The use of an appropriate stabilizing agent is of paramount importance, as the nature 

of the stabilizer can completely shift both the physical properties and chemical 

interactions of the particles and the other molecules in the catalytic reactions. A wide 

range of molecules can act as stabilizers for metal-based NPs. One well-known 

example is the use of polymers,149 which lead to steric interactions due to their long 

polymeric chains, as well as playing a role on the solubility of the NPs due to their 

polar/apolar properties. Polyvinylpyrrolidone (PVP) has been widely used as STAG.151 

Also surfactants, micelles and microemulsions can create a confined environment 

around the particles, controlling the NPs growth and preventing them from the 

interaction with other particles or nucleating species. 

Ionic liquids have been widely studied as NPs’ stabilizers having an interesting behavior 

as they can do both, steric and electrostatic stabilization,152 namely “electro-steric” 

interactions. Additionally, they play a double role as they can act both as stabilizer and 
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as reaction media. Molecules containing an electron-donor moiety can be also 

employed as stabilizing agents. In this sense, organic ligands like those used to build 

metallic complexes such as phosphines, carbenes, amines, pyridines or thiols have 

been reported to allow the formation of stable NPs.153 Small molecules as CO or NH3, 

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

purpose.154 

 

1.6.2 Synthesis of metal-NPs 

There are several synthetic methods that allow the generation of nanoparticles, 

offering different advantages/disadvantages in key parameters as size, shape, 

dispersion, surface control or oxidation state. Those methodologies are classified in 

two main categories:150 

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

structures by using physical or mechanical energy. The main drawback is the 

lack of control of the final structure, obtaining irregular nanocrystals with no 

uniformity on the size or shape. 

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

small units as atoms, molecules or clusters, by means of chemical reactions. 

This approach is less effective in terms of quantitative production than the 

previous one, but it allows an extensive control on the reaction conditions 

permitting the tuning of the size, surface and dispersion of the particles, in 

other words, it offers better defined NPs. 

Most of the strategies used for the synthesis of metal-based NPs are from the second 

category, and the main methods are as follows: 

a) Chemical reduction of transition-metal salts. It is the most common method 

for the production of NPs and it involves the chemical reduction of an oxidized 

transition metal salt to a zero-valent naked atom.155 The atomic unit starts 

nucleating with other metallic atoms until forming a stable nucleus. This 

method allows the reproducible formation of monodispersed particles or 

clusters. There are advantages of using salts, such as the ease to deal with their 

solubility in water or organic solvents, thus allowing the use of a wide range of 

STAG. However, the main disadvantage of this procedure is the remaining 

counter-ions, both from the precursor and the reducing agent, which are 

difficult to eliminate and can end up coordinated on the surface of the 

particles, tuning their reactivity or selectivity. 



Chapter 1 
 

 

- 44 - 
 

b) Thermal, photochemical or sonochemical decomposition. In this case, the use 

of temperature, light or ultrasound radiation promotes the decomposition of a 

metal complex, allowing obtaining big amounts of particles without the use of 

further reagents, but with a poor control on the size and shape of the NPs. 

c) Chemical vapor deposition (CVD).156 As its name defines, this process consists 

on the evaporation of relatively volatile metallic precursors under reduced 

pressure, and the subsequent condensation of the metal atoms at low 

temperatures and in presence of organic solvents in gaseous phase, which act 

as STAG. Once again, the lack of control on the size and shape of the formed 

NPs makes the method disadvantageous. 

d) Electrochemical reduction. This method157 consists on the applying of a 

negative potential to a NPs’ precursor. It is advantageous as there are no 

remaining secondary products from the reducing agents or salts, and the 

colloidal product is easy to isolate as a precipitate or deposited onto the 

electrode (electrodeposition). 

Besides those different methods the decomposition of an organometallic or a metal-

organic complex as metal source, has proven to be a very efficient and versatile 

method to have at disposal well-defined NPs. It is called the organometallic approach, 

and will be more deeply described in the following section. 

 

1.6.3 Organometallic approach for the synthesis of metal-NPs 

The organometallic approach was first described by B. Chaudret et al. in the early 

90s’.158 It consists of the decomposition of an organometallic precursor, preferentially 

under H2 atmosphere thus liberating naked metal atoms and volatile by-products 

(Scheme 6). The released metal atoms start nucleating to form a nucleus and the 

presence of a stabilizing agent can control the particles’ growth to form a nanosized 

material. The role of the STAG is to interact with the surface of the particles during the 

synthetic procedure, to reach a stable material and limit a further growth under those 

synthetic conditions. 

 

Scheme 6. Schemcatic representation of the organometallic approach for the synthesis of Ru
0
-NPs. 
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The rational experiment design allows a control on the size of the NPs, either by 

changing the reaction conditions (temperature, pressure, concentration, etc.), the 

ratio between the stabilizing agent and the metallic source, or by replacing the STAG 

itself, being the last parameter crucial. Each molecule will have different coordination 

properties, interacting at a different synthesis time and in a different way with the 

NPs’ surface, what will finally have influence not only on the size, dispersion and 

structure of the product, but most importantly on its performance as catalysts. Some 

important features of the organometallic methodology are: 

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

 Mild conditions can be applied as low temperature and pressure, so no specific 

requirements are needed. 

 No by-products are formed, just the decomposed organic material and the 

STAG excess, which are easy to remove by solubility/precipitation techniques. 

The use of olefinic groups leads to alkanes formation, very easy to remove by 

simple evaporation. 

 Control of the oxidation state, which under the inert conditions used during the 

synthesis, can be preserved. 

 Reproducibility. 

There are some drawbacks to mention as well: 

 Synthetic precursors are not always commercially available, meaning in some 

cases a time-consuming preparation. 

 The use of organic solvents instead of water as reaction media, although some 

possibilities exist to circumvent this problem, like the use of a water-soluble 

precursor or the use of amphiphilic ligands that allow the redispersion of the 

obtained NPs in water. 

 Zero-valent metallic particles are obtained, which are very reactive under air 

and so oxidation may be hard to control. 

Moreover, as an interesting aspect, the methodology allows the addition of a support 

in the reaction media. In this way, the nanomaterials can be directly synthesized on 

the surface of another material, as for example CNTs,159 silica,160 MOFs,161 etc. The 

approach opens as well the possibility of preparing bimetallic systems, using as 

“nucleation center” as-synthesized NPs of one specific metal, during the synthesis with 

a second organometallic precursor, or by decomposing simultaneously two metal 

precursors.162 
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1.6.4 Characterization of metal-based NPs 

Several techniques are used to characterize nanosized materials, from their size, 

morphology and structure, to oxidation state or surface environment. Elemental 

analysis (EA), Inductive-Coupled Plasma (ICP), Infrared spectroscopy (IR) or 

solution/solid state Nuclear Magnetic Ressonance (NMR), are common techniques 

which can be applied for nanomaterials. Hereafter, a short summary on more specific 

characterization techniques that have been used during this PhD thesis is given, mainly 

focused on the application and information obtained from each analysis. 

Transmission Electron Microscopy (TEM) and High Resolution TEM (HRTEM). TEM & 

HRTEM are microscopic techniques that allow obtaining at low and high resolution, 

respectively, visual information as size distribution, dispersion on solid support or 

morphology.163 Practically, it consists on the applying of an electron beam in high-

vacuum conditions to the sample, which is deposited onto a carbon-covered copper 

grid; the detection of the transmitted electrons allows magnifying and focusing the 

image onto a screen or a Charge-Coupled Device (CCD) camera. The sample needs to 

contrast against the support to be able to differentiate one to each other, and there 

are some limitations related for example with the high energy of the electron beam or 

with the use of magnetic particles. High-resolution microscopes can be equipped with 

a device allowing the analysis of generated X-Ray by the Energy-dispersive X-Ray 

spectroscopy (EDX), providing information on the elements present on a specific 

region, in addition of information on the structure and oxidation state of the NPs. 

Wide-Angle X-Ray Scattering (WAXS). WAXS is an X-Ray diffraction technique that 

analyzes the scattering at wide angles, which as Bragg’s law describes, are caused by 

small crystalline structures or subnanometer-sized ones.164 Thus, WAXS gives 

information on the crystalline structure/s of small NPs, reporting also interatomic 

distances (crystalline domains). The radial distribution function (RDF) is obtained by 

the Fourier transform of the intensity, providing a distribution of the metal‐metal 

bonds inside an assembly of nanoparticles, being well-defined when homogeneous 

crystalline NPs are analyzed. 

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

decomposition or evaporation of species due to heat application.165 It requires a 

precision balance and a high-temperature furnace that allows increase the 

temperature with a controlled rate (°C/min). Different species might have a different 

thermal stability leading to change of the weight loss slope at different temperatures, 

proportional to the weight of the species. This technique is very useful for determining 

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

X-Ray Photoelectron Spectroscopy (XPS). XPS is a technique based on the analysis of 

X-Ray photoexcited superficial electrons that gives information on the nature of the 
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1 

atoms as well as the oxidation state. The peak position is indicative of the chemical 

composition of the sample, while the intensity gives information on the abundance of 

the species, being dependent on each element and oxidation state.  
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Objectives 

 

 

After presenting the state of the art on the field of hydrogen production by the splitting 

of water and the preparation and characterization of metal nanoparticles, several 

ideas come to our mind as possible targets in order to gain knowledge on the two semi-

reactions involved in the process of water splitting into O2 and H2, namely the Oxygen 

Evolution (OER) and the Hydrogen Evolution (HER) Reactions. Thus, the core of this PhD 

project is based on the development of novel Ru-based nanoparticles, either metal 

oxide or metallic nanoparticle systems, to be used as catalysts for the oxidation of 

water into O2 and the subsequent reduction of the released protons to H2. 

First, some general objectives will be presented, which will be later on divided into 

specific projects. 
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2. Objectives 

In view of the state of the art previously presented, several options appear of interest 

to gain knowledge in the field of the production of hydrogen by the catalysis of water 

splitting. This field of catalysis is a challenging topic given the issues met in the process 

of water decomposition into O2 and H2, in particular for the first semi-reaction 

involved, namely the oxidation of water, where effective and stable catalysts based on 

earth-abundant and cheap species still need to be developed. If the second reaction 

seems easier to achieve thanks to the discovering of efficient catalysts (mainly of Pt), 

cheaper catalytic systems are required to make the whole process economically more 

accessible.  

Thus, given the recent results published in the development of catalysts under the 

form of nanomaterials for the water splitting process, the main objectives of this PhD 

work are as follows: 

1. Develop nano-sized catalysts for the OE and HE reactions.  

2. Study the characteristics of the catalytically active species to understand which 

of them rule their catalytic performance. Control the parameters such as 

surface environment, oxidation state, physical structure, or species evolution 

under catalytic conditions, leaning on the organometallic approach as synthetic 

methodology. 

3. Based on this knowledge, rationally design new catalysts with enhanced 

activities and stabilities by tuning the aforementioned catalyst’s properties. 

 

More specifically, the following points have been the guidelines of this PhD thesis 

project: 

1. Synthesize and characterize Ru0-NPs stabilized with different ligands by 

following the organometallic synthesis approach. Study the effect of the 

synthetic conditions onto the final nanomaterials, modifying parameters such 

as the ligand/metal ratio. Investigate the stability of the particles in several 

reaction conditions related with the catalysis, like air exposure or contact with 

aqueous solutions, and the influence of temperature on their characteristics. 

2. Obtain RuNPs supported onto rugged materials, either by immobilization of 

pre-formed NPs or by in-situ generation of the particles onto the supporting 

material. Investigate the effect of the support onto the formation, stabilization 

and catalytic properties of the NPs, employing different materials as supports 



Objectives  

- 59 - 
 

2 

like carbon nanotubes or carbon fibers or by previously modifying the supports 

with new functionalities. 

3. Study the oxidation of pre-synthesized RuNPs that are supported or not, into 

RuO2 ones with the aim to find reaction conditions enabling to control this step 

in order to maintain at maximum as possible the nanoparticle characteristics in 

terms of size and surface environment. 

4. Test Ru0 and RuO2-based nanomaterials towards the OER and HER. Study their 

stability during the catalytic process in terms of size and surface state. Unravel 

the role of the stabilizing ligands used for the synthesis of the particles on the 

catalytic performance. Apprehend which conditions favor the catalytic 

reactions to mechanistically understand how the reactions go through.  

5. Compare the different performances in OE and HE catalysis to connect the 

properties of the catalysts with the displayed activities, finding correlations 

between them, in order to open new perspectives. 

 

For achieving these targets, the organometallic approach has been employed as 

synthetic methodology, given the level of control it allows for the characteristics of the 

NPs, as described in Chapter 1. Ruthenium has been chosen as the active metal, 

because it already exhibited high activity for the target catalysis but also because it is 

only scarcely used in HER although it is more abundant than platinum. Moreover, 

previous knowledge acquired on the interest of Ru-based NPs prepared by the 

organometallic method in catalysis, appeared as a great advantage to perform an 

investigation of the structure-properties relationships. 

The catalytic performance of the materials has been evaluated in electrochemical set-

up’s, being that the easiest and most comprehensive way to evaluate the catalysts. 

However, the aim is to further test them into photoelectrochemical devices. 



 



 3 
 

Colloidal Ruthenium Nanoparticles as 

Hydrogen Evolution Catalysts 

 

 

In this first experimental chapter, the synthesis of RuNPs by the organometallic 

approach in the presence of different stabilizing agents is described (MeOH/THF in 3A, 

pyridine-based ligands in 3B, and 4-phenylpyridine in 3C). Their characterization by 

using complementary techniques such as TEM-HRTEM, WAXS, XPS, NMR, EA, ICP or 

TGA, is presented with the aim to precisely define their intrinsic composition. Once 

deposited onto glassy carbon electrodes, they have been evaluated as catalysts for 

HER, and compared with the state-of-the-art nanomaterials. These studies have 

allowed to shed some light on the key parameters of the proton reduction catalysis. 
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3.0 Preface  

As previously mentioned in the general introduction, H2 can be produced from water 

through the Water Splitting (WS) process which involves two successive semi-

reactions, namely Oxygen Evolution and Hydrogen Evolution reactions (OER and HER, 

respectively).1 Electrochemically, these two reactions need to be catalyzed to make 

the whole process efficient, meaning operating at low overpotential and in fast kinetic 

conditions. The discovery of highly effective and stable electrocatalysts is thus 

extremely desired for both reactions. Regarding HER, among the various catalysts 

tested, Pt-based ones are considered as the best systems for this reaction.2,3 However, 

the prohibitive price and scarcity of platinum make it unsuitable for large scale 

commercial application. Therefore, the development of efficient and cheaper species 

that could operate at low overpotentials with a high stability is extremely required.  

Whereas ruthenium has been one of the most studied transition metals to develop 

catalysts for the OER showing high electrocatalytic activity, the performance of this 

metal for the HER had not been much investigated.4 However, in the last few years, 

several works described Ru-based nanomaterials as efficient Hydrogen Evolution 

Catalysts (HECs) either in acidic or alkaline conditions.5,6,7 For instance, Z. Peng et al. 

reported the preparation and electrocatalytic performance in the HER of two-

dimensional Ru nanostructures.6 The observed improved kinetics of this system when 

compared to Ru black powder is attributed to the greater specific area of the former 

due to its 2D structure. This hypothesis is supported by the fact that materials 

possessing a large surface area should display more active sites. The use of such 

materials seems thus to be a promising strategy to enhance the catalytic activity.  

The best performing Ru-systems are composite materials made of RuNPs embedded 

into carbon matrices that strongly affect their catalytic behavior and do not permit to 

finely tune the active sites. The followed synthetic protocols lead to barely defined 

structures, disabling a proper correlation between the characteristics of the 

nanospecies and their catalytic properties even if it is a key-point to optimize a 

catalytic reaction. The design of finely controlled metal NPs should offer interesting 

perspectives to better understand the crucial parameters to develop nanostructured 

catalysts with increased performance, both in terms of efficiency and stability. 

This chapter is splitted into three main sections. The first one (section 3A) concerns the 

facile synthesis of porous Ru nanoparticles that display a high surface area, which was 

shown to be fundamental for the enhancement on the catalytic HER. Section 3B, 

reports fundamental studies on RuNPs stabilized by pyridine-based ligands, and their 

catalytic activity towards the H2 evolution is compared with that of different Ru-based 

systems previously synthesized in our group. In the last section (3C), the use of 4-

phenylpyridine ligand as stabilizing agent enables the formation of very small RuNPs 
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3A 

(1.5 nm), which exhibit HER activities similar to that of Pt and of the best Ru-based 

systems reported so far.  
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3A 

3A. Synthesis of a Porous Ru Nanomaterial and its Evaluation as 

HEC in Acidic and Neutral Conditions 

 

3A.1 Introduction 

The use of materials with high surface area can be highly advantageous in 

electrocatalysis. Very recently, porous assemblies of Pd nanoparticles have been 

reported as an efficient catalyst for both HER and Oxygen Reduction Reaction (ORR).8 

This Pd nanomaterial exhibited high electrocatalytic activity for the HER with a low 

overpotential of ca. 80 mV at a current density of 100 mA·cm-2, a small Tafel slope of 

30 mV·dec-1 and a long-term stability for at least 1000 consecutive cyclic 

voltammograms. However, notwithstanding its high catalytic performance, palladium 

is not a cheaper alternative to platinum catalysts since it is in the same order of price. 

Other metals such as Ni, Co, Mo or Pt have been studied as nanostructured systems 

with interesting activities (see Tables A1-4 in the Annex part).  

On the basis of the above mentioned results with Pd and of the possibilities offered by 

the organometallic approach to achieve nanostructured materials having a clean 

surface and high surface area as especially demonstrated for Ru,9 we decided to 

evaluate the catalytic performance in HER of Ru nanomaterials derived from an 

organometallic precursor. We first focused on a Ru nanomaterial which displays a 

porous morphology combined with a clean and reactive metal surface as shown 

previously in gas-phase hydrogenation catalysis.10 Moreover, its synthesis is very 

simple and achieved in mild conditions.11 As it will be seen later on, this Ru 

nanomaterial proved to be a very effective HER catalyst, exhibiting high 

electrocatalytic performance and excellent durability under both acidic and neutral 

conditions. 

 

3A.2 Synthesis & characterization of Ru-MeOH/THF porous nanomaterial  

The Ru nanomaterial object of this study, and hereafter named as Ru-MeOH/THF, was 

easily prepared by decomposition of the [Ru(cod)(cot)] (cod = 1,5-cyclooctadiene; cot = 

1,3,5-cyclooctatriene) organometallic precursor under a H2 atmosphere (3 bar) in a 

MeOH/THF (5/95 in volume) solvent mixture in the absence of any other stabilizers.11 

In this way, a dark brown colloidal solution was obtained. Methanol and 

tetrahydrofuran act here as both solvents and stabilizing agents, being the MeOH/THF 

ratio essential for controlling the characteristics of the final material as size, shape and 

composition.  
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TEM/HRTEM (transmission electron microscopy at low and high resolution) analysis of 

the crude colloidal solution revealed the presence of nano-sized but quite big particles 

of ca. 21 ± 2 nm mean size, which are composed by very small NPs (Figure 1a,b,d). As 

visible in Figure 1b, these particles display a sponge-like morphology due to their 

multi-NPs composition, and a well-crystallized character (Figure 1e). The Fast Fourier 

Transformation (FFT, Figure 1f) of the HRTEM images (Figure 1d and e) indicate the 

presence of interplanar distances of 0.234, 0.203 and 0.158 nm corresponding to the 

crystalline (100), (101) and (102) planes of the hexagonal close-packed (hcp) structure 

of bulk Ru, respectively. The porous and polycrystalline aspect of the particles is 

attributed to an aggregation phenomenon of smaller individual particles during the 

synthesis process due to the composition of the reaction medium, particularly the 

absence of a strong stabilizer. 

 

Figure 1. TEM images (a and b), corresponding size histogram (c), HRTEM images (d and e) and 
diffraction pattern (f) of Ru-MeOH/THF nanomaterial. 

Nevertheless, the obtained colloidal solution is stable for a long period of time and the 

evaporation of the solvents under vacuum allowed to obtain the Ru nanomaterial in 

the form of a black powder without further purification. Powder X-Ray Diffraction 

analysis (XRD, Figure 2a) confirmed that the Ru particles adopt the hcp crystalline 

structure. X-Ray Photoelectron Spectroscopy (XPS) of a powder sample permitted the 

identification of the surface chemical composition and valence states of the Ru atoms 

(Figure 2b). The results revealed the presence of both Ru0 and RuO2 by the shoulder 

present at 280.8 eV (RuO2) observed close to the peak of Ru0 at 279.9 eV, both typical 

for Ru-3d5/2.12 The presence of RuO2 can be explained by the formation of an oxide 
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passivation layer due to air exposure of the nanomaterial. The formation of such a thin 

superficial oxide layer has been previously observed.11  

 

Figure 2. Powder a) XRD pattern (red) with Ru-hcp pattern (green) as reference, and b) powder XPS 
spectrum of Ru-MeOH/THF NPs. 

 

3A.3 Electrocatalytic HER studies  

The electrocatalytic activity of the Ru-MeOH/THF nanomaterial described above for 

the HER was first studied by linear sweep voltammetry (LSV) in 0.5 M H2SO4 solution. 

For that purpose, a dispersion of Ru-MeOH/THF was deposited onto a glassy carbon 

disk electrode (GC), leading to a supported system named as Ru-GC. The onset 

overpotential (η0) and the overpotential required for achieving a |j| = 10 mA·cm-2 (η10), 

are distinctive values generally employed for electrocatalysts’ comparison. More 

specifically, η10 corresponds to the approximate current density expected for a 10% 

efficient solar-to-fuel conversion photoelectrochemical cell under 1 Sun 

illumination.1,13  

As shown in Figure 3a, Ru-GC displays an efficient catalytic activity with a low onset of 

η0 ≈ 40 mV and a η10 = 83 mV, which is a lower value than that measured for 

commercial Ru-black (Rub, η10 = 94 mV), but higher than the overpotential observed 

for the state-of-the-art Pt/C (η10 = 58 mV) catalyst. The long-term durability of our Ru-

GC catalyst was studied by performing a current-controlled bulk electrolysis 

experiment for over 12 h (Figure 3b). At a current density of j = -10 mA·cm-2, a stable 

overpotential was observed over the time of the experiment without important 

variation (i.e. 30 mV). This behavior is indicative of a good stability of the deposited 

Ru-MeOH/THF nanomaterial. The small overpotential increase is attributed to the 

formation of copious H2 bubbles that block and inhibit the catalyst surface. In fact, as 

shown in the inset of Figure 3b, the polarization curves recorded before and after the 

bulk electrolysis perfectly overlay, providing evidence for the long-term stability of the 

Ru-GC catalyst. 
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Figure 3. a) LSV curves of Ru-GC (green), Rub (orange), Pt/C (grey) and bare GCd electrode (black) in 0.5 
M H2SO4 solution at 10 mV·s

-1
; b) current-controlled bulk electrolysis experiment of Ru-GC at j = -10 

mA·cm
-2

 in 0.5 M H2SO4, without ohmic drop compensation. Inset, LSV curves of the initial Ru-GC (green) 
and after 12h bulk electrolysis experiment at j = -10 mA·cm

-2
 (dashed red) in 0.5 M H2SO4 solution at 10 

mV·s
-1

; c) XPS spectra of Ru-GC (green) after 15 min bulk electrolysis at j = -10 mA·cm
-2

 in 0.5 M H2SO4. 
Background (grey), metallic-Ru component (dashed black), envelop (bold). 

To determine the nature of the catalytically active species, a XPS analysis was carried 

out after performing a current-controlled electrolysis at j = -10 mA·cm-2 for 15 min. The 

XPS data presented in Figure 3c, clearly reveal only one peak in the 3d core-level 

region at 279.8 eV, in contrast to the Ru0/RuO2 double-character of the Ru-MeOH/THF 

powder, suggesting Ru0 to be the unique active species for the HER.  

Tafel plot analysis allows evaluation of the rate determining step (rds) and therefore 

elucidation of the HER mechanism. As explained in the general introduction (Ch. 1), the 

HER process may occur following two different mechanisms each corresponding to a 

combination of two elementary steps. The first common step is the absorption of a 

hydride to form a Cat-H group (Volmer step), and it can be followed either by the Tafel 

step (recombination of two Cat-H species, Eq. 1) or the Heyrovsky (H2 

electrodesorption with a proton from the solution, Eq. 2): 
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2𝐶𝑎𝑡 − 𝐻(𝑎𝑑) → 𝐻2(𝑠) + 2𝐶𝑎𝑡(𝑠)   Eq. 1 

𝐶𝑎𝑡 − 𝐻(𝑎𝑑) + 𝐻(𝑎𝑞)
+ + ē → 𝐻2(𝑠) + 𝐶𝑎𝑡(𝑠)  Eq. 2 

In our study, a Tafel slope of 46 mV·dec-1 has been determined from the low scan rate 

polarization curve performed with Ru-GC (Figure 4c). This value suggests that the HER 

follows the Volmer-Heyrovsky mechanism where the Heyrovsky step is the rds of the 

overall reaction.14 The Tafel slope value is also an intrinsic parameter in the evaluation 

of the catalytic performance of electrocatalysts: 46 mV·dec-1 is a much lower value 

than that measured for commercial Ru black, namely 60 mV·dec-1. This result indicates 

that our Ru nanomaterial presents superior kinetic performance.  

 

Figure 4. Tafel Plot of Ru-GC (green), Rub (orange) and Pt/C (grey) in 0.5 M H2SO4. 

Another intrinsic electrochemical parameter from Ru-GC cathode can be subtracted 

from the Tafel equation. The exchange current density (j0) is the obtained current in 

the absence of any faradaic process, namely at η0. The higher this value is the better 

the catalyst is considered. Ru-GC has a j0 = 0.36 mA·cm-2, which is a good result 

compared to the best systems in the literature (see Table A3 in Annex1). 

In order to evaluate the Faradaic yield of the Ru-MeOH/THF nanomaterial for the 

hydrogen production, a controlled potential electrolysis was performed at 50 mV vs. 

NHE in 0.5 M H2SO4 to a FTO-supported sample. The amount of H2 produced over the 

time of the electrolysis was quantified by means of a Clark electrode, giving a nearly 

quantitative faradaic yield of 97% (Figure 5a), thus confirming that all the electrons 

used in the experiment were devoted to the reduction of H+ to H2. Additionally, the 

stable current measured over the time of the experiment provides evidence for the 

high stability of the catalytic activity of the nanomaterial (Figure 5b). 

In the perspective study of investigating the Ru-MeOH/THF catalyst in a photocatalytic 

setup with a molecular photosensitizer, such as porphyrins or polypyridine ruthenium 
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complexes which are used under neutral conditions,15 electrocatalytic measurements 

were also performed at 0.1 M phosphate buffer solution (PBS).  

 

Figure 5. a) H2 evolution profile measured by Clark electrode (green) compared to CPE (red); b) CPE of 
FTO-supported Ru-MeOH/THF onto (green) and bare FTO plate (black) in 0.5 M H2SO4 at 50 mV vs. NHE. 

 

Figure 6. a) LSV curves of the Ru-GC (green), Rub (orange), Pt/C (grey) and bare GCd (black) in 0.1 M PBS 
at 1 mV·s

-1
; b) current-controlled bulk electrolysis of the Ru-GC at j = -10 mA·cm

-2 
in 0.1 M PBS, without 

ohmic-drop compensation; c) Tafel Plot of Ru-GC (green), Rub (orange) and Pt/C (grey) in 0.1 M PBS. 
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As shown in Figure 6a, it is worth noting that the Ru-GC catalyst also exhibits high 

electrocatalytic activity under these neutral conditions reaching a j = -10 mA·cm-2 at η10 

of 83 mV. A current-controlled bulk electrolysis experiment performed at fixed j = -10 

mA·cm-2 for almost 2 h demonstrated a stable catalytic activity (Figure 6b). A Tafel 

slope of 80 mV·dec-1 (Figure 6c) was determined in this case, which is higher than the 

corresponding value obtained in acidic solution, thus indicating slower kinetics for the 

HER under neutral than under acidic conditions, as expected. 

 

3A.4 Electrocatalytic performance benchmarking 

The electrocatalytic performance was further compared with other electrocatalysts 

following the benchmarking methodology published by T. F. Jaramillo et al.3,16 First, 

from a current-controlled bulk electrolysis at j = -10 mA·cm-2 under acidic conditions, 

the corresponding η10 values at time t = 0 and t = 2h are reported in Table A3 (Annex 1) 

and plotted in Figure 7: 

 

Figure 7. Graphical representation of electrocatalysts benchmarking comparison. 

Following, the catalytically active surface area (ECSA) of the Ru-GC sample was 

estimated by a method based on cyclic voltammetry measurements (Figure 8b).17 This 

gives direct access to the double layer capacitance (CDL, Figure 8), which further 

permits the determination of the ECSA value by dividing CDL by a general capacitance 

of 0.015 mF·cm-2, for a catalyst-free carbon electrode under the same conditions. For 

better accuracy, the experiment was repeated three times, and an ECSA value of 45.2 

cm2 was found leading to a roughness factor (RF) of 645 ± 87.  

If we normalize these results by the Ru mass loading, a high value of 173.07 m2·g-1 is 

obtained. In comparison to the value measured under the same conditions for Ru black 

used as a reference in this work, 72.60 m2·g-1, this result evidences that the Ru-

MeOH/THF nanomaterial presents a very high electroactive surface area. It is also 
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important to note that 173.07 m2·g-1 is a value higher than that reported by S. Liu et al. 

for the porous Pd material previously mentioned (0.36 m2·g-1).8 

 

Figure 8. a) Representative multi CV experiment at different scan rates for CDL determination in 0.5 M 
H2SO4; b) plot of current values at 0.65 V (vs. NHE) for the different scan rates, for CDL determination. 

As an alternative normalization method, the copper UnderPotential Deposition (UPD) 

has been applied to determine the number of active sites and to calculate the turnover 

frequency (TOF) (Figure 9a), as previously presented in section 1.5.3.2 in Chapter 1.18 

From the charge (Q, in coulombs [C]) under the Cu-UPD oxidation wave the active sites 

were quantified (18 nmol), allowing to calculate a TOF value of 0.87 s-1 at 100 mV of 

overpotential.  

 

Figure 9. a) LSV curves of Ru-GC before (black) and after (green) Copper UPD in 0.5 M H2SO4; b) TOF vs. 
η (mV) plot of Ru-GC in 0.5 M H2SO4 solution. See Table A1 in Annex1 for comparison with the literature. 

 

3A.5 Conclusions & perspectives 

In this section, we have described the electrocatalytic performance of a porous Ru 

nanomaterial made of ca. 21 nm aggregates of small NPs in the HER, in both acidic and 

neutral conditions, and in comparison with commercial Ru black and Pt/C. This 
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efficient electrocatalyst was easily prepared by the decomposition of an 

organometallic precursor under hydrogen using only a mixture of methanol and THF as 

stabilizers, which causes it to have a clean metal surface. Among the different 

characteristics determined in electrocatalysis, a low overpotential of 83 mV at a 

current density of j = -10 mA·cm-2 and an excellent durability up to 12h in 0.5 M H2SO4 

were obtained. This remarkable behavior is attributed to the porous character of the 

nanomaterial coupled with the use of a mixture of solvents as stabilizers, which gives 

rise to a highly accessible metal surface as demonstrated by the high electrochemically 

active surface area measured, namely 173 m2·g-1.  

Taking advantage of the synthetic methodology and the range of NPs that can be 

obtained by tuning the MeOH:THF solvent ratio,11 as already published by our group, 

we envisage to study the catalytic performance of a series of NPs having different 

structural/size/agglomeration characteristics. These particles would be stabilized by 

the same agent all of them (MeOH:THF), but the different solvents ratio might allow to 

control the features of the colloids, altering the catalytic properties of the final 

material. This could suppose an important advance on the understanding of the 

catalytic pathways taking part on the surface of the particles, permitting a rational 

design of new active particles based on the gained knowledge in the stabilizing effect. 

  

This work has been published in Chemical Communications in 2017 (A porous Ru 

nanomaterial as an efficient electrocatalyst for the hydrogen evolution reaction under 

acidic and neutral conditions, S. Drouet, J. Creus, V. Collière, C. Amiens, J. García-Antón, 

X. Sala, K. Philippot, Chem. Commun. 2017, 53, 11713-11716), and this publication is 

given in the Annex part. 

 

3A.6 Experimental part 

Reagents. All operations for the synthesis of the Ru-MeOH/THF nanomaterial were 

carried out using standard Schlenk tubes, Fisher-Porter bottle techniques or in a glove-

box (MBraun) under argon atmosphere. Solvents (THF and MeOH) were purified 

before use, by filtration on adequate column in a purification apparatus (MBraun) for 

THF and by distillation on magnesium for MeOH, and handled under argon 

atmosphere. Solvents were degassed before use according to a freeze-pump-thaw 

process. The ruthenium precursor, [Ru(cod)(cot)] was purchased from Nanomeps-

Toulouse. Hydrogen gas (Alphagaz) was purchased from Air Liquide. High purity 

deionized water was obtained by passing distilled water through a nanopore Milli-Q 

water purification system.  
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Synthesis of Ru-MeOH/THF. 100 mg of [Ru(cod)(cot)] were dissolved under argon in a 

total volume of 100 mL of a MeOH/THF mixture (5:95) in a Fisher porter reactor inside 

a Glove-box. After pressurization of the reactor with 3 bar of H2 at room temperature 

(r.t.), the initial yellow solution turned dark brown in a few minutes. A vigorous 

magnetic stirring and the H2 pressure were maintained for 45 minutes. After this 

reaction time, the H2 pressure was evacuated and a drop of the colloidal solution was 

deposited onto a carbon-covered copper grid for microscopy analysis. The Ru 

nanomaterial was isolated as a grey powder after simple evaporation to dryness under 

vacuum.  

Characterization. The colloidal solution has been characterized by Transmission 

Electron Microscopy (TEM), High Resolution TEM (HRTEM) and the isolated solid by 

powder X-Ray Diffraction (XRD) and X-ay Photoelectron Spectroscopy (XPS).  

Powder X-Ray Diffraction (XRD) measurements were performed with a PANalytical 

X’Pert Pro θ/θ diffractometer equipped with a X’Celerator detector using Cu radiation 

(Å). The data were registered in the 2 θ range 2-90° with a step wise of 

0.016° and a time by step equal to 1000s. Highscore software was used for data 

analysis.  

Transmission Electron Microscopy (TEM) and High resolution TEM (HRTEM). Samples 

for TEM and HRTEM analyses were prepared by slow evaporation of a drop of the 

crude colloidal solution deposited onto a holey carbon-covered copper grid. Analyses 

were performed at the “Centre de Microcaractérisation Raymond Castaing” in 

Toulouse (UMS-CNRS 3623), on a MET JEOL JEM 1011 microscope operating at 100 kV 

with a resolution point of 0.45 nm and a JEOL JEM-ARM 200F microscope working at 

200 kV with a resolution point lower of 0.19 nm, respectively. TEM allowed to evaluate 

the particle size, size distribution and morphology. Enlarged micrographs were used 

for treatment with ImageJ software to obtain a statistical size distribution and the 

nanoparticle mean diameter. FFT treatments of HRTEM images were carried out with 

Digital Micrograph Version 1.80.70 to determine the crystalline structure of the 

material. The analyses were done by assuming that the nanoparticles are spherical. 

Nanoparticle sizes are quoted as the mean diameter ± the standard deviation.     

X-Ray Photoelectron Spectra (XPS) measurements were performed with a Phoibos 

150 analyzer (SPECS GmbH, Berlin, Germany) in ultra-high vacuum conditions (base 

pressure 5E-10 mbar) with a monochromatic aluminium Kalpha X-Ray source (1486.74 

eV). The energy resolution was measured by the FWHM of the Ag 3d5/2 peak for a 

sputtered silver foil was 0.62 eV. 

Electrochemical measurements were performed using an Autolab (PGSTAT 302N) as 

potentiostat in a three-electrode configuration electrochemical cell. Glassy Carbon 

(GC) disk electrode coated with the catalyst material was used as working electrode (S 



Colloidal RuNPs as HECs 

- 75 - 
 

3A 

= 0.07 cm-2), and a Pt wire and a Hg/HgSO4 (K2SO4 sat.) were used as Counter (CE) and 

Reference electrodes (RE), respectively. GC disk electrode was carefully polished and 

ultrasonically rinsed for 10 min, both in ethanol and water. Both the CE and RE were 

rinsed with distilled water and dried with compressed air prior measurements.  

Electrode Preparation: The modified GC electrode was prepared as follows: 2.5 mg of 

electrocatalyst was added into 100 L of n-propanol, 2 l of 5% Nafion and 398 L of 

distilled water (Milli-Q). The mixture was ultra-sonicated for 10 min to obtain an ink. 

Then 5 L of the ink were loaded onto the GC. The working electrode was then dried 

for 1h at r.t. All potentials were converted to NHE by adding a value of 0.645 V 

(reference value at 25°C). The current density was normalized over the geometric 

surface area of the electrode. The electrochemical studies for HER were conducted in 

0.5 M H2SO4 (pH 0.3) solution and in 0.1 M phosphate buffer solution (pH 7) under 

argon, at 25°C and under continuous stirring.  

Double-layer Capacitance (CDL) and ElectroChemically active Surface Area (ECSA) 

determination. CDL was estimated by CV. A non-Faradaic region was chosen from the 

LSV (typically a 0.1 V window about OCP), where no redox process takes place and all 

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

charging current (ic) can be calculated as the product of the electrochemical double-

layer capacitance (CDL) and the scan rate (ν), as shown in Eq. 3: 

ic = νCDL    Eq. 3 

Plotting ic as a function of ν yields a straight line with slope equal to CDL. In this way, 8 

different scan rates were used (5, 10, 25, 50, 75, 100, 250 and 500 mV/s), holding the 

working electrode at each potential vertex for 10 seconds prior to the next step. The 

ECSA was obtained by dividing the calculated capacitance by a tabulated value (Eq. 4, 

CS = specific capacitance) that depends on the material used and solution (for C, in 1 M 

H2SO4 CS=13-17 µF·cm-2): 

𝐸𝐶𝑆𝐴[𝑐𝑚2] =
𝐶𝐷𝐿

𝐶𝑆
   Eq. 4 

𝑅𝐹 =
𝐸𝐶𝑆𝐴

𝑆
   Eq. 5 

The Roughness Factor (RF) was calculated by dividing the ECSA by the geometrical 

surface area (S). 

Copper UnderPotential Deposition (UPD). The UPD method was performed to 

determine the number of active sites. In an electrochemical cell, a controlled potential 

electrolysis was performed at 0.145 V vs. NHE for 100s in 0.5 M H2SO4 solution with 5 

mM of CuSO4. LSV were performed before and after the electrolysis in a free-copper 

solution (Ei = 0.04 V, Ef = 0.89 V, 10 mV/s). After the electrolysis, LSV exhibit a new 

wave devoted to the oxidation of deposited Cu at E = 0.41 V vs. NHE (Eq. 6). The 
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number of active sites (n, Eq. 7) was calculated based on the UPD copper stripping 

charge (QCu, CuUPD):  

𝐶𝑢UPD → 𝐶𝑢2+ + 2ē  Eq. 6 

𝑛 =  
𝑄𝐶𝑢

2𝐹
   Eq. 7 

, where F is the Faraday constant (96485 C/mol). 

TurnOver Frequency (TOF [s-1]) was calculated as follows (Eq. 8): 

𝑇𝑂𝐹(𝑠−1) =  
𝐼

2𝐹𝑛
=  

𝐼

𝑄𝐶𝑢
  Eq. 8 

, where I is the current intensity on the LSV measurement, F is the Faradaic constant, 

and n the number of active sites obtained by the UPD method. The factor 1/2 is based 

on the consideration that two electrons are required to form one hydrogen molecule 

from two protons (2H++2ēH2). 
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3B. Pyridine-Stabilized RuNPs: Synthesis, Characterization & 

HER Studies 

 

3B.1 Introduction 

As described in Chapter 1, the organometallic approach is a powerful method for 

obtaining small NPs with a narrow size distribution and a great surface control.1 Apart 

from the metal precursor, the stabilizing agent (STAG) and the reaction conditions can 

influence the main characteristics of the obtained particles. By this way it is feasible to 

modify the NPs’ properties by playing with ligands and/or reaction conditions in order 

to determine their effect on catalytic performance, and later on make correlations 

between NPs’ structure and their catalytic activity.2 

From literature data,3 it is known that pyridine-based ligands have effective interaction 

with Ru in molecular complexes which allows assists NPs to reach high metal oxidation 

states through proton-coupled electron transfer (PCET) and prevents decomposition or 

degradation. Additionally, N-doped graphitic systems have shown to well stabilize Ru-

based NPs, leading to some of the most active and rugged hydrogen evolution 

catalysts (HECs) in the literature.4 Moreover, previous studies in the group allowed to 

provide RuNPs of ca. 1.3-nm in size and stabilized by 4-(4phenylpropyl)pyridine as the 

stabilizing ligand.5 Deep NMR studies allowed elucidating the coordination mode of the 

ligand at the Ru surface and evidenced that the metallic particles are stabilized thanks 

to π-interactions with both aromatic groups (phenyl and pyridine). These results 

encouraged us to test other pyridine-based ligands for the synthesis of RuNPs with the 

aim to reach small, homogeneous-in-size and stable NPs. 

More precisely, our main goal was to synthesize RuNPs with different characteristics, 

and to study how these changes interfere on the electrocatalytic performance of the 

particles when used as HECs and WOCs. For this purpose, two ligands were chosen, 

namely 4-phenylpyridine (PP) and 4’-(4-methylphenyl)-2,2’:6’,2”-terpyridine (MPT) 

(Figure 1). Using these two ligands as stabilizers, we could prepare new RuNPs and 

evaluate their interest as Ru metal-based catalysts for HER. Then we have tested 

different oxidation conditions to get a controlled oxidation of the RuNPs into RuO2 

ones for their evaluation in both HER6 and OER7 studies.  

In the next parts, the synthesis and the characterization of RuNPs using the MPT and 

PP ligands will thus be described. The different essays performed in order to obtain 

RuO2 NPs will be also described. Finally, preliminary tests on the HE catalysis will 

conclude the chapter, comparing the catalytic performances with those of other RuNPs 

stabilized with different molecules. 
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Figure 1. Ligands used as stabilizers in the synthesis of RuNPs: 4-phenylpyridine (PP) and 4’-(4-
methylphenyl)-2,2’:6’,2”-terpyridine (MPT). 

 

3B.2 Synthesis & characterization of RuNPs stabilized with pyridine-

based ligands 

The synthesis of the nanoparticles (NPs) was performed as previously described in 

Chapter 1 and 3A, using the same metal precursor, namely [Ru(cod)(cot)] (cod = 1,5-

cyclooctadiene; cot = 1,3,5-cyclooctatriene) complex.1 The decomposition of a THF-

solution of [Ru(cod)(cot)] was achieved by reacting it with 3 bar H2 overnight at room 

temperature (r.t., Scheme 1) in the presence of the chosen ligand among 4-

phenylpyridine (PP) and 4’-(4-methylphenyl)-2,2’:6’,2”-terpyridine (MPT) (Figure 1). By 

this way, the initial yellow complex solution turned to a black colloidal suspension. 

After removing the excess H2 and reducing the solution volume under vacuum, the 

formed RuNPs have been isolated by precipitation through addition of cold pentane 

followed by a filtration step.  

 

Scheme 1. Synthesis of RuNPs with X molar equivalents of MPT/PP ligands (L). 

Three washings were then performed with pentane and under Ar in order to eliminate 

any rest of free ligand and get a purified black solid. The RuNPs could be obtained 

under the form of a solid after drying under vacuum. Those NPs, when directly 
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exposed to air in solid-state, showed to burn spontaneously as a consequence of the 

accessible and highly reactive surface, as previously described with other RuNPs of 

similar sizes and stabilized with different ligands (see section 3B.2.6, method A).1a As 

the modification of the ligand-to-metal ratio (L/M) in the reaction medium can lead to 

a change on the particles’ properties, e.g. mean size, shape, dispersion, solubility, 

stability, etc.,8 we decided to apply different L/M ratios. The influence of this 

parameter on the characteristics of the particles was followed by transmission electron 

microscopy (TEM) analysis.  

 

3B.2.1 TEM analysis 

With the MPT ligand, different MPT/M ratios in the range 0.05 to 0.5 molar equivalent 

(equiv.) compared to the introduced Ru were then applied. Each synthesis was 

replicated for reproducibility issues. TEM analysis with grids prepared from both a 

crude colloidal solution and a re-dispersed sample after purification showed the same 

results. Thus, the latter were considered for comparison purpose, as summarized in 

Table 1. A small modification of the mean size and a strong change on the 

agglomeration were observed.  

Table 1. TEM images of Ru-MPT NPs stabilized with different L/M ratios. 

Ru-MPT (L/M ratio)  
Mean size (nm) 

TEM images Observations 

Ru-0.05MPT 
 

  

Isolated and 
well-dispersed 

small NPs with a 
few 

agglomerated 
ones 

Ru-0.1MPT 
 

 
 

Isolated small 
NPs with some 

aggregates 
made of 

individual small 
NPs 

0,4 0,8 1,2 1,6 2,0 2,4
0

20

40

60

80

100

N
P

s

mean size (nm)

Ø = 1.1 ± 0.3
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Ru-0.2MPT 
 

  

Isolated and 
very small NPs 

with a few 
aggregates 

made of 
individual NPs 

(not shown 
here) 

Ru-0.5MPT 
 

 
 

Ultra small and 
NPs that are 
close to each 

other 

Ru-1.0MPT - 

Formation of big 
agglomerates. 

No NPs 
observed 

 

As can be observed on the TEM pictures, the application of high L/M ratios led to a 

decrease on the NPs’ mean size, from ca. 1.2 nm in the case of 0.05 MPT equiv. to 

around 0.6 nm in the case of 0.5 equiv., very close to the limit of size measurement. 

Moreover, at high L/M ratios the particles appear more aggregated. A few concluding 

remarks can derive from these observations:  

 First, even using a very low L/M ratio like 0.05, it allowed stabilizing small 

RuNPs of ca. 1.2 nm that are well dispersed. This result indicates that this ligand 

is very efficient in stabilizing RuNPs which can be explained by a strong 

coordination at the NP surface. 

 Second, the use of higher L/M ratios than 0.05 led to a decrease in size of the 

NPs and even to the formation of ultra-small NPs of ca. 0.6 nm. This result 

shows that the quantity of MPT ligand present in the synthesis mixture has a 

strong influence on the growth of the NPs and the control of their size.  

 Third, the agglomeration of NPs observed in the presence of an excess of ligand 

can be due to the aromaticity of the ligand. Indeed, one can expect MPT ligand 

to have π-like interactions with other capping ligand molecules surrounding 

other close NPs what can induce their agglomeration. 

 Fourth, despite the agglomeration observed in the presence of high L/M ratio, 

the NPs remain individual. This indicates that the ligand capes well the particles 
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limiting their coalescence and keeping them separated to each other. This 

could be explained by an efficient stabilizing barrier around the NPs due to 

strong ligand interaction with the NP surface and/or surrounding ligands. 

In contrast to these results, when utilizing the PP ligand, a different behavior has been 

observed. In that case, the L/M ratio has been changed in the range 0.1-1.0 equiv. (no 

0.05 equiv. was tested since the particles dispersion was already good for higher L/M 

ratios). No substantial change neither on the particles’ mean size nor on their 

agglomeration state has been observed whatever the quantity of ligand introduced for 

the synthesis of the particles (see table 2). 

Table 2. TEM images of Ru-PP NPs stabilized with different L/M ratios. 

Ru-PP (L/M ratio)  
Mean size (nm) 

TEM images Observations 

Ru-0.1PP 

 
  

Small and 
dispersed NPs, 
juxtaposed in 

packets of 2-3 in 
some cases 

Ru-0.2PP 

 
 

Ru-0.5PP 

 
 

50 nm 

50 nm 
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Ru-1.0PP 

 
 

 

So, as can be noticed from the TEM images, small and well-dispersed RuNPs are 

formed in all cases. More precisely, mean sizes of ca. 1.3, 1.4, 1.1 and 0.9 have been 

measured for L/M ratios of 0.1, 0.2, 0.5 and 1.0, respectively. If focusing on the mean 

size values got for a L/M ratio between 0.1 and 0.5 for comparison purpose with the 

previous results obtained with the MPT ligand, it appears that higher PP/M ratios do 

not lead to a strong decrease on the NPs’ mean size contrarily to what was observed 

with MPT. However, with the PP ligand, in all L/M ratios tested, the NPs are well-

dispersed on the TEM grids and there are no big agglomerates of NPs, contrarily to the 

results with MPT. Only packets of 2-3 NPs close to each other are observed on some 

parts of the grids while agglomerates of individual NPs are formed when increasing the 

MPT/M ratio. These results indicate that the PP ligand is also very efficient in 

stabilizing RuNPs of small sizes. However the influence of the PP quantity on the 

control of the NPs’ size seems more limited than in the case of MPT ligand. In addition, 

the PP ligand gives rise to a population of NPs that are very well-dispersed while they 

are more agglomerated with MPT.  

The different stabilizing effects noticed between MPT and PP ligands can be due to 

different coordination mode / interaction strength or / and steric hindrance at the 

metal surface. We can expect that given its multi-pyridine structure, MPT ligand 

coordinates strongly to the surface of the NPs through σ-donation of pyridyl-N thus 

influencing the growth process. The PP ligand may interact differently and possibly 

more weakly, via a π-stacking mode involving the two rings, what does not change too 

much the NPs mean size regardless the L/M ratio. A similar trend was observed when 

studying the stabilization of Pd-NPs with pyrazole-derived ligands.9 Moreover, the 

difference observed in terms of agglomeration, which is pronounced in the presence of 

a high concentration of MPT in contrast to PP, may be explained by the absence of 

strong interaction between capping ligands surrounding different NPs in the case of 

PP-stabilized NPs. This can support a different coordination mode of the ligands at NP 

surface. 

50 nm 
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From now on, the following studies will focus on Ru-0.05MPT and Ru-0.2PP samples, 

being the former the system that exhibited a better dispersion among all the MPT-

stabilized samples. The second system has been chosen due to the good dispersion 

observed and reproducibility. 

3B.2.2 1H-NMR studies with Ru-0.2PP NPs 

NMR studies were carried out in order to shed some light on the coordination mode of 

the PP ligand at the surface of the RuNPs. Ru-0.2PP was chosen as system of study due 

to its higher activity in the electrocatalytic hydrogen evolution, as will be later on seen 

in section 3B.3. Furthermore, the study of Ru-0.05MPT sample is of interest to further 

understand the main differences on the ligand behavior between the two cases. Thus, 

the decomposition of the [Ru(cod)(cot)] in deuterated THF and in the presence of PP 

ligand (0.2 equiv.) and 3 bar H2 (analogous to Scheme 1) has been followed by solution 
1H-NMR. Thus, an NMR tube was filled with a d8-THF solution of [Ru(cod)(cot)] (10 mg 

in 0.7 mL) and PP ligand (1 mg; L/M ratio = 0.2) was added. 1H-NMR spectrum of this 

mixture has been first recorded at 273 K without any H2 in order to identify precisely 

the signals corresponding to the Ru precursor and the PP ligand and thus provide 

reference data (Figure 2). The low coordination of the cod-cot ligands of the Ru 

complex induces some mobility what explains the observation of the broadening of 

some signals. 

 

Figure 2. 
1
H-NMR spectrum of the PP/[Ru(cod)(cot)] mixture in d

8
-THF at 273 K before H2 addition. 
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Further, the NMR tube has been pressurized with 3 bar of H2, and the reaction mixture 

shacked to improve the dissolution of H2 in the solution phase containing the Ru 

precursor and PP ligand. Figure 3 and Figure 4 report a series of 1H-NMR spectra 

recorded at different reaction times. This allowed to follow the decomposition of the 

[Ru(cod)(cot)] precursor with time (Figure 3 B-E) until its total disappearance (Figure 

3F, t=3 h).  

 

Figure 3. Aliphatic region of the NMR spectra recorded during the decomposition of [Ru(cod)(cot)] 
under H2 in the presence of 0.2 equiv. of PP (d

8
-THF; 273K) recorded at different reaction times: A) t=0, 

B) t=10 min, C) t=20 min, D) t=30 min E) t=60 min and F) t=3 h. 

 

As can be observed, as soon as the signals corresponding to the cod and cot ligands 

from the Ru precursor started disappearing, a new signal emerged at 1.57 ppm that 

can be attributed to the formation of cyclooctane, as the result of the hydrogenation 

of cod and cot molecules. In parallel of this, a vanishing of the aromatic signals 

corresponding to the PP ligand was perceived (Figure 4). The signals attributed to the 

pyridyl group of the PP ligand were the first ones to disappear, followed by those of 

the phenyl group. Before their total disappearance, both the pyridyl and phenyl signals 

display a broadening which can be attributed to a Knight-shift effect, as the result of 

the proximity of the PP ligand to the NP surface. This derives from the local magnetic 

field created by the metallic atoms of Ru in the NPs formed. This evolved until a 

complete disappearance of the signals at the end of the reaction. 
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Figure 4. Aromatic region of the NMR spectra recorded during the decomposition of [Ru(cod)(cot)] 
under H2 in the presence of 0.2 equiv. of PP (d

8
-THF; 273K) recorded at different reaction times: A) t=0 , 

B) t=10 min, C) t=20 min, D) t=30 min E) t=60 min and F) t=3 h. 

A similar phenomenon with the same order of disappearance of the signal groups (1st 

pyridyl, 2nd phenyl group signals) was previously observed when using 4-

(4phenylpropyl)pyridine as stabilizing ligand for the synthesis of RuNPs and attributed 

to the initial coordination through the N-donor of the pyridyl group, followed by a π-

stacking coordination by the two aromatic parts of the ligand.5 The propyl chain 

contained in 4-(4phenylpropyl)pyridine allowing some degree of flexibility it can favor 

this type of stabilization in such small particles (1.3 nm). In the case of the PP ligand, 

although it is more rigid due to the absence of alkyl chain between the two aromatic 

parts, similar coordination properties at the NP surface can be expected. This seems to 

be confirmed by the 1H-NMR results. 

 

3B.2.3 Elemental composition 

For the determination of the elemental composition of the PP-stabilized and MPT-

stabilized RuNPs, two systems were selected, namely Ru-0.2PP and Ru-0.05MPT. This 

choice was governed by the fact that these samples display small, homogeneous and 

well-dispersed NPs as well as a very good synthetic reproducibility. Firstly, the purified 

Ru-0.2PP and Ru-0.05MPT samples were characterized by using elemental analysis 

(EA), inductively coupled plasma optical emission spectroscopy (ICP-OES) analysis and 
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thermogravimetric analysis (TGA), in order to determine the final ligand-metal ratio in 

the purified NPs. The three analyses were replicated and for EA the average result was 

considered. ICP results exhibited a very low Ru content (ca. 20 wt%), in contrast to EA 

results where CHN analysis gave rise to only ca. 15-16 wt% of organics (leading thus by 

a calculation to 85-84 wt% of Ru). But it is important to note that a black residue 

attributed to undissolved Ru was always observed after the acidic digestion of the 

samples prior to ICP analysis. Such a phenomenon was already observed with other 

RuNPs from the group surrounded by an organic or inorganic matrix. Given the 

difficulties (in terms of values and reproducibility) met with the ICP data despite 

several measurements were performed in two different places, they were discarded, in 

favor of the elemental analysis results which were used to estimate the elemental 

composition of the RuNPs in compounds Ru-0.2PP and Ru-0.05MPT.  

Besides the EA results (C,H,N contents), Table 3 contains estimated values (L/M, 

THF/M, H/M ratios and Ru content) further calculated on the basis of C,H,N results 

(see Experimental part for a typical calculation). Apart from the ligand used to stabilize 

the RuNPs, other coordinating molecules at the NP surface that can be expected are 

THF (used as synthesis solvent) and hydrides (due to the use of H2 as decomposition 

gas). The amount of ligand (PP and MPT) was calculated based on the N wt.%. This was 

possible given the ligands are the only source of nitrogen in the reaction mixture for 

the NPs synthesis. Further, the corresponding C% and H% from the ligand were 

subtracted from the C and H contents determined by EA data. The remaining C wt.% 

was used to calculate the amount of THF present on the particles’ surface (THF/M 

ratio), being the only remaining source of carbon present in solution (besides the 

ligand and the non-coordinating and volatile cyclooctane which was eliminated under 

vacuum). The remaining H wt.% was attributed to hydrides coordinated on the Ru 

atoms. 

Table 3. C, H, N elemental analysis results obtained for Ru-0.05MPT and Ru-0.2PP samples. Ligand, THF 
and hydride ratios against metal, obtained from EA results. 

 EA results Calculations performed 

Sample N (%) C (%) H (%) 
Total of 
CHN (%) 

L/M THF/M H/M 
Total of 
organics 

M 

Ru-0.05MPT 1.72 13.69 1.26 16.66 0.06 0.09 0.11 17.62 82.37 

Ru-0.2PP 1.16 12.49 1.28 14.93 0.11 0.04 0.38 15.45 84.55 

 

The calculated ratios (L/M, THF/M, H/M) were divided by the Ru wt.% (M in Table 3) 

derived from the EA. As can be observed, for Ru-0.05MPT, the value L/M (0.06 molar 

eq.) calculated from the EA analysis results  is very close to the L/M ratio (0.05 molar 

eq.) introduced for the synthesis of the particles . However, in the case of Ru-0.2PP, a 

much lower value is estimated from the EA (0.1 molar eq.) than the one utilized (0.2 

molar eq.) for the synthesis. This difference can be explained by the fact that there is a 
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low influence of the L/M ratio on the NPs characteristics, as previously noticed from 

the TEM analysis where the L/M ratio was observed to have a slight effect on the size 

of the particles. Given the small size of the NPs and the potential coordination of the 

PP ligand at the metal surface by interaction of the two aromatic rings and the 

consequent sterical hindrance, we can expect to have the coordination of a maximum 

quantity of ligand at the NP surface. This quantity could be close to the value of 0.1 

molar eq. here determined. Such a low influence of the L/M ratio on the NPs 

characteristics was previously observed in the group using other ligands.10 

TGA of Ru-0.2PP and Ru-0.05MPT samples was performed under N2 flow, to avoid the 

oxidation of the particles during the thermal treatment, together with that of PP and 

MPT ligands for comparison purpose. The free ligands show a complete weight loss 

starting at ca. 180 and reaching the minimum at 200 and 350 °C for PP and MPT 

ligands, respectively. Concerning the analysis of the NPs, the continuous decrease from 

50-150 °C is attributed to the presence of solvent in the sample, namely coordinated 

THF. Later on, in the 180-350 °C range, a total weight loss of around 18% and 15% has 

been observed for Ru-0.05MPT and Ru-0.2PP, respectively, which can be attributed to 

elimination of the organic part of the samples. The remaining mass percentage can 

thus be attributed to the Ru content, leading to 82% and 85% for Ru-0.05MPT and Ru-

0.2PP, respectively. 

 

Figure 5. TG analysis of samples Ru-0.05MPT (blue) and Ru-0.2PP (red), and ligands MPT (dashed) and 
PP (bold). 

In Table 4, Ru contents determined from TGA and EA analyses are compared for the 

two Ru-0.2PP and Ru-0.05MPT samples. Estimated values that correspond to the 

quantities of Ru precursor and ligand introduced for the synthesis of the particles (by 

approximating that all [Ru(cod)(cot)] and ligand completely reacted to form NPs), are 

also given for comparison purpose. As seen in Table 4, for Ru-0.05MPT estimated 
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results and EA/TGA data are less different, than in the case of Ru-0.2PP: this could 

derive from the fact that not all the ligand introduced for the synthesis of the particles 

is coordinated to the NPs, and so the real Ru wt.% is higher than the estimated one, 

being this in harmony with the L/M ratios calculated from EA results in Table 3. 

Table 4. Ru wt.% according to the synthetic conditions (Estimated) and to the EA and TGA results. 

 
Ru wt.% 

Sample Estimated EA TGA 

Ru-0.05MPT 86.19 82.37 82 

Ru-0.2PP 76.46 84.55 85 

 

3B.2.4 Surface reactivity studies 

In order to get information on the surface state of the RuNPs, a few reactivity studies 

have been carried out, namely the coordination of CO molecules, the titration of 

surface hydrides and oxidation reactions. 

Study of CO coordination at Ru NP surface 

Due to its facile coordination on metal surfaces, CO can be used as a probe-molecule 

to study the surface state of metal NPs. This has been widely applied in the team with 

RuNPs by taking profit of the access to Fourier-transform infrared spectroscopy (FTIR / 

IR) and NMR techniques that Ru metal allows, in order to investigate the coordination 

of CO and get information on the coordination and mobility of stabilizing ligands or 

hydrides.11 

 

Scheme 2. Conditions for the reaction of CO at Ru nanoparticles’ surface. 

The coordination of CO at the surface of Ru-0.05MPT (1.2 ± 0.3 nm) and Ru-0.2PP (1.4 

± 0.2 nm) NPs was thus studied by FTIR spectroscopy. The powders obtained after the 

purification step of the NPs were exposed to 1 bar of CO overnight under stirring and 

at room temperature (Scheme 2). After this reaction time, KBr pellets were prepared 

with the RuNPs powders and IR spectra recorded, both inside the glovebox. The 

spectra before reaction with CO were also recorded in controlled atmosphere 
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conditions together with those of the free MPT and PP ligands, for comparison 

purpose (Figure 6).  

 

Figure 6. IR data of MPT ligand vs. Ru-0.05MPT NPs (top), and PP ligand vs. Ru-0.2PP NPs (bottom), and 
insets of the C-H stretching region (middle).The spectra corresponding to the NPs are in color. 

As can be seen in Figure 6, FTIR data of the free organic ligands (MPT and PP) reveal 

two bands in the 2700-3000 cm-1 region. Those are typical from C-H stretching modes 

in alkane groups that might come from organic solvent (e.g. pentane) pollution present 

in the KBr, inside the glove-box or in the spectrometer. In addition, the other regions 

of the spectra are also contaminated, making difficult to attribute other aromatic 



Chapter 3 
 
 

- 92 - 
 

signals from the ligand skeleton. The IR spectra of the NPs (Ru-0.05MPT and Ru-

0.2PP), show the absence of vibration bands in the 3000-3300 cm-1 region, that are 

typical from aromatic C-H stretching vibrations, as well as the absence of C=C bands at 

650-750 cm-1. This loss of the aromatic signals could be attributed to a partial 

hydrogenation of the stabilizing ligands during the NP synthesis, given the known 

activity of RuNPs in catalyzing aromatic hydrogenation.12 However, another reason 

could be the coordination of the ligand at the metal surface through π-stacking. 

Indeed, such a coordination of the ligand would induce a great proximity of all the 

aromatic protons to the metallic core, thus hindering the stretching vibrations or 

hiding the corresponding signals. 

From previous works in the team, it is known that two types of signals corresponding 

to different Ru-CO coordination modes at the surface of the NP scan be observed: on 

one side, terminal CO at frequencies of 2000-2050 cm-1, can be attributed to CO 

coordinated at particles’ edges and apexes; on the other side, bridging CO between 

two or more metal atoms, at 1750-1950 cm-1, is expected to coordinate on particles’ 

faces.13 These published data were taken as references to analyze the coordination of 

CO on the Ru-0.05MPT and Ru-0.2PP NPs’ surface. 

The FTIR spectra recorded after the reaction of the nanoparticles with 1 bar of CO 

overnight at room temperature, show in both cases (Ru-0.05MPT and Ru-0.2PP) new 

signals in the 1900-2400 cm-1 range (Figure 7a and b). A broad and intense signal at ca. 

1950 cm-1 is particularly visible for Ru-0.05MPT. Such a signal has previously been 

reported as corresponding to CO coordination by the bridging mode on the faces of 

RuNPs. The sharpest signal visible at ca. 2040 cm-1 can be attributed to terminal CO 

coordinated onto edges and apexes. Finally there is a very small and sharp signal at ca. 

2340 cm-1 which can be attributed to the coordination of CO2.  

 

Figure 7. FTIR analysis of a) Ru-0.05MPT and b) Ru-0.2PP NPs before and after exposure to 1 bar CO 
overnight at room temperature. 

In the case of Ru-0.05MPT system, the two CO signals detected at ca. 1950 and 2040 

cm-1 have similar intensities. This may indicate that a similar quantity of free Ru sites 
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are available on the NPs surface on apexes/edges and faces for coordinating CO and 

consequently, that MPT ligand occupies in a similar manner all the surface sites 

apexes/edges and faces. However, in the case of Ru-0.2PP system, the signal at ca. 

1950 cm-1 is splitted into two smaller peaks at 1930 and 1975 cm-1, both of them much 

less intensive than the terminal CO one. The presence of these two signals is attributed 

to two different bridging coordination modes, namely with three Ru atoms (at lower 

frequencies) or two Ru atoms, as previously reported by B. Chaudret et al.14 The lower 

intensity of these two signals indicates that probably less faces are free on the surface 

of the particles to allow the coordination of CO in the bridging mode. From this we can 

deduce that the PP ligand probably occupies more efficiently the faces than the 

edges/apexes sites than MPT does. This can be explained by the smaller size of PP 

ligand compared to MPT, and its steric hindrance owing its rigidity. Other hypotheses 

could be the smaller size of the Ru-0.05MPT NPs where faces are probably slightly less 

developed and also the lower quantity of MPT ligand on the NP surface in contrast to 

PP one (L/M = 0.06 vs. 0.1 eq., respectively). Thus, the PP ligand may enable a more 

successful coverage of the particles’ faces, as evidenced by the lower detection of 

bridging CO.  

Study of the Oxidation state of RuNPs 

Wide-Angle X-Ray Scattering (WAXS) technique was employed to determine the 

crystalline structure and the oxidation state of the metal in each Ru-0.05MPT and Ru-

0.2PP samples. For this purpose 1 µm glass capillaries were filled with powders of NPs 

under argon atmosphere and sealed to avoid air entrance. The pattern observed for a 

purified sample of Ru-0.05MPT kept under argon atmosphere (Figure 8a), corresponds 

to hcp-metallic ruthenium. The peak detected at θ ≈ 4° can be explained by the 

presence of a few agglomerated NPs. The radial distribution function (RDF) is not 

regular and reflects a large size distribution. The maximum coherence length, that in 

fact corresponds to the longest Ru-Ru distances and consequently indicates the biggest 

crystalline domains, can be estimated to ca. 4.2 nm (Figure 8c, red). This value is quite 

different from the mean size determined by TEM analysis (1.2 ± 0.3 nm). 

For the Ru-0.2PP system, hcp-metallic NPs were also observed (Figure 8b). In this case 

the RDF shows a coherence length of ca. 2.3 nm (Figure 8c). This size of crystalline 

domains is also larger than the mean size determined by TEM analysis, but less than 

for Ru-0.05MPT NPs. We can thus also estimate that a few larger NPs are present. 

Indeed, coherence length is a direct measurement of the maximum size of crystalline 

domains, and in case of size dispersion, the weight of larger NPs is quite high. 

Moreover the monotonous decrease profile of the distribution of distances (Figure 8b) 

is consistent with smaller sizes. These results indeed indicate a limited coalescence of 

small metallic NPs in the sample, it is however delicate to accurately evaluate the 

coalescence ratio of NPs without assumptions on their final shape. 
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Figure 8. WAXS analysis with comparison with hcp Ru phase diagram of a) Ru-0.2PP and b) Ru-0.05MPT 
samples.and c) RDF (radial distribution frequency). 

 

For the Ru-0.2PP system, hcp-metallic NPs were also observed (Figure 8b). In this case 

the RDF shows a coherence length of ca. 2.3 nm (Figure 8c). This size of crystalline 

domains is also larger than the mean size determined by TEM analysis, but less than 

for Ru-0.05MPT NPs. We can thus also estimate that a few larger NPs are present. 

Indeed, coherence length is a direct measurement of the maximum size of crystalline 

domains, and in case of size dispersion, the weight of larger NPs is quite high. 

Moreover the monotonous decrease profile of the distribution of distances (Figure 8b) 

is consistent with smaller sizes. These results indeed indicate a limited coalescence of 

small metallic NPs in the sample, it is however delicate to accurately evaluate the 

coalescence ratio of NPs without assumptions on their final shape. 
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Surface hydrides’ titration 

Due to the reaction conditions applied for the synthesis of the nanoparticles, namely 

the use of hydrogen gas to decompose the Ru precursor, the presence of hydrides at 

the nanoparticle surface can be expected (as estimated in the previous section 3B.2.3), 

in particular for Ru species since Ru is well-known to interact with hydrides. This has 

been demonstrated previously in the group for several systems of RuNPs using a 

simple titration method. This method is based on the hydrogenation of a simple olefin 

(norbornene) using a degassed colloidal solution of freshly prepared NPs without 

adding any extra hydrogen (Scheme 3). The hydrogenation of the olefin can take place 

only thanks to the hydrides present at the metal surface. The conversion of the olefin 

into corresponding alkane is followed by gas chromatography analysis which allows 

determining the necessary quantity of hydrogen atoms and subsequently the quantity 

of hydrides per metal surface atom.15 

 

Scheme 3. Reaction scheme for the norbornene titration for hydride quantification. 

This catalytic test was performed only with Ru-0.2PP sample. A freshly prepared crude 

colloidal suspension of Ru-0.2PP NPs was bubbled with argon several times to ensure 

complete removal of dissolved hydrogen. Then, 5 molar eq. of norbornene per Ru 

atom (90 mg, 1 mmol) were added to the reaction mixture, which was left at room 

temperature under vigorous stirring. After three days of reaction, an aliquot was taken 

for gas chromatography analysis in order to quantify the conversion of norbornene 

into norbornane. The conversion was estimated to be 6.4% which corresponds to 0.06 

mmol of norbornane formed. This conversion leads to 0.12 mmol of hydrides titrated.  

The quantity of Ru is based on the quantity of [Ru(cod)(cot)] complex introduced for 

the RuNPs synthesis and assuming a complete decomposition (Eq. 1). The total number 

of Ru atoms per NP (NT) has been calculated from the NP mean size (Eq. 2): 

60𝑚𝑔"Ru"x
1𝑚𝑚𝑜𝑙𝑅𝑢

315.4𝑚𝑔
= 0.190𝑚𝑚𝑜𝑙𝑅𝑢     Eq. 1 

𝑁𝑇 =
𝑑𝑥𝑁𝐴𝑥𝑉

𝑀𝑊
=

12.45𝑥106𝑥6.022𝑥1023𝑥1.767𝑥10−27

101.07
= 131 𝑎𝑡𝑜𝑚𝑠   Eq. 2 
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Where d is the density of a Ru-atom (12.45 g·cm-3) and V the volume (V = (4/3)πR2, 

R=radius=(Ø/2)=(1.5/2) nm). The number of surface Ru atoms (NS) has been calculated 

applying the rule of the magic number for close-shell clusters, which assumes that 

layers around a central atom are composed by [10n2+2] atoms, being n the layer (n = 1, 

2, 3, etc.) (see Table 5): 

Table 5. Building of close-shell clusters following the rule of the magic number. 

Shell 
(n) 

Atoms 
present in 
the core 

Supplementary 
atoms in the shell 

(Ns) [10n2+2] 

Total number of 
atoms in the 
cluster (NT) 

% of Surface 
atoms (complete 

layers) 

1 1 12 13 92 

2 13 42 55 76 

3 55 92 147 62 

4 147 162 309 52 

 

Hence, for a NP of 131 Ru atoms, we can consider a total number of 55 atoms in the 

core (1+12+42) and thus 76 atoms in the upper layer (131-55) making it to be 

incomplete (76 out of 92). By this way around 58% of the Ru atoms are present at the 

NP surface. This corresponds thus to 0.110 mmol of Ru in the surface (total quantity of 

Ru square 0.58; 0.190*0.58 mmol). Given the conversion of norbornane determined by 

GC analysis, 0.12 mmol of hydrogen atoms are necessary which can be assumed to 

correspond to the quantity of hydrides present at the NP surface. By this way the 

number of hydride per surface Ru atom (Rusurf) can be estimated to 1.1 H/Rusurf 

(0.12/0.11). This value is very similar to previous results obtained in the group for 

other ligand-stabilized RuNPs,15 such as 1.3 for Ru-PVP and Ru-HDA NPs or 1.1 for Ru-

dppd nanoparticles. 

This result clearly indicates that the surface of the Ru-0.2PP NPs is covered by 

hydrides. Considering the value of hydrides previously estimated from the EA data 

(section 3B.2.3), namely 0.38 H/Rutotal, and taking into account that only 58% of the 

atoms are on the surface we can calculate a H/Rusurf ratio of 0.65 (0.38/0.58). This 

H/Rusurf of 0.65 is almost the half of the titrated value (1.1 H/Rusurf). This difference 

(which is quite important) can be explained by the fact that the titration test is 

performed using a crude colloidal solution, while EA on purified and prolonged drying 

under vacuum. We can thus consider that the loss of hydrides is reasonable although 

the quite important difference observed. 

 

3B.2.5 Study on the fate of the ligand  

RuNPs are known to be active catalysts for the hydrogenation of several molecules like 

simple olefins or arenes.12 Taking into account that the synthesis of the particles is 
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realized under hydrogen atmosphere (which makes the surface state of the particles 

cleaner due to hydrogenation of olefinic ligands from the precursor in cycloctane), a 

legitim question about the fate of the ligand used as stabilizer arises: once the NPs are 

formed (which happens very rapidly as the [Ru(cod)(cot)] is quickly decomposed) in 

the presence of extra H2, will the stabilizing ligand suffer any hydrogenation? 

With the aim to get precise information on the nature of the ligand coordinated at the 

metal surface, experiments based on ligand exchange at the surface of pre-formed Ru-

0.2PP NPs have been performed in order to identify the released molecules. 

 

Figure 9. 
1
H-NMR spectra (aliphatic region) in d

8
-THF of the exchange experiment based on the addition 

of 1-octanethiol onto preformed Ru-0.2PP NPs at t=0 (before addition of thiol), t=15 min and t= 18 h. 

For this purpose, 1H-NMR studies have been carried out based on the addition of 1 

molar equiv. of 1-octanethiol per Ru atom to a crude solution of pre-formed Ru-0.2PP 

NPs prepared into d8-THF (Figure 9 and Figure 10). This high quantity of thiol was 

chosen in order to force the ligand exchange at Np surface. This process was inspired 

by previous results in the group where the benefit of the strong coordination of thiols 

at Ru surface was used to displace coordinated ligands.5 The evolution of the reacting 

system has been followed by solution 1H-NMR. Figure 9 shows a small decrease of the 

1-octanethiol signals after 18h of reaction. It is important to note that there is a 

difference in terms of resolution between the spectra at t=15min and t=18h. This 

derives from the use of two different spectrometers: while in the first spectrum a 400 

MHz NMR spectrometer was used, in the latter a 600 MHz was employed, to try to 

characterize the new appearing signals. 
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Figure 10. 
1
H-NMR spectra (aromatic region) in d

8
-THF of the exchange experiment based on the 

addition of 1-octanethiol onto preformed Ru-0.2PP NPs at t=0 (before addition of thiol), t=15 min and t= 
18 h. 

 

 

Figure 11. 
1
H-NMR spectrum recorded after 18h of ligand exchange reaction and correlation to organic 

fragments as proposed in Figure 12. 
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In Figure 10, which shows a zoom of the aromatic part on the recorded 1H-NMR 

spectra, it can be seen that 15 minutes after the thiol addition, signals are visible while 

it is not the case when measuring purified NPs in the absence of thiol (see Figure 10, 

t=0) as the result of the close proximity of the PP ligand with the metal surface. These 

aromatic signals can be attributed to PP ligand released in solution induced by the thiol 

coordination. However, not only the signals from the PP ligand are observed, but also 

other signals both in the aromatic and the alkyl parts of the spectra (Figure 11). 

In order to identify more precisely which species have been released from the RuNPs’ 

surface after coordination of the octanethiol, we tried to correlate the new signals 

observed with those of molecules that could result from the hydrogenation of the PP 

ligand but we were not able to attribute all the signals. Figure 12 shows a few potential 

molecules for which a good correlation with observed signals appeared. Species 2, 3 

and 4 suggest that partial hydrogenation and/or C-C bond breaking of PP ligand may 

have occurred. However, it is important to underline that the signals of the PP ligand 

are also observed, together with broader peaks that correspond to PP ligand which is 

still coordinated because not completely released by the thiol exchange. 

 

 

Figure 12. Possible structures that fit with the signals observed. 

 

These results being not completely satisfying, the ligand substitution experiment was 

repeated by changing the conditions: first, 10 mg of purified Ru-0.2PP NPs were 

introduced in the NMR tube, to avoid cyclooctane signals disturbing; second, a thiol 

with a shorter alkyl chain was used, namely 1-pentanethiol (1 mol eq.), in order to 

decrease the number of aliphatic signals present in the spectra. An important remark is 

that these NPs were exposed to air before being re-dispersed in d8-THF what, as 

previously mentioned and presented in the following section (3B.2.6), leaded to partial 

surface oxidation. The 1-H NMR results are shown in Figure 13: 
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Figure 13. 
1
H-NMR spectra of ligand exchange experiment with 1-pentanethiol recorded at t=0, t=15 min 

and t= 18 h. a) Aliphatic region and b) aromatic region. 

Again, the signals of the thiol are visible 18h after 1-pentanethiol addition due to the 

excess added (Figure 13a, t=0). In the aromatic region, in this case even before the 

thiol addition (Figure 13b, t=0), the spectra show the presence of signals at 7-7.3 ppm. 

This can be explained by a partial decoordination of the PP ligand due to the exposure 

of the particles under air that led to partial oxidation of the metal surface. As a result, 

the coordination of the PP ligand is probably through N-donating of the pyridyl group 

instead of π-stacking interactions by the two aromaric groups of the ligand (the signals 

from the pyridyl group are not present at t=0). However, after the addition of 1-
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pentanethiol, the PP-signals appeared again together with other peaks that we were 

not able to assign. This second exchange experiment thus confirmed the presence of 

PP ligand at the metal surface with that of other molecules. 

In conclusion, despite the fact that the composition of surface ligands could not be 

fully elucidated, we found evidence that non-hydrogenated PP ligand is present on the 

surface of the NPs as well as partially hydrogenated or broken groups. 

 

3B.2.6 Oxidation studies 

In order to have at disposal nanomaterials to evaluate as catalysts for the water 

oxidation reaction, various oxidation methods have been tested to transform the Ru0-

NPs into RuO2 ones. One main objective of these oxidation studies was to define 

reaction conditions allowing this transformation in a controlled way, meaning with no 

or only a limited sintering of the particles, in order to preserve the advantage of the 

small size of the initial particles that offers a large surface area for catalysis. The 

diverse oxidation methods employed are hereafter detailed and the results 

summarized in Table 6. The conditions applied were inspired by previous results in the 

group,16 from the RuNPs samples either in the solid state or in an aqueous or organic 

suspension. The reaction conditions mainly consist in a soft treatment by air exposure 

at room temperature (Method A), or more drastic treatments as a high temperature 

treatment in a furnace (Method B) or the addition of an oxidative agent at room or 

higher temperature (Methods C to E). 

 Method A: One-week air exposure. As a first essay, the RuNPs in the solid state 

were simply exposed to the ambient air during one week, by opening a WAXS 

capillary just after a first analysis indicating the presence of ruthenium in the 

metallic state (Figure 8). After this soft treatment on the Ru-0.2PP NPs, a new WAXS 

measurement indicated a slight evolution of the Ru pattern (Figure 14a) to the 

formation of some RuO2, as evidenced by the shoulders appearing at θ ≈ 15 and 25°. 

In the case of Ru-0.05MPT sample, an amorphisation of the hcp phase can be 

observed due to the less sharp peaks, which could be due to a moderate oxidation 

but metallic Ru is still present (Figure 14b).   

To a purified sample which was exposed to the air after the washing procedure, CO 

coordination (Figure 16) and hydride titration analysis were done. TEM images 

previous to the analysis confirmed the small size was maintained, although some 

agglomeration was noticed (Figure 15).   

Regarding the hydrogenation of norbornene with Ru-0.2PP, no evolution was 

observed by gas chromatography with the absence of any signal from norbornane, 

suggesting that the conditions applied led to the elimination of Ru-H species from 

the surface. 
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Figure 14. WAXS analysis of a) Ru-0.2PP and b) Ru-0.05MPT NPs after air exposure at room 
temperature for 1 week. 

 

Figure 15. TEM images of Ru-0.2PP after air exposure. 

a)

b)
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In order to determine if the coordination of CO at the NP surface was feasible after 

the air exposure due to the partial oxidation, the Ru-0.2PP and Ru-0.05MPT 

samples have been exposed to 1 bar of CO in a Fisher-Porter reactor overnight. On 

Figure 16, the FTIR spectra allow to compare the ability of RuNPs to coordinate CO 

before and after air exposure. It can be seen that in all cases, both signals from 

terminal (2040 cm-1) and bridging (1950 cm-1) CO are observed after reacting with 

CO, and that the RuNPs are able to coordinate this molecule even after being air 

exposed. In the case of Ru-0.05MPT sample (Figure 16a) the intensity of the CO 

bands is lower than for the RuNPs not exposed to air. These results indicate that Ru 

sites are still present and able to coordinate CO in the NPs exposed to air at room 

temperature, but probably in a lower quantity than for the fresh RuNPs given the 

lower intensity of the CO bands observed. This could derive from the partial 

oxidation of the surface of the NPs, as suggested by the WAXS analysis. It is 

important to note the presence of a shoulder on the vibration band corresponding 

to bridging CO on the IR spectrum of the sample exposed to air. This was already 

observed for metallic Ru-0.2PP sample, and it was attributed to the two possible 

coordination bridging modes. This indicates that two bridging coordination modes 

are still possible on the NP surface. Thus, the partial oxidation could be located on a 

specific position of the NP, leaving the other coordination mode still available for 

CO interaction. 

 

Figure 16. IR analysis of the CO coordination to Ru-0.05MPT (a) and Ru-0.2PP (b) oxidized samples 
(RuMPT-A-CO and RuPP-A-CO) under air, in contrast to the metallic ones (RuMPT-CO and RuPP-CO). 

In the case of Ru-0.2PP (Figure 16b), the two peaks at 1950 cm-1 and 2040 cm-1 are 

present as well, but the ratio terminal/bridging has strongly changed in contrast to 

the fresh RuNPs with a increase of the bridging CO signals. This suggests that the 

oxidation took place on the available apexes/edges sites, as the faces are covered 

by the ligand. Moreover, the signals from the two bridging modes observed for the 

metallic Ru-0.2PP NPs also modified their ratio, increasing its intensity the one at 

lower frequencies. 
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In summary, full and crystalline RuO2 could not be obtained by simply expose the 

samples at ambient air even after a full week. Such stability to air despite the small 

size of the particles can be attributed to the presence of the ligands at their surface 

which protect them and allow only a partial oxidation.  

 

 Method B: Thermal treatment in a furnace at 200 and 400 ᵒC for 2h. An air 

treatment of the Ru-0.2PP and Ru-0.05MPT NPs under thermal conditions at 200 ᵒC 

and 400 ᵒC for 2h inside a furnace, allowed to get highly oxidized nanomaterials as 

shown by WAXS analysis (Figure 17). As the obtained results are comparable for the 

two samples and the two temperatures tested, for simplifying only the observations 

for Ru-0.05MPT at 400 ᵒC will be discussed. Hence, the presence of RuO2 

nanomaterials in the rutile crystalline phase has been observed by WAXS (Figure 

17b), although metallic Ru presence is also revealed in Figure 17a.  

 

Figure 17. WAXS analysis of Ru-0.2PP and Ru-0.05MPT NPs after after air exposure at (400 °C). 
Comparison with a) Ru-hcp and b) RuO2 reference phases. 
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In addition, the WAXS data suggest a coalescence of the particles which was clearly 

seen on TEM images (Figure 18 and Table 6). The fact that there is some remaining 

Ru even after air exposure in thermal conditions can result from an agglomeration 

process taking place while the oxidation is happening. This could stabilize big 

particles displaying a metallic core surrounded by a RuO2 shell. 

 

 
Figure 18. TEM images of Ru-0.05MPT sample after thermal treatment at 400 °C for 2h. 

 

 Method C: O2-treatment at room temperature for three days of a THF-suspension 

of Ru-0.05MPT NPs. To thermally treat the NPs under less harsh conditions and 

trying to avoid the particles coalescence during the oxidation procedure, a sample 

of Ru-0.05MPT NPs has been re-dispersed in a degassed THF solution. The so-

obtained suspension has then been exposed to 3 bar of O2 and left reacting at r.t. 

during three days. After isolation, the particles were analyzed by TEM (Figure 20) 

and WAXS (Figure 20). From WAXS analysis, it can be concluded that this oxidation 

treatment did not modify the oxidation state of the NPs which are still made of 

metallic Ru. TEM analysis has revealed agglomeration and some coalescence of the 

particles but a lot of small individual NPs are still present. 

 

 

Figure 19. TEM images of Ru-0.05MPT sample after treatment of a THF suspension with O2. 
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Figure 20. a) WAXS and b) RDF analysis of Ru-0.05MPT NPs after exposure of a THF-suspension to 3 
bar O2 at room temperature during 3 days. Comparison with Ru-hcp data. 

 

 Method D: O2-treatment of a THF-suspension of Ru-0.05MPT NPs at room 

temperature for three days. Similarly to the previous oxidation treatment, a THF-

dispersion of Ru-0.05MPT NPs has been exposed to 3 bar of O2 at 50 °C for 3 days. 

Again, as revealed by WAXS analysis, mainly metallic RuNPs have been observed 

(Figure 21), keeping the nanometric size shown before the treatment (≈4 nm, RDF 

in Figure 21b). It seems that THF has protected the NPs against oxidation. 
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Figure 21. a) WAXS and b) RDF analysis of Ru-0.05MPT NPs after exposure of a THF-suspension to 3 
bar O2 at 50°C during 3 days. Comparison with Ru-hcp (a) and Ru-0.05MPT-C (b). 

 

 Method E: O2-treatment of an aqueous dispersion of Ru-0.05MPT at 95 ᵒC 

overnight. The last methodology tried has consisted in refluxing a suspension of Ru-

0.05MPT NPs in water at 95 °C overnight. The choice of these thermal conditions 

has been governed by the fact that the electrocatalytic experiments are performed 

in an aqueous medium. Thus we thought that oxidizing the NPs in water could be 

beneficial for their further catalytic performance. TEM analysis revealed the 

presence of almost only agglomerates but individual NPs can be distinguished inside 

(Figure 22). WAXS analysis indicated the presence of both Ru and RuO2 and an 

amorphisation phenomenon (Figure 23). The rutile phase seems here more 

pronounced than with the other methods (A-C-D). Surprisingly, the RDF in this case 

gives a coherence length of 1.8 nm. This could only be attributed to a splitting of the 

particles during the treatment. 
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Figure 22. TEM images of Ru-0.05MPT sample after treatment of a H2O suspension at 95 °C overnight 
under air conditions. 

 

 

Figure 23. a) WAXS and b) RDF analysis of Ru-0.05MPT NPs after exposure of an aqueous-suspension 

to 3 bar O2 at 95 °C overnight. 
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To summarize (Table 6), among the five oxidation protocoles tested, the highest RuO2 

content was achieved with the thermal treatment in solid state, but this method led to 

sintering ending up with big particles and thus possibly less surface area. The last 

method (exposure of an aqueous suspension of Ru-0.05MPT NPs to 3 bar O2 at 95°C 

for one night) led also to, a WAXS pattern with a high RuO2/Ru0 ratio. TEM analysis 

revealed the presence of agglomerated particles into large superstructures but 

appearing still individual. If it was not possible to estimate the mean size of the 

individual particles observed on TEM images, a coalescence length of ca. 1.8 nm could 

be determined from WAXS data, thus evidencing the presence of small objects. These 

results thus show that the surface area of the nanomaterial is probably still important 

in this case.  

Table 6. Summary of the results achieved with the different applied oxidation methods. 

Method  
Mean size (nm) 

TEM image 
Oxidation state & 

observations 

Ru-0.2PP (initial)

 
 

Ru0 

Small, well-
dispersed and 

homogeneous in 
size NPs 

A: air exposure in solid state 
 
 
 
- 

 

Mainly Ru0 
No change observed 

(slight 
agglomeration by 

RDF-WAXS) 

B: thermal treatment at 200-
400 °C in solid state 

 
 
 
- 

 

Ru0/RuO2 
Both metallic and 
oxide phase are 
observed, but 

sintering is achieved 
at 200-400 ᵒC 
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C: O2 addition in a THF 
dispersion at r.t. for 3 days 

  

Mainly Ru0 
No oxidation 
observed but 

particles 
coalescence and 
agglomeration 

D: O2 addition in a THF 
dispersion at 50 °C for 3 days 

  

Mainly Ru0 
Broad size 

distribution with no 
oxidation observed, 
agglomerated NPs 

E: Air exposure in an aqueous 
suspension at 95 °C overnight 

  

Ru0/RuO2 
Metallic and oxide 

phases are present. 
NPs grow bigger in 

size and 
agglomerate in a 

continuous matrix. 

 

In conclusion of this part, it appears that the different reaction conditions tested did 

not allow to fully oxidize the Ru-0.2PP and Ru-0.05MPT NPs into controlled RuO2 

nanomaterials while keeping their small size. This can result from the strong 

coordination of PP and MPT ligands at their surface that can limit the oxidation to the 

core in soft conditions. Indeed a passivation of the surface has been observed but not 

a total oxidation into controlled RuO2 NPs. In more drastic conditions namely a thermal 

treatment at 200 and 400°C, a fast sintering has been observed which could be the 

reason why Ru cores were maintained. Today, the controlled oxidation of these RuNPs 

remains a blocking point for their evaluation as water oxidation catalysts. 
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3B.3 Electrocatalytic HER studies 

In order to test the electrocatalytic performance of Ru-0.05MPT and Ru-0.2PP NPs in 

the hydrogen evolution reaction, a 2 mg·mL-1 dispersion of each sample in THF was 

deposited onto the surface of a rotating disk glassy carbon electrode (RDE/GC), and 

the new supported materials tested as HECs in a three electrode configuration, 

together with a Pt grid and a saturated calomel electrode (SCE, KCl sat.) as counter (CE) 

and reference (RE) electrodes, respectively. The polarization curves of both Ru-

0.05MPT (purple) and Ru-0.2PP (dark red) in 1 M H2SO4 solution are shown in Figure 

24. They display a change on the current density at η0 = 60 mV and η0 = 0 mV, 

respectively, at which they start reducing protons to H2. 

 

Figure 24. Polarization curves of Ru-0.05MPT (purple) and Ru-0.2PP (dark red) systems before (bold) 
and after (dashed) a 20 minutes bulk electrolysis at j = -10 mA·cm

-2
 in 1 M H2SO4. Inset, enlargement of 

the onset overpotential zone. 

 

After 20 min at fixed j = -10 mA·cm-2, both systems show a change on the subsequent 

LSV as depicted on the dashed curves (Figure 24). This behavior is attributed to a 

change on the surface oxidation state of the NPs. Since the particles get partially 

oxidized on the surface when exposed to air, as demonstrated in section 3B.2.6 

method A, when applying a reductive potential the surface is reduced again to form 

Ru0. This species is far more active than the passivating RuO2 layer, displaying a huge 

increase on the current density at low overpotentials in contrast to the partially 

oxidized material. This process is further described and the species involved 

characterized in the following Chapter 3.C, for Ru-0.2PP system which afforded the 

highest electrocatalytic results. 
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Figure 25. STAG used for the synthesis of other RuNPs (AzP = (E)-(4-(diphenylphosphanyl)azobenzene),
17

 
PVP = polyvinylpyrrolidone, heptOH = heptanol, and MeOH/THF).  

Together with the pyridine-stabilized NPs, other cathodes were prepared with 

different RuNPs synthesized in the laboratory and in the presence of various stabilizing 

agents (STAG) including a polymer (PVP) as shown in Figure 25. The STAGs used for the 

stabilization of RuNPs are: AzP = (E)-(4-(diphenylphosphanyl)azobenzene),17 PVP = 

polyvinylpyrrolidone, heptOH = heptanol, and MeOH/THF (Ru-GC in Ch. 3A). The mean 

sizes of all the NPs and their corresponding electrocatalytic data in 1 M H2SO4 are 

summarized in Table 7. For comparison purpose, electrochemical data for Ru-black and 

60% Pt/C commercial products are also reported in Table 7. LSV curves of the different 

electrodes are given in Figure 26. 

 

Table 7. Main electrochemical data of the different Ru-based stabilized NPs tested as HECs. 

Entry System of NPs 
NPs’ mean 
size (nm) 

η0 

(mV) 
η10 

(mV) 
b  

(mV·dec.
-1

) 

1 Ru-0.05MPT 1.2 ± 0.3 20 93 106 

2 Ru-0.2PP
 

1.3 ± 0.3 0 20 29 

3 Ru-MeOH/THF 21 ± 2 40 83 46 

4 Ru-heptOH 3 35 80 109 

5 Ru-PVP 1.1 75 >250 235 

6 Ru-AzP 3 150 >250 170 

7 Rub - 70 150 65 

8 Pt/C - 0 27 32 

 

It is worth mentioning that, for RuNPs prepared with stabilizers different from the 

pyridine-based ones, we did not observe any activation process when applying a 

reductive potential. This can be rationalized as:  
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- First, the particles hardly get oxidized when exposed to air due to the effect of 

the ligand stabilizing lower oxidation states, thus leading to a bare change in 

activity after several minutes under reductive potentials. This could be the case 

of Ru-MeOH/THF or Ru-heptOH, according to the high activities recorded and 

the reducing ability of alcohols. 

- Alternatively, if the particles get severely oxidized and the recovery of the 

metallic phase is not possible electrochemically, the NPs would always display 

the same activity under HER conditions, resulting from the Ru0/RuO2 mixture as 

soon as they are exposed to air. Ru-PVP and Ru-AzP might be part of this group, 

considering the low current densities displayed.   

 

Figure 26. Left, polarization curves of the different tested systems in 1 M H2SO4; right, Tafel plots of 
those systems. 

From the LSV curves we can conclude several points. First, the values obtained with 

Ru-0.05MPT and Ru-0.2PP systems are the best electrocatalytic results, the latter 

displaying current densities similar or even better than the state-of-the-art Pt/C 

electrocatalyst for HER. This confirms that pyridine-based ligands are efficient 

stabilizing agents providing a huge catalytic activity to the Ru-based NPs. Secondly, Ru-

MeOH/THF (from chapter 3A) and Ru-heptOH also show interesting intermediate 

results: they achieved η10 values higher than Ru-0.2PP but lower than Ru-0.05MPT. 

These results state thus that NPs’ stabilization with alcohols is also a favoring 

parameter to catalyze the reduction of protons. The reducing capacity of alcohols 

could play a major role on the stabilization of the metallic oxidation state, and also in 

assisting the HE-catalytic performance of the NPs.  
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Finally, Ru-AzP and Ru-PVP systems display much worse results. In the first case, one 

can expect that the phosphine based ligand is strongly coordinated at the NP surface, 

considering that both P and Ru are soft species (as described by Pearson). In the P-Ru 

bond, a strong π-back bonding can diminish the particles’ surface electron density and 

thus weaken the metal capacity towards the reduction of protons,18 slowing down the 

M-H group formation through the Volmer reaction. The last nanocatalyst, Ru-PVP, has 

been previously used for several catalytic reactions such as Fischer-Tropsch19a or 

double-bond and arene hydrogenation.19b,20 However, being PVP a hydrophilic 

polymer, on one side it could get dissolved in the reaction aqueous solution, leaving 

the NPs’ surface naked. As previously mentioned, on the other side it could get 

vigorously oxidized due to the low stabilization PVP induces, as no coordination is 

present between Ru and PVP. Additionally, PVP can diminish the electron transfer 

between the electrode and the NPs, lowering down the catalytic activity of the system. 

An example of photocatalytic hydrogen evolution using Ru-PVP NPs was reported by S. 

Fukuzumi in 2011.21 But, those particles were obtained by ligand substitution of 

previously synthesized RuNPs stabilized with tri-n-octylamine, what suggests that both 

PVP and amine might be present on the surface of the particles, thus giving rise to 

slightly different surface properties than directly synthesized Ru-PVP NPs. They studied 

how some reaction conditions (such as NPs’ mean size, pH or concentration) affected 

on the catalytic behavior, as already described in Ch. 1.  

Another parameter widely used for electrocatalysts’ comparison is the Tafel slope (b, 

mV·dec-1). From the Tafel plot (Figure 26, right) we can extract b, which gives 

information on the kinetics of the catalyst and the rate determining step (rds). Ru-

0.2PP and Pt/C systems present a Tafel slope close to 30 mV·dec-1, suggesting the Tafel 

step as rds, which is the recombination of two M-H species to form H2. Ru-MeOH/THF 

and Rub are closer to b = 40 mV·dec-1, typical from catalysis where the rds is the 

Heyrovsky step, consisting on the H2 electrodesorption with a proton from the 

solution. Ru-heptOH and Ru-0.05MPT are very close to 120 mV·dec-1, being the 

adsorption of a H+ to form the M-H species (Volmer step) the rds. Finally, Ru-PVP and 

Ru-AzP have both very high Tafel slopes (> 150 mV·dec-1), what could mean that even 

the H+ adsorption is extremely slow, and stating those species as uncompetitive 

electrocatalysts. 

It is interesting to highlight the different kinetic behaviors observed between the two 

best systems of study (Ru-0.2PP and Ru-0.05MPT), illustrated by their Tafel slopes. 

While PP-stabilized NPs have the smallest b comparable to Pt/C with the Tafel step as 

rds, Ru-0.05MPT has a slope of 105 mV·dec-1, with the formation of the M-H as the 

slowest path in the HER process. As both ligands have a similar chemical nature 

(pyridine-phenyl structure), the different configurations suggests a different 

interaction with the particles, what is finally transferred to the catalytic response of 

the systems. This is promising for future studies, as varying the capping ligands can 
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help to understand the parameters ruling the catalytic behavior on the surface of the 

NPs, and thus to rationally design new active species. 

 

3B.4 Conclusions & perspectives 

The use of different characterization techniques allowed getting information about the 

structure, ligand coordination, Ru oxidation state and H/CO interaction with the 

surface of RuNPs. This study is interesting when comparing NPs with different 

characteristics such as the above mentioned ones or even being stabilized by different 

ligands. Using characterization techniques with different systems during HE catalysis 

can be of interest for unraveling the effect of those properties onto the final catalytic 

activity. 

In this specific case, we have found synthetic conditions with MPT/PP ligands that lead 

to the formation of small and homogeneous-in-size RuNPs, as observed in the TEM 

images. We also demonstrated by WAXS that partial oxidation is observed when slow 

O2 diffusion was applied to the powder material, although the mean size was kept 

after this process. PP ligand was demonstrated to remain present after the reducing 

conditions applied on the NPs’ synthesis (3 bar H2 overnight), although some 

hydrogenated or broken species were also detected by NMR spectroscopy. Even after 

the formation of this Ru0/RuO2 the ligand was still coordinated on the surface of the 

particles, as proven by TGA, EA and NMR spectroscopy. Finally, total oxidation of the 

particles to form RuO2 for its evaluation as OEC could not be achieved, either due to 

particles agglomeration upon the applying of vigorous thermal conditions, or due to 

passivation of the surface by a RuO2 layer which prevents further oxidation of the core. 

The good catalytic results obtained with the set of RuNPs stabilized with organic 

ligands of different natures, open a door towards the correlation of nanocatalysts 

properties and their electrocatalytic performance. Our results confirmed that the 

coordination properties of ligands and their influence at NP surface need to be 

explored in more detail in order to produce more effective catalysts. As perspectives, 

several studies could be performed in order to try to better understand the electronic, 

structural or morphological characteristics inducing a change on the activity of the NPs, 

as follows: 

 Considering PP-stabilized RuNPs, we can envisage to modify the synthetic 

conditions with the aim to obtain RuNPs displaying the same chemical 

environment but with different sizes (namely from 1 nm to 50 nm). This would 

help to check the size-effect on the catalytic properties. 
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 Changing the oxidation state of the NPs without modifying the mean size would 

permit to have a series of particles from Ru0 to RuO2 and intermediate mixtures 

of oxidation states, what could be useful to attribute the real activity of each 

phase in the presence/absence of the other. 

 The choice of ligand has been demonstrated to be of paramount importance. 

Thus having in hands a library of particles with the same diameter and 

oxidation state but stabilized with a different ligand, could help attributing an 

activity trend to the electronic properties and coordinating capacity of the 

capping ligands on facilitating one or another mechanistic step depending on 

the ligand-metal interaction. This is very ambitious but if feasible, it should lead 

to precious information. 

 Ru-based catalysts have been used already in several catalytic reactions. Thus, 

these NPs could be tested in other catalysis, such as electrocatalytic CO2 

reduction into C-based fuels or other chemicals (CO, formic acid, formaldehyde, 

methanol, ...).22 

 Photocatalytic HE/OE catalysis following the reported results by S. Fukuzumi et 

al. would be highly desired. 

 Finally, applying all the knowledge from the other points, other metals could be 

essayed, avoiding second-row scarce and expensive metals. 

 

3B.5 Experimental part 

Reagents. All operations for the synthesis of the ligand-capped Ru nanoparticles were 

carried out using standard Schlenk tubes, Fisher–Porter bottle techniques or in a glove-

box (MBraun) under argon atmosphere. Solvents (THF and pentane) were purified 

before use, by filtration on adequate column in a purification apparatus (MBraun) and 

handled under argon atmosphere. Solvents were degassed before use according to a 

freeze–pump–thaw process. The ruthenium precursor, [Ru(cod)(cot)], was purchased 

from Nanomeps-Toulouse. Hydrogen gas (Alphagaz) was purchased from Air Liquide. 

4-Phenylpyridine (PP) and 4’-(4-methylphenyl)-2,2’:6’,2”-terpyridine (MPT) used as a 

stabilizers were purchased from Sigma-Aldrich and used as received. High purity 

deionized water was obtained by passing distilled water through a nanopore Milli-Q 

water purification system. 

Synthesis of RuNPs. The synthesis of Ru-0.2PP is hereafter described as typical 

example. [Ru(cod)(cot)] (120 mg, 0.38 mmol) and (12 mg, 0.08 mmol) of 4-

phenylpyridine were dissolved under argon in 120 mL of THF in a Fisher porter reactor 

inside a Glove-box. After pressurization of the reactor with 3 bar of H2 at room 
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temperature (r.t.), the initial yellow solution turned dark brown in a few minutes. A 

vigorous magnetic stirring and the H2 pressure were maintained for 16 h. After this 

reaction time, the H2 pressure was evacuated and a drop of the colloidal solution was 

deposited onto a carbon-covered copper grid for TEM analysis. The Ru nanomaterial 

was isolated as a dark grey powder after precipitation by pentane addition and 

evaporation to dryness under vacuum. 

Characterization. The crude colloidal solution has been characterized by Transmission 

Electron microscopy (TEM), High resolution electron microscopy (HRTEM) and the 

isolated solid by Wide-angle X-Ray scattering (WAXS), X-Ray photoelectron 

spectroscopy (XPS), Elemental analysis (EA), ThermoGravimetric Analysis (TGA) Fourier 

Transform InfraRed (FTIR) spectroscopy.  

Transmission Electron Microscopy (TEM) and High resolution TEM (HRTEM). Samples 

for transmission electron microscopy (TEM) analyses were prepared by slow 

evaporation of a drop of the crude colloidal solution deposited onto a carbon-covered 

copper grid. Samples for high-resolution transmission electron microscopy (HRTEM) 

analyses were prepared by the same way from purified NPs redispersed in THF. TEM 

and HRTEM analyses were performed at the “Centre de Microcaractérisation Raymond 

Castaing” in Toulouse (UMS-CNRS 3623), on a MET JEOL JEM 1011 microscope 

operating at 100 kV with a point resolution of 0.45 nm and a JEOL JEM-ARM 200F 

microscope working at 200 kV with a point resolution lower of 0.19 nm, respectively. 

TEM allowed to evaluate the particle size, size distribution and morphology. Enlarged 

micrographs were used for treatment with ImageJ software to obtain a statistical size 

distribution and the nanoparticle mean diameter. FFT treatments of HRTEM images 

were carried out with Digital Micrograph Version 1.80.70 to determine the crystalline 

structure of the material. 

Wide-angle X-Ray scattering (WAXS). Measurements were performed at CEMES-CNRS 

in Toulouse. Samples were measured in 1.0 mm diameter Lindemann glass capillaries. 

The samples were irradiated with graphite monochromatized molybdenum Kα 

(0.071069 nm) radiation and the X-Ray scattering intensity measurements were 

performed using a dedicated two-axis diffractometer. Radial distribution functions 

(RDF) were obtained after Fourier transformation of the corrected and reduced data. 

X-Ray Photoelectron Spectra (XPS). Measurements were performed at the Catalan 

Institute of Nanoscience and Nanotechnology (ICN2) in Barcelona with a Phoibos 150 

analyzer (SPECS GmbH, Berlin, Germany) in ultra-high vacuum conditions (base 

pressure 5E-10 mbar) with a monochromatic aluminium Kalpha X-Ray source (1486.74 

eV). The energy resolution was measured by the FWHM of the Ag 3d5/2 peak for a 

sputtered silver foil was 0.62 eV. 
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ThermoGravimetric Analysis (TGA). Thermogravimetric analysis was performed in a 

Perkin Elmer TGA 7 analyzer. Measurements were carried out in a 30-500 °C 

temperature range in continuous heating regimes (2 °C/min) under Ar atmosphere.  

The percentage of ligand in the sample was calculated as follows. From the experiment 

carried out on the ligand alone we could attribute the beginning of the ligand loss at 

140 °C. So, the value of loss noticed at this temperature was taken as initial value. For 

the final ligand loss point, the value observed at the change of the slope was taken. 

The latter was then subtracted from the former to obtain the ligand percentage on 

each sample. 

Elemental analysis (EA). EA was performed at the Laboratoire de Chimie de 

Coordination (LCC), Toulouse, on a Perkin-Elmer 2400 series II analyzer. 

PP/Ru calculation. Number of mol (n) of PP was calculated from N wt.% obtained by 

EA and Ru wt.% was estimated from a) remaining wt.% after TGA’s drop in the 130-250 

°C range, attributed to organics and b) remaining wt.% subtracting organics (CHN) from 

EA results. Then, dividing n(PP) by n(Ru) gave rise to comparable ligand-to-metal ratios 

through calculations from both TGA/EA data. 

Fourier Transform InfraRed spectroscopy. FTIR Spectra were recorded on a Perkin-

Elmer GX2000 spectrometer in the range 4000–400 cm-1 at the LCC in Toulouse. All the 

samples were prepared as KBr pellets. 

Electrochemical measurements. All the electrochemical experiments were performed 

in a BioLogic SP-150 potentiostat. Rotating disk electrode (RDE) was rotated at 3000 

rpm in order to ensure complete removal of in-situ formed H2 bubbles. The solutions 

were degassed previous to the electrochemical analysis with a N2 flow. Ohmic 

potential (IR) drop was automatically corrected at 85 % using the Biologic EC-Lab 

software for cyclic voltammetry and chronoamperometry. For chronopotentiometry 

experiments IR drop was manually corrected (Emod = Emeas + EIR, mod=modified and 

meas=measured) at 85% by adding the corresponding potential value EIR = iexp x (Rmes x 

0.85), where iexp is the applied current in A and Rmes is the measured resistance in Ω. 1 

M H2SO4 solution was prepared by mixing 56.1 mL of 95-97 % H2SO4 in 1 liter of Mili-Q 

water. 1 M NaOH solution was prepared by mixing 4 g in 100 mL of Mili-Q water.  

A glassy carbon rotating disk electrode (RDE, ф = 0.3 cm, S = 0.07 cm2) was used as 

working. A Pt grid was used as counter electrode (CE) and a Standard Calomel 

Electrode (SCE, Hg/Hg2Cl2, KCl sat.) electrode was used as a reference electrode (RE), 

and electrochemical data transformed to RHE by adding +0.24 V. 

Electrode Preparation. A 2 mg·mL-1 dispersion was prepared by adding 1 mg of RuNPs 

in 500 µL of THF and sonicating for 30 min. Then, an aliquot of 5 µL (for GCd and RDE) 

was added on the surface of the GC (S = 0.07 cm2), and dried with a N2 flow. This 
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procedure was repeated three times to obtain GC-supported RuNPs. For Pt/C and Rub, 

dispersions ensuring a similar metal mass loading on the RDE than for GC-supported 

RuNPs.  

 

Example of ligand, THF and hydride quantification from Ru-0.05MPT EA analysis 

results: 

1. Mols of MPT from N wt.% (for 100 mg of Ru-0.05MPT): 

1.72%(𝑁) ×
1𝑚𝑜𝑙(𝑁)

14𝑔(𝑁)
×

1𝑚𝑜𝑙(𝑀𝑃𝑇)

3𝑚𝑜𝑙(𝑁)
= 0.04𝑚𝑜𝑙(𝑀𝑃𝑇) 

2. Remaining C wt.%: 

13.69%(𝐶) − (0.04𝑚𝑜𝑙(𝑀𝑃𝑇) ×
22𝑚𝑜𝑙(𝐶)

1𝑚𝑜𝑙(𝑀𝑃𝑇)
×

12𝑔(𝐶)

1𝑚𝑜𝑙(𝐶)
) = 2.91%(𝐶) 

3. Mols of THF from C wt.% (for 100 mg of Ru-0.05MPT): 

2.91%(𝐶) ×
1𝑚𝑜𝑙(𝐶)

12𝑔(𝐶)
) ×

1𝑚𝑜𝑙(𝑇𝐻𝐹)

4𝑚𝑜𝑙(𝐶)
= 0.06𝑚𝑜𝑙(𝑇𝐻𝐹) 

4. Remaining H wt.%: 

1.26%(𝐻) − (0.04𝑚𝑜𝑙(𝑀𝑃𝑇) ×
17𝑚𝑜𝑙(𝐻)

1𝑚𝑜𝑙(𝑀𝑃𝑇)
×

1𝑔(𝐻)

1𝑚𝑜𝑙(𝐻)
)

− (0.06𝑚𝑜𝑙(𝑇𝐻𝐹) ×
8𝑚𝑜𝑙(𝐻)

1𝑚𝑜𝑙(𝑇𝐻𝐹)
×

1𝑔(𝐻)

1𝑚𝑜𝑙(𝐻)
) = 0.1%(𝐻) 

5. Mols of hydrides from H wt.% (for 100 mg of Ru-0.05MPT): 

0.1%(𝐻) ×
1𝑚𝑜𝑙(𝐻)

1𝑔(𝐻)
) ×

1𝑚𝑜𝑙(ℎ𝑦𝑑𝑟𝑖𝑑𝑒)

1𝑚𝑜𝑙(𝐻)
= 0.1𝑚𝑜𝑙(ℎ𝑦𝑑𝑟𝑖𝑑𝑒) 

6. Total of organics: 

16.66%(𝑡𝑜𝑡𝑎𝑙) + (0.06𝑚𝑜𝑙(𝑇𝐻𝐹) ×
1𝑚𝑜𝑙(𝑂)

1𝑚𝑜𝑙(𝑇𝐻𝐹)
×

16𝑔(𝑂)

1𝑚𝑜𝑙(𝑂)
) = 17.62%(𝑡𝑜𝑡𝑎𝑙) 

7. Ru wt.% from total organics (for 100 mg of Ru-0.05MPT): 

100% − 17.62% = 82.38%(𝑅𝑢) 
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From the two signals in the gas chromatography spectrum, we can calculate that the 

area of norbornane signals I 6.4% from the total area (norbornane + norbornene). 

Thus: 

90𝑚𝑔(𝑛𝑜𝑟𝑏𝑜𝑟𝑛𝑒𝑛𝑒) ×
1𝑚𝑚𝑜𝑙(𝑁𝑁𝐸)

94.16𝑚𝑔(𝑁𝑁𝐸)
× 0.064 = 0.061𝑚𝑚𝑜𝑙(𝑛𝑜𝑟𝑏𝑜𝑟𝑛𝑎𝑛𝑒) 

0.061𝑚𝑚𝑜𝑙(𝑛𝑜𝑟𝑏𝑜𝑟𝑛𝑎𝑛𝑒) ×
2𝑚𝑚𝑜𝑙(ℎ𝑦𝑑𝑟𝑖𝑑𝑒)

1𝑚𝑚𝑜𝑙(𝑁𝑁𝐴)
= 0.0122𝑚𝑚𝑜𝑙(ℎ𝑦𝑑𝑟𝑖𝑑𝑒) 
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3C. Hydrogen Evolution Catalysis with Ru-0.2PP NPs: Study of 

the Fate of the NPs in Catalysis 

 

3C.1 Introduction 

As already discussed, nano-sized catalysts present several attractive properties 

compared to molecular complexes,1 already proven for numerous catalytic reactions2,3 

and more recently for water-splitting4 as also described in sections 3A-3B. More 

specifically, in Chapter 3A a porous Ru nanomaterial prepared by the organometallic 

approach synthetic method gave rise to high electrocatalytic performance and 

excellent durability for HER.5 Additionally, in the previous section 3B we described and 

structurally studied systems Ru-0.05MPT and Ru-0.2PP, with the latter showing 

impressive current densities when tested as HEC. 

In this section we will report a more detailed evaluation in the HER of on the Ru-0.2PP 

catalyst (from now named Ru1). This nanomaterial is constituted of 1.5 nm RuNPs 

capped with the 4-phenylpyridine ligand. As shortly presented in section 3.B.3, this 

nanomaterial showed very low overpotentials (η), fast kinetics (Tafel slope and TOF) 

and excellent durability in both acidic and basic electrolytes, clearly outperforming 

commercial Ru black and being competitive to commercial Pt/C under the same 

reaction conditions. The catalytic performance of this new cathode is benchmarked 

with the state-of-the-art HER electrocatalysts and the factors controlling its activity are 

unraveled by combining spectroscopic and electrochemical techniques. 

 

3C.2 Synthesis & characterization of Ru1 

As already presented in the previous section 3B, Ru1 was synthesized following the 

organometallic approach (Scheme 1) by decomposing the [Ru(cod)(cot)] (cod = 1,5-

cyclooctadiene; cot = 1,3,5-cyclooctatriene) complex under H2 atmosphere (3 bar) and 

at room temperature (r.t.), using THF as solvent and 4-phenylpyridine (PP) as 

stabilizing agent ([PP]/[Ru]= 0.2 molar equivalent). By this way, only the ligand 

voluntarily added as stabilizing agent (here the 4-phenylpyridine) is present on the 

metal surface, in addition to some THF and hydrides. A black colloidal dispersion was 

obtained from which the RuNPs were isolated under the form of a black powder, after 

precipitation by addition of pentane and drying under vacuum.  
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Scheme 1. Synthesis of Ru1 with PP ligand chemical structure. 

Transmission electron microscopy (TEM) analysis carried out from the crude colloidal 

solution after deposition of a drop on a carbon-covered copper grid, revealed the 

presence of very small NPs (Figure 1a), well-dispersed on the TEM grid, and displaying 

an average diameter of 1.5 ± 0.3 nm with a narrow size distribution (Figure 1b). 

Considering the standard deviation and other characterization such as TGA, EA and 

WAXS, Ru1 and Ru-0.2PP from Ch. 3B are considered as the same system. At higher 

magnification (Figure 1c), some NPs close to each other or even coalesced are 

observed and various crystalline plans are visible. Electron diffraction patterns on a 

purified sample confirmed its crystalline character and allowed to measure interplanar 

distances (Figure 1d) as 0.2050, 0.1590, 0.1343 and 0.1142 nm, values in agreement 

with those of the (101), (102), (110) and (112) planes of the hexagonal compact 

crystalline (hcp) structure of bulk ruthenium.  

 

Figure 1. TEM image of Ru1 at a) low magnification and b) corresponding size histogram); c) STEM-
HAADF image and d) corresponding FFT diffraction pattern of Ru1.  
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Wide-Angle X-Ray Scattering (WAXS) analysis also confirmed the metallic character of 

the RuNPs and their hcp structure (see Figure 8b in Chapter 3B). A coherence length of 

ca. 1.5 nm could be determined (RDF, Figure 8c in Ch. 3B) in good agreement with the 

TEM data. Elemental (EA; Table 1) and thermogravimetric (TGA; red curve in Figure 2) 

analyses of Ru1 led in both cases to an organic content in the sample of ca. 15% and so 

a high Ru content of ca. 85%. As commented in Ch. 3B, this Ru nanomaterial burned 

spontaneously when exposed to the air in solid state, a behavior that was previously 

observed with other RuNPs of similar sizes and stabilized with different ligands,1 and 

also with Ru-0.05MPT. This phenomenon reveals a high reactive metal surface, which 

is assumed to derive from the small size of the NPs and the accessibility of their 

surface, although being coated by the PP ligand.  

Table 1. Elemental composition calculated from TGA/EA results. 

 Org. wt. % (TGA) Org. wt.% (EA) PP/Ru ratio 

Ru1 14 16 0.14 

Ru2 16 19 0.13 

 

 

Figure 2. TGA of Ru1 (red), Ru2 (blue), Ru1 after 20min bulk electrolysis at j = -10 mA·cm
-2

 (green) and 
PP ligand (clack). 

Given the high reactivity of the Ru1 nanomaterial when exposed to air, a protection 

appeared necessary to preserve its morphology before the electrocatalysis studies, 

which are performed in air and aqueous solutions. For this purpose Ru1 was treated in 

the solid state by slow oxygen diffusion at r.t., leading to the Ru2 nanomaterial (see 

Scheme 3 in the conclusions). The effect of this treatment on the oxidation state of the 

RuNPs was characterized by WAXS (Figure 14a in Ch. 3B), HRTEM-EDX (Figure 3a and b) 

and X-Ray Photoelectron Spectroscopy (XPS, Figure 3c). The three techniques indicated 

the presence of a mixture of Ru metal and Ru oxide in Ru2. This evidences a non-total 
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oxidation of the particles that probably took place only at their surface, passivating 

them and avoiding an irreversible degradation. 

 

Figure 3. a) STEM-HAADF image and b) corresponding FFT diffraction pattern of Ru2. c) Powder XPS 
analysis of Ru2 (blue). Fit of the signals: in dashed line, signals for metallic Ru (Ru 3d5/2-279.8, Ru 3d3/2-
284.0 and satelite-283.2); in dotted line, signals for RuO2 (Ru 3d5/2-280.8, Ru 3d3/2-285.0 and satelite-
286.9); in thin black, envelope; in bold, carbon; in grey, background. d) STEM-HAADF image and e) 
corresponding EDX analysis of Ru2. 

TGA and EA data (Figure 2 and Table 1, respectively) for Ru1 and Ru2 show similar % of 

organic content in both samples, as well as an invariable PP/Ru ratio, thus confirming 

the presence of the PP ligand also after passivation. 

 

3C.2.1 Ligand coordination studies through DFT calculations 

The coordination of the PP ligand onto the surface of the NPs (Rusurf) was studied by 

Density Functional Theory (DFT) in order to unravel the most energetically favored 

configuration of the different coordination modes of the ligand. DFT calculations 

performed on a bare 1nm model and on its 1.2H/Rusurf hydrogenated counterpart 

(simulating the results obtained for hydride titration in Ch. 3B, section 3B.2.4; 

1.1H/Rusurf),
6 attested of the coordination of PP ligand at the Ru surface through two 

coordination modes. There is a competition between a vertical adsorption mode, ruled 

out by the σ-donation of the nitrogen lone pair (Figure 4a, 1σtip mode) and an aromatic 

π-to-metal surface interaction, with a flat-lying configuration of PP where each 



Colloidal RuNPs as HECs  

- 127 - 
 

3C 

aromatic cycle exhibits the well-known μ3:η2:η2:η2
 face-capping mode of benzene 

(Figure 4b, 1π001 mode).7  

 

 

Figure 4. σ (a) and π (b and c) coordination modes of PP on the Ru55H53 model (the faceting of the metal 
surface is highlighted. Geometries of PP and of the grafting metal site on the bare Ru55 model are very 
similar). 

 

The π coordination of a single PP on one (001) facet of the bare RuNP model (Figure 

4b) is stable by -83.2 kcal.mol-1, whereas the σ bond (Figure 4a) is weaker by 49.8 

kcal.mol-1 (see Table 2). Whilst the geometry of a σ-adsorbed PP is not different from 

the free species, with a ≈36° twist angle between the aromatic rings, it is significantly 

distorted in 1π001, since the two rings lie approximately in the same plane, with a 

pyramidalization of some C atoms. PP, which involves a lifting of the metal surface in 

the 1π001 model, even exhibits a slightly curved shape. These moderate to strong 

adsorption energies are expected to be lowered for hydrogenated NPs, both owing to 

unfavorable electronic effects associated to the saturation of the metal adsorption 

sites by ligands, to slight distortions of the metal network, and to the steric hindrance 

involved by the saturation of the surface that overrides stabilization effects. Electronic 

effects are usually assessed through the so-called d-band center8 of the metal core, 

which gets stabilized with respect to the Fermi energy upon ligand coverage, thus 

making further adsorption processes less favorable from a thermodynamic point of 

view.6 To illustrate this, we considered a hydrogenated Ru55 model with 1.2H per 

surface Ru atom (Ru55H53), which accounts well with the 1.1H/Rusurf experimental 

evidence (see section 3B.2.4 in sub-chapter 3B for experimental calculation).9 
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Table 2. Average adsorption energies of PP ligands (in kcal.mol
-1

) on a bare Ru55 cluster model and on a 
hydrogenated counterpart, Ru55H53 (1.2H/Rusurf). The average adsorption energy per PP ligand is 
calculated as Eads = [E(nPP*) – E(RuNP) – nE(PP)]/n, where PP* designates an adsorbed PP ligand. 
Geometries are shown for the Ru55H53 model. All adsorption schemes considered on the Ru55H53 model 
have not been systematically evaluated on the bare model. 

number of PP* 
(n) 

adsorption 
mode 

Eads per PP 

Ru55 Ru55H53 (A) 

1 1σa -33.4 -32.1 

 

1 1πb -83.2 -48.8 
 

1 1πc -63.6 -59.0 
 

4 4σ - -24.2 

 

4 4π - -36.0 
 

8 8σ - -22.3 

 

8 4σ, 4π - -25.7 

 

11 9σ, 2π - -24.1 

 

12 12σ - -20.3 

 

a
: adsorption on the B5 tip; 

b
: adsorption on the 001 surface; 

c
: adsorption on an edge 

 

Whereas the σ adsorption strength is very little affected by the presence of surface H 

atoms (1σtip: -32.1 kcal.mol-1 on Ru55H53 vs -33.4 kcal.mol-1 on the naked RuNP), the π 

interaction becomes significantly less competitive (1π001: -48.8 kcal.mol-1 vs. -83.2 

kcal.mol-1). This noticeable difference is both related to a stabilization of the d-band 

center of the 44 surface Ru atoms in Ru55H53 (2.9 eV vs. 2.6 eV for Ru55) and to the 

sterically discomforted 53 hydrides on the remaining Ru surface area. The adsorption 

strength of PP on an edge was also evaluated, with an η6-benzene ring and a μ:η3:η3-

pyridine (1πedge mode, see Figure 4c). Interestingly, it involves a weaker segregation of 

the H atoms than the 1π001 mode does. As a consequence, the adsorption energy is 
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similar to the bare NP case (1πedge: -59.0 kcal.mol-1 vs. -63.6 kcal.mol-1), and again a π 

coordination mode is significantly more stable than the σ grafting.   

Let us now qualitatively evaluate the optimal number of PP ligands that the Ru55H53 

model can accommodate. The co-adsorption properties of hydrides and PP ligands on 

the RuNP model could be theoretically evaluated within first-principles 

thermodynamics,10 as it was recently applied to RuNPs in equilibrium with syngas,6 but 

it is beyond the scope of the present study, and we only considered some trends with 

the same 1.2H/Rusurf RuNP model (Ru55H53). What is obvious from Figure 4 is that from 

a geometrical point of view it is possible to graft more σ-coordinated PPs than π-

coordinated PPs within a unit surface area. We have also seen that to some extent the 

segregation of hydrides involved by the π coordination penalizes such mode on planar 

facets of RuNPs. Moreover, on the basis of electronic effects only, the higher the 

surface coverage, the lower the d-band center of the metal core and the weaker the 

adsorption strength of new ligands. As a consequence, several effects are expected to 

counterbalance. Firstly, the adsorption of one π-PP is stronger than the adsorption of 

two σ-PPs within the same surface area. Secondly, above a given surface coverage 

threshold, the segregation of H atoms involved by π-PPs adsorbed on planar or 

corrugated RuNP facets will become too high, thereby promoting σ-PPs upon π-PPs.  

 

Figure 5. PP-protected 1 nm RuNP (Ru55H53σPP9πPP2). 

With these simple ideas in hand, higher PP coverages were then considered on Ru55H53 

(see Table 2). 4 π-PPs adsorb more strongly on the Ru55H53 model than 4 σ-PPs by ~12 

kcal.mol-1/PP (-36.0 kcal.mol-1/PP vs. -24.2 kcal.mol-1/PP). This large energy difference 

is significantly reduced when adding 4 new σ-PPs to these two configurations, the 8 σ-

PPs geometry being stabilized by -22.3 kcal.mol-1/PP whereas the (4 π-PPs, 4 σ-PPs) 

geometry is stabilized by -25.7 kcal.mol-1/PP. The co-adsorption of 9 σ-PPs and 2 π-PPs 

(see Figure 5) is more stable than the adsorption of 12 σ-PPs (-265.2 kcal.mol-1 vs. -
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243.4 kcal.mol-1). It is also worth mentioning that an equilibrium between π-grafting 

and H2-desorption may occur for the benefit of π-PPs on planar facets, given that, for 

example, the equilibrium reaction Ru55H53 + PP = Ru55H49PP(1π001) + 2H2(g) is 

exothermic by -12 kcal.mol-1. All these results suggest that 1st) the saturation is 

reached around 12 PPs on this model (i.e. 0.27 PP/Rusurf with this fixed 1.20 H/Rusurf 

composition); and 2nd) the two σ and π grafting modes are expected to both occur on a 

given RuNP, with a versatile and rather strong π coordination.  

In summary, DFT calculation allowed to demonstrate that PP ligand may be 

coordinated onto the NPs’ surface in two possible configurations, namely σ-

coordination from the pyridylic-N and π-interaction through the two aromatic rings, 

and that both of them probably coexist in a single NP. 

 

3C.3 Electrocatalytic HER studies in 1 M H2SO4 

The HER catalytic performance of Ru2 was evaluated in 1 M H2SO4. A THF dispersion of 

Ru2 was drop-casted onto a glassy carbon rotating disk electrode (RDE/GC) (see the 

Experimental part and Scheme 2 for further details on electrode preparation), to 

generate the Ru2-GC working electrode, which was introduced in a three-electrode 

cell together with a SCE (Saturated Calomel Electrode, KCl sat.) and a Pt grid as 

reference (RE) and counter (CE) electrodes, respectively.  

 

Scheme 2. Electrode preparation. Left, NPs dispersion in THF; right, drop-casting onto GC electrode. 

For comparison purposes, the performances of commercial Pt/C and Ru black (Rub) 

were tested under the same experimental conditions, and the WE prepared using the 

same protocol and metal loading. The representative hydrogen evolution polarization 

curves of the three systems at 10 mV·s-1 scan rate and 3000 rpm (RDE rotation speed), 

are given in Figure 6a. In 1 M H2SO4 solution, both Ru2-GC and Pt/C (Figure 6, blue and 

grey curves, respectively) show a small onset overpotential (η0) close to 0 mV, much 

lower than that of Rub (70 mV, orange curve). Together with η0, another 
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benchmarking parameter to compare the performance of heterogeneous catalysts is 

the overpotential value needed to achieve a current density of j = -10 mA·cm-2 

(η10).11,12 Ru2-GC reaches this current density at η10 = 35 mV against 27 mV and 150 

mV for Pt/C and Rub, respectively.  

 

Figure 6. a) Polarization curves of Ru1-GC (red), Ru2-GC (blue), Rub (orange), commercial Pt/C (grey) 
and bare RDE (black) in 1 M H2SO4 solution; b) 12-hour bulk electrolysis experiment at j = -10 mA·cm

-2 
of 

Ru1-GC in 1 M H2SO4 solution. Inset, LSV experiment before and after bulk electrolysis. 

The obtained η0 and η10 values situate Ru2-GC within the best Ru-based systems in the 

literature (see Table A1 in Annex 1 for a comparison between the state-of-the-art HER 

electrocatalysts in acidic electrolytes), also very close to Pt/C. The catalytic 

performance of the system in 1 M aqueous H2SO4 solution can be significantly 

improved when submitted to a current-controlled bulk electrolysis at j = -10 mA·cm-2 

for 20 minutes. As presented in Figure 6a (dark red), the resulting reduced system 

(Ru1-GC) shows a η10 of 20 mV, that is 7 and 130 mV less than Pt/C (27 mV) and Rub 

(150 mV), respectively, and reaches current densities as high as 1 A·cm-2 at an 

overpotential of only 120 mV, stating it as one of the best HECs reported so far. 

Long-term stability is a key parameter for a catalyst to be potentially useful in the HER. 

Thus, Ru1-GC (1 M H2SO4) electrode was hold at a constant current density of j = -10 

mA·cm-2 in a current-controlled experiment for 12h monitoring the change on the 

required overpotential. As shown in Figure 6b, Ru1-GC showed negligible change for 

η10 and identical LSV polarization curves before and after catalytic turnover. In 

addition, a Faradaic efficiency of 95% was determined by quantifying the amount of H2 

generated during an electrolysis using an H2-probe (Figure 7a, red), and comparing it 

with the maximum amount of H2 calculated from the total charge passed through the 

electrode (Figure 7a, black). This confirms the production of H2 as the sole reaction 

taking place. Interestingly, after catalytic turnover the RuNPs are still visible on TEM 

images, indicating the high stability of our nanocatalyst. 
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Figure 7. a) H2-monitored (dark red) current-controlled bulk electrolysis (black) of Ru1-GC at j = -10 
mA·cm

-2
 in 1 M H2SO4. The production of H2 was monitored in the gas phase by the use of a Clark 

electrode. Faradaic efficiency (Ɛ) = 95%. b) TEM images of Ru1-GC after 20 min bulk electrolysis at fixed j 
= -10 mA·cm

-2
 in 1 M M H2SO4. 

In order to shed light on the nature of the new species formed in 1 M H2SO4 under 

reductive conditions, both Ru2-GC and Ru1-GC were analyzed by XPS (Figure 8a and b, 

respectively). As already mentioned for Ru2, a mixture of metallic Ru and RuO2 is 

analogously observed for the Ru2-GC electrode with Ru 3d5/2 peaks centered at 279.8 

eV (metallic Ru) and 280.8 eV (RuO2).13 For the Ru1-GC electrode, a total 

disappearance of the Ru 3d5/2 peak at 280.8 eV is noticed, thus indicating the reduction 

of superficial RuIV to metallic Ru under catalytic conditions.  

 

Figure 8. XPS analysis of a) Ru2-GC (blue), b) Ru1-GC (red) after 20 minutes bulk electrolysis at j = -10 mA·cm
-2

 in 1 

M H2SO4, and c) Ru2-GC (blue) after 20 minutes bulk electrolysis at j = -10 mA·cm
-2

 in 1 M NaOH. Background (grey), 

metallic-Ru component (Ru 3d5/2-279.8, dashed black), RuO2-component (Ru 3d5/2-280.8, dotted-black), 

envelope (bold). 

After the reductive treatment, some material was recovered from the electrode in 

order to check the presence of PP ligand under those conditions, by performing TGA 

analysis (green curve in Figure 2). Material recovered from Ru1-GC showed similar 

organic content than its partially oxidized counterpart, thus confirming the presence of 

the PP ligand in the nanomaterial after reductive treatment.  
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As shown in Figure 9a, the passivation process of Ru1-GC can be monitored 

electrochemically by dipping this electrode in an aerated 1 M H2SO4 solution and 

recording LSV polarization curves at different times. As surface metallic Ru in Ru1-GC 

gets oxidized and RuO2 is formed (see XPS data in Figure 8a), a progressive decrease of 

the catalytic current associated to the HER is observed, with LSV-4h (Figure 9a) finally 

resembling the electrochemical signature of Ru2-GC.  

 

Figure 9. a) Polarization curves of Ru1-GC (after 10 minutes, electrode and electrochemical set-up 
preparation time) and subsequent curves, and Ru2-GC (blue) in 1 M H2SO4. b) Tafel plot of Ru1-GC (dark 
red), Ru2-GC (blue), Pt/C (grey) and Rub (orange) in 1 M H2SO4. 

The different nature and catalytic performance of Ru1-GC and Ru2-GC in 1 M H2SO4 

are evidenced through their corresponding Tafel plots (see Figure 9b). Ru1-GC shows a 

very low Tafel slope (29 mV·dec-1), inferior to that of Pt/C (32 mV·dec-1) and Rub (65 

mV·dec-1) under the same reaction conditions and metal loading, thus pointing to a 

Tafel-Volmer mechanism where the rate-determining step is the formation and 

desorption of molecular H2 at the catalyst surface by the recombination of two metal-

hydride species.14 The low Tafel slope also indicates that Ru1-GC is able to reach high 

current densities at low overpotentials, a critical characteristic in order to attain 

practical applications. Contrarily, the 106 mV Tafel slope observed for Ru2-GC 

indicates a Tafel-Heyrovsky mechanism, in this case through the interaction of a M-H 

species with a H+ on the media. This change on the mechanism devoted to the 

presence of RuO2 species on the surface of the RuNPs, could be attributed to a longer 

distance between two M-H species, which would hinder their interaction and thus the 

Volmer step.  

 

3C.4 Electrocatalytic HER studies in 1 M NaOH 

The HER performance of Ru2-GC in 1 M NaOH is also remarkable (Figure 10a), with η0 

of ca. 0 mV and η10 of 25 mV, values lower than those of Pt/C (5 and 35 mV, 

respectively) and Rub (50 and 125 mV, respectively), under the same reaction 
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conditions. These values situate Ru2-GC within the best Ru-based systems reported so 

far in basic media (see Table A2 in Annex 1 for a comparison between the state of the 

art HER catalysts in basic electrolytes).  

 

Figure 10. a) Polarization curves of Ru2-GC (blue), Rub (orange), commercial Pt/C (grey) and bare RDE 
(black) in 1 M NaOH solution at a 10 mV·s

-1
 scan rate and inset of the onset overpotential zone. b) 12-

hour bulk electrolysis experiment at j = -10 mA·cm
-2 

of Ru2-GC (blue) and Pt/C (grey) in 1 M NaOH 
solution; inset, LSV experiment of Ru2-GC before (bold) and after (dashed) bulk electrolysis. 

In contrast to its behavior in 1 M H2SO4, Ru2-GC does not evolve under reductive 

conditions (current-controlled bulk electrolysis at j = -10 mA·cm-2 for 20 minutes) in 1 

M NaOH, showing identical electroactivity before and after the reductive treatment, 

even after 12h (Figure 10b, inset). These results confirm, as expected, the higher 

stability of the RuO2 phase under basic conditions that is further corroborated by XPS 

analysis of the electrolyzed sample (Figure 8c). Comparison of Figure 8a and Figure 8c 

evidences a similar nature for both species, and the stability of the RuO2 phase present 

at the surface of Ru2-GC under reductive basic conditions.  

 

Figure 11. a) Polarization curves of Ru1-GC (dark red, after 10 minutes, electrode and electrochemical 
set-up preparation time) and at t=2h (dashed black), and Ru2-GC (blue) in 1 M NaOH. b) Tafel plot of 
Ru2-GC (blue), Pt/C (grey) and Rub (orange) in 1 M NaOH. 
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Analysis of the Tafel plot in 1 M NaOH solution (Figure 11b) shows a slope of 65 

mV·dec-1 for Ru2-GC, 56 mV·dec-1 for Pt/C and 80 mV·dec-1 for Rub which as in the case 

of acidic media, could be associated to a Tafel-Heyrovsky mechanism where the rds is 

the H2 formation and desorption. 

Long-term stability current-controlled bulk electrolysis experiment at j = -10 mA·cm-2 

was also performed in the case of Ru2-GC (1 M NaOH), which shows as well good 

stability, with η10 increasing in only 25 mV over the 12h electrolysis (Figure 10b). The 

notorious long-term stability of Ru2-GC in basic media was further evidenced by 

comparison with that of Pt/C under the same conditions, where η10 increased in more 

than 250 mV over the 12h electrolytic test. 

Again, a Faradaic efficiency of 95% was determined by quantifying the amount of H2 

generated during electrolysis (Figure 12a), confirming the production of H2 as the sole 

reaction taking place. In this case the RuNPs are also still visible on TEM images, 

indicating the high stability of our nanocatalysts (Figure 12b). 

 

Figure 12. a) H2-monitored (blue) current-controlled bulk electrolysis (black) of Ru2-GC at j = -10 mA·cm
-

2
 in 1 M NaOH. The production of H2 was monitored in the gas phase by the use of a clark electrode. 

Faradaic efficiency (Ɛ) = 97%. b) TEM images of Ru2-GC after 20 min bulk electrolysis at fixed j = -10 
mA·cm

-2
 in 1 M NaOH. 

The excellent durability of our catalytic system in acidic and basic conditions indicates 

both, good mechanical stability of the cathode (no need of polymeric gluing agents 

between RuNPs and GC) and no aggregation of the RuNPs under turnover conditions. 

We believe these findings result from the presence of the PP capping agent that allows 

maintaining the nanostructured character of the material.  

 

3C.5 Electrocatalytic performance benchmarking 

The electrocatalytic performance and short-term stability of Ru1-GC (1 M H2SO4) and 

Ru2-GC (1 M NaOH) was further compared with that of other electrocatalysts 
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following the benchmarking methodology reported by Jaramillo et al.15 From the 

capacitive current in a non-Faradaic zone, which is only associated with double-layer 

charging, the double-layer capacitance (CDL) was estimated (see Experimental part for 

calculation details). Then, the electrochemically active surface area (ECSA) of both 

electrodes was calculated from the CDL (Figure 13).  

 

Figure 13. Left, representative multi CV experiment at different scan rates for CDL determination in, and 
right, plot of current values at -0.35 V (vs. SCE) for the different scan rates, for CDL determination, in a) 1 
M H2SO4 and b) 1 M NaOH. 

 

The roughness factor (RF) was calculated by dividing the estimated ECSA by the 

geometric area of the electrode (S = 0.07 cm2). The ECSA value allows calculating the 

specific current density (jS) of the electrode (current density per “real” electroactive 

area of the system) at a given overpotential. The obtained values of η10 at time = 0 and 

time = 2h and jS at η = 100 mV (js(η=100)) are reported in Tables A3-A4 and plotted in 

Figure 14, together with those reported for selected HER catalysts benchmarked with 

the same methodology in acidic 1 M H2SO4 (η10 < 100 mV) and basic 1 M NaOH (η10 < 

150 mV) solutions.  
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Figure 14. Graphical representation comparison of HEC by Jaramillo’s methodology in 1 M H2SO4 (left) 
and 1 M NaOH (right). 

 

Both Ru1-GC (acidic conditions) and Ru2-GC (basic conditions) show the lowest η10 (20 

and 25 mV, respectively) among the reported systems (see Tables A3-A4). Thus, Ru1-

GC and Ru2-GC outperform Pt in both electrolytes, which shows η10 of 50 (Ru1-GC, 1M 

H2SO4) and 30 mV (Ru2-GC, 1 M NaOH) and an increase to 60 mV in both media after 

2h of electrolysis. The specific current density values observed at η = 100 mV (0.55 

mA·cm-2 for Ru1-GC in acidic media and 0.19 mA·cm-2 for Ru2-GC in basic media) are 

between 2 and 137 times higher than those reported for all the benchmarked catalysts 

except Pt which, despite of the same order, shows superior values (see Tables A3-A4).  

Further information about the intrinsic electrocatalytic activity of our Ru 

nanomaterials was obtained by calculating TOF values. This was made on the basis of 

estimated numbers of active sites determined through the underpotential deposition 

(UPD) of copper.16,4 The method consists on applying a reductive potential to the WE in 

an electrochemical set-up with a 5 mM CuSO4 solution, to electroreduce Cu2+ in the 

form of Cu0 only on the Ru0-active sites. The subsequent polarization curve towards 

oxidative potentials in a Cu-free H2SO4 solution, displays an oxidative wave devoted to 

the re-oxidation of Cu0 to Cu2+, with the area below the curve proportional to the 

number of electrons used for the oxidation and thus proportional to the deposited Cu 

and Ru-active species. Figure 15 shows the resulting curves for a) Ru1-GC, b) Ru2-GC, 

c) Pt/C and d) Rub, in acidic solution. As can be seen, Ru2-GC (Figure 15b) shows 

almost no Cu oxidation after the UPD process, confirming the passivation of the NPs’ 

surface and thus the decrease on the number of Ru0 surface species. 
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Figure 15. Copper UPD in 1 M H2SO4 solution before (black line) and after (colorful line) of a) Ru1-GC, b) 
Ru2-GC, c) Pt/C and d) Ru-black. 

The calculated TOF values for Ru1-GC in 1 M H2SO4 at 25, 50 and 100 mV (vs. RHE) are 

0.55, 3.06 and 17.38 s-1, respectively, which are of the same order than those of Pt/C 

(1.65, 5.60 and 23.36 s-1) under the same reaction conditions (Table A1 and Figure 16), 

and significantly higher than those of Rub. Tables A1-A2 allow to compare these TOF 

values with those reported for other relevant electrocatalysts for a wide set of 

transition metals, which highlights the fast kinetics of Ru1-GC, which outperforms the 

other systems. 

 

Figure 16. TOF vs. E (V) graph of Ru1-GC (red), Pt/C (grey) and Rub (orange) systems in 1 M H2SO4. Data 
obtained by dividing current intensity i = [mA] by the charge under the Cu-UPD wave in each case. 
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3A.6 Conclusions & perspectives 

In summary, the application of the organometallic approach as synthetic method 

allowed obtaining very small and homogeneous-in-size, 4-phenylpyridine-capped 

RuNPs that are highly active for the HER in both acid and basic media. After partial 

surface oxidation, the catalytic activity of the resulting GC-deposited nanomaterial 

(Ru2-GC) in 1 M H2SO4 solution is highly dependent on the oxidation state of the NPs’ 

surface, being metallic Ru sites clearly more active than RuO2 ones. Maximization of 

the former’s from the starting Ru/RuO2 mixture while preserving the stabilizing ligand 

(Ru1-GC) is achieved through a short reductive treatment in the acidic electrolyte. In 1 

M H2SO4 Ru1-GC beats commercial Ru black and is competitive or even superior to 

commercial Pt/C. It works at very low overpotentials (η0 ≈ 0 mV, η10 = 20 mV), presents 

a particularly low Tafel slope (29 mV·dec-1), achieves TOFs as high as 17 s-1 at η = 100 

mV and high specific current densities at η = 100 mV of 0.55 mA·cm-2, and is capable to 

produce a current density of j = -10 mA·cm-2 for at least 12h without any sign of 

deactivation, while preserving the original morphology of the nanocatalyst. 

 

Scheme 3. Preparation strategy for the different Ru-NPs systems and electrodes used in this work. Grey spheres 
represent Ru atoms, while darker spheres represent oxidized Ru(IV) surface atoms. 

In contrast, as evidenced by XPS, the original Ru/RuO2 mixture present in Ru2-GC is 

preserved when 1 M NaOH is used as electrolyte, even under reductive catalytic 

conditions. The estimation of surface active sites and electroactive surface area by well 

stablished methods allowed benchmarking these new catalytic systems with other 

relevant catalysts in the literature, confirming them as two of the best HER 
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electrocatalysts reported so far. Thus, in 1 M NaOH solution, Ru2-GC displays very low 

overpotentials (η0 ≈ 0 mV, η10 = 25 mV) and even better to those of commercial Pt/C 

and Rub. Ru2-GC in 1 M NaOH solution also fairly outperforms them in short and long-

term stability tests by well preserving the RuNPs under catalytic turnover.  

DFT calculations allowed unraveling which types of coordination may the ligand adopt 

onto the surface of the NP, the final configuration being proposed as a mixture of σ-

coordination through the pyridylic-N group and π-coordination from the two aromatic 

groups. Further theoretical studies complemented by additional characterization may 

give information on a plausible change on the PP coordination after air exposure of the 

metallic NPs, and the corresponding surface oxidation. Depending on the available 

surface sites (considering the ligand coverage onto faces, edges or apexes) and 

comparing the studies with other RuNPs, the observed catalytic performance could be 

assigned to a specific position, being this information of paramount importance for the 

future development of new nanocatalysts.  

All together, these results highlight the potential of designing and preparing ligand-

stabilized nanocatalysts for the HER and, therefore, paves the way to the fine tuning of 

the catalytic properties of these nanocatalysts through the limitless strategy of ligand 

capping, as done for molecular catalysts.  

In the perspective of gaining knowledge on the role of the PP ligand for achieving the 

high activities observed, the stabilization of RuNPs performed with similar molecules 

tas the PP could be beneficial. For example, the use of 4-cyclohexylpyridine or the 

incorporation of a bulky group on the phenyl moiety, both would allow understanding 

the contribution of this aromatic group on the stabilization and catalytic performance 

of the NPs. Additionally, the obtaining of PP-stabilized RuNPs of other sizes (namely 5, 

10, 25 and 100 nm) by the modification of synthetic parameters, would allow on the 

adquisition of NPs with different characteristics (such as bigger faces or longer apexes), 

permitting a correlation of those properties with the corresponding associated 

catalytic activites. 

  

This work will be submitted for publication in June 2018 (4-Phenylpyridine-capped Ru 

Nanoparticles as Efficient Electrocatalyst for the Hydrogen Evolution Reaction, J. Creus, 

S. Drouet, S- Suriñach, P. Lecante, V. Collière, R. Poteau, K. Philippot, J. García-Antón, 

X. Sala). 
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3A.7 Experimental part 

Reagents. All operations for the synthesis of Ru1 NPs were carried out using standard 

Schlenk tubes, Fisher–Porter bottle techniques or in a glove-box (MBraun) under argon 

atmosphere. Solvents (THF and pentane) were purified before use, by filtration on 

adequate column in a purification apparatus (MBraun) and handled under argon 

atmosphere. Solvents were degassed before use according to a freeze–pump–thaw 

process. The ruthenium precursor, [Ru(cod)(cot)], was purchased from Nanomeps-

Toulouse. Hydrogen gas (Alphagaz) was purchased from Air Liquide. 4-Phenylpyridine 

(PP) used as a stabilizer was purchased from Sigma-Aldrich and used as received. High 

purity deionized water was obtained by passing distilled water through a nanopore 

Milli-Q water purification system. 

Synthesis of Ru1. (120 mg, 0.38 mmol) of [Ru(cod)(cot)] and (12 mg, 0.08 mmol) of 4-

phenylpyridine were dissolved under argon in 120 mL of THF in a Fisher porter reactor 

inside a Glove-box. After pressurization of the reactor with 3 bar of H2 at room 

temperature (r.t.), the initial yellow solution turned dark brown in a few minutes. A 

vigorous magnetic stirring and the H2 pressure were maintained for 16 h. After this 

reaction time, the H2 pressure was evacuated and a drop of the colloidal solution was 

deposited onto a carbon-covered copper grid for TEM analysis. Ru1 was isolated as a 

dark grey powder after precipitation by pentane addition and evaporation to dryness 

under vacuum. 

Characterization. The crude colloidal solution has been characterized by Transmission 

Electron Microscopy (TEM), High Resolution TEM (HRTEM) and the isolated solid by 

Wide-Angle X-Ray Scattering (WAXS), X-Ray Photoelectron Spectroscopy (XPS), 

Elemental Analysis (EA) and ThermoGravimetric Analysis (TGA).  

Transmission Electron Microscopy (TEM) and High resolution TEM (HRTEM). Samples 

for transmission electron microscopy (TEM) analyses were prepared by slow 

evaporation of a drop of the crude colloidal solution deposited onto a carbon-covered 

copper grid. Samples for high-resolution transmission electron microscopy (HRTEM) 

analyses were prepared by the same way from purified NPs re-dispersed in THF. TEM 

and HRTEM analyses were performed at the “Centre de Microcaractérisation Raymond 

Castaing” in Toulouse (UMS-CNRS 3623), on a MET JEOL JEM 1011 microscope 

operating at 100 kV with a point resolution of 0.45 nm and a JEOL JEM-ARM 200F 

microscope working at 200 kV with a point resolution lower of 0.19 nm, respectively. 

TEM allowed evaluating the particle size, size distribution and morphology. Enlarged 

micrographs were used for treatment with ImageJ software to obtain a statistical size 

distribution and the nanoparticle mean diameter. FFT treatments of HRTEM images 

were carried out with Digital Micrograph Version 1.80.70 to determine the crystalline 

structure of the material. The analyses were done by assuming that the nanoparticles 
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are spherical. Nanoparticle sizes are quoted as the mean diameter ± the standard 

deviation.   

Wide-angle X-Ray scattering (WAXS). Measurements were performed at CEMES-CNRS 

in Toulouse. Samples were measured in 1.0 mm diameter Lindemann glass capillaries. 

The samples were irradiated with graphite monochromatized molybdenum Kα 

(0.071069 nm) radiation and the X-Ray scattering intensity measurements were 

performed using a dedicated two-axis diffractometer. Radial distribution functions 

(RDF) were obtained after Fourier transformation of the corrected and reduced data. 

X-Ray Photoelectron Spectra (XPS). Measurements were performed at the Catalan 

Institute of Nanoscience and Nanotechnology (ICN2) in Barcelona with a Phoibos 150 

analyzer (SPECS GmbH, Berlin, Germany) in ultra-high vacuum conditions (base 

pressure 5E-10 mbar) with a monochromatic aluminium Kalpha X-Ray source (1486.74 

eV). The energy resolution was measured by the FWHM of the Ag 3d5/2 peak for a 

sputtered silver foil was 0.62 eV. 

ThermoGravimetric Analysis (TGA). Thermogravimetric analysis was performed in a 

Perkin Elmer TGA 7 analyzer. Measurements were carried out in a 30-500 °C 

temperature range in continuous heating regimes (2 °C/min) under Ar atmosphere.  

The percentage of ligand in the sample was calculated as follows. From the experiment 

carried out on the ligand alone we could attribute the beginning of the ligand loss at 

140 °C. So, the value of loss noticed at this temperature was taken as initial value. For 

the final ligand loss point, the value observed at the change of the slope was taken. 

The latter was then subtracted from the former to obtain the ligand percentage on 

each sample. 

Elemental analysis (EA). EA was performed at the Laboratoire de Chimie de 

Coordination (LCC), Toulouse, on a Perkin-Elmer 2400 series II analyzer. 

PP/Ru calculation. Number of mol (n) of PP was calculated from N wt.% obtained by 

EA and Ru wt.% was estimated from a) remaining wt.% after TGA’s drop in the 130-250 

°C range, attributed to organics and b) remaining wt.% subtracting organics (CHN) from 

EA results. Then, dividing n(PP) by n(Ru) gave rise to comparable ligand-to-metal ratios 

through calculations from both TGA/EA data. 

Electrochemical measurements. All the electrochemical experiments were performed 

in a BioLogic SP-150 potentiostat. Rotating disk electrode (RDE) was rotated at 3000 

rpm in order to ensure complete removal of in-situ formed H2 bubbles. The solutions 

were degassed previous to the electrochemical analysis with a N2 flow. Ohmic 

potential (IR) drop was automatically corrected at 85 % using the Biologic EC-Lab 

software for cyclic voltammetry and chronoamperometry. For chronopotentiometry 

experiments IR drop was manually corrected (Emod = Emeas + EIR, mod=modified and 



Colloidal RuNPs as HECs  

- 143 - 
 

3C 

meas=measured) at 85% by adding the corresponding potential value EIR = iexp x (Rmes x 

0.85), where iexp is the applied current in A and Rmes is the measured resistance in Ω. 1 

M H2SO4 solution was prepared by mixing 56.1 mL of 95-97 % H2SO4 in 1 liter of Mili-Q 

water. 1 M NaOH solution was prepared by mixing 4 g in 100 mL of Mili-Q water. 

Either a glassy carbon disk (GCd, ф = 0.3 cm, S = 0.07 cm2), a rotating disk electrode 

(RDE, ф = 0.3 cm, S = 0.07 cm2) or a Fluorine-dopped Tin Oxide electrode (FTO, 20 mm 

x 10 mm x 180 µm), were used as working electrodes (WE). In the case of FTO the 

surface dipped in the electrochemical solution was 1 cm2. For GCd and FTO electrodes 

the experiment was magnetically stirred with a stirring bar. 

A Pt grid was used as counter electrode (CE) and a Saturated Calomel Electrode (SCE, 

Hg/Hg2Cl2, KCl sat.) was used as a reference electrode (RE), except for the hydrogen-

monitored bulk electrolysis that a Ag/AgCl (KCl sat.) was used as RE. All data was 

transformed to RHE by adding +0.24 V and +0.20 V for SCE and Ag/AgCl, respectively. 

Electrode Preparation. A 2 mg·mL-1 dispersion was prepared by adding 1 mg of RuX 

(X=1, 2) in 500 µL of THF and sonicating for 30 min. Then, an aliquot of 5 µL (for GCd 

and RDE) was added on the surface of the GC (S = 0.07 cm2), and dried with a N2 flow. 

This procedure was repeated three times to obtain RuX-GC (X=1, 2). For FTO WE, a 

dispersion aliquot of 25 µL was added to the surface of the FTO (S = 1 cm2), and dried 

with N2. See Scheme 2 for schematic representation. For Pt/C and Rub, dispersions 

ensuring a similar metal mass loading on the RDE than for RuX-GC were prepared. 

Double-layer capacitance (CDL) and electrochemically active surface area (ECSA) 

determination. CDL was estimated by CV. A non-Faradaic region was chosen from the 

LSV (typically a 0.1 V window about OCP), where no redox process takes place and all 

the measured current is due to double-layer charging (versus SCE, 0.35 V for 1 M H2SO4 

and -0.35 V for 1 M NaOH). Based on this assumption, the charging current (ic) can be 

calculated as the product of the electrochemical double-layer capacitance (CDL) and the 

scan rate (ν), as shown in Eq. 1: 

ic = νCDL    Eq. 1 

Plotting ic as a function of ν yields a straight line with slope equal to CDL. In this way, 8 

different scan rates were used (5, 10, 25, 50, 75, 100, 250 and 500 mV/s), holding the 

working electrode at each potential vertex for 10 seconds prior to the next step. 

ECSA was obtained by dividing the calculated capacitance to a tabulated value (specific 

capacitance, CS) that depends on the material used and solution (for C, in 1M H2SO4 

CS=13-17 µF·cm-2, in 1 M NaOH CS= 40 µF·cm-2): 

𝐸𝐶𝑆𝐴[𝑐𝑚2] =
𝐶𝐷𝐿

𝐶𝑆
   Eq. 2 
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𝑅𝐹 =
𝐸𝐶𝑆𝐴

𝑆
   Eq. 3 

Roughness factor (RF) was calculated by dividing the ECSA by the geometrical surface 

area (S). 

Copper Under potential Deposition (UPD). QCu and n were calculated from copper 

under potential deposition method (UPD). In a 20 mL cell containing a Pt grid as CE and 

a SCE as RE, a 1 M H2SO4 was prepared with 5 mM CuSO4 concentration, and a bulk 

electrolysis at 0.24 V was applied for 100s. A LSV was performed before and after the 

bulk electrolysis in a clean 1 M H2SO4 solution without any presence of Cu (Ei = 0.04 V, 

Ef = 0.89 V, 10 mV/s), and a new wave devoted to the oxidation of deposited Cu 

appeared at E = 0.41 V.  

The area under the oxidative wave, or Cu-UPD stripping charge (QCu, CuUPD), was 

determined and used for the calculation of the number of active sites (n):  

𝐶𝑢UPD → 𝐶𝑢2+ + 2ē   Eq. 4 

𝑛[𝑚𝑜𝑙] =  
𝑄𝐶𝑢

2𝐹
   Eq. 5 

, where F is the Faraday constant (96485 C·mol-1). 

TOF (s-1) calculations. TOF where calculated as follows: 

𝑇𝑂𝐹(𝑠−1) =  
𝐼

2𝐹𝑛
=  

𝐼

𝑄𝐶𝑢
  Eq. 6 

where I is the current intensity on the LSV measurement, F is the Faradaic constant, 

and n the number of active sites obtained by the UPD method. 
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Ruthenium Nanoparticles Supported onto 

Carbon-based materials as Water Splitting 

Catalysts  

 

 

Chapter 4 deals with the synthesis of supported RuNPs by adapting the organometallic 

solution synthetic methodology to the use of two different carbon-based supports: 

carbon nano-tubes (CNTs) and carbon fibers (CFs). Since the techniques available for 

the characterization of the obtained materials are more limited than for non-supported 

RuNPs (for instance WAXS or NMR cannot be used), TEM-HRTEM, XPS, ICP and TGA 

were applied to get information on the structure and composition of the carbon-

supported particles. The obtained nanomaterials have been electrochemically tested in 

the reduction of protons and water oxidation catalysis.  
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4.0 Preface 

In catalysis, the investigation of molecular complexes has been highly useful for the 

mechanistic understanding and the rational development of new catalysts,1 allowing 

the improvement on catalytic performances.2 However, the main issue with molecular 

catalysts relays on the long-term stability under catalytic conditions, leading to catalyst 

decomposition and formation of particles or films.3 A good way to circumvent this 

problem and get more robust catalysts is the rough grafting of the metal complexes 

onto electrodes surface, leading to supported catalytic systems. But even when 

immobilized onto a supporting material, molecular species can decompose through 

ligand degradation, and such decomposition can lead to the formation of nano-sized 

species which are active in the best of the cases.3a 

The use of nanoparticles (NPs) has already been proven as an advantageous 

alternative to molecular species in electrocatalysis, given their higher stability at strong 

pH and electrochemical conditions and also the high surface/volume ratio they 

display.4 However, electron transfer in colloidal solutions is not as good as it is with 

homogeneous species. However, this issue can be solved by the immobilization of the 

particles onto solid supports and electrodes, as e.g. highly-conductive carbon-based 

materials (such as CNTs or CFs),5,6 oxides (e.g. SiO2, TiO2 ),7 or even directly to glassy 

carbon (GC) electrodes.8 The immobilization of a nanoparticulate catalysts onto a 

support allows to 1st) decrease its aggregation at the same time as 2nd) increase the 

exposure of the catalyst surface and, consequently, its catalytic activity; moreover 

fixing a catalyst onto a supporting material may also 3rd) positively influence on its 

stability and 4th) facilitate its recyclability. In the case of NPs, for example, it may avoid 

their sintering into bigger particles under catalytic conditions.  

Carbon-based supports are becoming common for catalytic applications due to their 

robustness, chemical inertness and availability in a large range of well-defined shapes 

and sizes.9 Compared to inorganic metal-based materials, carbon nano-structures can 

be manufactured on a large scale with a lower production cost. Additionally, for 

electrocatalytic applications, they enhance the electron transfers between the 

electrode and the nanocatalyst, thus improving the efficiency of the latter. Their 

structure and morphology can be also of paramount importance due to the existence 

of direct metal-support interactions. Moreover, it is worth noting that both the 

immobilization10 and the catalytic performance of the final hybrid materials can be 

influenced by the heteroatoms that are typically present on the surface of carbon-

based supports. Diverse modifications of the chemical structure on the carbon-

supports can be carried out to favor their anchoring properties or/and tune the metal-

support interactions. 
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Concerning the use of C-based materials for catalytic HER, a few reports have 

appeared in the last three years that highlight their function as both support and 

activity enhancer for Ru-nanosized catalysts, leading to active systems for the 

reduction of protons in a wide range of conditions (see Ch. 1 for further 

details).5,6,7,8a,11 Those C-supported Ru-based catalysts are prepared through complex 

synthetic protocols such as the condensation of organic precursors that direct the 

nucleation/growth of the RuNPs and subsequent annealing to generate a conductive 

carbon matrix from the organic part, or the direct assembly of a metal precursor 

(RuCl3) in a hierarchically-ordered carbon-based electrode followed by an annealing 

step. These kind of methodologies, where the presence of counter ions (e.g. Cl-, Na+) is 

notorious as well as the use of drastic conditions (microwave radiation at 200 °C for 10 

min), do not permit an accurate tuning of the active sites of the final structures, thus 

hindering a correlation between these parameters and the catalytic performance of 

the obtained materials. It is thus necessary to find methods to circumvent these 

difficulties and achieve more controlled materials in order to study the 

structure/catalytic performance relationships. In this sense, the organometallic 

approach is an attractive alternative as it allows to produce small-in-size and surface-

controlled NPs.12,13 The interest of this synthetic approach has been already shown in 

Chapter 3, where RuNPs displaying a good performance as hydrogen evolution 

catalysts (HECs) were described, with a control on the size, structure and surface of the 

material. 

This chapter is divided into two sections following the nature of the supporting 

material employed. The use of multi-walled carbon nanotubes is described in sub-

chapter 4A, while carbon fibers are treated in sub-chapter 4B. The fact to have 

supported RuNPs allowed their oxidizing into RuO2 without dramatic sintering, giving 

rise to catalytic nanomaterials active towards both HER and OER.   
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4A. Carbon Nanotube-supported Ru Nanoparticles as catalyst 

for Oxygen Evolution and Hydrogen Evolution reactions: 

oxidation state-dependent activity 

 

4A.1 Introduction 

Carbon nanotubes (CNT), first discovered in 1991 by S. Iijima,14,15 are graphene-like 

structures rolled up in a hollowed tubular way, which are mainly obtained by 

electrochemical arc discharge or laser ablation. Their fully-aromatic structure gives 

them specific chemical properties, as high stability and electron richness, and their 

nanometric size provides a high surface area. CNTs are basically divided into two main 

families: Single-Walled Carbon-Nanotubes (SWCNTs) and Multi-Walled CNTs 

(MWCNTs), being the latter more often employed due to their higher chemical 

resistance and stability although they are less structurally defined. Furthermore, multi-

walled CNTs are easier and cheaper to produce than their single counterparts and their 

electronic structure is always metallic-like, regardless of their diameter or chirality. In 

contrast SWCNTs, depending on their characteristic diameter or chirality, can present 

either metallic or semiconducting electronic structures.9 MWCNTs exhibit high 

conductivity, large surface area and resistance to corrosion, properties that make them 

highly suitable for electrocatalytic applications.16 CNTs have some irregularities on the 

surface consisting in sp3 carbon atoms functionalized with oxidized C-species, such as –

OH, –C=O, –CHO and –COOH.17 Those groups may be relevant for the stabilization of 

metallic species onto the nanotubes, and could electronically interact onto the 

catalytic performance of these systems. 

In terms of HER catalysis, there are not many examples using CNT-supported Ru-based 

catalyst for this reaction. R. B. Dandamudi et al. successfully developed CNT-supported 

RuNPs as active catalyst towards the HER,18a by the direct assembly of a metal 

precursor (RuCl3) in a pre-formed carbon-based material in the presence of CH3COONa 

followed by a reductive annealing step, similar to those that other authors have 

previously reported.11  

In OER, few CNT-based nanosystems have been reported so far,19 most of them 

working under alkaline conditions (where the oxidation of water is favored). A 

surprising example is the work of J. Ma et al.,19a who reported a metal-free CNT 

material as active catalyst for the oxidation of water. The peculiarity of this system is 

the use of N-doped mesoporous carbon nanosheets (N-MCN), obtained from the 

pyrolysis of glucose/urea/CNTs. The CNTs are present inside the matrix enhancing the 

electron transfer, and the formed N-MCN reaches values as high as the best metal-

based CNT-supported systems (η0 ≈ 270 mV and η10 = 320 mV, b = 55 mV·dec-1). Being 
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IrO2 the state-of-the-art species as WOC, the publication of C. Li et al. that describes an 

IrO2@CNT system active in acidic media will be hereafter taken as reference for 

electrocatalytic performance benchmarking (η0 ≈ 220 mV and η10 = 293 mV, b = 67 

mV·dec-1).19b 

In order to develop high surface area nanomaterials to be used as catalysts for the 

evolution of O2 and H2 from water splitting, and possessing a high number of active 

sites while being stable enough, the use of multi-walled carbon nanotubes (MWCNTs) 

as nanoparticle support appears to be an excellent choice.18 Hence, in the following 

part, the synthesis of Ru and RuO2 nanoparticles that are supported onto multi-walled 

carbon nanotubes (from now on abbreviated as CNTs) will be presented. The 

organometallic approach has been applied for the in-situ synthesis of RuNPs in the 

presence of CNTs, and without any additional stabilizing agent. The obtained 

nanostructures were then thermally oxidized to get RuO2, which is known to be an 

efficient HE catalyst as demonstrated by B. Lim and S. Barman in very recent 

contributions.20,5 RuO2-based materials are also able to catalyze the oxidation of water 

at acceptable overpotentials. 

 

4A.2 Synthesis and characterization of Ru@CNT and RuO2@CNT 

As shown in Scheme 1, Ru@CNT nanomaterial has been prepared by decomposition of 

a THF solution of the [Ru(cod)(cot)] (cod = 1,5-cyclooctadiene; cot = 1,3,5-

cyclooctatriene) complex under H2 atmosphere (3 bar), at room temperature (r.t.) and 

in the presence of Multi-Walled Carbon NanoTubes (Nanostructured & Amorphous 

Materials, Inc., O.D. = 50-80 nm, length = 10-20 µm, 99.9% purity) as a support without 

any other stabilizing agent ([CNT]/[Ru]= 10/7 weight equivalent), in a similar way to 

previous studies in the laboratory.10 The CNTs act both as supporting material and 

stabilizer thanks to the above mentioned functionalities present on the CNTs’ surface 

(e.g. -OH, -COOH) and the electron-richness of their aromatic structure.17  

 

Scheme 1. Synthesis of CNT-supported RuNPs. 
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Transmission electron microscopy (TEM) analysis carried out from the crude 

suspension after deposition of a drop on a carbon-covered cupper grid, revealed the 

presence of very small nanoparticles that are well-dispersed on the surface of the 

carbon nanotubes (Figure 1a and b) and displaying an average size of 1.9 ± 0.6 nm. The 

presence of particles out of the CNTs’ surface has not been detected.  

 

Figure 1. a) TEM picture, b) corresponding size histogram and c) XPS spectrum of partially oxidized 
Ru@CNT sample. 

 

In Chapters 3B-3C, Ru-0.05MPT and Ru-0.2PP showed up to burn spontaneously when 

exposed to open air in the solid-state. However, after slow oxygen diffusion the NPs 

were partially oxidized at their surface, which limited their agglomeration and 

maintained a metallic core. Taking advantage of this previous knowledge we 

performed a washing treatment using degassed pentane but in air conditions in order 

to protect the NPs from total degradation and to favor a slow oxidation of their 

surface. The obtained Ru@CNT nanomaterial could then be isolated by centrifugation 

leading to a black powder. Inductive-coupled plasma (ICP) analysis indicated an 

average Ru wt.% content of 5 ± 1 %. 

X-Ray Photoelectron Spectroscopy (XPS) analysis on the isolated Ru@CNT sample 

(Figure 1c) indicated the presence of RuO2, as expected after the oxidation treatment 

performed by slow O2 diffusion. HRTEM images on the purified Ru@CNT sample 

evidenced the presence of crystalline NPs (Figure 2), corresponding to both metallic 

and oxide phases (Ru0/RuO2). Electron diffraction patterns obtained after Fast Fourier 

Transform treatment allowed to measure interplanar distances, as follows: 1) 0.205, 

0.230 and 0.215 nm that correspond to (101), (110), (102) planes of the hexagonal 

compact crystalline (hcp) structure of bulk ruthenium, and 2) distances of 0.114, 

0.1283, 0.152 and 0.200 nm that are in agreement with (310), (131), (002) and (120) 

planes of the rutile structure as for RuO2.  
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Figure 2. HRTEM images and corresponding FFT patterns of partially oxidized Ru@CNT sample. 
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Energy Dispersive X-ray spectroscopy (EDX) on different regions of a HRTEM picture 

where RuNPs were observed confirmed the presence of Ru metal (Figure 3), and its 

absence on the non-modified zones of the CNTs as well as outside the CNTs. 

Furthermore, EDX analysis confirmed the presence of oxygen, specifically in the 003 

region (Figure 3, bottom-left), that can be attributed to the presence of oxidized Ru, 

namely RuO2. 

 

Figure 3. EDX analysis of partially oxidized Ru@CNT sample. 

 

In a second step, partially oxidized Ru@CNT material has been treated in a furnace at 

250 or 300 °C under air for 2 h. By this way, RuO2250@CNT and RuO2300@CNT 

nanomaterials were obtained, as evidenced by XPS analysis (Figure 4c). 
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Figure 4. a) TEM pictures, b) corresponding size histograms and c) XPS spectra of RuO2250@CNT (top) 
and RuO2300@CNT (bottom). 

 

TEM, HRTEM and EDX analyses performed after the heating treatment (from 

dispersion of the materials in THF) revealed the presence of large and crystalline 

objects, together with agglomerates of NPs and also individual NPs (Figure 4-Figure 6). 

Size histograms of RuO2250@CNT and RuO2300@CNT (Figure 4b, top and bottom, 

respectively) show wide size distributions with mean sizes of 3.8 ± 0.6 and 5 ± 1 nm, 

respectively, that are over the double of the main size observed in the case of the 

Ru@CNT nanomaterial. These observations indicate a sintering phenomenon 

undergone by the samples when thermally treated at 250 and 300°C. Similar results 

were previously observed by P. Serp et al. when annealing CNT-supported RuNPs at 

different temperatures (under reductive conditions), and also in Chapter 3B for non-

supported Ru-0.05MPT and Ru-0.2PP NPs.10b Moreover, the higher mean size 

observed for RuO2300@CNT in contrast to RuO2250@CNT indicates that this sintering 

process is influenced by the temperature. The formation of bigger crystals being 

thermodynamically favored at higher temperature, the sintering phenomenon seems 

to increase with the increasing of temperature. 
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Figure 5. HRTEM images, FFT patterns and EDX analysis of RuO2250@CNT sample. 

 

As expected, EDX analysis confirmed the presence of ruthenium and oxygen in high 

contents, as the result of the formation of mainly RuO2. Moreover FFT patterns of 

HRTEM images (Figure 5-Figure 6) allowed to measure interplanar distances and by 

this way confirm the presence of mainly RuO2 phase onto the CNTs. 
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Figure 6. HRTEM images, FFT patterns and EDX analysis of RuO2300@CNT. 
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4A.3 Electrocatalytic hydrogen evolution catalysis 

The three CNT-supported Ru-based nanomaterials previously described (Ru@CNT, 

RuO2250@CNT and RuO2300@CNT) were suspended in THF (2 mg·mL-1), drop-casted 

onto the surface of a glassy carbon rotating disk electrode (RDE/GC), and led dry under 

air for HER studies. The so-obtained electrodes were called as Ru@CNT@GC, 

RuO2250@CNT@GC and RuO2300@CNT@GC. They were tested as working electrodes 

(WE) in 1 M H2SO4 degassed solution, in a three-electrode configuration with a Pt-

mesh as counter (CE) and a saturated calomel (SCE) as reference (RE) electrodes.  

First, polarization curves under reductive potentials were recorded for the three 

systems (Figure 7-Figure 8). NPs’ mean size determined by TEM analysis together with 

the composition of the NPs, namely Ru, RuO2 or a mixture of both, are summarized in 

Table 1, where electrochemical benchmarking parameters as the onset overpotential 

(η0), overpotential at |j| = 10 mA·cm-2 (η10) and Tafel slope (b) are also given. From the 

literature, it is generally accepted for a good HE catalyst to display both, η0 and η10 

<100 mV, and the smallest possible b. Thus, Pt/C e.g., has a η0 ≈ 0 mV and η10 < 50 mV, 

depending on the loading, with b = 30 mv·dec-1. From Table 1 it can be seen that the 

three modified WE show high HER overpotentials (both η0 and η10, entries 1, 3 and 5) 

with η0 already >100 mV. However, a shift on the polarization curves was observed for 

the three electrodes after performing a bulk electrolysis experiment at fixed j = -10 

mA·cm-2 (Entries 2, 4 and 6 in Table 1). 

 

 

Figure 7. Left, polarization curves of Ru@CNT@GC (dashed red) and Ru@CNT@GC-r (dark red) before 
and after reductive process at j = -10 mA·cm

-2
 in 1M H2SO4, respectively; right, Ru@CNT@GC-r (dark 

red), RuO2250@CNT@GC-r (blue) and RuO2300@CNT@GC-r (green) after reductive process at j = -10 
mA·cm

-2
 in 1M H2SO4. 
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Table 1. Main physico-chemical and electrochemical data of the CNT-supported RuNPs for HER. 

Entry System 
NPs’ mean 
size (nm) 

NPs’ 
composition 

η0 

(mV) 
η10 

(mV) 
b  

(mV·dec
-1

) 

1 Ru@CNT@GC 
1.9 ± 0.6 

RuO2-Ru 200 270 116 

2 Ru@CNT@GC-r 
i 

Ru 
ii 

150 220 115 

3 RuO2250@CNT@GC 
3.8 ± 0.6 

RuO2 125 240 200 

4 RuO2250@CNT@GC-r 
i
 Ru-RuO2 

ii
 80 140 110 

5 RuO2300@CNT@GC 
5 ± 1 

RuO2 130 320 270 

6 RuO2300@CNT@GC-r 
i
 Ru-RuO2 

ii
 50 115 80 

i 
These samples were treated under reductive conditions (j = -10 mA·cm

-2
) for 20 minutes. 

ii 
The oxidation 

state being not yet analyzed, it is an assumption given literature data as well as previous observations in 

the lab. 

 

Indeed a decrease of 50 mV on both the η0 and the η10 is observed after the reductive 

bulk electrolysis experiment, leading to 150 and 220 mV, respectively, for 

Ru@CNT@GC-r (entry 2 in Table 1). It is worth mentioning that an analogous trend has 

been already observed using Ru1 nanomaterial (see Chapter 3C). In that case, XPS 

analysis evidenced the presence of only metallic Ru after bulk electrolysis, thus 

indicating the reduction of the passivating RuO2 layer in the applied electrocatalytic 

conditions. Given that, we can assume that a similar reduction happened here also and 

led to a Ru0-based nanomaterial. Such a phenomenon can explain the enhancement 

observed on the HER activity.  

Concerning RuO2250@CNT@GC and RuO2300@CNT@GC, higher shifts are visible after 

the reductive electrolysis (see entries 3/4 and 5/6 in Table 1, respectively), this being 

especially pronounced for RuO2300@CNT@GC. With those nanomaterials that are 

initially mainly composed of RuO2, the activity enhancement observed after reductive 

bulk electrolysis may derive from the formation of a metallic Ru layer on the surface of 

the RuO2-NPs during the reductive process. If we compare with the data achieved with 

the full Ru0 nanomaterial (η0 ≈ 150 mV and η10 = 220 mV, entry 2), the values obtained 

with the reduced RuO2250@CNT@GC-r electrode (η0 ≈ 80 mV and η10 = 140 mV, entry 

4) indicate a higher activity. Such a difference can be attributed to 1st) the formation of 

Ru0 species at the surface of the RuO2-based nanomaterial under reductive conditions, 

giving rise to a core/shell-like RuO2/Ru0 structure; and 2nd) the increase on the exposed 

surface derived from the formation of Ru0-species, which introduces irregularities on 

the crystalline structure. A similar behavior has been already reported by H. You et al. 

in 2003,21 who studied the change on the catalytic activity induced by the formation of 

Ru0 sites on RuO2 (1 1 0) and (1 0 0) single crystal surfaces, after cathodic polarization. 

Indeed, they observed an increase on the current density while cycling their 
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electrochemical set-up under reductive potentials that they correlated to a change of 

the crystalline structure evidenced by synchrotron X-Ray surface scattering, and thus 

suggested the reduction of the oxide surface as the driving force of the enhanced HER 

activity. 

 

Figure 8. Polarization curves of RuO2@CNT systems before and after reductive process at |j| = 10 
mA·cm

-2
 in 1 M H2SO4. Left, RuO2250@CNT@GC (dashed blue) and RuO2250@CNT@GC-r (dark blue); 

right, RuO2300@CNT@GC (dashed green) and RuO2300@CNT@GC-r (dark green). 

A similar catalytic behavior has been noticed with the RuO2300@CNT@GC system. In 

that case η0 and η10 of 130 and 320 mV are first observed, respectively (entry 5). After 

reduction treatment (entry 6), lower η0 ≈ 50 mV and η10 = 115 mV are reached, 

indicating a higher activity, as the result of the formation of Ru metal active sites and 

thus structure modification at the material surface. The values achieved are better 

than those previously obtained with RuO2250@CNT-GC-r electrode. In addition to the 

formation of Ru0-species on the surface of RuO2-crystals, the improving on the 

catalytic activity of RuO2-based materials compared to the Ru0-NPs precursor may rely 

on another parameter. The modification of both, the particles but also CNTs, may 

improve the electron transfer from the electrode to the active sites, thus increasing 

the electrocatalytic performance of the cathodic system.  

Figure 9 (left) presents the Tafel plots obtained for the three electrodes after reductive 

treatment. The Tafel slope (b) allows defining the rate determining step (rds) of the 

catalytic reaction as described in Ch. 1. Ru@CNT@GC-r (dark red) shows a Tafel slope 

of 115 mv·dec-1, typical for catalysts having the Volmer step as rds (hydride adsorption 

on the surface of the NP, typically b ≈ 120 mv·dec-1). RuO2250@CNT@GC-r (dark blue) 

and RuO2300@CNT@GC-r (dark green) present Tafel slopes of 109 and 77 mv·dec-1, 

respectively, that reveal for both electrodes a situation in between the Volmer and 

Heyrovsky steps as rds (Heyrovsky step: H2 electrodesorption with a proton from the 

solution presents values of b ≈ 40 mv·dec-1).  
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Figure 9. Tafel plot of left, Ru@CNT@GC-r (dark red), RuO2250@CNT@GC-r (dark blue) and 
RuO2300@CNT@GC-r (dark green), and right, Ru@CNT@GC (red), RuO2250@CNT@GC (light blue) and 
RuO2300@CNT@GC (light green), in 1 M H2SO4. 

Tafel plots of non-reduced systems Ru@CNT@GC (red), RuO2250@CNT@GC (light 

blue) and RuO2300@CNT@GC (light green), are shown in the right part of Figure 9 for 

comparison with those of the reduced systems. For both RuO2250@CNT and 

RuO2300@CNT, an important decrease on the Tafel slope after the reduction process 

can be thus observed, as expected for Ru0-species which are more active towards the 

HER than RuO2. In contrast, b ≈ 115 mv·dec-1, almost does not change in the case of 

Ru@CNT@GC. This can be explained by the fact that for Ru@CNT@GC before the 

reduction process, the activity is already attributed to Ru0 species that were not 

passivated when exposed to air, thus maintaining the kinetics after the modification of 

the superficial RuO2 to Ru0. In contraposition, RuO2250@CNT and RuO2300@CNT 

improve their kinetics due to the Ru0-species formation, and presumably due to the 

enhancement on the electron transfer. 

In comparison to other electrocatalytic studies with Ru0/RuO2-based materials,5,6,7 the 

data reached with RuO2300@CNT@GC-r electrode show this material is the best 

system in this work and that its results are among the best ones reported so far (η0 ≈ 

50 mV, η10 = 115 mV and b = 80 mv·dec-1), being even superior than those of Rub 

material presented in Chapter 3C (see Table A1 in the Annex part). In terms of η0, 50 

mV is a small value, but the slow kinetics reflected by the high Tafel slope (further 

evaluated in the following paragraph) leads to a relatively high η10 value. If we 

compare these results with Ru-GC (from Chapter 3A; Ru-MeOH/THF system) and Ru1 

(from Chapter 3C; Ru-0.2PP system), we can see that a similar η0 is observed as for Ru-

GC (40 mV in that case), but the higher Tafel slope (46 mV·dec-1 for Ru-GC) leads also 

to a higher η10 (83 mV vs. 115 mV). This demonstrates that RuO2300@CNT@GC-r is not 

far from the MeOH/THF stabilized RuNPs. Nevertheless Ru1 outstands these values, 
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confirming to be a better catalyst as the result of the influence of the pyridine-based 

stabilizing ligand. 

 

4A.4 Electrocatalytic studies in OER  

Ru@CNT@GC-r, RuO2250@CNT@GC and RuO2300@CNT@GC electrodes were also 

evaluated in the OER, and the obtained results are summarized in Table 2. For 

Ru@CNT only the reduced system Ru@CNT@GC-r was tested, to ensure the presence 

of only Ru0 phase and not RuO2-Ru0 mixture, in order to evaluate a one-phase 

nanomaterial. Thus, when using Ru@CNT@GC-r as WOC (Figure 10a) in acidic 

conditions, almost no current was observed with overpotentials as high as η = 420 mV, 

even for the first voltammetry experiment. From previous works in the literature,20,22 it 

has been stated that metallic Ru is more active than RuO2 for OER. Nevertheless, its 

low stability towards RuO4 formation under OER conditions prevents its use as 

WOC.22a,d In the work of T. Reier, P. Strasser et al., carbon-supported (Vulcan XC 72R) 

Ru0-NPs presented an irreversible oxidation wave at 1.5 V (versus RHE), the same point 

where OER starts for bulk Ru, attributed to a fast corrosion of Ru under the 

electrocatalytic conditions.22d Thus, depending on the catalytic system, high current 

densities are observed on the first voltammetry rapidly decreasing on the subsequent 

ones, or very low current can be already displayed on the first LSV due to faster 

decomposition. The behavior of Ru@CNT@GC-r corresponds to the 2nd case, showing 

a very low current density and a fast deactivation after 3 consecutive LSVs (Figure 10a) 

in the applied conditions, with the same irreversible oxidation wave at 1.5 V.  

 

Figure 10. a) Consecutive polarization curves of Ru@CNT@GC-r under OER condition in 1 M H2SO4 
solution. b) Polarization curves of Ru@CNT@GC-r (dark red), RuO2250@CNT@GC (blue), 
RuO2300@CNT@GC (green) and bare GC (black).  
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In contrast, as shown in Figure 10b, the oxidized RuO2250@CNT@GC and 

RuO2300@CNT@GC nanomaterials display a sharp change on the curve slope at 

around 220-230 mV overpotentials due to the oxidation of water (Table 2, entries 2 

and 3, η0), achieving j = 10 mA·cm-2 at η10 = 364 mV and 385 mV, respectively.  

Table 2. Main physico-chemical and electrochemical data of the CNT-supported Ru-based systems for 
OER. 

Entry System 
NPs’ mean 
size (nm) 

NPs’ 
composition 

η0 

(mV) 
η10 

(mV) 
b  

(mV·dec.
-1

) 

1 Ru@CNT@GC-r 
i 

1.9 ± 0.6 Ru 
ii
 - - - 

2 RuO2250@CNT@GC 3.8 ± 0.6 RuO2 220 364 66 

3 RuO2300@CNT@GC 
5 ± 1 

RuO2 230 385 78 

4 RuO2300@CNT@GC-r 
i
 Ru-RuO2 

ii
 230 300 64 

i 
These samples were treated under reductive conditions (|j| = 10 mA·cm

-2
) for 20 minutes. 

ii 
The 

oxidation state being not yet analyzed, it is an assumption given previous literature data as well as 

observations from other experiments in the research group. 

 

For comparison purposes, the activity of RuO2300@CNT@GC-r nanomaterial was also 

evaluated under OER conditions (Figure 11). 

 

Figure 11. Successive LSV curves obtained for RuO2300@CNT@GC-r in 1 M H2SO4 (1
st

 light green, 
subsequent dashed/dotted green), and RuO2300@CNT@GC (dark green) previous to electroreduction. 

Initially, the activity of the reduced RuO2300@CNT@GC-r is superior to that of to the 

fully oxidized RuO2300@CNT@GC system (η0 ≈230 mV, η10 = 300 mV, b = 64 mV·dec-1). 

These results evidence that a higher activity is achieved in the presence of metallic Ru. 

However, after several consecutive cyclic voltammetries (dashed and dotted light 
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green lines) the current density decreased, what can be attributed to Ru0 

decomposition into RuO4, as previously reported by I. Chorkendorff and T. Reier.22a,d 

The final activity of this system appeared similar to that of RuO2300@CNT@GC before 

the reductive process (dark green line). This suggests first, the formation of a metallic 

layer at the surface of the RuO2 NPs due to the reduction process, and second the 

direct oxidation of the metallic layer into RuO4 in OER conditions, leading thus to a 

similar activity as for RuO2300@CNT@GC after the whole redox stress. 

Tafel plots of RuO2250@CNT@GC, RuO2300@CNT@GC and RuO2300@CNT@GC-r 

species are shown in Figure 12. The Tafel slope values obtained at small overpotentials 

(Table 2, entries 2-4, b) are higher than those expected for mechanisms where the rds 

is the recombination step (the reaction of two Cat-OH groups to form an Cat-O and 

H2O; b = 30 mV·dec-1), and slightly closer to those where the rds is the second electron 

transfer (Cat-OH releases “1H++1ē” to form Cat-O; 40 mV·dec-1), both steps 

corresponding to the “Cat-O” species formation from a Cat-OH (see Chapter 1 for more 

details).20,23  

 

Figure 12. Tafel plot of RuO2250@CNT@GC (blue), RuO2300@CNT@GC (dark green) and 
RuO2300@CNT@GC-r (dashed pale green) systems in 1 M H2SO4. 

Being Ir a scarce and highly-expensive metal which is widely used in the OER as for 

example in commercial PEM electrolyzers, the results obtained for 

RuO2300@CNT@GC-r (being the best ones achieved in this work) were compared with 

those of the IrO2@CNT system reported by C. Li et al.19b RuO2300@CNT@GC-r starts 

catalyzing the oxidation of water at similar overpotentials than IrO2@CNT (η0 ≈ 230 mV 

vs. η0 ≈ 220 mV, respectively), and has also a similar Tafel slope (b= 64 vs. 67 mV·dec-1), 

leading thus to a similar η10 (η10 = 300 vs. 293 mV). However, its low stability makes 

this system unsuitable for OER catalysis under acidic conditions, analogously to what 

happened with Ru/RuO2 Chorkendorff’s system.22a In contrast, RuO2250@CNT@GC 

presents a similar onset and Tafel slope than those two systems (η0 ≈ 220 mV and b = 
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66 mV·dec-1), and despite the slightly higher η10 ≈ 364 mV, RuO2250@CNT@GC’s 

stability is much more remarkable than RuO2300@CNT@GC-r one, stating it as a 

suitable candidate for replacing Ir-based catalysts. 

 

4A.5 Influence of the oxidation state of the NPs  

In both proton reduction and water oxidation catalysis with CNT-supported Ru-based 

nanomaterials, we have observed changes on the electrocatalytic activity, which are 

attributed to modifications of the catalyst surface state and more precisely the 

oxidation state of Ru. As already mentioned, a partial oxidation of the NPs’ surface was 

observed for Ru1 sample when exposed to slow O2 diffusion, leading to a core/shell 

structure where Ru0-core is surrounded by a RuO2 layer (see Chapter 3C). This 

oxidation was proven to be reversible when applying reduction conditions of HER.  

In the present case, the partially oxidized and initially isolated Ru@CNT@GC 

nanomaterial (Table 1, entry 1) has been reduced to Ru0 under reductive conditions 

leading to Ru@CNT@GC-r (see Scheme 2), which reaches moderate activities in HER 

(η0 ≈ 150 mV and η10 = 220 mV) as the result of presenting more metallic Ru sites at the 

surface of the catalyst (Table 1, entry 2). 

 

Scheme 2. Proposed scenario for the oxidation/reduction processes happening at the surface of CNT-
supported Ru and RuO2-NPs during electrocatalysis. 

An analogous trend was observed for RuO2250@CNT@GC and RuO2300@CNT@GC 

samples when these systems were tested as HECs (Table 1, entries 3 and 5). After 

applying a reduction potential for 20 min an “activation” was observed on the 

subsequent LSV experiment (Figure 8, Table 1, entries 4 and 6), probably due to partial 

electroreduction of the surface (RuO2250@CNT@GC-r / RuO2300@CNT@GC-r). This 

led to the formation of a RuO2/Ru0 core/shell-like materials (Scheme 2) that display 

HER activities higher than Ru0 itself (η0 ≈ 50 mV and η10 = 115 mV for 
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RuO2300@CNT@GC-r), as the result of this dual structure. Additionally, the thermal 

treatment could induce changes also on the CNTs, which together with RuO2-crystals 

formation, could facilitate the electron transfer from the electrode to the active 

species, thus displaying higher intensities and kinetics than the Ru@CNT@GC-r. 

In the OER, thermally oxidized RuO2250@CNT@GC and RuO2300@CNT@GC (Table 2, 

entries 2 and 3) showed up to be good catalysts for the OER with small overpotentials 

(η0 ≈ 230 mV and η10 = 385 mV for RuO2300@CNT@GC) and no apparent deactivation 

(Figure 10b). In contrast, the best activities were displayed by the electroreduced 

RuO2300@CNT@GC-r (Table 2, entry 4; η0 ≈ 230 mV and η10 = 300 mV), with a 

RuO2/Ru0 core/shell-like structure. However, the low stability of Ru0 species under OER 

conditions led to a fast decrease on the activity until reaching the same current 

densities as RuO2300@CNT@GC (Figure 11), attributed to a fast oxidation of the 

surface metallic atoms directly into RuO4, which is volatile and so might be leached in 

in solution. A similar behavior was observed with the full metallic Ru@CNT@GC-r 

when tested as WOC (Table 2, entry 1), which displayed very small current intensities 

that dramatically decreased at each LSV (Figure 10a), probably due to its fast oxidation 

into RuO4 in the applied conditions. 

 

4A.6 Conclusions & perspectives 

Several conclusions can derive from the findings obtained in the electrocatalytic water 

splitting using CNT-supported ruthenium based materials as catalysts: 

 The in-situ synthesis of CNT-supported RuNPs was easily performed in the 

absence of any extra stabilizer. The good dispersion and stability of the Ru-NPs 

is attributed to the interaction between the NPs and the CNTs. 

 Thermal oxidation of the supported RuNPs allowed to get completely oxidized 

crystalline RuO2-NPs. A slight sintering was observed but with all the particles 

maintaining in the nano-size range. This confirmed the positive influence of the 

support which limits the sintering of the particles and favors the oxidation 

process. Interestingly, similar oxidation treatments applied to non-supported 

Ru1 NPs (see Chapter 3C for further details), led to agglomeration of the 

particles which prevented their full oxidation, even at 400 °C for 2 h. 

 Both metallic and oxidized RuNPs showed activity in the HER. This activity was 

enhanced after an electroreductive treatment, presumably due to the 

reduction of the superficial-RuO2 to Ru0. This behavior was already observed for 

Ru2-GC to Ru1-GC in Chapter 3C, and also reported in other works involving 

RuO2.21 The low overpotential values achieved by RuO2250@CNT@GC-r and 

RuO2300@CNT@GC-r (η0 ≈ 50 mV and η10 = 115 mV for the latter) are 
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attributed to the RuO2/Ru0 core/shell structure formed after the reductive 

process, as well as to the enhancement of the electron transfer from the 

electrode to the active species. The results obtained place these nanomaterials 

among the most outstanding nano-sized HEC in the literature. 

 The catalytic activity of the CNT-supported nanomaterial was also tested in 

OER, with the RuO2-based materials displaying very small overpotentials (η0 ≈ 

220 mV and η10 = 364 mV for RuO2250@CNT@GC). An influence of the surface 

state of the NPs is believed as a) direct Ru0 oxidation to RuO4 with 

corresponding decrease in the catalytic activity; b) good stability of RuO2 under 

the OER conditions. 

To complete this work, long-term stability studies under both HE and OE reaction 

conditions are required, as well as the determination of Faradaic efficiencies, to obtain 

the roughness of the nanomaterials under the catalytic conditions. Complementary 

XPS and HRTEM analysis will help to confirm the influence of the surface oxidation 

state on the activation/deactivation process. 

The modification of the surface composition of the CNTs appears as an interesting 

perspective to tune the catalytic properties and maybe enhance the stability of our 

nanocatalyst. We have performed preliminary essays in this direction, using different 

molecules as follows: 

 

Figure 13. Ligands Lx (x=1-4) used for the functionalization of MWCNTs. 

 In order to tune the CNTs’ surface we have envisaged to covalently attach 

pyridine-based ligands on the CNTs by an electroreduction process. Such a 

modification on the CNTs’ surface is expected to play a key role both on the 

nucleation/stabilization of the particles during the synthesis and on the 

catalytic performance of the obtained materials due to the electronical 

properties of the pyridine-N. Two modified supports have already been 

synthesized by electrografting through the electroreduction of an in-situ-

formed diazonium salt (Scheme 3),24 starting up from ligands L1 and L2 (see 

Figure 13) and characterized by TGA (Figure 15): 
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Scheme 3. Electrografting process taking part between ligand L1 and a CNT through the 
electroreduction of an in-situ-formed diazonium salt. 

 Additionally, π-stacking “connection” is considered as a clean way to 

functionalize carbon materials, as no chemical reaction is involved for the 

anchoring procedure and so no poisoning species expected on the final 

product.25 Thus, analogous to the previous point, two pyridine/pyrene-based 

ligands (L3 and L4 in Figure 13) have been used to modify the CNT’s surface by 

anchoring them through π-stacking interactions. These molecules present 

different connections between pyrene and pyridine moieties. In L3, there is an 

aliphatic chain with an amide function, in contrast to a direct connection 

between the two groups for L4. L3 and L4 were previously synthesized in the 

lab to anchor metal complexes onto CNTs.2 

 

Figure 14. Representation of π-stacking interactions between a CNT and a pyrene group. 

As seen in Figure 15, TG analysis of the modified Lx@CNT (x=1,2,3,4) materials 

in 50-800 °C shows a weight loss in the 50-550 °C region attributed to the 

decomposition of anchored ligands L1-L4 on the surface of the CNTs. For 

ligands L1-L2 a weight loss of ≈4% is observed, whereas for L3-L4 it is of ≈6%. A 

main difference is present in the coordination mode of the ligands: covalent 

bond for L1 and L2 and π-stacking for L3 and L4. The higher range of 

temperatures at which the ligands are decomposed is due to the anchoring 

(from previous works, e.g. Chapter 3B, we know that this kind of ligands 

degrade at 350-450 °C). 
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Figure 15. TGA of the modified CNTs with ligands Lx: in red, electrografted L1@CNT and L2@CNT 
(dashed), and in blue, “π-stacked” L3@CNT and L4@CNT (dashed). 

Future comparison studies based on the synthesis of RuNPs onto these new supports 

and the evaluation of their electrocatalytic performance should provide interesting 

results about the influence of these two modes of anchoring onto both the stability 

and catalytic activity of the obtained nanomaterials. 

 

4A.7 Experimental part 

Reagents. All operations for the synthesis of Ru@CNT samples were carried out using 

standard Schlenk tubes, Fisher–Porter bottle techniques or in a glove-box (MBraun) 

under argon atmosphere. Solvents (THF and pentane) were purified before use by 

distillation under N2 atmosphere with a drying agent (sodium+benzophenone and 

CaH2, respectively) and degassed according to a freeze–pump–thaw process. The 

ruthenium precursor, [Ru(cod)(cot)] was purchased from Nanomeps-Toulouse. 

Hydrogen gas was purchased from Abelló Linde, S.A. MWCNTs were purchased from 

Nanostructured & Amorphous Materials, Inc. (Texas, USA) with 99.9% purity and an 

OD: 50-80 nm and 10-20 µm length. High purity deionized water was obtained by 

passing distilled water through a nanopore Milli-Q water purification system.  

Synthesis of Ru@CNT.  In a Fisher Porter reactor, 20 mg of MWCNTs were dispersed in 

20 mL of dried and degassed THF in an ultrasound bath for 30 min. Then 5 mg (0.032 

mmol) of [Ru(cod)(cot)] were added in the reaction medium inside a Glove-box. After 

pressurization of the reactor with 3 bar of H2 at room temperature (r.t.), the initial 

yellow solution turned dark brown in a few minutes. A vigorous magnetic stirring and 

the H2 pressure were maintained for 2 h. After this reaction time, the H2 pressure was 
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evacuated. A drop of the colloidal suspension was deposited onto a carbon-covered 

copper grid for TEM analysis, and the Ru nanomaterial was isolated as a black powder 

by centrifugation and washing with THF and pentane and drying under vacuum.  

RuO2250@CNT and RuO2300@CNT. Ru@CNT sample was oxidized at 250 or 300 °C 

inside a furnace during 2 h in aerobic conditions. The furnace was pre-heated at the 

desired temperature previous to sample introduction 

Characterization. The crude suspension has been characterized by Transmission 

Electron Microscopy (TEM), and the isolated solid by High Resolution TEM (HRTEM) 

coupled with Energy-Dispersive X-ray spectroscopy (EDX), X-Ray Photoelectron 

Spectroscopy (XPS), Inductive-Coupled plasma (ICP) and ThermoGravimetric Analysis 

(TGA). 

Transmission Electron Microscopy (TEM) and High resolution TEM (HR-TEM). TEM 

was performed at the “Servei de Microscopia de la UAB” using a JEOL JEM 2010 

electron microscope, and HRTEM at the “Centre de Microcaractérisation Raymond 

Castaing” in Toulouse (UMS-CNRS 3623) on a JEOL JEM-ARM 200F microscope working 

at 200 kV with a point resolution 0.19 nm. Samples for transmission electron 

microscopy (TEM) analyses were prepared by slow evaporation of a drop of the crude 

dispersion deposited onto a holey carbon-covered copper grid. Samples for high-

resolution transmission electron microscopy (HRTEM) analyses were prepared by the 

same way from purified samples redispersed in THF. TEM allowed evaluating the 

particle’s mean size, size distribution, dispersion and morphology. Enlarged 

micrographs were used for treatment with ImageJ software to obtain a statistical size 

distribution and the nanoparticles’ mean diameter. The analyses were done assuming 

that the NPs are spherical. NPs sizes are quoted as the main diameter ± the standard 

deviation. FFT treatments of HRTEM images were carried out with Digital Micrograph 

Version 1.80.70 to determine the crystalline structure of the material. The analyses 

were done by assuming that the nanoparticles are spherical. Nanoparticle sizes are 

quoted as the mean diameter ± the standard deviation.   

X-Ray Photoelectron Spectra (XPS). Measurements were performed at the Catalan 

Institute of Nanoscience and Nanotechnology (ICN2) in Barcelona with a Phoibos 150 

analyzer (SPECS GmbH, Berlin, Germany) in ultra-high vacuum conditions (base 

pressure 5E-10 mbar) with a monochromatic aluminium Kalpha X-Ray source (1486.74 

eV). The energy resolution was measured by the FWHM of the Ag 3d5/2 peak for a 

sputtered silver foil was 0.62 eV. 

Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES). Measurements 

were performed on an Optima 4300DV Perkin-Elmer system. Samples were prepared 

by taking 5 mg of the NP powders and digesting them with aqua regia under 

microwave conditions followed by a dilution of the mixture with HCl 1% (v/v).  
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ThermoGravimetric Analysis (TGA). Thermogravimetric analyses were performed by 

Prof. S. Suriñach in the Materials Physics Department of UAB. They were carried out in 

a Perkin Elmer TGA 7 analyzer. Measurements were carried out in a 30-750 °C 

temperature range in continuous heating regimes (2 °C/min) under Ar atmosphere. 

The samples were pre-treated for 30 min at 150°C under vacuum in order to remove 

any solvent residues. 

The percentage of ligand in the sample was calculated as follows. From the ligand 

experiment we attribute the beginning of the ligand loss at 140 °C, so the value at this 

temperature was taken as initial value. For the final ligand loss point, the value on the 

change of the slope was taken. The latter was subtracted from the former to obtain 

the ligand percentage on each sample. 

 

Electrochemical measurements. All the electrochemical experiments were performed 

using a BioLogic SP-150 potentiostat. Rotating disk electrode (RDE) was rotated at 

3000 rpm in order to ensure complete removal of in-situ formed gas bubbles. The 

solutions were degassed previous to the electrochemical analysis with a N2 flow. 

Ohmic potential (IR) drop was automatically corrected at 85 % using the Biologic EC-

Lab software for cyclic voltammetry and chronoamperometry. For 

chronopotentiometry experiments IR drop was manually corrected (Emod = Emeas + EIR, 

mod=modified and meas=measured) at 85% by adding the corresponding potential 

value EIR = iexp x (Rmes x 0.85), where iexp is the applied current in A and Rmes is the 

measured resistance in Ω. 1 M H2SO4 solution was prepared by mixing 56.1 mL of 95-

97 % H2SO4 in 1 liter of Mili-Q water. 

Either a glassy carbon disk (GCd, ф = 0.3 cm, S = 0.07 cm2) or a rotating disk electrode 

(RDE, ф = 0.3 cm, S = 0.07 cm2) were used as working electrodes (WE). A Pt grid was 

used as counter electrode (CE) and a Saturated Calomel Electrode (SCE, KCl sat.) was 

used as a reference electrode (RE). All data were transformed to RHE by adding +0.24 

V. 

Electrode Preparation. A 2 mg·mL-1 dispersion was prepared by adding 1 mg of sample 

in 500 µL of THF and sonicating for 30 min. Then, a 5 µL aliquot (for GCd and RDE) of 

this dispersion was added on the surface of the GC (S = 0.07 cm2), and dried with a N2 

flow.  

Linear Seep Voltammetry (LSV). For LSV a 20 mL vial was used as an electrochemical 

cell. For HER experiments, the system was scanned from Ei = 0.640 V to Ef = -0.360 V at 

a scan rate of 10 mV/s unless otherwise stated, and from Ei = 0.240 V to Ef = 1.640 V 

for OER experiments, at a scan rate of 10 mV/s unless otherwise stated. 

 



 RuNPs Supported onto C-based materials as WS Catalysts 

- 173 - 
 

4A 

4A.8 References 

                                                      
1 a) S. W. Gersten, G. J. Samuels, T. J. Meyer, J. Am. Chem. Soc. 1982, 104, 4029-4030; b) J. R. 

McKone, S. C. Marinescu, B. S. Brunschwig, J. R. Winkler, H. B. Gray, Chem. Sci. 2014, 5, 865-

878. 

2 J. Creus, R. Matheu, I. Peñafiel, D. Moonshiram, P. Blondeau, J. Benet-Buchholz, J. García-

Antón, X. Sala, C. Godard, A. Llobet, Angew. Chem. Int. Ed. 2016, 55, 15382-15386 

3 a) R. Matheu, L. Francàs, P. Chernev, M. Z. Ertem, V. Batista, M. Haumann, X. Sala, A. Llobet, 

ACS Catal. 2015, 5, 3422-3429; b) T. Abe, T. Goto, K. Ohzeki, M. Kaneko, Electrochim. Acta 

2000, 45, 4009-4014. 

4 M. Zheng, Y. Li, J. Mater. Chem. A 2015, 3, 14942-14962 

5 T. Bhowmik, M. K. Kundu, S. Barman, ACS Appl. Mater. Interfaces 2016, 8, 28678-28688 
6 a) J. Mahmood, F. Li, S. Jung, M. S. Okyay, I. Ahmad, S. Kim, N. Park, H. Y. Jeong, J. Baek, 

Nature Nanotech. 2017, 12, 441-446; b) J. Cheng, H. Zhang, H. Ma, H. Zhong, Y. Zou, 

Electrchim. Acta 2010, 55, 1855-1861; c) X. Kong, K. Xu, C. Zhang, J. Dai, S. N. Oliaee, L. Li, X. 

Zeng, C. Wu, Z. Peng, ACS Catal. 2016, 6, 1487-1492; d) Y. Zheng, Y. Jiao, Y. Zhu, L. H. Li, Y. 

Han, Y. Chen, M. Jaroniec, S. Qiao, J. Am. Chem. Soc. 2016, 138, 16174-16181; e) Z. Chen, J. 

Lu, Y. Ai, Y. Ji, T. Adschiri, L. Wan, ACS Appl. Mater. Interfaces 2016, 8, 35132-35137; f) J.-Q. 

Chi, W. K. Gao, J. H. Lin, B. Dong, K. L. Yan, J. F. Qin, B. Liu, Y. M. Chai, C. G. Liu, 

ChemSusChem 2018, 11, 743-752. 

7 a) Y. Zhang, T. Ren, Chem. Commun. 2012, 48, 11005-11007; b) N. C. King, C. Dickinson, W. 

Zhou, D. W. Bruce, Dalton Trans. 2005, 0, 1027-1032; c) E. Demir, S. Akbayrak, A. M. Önal, S. 
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4B. Carbon Microfiber-Supported RuNPs as HECs: Stabilizing 

Effect of the Support & Surface Environment  

 

4B.1 Introduction 

In the previous sub-Chapter 4A, CNTs were used as catalyst support for Ru-based NPs, 

considering their well-known properties as, for example, high stability in a wide range 

of conditions and large surface area. Good overpotential and current intensity values 

have been obtained with Ru@CNTs for HER/OER, as reported for other CNT-based 

molecular systems.1 However, to be applied as electrocatalysts for water splitting 

reactions, CNT-based species require to be deposited onto an electrode, what 

endangers the mechanical stability as there is no chemical bond in this immobilization. 

Additionally, when deposited onto small-surface-area electrodes, the absolute yields 

of produced H2/O2 are very low, which is a limiting factor for their applicability in scale-

up devices. 

Thus, another appropriate carbon-based material is needed for large-scale 

electrocatalytic HER applications and carbon fibers (CFs) appear as a material of choice 

to attend this objective. Indeed, carbon fibers are a low-cost carbon-based material 

that presents high surface area, high chemical and thermal stability and also a 

remarkable electric conductivity. In addition, CFs are highly flexible and portable, being 

able to bent, twist or fold in any direction while being able to easily restore their 

original shape.2 Moreover, CFs are an electrode itself, thus avoiding their 

immobilization onto other conductive supports (as in the case of CNTs) being directly 

used as working electrodes for electrocatalytic experiments. 

In the literature, only a few HE-nanocatalysts based on the use of CFs as both the 

catalyst support and electrode (or derivatives such as CF cloth or CF paper) have been 

developed so far.3 They are mainly made of low-cost and highly-abundant first-row 

transition metals, such as Ni4 or Co.5 Moreover, when bare CFs were tested as 

potential-HECs without any further modification and no additional species they 

showed catalytic activity and a good robustness.6 However, the lack of homogeneity in 

benchmarking the results does not allow a proper comparison of the described 

catalysts. Nevertheless, CFs seems to be an ideal support in order to achieve a more 

efficient HER nanocatalyst through a symbiotic-type interaction. The immobilization of 

RuNPs can lead to an enhancing of the current intensities in comparison with those of 

the bare support, and a higher stability and recyclability of the particles can be 

achieved. 

In the following part, we will describe the preparation and characterization of a 

cathodic system for HER based on RuNPs supported onto carbon microfibers (CFs) 
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which are composed by a pyridyl-based structure (see Figure 1-left). These CFs-

electrodes were provided by Dr. R. Mas-Ballesté from the Universidad Autónoma de 

Madrid. As previously proven when using pyridine-type ligands as stabilizers of RuNPs 

(Ch. 3B-3C), pyridyl groups can enhance the activity of the catalytic material. In the 

present case we can also expect an improvement of the nanoparticle grafting 

efficiency on the carbon fibers. Additionally and for comparison purposes, CFs 

modified under oxidative treatment were also provided, which contain carboxylate 

groups on the pyridyl-based structure, in the form of nicotine-like species. The NPs 

have been obtained through the organometallic approach,7 by decomposing in-situ the 

[Ru(cod)(cot)] precursor in the presence of the CFs. In addition, Ru-0.2PP nanomaterial 

(Ru1 in Ch. 3C) has been deposited onto the same CFs in order to compare the 

electrocatalytic performances of this other CF-supported Ru nanocatalyst with those of 

in-situ prepared Ru@CF systems. As it will be shown, our studies allowed to 

demonstrate that the use of functionalized / non-functionalized CFs as well as the 

different stabilization of the NPs play a key role in the HER activity attained, but even 

more importantly, on the stability of the hybrid nanomaterial. 

 

4B.2 Synthesis & characterization of CF-supported RuNPs  

Four different CF-supported RuNPs systems have been prepared for comparison 

purposes in catalysis. First, two different supports were provided by Dr. R. Mas-

Ballesté: non-modified pristine carbon fibers (pCF, Figure 1 and Figure 2a and b) and 

functionalized CFs (fCF, Figure 1 and Figure 2c and d).6 pCF/fCF are composed by 

pyridyl groups in a graphene-like structure with a clean surface, but XPS proves that 

they are less structured than the “highly oriented pyrolytic graphite” reference 

material, as described in a previous publication by R. Mas-Ballesté et al. fCF have been 

obtained by surface oxidation of pCF in a 1:1 mixture of H2SO4/H2O2 at r.t. (see Figure 

1, left), to obtain carboxylate groups on the pyridyl moieties in the form of nicotine-

like species. In this oxidative process the graphitic regions of the carbon fibers were 

not altered and therefore, electric conductivity is preserved.  

 

Figure 1. Left, preparation of fCF from pCF. Right, LSV experiment of pCF and fCF in 1 M H2SO4 before 
and after a 2 h bulk electrolysis at j = -10 mA·cm
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Those modified fibers (fCF) have been demonstrated to be electroactive catalysts 

towards HER, as the result of the presence of carboxylated moieties in their pyridyl-

based carbon structure (Figure 1, right).6 Additionally, when acting as a support for 

nanoparticles, such a functionalization is expected to have influence on both the 

grafting and chemical stabilization of the NPs, and consequently on the stability 

towards modification of their oxidation state during catalysis investigation. In the same 

Figure 1-right, we can observe that pCF display much worse activity towards HER. 

Previous to modification with RuNPs, the CF-filaments were joined in ≈21000-fibers 

bunches and cut in 6-cm long electrodes, each weighting ≈90 mg (see Experimental 

part for more details). 

 

Figure 2. TEM pictures of non-modified pCF (a and b) and fCF (c and d) at different magnifications. 

The deposition of RuNPs on the pCF and fCF electrodes has been performed by two 

different ways based on the organometallic approach.7 On one hand (1st method), an 

in-situ synthesis of RuNPs has been carried out by decomposing 10 mg of 

[Ru(cod)(cot)] (cod: 1,5-cyclooctadiene; cot: 1,3,5-cyclooctatriene) in the presence of 

the CF electrodes (90 mg) in THF, at r.t. under 3 bar of H2. Two electrodes (one pCF and 

one fCF) were placed in the reaction vessel to ensure same reaction conditions for the 

two new species, meaning a Ru/CF ratio of ≈ 1.8 wt.% in each reaction. By this way 

naked metal atoms released from the decomposition of the Ru precursor nucleated 

directly on the carbon-based surface, as represented in Scheme 1. In these conditions, 

only the carbon surface of the support, which is based on a pyridylic structure and 

a) b)

c) d)
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carboxylic groups functionalities when present (fCF), and THF used as solvent can 

contribute to the stabilization of the RuNPs. 

 

Scheme 1. In-situ synthesis of CF-supported Ru-NPs. 

On the other hand (2nd method), pre-synthesized Ru-0.2PP nanoparticles as previously 

described in Chapter 3B-3C were immobilized on the CFs by soaking xCF (x=p,f) into a 

crude colloidal dispersion of Ru-0.2PP. In this case, the RuNPs have been first stabilized 

by the PP ligand and in a second step deposited on the CFs by a simple immersion of 

the support in the colloidal dispersion stirring at r.t. overnight. The idea was here to 

study the influence of the presence of both a stabilizing ligand and the CF supports 

onto the catalytic properties. It is important to note that, when supported on a glassy 

carbon disk electrode (Ch. 3B-3C), Ru-0.2PP NPs showed large current intensities at 

low overpotentials for the electrocatalytic reduction of protons, with excellent stability 

after 12h catalyzing the evolution of H2 under strong acidic (Ru1-GC) and basic (Ru2-

GC) conditions (1 M H2SO4 and 1 M NaOH, respectively).  

The combination of the two different CFs supports (pCF & fCF) and two synthetic 

methodologies (1st & 2nd method, in-situ & ex-situ, respectively) has led to obtain 4 

different CF-supported RuNPs systems: Ru@pCF and Ru@fCF (1st method), and 

RuPP@pCF and RuPP@fCF (2nd method). After purification by rinsing with pentane, 

these nanomaterials have been characterized by TEM, XPS and ICP analysis. Figure 3 

shows representative TEM pictures recorded for the 4 CF-supported RuNPs systems. 

One can detect in each case the presence of very small particles onto the surface of 

the carbon fibers. Even if a few agglomerates of very small NPs have been also 

observed, they are mostly organized into a homogeneous layer standing along the 

fibers, except for Ru@fCF system which repeatedly showed more NPs’ agglomeration. 

This is important to note as it can have an important effect on the electrocatalytic 

performance, as less NPs’ surface and consequently less catalytic sites might be 

exposed. 

High particle-loading on the CFs’ surface and very small particles’ dimension are visible 

characteristics on the TEM images. The bad contrast caused by the fibers and the small 

diameter of the particles made difficult to measure the mean sizes, which appears to 

be in the 1-2 nm range in the 4 cases (Figure 3-right for size histograms and Table 1). 

mailto:Ru@0.2PP
mailto:Ru@0.2PP
mailto:Ru@0.2PP
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Figure 3. Representative TEM images of a) Ru@pCF, b) Ru@fCF, c) RuPP@pCF and d) RuPP@fCF CF-
supported RuNPs systems. 

We can note a slight difference in mean size between the materials RuPP@pCF and 

RuPP@fCF, namely 1.5±0.3 against 1.8±0.7 nm, while no difference is expected as the 

same batch of preformed NPs has been used in these two cases. Nevertheless, we can 

consider that it is not significant given the large standard deviation observed in the 

second case and due to the difficulties of the measurements. Further, when comparing 
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the Ru@pCF and Ru@fCF systems, it seems that the presence of carboxylic acids 

groups on the carbon fibers has no influence on the RuNPs mean size (1.2±0.4 against 

1.0±0.2 nm, respectively) but here also the difficulties in measurements cannot allow 

us to conclude unambiguously. 

As already observed in Chapter 3C, XPS analyses show that the RuNPs contain two 

phases, metallic Ru and RuO2, due to a partial oxidation of the NPs’ surface (Figure 4).  

 

Figure 4. XPS analysis of a) Ru@pCF (blue), b) Ru@fCF (red), c) RuPP@pCF (green) and d) RuPP@fCF 
(orange). Background (grey), metallic-Ru component (Ru 3d5/2-279.8, dashed black), RuO2-component (Ru 3d5/2-
280.8, dotted-black), envelope (bold). 

Finally, ICP analysis results of the 4 nanomaterials slightly vary from one sample to the 

other. The measured Ru content is in the 0.4-1.1% range in all the cases. This low 

loading could be expected as the fibers’ thickness is 8 µm, which implies a high C 

content. However, considering the initial Ru/CF ratio present in the reaction vessel 

(≈1.8 Ru wt.%), the values confirm an effective immobilization by the two 

methodologies. 

 

4B.3 Electrocatalytic HER studies 

Having in hands 4 different CF-supported RuNPs systems, they have been investigated 

in electrocatalytic proton reduction catalysis. In order to limit electrochemical 
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reproducibility issues caused by fibers’ self-attaching, electrodes were built using 1 mg 

of each sample for electrocatalytic evaluation (see Experimental part for electrode 

preparation). In addition, when H2 is being produced it forms big bubbles that block 

the electrode surface altering the electrochemical response, being this phenomenon 

diminished by using the 1mg-samples. The electrodes were tested in a two-

compartment cell in 1 M H2SO4 under reductive potentials. First, a change on the 

current intensity has been observed at reductive potentials < 0 V vs. RHE, which is the 

thermodynamic potential for H+ reduction reaction (Etherm). The current intensity, 

which is referenced per mg of material, icat = [mA·mgcat
-1], has been also normalized by 

the Ru wt.% in each case, in order to be able to compare the catalytic activity between 

samples with different loadings, and the new values were labeled as iRu = [mA·gRu
-1].  

Table 1. Main data describing the electrochemical performance of Ru@pCF, Ru@fCF, Ru0.2PP@pCF and 
Ru0.2PP@fCF at 1M H2SO4. RuNPs’ mean size (Ø), onset overpotential (η0), overpotential at icat = 10 
mA·mg

-1
 (η10), Ru wt. % in the sample, overpotential at |iRu| = 1 A·mg

-1
, percentage of current intensity 

at η=200 mV after a 2h electrolysis. 

System Ø (nm) 
η0 

(mV) 
η10  (mV,  

icat = 10 mA·mg
-1

) 
Ru 

wt.% 
η  (mV,  

|iRu| = 1 A·mg
-1

) 
% icat            

(t = 2 h)* 

pCF - 220 - - - - 

fCF - 180 - - - - 

Ru1 1.5 ± 0.3 0 20 (j = 10 mA·cm
-2

) 85 90 - 

Ru@pCF 1.4 ± 0.4 70 265 0.57 240 34 

Ru@fCF 1.0 ± 0.2 30 235 0.65 210 16 

RuPP@pCF 1.8 ± 0.3 5 225 0.47 150 99 

RuPP@fCF 1.5 ± 0.7 0 180 1.10 190 40 

* %icat calculated by dividing icat (η=200 mV) at t=2 h by the value at t=0 as short-term stability data. 

 

 

Figure 5. Polarization curves of Ru@pCF (blue), Ru@fCF (red), Ru0.2PP@pCF (green), Ru0.2PP@fCF (orange), pCF 
(black) and fCF (grey) at 1 M H2SO4 normalized by mg of material (left) and by mg of Ru (right). 
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Observing Table 1 and Figure 5, we can conclude that the two factors, namely a) fibers’ 

nature and b) NPs’ surface environment, both play a key role on the activity and 

stability of the CF-supported RuNPs hybrid systems. On one hand, ex-situ synthesized 

RuPP-systems (RuPP@pCF and RuPP@fCF) reach higher intensities at smaller 

overpotentials than in-situ Ru-based ones (Ru@pCF and Ru@fCF). This behavior 

confirms the positive effect of the 4-phenylpyridine ligand interaction with the 

particles on their catalytic performance, as observed in Chapter 3B-3C with non-

supported Ru-0.2PP/Ru1-GC NPs. Indeed, η0 is close to 0 mV for RuPP@pCF and 

RuPP@fCF, confirming a similar behavior than that of Ru1-GC, and thus no influence of 

the carbon support in this parameter. In contrast, Ru@pCF and Ru@fCF show higher 

η0 (30 and 70 mV, respectively) than RuPP@xCF, comparable with those in the 

literature for C-supported RuNPs.8  

On the other hand, higher currents are observed for Ru@fCF and RuPP@fCF in 

contrast to their pCF counterparts (Ru@pCF and RuPP@pCF). This result suggests a 

positive influence of the functionalized support on the catalytic activity, possibly due 

to the ē-donor ability of the carboxylate groups formed on the pyridyl structure after 

the treatment with H2SO4/H2O2. 

For stability studies, overpotentials equal to 350 mV and 250 mV were applied for 

systems Ru@xCF and RuPP@xCF respectively (x=p,f), in order to reach a |icat| ≈ 10 

mA·mgcat
-1 but avoiding the use of abusive reduction potentials. Table 1 summarizes 

the electrochemical performances of the four different systems displayed in Figure 6.  

The last column in Table 1, % icat (t=2h) defined as the remaining current percentage at 

a specific η = 200 mV after 2 h at 250-350 mV reductive potential, gives an idea of the 

stability of the system during catalysis (graphical data in Figure 6). While Ru@fCF 

diminishes its icat to >1/5th in <2h (icat = -5.0 mA (t=0) vs. -0.8 mA (t=90min)), Ru@pCF 

still keeps 1/3rd icat after a similar time (icat = -1.8 mA (t=0) vs. -0.4 mA (t=2h)), requiring 

5h to lose the same percentage of activity. Similar to that, RuPP@fCF requires 2h to 

lose 60% of the icat (icat = -14.5 mA (t=0) vs. -5.7 mA (t=2h)), still more stable than 

Ru@xCFs systems. Impressively, RuPP@pCF is almost unaltered after 2h (icat = -8.6 mA 

(t=0) vs. -7.7 mA (t=2h), with 40% icat remaining after 18h. Therefore, the stability 

decreases as: 

RuPP@pCF > RuPP@fCF > Ru@pCF > Ru@fCF 
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Figure 6. LSV curves of A) Ru@pCF, B) Ru@fCF, C) RuPP@pCF and D) RuPP@pCF, along a bulk electrolysis 
experiment at 1M H2SO4 pH=0. An Eapp=250 mV was used for Ru@xCF systems to reach icat≈10 mA·mg during the 
electrolysis, and Eapp=150 mV for RuPP-based systems. 

According to these results, concerning the use of pCF or fCF as supports, although fCF 

is able to reach higher current densities with the two types of NPs (in-situ vs. ex-situ), 

pCF provides a higher stability than the fCF counterpart (either for the in-situ and for 

the ex-situ Ru1). This suggests that the carboxylate groups present in the 

functionalized fCF play a negative role on the stabilization of the particles under 

catalytic conditions, deteriorating the stability provided by the pyridyl-based structure 

of both CFs. Also, the use of ex-situ pre-synthesized Ru1 NPs vs. the in-situ obtained 

ones strongly enhances the robustness of the hybrid materials, being the Ru1-based 

systems more stable than any of the two Ru@xCFs’ electrodes. It is also worth 

mentioning that a higher reduction potential was required for Ru@xCFs to reach |icat| 

≈ 10 mA·mgcat
-1. This difference is attributed to the absence of the PP ligand on the 

surface of the Ru@xCFs’ samples which, as proved in Ch. 3B-3C, is a key factor on the 

catalytic performance of the RuNPs. Moreover, Ru@fCF TEM pictures showed more 
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agglomerates of small NPs than the other systems, an effect that could be also 

influencing its low stability. 

To unravel the causes influencing the stability of the four systems and further 

consequences, TEM analyses of the modified CFs after the 2h bulk electrolysis 

experiment were performed. The presence/absence of Ru in solution was checked by 

ICP. Comparing TEM images in Figure 7, there is visual evidence that the in-situ 

prepared Ru@xCFs systems leach a high amount of the initial NPs during the catalytic 

process, leaving a cleaner CFs’ surface for both Ru@pCF and Ru@fCF (Figure 7a and b, 

respectively) with some agglomerates also formed during the catalytic reaction. This 

trend is confirmed by EDX analysis on the surface of Ru@pCF and Ru@fCF (Figure 8a 

and b, respectively) showing almost no presence of Ru, what is in agreement with the 

electrocatalytic results. 

 

Figure 7. Representative TEM images of a) Ru@pCF, b) Ru@fCF, c) RuPP@pCF and d) RuPP@fCF at t=0 
and t=2h after bulk electrolysis in 1 M H2SO4 at η =250 and 350 mV for Ru@xCF and RuPP@xCF, 
respectively.  

In contrast, the two Ru1-based systems (RuPP@pCF and RuPP@fCF) showed similar 

loading on the surface of the fibers before and after catalysis (Figure 7c and d, 

respectively), with very small NPs along the CFs’ surface and almost no agglomeration 

observed. EDX analyses (Figure 8c and d, respectively) confirm in this case the 

presence of Ru throughout the surface. Two possibilities may justify the NPs’ leaching 

from the surface of the electrode. On the one hand, the evolution of the material 

under catalytic conditions may form molecular species that get solved in the reaction 

media. Considering the stability results obtained in the other parts of this manuscript 

and the lack of literature supporting this hypothesis, this process is not likely expected. 

On the other hand, mechanical instability can suppose a continuous loss of NPs, which 

may settle down on the bottom of the reaction vessel as detached NPs. 
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Figure 8. TEM/EDX analysis of a) Ru@pCF, b) Ru@fCF, c) RuPP@pCF and d) RuPP@fCF at t=2h after bulk 
electrolysis in 1 M H2SO4 at η =250 and 350 mV for Ru@xCF and RuPP@xCF, respectively. 

In this sense, ICP-OES analyses were performed from the reaction solution (1 M H2SO4) 

after 2h bulk electrolysis. The results showed a small quantity of Ru for the four 

systems (<0.1 mg·L-1, ≈5% out of the total Ru in the samples) very close to the 

detection limit and to the reference sample (1 M H2SO4 used as blank solution). Thus, 

as expected, the instability problem does not seem to be caused by dissolution of new 
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Ru-species but by mechanically detaching of the NPs from the CFs’ surface. By this 

way, the particles could remain on the bottom of the reaction vessel, and thus not 

being taken for ICP analysis. Further studies need to be performed to confirm this 

hypothesis. 

In order to test the Faradaic efficiency (FE, %) of the systems, 10-min bulk electrolysis 

experiment were performed with a H2-clark sensor in-situ detecting the H2 generation 

and storage on the gas phase. The charge passed through the system was transformed, 

first to moles of electrons by the Faradaic constant (96485 C·mol-1), and second to 

theoretical H2 moles, taking into account that the formation of every hydrogen 

molecule requires two electrons (2H++2ēH2). The experimental data were extracted 

from the clark sensor: they were transformed to hydrogen moles by calibrating the 

electrochemical signal (mV) with different amounts of 99% pure H2 and extrapolating 

the obtained data. The FE was estimated by dividing the sensor value by the charge 

value at the end of the experiment, confirming that almost quantitative amount of 

electrons were specifically devoted to the reduction of protons and not to other side 

processes (see Figure 9).  

 

Figure 9. H2-monitored bulk electrolysis experiments for Fadaraic efficency (FE) determination. For 
Ru@pCF/Ru@fCF and RuPP@pCF/RuPP@fCF an Eapp of 350 and 250 mV were respectively applied. 
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Although the HER is obviously favored in acidic conditions due to the higher H+ 

concentration, photoelectrochemical devices tend to work in basic media. This is 

because the oxidative semi-reaction (OER), which is more complex, is favored in 

alkaline solutions, where the release of protons for the PCET mechanism is much 

easier. Additionally, metal-based catalysts are usually unstable in strong acidic 

conditions, better tolerating high pH ranges. In view of this, Ru@pCF was tested at 

different pHs, to study the effect of this parameter on its catalytic performance. It is 

known from Chapter 3C that Ru1 is very active and presents long-term stability at 

extreme pH conditions (1 M H2SO4 and 1 M NaOH).  

 

Figure 10. LSV curves of Ru@pCF at different pH conditions: 1 M H2SO4 pH=0 (blue), BBS pH=2 (maroon), 
PBS pH=7 (green), BBS pH=9 (purple) and 1M NaOH pH=14 (orange). 

Polarization curves at pH= 0, 2, 7, 9 and 13 show a very similar trend as Ru1. Current 

densities decrease in medium-range pHs, with the worst results displayed at pH=7, but 

a high icat is achieved at pH=13, although it is lower than the activity observed at pH=0. 

In order to benchmark the catalytic activity with other systems on the literature, 

activity normalization was carried out for our best system RuPP@pCF by the 

calculation of the double-layer capacitance (CDL), electrochemically active surface area 

(ECSA) and specific activity at η = 100 mV (jS(η=100)), as proposed in Jaramillo’s 

methodology (Figure 11a and b).9 An ECSA = 91.6 cm2 was obtained, in the same range 

as the one calculated for Ru1-GC in 1 M H2SO4 (57 cm2). This value leads to a jS(η=100) = 

0.028 mA·cm-2, which is within the same range than some of the electrocatalysts 

reported on Table A3 in Annex1 (NiW: 0.014 mA·cm-2; NiMoCo: 0.043 mA·cm-2), but 

lower than Ru-GC and Ru1-GC (0.067 and 0.550 mA·cm-2, respectively) from Ch. 3A and 

3C, respectively.  
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Figure 11. ECSA calculation through the electrochemical method described by Jaramillo et al. (a and b),
9
 

and c) LSV curve normalized by ECSA (left axis) and by the estimated surface area S = 0.3 cm
2
 (right axis) 

in 1 M H2SO4. 

On the literature, CFs-based nanocatalysts normalize their CDL values by the electrode 

geometrical surface area, a parameter that we could not analyze. As an estimation 

from studies made by R. Mas-Ballesté et al.,6 we assume that our 1-mg build 

electrodes have a geometrical surface area of 0.3 cm2 (for further details see 

Experimental part). Considering this value, a normalized CDL of 4.57 mF·cm-2 is obtained 

for RuPP@pCF, being that result among the best ones reported for CFs’ supported 

HECs (Table 2). 

Table 2. Comparison of different CF-supported HECs. Parameters: onset overpotential (η0, mV), 
overpotential at j = -10 mA·cm

-2
 (η10, mV), double-layer capacitance per surface unit (CDL/S, mF·cm

-2
). 

Ref. System Media 
η0 

(mV) 
η10 (mV,  

|j |= 10 mA·cm
-2

) 
CDL/S  

(mF·cm
-2

) 

4a Ni3N/CMFs/ Ni3N 1 M KOH 28 115 221.1 (1 M KOH) 

4b NiO-NRs/FCP 1 M KOH 60 110 - 

4c NiWS/CF 0.5 M H2SO4 150 56 596.2 

4d NiP/CP 0.5 M H2SO4 75 98 - 

5a PANI/CoP HNWs-CFs 0.5 M H2SO4 20 55 113.4 

5b Fe-Co9S8 NSs/CCF 0.5 M H2SO4 100 65 373.19 (1 M KOH) 

5c CoP/CFP-H 0.5 M H2SO4 100 128 2.29 

3 WSe2 NF/CF 0.5 M H2SO4 225 375 - 

This 
work 

RuPP@pCF 1 M H2SO4 0 110 (0.3cm
2
) 4.57 (ECSA=91.6cm

2
) 

 

Additionally, from the estimated S = 0.3 cm2, a η10 of 110 mV was calculated, which is 

an acceptable value in comparison to those reported by other CFs-based 

electrocatalysts (see Table 2). Although S = 0.3 cm2 is an estimated value, it was the 

only way to benchmark our results with those on the literature. This is because neither 

the ECSA nor jS(η=100) are provided for any of the reported electrocatalysts, thus limiting 

the proper catalysts comparison.  
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4B.4 Conclusions & perspectives 

To sum up, we have prepared four different cathodes based on Ru nanoparticles 

deposited onto carbon fibers as a support, varying either the functionalization state of 

the carbon-based support or the synthetic procedure for the deposition of the 

particles, and consequently the surface environment. When tested as working 

electrodes in an electrochemical set-up for the proton reduction reaction, the four 

systems showed different activity and stability behaviors:  

1) Ru@fCF and RuPP@fCF show both higher currents than their pCF-

counterparts, confirming a positive trend of the presence of carboxylic groups 

on the CFs structure, on the catalytic activity of the RuNPs. 

2) However, pCF-based electrodes display a higher stability than fCF-ones, 

meaning that those carboxilated functionalities present on the fCF electrodes 

play a negative role on the catalytic stability of the NPs.  

3) PP-stabilized systems show higher current densities at lower overpotentials 

than Ru@xCF, confirming the positive effect of the PP ligand on the catalytic 

performance of the NPs, as already observed in Chapters 3B-3C.  

As a future work, long-term stability should be deeply studied. In the case that the 

activity loss is caused by mechanical instability, the use of a fixing polymer (such as 

nafion or poly(methyl methacrylate), PMMA) could be beneficial to increase this 

parameter. It is worth checking other catalysis media (pH = 3-14) with RuPP@pCF, to 

study how the activity of Ru-0.2PP NPs changes (from Ch. 3B-3C) once supported in a 

carbon-based material depending on the pH.  

 

Figure 12. Representative TEM images of a) RuO2250@pCF, b) RuO2300@pCF, c) RuO2250@fCF and d) 
RuO2300@fCF CF-supported RuNPs systems. 
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In view of the results here described, as well as those previously shown in Chapter 4A 

with CNT-supported RuNPs, we also propose to oxidize the RuNPs to form RuO2 and 

test the catalytic activity towards HER and OER. First oxidation tests with Ru@pCF and 

Ru@fCF at two temperatures (250 and 300 °C) resulted in the formation of mainly 

RuO2 particles (as suggested by preliminary XPS analysis), some of them keeping small 

size but others getting agglomerated during the thermal process (see TEM pictures in 

Figure 12). 

Then, electrocatalytic HE has been tested with the four oxidized materials and results 

are summarized in Figure 13 and Table 3: 

Table 3. Main electrochemical parameters of RuO2@xCF systems. Parameters: onset overpotential (η0, 
mV) and overpotential at icat = 10 mA·mg

-1
 (η10). 

System η0 (mV) 
η10 (mV,  

|icat| = 10 mA·mg
-1

) 

RuO2(250)@pCF 40 240 

RuO2(300)@pCF 60 205 

RuO2(250)@fCF 60 250 

RuO2(300)@fCF 25 230 

 

 

Figure 13. Polarization curves of RuO2(250)@pCF (blue), RuO2(300)@pCF (dashed-blue), RuO2(250)@fCF 
(red), RuO2(300)@fCF (red), bare pCF (black) and fCF (grey).  

The preliminary results show that the electrochemical behavior of the four samples is 

similar in terms of overpotentials. Thus, the oxidation temperature (250-300 °C) and 

the nature of the support (pCF vs. fCF) do not seem to have a huge effect on the short-

term catalytic performance of the formed RuO2 NPs.  
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According to these results, it would be interesting to oxidize RuPP@xCF systems to 

RuO2 to see whether the ligand and the support are essential to the catalytic behavior 

and roughness of the hybrid systems. 

 

4B.5 Experimental part 

Reagents. All operations for the synthesis of the CF-supported RuNPs were carried out 

using standard Schlenk tubes, Fisher–Porter bottle techniques or in a glove-box 

(MBraun) under argon atmosphere. Solvents (THF and pentane) were purified before 

use, by filtration on adequate column in a purification apparatus (MBraun) and 

handled under argon atmosphere. Solvents were degassed before use according to a 

freeze–pump–thaw process. The ruthenium precursor, [Ru(cod)(cot)] was purchased 

from Nanomeps-Toulouse. Hydrogen gas (Alphagaz) was purchased from Air Liquide. 

Phenylpyridine used as stabilizer was purchased from Sigma-Aldrich and used as 

received. High purity deionized water was obtained by passing distilled water through 

a nanopore Milli-Q water purification system. Carbon fibers (CFs) electrodes were 

were provided by Dr. R. Mas-Ballesté from Universidad Autónoma de Madrid (UAM). 

Electrode preparation. The carbon fiber electrodes were hand-made prepared using a 

short copper wire, ≈50 cm long carbon fibers and some Teflon tape to tight everything 

together. The CFs electrodes contain 7 bundles (1) of 3000 filaments (21000 filaments) 

of 5-8 m of diameter and 6 cm length each. The fibers are bended (2) as if each 

electrode contained the double of the filaments (42000), but only 2 cm were exposed 

for NPs’ synthesis and electrode usage (3). Those electrodes are approximately 90 mg 

weight. 

After deposition of the NPs but previous to electrochemical evaluation, those 

electrodes were cut in 3-cm-long filaments (half fiber), and 1-mg-samples were sticked 

in a Cu tape together with a Cu-wire (4), still ensuring 2 cm length for catalysis 

evaluation. 
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Figure 14. Steps to make a CF brush. Figure adapted from reference 6. 

Ru@xCF, x = pristine (p) or functionalized (f). 2 cm of xCFs were soaked in a 10 mL THF 

solution containing the [Ru(cod)(cot)] (10 mg, 0.026 mmol) inside a Fisher-Porter 

bottle. 3 bar of H2 were added and the reaction mixture was stirred at r.t. overnight. 

After depressurization, the volatiles were evacuated under vacuum and the solvent 

removed through cannula. The resulting CF materials were rinsed with pentane and 

dried under vacuum.  

Ru@pCF. TEM: Ø = 1.4 ± 0.4 nm. ICP(Ru%) = 0.57 %.  

Ru@fCF. TEM: Ø = 1.0 ± 0.2 nm. ICP(Ru%) = 0.65 %. 

RuPP@xCF, x = pristine (p) or functionalized (f). 2 cm of xCFs electrodes were soaked 

overnight in a THF (10 mL) crude dispersion of Ru-0.2PP NPs (or Ru1) inside a Fisher-

Porter bottle. Then, the supernatant was removed through cannula and the resulting 

CF materials were rinsed with pentane (3x10 mL) and dried under vacuum.  

RuPP@pCF. TEM: Ø = 1.8 ± 0.3 nm. ICP(Ru%) = 0.47 %.  

RuPP@pCF. TEM: Ø = 1.5 ± 0.7 nm. ICP (Ru%): Ru@fCF = 1.10 %. 

 

Characterization 

Transmission Electron Microsopy (TEM) & High-Resolution Electron Microscopy 

(HREM). TEM and HREM observations were performed at the “Centre de 
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Microcaractérisation Raymond Castaing” in Toulouse (UMS-CNRS 3623) and at the 

“Servei de Micoscòpia” of the UAB. Samples for transmission electron microscopy 

(TEM) analyses were prepared by slow evaporation of a drop of the crude colloidal 

solution deposited onto a holey carbon-covered copper grid. Samples for high-

resolution TEM (HRTEM) analyses were prepared by the same way from purified NPs 

redispersed in THF. TEM and HR-TEM analyses were performed on a MET JEOL JEM 

1011 microscope operating at 100 kV with a resolution point of 0.45 nm and a JEOL 

JEM-ARM 200F microscope working at 200 kV with a resolution point lower of 0.19 

nm, respectively. TEM allowed to evaluate the particle size, size distribution and 

morphology. Enlarged micrographs were used for treatment with ImageJ software to 

obtain a statistical size distribution and the nanoparticle mean diameter. The analyses 

were done by assuming that the nanoparticles are spherical. Nanoparticle sizes are 

quoted as the mean diameter ± the standard deviation.   

Inductive-Coupled Plasma (ICP-OES). ICP-OES measurements were performed at the 

“Servei d’Anàlisis Químic” (SAQ) in the UAB, on an Optima 4300DV Perkin-Elmer 

system. Solid samples were prepared by digesting 1 mg with aqua regia under 

microwave conditions followed by a dilution of the mixture with HCl 1% (v/v). Liquid 

samples were directly diluted with HCl 1% (v/v). 

X-ray Photoelectron Spectroscopy (XPS). Measurements were performed at the 

Catalan Institute of Nanoscience and Nanotechnology (ICN2) in Barcelona with a 

Phoibos 150 analyzer (SPECS GmbH, Berlin, Germany) in ultra-high vacuum conditions 

(base pressure 5E-10 mbar) with a monochromatic aluminium Kalpha x-ray source 

(1486.74 eV). The energy resolution was measured by the FWHM of the Ag 3d5/2 peak 

for a sputtered silver foil was 0.62 eV. 

 

Electrochemical measurements. All the electrochemical experiments were performed 

using a BioLogic SP-150 potentiostat. Solutions were degassed previous to the 

electrochemical analysis with a N2 flow. IR drop was automatically corrected at 85 % 

using the Biologic EC-Lab software for cyclic voltammetry and chronoamperometry. 1 

M H2SO4 solution was prepared by mixing 56.1 mL of 95-97 % H2SO4 in 1 liter of Mili-Q 

water. A Pt grid was used as a counter electrode (CE) and an Ag/AgCl (KCl sat.) 

electrode was used as a reference electrode (RE). All data were transformed to RHE by 

adding +0.20 V. A 10 mL two-compartment cell with a separation membrane between 

the two compartments was used. Both compartments were filled with 8 mL of 1 M 

H2SO4 solution and both compartments were equipped with a stirring bar. Prior to 

each measurement, both compartments were purged with N2 for 15 min. For H2-

monitored bulk electrolysis an Unisense H2-NP clark electrode was used to measure 

hydrogen evolution in the gas phase and to calculate the Faradaic efficiency. The clark 

electrode was calibrated by adding different volumes of 99 % pure hydrogen at the 
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end of the experiment. The CE was placed in one compartment and the other was 

provided with WE, RE and Clark electrode. 

Linear Seep Voltammetry (LSV). The system was scanned from Ei = 0.6 V to Ef = -0.4 V 

at 10 mV/s scan rate unless otherwise stated.  

Chronoamperometry. Controlled potential chronoamperometric experiments were 

performed at Eapp = 0.25 V and 0.35 V for Ru- and RuPP-CF based systems, respectively.  

Electrode surface area estimation. Considering that a full brush electrode weights 90 

mg and has a maximum surface area of 40 cm2, and that we build 1 mg electrodes with 

only 2/3rds of the surface used in electrochemical experiments, this leads to a 

maximum electrode geometrical surface of 0.3 cm2. 
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General Conclusions 

 

 

After describing the different subprojects performed in the frame of this PhD work 

centered on the development of novel nanocatalysts for the water splitting reaction, 

and taking into account the goals proposed in Chapter 2, this last part of the 

manuscript will resume the main conclusions that can be drawn from the obtained 

results in the synthesis, characterization, catalytic performance evaluation and 

comparison with the state-of-the-art data. Some perspectives will also be given. 
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5. Conclusions 

In this PhD manuscript, the synthesis, characterization and electrocatalytic evaluation 

of Ru-based nanoparticles has been presented, with the focus fixed on the catalytic 

performance of each system influenced by the different structural properties. The use 

of the organometallic approach has permitted the obtaining of ligand-stabilized 

colloidal NPs and supported nanomaterials, which have been characterized by several 

techniques such as TEM, WAXS, XPS, XRD, TGA, ICP, EA among others, allowing a 

control on parameters such as surface environment, oxidation state or mean size. The 

nanomaterials have been tested in the water splitting process, mainly as hydrogen 

evolution catalysts (HECs). 

In Chapter 3, the use of MeOH/THF, 4-phenylpyridine (PP) or 4’-(4-methylphenyl)-

2,2’:6’,2”-terpyridine (MPT) has allowed to obtain NPs with different morphological 

properties which, when deposited onto a glassy carbon electrode, display distinct 

behavior as Hydrogen Evolution Catalysts (HECs). In the case of MeOH/THF-stabilized 

NPs, a porous nanomaterial of ca. 21 nm has been obtained, which is composed by 

very small NPs assembled in bigger groups. This porosity is responsible of achieving 

high active surface, reason why the nanomaterial show prominent activities in the 

proton reduction. On the other side, the use of pyridine-based ligands (PP/MPT) has 

allowed to obtain very small NPs (1-1.5 nm) with a high Ru-content (80-85%), which 

display activities as high as the state-of-the-art Pt/C. Those NPs suffer from surface 

oxidation when exposed to the air loosing catalytic activity, but their reduced 

counterpart can be simply recovered by an electroreduction process, as demonstrated 

by XPS, achieving very high current densities in the proton reduction reaction. In 

general terms, RuNPs stabilized by PP/MPT ligands displayed better performances on 

the electrocatalytic reduction of protons than MeOH/THF-stabilized system, 

supporting the positive influence of pyridine groups in Ru-based catalysis, either in 

molecular complexes or nanoparticles. 

In a modification of the synthetic procedure, the incorporation of C-based supports 

(CNTs: Multi-Walled Carbon Nanotubes; CFs: Carbon microFibers) in the reaction 

mixture has allowed to obtain very small RuNPs dispersed on the material surface, as 

described in Chapter 4. The presence of a support is very promising when oxidizing the 

particles under thermal conditions: whereas colloidal NPs coalesce to form big 

agglomerates in solid state, onto the surface of the supports the NPs only slightly 

sinter, forming RuO2 crystals on the nano-size range. High-surface CNTs modified with 

RuNPs appeared to be active species towards the H2 evolution, as well as RuO2@CNTs 

do. The systems also have an oxidation-state dependent HER-activity, being highly 

active after the formation of Ru0-species on their surface. Additionally, RuO2-based 

samples have shown to be active Water Oxidation Catalysts (WOCs), displaying 

activities similar to IrO2-based electrodes, being the latter the state-of-the-art metal 



General Conclusions  

- 201 - 
 

5 

for this reaction. In the case of CF-supported RuNPs, thin homogenous films of 

nanoparticles have been observed by TEM on the surface of the fibers. Those hybrid 

systems are also active in the HER, but their performance is dependent on the nature 

of the support and the NPs’ surface environment, being the best system the one based 

on the deposition of pre-synthesized RuPP NPs. The long-term stability of those 

systems is on top of the perspective work, expecting a hybrid material which is highly 

recyclable. 

 

With all those results in hands and taking into account that the specific conclusions 

have been already given at the end of each chapter, some general observations will be 

hereafter detailed, considering the main results achieved in the whole PhD thesis:  

 In chapter 3A, the synthesis of porous Ru-MeOH/THF by using a mixture of 

MeOH and THF as stabilizing agent has allowed to achieve a cathode with a 

very high surface area per Ru content (173.07 m2·g-1), which  showed high 

activities as HEC at a low Ru loading. The good performance obtained with this 

Ru-MeOH/THF nanocatalyst might be not only related to the porous character 

of this nanomaterial, but also to the mode of stabilization of the particles. 

Indeed, the alcohol is supposed to have an effect even on the catalytic 

properties but this has not been demonstrated yet. Nevertheless this 

hypothesis is supported by the prominent current densities displayed by the 

other Ru-alcohol system described in this work, the Ru-heptOH NPs described 

in Chapter 3B. It is thus believed that the reducing ability of alcohols present at 

the NP surface could assist their catalytic performance. This work has been 

published in Chemical Communications RSC-journal (Chem. Commun. 2017, 53, 

11713-11716) and its catalytic performance is among the best systems in the 

literature. 

 The deep characterization performed on ligand-stabilized NPs as described in 

Chapter 3B by using complementary techniques, allowed us to improve the 

understanding on the structure of the nano-sized systems. The results obtained 

evidenced that a fine study of a series of different NPs in terms of sizes, 

stabilizing agents, oxidation states, etc. is necessary to correlate those 

parameters with their catalytic performance, to be able afford real 

advancements. Such an investigation is extremely rare in the literature but it is 

strongly required in order to improve the rational development of active and 

rugged nano-sized catalysts. In this sense, the use of pyridine derivative ligands 

like PP and MPT to stabilize RuNPs showed up to be beneficial for the catalytic 

behavior in HER. Although with both MPT and PP ligands a passivation has 

been observed due to the formation of superficial RuO2 species, a recovery of 

their initial surface state appeared possible through an electroreduction step 
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after their deposition onto the electrode. The different activities observed with 

the two ligands might be induced by a different coordination mode, having 

both the possibility of σ-donation or π-stacking interactions which can vary 

depending on the structure/sterical hindrance of the ligands. PP-Stabilized 

RuNPs have been further studied in Chapter 3C and the fate of the nanocatalyst 

evaluated under the catalytic conditions. Preliminary DFT calculations allowed 

first to propose two PP coordination modes to the surface of the NPs being the 

final configuration proposed as a mixture of both, σ-coordination and π-

interactions from the pyridyl-N and the aromatic groups, respectively. The 

results observed with PP-stabilized RuNPs as HEC are among the best reported 

so far, being in the range of Pt/C in acidic media and outstanding it under basic 

conditions. Thus, a manuscript is on preparation for submitting this work on a 

chemistry journal. 

 In chapter 4, CNTs and CFs turned out to be efficient supports for the anchoring 

of RuNPs. The transformation of RuNPs into RuO2 ones by thermal oxidation 

could be accomplished with both types of supports. Even if a slight sintering 

was associated in all the cases, the obtained RuO2 particles have always been 

kept on the nanometric range. These results are very interesting as an 

analogous controlled oxidation process could not be achieved in the case of 

MPT/PP-stabilized colloidal NPs. Indeed, oxidation experiments in mild reaction 

conditions did not allow getting a complete oxidation of the NPs probably 

induced by the strong protection of the NPs due to the ligand coordination at 

their surface. Moreover, thermal oxidation treatments led to uncontrolled 

massive sintering of the particles.  

 CNT-supported RuNPs, have displayed good results on the HER. The best results 

were achieved with electroreduced CNT-supported RuO2 nanocrystals. A 

core/shell-like structure resulting from the formation of Ru0 species at the 

surface of the RuO2 cores seem to be responsible for this higher performance, 

as well as an improvement on the electrode-catalyst electron transfer due to a 

change on the structure. The CNT-supported RuO2 nanocrystals also showed 

low overpotentials on catalyzing the OER. The activity is not only related on the 

crystallinity but also on the oxidation state. It has been proved that Ru0 species 

are very active on the water oxidation, but rapidly decreasing the 

electrocatalytic intensities due to the formation and leaching of RuO4. 

However, crystalline-RuO2 NPs proved to be stable at a short-term catalysis, 

displaying similar results than IrO2@CNT. 

 The use of CFs as support has evidenced the strong influence of the support 

and of the surface environment of the particles onto their catalytic 

performance. On one side, we have shown that in-situ formed RuNPs in the 
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presence of the CFs progressively decreased their electrocatalytic intensities 

reaching very small currents in a few hours. In contrast, the deposition of ex-

situ prepared PP-stabilized RuNPs onto CFs led to catalysts displaying also low 

overpotentials but with higher stability. Preliminary studies suggest a 

mechanical leaching of the NPs in the in-situ systems, in contraposition to the 

evolution to soluble species under catalytic conditions This mechanical leaching 

could be improved by using polymers such as nafion or PMMA. 

 Finally, the modification of CFs by an acidic treatment in order to have 

carboxylic acid functions at their surface appeared to be less efficient than 

expected for the stabilization of CF-supported RuNPs, maybe due to a less 

structured pyridine-based material surface. 

 

Although in the literature there is an increasing number of publications concerning the 

use of nano-sized materials as catalysts for WS-reactions, the lack of homogeneity in 

the reported results as well as the scarcity on the understanding of the catalytic 

systems in a structural and mechanistic point of view, makes it extremely difficult to 

obtain any trend between structural properties and catalytic behavior. For this reason, 

full studies of the catalysts’ properties and evolution before, during and after catalytic 

experiments, more specifically in the case of HECs are required. Those studies should 

permit an understanding of the processes taking place on the materials, being able to 

rationally design new species with better performances on the catalytic reactions, 

based on the gained knowledge regarding the correlation between catalyst properties 

/ catalytic activity. In this sense, the results here obtained are not only important for 

the specific achievements on electrocatalysis, but they are opening new doors for the 

development and understanding of the chemistry surrounding the two reactions 

involved in water splitting with RuNPs-based catalysts.  
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Annexes 

 

 

The Annex part is splitted in two sections. On the first one, Tables A1-A4 contain the 

state-of-the-art electrocatalysts based on supported NPs made of Ru and other 

transition metals, for the hydrogen evolution reaction. While in Tables A1-A2 (acid and 

basic media, respectively) the activity is compared through the kinetic TOF parameter 

(in the cases where it was calculated), Tables A3-A4 (acid and basic media, 

respectively) benchmark the catalytic performance of the species by T. F. Jaramillo’s 

methodology, namely by the roughness factor. Data from new nanocatalysts reported 

in this manuscript are also provided in the tables. 

Finally, the publication concerning the work described in Chapter 3A (Chem. Commun. 

2017, 53, 11713) and another publication that has been developed during this PhD 

period (Angew. Chem. Int. Ed. 2016, 55, 15382), have been added at the end of this 

Annex. 
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Annex 1: Tables for Hydrogen Evolution Catalysts’ 

Electrochemical Performance Benchmarking 

 

 Table A1. Comparison of different nanomaterials including Ru-based ones as HER 
electrocatalysts in acidic electrolytes. Parameters: mean diameter (Ø), onset 
overpotential (η0, mV), overpotential at j = -10 mA·cm-2 (η10, mV), Tafel slope (b, 
mV·dec-1), exchange current density  (j0, mA·cm-2), and turnover frequency (TOF, s-1). 

Entry 
(Ref.) 

Catalyst Ø (nm) 
η0 

(mV) 
η10 

(mV) 
b     

(mV·dec-1) 
j0     

(mA·cm-2) 
TOF (s-1) 

A1 
RuO2-C 

(Vulcan) a 5-8  ≈ 0 ≈ 15 26 - - 

A2 Ru/SiNWs a 42.9 ≈ 140 200 81 0.48 - 

A3 

GCE-S-GNs-
1000-CB-Ru 

(sulfur-
dopped 

graphene + 
carbon 
black) a 

35 65 80 61 0.541 - 

A4 RuNPs-GC a 100 50 90 ≈ 130 - - 

A5 
Ru-2D-

nanosheets 
a 

50-80 0 

20              
(10 

mA·mg-

1) 

46 - - 

A6 

RuNPs-GLC 
(graphene 

layered 
carbon) a 

2-5 3 35 46 - - 

A7 RuNPs-CNx a 1.5 40 156 70 - - 

A7 
1D-RuO2-
CNwires a 

length ≈ 
100 Ø ≈ 10 

14 93 40 0.22 - 

A8 

Ru/g-C3N4/C 
(graphitic 
carbon-

nitride over 
C) a 

2 
≈ 15-

20 
≈ 70 - - ≈ 4.85 (100 mV) 

A9 Ru-C2N
 a 1.6 9.5 22 30 1.9 

0.67 (25 mV) 
1.95 (50 mV) 

A10 RuPx@NPC a 4 25 50 46 - - 

A11 Ru/CeO2 
3.89 ± 
1.24 

33 47 41 0.61 0.8 (27 mV) 

A12 
Ru2P/RGO-

20 a 
<7 ≈ 0 22 29 2.2 - 
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A13 
CoPS 

nanoplate a 
5   48 57 0.98 - 

A14 A-Ni-C a 10   34 41 1.20 - 

A15 CoS|P/CNT a 10-20   64 55 1.14 - 

A16 WO2.9
 a 100   70 50 0.40 

8.04 (100 mV) 
24.76 (200 mV) 

A17 
MoS2/CoSe2

 

a 
- 11 68 36 0.07 - 

A18 Pt-MoS2
 a 1-3   53 40 - - 

A19 Ni5P4
 b 5-20   23 33 - 

3.5 (100 mV)    
9.8 (200 mV) 

A19 Ni2P-(b) b -   42 38 - 
0.015 (100 mV)  
0.064(200 mV) 

A20 Ni2P-(a) a 17   ≈ 100 46 2.70 
0.015 (100 mV)  

0.5(200 mV) 

A21 Ni-Mo a 50-300   < 100 - - - 

A22 
Pt-CNs/RGO 

a 
5.8 x 3.0 18 ≈ 75 29 0.18 - 

A23 Ni43Au57
 a 10 ± 0.8 7 ≈ 50 43 - - 

Ch. 
3C 

Ru-black b - 70 150 65 0.14 
0.12 (25 mV) 
0.31 (50 mV) 
1.81(100 mV) 

Ch. 
3C 

Pt/C b - 0 27 32 1.40 
1.65 (25 mV) 
5.60 (50 mV) 

23.36 (100 mV) 

Ch. 
3A 

Ru-GC a 
(Ru-

MeOH/THF) 
20 0 83 46 0.36  

0.07 (25 mV) 
0.10 (50 mV) 

0.87 (100 mV) 

Ch. 
3C 

Ru2-GC b 1.5 ± 0.3 0 35 106 4.79 - 

Ch. 
3C 

Ru1-GC b 1.5 ± 0.3 0 20 29 2.04 
0.55 (25 mV) 
3.06 (50 mV) 

17.38 (100 mV) 

Electrolyte: (a) 0.5 M H2SO4 and (b) 1 M H2SO4. 
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Table A2. Comparison of different metal-based materials as HER electrocatalysts in 
basic electrolytes from literature data. Parameters: mean diameter (Ø), onset 
overpotential (η0, mV), overpotential at j = -10 mA·cm-2 (η10, mV), Tafel slope (b, 
mV·dec-1), exchange current density  (j0, mA·cm-2), and turnover frequency (TOF, s-1). 

Entry 
(Ref.) 

Catalyst Ø (nm) 
η0 

(mV) 
η10 

(mV) 
b     

(mV·dec-1) 
j0     

(mA·cm-2) 
TOF (s-1) 

A7 
1D-RuO2-
CNwires ii 

length ≈ 
100 Ø ≈ 

10 
16 95 70 0.28 - 

A9 Ru-C2N
 iii 1.6 - 17 38 - 

0.76 (25 mV) 
1.66 (50 mV) 

A24- 
25 

hydrous-
RuO2

 iii 
< 5 ≈ 25 60 - - - 

A26 
cristalline-

RuO2
 iii 

- ≈ 25 74 - - - 

A8 

Ru/g-C3N4/C 
(graphitic 
carbon-

nitride over 
C) i 

2 
≈ 15-

20 
79 - - 4.2 (100 mV) 

A26 
Ru0/NG-750 

iii 
5.8 ± 1.5 0 8 30 - 0.35 (100 mV) 

A10 RuPx@NPC iii 4 ≈ 30 74 70 - - 

A12 
Ru2P/RGO-

20 iii 
<7 ≈ 0 13 56 - - 

A27 Ru@NC 1.6 15 26 36 - 
0.83 (25 mV) 
3.02 (50 mV) 

10.8 (100 mV) 

A28 np-CuTi i - ≈ 0 47 110 - - 

A29 NiO-Ni-CNT iii ≈ 10 ≈ 25 86 82 - - 

Ch. 
3C 

Ru-black iii - 50 125 80 0.65 
0.42 (25 mV) 
1.04 (50 mV) 
3.70(100 mV) 

Ch. 
3C 

Pt/C iii   5 35 56 2.40 
1.50 (25 mV) 
4.20 (50 mV) 

11.80 (100 mV) 

Ch. 
3C 

Ru2-GC iii 1.5 ± 0.3 0 25 65 0.19 - 

Electrolyte: (i) 0.1 M KOH,  (ii) 0.5 M KOH and (iii) 1 M KOH/NaOH. 
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Table A3. Comparison of different HECs by the Jaramillo’s methodology in 1 M H2SO4. 
Parameters: roughness factor (RF), overpotential at j = -10 mA·cm-2 (η10, mV) at 
t=0 and t=2h, current density at η=100 mV (j(η=100), mA·cm-2) and specific current 
density at η=100 mV (jS(η=100), mA·cm-2). 

Entry 
(Ref.) 

Catalyst RF 
η10 (t=0) 
(mV) 

η10 (t=2h) 
(mV) 

j(η=100) 
(mA·cm-2) 

jS(η=100) 
(mA·cm-2) 

A30 CoMo 1100 ± 600 100 100 4.6 0.004 

A31 NiMo 1200 ± 500 45 39 91 0.074 

A32 NiW 1200 ± 600 60 110 17 0.014 

A33 NiMoCo 1200 ± 500 50 50 53 0.043 

A34 NiMoFe 700 ± 200 90 100 10 0.014 

A35 Pt-(b) 90 ± 20 50 60 220 2.500 

Ch. 4B RuPP@pCF - - - - 0.028 

Ch. 3A 
Ru-GC 

(Ru-MeOH/THF) 
645 ± 87 99 103 43.3 0.067 

Ch. 3C Ru1-GC 895 ± 95 20 20 496 0.550 

 

Table A4. Comparion of different HEC by the Jaramillo’s methodology in 1M NaOH. 
Parameters: roughness factor (RF), overpotential at j = -10 mA·cm-2 (η10, mV) at 
t=0 and t=2h, current density at η=100 mV (j(η=100), mA·cm-2) and specific current 
density at η=100 mV (jS(η=100), mA·cm-2). 

Entry 
(Ref.) 

Catalyst RF 
η10 (t=0) 
(mV) 

η10 (t=2h) 
(mV) 

j(η=100) 
(mA·cm-2) 

jS(η=100) 
(mA·cm-2) 

A31 CoMo 700 ± 400 100 100 2.3 0.002 

A30-31 NiMo 800 ± 400 40 30 35 0.047 

A36 NiFe 4000 ± 1000 90 120 2.6 0.002 

A33 NiMoCo 900 ± 400 70 90 19 0.02 

A34 NiMoFe 900 ± 400 130 130 3.2 0.003 

A35 Pt-(b) 130 ± 50 30 60 70 0.540 

Ch. 3C Ru2-GC 320 ± 140 25 40 61 0.191 
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A porous Ru nanomaterial as an efficient
electrocatalyst for the hydrogen evolution
reaction under acidic and neutral conditions†

S. Drouet, *ab J. Creus,abc V. Collière,ab C. Amiens,ab J. Garcı́a-Antón, c

X. Sala c and K. Philippot *ab

A porous Ru nanomaterial exhibits high electrocatalytic perfor-

mance and excellent durability for the hydrogen evolution reaction

(HER) under both acidic and neutral conditions. It displays a low

overpotential of 83 mV at a current density of 10 mA cm�2 and an

excellent durability up to 12 h in 0.5 M H2SO4.

In view of depleting resources and increasing levels of greenhouse
gases, the replacement of fossil fuels by a clean and renewable
energy source is one of the most urgent and challenging issues
our society is facing today.1,2 Hydrogen is found to be an excellent
candidate because it is a great energy carrier, and can be easily
converted into electrical power without generating environmen-
tally harmful by-products. Hydrogen can be produced from water
through the water-splitting process which involves two successive
reactions, namely oxygen evolution and hydrogen evolution reac-
tions (OER and HER, respectively).3 These two reactions need to
be catalysed to make the whole process efficient, meaning that it
can be operated at low overpotential and under fast kinetic
conditions. The search for highly effective and stable electrocata-
lysts is thus extremely desirable for both reactions. With respect to
the HER, among the various catalysts tested, Pt-based catalysts are
considered to be the best systems for this reaction.4,5 However the
prohibitive price and scarcity of platinum make it unsuitable for
large scale commercial applications. Therefore, the development
of efficient and cheaper catalysts that can operate at low over-
potential with high stability is highly required. Ruthenium has
been one of the most studied transition metals used in the
development of catalysts for the OER showing high electrocata-
lytic activity, but the performance of this metal for the HER has
not been much investigated.6–9 However, in the past few years,
several works described Ru-based nanomaterials as efficient

hydrogen evolution catalysts either under acidic or alkaline
conditions.10–13 For instance, Kong et al. reported the preparation
and electrocatalytic performance in the HER of two-dimensional
Ru nanostructures.11 The observed improved kinetics of this
system when compared to Ru black powder is attributed to the
greater specific area of the former due to its 2D structure. This
hypothesis is supported by the fact that materials possessing a
large surface area should display more active sites. The use of
such materials thus seems to be a promising strategy for enhanc-
ing the catalytic activity. In this regard, very recently, porous
assemblies of Pd nanoparticles have been reported to be efficient
catalysts for both the HER and oxygen reduction reaction (ORR).14

This Pd nanomaterial exhibited high electrocatalytic activity for
the HER with a low overpotential of ca. 80 mV, at a current density
of 100 mA cm�2, a small Tafel slope of 30 mV dec�1 and a long-
term stability for at least 1000 consecutive cyclic voltammograms.
These results provide evidence that using a material with a high
surface area can be highly advantageous in electrocatalysis.
However, notwithstanding its high catalytic performance,
palladium is not a cheaper alternative to platinum catalysts
since it is in the same order of price.

On the basis of the above results with Pd and of the possibilities
offered by the organometallic approach to achieve nanostructured
materials having a clean surface and high surface area as especially
demonstrated for Ru,15,16 we decided to evaluate the catalytic
performance in the HER of Ru nanomaterials derived from an
organometallic precursor. In the present work, we focused on a Ru
nanomaterial which displays a porous morphology combined with
a clean and reactive metal surface as shown previously in gas-
phase hydrogenation catalysis.17 Moreover, its synthesis is very
simple and can be achieved under mild conditions.18 As will be
seen later, this Ru nanomaterial proved to be a very effective HER
catalyst, exhibiting high electrocatalytic performance and excellent
durability under both acidic and neutral conditions.

The Ru nanomaterial object of this study, and hereafter named
Ru/MeOH/THF, was easily prepared by decomposition of the
[Ru(cod)(cot)] (cod = 1,5-cyclooctadiene; cot = 1,3,5-cyclo-
octatriene) organometallic precursor under a H2 atmosphere
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(3 bar) in a MeOH/THF (5/95 in volume) solvent mixture in the
absence of any other stabilizers, as previously reported.18 In this
way, a dark brown colloidal solution was obtained. TEM/HR-TEM
(transmission electron microscopy at low and high resolution)
analysis of the crude colloidal solution revealed the presence of
nanoparticles of ca. 21.4 nm mean size (Fig. 1a). As also visible in
the images, these nanoparticles display a sponge-like morphology
and well-crystallized character (see Fig. 1b). The Fast Fourier
Transformation (FFT) of the HR-TEM images (Fig. S2, ESI†)
indicated the presence of the interplanar distances of 0.234,
0.203 and 0.158 nm corresponding to the crystalline (100), (101)
and (102) planes of the hexagonal close-packed (hcp) structure
of bulk Ru, respectively. The porous and polycrystalline aspect
of the particles is attributed to an aggregation phenomenon of
smaller individual particles during the synthesis process due
to the composition of the reaction medium, particularly the
absence of a strong stabilizer.

Nevertheless, the obtained colloidal solution is stable for a
long period of time and the evaporation of the solvents under
vacuum allowed the Ru nanomaterial to be obtained in the form
of a black powder. Powder-XRD analysis (Fig. 1d) confirmed that
the Ru particles adopt the hcp crystalline structure. X-ray photo-
electron spectroscopy (XPS) of a sample deposited on a glassy
carbon rod permitted the identification of the surface chemical
composition and valence states of the Ru atoms (Fig. S3, ESI†).
The results revealed the presence of both Ru(0) and RuO2

(Fig. S3, ESI†). Ru(0) is evidenced by both peaks at 461.5 and
483.9 eV, corresponding to Ru 3p3/2 and 3p1/2 of Ru(0) while the
shoulder observed at 279.9 eV close to the peak of Ru(0) 3d is
attributed to RuO2.19 The presence of RuO2 can be explained by
the formation of an oxide passivation layer due to air exposure
of the nanomaterial during XPS analysis. The formation of such

a thin superficial oxide layer was previously observed.18 Thus,
this facile synthesis method allowed the acquisition of a Ru
nanomaterial composed of ca. 21.4 nm porous nanoparticles
which display a surface free of strongly coordinated stabilizers
and a high surface area, which are two very attractive character-
istics for application in catalysis. The catalytically active surface
area (ECSA) of the Ru/MeOH/THF sample was estimated by an
electrochemical method based on cyclic voltammetry measure-
ments (Fig. S4, ESI†).20 This method gives direct access to the
double layer capacitance, which further permits the determina-
tion of the ECSA value by dividing the capacitance value by a
general capacitance of 0.015 mF cm�2, for a catalyst-free carbon
electrode under the same conditions. For better accuracy, the
experiment was repeated three times. A double capacitance value
of 0.65 mF was found to lead to an ECSA value of 173.07 m2 g�1.
Compared to the value measured under the same conditions for
Ru powder used as a reference in this work, which is 72.60 m2 g�1,
this result provides evidence that the Ru/MeOH/THF nano-
material presents a very high active surface area. It is also
important to note that 173.07 m2 g�1 is a value higher than that
reported by Kong et al. for 2D Ru nanostructures. The copper
underpotential deposition method has been applied to deter-
mine the number of active sites and to calculate the turnover
frequency (TOF) (ESI,† Fig. S5).21 A TOF value of 0.87 s�1 at 100 mV
of overpotential has been obtained.

The electrocatalytic activity of the Ru nanomaterial described
above for the HER was first studied by linear sweep voltammetry
(LSV) in 0.5 M H2SO4 solution. A relevant figure of merit for
benchmarking the catalytic activity of heterogeneous catalysts is
the overpotential value needed to achieve 10 mA cmgeo

�2 (geo-
metric area) current density, Z (10 mA cmgeo

�2), which corre-
sponds to the approximate current density expected for a 10%
efficient solar-to-fuel conversion photoelectrochemical cell under
1 Sun illumination.3,22 As shown in Fig. 2a, the Ru/MeOH/THF
nanomaterial displays an efficient catalytic activity with a low
overpotential at 10 mA cm�2 of 83 mV which is a lower value than
that measured for commercial Ru powder (94 mV), but higher
than the overpotential observed for the state of the art Pt/C
(58 mV) catalyst. The electrocatalytic activity and stability of
Ru/MeOH/THF were further compared with other electrocata-
lysts following the benchmark method published by Jaramillo
et al.5,23–27 The corresponding values of Z (10 m cmgeo

�2) at
time = 0 and time = 2 h are reported in Table S1 (ESI†) and
plotted in Fig. S6 (ESI†). Tafel plot analysis allows evaluation of
the rate determining step and therefore elucidation of the HER
mechanism. It is known that the HER process may occur
following two different mechanisms corresponding to a combi-
nation of two elementary steps, the Volmer–Tafel and the
Volmer–Heyrovsky mechanism, respectively. In our study, a
Tafel slope of 46 mV dec�1 has been determined from the
low scan rate polarization curve performed with Ru/MeOH/THF
(Fig. 2d). This value suggests that the HER follows the Volmer–
Heyrovsky mechanism where the Heyrovsky step is the rate
determining step of the overall reaction.28 The Tafel slope value
is also an intrinsic parameter in the evaluation of the catalytic
performance of electrocatalysts. The Tafel slope of 46 mV dec�1,

Fig. 1 (a and b) TEM images and (c) HR-TEM image of the Ru/MeOH/THF
nanomaterial. (d) The theoretical pattern for hexagonal close packed (hcp)
ruthenium (green) and the XRD pattern of the Ru/MeOH/THF nanomaterial
(red).
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obtained for our Ru/MeOH/THF electrocatalyst, is a much lower
value than that measured for commercial Ru powder, namely
60 mV (Table S2, ESI†). This result indicates that our Ru nano-
material presents superior kinetic performance. The long-term
durability of our Ru/MeOH/THF catalyst was studied by per-
forming a galvanostatic experiment for over 12 h (Fig. 2b). At a
current density of 10 mA cm�2, a stable overpotential was observed
over the time of the experiment without important variation (i.e.
30 mV). This behaviour is indicative of a good stability of the
Ru/MeOH/THF nanomaterial. The small overpotential increase is
attributed to the formation of copious H2 bubbles that block and
inhibit the catalyst surface. As shown in Fig. 2c the polarization
curves/LSVs recorded before and after the galvanostatic experi-
ment perfectly overlay, which provides evidence for the long-term
stability of the Ru/MeOH/THF catalyst. To determine the nature of
the catalytically active species, the XPS study was carried out after
performing a controlled potential electrolysis at �0.05 V vs. NHE
for 15 min. The XPS data presented in Fig. S3 (ESI†), clearly reveal
only one peak in the 3d core-level region at 279.8 eV, suggesting
Ru(0) to be the unique active species for the HER.

In the perspective study on the Ru/MeOH/THF catalyst in a
photocatalytic setup in combination with a molecular photo-
sensitizer, such as porphyrins or polypyridine ruthenium com-
plexes, which are used under neutral conditions,29 electrocatalysis
measurements were also performed at pH 7 (0.1 M phosphate
buffer solution). As shown in Fig. 3a, it is worth noting that
the Ru/MeOH/THF catalyst also exhibits high electrocatalytic
activity under these neutral conditions with an overpotential
Z (10 mA cmgeo

�2) of 83 mV. A galvanostatic experiment
performed at j = 10 mA cm�2 for 2 h demonstrated a stable
catalytic activity (Fig. 3b). The stability was also verified by
performing a LSV after 2 h of galvanostatic experiment. Fig. S7
(ESI†) shows that the final polarization curve exhibits similar
catalytic current to the initial one. A Tafel slope of 80 mV dec�1

(Fig. S8, ESI†) was determined in this case, which is higher than
the corresponding value obtained in acid solution, thus indi-
cating slower kinetics for the HER under neutral than under
acidic conditions. In order to evaluate the Faradaic yield of the
Ru/MeOH/THF nanomaterial for the hydrogen production, a
controlled potential electrolysis (CPE) was performed at a potential
of �0.05 V vs. NHE (Z = 50 mV) in 0.5 M H2SO4. Both, the stable
current measured over the time of the experiment and the
reproducibility of the polarization curves recorded before and
after the catalytic process provide evidence for the high stability
of the catalytic activity of the Ru nanomaterial (Fig. S9 and S10,
ESI†). The latter control experiments also outline the high
stability of the nanomaterial deposited at the electrode surface.
The amount of hydrogen produced over the time of the CPE was
quantified by means of a Clark electrode, giving a nearly quanti-
tative faradaic yield of 97%.

In summary, we have reported the electrocatalytic performance
of a porous Ru nanomaterial made of ca. 21.4 nm individual
particles in the HER, in both acidic and neutral conditions, and in
comparison with commercial Ru powder and Pt/C. This efficient
electrocatalyst was easily prepared by an organometallic approach
using only a mixture of methanol and THF as a stabilizer, which
causes it to have a clean metal surface. Among the different

Fig. 2 (a) LSV curves of the Ru/MeOH/THF nanomaterial (red), Ru powder
(blue) and Pt/C (green) in 0.5 M H2SO4 solution at 10 mV s�1. The LSV curve
of a bare GC electrode (orange). (b) Galvanostatic experiment of the
Ru/MeOH/THF nanomaterial at a current density of 10 mA cm�2 in 0.5 M
H2SO4, without ohmic drop compensation (c) LSV curves of the initial
Ru/MeOH/THF nanomaterial (red) and after 12 h of galvanostatic experi-
ment (blue) in 0.5 M H2SO4 solution at 10 mV s�1. (d) Tafel plots of the
Ru/MeOH/THF nanomaterial (red), Ru powder (blue) and Pt/C (green) in
0.5 M H2SO4 solution.

Fig. 3 (a) LSV curves of the Ru/MeOH/THF nanomaterial (red), Ru powder
(blue) and Pt/C (green) in 0.1 M phosphate buffer solution at 1 mV s�1. LSV
curve of a bare GC electrode (orange) in 0.1 M phosphate buffer solution at
1 mV s�1. (b) Galvanostatic experiment of the Ru/MeOH/THF nanomaterial
at a current density of 10 mA cm�2 in 0.1 M phosphate buffer at pH 7,
without ohmic-drop compensation.
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characteristics determined in electrocatalysis, a low overpotential
of 83 mV at a current density of 10 mA cm�2 and an excellent
durability up to 12 h in 0.5 M H2SO4 were obtained. Moreover, an
onset overpotential close to 0 V in 0.1 M phosphate buffer solution
was also observed. This remarkable behavior is attributed to the
porous character of the nanomaterial coupled with a weakly
coordinated stabilizer which gives rise to a highly accessible metal
surface as demonstrated by the high electrochemically active
surface area measured, namely 173 m2 g�1.
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Abstract: Molecular ruthenium-based water oxidation catalyst
precursors of general formula [Ru(tda)(Li)2] (tda2@ is
[2,2’:6’,2’’-terpyridine]-6,6’’-dicarboxylato; L1 = 4-(pyren-1-
yl)-N-(pyridin-4-ylmethyl)butanamide, 1b ; L2 = 4-(pyren-1-
yl)pyridine), 1c), have been prepared and thoroughly charac-
terized. Both complexes contain a pyrene group allowing ready
and efficiently anchoring via p interactions on multi-walled
carbon nanotubes (MWCNT). These hybrid solid state materi-
als are exceptionally stable molecular water-oxidation anodes
capable of carrying out more than a million turnover numbers
(TNs) at pH 7 with an Eapp = 1.45 V vs. NHE without any sign
of degradation. XAS spectroscopy analysis before, during, and
after catalysis together with electrochemical techniques allow
their unprecedented oxidative ruggedness to be monitored and
verified.

Visible-light-induced water splitting to produce hydrogen
fuel is one of the potential alternatives to fossil fuels.[1] To
achieve this goal, powerful and stable water oxidation
catalysts (WOCs) that can be anchored onto solid-state
devices to facilitate water-splitting cell assembling and
engineering are needed.[2] On the molecular front, it is
imperative to have water-oxidation catalysts that can work
under restricted translational mobility conditions,[2] and

whose O@O bond formation step occurs via a “water
nucleophilic attack” mechanism (WNA).[3] Molecular
WOCs whose low energy O@O bond formation pathways in
the homogeneous phase occur via an “interaction of 2 M@O
units” (I2M) might still be able to carry out the catalytic water
oxidation reaction at the surface of an electrode, but will need
to proceed through higher energy pathways that can lead to
catalyst degradation.[2b] Further, given the intrinsic high
energy demands for the water oxidation catalysis, it is
essential that the anchoring groups that act as an interface
between the catalysts and surface are oxidatively resistant.

Herein, we report new hybrid materials consisting of
molecular WOCs anchored onto multi-walled carbon nano-
tubes (MWCNTs) via p-stacking interactions.[2c] The resulting
materials are extremely stable and allow the anchoring of
a large amount of catalyst giving turnover numbers (TNs)
over a million without apparent deactivation.

Recently,[4] we have reported the synthesis of complex
{RuII(tda)(py)2} (1a ; for a drawing of tda2@ see Scheme 1) and
have shown that in its high oxidation states (IV) it acts as
a precursor for the formation of {RuV(O)(tda)(py)2}

+. This
complex is the most powerful molecular water oxidation
catalyst described to date, achieving turnover frequencies
(TOF) in the range of 50 000 s@1. In addition, we showed that
the rate determining step for the water oxidation reaction is
the O@O bond formation, which in this case occurs via WNA,
as evidenced by kinetics and further supported by DFT
calculations.

Given the remarkable performance of {RuV(O)(tda)-
(py)2}

+, we proceeded to anchor it on conductive solid
supports with the aim of generating a powerful hybrid
anode for the electrocatalytic oxidation of water to dioxygen,
that could be potentially incorporated in water splitting
devices. For this purpose, we used MWCNTs as support, given
their high stability, conductivity and large electrochemically
active surface area.[2c,5] MWCNTs were also selected because
of their inertness as compared to oxides that can potentially
block labile Ru-aqua groups and thus reduce or even suppress
the activity of the catalyst.[6] Moreover, this anchoring
approach avoids the use of phosphonate or carboxylate
moieties that have a limited stability in water in the presence
of a supporting electrolyte under irradiation.[7] To anchor our
catalyst on MWCNTs, we prepared pyridyl type of ligands
functionalized with the pyrenyl group (Scheme 1), so that
they can be anchored on MWCNTs via p-stacking interac-
tions without significantly modifying the intrinsic electronic
and geometrical properties of the parent complex.[8] We
synthesized ligand L1 that contains an amide group as
previously described,[2e] and a new ligand L2 that contains
a direct C@C bond between the pyridyl group and the pyrene
moiety, see Supporting Information for details. This strategy

[*] J. Creus,[+] Dr. J. Garc&a-Antkn, Dr. X. Sala, Prof. A. Llobet
Departament de Qu&mica
Universitat Autlnoma de Barcelona
Carrer dels Til·lers s/n, 08193 Cerdanyola del VallHs (Spain)
E-mail: xavier.sala@uab.cat

J. Creus,[+] R. Matheu,[+] Dr. I. PeÇafiel, Dr. C. Godard
Departament de Qu&mica F&sica i Inorg/nica
Universitat Rovira i Virgili
Carrer Marcel·l& Domingo s/n, 43007 Tarragona (Spain)
E-mail: cyril.godard@urv.cat

R. Matheu,[+] Dr. J. Benet-Buchholz, Prof. A. Llobet
Institute of Chemical Research of Catalonia (ICIQ)
Barcelona Institute of Science and Technology (BIST)
Avinguda Pa"sos Catalans 16, 43007 Tarragona (Spain)
E-mail: allobet@iciq.cat

Dr. D. Moonshiram
Chemical Science and Engineering Division, Argonne National
Laboratory
9700 S. Cass Avenue, Lemont, IL 60439 (USA)

Dr. P. Blondeau
Departament de Qu&mica Org/nica i Anal&tica
Universitat Rovira i Virgili
Carrer Marcel·l& Domingo s/n, 43007 Tarragona (Spain)
E-mail: pascal.blondeau@urv.cat

[++] These authors contributed equally to this work.

Supporting information and the ORCID identification number(s) for
the author(s) of this article can be found under http://dx.doi.org/10.
1002/anie.201609167.

Angewandte
ChemieCommunications

15382 T 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2016, 55, 15382 –15386

http://dx.doi.org/10.1002/ange.201609167
http://dx.doi.org/10.1002/anie.201609167
http://orcid.org/0000-0002-6176-5272
http://dx.doi.org/10.1002/anie.201609167
http://dx.doi.org/10.1002/anie.201609167


avoids the use of easily oxidizing methylene groups, which is
fundamental for the long-term performance of any molecular
water oxidation catalysts.[9]

The synthesis of complexes {Ru(tda)(Li)2} (i = 1, 1b ; i = 2,
1c), is straightforward and similar to related complexes (see
details of the synthesis in the Supporting Information).[2e, 4] A
single-crystal X-ray structure of 1b is shown in Figure 1. It
shows a distorted octahedral coordination around the RuII

metal ion with the tda2@ ligand acting in a k-N3O fashion and
leaving one of the carboxylate moieties uncoordinated. The
axial positions are occupied by two pyridyl moieties from two
L1 ligands. Overall, the structure of 1b shows a very similar

first coordination sphere for the Ru center as reported for
1a.[4] To further electronically and structurally characterize
these complexes, X-ray absorption spectroscopy (XAS) was
carried out for powders of 1a, {RuIII(tda)(py)2}(PF6) (1a-
(PF6)), {RuIV(tda)(py)2}(PF6)2 (1a(PF6)2), 1b, and RuO2 and
the results are shown in Figure 2A and the Supporting
Information. In all cases the half-edge energies obtained from
X-ray absorption near edge structure (XANES) were con-
sistent with the oxidation state assignment, and the metric
parameters obtained by extended X-ray absorption fine
structure (EXAFS) were very similar to those of related X-
ray structures (Table S3 in the Supporting Information).[4]

Glassy carbon disks (GCd, S = 0.07 cm2) were used as
working electrodes (WE) for all the electrochemical work
described herein, except when larger surface areas were
needed, in which case, glassy carbon plates (GCp, S = 1 cm2)
were used. Further, a Pt disk and a Hg/HgSO4 electrode were
used as auxiliary and reference electrode respectively. All the
potentials reported herein are converted into NHE by adding
0.65 V. Conductive electrode materials were prepared by
depositing a few mL of a suspension of MWCNTs on the
surface of glassy carbon electrodes. The solvent was then
allowed to evaporate. The resulting materials are termed
“MWCNT@GC”. They were then soaked in a solution of the
catalyst precursor 1b or 1c affording the hybrid anode
materials “{RuII(tda)(Li)2}@MWCNT@GC” (i = 1, 2b ; i = 2,
2c), that contained the catalyst precursor attached to the
MWCNTs and were characterized by electrochemical tech-
niques and XAS.

The amount of molecular complex deposited on the
surface of the electrode turned out to be of G2 b =

6.35 nmol cm@2 for 2b and G2 c = 0.20 nmolcm@2 for 2c.
Further, XAS was carried out for 2b anchored on GCp to
additionally characterize the nature of these hybrid materials.
Unfortunately, the lower catalyst loading obtained for 2c,
even supported in the GGp electrode, prevented its XAS
analysis. For 2b it was found that the nature of the molecular
species attached to the surface of the MWCNTs was identical
to those of the precursor complexes, except that atmospheric
oxygen had oxidized the initial RuII complex to RuIII by 80 %,
as revealed by XANES and EXAFS (Figure 2 B, Table S2).
Additional evidence for this oxidation phenomenon was
obtained by measuring the open circuit potential (OCP) as
a function of time for a sample of 2b in an open atmosphere
(see Figure S30). We termed this partially oxidized material as
2b0, and showed that its Ru k-edge at half peak neatly
correlates with oxidation state 2.8 and thus indicates that the
sample 2b0 contains 80% 2b+ and 20 % 2b (Figure 2B, empty
square marker). In addition, the simulated EXAFS experi-
ments for 2b+ (2b0@20% 1 b) also gives very good fits and
thus further supports this point (see Figure 2D, Figure S33,
Table S4 and Table S5). The EXAFS simulations were carried
out assuming a coordination number of 6 (5N atoms, 1O
atom) for RuII and assuming the typical pseudo-octahedral
geometry expected for a RuII d6 ion. On the other hand, for
RuIII, a coordination number of “6.5” was assumed (5 N, 1O,
0.5O), with a distorted octahedral coordination containing an
additional oxygen contact (Ru–O distance of 2.4 c), in
a similar manner as found in the X-ray structure of 1a+

Scheme 1. Drawing of the ligands discussed herein (top) and complex
labelling strategy (bottom).

Figure 1. ORTEP plot of the catalyst precursor {RuII(tda)(L1)2} (1b ;
thermal ellipsoids set at 50% probability). Black ellipsoid color codes:
Ru black filling; O gray filling; N no filling. C gray ellipsoid with no
filling. Small gray circles H.
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(Figure S32, Table S4, fit 12).[4] The data fit obtained for 1a+ is
very similar to that obtained for 2b+ reflecting their structural
similarities.

To generate the active catalyst at the surface of the
electrode material, a potential of 1.25 V was applied for 500 s
under stirring at pH 12 to 2b or 2c. This process oxidizes the
initial RuII complex to its oxidation state IV, where the
coordination of a hydroxide anion occurs readily,[4] as
indicated in the Equations (1) and (2) for 2b.

‘‘fRuIIðtdaÞðL1Þ2g@MWCNT@GC’’
2 b

@2 e@ !

‘‘fRuIVðtdaÞðL1Þ2g2þ@MWCNT@GC’’
2 b2þ

ð1Þ

‘‘fRuIVðtdaÞðL1Þ2g2þ@MWCNT@GC’’
2 b2þ

þOH@ Ð

‘‘fRuIVðOÞðtdaÞðL1Þ2g@MWCNT@GC’’
3 b

þHþ
ð2Þ

Once generated, the active hybrid materials were removed
from the pH 12 solution, rinsed with water, and introduced in
another solution at pH 7. Under these conditions, a mixture
of 2b2+ and 3b is generated with an approximate ratio of 5:1

that remains in equilibrium, as
deduced from cyclic voltammetry
(CV) experiments at pH 7 (See
Figure 3 left).

Figure 3 shows that for the
precursor material, waves for the
III/II and IV/III couples are
observed at 0.55 V and 1.10 V
respectively, together with a large
current density that appears at
1.3–1.4 V associated with the oxi-
dation of the MWNCTs. On the
other hand, on the CV of the
2 b2+:3b mixture, additional small
waves appear in the 0.6–0.9 V
potential range associated with
the electroactivity of the anchored
{RuIV(O)(tda)(L1)2} catalyst, 3b,
as we have earlier described for
its homologue {RuIV(O)(tda)(py)2}
in homogeneous phase.[4]

Finally, a very large electro-
catalytic current due to the oxida-
tion of water to dioxygen associ-
ated with the RuV/RuIV couple
occurs at 1.2–1.3 V, manifesting
the high activity of this catalytic
hybrid material. Interestingly, cur-
rent densities above 10 mAcm@2

are achieved that are assumed to
be critical for the construction of
a water splitting device.[10]

We quantified the perfor-
mance of this new solid-state
molecular-anode for water oxida-
tion, comparing its performances
with its homogeneous homologue

by carrying out a foot-of-the-wave analysis (FOWA)[11] also at
pH 7 (see Figure 3). A TOFmax = 8935 s@1 was obtained from
the fitted data similar to that obtained for {RuIV(O)(tda)-
(py)2}.

[4] This is extremely important because it clearly shows
that the activity of the catalyst anchored on a solid support,
under translationally restricted mobility conditions, is main-
tained. It thus allows transferring the information obtained in
homogeneous phase to the desired solid-state anode material,
thanks to the WNA nature of the O@O bond formation step
that occurs both in homogeneous phase and anchored. This is
in sharp contrast with the related complex {RuIV(O)(bda)(4-
Me-py)2} (bda2@ is 6,6’-dicarboxylate-2,2’-bypyridine), that
mechanistically operates via a bimolecular I2M mecha-
nism,[12] and once anchored needs to change its mechanism
to a higher energy pathway that significantly decrease the
TOFmax values and leads to degradation.

The activity of “{RuIV(O)(tda)(L2)2}@MWCNT@GC”
(3c) at pH 7 was also evaluated in a similar manner as that
of 3b, giving a TOFmax = 8076 s@1. This is very similar to that
obtained for 3b (see Figure S24), further supporting the
suitability of the chosen heterogenization strategy. The long-
term stability of these new solid-state hybrid molecular

Figure 2. A) Normalized Ru K-edge XANES for 1a (solid black), 1b (dashed), 1a+ (cross), 1a2+ (plus),
and RuO2 (solid circle). Inset: Plot of half k-edge energy vs. oxidation state for Ru0 metal (empty
circle), 1a and 1b (black square), 1a+ (cross), and RuO2 (solid circle). B) Normalized Ru K-edge
XANES for 1a+ (cross), 2b0 (empty square), 2b’ (diamond) and 2b’’ (star). Inset: Plot of half k-edge
energy vs. oxidation state (same symbols as in (A)) 2b0 (empty square), 2b’ and 2b’’ (star). C) Differ-
ence spectra for: 1b–1a+ (solid black), 1b–RuO2 (cross), 1a+–RuO2 (dashed), 2b–RuO2 (square), and
2b“–RuO2 (solid circle). D) Fourier transforms of k3-weighted Ru EXAFS for the RuIII complexes from
top to bottom, 1a+ (cross) and 2b+: (2b0–20% 1b) (empty square), (2b’–10% 1b) (diamond), and
(2b’’–10% 1b) (star). D) Back Fourier transformed experimental (solid lines) and fitted (with marker
lines) k3c(k) from top to bottom for 1a+, 2b+: (2b0–20% 1b),(2b’’–10% 1b), and (2b’’–10% 1b).
Experimental spectra were calculated for k values of 1.941–10.9 b@1.
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anodes were evaluated at pH 7 based on repetitive CV, bulk
electrolysis and XAS, shown in Figure 2 and Figure 4. The left
and middle part of Figure 4 displays 1000 repetitive CV scans
carried out at 100 mVs@1 for the anodes containing mixtures
of 2b2+:3b and 2c2+:3c, between 0.25 and 1.45 V. For the case
of 2b2+:3b (Figure 4, left), as the repetitive cycles proceed,
both the intensity of the electrocatalytic current and the
intensity of the waves arising from the catalyst precursor
progressively decrease, until no electroactivity is observed.
Thus as the catalytic reaction proceeds, the catalyst and
catalyst precursor progressively disappear from the surface of
the electrode, most likely due to the oxidation of the linker. In
sharp contrast for the case of 2c2+:3c (Figure 4, middle), the
intensity of the electrocatalytic current decreases by approx-

imately 65% of its initial value but the electroactivity of the
precursor catalysts, 2c2+, remains intact as shown in Figure 4,
right. The change in the intensity of the electrocatalytic
current at 1.45 V is mainly attributed to a shift of the
equilibrated species between precursor 2c2+, and the active
catalytic species 3c that occurs during long-term catalysis (see
Figure S25 for an inset of the molecular peaks). Also, a small
decrease of the intensity can be attributed to the partial
detachment of the MWCNT due most likely to a mechanical
friction effect.

A similar trend is observed when bulk electrolysis experi-
ments using GCd electrodes are carried out at pH 7 with an
applied potential of 1.45 V as can be seen in Figure 4, right.
For the system 2 b2+:3b (solid black line), the initial current
density reaches a value of 2 mA cm@2, but as time elapses the
current density progressively decreases to less than
0.25 mAcm@2 after 2.5 h. On the other hand, for the 2 c2+:3c
system (dashed black line) the initial current density is
1.5 mAcm@2, and it decreases to 0.7 mAcm@2 at about 40 min
and then remains constant. While the hybrid anode 2c2+:3c is
extremely stable generating roughly 0.18 million TNs without
apparent deactivation, 2b2+:3b slowly deactivates but still
giving a remarkable final TNs of 0.67 million. TNs in the
range of 1.2 million can be obtained for 2 c2+:3c under similar
conditions but by running the experiment for longer periods
of time (12 h; see Figure S27). The strikingly different long-
term performances of these two anode materials are associ-
ated with the different oxidative stability of their linking
moieties as discussed above for the repetitive CV experi-
ments.

These results manifest again the importance of ligand
design for long-lasting anodes for water splitting applications
that if properly designed can parallel the performance of
related oxide based electroanodes. Finally, a bulk electrolysis
experiment was performed in a GCp for 2 b2+:3b under similar
conditions, and the amount of O2 generated was measured via
a Clark electrode on the gas phase giving Faradaic efficiencies
above 90%, showing once more the ruggedness of the present
system (Figure S28). The remaining current is basically used
for the oxidation of the graphite electrode.

The structure of the hybrid material 2 b2+:3b
was also analyzed by XAS, using glassy carbon
plates GCp and the results are reported in Figure 2,
and Figures S32 and S33 and Tables S3 and S5.
Two samples of the hybrid material 2b2+:3b
(G2b2þ = 0.57: 0.16 nmol cm@2 and G3 b = 0.64:
0.24 nmol cm@2 ; G2 b2þ :G3 b = 0.89: 0.20 nmol cm@2)
were exposed to a bulk electrolysis experiment at
pH 7, with an applied potential of 1.45 V for 1000 s
for the first sample and for 1 h for the second one.

Subsequently a CV was carried out with a final
potential of 0.2 V that generated the catalyst
precursor and the active catalyst at oxidation
state II, that are labeled as 2b’ and 2 b’’ for the
samples exposed to 1000 s and 1 h electrolysis,
respectively, and left in open air for a week. As was
also the case for 2b0, XANES spectra show half
peak k-edge energies that indicate that initial RuII

complex is oxidized to RuIII by 90 % in both cases

Figure 3. Left: black solid line, CV for 2b in pH 7 solution at a scan
rate of 100 mVs@1 from 0.25 to 1.45 V, with a surface coverage of
G2 b = 6.35 nmolcm@2 using GCd as WE. Gray line, CV of a mixture of
2b2+:3b (G2 b2þ = 2.66 nmolcm@2 and G3 b =0.55 nmolcm@2) under the
same conditions. In dashed black a blank for MWCNT@GCd. Inset:
enlargement of the 0.2–1.4 V potential zone. Right: linear sweep
voltammetry at pH 7 for the 2b2+:3b mixture (gray solid line). Inset:
plot of i/QR vs. [1/(1+ e((E0-E)*F/RT))]. The black dashed line in both
cases represents the experimental data used for the FOWA analysis,
and the black solid line shows the experimental data used for the
extraction of TOFmax = 8935 s@1 for 3b.

Figure 4. 1000 repetitive CV scans at pH 7 at a scan rate of 100 mVs@1 from 0.25
to 1.45 V for 2b2+:3b (left, G2 b2þ = 2.07 nmolcm@2 and G3 b =0.36 nmolcm@2) and
2c2+:3c (middle: G2 c2þ =0.13 nmolcm@2 and G3c =0.03 nmolcm@2) at GCd. Black
solid line is the first cycle, black dashed line is the 1000th cycle. In gray are 2nd–
999th cycles. Right: bulk electrolysis of 2b2+:3b (solid black, G2 b2þ = 2.10 nmolcm@2

and G3 b =0.40 nmolcm@2) and 2c2+:3c (dashed black, G2 c2þ = 0.11 nmolcm@2 and
G3 c = 0.03 nmolcm@2) in a phosphate buffered solution at pH 7 at Eapp =1.45 V
under stirring using GCd as WE. The experiments were stopped at 1000 s and
3000 s and then subsequently reinitialized. See Figure S29 for an analogous
experiment on bare MWCNT@GCd.
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(see Table S2 and inset in Figure 2B). In addition, the EXAFS
(see Figures 2D, S32, Table S3 and Table S5 (fits 4, 8 and 12))
point out that the samples before catalysis 2b0 and after 1000 s
and 1 h catalysis 2b“ and 2b” respectively, are practically
identical to 1a+, after subtraction of their RuII contribution,
and thus confirms the presence of 2b+. This is a very
important result since it shows that the nature of the catalyst
remains intact after catalysis. In addition, XAS spectroscopy
unambiguously shows the absence of any traces of RuO2 after
1 h catalysis. This can be monitored by the specific peak at
22156 eV, nicely visualized through the difference spectra in
Figure 2C, that is highly characteristic of RuO2 as well as by
the absence of RuO2 in the EXAFS spectral features shown in
Figure 2D and Figure S33. This is again very significant since
it clearly demonstrates the molecular nature of the catalysis in
heterogeneous phase, in sharp contrast with many instances
where the original molecular catalyst is transformed to the
corresponding metal oxide that ends up being the real active
catalyst.[2b]

In conclusion, we report a million turnover molecular
electroanode that consists of a molecular Ru catalyst anch-
ored on the surface of MWCNTs via a pyrenyl functionality.
The extraordinary unprecedented stability of the molecular
catalyst is a result of a bottom-up approach that includes
a thorough mechanistic understanding of the water oxidation
catalyst steps involved in water nucleophilic attack events.
XAS spectroscopy has been shown to be a very valuable tool
in the solid state to monitor the long-term stability and
molecular nature of the anchored water oxidation catalysts.
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