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Abstract: Both global warming and the limited fossil resources 

make the transition from fossil to solar fuels an urgent matter. In 

this regard, the splitting of water activated by sunlight is a 

sustainable and carbon-free new energy conversion scheme 

able to produce efficient technological devices. Having at 

disposal appropriate catalysts is essential for the proper kinetics 

of the two key processes involved, namely the oxygen evolution 

reaction (OER) and the hydrogen evolution reaction (HER). 

During the last decade nanoparticulated Ru derivatives have 

emerged as true potential substitutes for the state-of-the art Pt 

and IrOx species for HER and OER, respectively. Thus, after a 

first section summarizing the most common methods for catalyst 

benchmarking, this review covers the most significant 

developments on Ru-based nanoparticles used as catalysts for 

the water splitting process. Furthermore, the key factors that 

govern the catalytic performance of these nanocatalysts are 

discussed in view of future research directions. 

1. Introduction 

High consumption of fossil fuels together with the accumulation 

of CO2 in the atmosphere due to their combustion have put 

forward the urgent need for a cheap, clean and carbon-neutral 

energy source. One of the most attractive and possible solutions 

to face this challenge is the production of H2 by the splitting of 

water (WS, Eq. 1) photo-activated by sunlight. This method to 

produce H2 mimics what green plants, algae and cyanobacteria 

do to store sunlight energy in chemical bonds, and is one of the 

processes known as artificial photosynthesis.[ 1 ] In this redox 

process, water is oxidized to molecular oxygen at the anode (Eq. 

2a and 2b at neutral/acidic and basic pH, respectively) and the 

released electrons and protons produce molecular hydrogen at 

the cathode (Eq. 3a and 3b at neutral/acidic and basic pH, 

respectively). 

 

2 𝐻2𝑂 → 𝑂2 + 2 𝐻2    Eq. 1 

 
2 𝐻2𝑂 → 𝑂2 + 4 𝐻+ + 4 𝑒−  Eq. 2a  

4 𝑂𝐻− → 𝑂2 + 2 𝐻2𝑂 + 4 𝑒− Eq. 2b 

 

4 𝐻+ + 4 𝑒− → 2 𝐻2    Eq. 3a 

4 𝐻2𝑂 + 4 𝑒− → 2 𝐻2 +  4 𝑂𝐻− Eq. 3b 

 
These processes are kinetically slow because of their 

mechanistic complexity -especially for the oxidation half 

reaction- and the difficulty of evolving gases from a liquid phase, 

and therefore it is of upmost importance to find proper catalytic 

systems able to accelerate them. In this context, nanoparticles 

(NPs) are highly interesting chemical systems owing to their 

unusual properties at the interface of those of molecular species 

and bulk counterparts.[2] NPs, if properly characterized,[3] are of 

particular interest for applications in catalysis given their high 

specific surface area and the possibility of depositing/embedding 

them in various supports and also to surface-functionalize them 

through diverse strategies. This offers great opportunities in 

terms of reusability, for example in electrocatalytic processes in 

which they can act as the active supported species onto solid 

electrodes.  

Concerning the oxygen evolution reaction (OER, Eq. 2a/2b), 

anodes made with iridium oxide (IrOx) have been historically 

used to perform this first half-reaction of the water splitting 

process, since this material shows excellent electrocatalytic 

performance under the harsh conditions required.[4 ] However, 

significant activity of heterogeneous RuO2 in the OER has also 

been known for 30 years,[5,6] which is attributed to the average 

binding energy of the surface bonded oxygen species.[7] In fact, 

several interesting features make RuO2 particularly promising to 

replace the highly active state-of-the-art IrOx species, which are 

expensive and scarce, in proton exchange membrane (PEM) 

electrolyzers for WS. Contrarily to traditional water electrolyzers 

that operate in basic media, PEM WS systems work under acidic 

conditions and provide numerous performance advantages that 

make them ideal devices for the delocalized storage of 

renewable electricity at a small scale.[8] Given that active and 

stable 1st row transition metal-based oxide catalysts for the OER 

in acidic media are elusive, RuO2 turns out to be a remarkable 

candidate for PEM systems, especially if taking into account that 

Ru is at least six times cheaper than Ir. However, for RuO2 to be 

employed for practical applications, maximizing the number of 

active sites at its surface is of paramount importance in order to 

increase its efficiency. Therefore, nanoparticulated systems, with 

large surface area to volume ratios, present obvious advantages 

and are particularly desirable.  

Today most of the mechanistic knowledge available on the OER 

comes from the research performed for the last 40 years on Ru 

molecular complexes.[ 9 ] Cycling even at the millisecond 

timescale,[ 10 ] Ru complexes have proven to be highly active 

electrocatalysts for the OER, showing remarkable stability if 

properly designed.[ 11 ] But the reaction rates of their 

heterogeneous counterparts, namely RuO2, are typically several 

orders of magnitude lower, even when nanoparticulated 

materials are employed; turnover frequency (TOF) values are 

below 1 s-1 (see Section 3 below), that highly contrasts to TOFs 

in the 10000 s-1 range for the best Ru molecular OER 

catalysts.[10] However, a drawback frequently threatens the 

catalytic performance of Ru molecular water oxidation catalysts 

(WOCs): they can be vulnerable under the highly oxidizing 

conditions used and show a tendency towards ligand 

oxidation/substitution and thus metal oxide formation, among 
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other processes.[11] Interestingly, the in situ formation of RuO2 

from the decomposition of grafted Ru molecular complexes 

under catalytic turnover conditions has recently led to both 

dramatically increased activities and stabilities.[ 12 ] Thus, 

unraveling the factors ruling the performance of RuO2 OER 

catalysts, namely under the form of NPs, is of upmost relevance. 

The attention of the scientific community towards this subject 

has increased in recent years.  

The second half-reaction of water splitting, the hydrogen 

evolution reaction (HER, Eq. 3a), is mechanistically simpler than 

the OER at acidic/neutral pH (Eq. 2a). Compared to the 

oxidative process where four H-O bonds have to be broken and 

an O=O double bond formed while releasing 4 electrons and 4 

protons, the HER involves only the formation of one H-H bond 

by the reduction of two H+ groups. This divergence is evidenced 

with the onset overpotential (η0) -the difference between the 

thermodynamic equilibrium potential and the actual potential 

where the catalytic reaction starts- that heterogeneous catalysts 

require for each half-reaction, in general being < 100 mV for 

HER electrocatalysts and > 200 mV for OER electrocatalysts 

(Tables 1-4).  

In the solid phase, Pt has been the most used metal for the HER, 

being the most active metal in reducing protons, especially at 

acidic pH values. In these conditions, 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 protons (but 

hardens the H2 desorption), whereas a low M-H binding energy 

has an opposite effect. Platinum is located at the centre of the 

so-called volcano plot for proton reduction catalysts because it 

possesses the optimum M-H binding energy, which is neither too 

low nor too high.[ 13 ,14 ] Ruthenium presents a M-H bond only 

slightly weaker compared to Pt, which hardly decreases the 

HER catalytic efficiency, both according to experimental results 

and DFT calculations.[15] Furthermore, Ru has been shown to be 

stable both under acidic and basic conditions which provides this 

metal an extreme versatility in terms of working conditions, in 

contrast to Pt, whose long-term stability at basic pH is not 

optimal.[16] Additionally, the cost of Ru is noticeably lower -at 

least six times- than that of Pt. These characteristics all together 

have boosted the re-birth of Ru metal as a HER electrocatalyst 

in the last five years, particularly when it is in the form of NPs.  

This review focuses on the most remarkable Ru-based NP 

systems reported as HER/OER (electro)catalysts for the water 

splitting process and highlights the key factors that rule the 

catalytic performance of these nanomaterials. Given the crucial 

role of benchmarking for the objective assessment of the 

reported systems, a forefront section dedicated to this end has 

been included. Finally, future research directions are also 

discussed. 
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2. General methodology and activity 
benchmarking 

The majority of Ru-based NP systems described as HER/OER 

catalysts have been evaluated electrochemically after deposition 

onto the surface of conducting electrodes, with glassy carbon 

(GC) electrodes being the most common example. However, the 

use of pressed Pt powder discs as alternative to oxidizable C-

based electrodes has also been reported for OER 

applications.[ 17 , 18 ] Since in both HER and OER gases are 

continuously evolving, the use of glassy carbon rotating disk 

electrodes (RDE-GC) is highly recommended. The disk rotation 

results in a laminar flow of solution towards and across the 

electrode that controls the steady-state current in spite of 

diffusion. At the same time this minimizes the H2 or O2 gas 

accumulation at the electrode surface, thus ensuring a better 

accessibility of the catalyst active sites under turnover conditions 

and also a more real quantification of evolved gas when 

analyzed with specific probes.  

Meaningful comparison of the performance and stability of 

electrocatalytic materials prepared for the WS reactions 

presents inherent difficulties arising from the wide set of 

conditions (varied supports and catalyst loadings, diverse 

electrolytes and pH ranges,…) employed to test their 

performance. Traditionally, the electrochemical activity of 

heterogeneous catalysts has been normalized by the total 

amount of catalyst or metal present, thus yielding the so-called 

mass activity parameter (generally expressed as A·mg-1 or A·g-

1).[8,19] However, this represents an average activity that does 

not take into account the putative presence of different sites in 

the sample (e.g. exposed/active sites vs. unexposed/inactive 

sites). Thus, several authors have proposed several 

methodologies for normalizing the vast electrochemical data 

available for both HER and OER catalysis.[4,16,19, 20 , 21 , 22 , 23  ] 

Therefore, a set of benchmarking parameters are nowadays 

used to assess the intrinsic activity and stability of the systems 

in a relatively fast and easy/affordable manner. An overview of 

the parameters typically defined to this purpose and the most 

frequently related methodologies can be found hereafter.  

The first relevant figure of merit is the overpotential at the 

beginning of the catalytic process, η0, which can be 

distinguished by a change on the current intensity (i) due to a 

Faradaic process when performing voltammetric measurements. 

Accurately determining a slope change in a voltammetric 

experiment is not always straightforward and thus η0 

determination is typically not absent of subjectivity. Thus, the 

overpotential required to achieve a current density (|j|) of 10 

mA·cm-2 (η10), which is approximately the current density 

expected for a solar water-splitting device subjected to 1 sun 

illumination and working at a solar-to-fuel efficiency of 10%, has 

arisen as a commonly accepted benchmarking parameter for 

both HER and OER. In addition, in order to assess the stability 

of the studied catalysts, η10 can be compared at the beginning 

and after continuous catalytic turnover. Typical reaction times of 

2 h are applied for short-term and more than 12 h for long-term 

stability tests, as proposed by Jaramillo et al.[16] It is noteworthy 

that long-term (> 12 h) stability tests are not frequently reported. 

If the chosen benchmarking parameter is η10, determining the 

active surface area of the tested electrocatalyst is of paramount 

importance in order to assess its activity. Note that η10 can also 

be (and is widely) measured by normalizing the obtained current 

intensities by the total geometric area of the employed electrode 

instead of that of the electrocatalyst. However, this methodology 

provides scarce information about the intrinsic activity of the 

catalyst, being of relatively low interest as a tool of objective 

benchmarking. Specific surface areas are commonly determined 

either by the so-called Brunauer–Emmett–Teller (BET) method, 
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which is based on gas adsorption measurements, or through 

electrochemical measurements. In general, BET is a well-

defined empirical measurement leading to relatively accurate 

values of the total specific surface of the analyzed 

electrocatalyst. But given that not all surface sites are usually 

active, overestimation of the catalytically active surface area is 

common with this method, which leads to the underestimation of 

the intrinsic activity of the real active sites.[20] The 

electrochemical method to assess electrocatalyst surface areas 

relies on the determination of the electrochemically active 

surface area (ECSA). To determine the ECSA, it is necessary to 

measure the double-layer capacitance (CDL) of the material, 

which can be assessed through two different methods. The first 

one, proposed by Jaramillo et al., consists in the measurement 

of CVs at different scan rates in non-faradaic regions.[4,16,20] The 

second one is based on electrochemical impedance 

spectroscopy (EIS) measurements in the same non-faradaic 

regions. Although in general the CDL measured by both methods 

tend to agree within ± 15%, some authors claim that the latter 

may be preferable.[19] From the ECSA values, the so-called 

roughness factor (RF) can be measured as RF = 

ECSA/geometrical electrode area. If the current density |j| is 

normalized by the RF, the so-called specific activity (|js|=|j|/RF) 

can be obtained. It allows comparing the performance of very 

diverse systems with different catalyst loadings and electrode 

areas. Nevertheless, even if in principle the ECSA method is 

more realistic in terms of describing active surface sites, it 

shows important experimental difficulties that make it inaccurate, 

thus potentially leading either to the underestimation or 

overestimation of the true catalytically active area.[20] ECSA and 

BET were recently compared by Jaramillo and co-workers as 

methods for normalizing the activity of OER nanoparticulate 

electrocatalysts.[20] However, it remains unclear which should be 

the method of choice since it strongly depends on the type of 

solid to be studied. Thus, reporting specific activities per 

duplicate through both ECSA and BET seems a desirable 

practice to get higher confident results. 

The determination of the turnover number (TON) and turnover 

frequency (TOF) per real catalytic active site is another 

significant benchmarking parameter to be discussed. Normally, 

the total number of active sites present in a metal-based catalyst 

deposited onto the surface of a conductive electrode can be 

directly determined by integrating the area below the CV 

oxidation or reduction peak according to Faraday’s law, as is the 

case for Ni and Co-based nanocatalysts.[19] However, for the 

particular case of Ru-based NPs no redox processes are 

commonly observed except from the catalytic current. An 

alternative method can be used to determine the total number of 

metallic Ru active sites (which is also valid for metallic Pt). It is 

the so-called Cu Under-Potential Deposition method (UPD, 

Figure 1), in which all metallic Ru (or Pt) active sites are initially 

saturated with Cu atoms by selective Cu2+ electro-reduction 

(Figure 1a-b). Then, after a controlled oxidation (Figure 1c), 

deposited Cu atoms are released into the solution. Copper 

atoms can be quantified by the integration of the Cu oxidation 

wave area (Figure 1d), thus allowing to estimate the number of 

accessible metallic Ru (or Pt) active sites in the original 

system.[22,24] Once the total number of active sites present is 

known, the total amount of H2 or O2 gas molecules detected by a 

selective probe or the amount of evolved gas per time lapse can 

be normalized by the total quantity of active sites, thus leading to 

the TON and TOF values per real active site, respectively. The 

UPD method is particularly relevant for the benchmarking of 

HER electrocatalysts (see Section 4 below) where metallic Ru 

sites are the most common catalytically active species. 

 

Figure 1. Schematic representation of the Cu Underpotential Deposition 

(UPD) method for the determination of catalytic metallic Ru active sites in Ru-

based NPs. 

Electrochemical Tafel plots, which are defined as the plot of log 

|j| vs. η, constitute useful graphical tools for comparing the 

performance of electrocatalytic materials studied under 

analogous conditions and thus are suitable for benchmarking 

purposes.[ 25 , 26 ] Tafel plots can be extracted either from 

voltammograms, chronoamperometries/chronopotentiometries 

or from EIS measurements. The Tafel plot slope, expressed as 

mV·dec-1, gives information about the kinetics of the 

electrochemical process. Furthermore, in the particular case of 

HER, Tafel plots help inferring details on the mechanistic 

pathway of the catalytic act and, beyond, to classify the 

catalysts.[19] Thus, heterogeneous HER has been described to 

occur through two different reaction pathways, namely Volmer-

Heyrovsky or Volmer-Tafel (Eqs. 4&5 and 4&6, 

respectively):[25,27] 

 

Volmer: 𝐶𝑎𝑡(𝑠) + 𝐻(𝑎𝑞)
+ + 𝑒− → 𝐶𝑎𝑡 − 𝐻(𝑎𝑑)  Eq. 4 

Heyrovsky: 𝐶𝑎𝑡 − 𝐻(𝑎𝑑) + 𝐻(𝑎𝑞)
+ + 𝑒− → 𝐻2(𝑠) + 𝐶𝑎𝑡(𝑠) Eq. 5 
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Tafel: 2 𝐶𝑎𝑡 − 𝐻(𝑎𝑑) → 𝐻2(𝑠) + 2 𝐶𝑎𝑡(𝑠)   Eq. 6 

 
The Volmer step (Eq. 4) is the adsorption of one proton onto the 

catalyst surface, and is common for all HER electrocatalysts. It 

is considered as a Proton Coupled Electron Transfer (PCET) 

step at the surface of the catalyst, and is alternatively called 

discharge reaction. The desorption step can either go through 

the electrodesorption of the adsorbed hydrogen atom with a H+ 

in solution (Heyrovsky step, Eq. 5), which is also a PCET 

process, or through the recombination of two metal-hydride 

groups (M-H) from a unique nanoparticle or from two different 

ones (Tafel step, Eq. 6). 

Thermodynamically, electrocatalysts are ruled by the Nernst 

equation, which allows to calculate the thermodynamic 

potentials as E0(H+/H2) = 0.00 - 0.05916 · pH. However, an 

overpotential (η) is always present, and the whole HER kinetics 

follow the Butler-Volmer equation[28] (Eq. 7), 

 

|𝑗| = |𝑗0|[−𝑒−
𝛼𝑛𝐹𝜂

𝑅𝑇 + 𝑒
(1−𝛼)

𝑛𝐹𝜂

𝑅𝑇 ]  Eq. 7 
 

where |j| is the current density, |j0| is the exchange current 

density, i.e., the residual current of the catalytic system under 

non-faradaic conditions, α is the charge transfer coefficient, n is 

the number of electrons transferred, F is the Faraday constant, 

R is the ideal gas constant and T is the temperature. If η  

RT/F, a linear relationship appears between η and log(|j|)  (Eqs. 

8 and 9). 

𝜂 = 𝑎 + 𝑏 · 𝑙𝑜𝑔(|𝑗|) = − (
2.3𝑅𝑇

𝛼𝑛𝐹
) log(|𝑗0|) + (

2.3𝑅𝑇

𝛼𝑛𝐹
) · log(|𝑗|) Eq. 8 

𝑏 =
2.3𝑅𝑇

𝛼𝑛𝐹
 Eq. 9 

 

The slope (b, Eq. 9) of the Tafel plot (Eq. 8) gives kinetic 

information on the rate determining step (rds) among the 

different reaction pathways. In the case of HER, the rds depends 

on the binding energy of the M-H bond. Thus, if the rds of the 

reaction is the Volmer step, a typical Tafel slope 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. 

In the case of OER, its higher mechanistic complexity makes the 

interpretation of Tafel plots more difficult. From a theoretical 

point of view, b can change from 120 mV·dec-1 to 30 and even 

21 mV·dec-1 depending on the rds and the applied potential (the 

slope increases with increasing potentials).[25] Furthermore, 

apart from theoretical complications, important experimental 

drawbacks have been also reported.[23] First, the dependence of 

the Tafel slope with the manner in which a metal oxide has been 

prepared (e.g. the surface roughness) and the history of the 

electrode. Second, two distinct linear regions with different 

slopes can be recorded depending on the applied potential, 

which can be either due to a change of the rds within a given 

pathway or due to the influence of changing potential on the 

adsorption of reaction intermediates. And third, an increase of 

the slope with applied potential may not necessarily be 

mechanistically relevant but instead due to a reduction in the 

effective electrode surface area with increasing gas evolution at 

higher potentials. Altogether these may be the reasons why very 

rarely mechanistic conclusions are extracted from Tafel plot 

analysis of OER catalysts.  

Finally, the selectivity of the catalysts is commonly measured 

through the Faradaic efficiency determination in a bulk 

electrolysis experiment. It corresponds to the percentage of the 

total amount of electrons that have circulated through the 

electrochemical system and were effectively used for evolving 

gas, according to Faraday’s law. Also, when rotating ring disk 

electrodes (RRDE) are employed, the Faradaic efficiency of a 

HER/OER process can be directly determined from 

electrochemical measurements, without need of using selective 

gas detection probes.[19] 

The benchmarking parameters that have been described here 

above will be used when available in the following sections of 

this review in order to compare the catalytic properties of Ru-

based nanomaterials both for OER and HER. 

3. Oxygen Evolution Reaction 

RuO2 NPs reported as catalysts for the OER have been 

prepared by diverse synthetic methodologies that exploit the rich 

redox chemistry of Ru. As main preparation methods one can 

cite (hydro)thermal,[ 29 , 30 , 31 , 32 , 33 ] and plasma-assisted[ 34 , 35 ] 

methods starting both from RuCl3, decomposition of molecular 

precursors under oxidative (usually electrocatalytic) 

conditions,[12] magnetron sputtering,[8] thermal[36,37,38,39,40]/ air[41]/ 

electrochemical[31] oxidation of pre-formed metallic Ru NPs, and 

chemical,[42] electrochemical[43] or photochemical[44] reduction of 

RuO4
- species. Making use of the benchmarking parameters 

discussed in Section 2, the electrocatalytic performance of the 

most relevant Ru-containing nanoparticulated systems for the 

OER under acidic and basic conditions are summarized in Table 

1 and Table 2, respectively. Graphical representations of η10/b 

(where b is the slope of the Tafel plot, Figure 2) and TOF (Figure 

3) for the same set of OER electrocatalysts are also provided 

and discussed along this section. As deduced from the black 

columns in Figure 2, most Tafel slopes are comprised between 

50 and 60 mV·dec-1, falling within the normal range observed for 

different metal oxides in the literature.[23]  
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Figure 2. 10 (blue) and Tafel slope b (black) for the most relevant OER electrocatalysts in (a) acidic and (b) alkaline aqueous solution. 

 

 

Figure 3. Graphical comparison of TOF vs. overpotential data for OER 

electrocatalysts in acidic (green) and alkaline (brown) aqueous solution. 

3.1. Non-supported systems prepared ex situ. 

A majority of the Ru-based nanocatalysts (either metallic Ru or 

RuO2 NPs) assayed in the OER have been electrochemically 

triggered through deposition of the pre-catalytic entities onto 

RDE-GC. However, as noted above in Section 2, important 

difficulties arise when comparing the activity of the set of 

reported systems due to lack of homogeneity in electrode 

preparation methods, catalyst loadings and electrochemical test 

conditions. Thus, the following discussion will only focus on 

relevant contributions where benchmarked data are available, 

from which useful and accurate comparative information can be 

extracted.  

A contribution from Stephens, Chorkendorff and co-workers[8] 

that constitutes one of the state-of-the art works and where the 

authors compare their results with other relevant data when 

appropriate is a good starting point to discuss about the factors 

ruling the activity and stability of Ru-based NPs in the OER. 

These authors carefully analyze the OER mass activity and 

stability (corrosion) in acidic media (0.05 M H2SO4) of both as-

deposited and thermally oxidized (400 C, 1 bar O2, 1 min) Ru-

based NPs prepared through magnetron sputtering. This 

preparation method allows a high control over the size (in the 

range 2-9 nm depending on the conditions applied) and mass of 

the particles together with very clean surfaces. Following the 

tendency observed for extended surfaces,[45] the activity of the 

as-deposited NPs (composed by a mixture of metallic Ru and 

RuO2 as determined by XPS and XRD) is clearly higher than 

that of thermally oxidized NPs (identified as pure RuO2). OER 

mass activity (0.6 A·mg-1), specific activity (0.32 mA·cm-2) and 

TOF (0.65 s-1 for η = 250 mV, Table 1, entry 1) data for the RuO2 

system were calculated from the known mass and surface area 

of spherical particles and compared with literature data. The 

different figures of merit listed above resulted one order of 

magnitude higher than those found for any other NP in acidic 

medium,[31,37,46] which is attributed by the authors to the clean 

surfaces provided by the preparation method. This is particularly 

clear when the performance of this system is compared with that 

of the chemically prepared 6 nm RuO2 NPs reported by Shao-

Horn and co-workers,[37] which have similar size and crystallinity 

but clearly lower specific activity (0.010 mA·cm-2, Table 1, entry 

2). Finally, the electroactivity of RuO2 sites in the OER has been 

proven to be sensitive to the presence of heteroatoms 

(heteroatom inducement). A first example by Chen and co-

workers reported very active Cu-doped Ru-RuO2 NPs (Table 2, 

entry 5),[47] where, according to DFT calculations, the Cu doping 

allows tailoring the d-band centre of the RuO2 active sites. A 
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second report on the same subject placed in good position a 

catalyst made of Ru/RuO2 sites at the surface of CoxP hollow 

polyhedra (Ru-RuPx-CoxP, Table 2, entry 6).[ 48 ] The high 

electrocatalytic OER performance observed is attributed to both 

the synergism of the two metals present and the high specific 

surface area of the hybrid nanomaterial.  

Several authors have also studied the effect of the crystallinity 

degree of the employed Ru-based NPs on the OER.[29,36,43] Lim 

and co-workers[29] recently reported the inferior efficiency (η0 123 

mV higher) and stability of hydrous RuO2 particles of low 

crystallinity with regards to those of its crystalline counterpart 

(prepared by annealing of the former at 300 C) in 1 M KOH 

(Table 2, entries 2 and 3). In terms of overpotentials, this result 

differs from the results described for RuO2 thin films.[49 ] The 

inverse trend is reported by Han and co-workers when analyzing 

metallic Ru NPs of different crystallinity.[36] The higher 

performance observed for amorphous Ru NPs has been 

attributed to the higher number of coordinatively unsaturated 

surface sites available in this type of material. Very recently, 

highly active partially hydrous 5 nm RuO2 NPs embedded in a 

carbon matrix (x-RuO2@C with x =hydration degree = 0.27) 

have been reported as OER electrocatalysts both at acidic and 

basic pH (Table 1, entry 7; Table 2, entry 8).[33] Their excellent 

OER activity has been related to the abundantly pre-existent 

hydroxyl species (-Ru-OH) in hydrous RuO2, which possibly 

accelerate the deprotonation step to generate the oxyspecies (-

Ru-O) necessary to form the Ru-OOH ones during the rds, 

together with the improved proton conduction throughout 

hydrous RuO2. Thus, no clear trend can be extracted with the 

existent literature and more systematic research is desirable in 

this regard.  

The stability of Ru-based NPs under OER conditions is another 

key issue to have at disposal durable electrodes for practical 

applications. When comparing the stability of their two systems, 

Stephens, Chorkendorff and co-workers[8] report important 

corrosion of the as-deposited Ru/RuO2 NPs, observing 

dissolution from the electrode by electrochemical scanning 

tunneling microscopy (EC-STM), but relatively stable pure RuO2 

samples. This trend is in agreement with previous contributions 

that claim the higher stability of RuO2 vs. Ru/RuO2 NPs in the 

OER and the easy transformation of metallic Ru into RuO4 under 

catalytic conditions (either acidic or basic) and consequently, its 

dissolution from the working electrodes.[7,31,37,50] Mechanistically, 

the work of Kötz et al.[50] describes the formation of a RuVI 

intermediate (RuO2(OH)2) from both Ru and RuO2 at acidic pH 

prior to the formation of the RuO4 species. Since the structure of 

the RuVI intermediate matches the crystal structure of RuO2 and 

not that of Ru, the bonding with the former is stronger, thus 

decreasing its corrosion into RuO4. Another particularly 

remarkable work is that of Strasser and co-workers,[31] where the 

electrocatalytic OER activity and stability of metallic Ru, Ir and Pt 

NPs is compared with that of their corresponding bulk 

counterparts. Even if Ru NPs show the best initial specific 

activity, important passivation and corrosion is observed from 

the first CV scan, forming water-soluble RuO4 at potentials close 

to those needed for the OER. Remarkably, an alternative system 

for improving the stability of the Ru NPs while maintaining or 

even increasing their activity in the OER has been shown to be 

the combination of the Ru element with a more stable noble 

metal, less prone to undergo oxidation. Thus, Tilley and co-

workers reported Pd@Ru core-shell NPs[51] or Pd-Ru[52] and Au-

Ru[53] branched and faceted NPs, with η10 values of 220-230 mV 

and Tafel slopes of 61-62 mV·dec-1 in 0.1 M HClO4 (Table 1, 

entries 4-6). The first work demonstrates that the Pd core 

stabilizes the Ru shell by up to ten times while maintaining the 

activity,[51] whereas the other two show that the presence of 

branches increases both the stability and activity of the NPs as 

compared to the respective bimetallic spherical systems.[52,53] 

3.2. Systems arising from the decomposition of molecular 

complexes under OER conditions. 

Contrasting with other transition metals (TMs), works describing 

Ru-based NPs for the OER generated under catalytic conditions 

from the oxidative decomposition of molecular complexes are 

scarce. This is in agreement with the intrinsic robustness of Ru 

molecular WOCs containing ligands that are not easily oxidized 

or, when properly designed, that are oxidized at a sufficiently 

slow rate so their degradation is negligible.[11] Among the most 

easily oxidizable organic substrates are those containing 

methylenic groups in benzyls, benzylalcohols and benzylpyridyls. 

Some complexes including these groups have been prepared, 

but a careful analysis of their behavior evidenced their 

degradation.[54,55,56] In fact, a detailed study by simultaneously 

measuring the amount of O2 and CO2 generated showed the 

formation of the latter from the very beginning. This implies that 

massive ligand degradation occurs together with the formation of 

O2, and thus points to the formation of RuO2 as the active 

species rather than the initial molecular complex. A relevant 

example of ligand degradation is the case of the complex 

[Ru(bda)(N-NH2)2] (bda2− is [2,2’-bipyridine]-6,6’-dicarboxylate, 

N−NH2 is 4-(pyridin-4-yl)aniline) anchored to a glassy carbon 

surface.[12] This is an extremely robust WOC in homogeneous 

phase that forms O-O bonds in a bimolecular manner via an 

intermolecular mechanism. Attached to the surface of a graphitic 

electrode, and therefore with restricted mobility, it cannot 

undergo dimerization. This involves accessing higher energy 

pathways to afford water oxidation, which in parallel facilitate 

ligand degradation. As a result, after a few catalytic cycles the 

only Ru species left at the electrode surface are RuO2 NPs. With 

a TOFi of 300 s-1 at Γ = 1.0 pmol·cm-2, this system outperforms 

by several orders of magnitude the state-of-the-art systems 

prepared ex situ (see TOF data in Tables 1 and 2) and it has 

been incorporated in a photovoltaic-electrolyzer cell (PV-EC) 

together with an earth abundant cathode and a triple junction 

polymer cell, achieving solar to hydrogen conversion efficiencies 

of around 6%.[57] The reasons for the strikingly fast kinetics of 

this in situ-generated RuO2 electrocatalyst still remain unraveled. 

3.3. Supported systems.  

As noted in Section 3.1, the deposition of NP-based systems 

onto electrode surfaces for the electrocatalytic assessment of 

their OER performance is a common practice. Therefore, 
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despite the use of electrodes is general, in most contributions 

they merely act as conducting supports for the colloidal catalysts. 

Hence, this section will only highlight contributions where the 

support is relevant for the catalytic performance of the catalyst 

and its role thoroughly discussed. Furthermore, in order to 

properly compare the reported results, it is useful here to group 

the systems on the basis of type of triggering energy used, 

which can be chemical, electrochemical or photochemical. 

3.3.1. Chemical and electrochemical systems. 

The preferably used chemical oxidant has clearly been Ce(IV), 

an outer-sphere one-electron oxidant with a high Ce(IV/III) redox 

potential, widely employed in the OER both for metal oxides and 

molecular catalysts. In this respect, Ren and co-workers 

reported the embedding of pre-formed 1.6 nm RuO2 NPs into 

mesoporous silica (SBA-15,  6 nm pore size).[32] The so-

obtained RuO2@SBA-15 nanomaterial shows higher TOF than 

any reported system in SiO2 (TOFmax = 0.27 s-1) and a TON over 

200 after recycling the catalyst more than 15 times. This high 

activity is attributed to a confinement effect of the RuO2 NPs in 

the pores of the SBA-15 matrix, which prevents crystal growing 

during annealing and thus allows to get a metal oxide of small 

size and low crystallinity. Additionally, given the large pore size 

of the silica support, the catalyst presents a highly approachable 

surface area. This hypothesis is in agreement with the reduced 

activity reported for RuO2 NPs of similar size when embedded in 

a mesoporous silica displaying pores as small as 2.7 nm 

(TOFmax of 0.038 s-1),[58 ] probably because the smaller pores 

lead to a limitation of the active surface area exposure. Low 

TON and TOF values (10 and 0.006 s-1, respectively) have been 

also recently obtained by Johnston and co-workers with sub-

nanometric RuO2 NPs embedded into a pyridine-functionalized 

siliceous mesocellular foam (MCF) arising from RuCl3 

impregnation onto the support, followed by reduction with NaBH4 

and air oxidation of the metallic Ru NPs formed.[41]  

Martínez-Huerta and co-workers reported an electrochemically-

triggered system prepared through the polyol method where the 

support/electrode has a key role for the described 

performance.[59] The system is bimetallic (Pt3Ru) and supported 

onto titanium carbonitride (TiCN). The supported system, where 

a Ru/RuO2 mixture catalyzes the OER, shows enhanced activity 

and stability when compared to unsupported RuO2 NPs in acidic 

conditions. Both effects are attributed to the TiCN support that is 

able of delaying catalyst aggregation and dissolution thanks to 

the formation of a TiO2 surface under turnover conditions. Also, 

Akbayrak, Önal and co-workers recently reported the facile 

preparation of a Ru(0)/CeO2 system by chemically reducing 

CeO2-impregnated Ru3+ ions with NaBH4.[60] The hybrid system 

electrochemically catalyzes the OER at modest overpotentials 

(η10 = 420 mV) and TOF values (0.004 s-1) but is nearly stable 

for 1000 CV cycles in 0.5 M KOH (Table 2, entry 10). No 

analysis of the surface oxidation state evolution under OER 

conditions is provided. Finally, Zou and co-workers have 

recently reported a relevant OER electrocatalyst arising from the 

pyrolysis of a bimetallic CuRu-MOF, forming Cu/Ru NPs onto a 

hierarchically porous carbon (HPC) matrix, followed by Cu NPs 

etching and thermal oxidation of the metallic Ru NPs (Ru-HPC) 

into RuO2 NPs (P-RuO2).[40] The 5.64 nm average size P-RuO2 

system shows improved OER performance in 1.0 M KOH (η10 = 

310 mV, b = 60.7 mV·dec-1, Table 2, entry 11) when compared 

to commercial RuO2 (Table 2, entry 7) and is particularly 

interesting due to its stability (no sign of deactivation after 2000 

CV cycles). The hierarchically porous structure of the hybrid 

material, which leads to a high exposure of the surface RuO2 

active sites as demonstrated through BET and ECSA analysis, 

is proposed as the origin of its superior activity.  

3.3.2. Photochemical systems. 

In order to photo-catalytically test Ru-containing NPs in the OER, 

systems based on [Ru(bpy)3]2+ as photosensitizer (PS) and 

S2O8
2- as sacrificial electron-acceptor (SEA) have been most 

commonly employed.[41,42, 61 ] However, the use of 

semiconducting materials as light-harvesters has also been 

reported.[30] Ren and co-workers provide a noteworthy example 

when photo-catalytically evaluating a 2nd generation (with a 

better dispersed Ru phase) of their RuO2@SBA-15 system (see 

Section 3.3.1. above). They reported O2 yields over 90%, 

quantum efficiencies of ca. 10% and a TOF value of 2.7·10-2 s-1 

when combining their nanomaterial with [Ru(bpy)3]2+ as PS and 

persulfate as SEA (Figure 4).[61] This system outperforms many 

other metal oxides based on different TMs and the rest of light-

driven RuO2 systems reported to date, being recycled up to 5 

times with minimal loss of activity. The authors attribute again 

the high activity observed to the large pores of the SBA-15 

support, which allows an efficient interaction between the 

catalyst and the PS. Also, Johnston and co-workers[41] reported 

the photocatalytic evaluation of their MCF-based system (vide 

supra). With a similar OER configuration, they attained a TON of 

4 (moles of produced O2 per mole of Ru) and one order of 

magnitude lower TOF of 2.2·10-3 s-1. A different approach that 

aimed at facilitating electron transfer between the RuO2 catalyst 

and the PS was reported by Yoshida and co-workers.[42] The 

described 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 poly(N-isopropyl)acrylamide polymeric matrix. A sustained 

production of oxygen was observed when the system was 

combined with [Co(NH3)5Cl]2+ as SEA and irradiated with visible 

light. Finally, Domen and co-workers have used an n-

semiconductor TaON material doped with RuO2 NPs of different 

sizes arising from the calcination of [(NH4)2RuCl6] at different 

temperatures.[30] This RuNP-doped TaON system was compared 

with bare TaON under visible light irradiation and the presence 

of S2O8
2-. The obtained results highlight the higher efficiency of 

the RuO2-based nanomaterial as OER photocatalyst and the 

critical role that the good dispersion of the metal oxide has on 

the catalytic performance. 



REVIEW          

 

 

 

 

 

 

Figure 4. RuO2@SBA-15 system designed for OER photocatalysis in the 

presence of [Ru(bpy)3]2+ as PS and persulfate as SEA reported by Ren and 

co-workers. Adapted from ref. [61].  

 

 

Table 1. Comparison of the most relevant Ru-based OER nanoelectrocatalysts under acidic conditions. Parameters: mean diameter (Ø), 

onset overpotential (η0, mV), overpotential at |j| =10 mA·cm-2 (η10, mV), Tafel slope (b, mV·dec-1), specific current density (|jS|, mA·cm-2) 

and turnover frequency (TOF, s-1). Unless otherwise stated, electrolyte is 0.5 M H2SO4. 

Entry  Catalyst Ø (nm) η0 (mV) η10 (mV) b (mV·dec-1)  |jS|(mA·cm-2) TOF (s-1) Ref. 

1 RuO2 
a 3-5 ≈ 185 - - 0.32 (250 mV) 0.65 (250 mV) 8 

2 RuO2 
b ≈ 6 ≈ 220 430 62 0.010 (250 mV) - 37 

3 RuO2-NWs@g-CN 10-40 200 250 52 - 0.0961 (350 mV) 38 

4 Pd@Ru b ≈ 6 @ 0.5 ≈ 120 220-230 - 0.02 (≈250 mV) - 51 

5 Pd-Ru branched b 6.1 x 9.1 ≈ 170 225 61 - - 52 

6 Au-Ru branched b ≈ 9.0 x 8.5 ≈ 160 220 62 0.3 (230 mV) - 53 

7 0.27-RuO2@C 5 ≈ 170 220 66 - - 33 

Electrolyte: [a] 0.05 M H2SO4 and [b] 0.1 M HClO4. 

 

Table 2. Comparison of the most relevant Ru-based OER nanoelectrocatalysts under basic conditions. Parameters: mean diameter (Ø), 

onset overpotential (η0, mV), overpotential at |j| =10 mA·cm-2 (η10, mV), Tafel slope (b, mV·dec-1), specific current density (|jS|, mA·cm-2) and 

turnover frequency (TOF, s-1). Unless otherwise stated, electrolyte is 1.0 M KOH/NaOH. 

Entry  Catalyst Ø (nm) η0 (mV) η10 (mV) b (mV·dec-1)  |jS|(mA·cm-2) TOF (s-1) Ref. 

1 RuO2 a ≈ 6 ≈ 220 - 84 0.003 (250 mV) - 37 

2 hydrous-RuO2 < 5 ≈ 290 353 - - - 29 

3 crystalline-RuO2
  - ≈ 170 230 - - - 29 

4 RuO2-NWs@g-CN b 10-40 190 260 56 - 0.0995 (350 mV) 38 

5 Cu-doped Ru-RuO2/C 2.5-4.5 ≈ 155 204 56 - - 47 

6 Ru-RuPx-CoxP a 2.4 ≈ 240 291 85.4 - - 48 

7 commercial RuO2 50-100 - 380 ± 20 64.6 0.078 (350 mV) - 20 
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8 0.27-RuO2@C 5 ≈ 200 250 68 - - 33 

9 PMCS-Ruc 2.6 ≈ 260 330 52 - 0.002 (300 mV) 35 

10 Ru(0)/CeO2
b - 340 420 122 - 0.004 (350 mV) 60 

11 P-RuO2 5.64 ≈ 260 310 60.7 - - 40 

 Electrolyte: [a] 0.1 M KOH and [b] 0.5 M KOH. [c] PMCS stands for pulsed microplasma cluster source. 
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4. Hydrogen Evolution Reaction 

The application of Ru-based nanocatalysts for the HER is a 

recent but fast-evolving field, with most of the relevant literature 

published in the 2016-19 period. Even if some photocatalytic 

examples exist (see Section 4.4 below), most of the reported 

systems are mainly constituted of Ru NPs deposited or 

supported/embedded onto conductive C-based (or even 

metallic) materials that are electrochemically triggered. The 

following sub-sections will thus emphasize the most outstanding 

nanomaterials reported and, particularly, the reasons that make 

them excel. A comparison of the most relevant HER 

electrocatalytic data of Ru-based nanoparticulated systems 

under acidic and basic conditions is given in Table 3 and Table 4, 

respectively. Additionally, graphical representations of η10/b 

(where b is the slope of the Tafel plot, Figure 5) and TOF (Figure 

6) for the same set of HER electrocatalysts are also provided 

and discussed along this section. As can be seen from the black 

columns in Figure 5, most Tafel slopes are comprised within a 

30-40 mV·dec-1 range, thus indicating either Heyrovsky or Tafel 

step as the rds. However, some values stand above 40 mV·dec-1 

(up to 70 mV·dec-1), either due to experimental inaccuracy 

and/or to the reported dependence of b with applied potential.[25]  
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Figure 5. 10 (blue) and Tafel slope b (black) for the most relevant HER electrocatalysts in (a) acidic and (b) alkaline aqueous solution. 
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Figure 6. Graphical comparison of TOF vs. overpotential data for HER 

electrocatalysts in (a) acidic and (b) alkaline aqueous solution. 

4.1. Non-supported electrochemical systems prepared ex 

situ. 

Analogously to OER electrocatalysts, Ru-based 

nanoparticulated HER electrocatalysts have been prepared ex 

situ and then deposited onto the surface of C-based materials 

(but also Ni foam or even silver epoxy), in order to facilitate 

electronic transfer under catalytic turnover and easily assess 

their electrocatalytic performance. In the majority of the cases 

the supporting electrode does not modify the intrinsic catalytic 

properties of the Ru-based NPs and it is in this sense that these 

systems have been considered as ‘non-supported’ in this section. 

Contrasting with the `supported’ systems that will be described 

in Section 4.2, where the supports used frequently dictate the 

catalytic performance and where the compositional complexity 

leaves hardly any space for the fine-tuning of the active sites, 

the non-supported systems such as those presented in this 

section are potentially better positioned in this regard.  

Non-supported Ru-based NPs have been prepared through a 

myriad of methods such as the thermal 

decomposition/calcination of anhydrous RuO2,[62] a Ru salt[29, 63, 

64, 65] or a Ru complex,[39,66,67] or through the electro-reduction of 

a Ru salt,[68, 69] Ru perovskite-type precursor[70] or Ru complex.[71] 

However, the tailored synthesis and rational catalytic fine-tuning 

of non-supported Ru-based NPs is not a simple matter. First, the 

use of a stabilizer (typically a coordinating solvent, a ligand or 

the surface of a material) is mandatory in order to hold the 

systems at the nanoscale, preventing the formation of 

thermodynamically favored bulk species. Second, the metal 

oxidation state at the NP surface may evolve and even 

reversibly switch (typically between metallic Ru and Ru(IV) in 

RuO2) when in contact with air and/or under (electro)catalytic 

turnover conditions (see below). Thus, having at disposal an 

effective way to synthesize Ru-based NPs with controlled size, 

shape, oxidation state and surface composition is of utmost 

interest. In this regard, the so-called organometallic method, 

based on a controlled decomposition under mild conditions (e.g. 

3 bar of H2, r.t.) of an organometallic olefinic Ru precursor in the 

presence of a stabilizing agent (often a ligand) is particularly 

well-suited, yielding clean surfaces and a set of surface hydrides 

that can be easily titrated.[72] In addition, the ligand added for the 

synthesis and present on the surface of the NPs may play a key 

role on the overall HER activity of the nanocatalysts, potentially 

influencing the electronic properties of the NP surface, the 

number and disposition of the active (hydridic) sites available 

and even the mechanistic pathways through which H2 is formed. 

This resembles the characteristics of molecular metal-organic 

compounds in catalysis and makes such Ru NPs highly 

interesting systems for finely studying their catalytic properties in 

HER. As a first result, we have recently published significantly 

active Ru NPs stabilized in MeOH/THF and deposited onto GC 

electrodes.[ 73 ] This catalytic system demonstrated the 

advantages of using the organometallic approach to obtain 

highly homogeneous NPs with very high active surface areas 

free of strongly coordinated stabilizers. Thus, the 21.4 nm 

porous Ru NPs show in 0.5 M H2SO4 η0 ≈ 0 mV, η10 = 83 mV, a 

Tafel slope of 46 mV·dec-1, a TOF100 mV of 0.87 s-1, a Faradaic 

efficiency of 97% and excellent durability up to 12 h (Table 3, 

entry 19). Also, more recently, we have synthesized very small 

4-phenylpyridine(PP)-capped Ru NPs (mean size 1.5 nm),[74,75] 

which have been afterwards drop-casted onto a GC electrode 

for electrochemical analysis (PP-Ru-GC) and thoroughly 

characterized under air and HER turnover conditions in both 

acidic and basic conditions. The surface of these Ru NPs 

spontaneously oxidizes to RuO2 upon air exposure, yielding a 

mixed Ru/RuO2 system where the PP ligand is still present. 

Although this mixed Ru/RuO2 system is less active towards HER 

compared to pure Ru NPs, it can be converted into the metallic 

Ru form under reductive conditions (20 min-bulk electrolysis at -

10 mA·cm-2) at acidic pH (Figure 7).[74] Thus, the recovered PP-

Ru-GC system exhibits η0 ≈ 0 mV, η10 = 20 mV, a Tafel slope of 

29 mV·dec-1 and a TOF as high as 17.4 s-1 at η = 100 mV in 1 M 

H2SO4, showing complete stability after 12 h of continuous 

operation (Table 3, entry 25). A similar activation process under 

reductive potentials (but tentatively attributed to RuO2 structure 
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deformation) had been previously reported by Zhang et al. for C-

supported 5-8 nm RuO2 NPs,[64] which formed a very active HER 

electrocatalyst at acidic pH (η0 ≈ 0 mV, η10 ≈ 15 mV and Tafel 

slope of 26 mV·dec-1; Table 3, entry 1). Despite being out of the 

nanoscale domain, the phase transformation of the RuO2 

coating (0.4-1.4 m) of RuO2/Ni electrodes, first into RuO(OH)2 

and then into metallic Ru under hydrogen evolution conditions, 

has also been reported by Näslund and co-workers through a 

careful analysis combining XRD and XPS.[63] In contrast, in 1 M 

NaOH the only stable form of our PP-Ru-GC system is the 

mixed Ru/RuO2 form, yielding a slightly less active and stable 

system, although still outperforming the performance and 

stability of commercial Pt/C (Table 4, entry 26). We proposed 

that the presence of the PP capping agent induces good 

mechanical stability, thus allowing the maintenance of the 

nanostructured character of the material even after a long run. 

This hypothesis is supported by DFT calculations, which show 

the coordination of eleven PP molecules onto the surface of a 

Ru55H53 NP both through N- and -coordination modes, the 

latter being more stable and preferentially taking place on the 

edges of the NP. Furthermore, the d-band energy levels of the 

surface Ru atoms are significantly modified by the presence of 

hydride ligands, which have a stabilizing effect, whereas these 

energy levels are not significantly altered by the PP capping 

ligands, thus indicating a moderate adsorption strength of the 

latter onto the NP surface. In consequence, a larger number of 

hydride ligands are present on the NP surface compared to PP 

(53 vs. 11), thus accounting for its enhanced H2 evolution 

behavior. 

 

Figure 7. Polarization curves in a 1 M H2SO4 solution at 10 mV·s-1 and XPS 

data of metallic PP-Ru NPs and their Ru(0)/RuO2 surface-passivated 

counterpart formed upon air exposure. Adapted from ref. [74]. 

In terms of scalable and cost-effective methods for the 

production of active Ru-based nanoparticulated systems for the 

HER, Fan, Hu and co-workers have recently reported the solid-

state synthesis of Ru NPs. These NPs were simply prepared by 

mixing at room temperature RuCl3, NaOH, NaBH4 and a C 

source in an agate mortar.[76] This led to very active, stable and 

homogeneous in size (1.7 nm) Ru NPs deposited onto C (Ru/C) 

that show η10 = 24 mV and a Tafel slope of 33 mV·dec-1 at pH 14 

(Table 4, entry 27), thus improving again the performance of 

commercial Pt/C in alkaline solution. 

The degree of crystallinity is another critical issue ruling the 

activity and stability of nanoparticulated non-supported Ru-

based HER electrocatalysts that, as stated above for the OER, 

has not been thoroughly studied. Concerning RuO2 NPs, the 

works of Lim et al.[29] and Song et al.[33] show both a clear 

decrease of the HER activity after increasing the crystallinity of 

their initially hydrous RuO2 NPs through annealing processes 

(see Table 4, comparison between entries 3 and 4 and entries 

31 and 32, respectively). A word of caution: the surface 

oxidation state of the nanomaterial (initially Ru(IV) in RuO2) has 

not been analyzed after catalytic turnover under reductive 

conditions and thus the reduction to metallic Ru (as 

demonstrated in refs. 63 and 74 and discussed above) acting as 

the true active species cannot be discarded. A single very recent 

report by Qin, Bu, Liu and co-workers deals with the issue of 

crystallinity of metallic Ru NPs.[65] The authors highlight the 

gradual increase in the HER activity of their Ru@NC system 

(NC = N-doped C) as the annealing temperature is increased up 

to 700 C. The 700°C-annealed catalytic system displays high 

activity (η10 = 27.5 mV, a Tafel slope of 37 mV·dec-1 and a TOF 

of 1.6 s-1 at η = 25 mV calculated through ECSA values, Table 3, 

entry 30) and durability (up to 6 h and 20000 CV cycles) in acidic 

conditions. DFT calculations show a gradual increased exposure 

of the more efficient (100) and (002) surfaces during the 

temperature-induced crystallization process as the reason for 

the increased activity of the highly crystalline hcp Ru NPs. Thus, 

the available data on non-supported systems point to 

amorphous RuO2-based NPs and highly crystalline Ru NPs as 

the species of choice for attaining high performance HER 

nanoparticulated electrocatalysts. 

4.2. Supported electrochemical systems on C-

based/composite C-based materials. 

In agreement with the definition of “non-supported” systems 

given in Section 4.1, the term “supported” here concerns Ru-

based nanoparticulated HER electrocatalysts where the support 

employed dictates (or markedly influences) the catalytic 

performance. As the section title suggests, the systems 

presented are based on either simple carbon supports (e.g. 

graphene) or more complex C-based multi-element composite 

materials (see below), where the Ru NPs are typically integrated 

by annealing a Ru precursor (usually a Ru salt or complex).  

A first set of catalytic systems deals with the deposition of Ru 

NPs onto a conductive carbon-based matrix (e.g. carbon nitride, 

graphene or N-doped graphene, hollow carbon spheres, etc.) 

through annealing of a Ru precursor. A relevant example by 

Tour and co-workers deals with Ru-nanoclusters deposited onto 

N-doped graphene.[66] Their catalytic systems, prepared by 

nucleation of [Ru(NH3)6]3+ as Ru precursor on graphene oxide 

(GO) at 160 C followed by reduction under NH3/Ar at different 

temperatures (350-850 C), contain Ru nanoclusters of different 
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average sizes, Ru average oxidation states, N contents, BET 

surface areas, pore size distributions and HER activities 

depending on the reducing temperature. Although slightly 

unstable under acidic HER conditions (probably due to 

dissolution), under alkaline conditions (pH 14) the 5.8 nm 

nanoclusters formed at 750 C showed impressive activity and 

stability (for 4000 LSV cycles), with η0 = 0 mV, η10 = 8 mV and a 

Tafel slope of 30 mV·dec-1 (Table 4, entry 6). DFT calculations 

support the better performance of the system in alkaline HER 

conditions, which is attributed to the high Ru-H2O binding energy 

at this pH and the corresponding increase of the H2O capture 

rate at the metal surface. The key role of N-doping in C-

supported Ru nanoparticulate HER electrocatalysts in alkaline 

conditions is also supported by two recent contributions by 

Zhang, Fan and co-workers.[ 77 ,78 ] These reports introduce N-

doping to C-black and 3D carbon supports through the pyrolysis 

of a [Ru(bpy)3]2+ complex[77] or RuCl3/urea,[78] respectively, 

yielding ca. 1.3 nm supported Ru NPs in both cases as best 

performing systems. Both electrocatalysts show low HER 

overpotentials (η10 =14-15 mV) and relatively high stabilities in 

1.0 M KOH (1000 CV cycles) that outperform those of Pt/C 

(Table 4, entries 14 and 15). A thorough comparison with the 

corresponding undoped systems highlights the importance of N 

to avoid aggregation and boost the electrocatalytic activity. 

Analogously, N-doping of graphite C (NGC) has been an 

excellent strategy to boost the HER activity of Ru NPs both at 

acidic and basic pH (Table 3, entry 15; Table 4, entry 16),[79] and 

the beneficial effect of a C nitride coating onto Ru NPs deposited 

on MWCNTs has been recently reported at pH 14 (Table 4, 

entry 17).[80] However, in a recent paper the HER activity of Ru 

NPs deposited onto graphene nanoplatelets (Ru@GnP; Table 3, 

entry 16; Table 4, entry 18)[81 ] has been shown to decrease after 

N-doping due to the blocking of Ru active sites by N atoms. 

Excellent HER performance in alkaline conditions has also been 

recently reported by Yamauchi and co-workers by means of a 

hierarchically ordered system.[ 82 ] As shown in Figure 8, the 

catalyst is prepared by a potential-controlled (-0.2 V vs. SCE) 

assembly of [Ru(CN)6]4- units into the diluted oxidized units of a 

polyaniline fiber foam deposited onto carbon paper followed by a 

carbonization process at 900 C. Monodisperse 1.6 nm Ru 

nanoclusters are thus deposited onto the surface of the N-doped 

C support (Ru@NC). Very good HER activity and stability in 

alkaline solution (pH 14) were obtained with this nanomaterial at 

particularly low Ru loading (2% wt), showing a η10 of only 26 mV, 

a Tafel slope of 36 mV·dec-1 and an impressive TOF100mV of 10.8 

s-1, as well as an excellent stability after 12 h or 10000 cycles 

(Table 4, entry 13). Interestingly, its mass activity at η = 100 mV 

(17 A·mg-1 Ru) is 6.8 times that of a commercial Pt/C catalyst 

displaying a Pt loading of 20%. These comparative results 

evidence the importance of the location of the metallic NPs on 

the support: deposition onto the surface of the conductive C 

support and not inside the C matrix where the reaction may be 

hampered leads to better activity. A second prominent 

hierarchical composite HER electrocatalyst is Ru-HPC[40] arising 

from the pyrolytic decomposition of a CuRu-MOF, the oxidized 

version of this system (P-RuO2) has already been discussed as 

an OER electrocatalyst in Section 3.1.1 (see above). In 1.0 M 

KOH, the Ru-HPC composite clearly outperforms commercial 

20% Pt/C, achieving η25 =  22.7 mV, η50 = 44.6 mV, a Tafel slope 

of 33.9 mV·dec-1 and a TOF25mV of 1.79 s-1 (Table 4, entry 19), 

showing total stability after 10 h of continuous operation. The 

bimetallic MOF-templated synthetic strategy adopted by the 

authors is at the core of the outstanding results obtained and it 

relays on (a) the uniform distribution and adjustable 

concentration of Ru sites in the CuRu-MOF precursor employed, 

(b) the Cu etching strategy applied resulting in an increased 

exposition of Ru active sites and (c) the high surface area and 

highly porous nature of the hierarchical C-based structure 

formed. Ru-HPC has also been tested in acidic media (0.5 M 

H2SO4) but the obtained results are average among Ru-based 

nanomaterial electrocatalysts (Table 3, entry 17). Comparable 

catalytic results that outperform the HER activity of commercial 

Pt/C in alkaline solution have been obtained by Zhang and co-

workers by using a catalyst made of 1.5 nm Ru NPs onto C 

prepared upon adsorption of [Ru3(CO)12] on the C-matrix 

followed by pyrolysis at 300 °C (Ru/C-300).[67] In 1.0 M KOH, the 

Ru/C-300 nanomaterial achieves η0 ≈ 0 mV, η10 = 14 mV and 

Tafel slope of 32.5 mV·dec-1 (Table 4, entry 25), showing almost 

total stability after 1000 cycles as the result of the deposition of 

the Ru NPs onto the C matrix. Furthermore, this work 

demonstrated that the pyrolysis temperature affects the size and 

dispersion of the NPs formed, which in turn modifies their HER 

catalytic activity. As a conclusion, the favorable H2O 

binding/dissociation energies make Ru outperform Pt under 

alkaline conditions. Conversely, Adschiri et al. showed the 

relatively similar behavior of the two metals in acidic conditions 

when analyzing the HER activity of 2-5 nm Ru NPs onto 

graphene-layered carbon (GLC) (Table 3, entry 4) through both 

experimental and computational data.[83]  
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Figure 8. Schematic representation of the synthesis of the hierarchically-ordered N-doped carbon electrode containing 1.6 nm hcp-Ru nanoclusters (Ru@NC) 

reported by Yamauchi et al.[82] Color code: reduced polyaniline fibers, yellow; oxidised polyaniline fibers, violet. 

A second relatively wide set of supported systems are those 

prepared by co-pyrolysis of C, N and Ru sources. Thus, Wang 

and co-workers obtained 2.4 nm Ru NPs onto N-doped 

graphene-like nanosheets (Ru@CN) by co-pyrolysis of 

glucosamine, melamine and RuCl3.[ 84 ] Their Ru@CN system 

shows η0 ≈ 0 mV and η10 = 32 mV at pH 14 and also excellent 

stability after 2000 CVs (Table 4, entry 12). This catalyst 

displays a 9 times higher mass activity than that of commercial 

Pt/C while keeping 90% of the initial activity after 10 h of 

continuous operation at 60 C. The authors attribute this 

behavior to the strong interaction between Ru and N sites on the 

support, which avoids agglomeration and leaching of the Ru 

NPs. However, this system shows moderate activity at acidic 

(Table 3, entry 14) and neutral pH. Additionally, the strong effect 

of a composite carbon matrix prepared by a co-pyrolysis method 

in the Ru-H/OH/H2O binding energies and H2O dissociation 

rates and, thus, in the HER electroactivity of the corresponding 

Ru NPs through the entire pH range has been emphasized by a 

prominent work of Baek and co-workers.[15] They prepared a 

material made of 1.6 nm hcp-Ru NPs embedded into a 

nitrogenated holey two-dimensional carbon structure (Ru@C2N) 

by polycondensation of hexaketocyclohexane and 

hexaaminobenzene in the presence of RuCl3, followed by a 

subsequent reduction with NaBH4 at 175 C. The so-obtained 

Ru@C2N catalyst showed excellent HER performance both at 

acidic pH (with η10 = 22 mV and a Tafel slope of 30 mV·dec-1; 

Table 3, entry 7) and at basic pH (with η10 = 17 mV and a Tafel 

slope of 38 mV·dec-1; Table 4, entry 2), improving the values for 

Pt/C at pH 14. Furthermore, the HER catalytic activity at acidic 

pH rises after 1000 cycles, reaching a η10 of only 13.5 mV. DFT 

calculations on Ru55 models revealed the key role of the C2N 

framework for the high electrocatalytic activity of the 

nanomaterial. In alkaline conditions, a significant increase of 

both the Ru-OH2 binding energy (leading to faster water 

adsorption) and the rate of water dissociation (yielding faster 

proton supply) is observed. These effects, triggered by the C2N 

matrix, compensate the unfavorably high OH binding energy on 

Ru (compared to Pt) and increase its efficiency in the Volmer 

reaction and thus its whole HER efficiency. The beneficial 

effects of C2N-type of substrates in water splitting 

electrocatalysis, including stability against aggregation and high 

electroactivity, have also been raised by Zhou and co-workers 

by means of first-principles computations of a series of transition 

metal atom anchored C2N monolayers, including Rux@C2N 

species.[ 85 ] A word of caution: individual ruthenium atoms 

embedded into CxNy matrices have been recently identified as 

the true catalytic sites for HER in alkaline media, even if formed 

together with Ru NPs through co-pyrolysis synthetic 

methods.[ 86 , 87 ] These works emphasize the importance of 

structurally characterizing new electrode materials at atomic 

scale in order to unravel the nature of the real catalytic active 

species present.   

It is noteworthy that despite metallic Ru usually adopts a hcp 

structure, different groups observed that the co-pyrolysis 

synthetic method led to either hcp, fcc or mixed hcp/fcc Ru 

phases in the final NPs.[47, 88 , 89 ] Assessment of the HER 

electroactivity of these systems evidences the positive influence 

of the fcc-Ru phase onto the final catalytic behavior in alkaline 

conditions (Table 4, entries 5 and 28). For example, Qiao and 

co-workers prepared fcc-structured 2 nm Ru NPs on graphitic 

carbon nitride (g-C3N4/C) starting from dicyandiamide and 

RuCl3.[88]
 When drop-casted onto RDE-GC, the so-obtained 

Ru/g-C3N4/C nanomaterial showed significant activity (η0 = 15-20 

mV) and stability for 50 h (Table 4, entry 5), outperforming 

commercial Ru/C and Pt/C under identical conditions. The 

authors attributed these results to the atypical Ru structure that 

might be induced by the g-C3N4 support. As shown in Figure 9, 

this hypothesis is supported by theoretical data only when both 

thermodynamics (adsorption energies) and kinetics (water 

dissociation rates) are considered as activity descriptors. 
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Thermodynamically, DFT calculations on selected metal 

surfaces showed H adsorption energies (GH* in Figure 9) 

following the Pt < Rufcc < Ruhcp trend. Thus, with the lowest Ru-H 

strength, from the thermodynamic point of view Pt should show 

the highest HER activity. However, fcc-Ru shows the lowest 

water dissociation barrier (GB in Figure 9) among the three 

studied systems, while Pt shows the highest. Thus, the kinetics 

of water dissociation are favored for fcc-Ru at basic pH, which 

results key for the observed HER performance. This work 

evidences the relevance of considering the kinetics of water 

dissociation when modeling the HER performance of Ru-based 

nanocatalysts in alkaline media.[88] 

 

Figure 9. Top: Representation of the anomalous fcc-Ru phase (left) and the 

habitual hcp-Ru phase (right). Bottom: Gibbs free energy diagram of HER on 

Rufcc (blue), Ruhcp (grey) and Pt (red) surfaces as reported by Qiao et al. [88]. 

GH* corresponds to H adsorption free energy and GB corresponds to water 

dissociation free energy barrier. Adapted from ref. [88]. 

The beneficial effect of introducing heteroatoms onto the 

coordination sphere of Ru has also been demonstrated. For 

example, hcp-Ru NPs onto a carbonized collagen scaffold (Ru-

CCS; Table 3, entry 8) by co-assembly of collagen and RuCl3 

and subsequent pyrolysis at 800 °C under Ar[ 90 ] show 

coordination to P and S atoms, which according to DFT 

calculations promote separation of electrons and holes and 

increase the amount of localized electrons on Ru, therefore 

facilitating proton adsorption by lowering ΔGH
* close to zero. In 

this sense, the introduction of phosphorous into HER 

nanoparticulated electrocatalysts using phosphide containing 

transition metal NPs has been another common strategy. It is a 

way to take advantage of both the moderate H binding energy of 

P and the increase in corrosion resistance of the nanomaterials 

at acidic pH induced by the P presence, the latter improving their 

stability.[91] Thus, for Ru NPs, the introduction of P has been 

shown as extremely productive in HER catalysis in acidic 

conditions, but also at neutral and basic pH, normally generating 

composite systems in which the effect of the C-based material 

has also been proven essential for preventing the aggregation 

and tuning the electronic properties of the NPs.[92,93,94,95] For 

example, very stable HER catalytic systems at all pHs have 

been obtained by encapsulating RuPx NPs inside N,P-doped C 

shells[93] (RuP2@NPC; Table 3, entry 13; Table 4, entry 11) and 

nanospheres[92] (RuPx@NPC; Table 3, entry 9; Table 4, entry 7). 

Two highly active system concerning the use of these pH-

versatile RuPx NPs in C-based supports have been recently 

reported by Chen, Hu et al.[94] and Li, Hu et al.,[95] in which the 

synergistic interaction between the NPs and the C-based 

support provokes an increase in electron mobility and a charge 

density redistribution between them, the latter inducing an 

optimal H adsorption energy close to 0 and thus highly active 

HER electrocatalysts. In the first work, < 7 nm Ru2P NPs were 

deposited onto reduced graphene oxide (Ru2P/RGO) after a 

thermal hydrolysis of RuCl3 in the presence of GO and a 

subsequent phosphidation process,[94] outperforming the activity 

and stability after 10 h of operation or 1000 cycles of those of 

Pt/C both at acidic and basic pH. They thus obtained some of 

the best values reported so far for HER catalysis in 0.5 M H2SO4 

(η0 ≈ 0 mV, η10 = 22 mV, Tafel slope = 29 mV·dec-1 and |j0|= 2.2 

mA·cm-2; Table 3, entry 11) and in 1 M KOH (η0 ≈ 0 mV, η10 = 13 

mV; Table 4, entry 9). Contrasting to the huge majority of HER 

nanoparticulated catalysts based on noble metals, whose 

activity decreases at basic pH vs. acidic pH due to an increase 

in the hydrophobicity of the metal surface that hampers water 

adsorption,[96] Ru2P/RGO shows lower η10 values under alkaline 

conditions than under acidic conditions. According to DFT 

calculations partial electron transfer from Ru2P to the surface sp2 

C of RGO favors water dissociation and the subsequent 

hydrogen adsorption and recombination.[94] In the second recent 

work, even more active Ru2P NPs at acidic pH have been 

obtained after calcination at 900 °C of polyaniline fibers on C 

cloth with a RuCl3·3H2O, yielding Ru2P NPs partially 

encapsulated by a C layer and deposited on top of P/N-doped C 

nanofibers on C cloth (Ru2P@PNC/CC-900; Table 3, entry 12, 

Table 4, entry 10). The superior HER performance is associated 

to the modification of ΔGH
* of Ru2P by the P/N-doped C surface, 

which boosts their proton adsorption and reduction capacities.[ 95] 

Finally, although not being a supported composite system, 

extremely active and stable (200 h at 10 mA·cm-1) 32 nm RuP 

NP agglomerates on C (RuP/C, Table 3, entry 10; Table 4, entry 

8) have been described both at acidic and basic pH, with higher 

|j0| and TOF and lower η10 and Tafel slopes than 20% Pt/C at pH 

14 and comparable values at pH 0. Curiously, the agglomerates 

show superior performance and stability than lower size NPs of 

3 nm due to better stabilization of the P species for the former 

thanks to lowered surface energy of larger NPs.[97]  

To summarize, the best performing supported Ru NP catalytic 

systems are composite materials prepared by two different 

pathways. First, the direct anchoring of a Ru precursor onto a 

carbon-based electrode followed by an annealing step that 

allows to form the Ru NPs onto the electrode; second, the 
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condensation of organic precursors that direct the growth of Ru 

NPs followed by a carbonization process to form a conductive 

carbon matrix around the NPs. In these works, it has been 

proven the catalytic advantages for HER of N-doped C-based 

supports that lead to increased stability and activity. Also, the 

appropriate values of the H/H2O adsorption energy and H2O 

dissociation rate onto Ru NPs (especially in their fcc-phase for 

alkaline HER) and RuPx NPs together with their long-term 

stability, have shown the real potentiality of Ru in replacing Pt 

from WS electrochemical cells in the near future. However, while 

the carbon matrices where Ru NPs are embedded dramatically 

affect their catalytic behavior, they do not permit the easy tuning 

of their active sites, thus challenging the rational improvement of 

their catalytic performance through the establishment of 

structure-activity relationships. 

4.3. Supported electrochemical systems on 

metal/semimetal-based materials. 

Besides C-based supports, metal or semimetal-based materials 

such as MoS2,[ 98 ] MoO2,[ 99 ] TiO2,[ 100 ] W,[ 101 ] Si,[ 102 ] Te,[ 103 ] 

Y(OH)3
[104] or CeO2

[105] have also been used as supports. For 

example, Qiao et al. described an extremely active catalyst in 

basic conditions (1 M KOH).[98] This system involves 10 nm Ru 

NPs deposited onto MoS2 nanosheets lying onto carbon paper 

(Ru/MoS2/CP) obtained by Ru(OH)3 calcination. It achieves η0 ≈ 

0 mV and η10 = 13 mV, and is totally stable for 12 h or 1000 

cycles (Table 4, entry 22). Interestingly, the HER activity is 

significantly higher at basic pH than at acidic pH. This results 

from the fact that at basic conditions the water dissociation 

process on Ru is coupled with the hydrogen atom adsorption on 

MoS2, thus providing a synergistic effect between the Ru NPs 

and the support. Also, a Ru-MoO2 composite made of Ru NPs 

anchored onto 600 nm MoO2 particles (prepared by RuCl3 

pyrolysis onto a suspension of a Mo-based metal organic 

framework) showed a very high HER activity at basic pH.[99] This 

catalyst surpassed the Pt/C activity at pH 14 with η0 = 0 mV, η10 

= 29 mV and a Tafel slope = 31 mV·dec-1 (Table 4, entry 23). 

From DFT calculations and XPS data, the authors propose that 

the combination of the weak H binding strength on MoO2 with 

the fast electron transfer between Ru and MoO2 might explain 

the enhanced HER activity of this nanocomposite both at basic 

and acidic pH. Similarly, DFT data evidenced that the electronic 

interaction between Ru and W in a composite nanomaterial 

made of Ru NPs (2-5 nm) supported on carbon, dispersed into C 

Black and deposited onto W NPs (60-80 nm) by simple physical 

mixing (W+Ru/C) led to a diminution of the H binding energy to 

Ru, thus improving the HER efficiency at acidic pH, reaching 

comparable activity and higher long-term stability than Pt/C 

(Table 3, entry 24).[101]  

Remarkably, Ru NPs have also been combined/alloyed with 

Co,[ 106,107 ] Ni,[108] NiCo[109 ] and NiCoMo[ 110 ] nanostructures to 

form heterometallic electrocatalysts showing synergistic effects 

in HER similar to those above-mentioned for metal/semimetal-

based supports. Thus, for example, Su, Yang and co-workers 

reported the doping of Co-based nanocubes with 3.58 wt.% Ru 

followed by annealing at high temperature (600 oC), which 

afforded 30 nm in size RuCo nanoalloys encapsulated into N-

doped graphene shells (RuCo@NC) of high activity (η0 ≈ 0 mV, 

η10 = 28 mV, Tafel slope = 31 mV·dec-1, |j0| = 3.31 mA·cm-2, 

Table 4, entry 20) and stability (increase of η10 of only 4 mV after 

10000 cycles).[106] According to DFT modelling, the presence of 

Ru increases the electron-transfer from the metallic core to the 

carbon shell, which lowers the H adsorption energy and 

increases the HER kinetics. Similarly, Dai and co-workers 

recently reported the combination of Ru NPs with Ni@Ni2P 

nanorods (Ru-Ni@Ni2P-HNRs), which promoted, compared to 

the parent Ni2P system, faster H2 desorption (optimal H 

adsorption energy) and a faster electron-transfer, thus 

enhancing the HER kinetics of the system both at acidic and 

basic pH (Table 3, entry 28; Table 4, entry 29).[109]  

In conclusion, the interaction of metallic Ru with other 

metal/semimetal-based nanostructures into mixed catalysts has 

been known to increase the HER catalytic activity compared to 

that of the respective separated systems as the result of a 

synergistic effect between both metals, which improves the 

electron conductivity and lowers the H adsorption energy. 

4.4. Photochemical systems. 

The inclusion of Ru NPs in HER photocatalytic systems is not an 

obvious task given the inherent difficulty in properly transferring 

electrons from a photosensitive molecule or material to the 

nanocatalyst while avoiding at the same time undesired back-

electron transfer processes. Indeed, the electron transfer 

process between Ru NPs and the widely employed molecular 

photosensitizer [Ru(bpy)3]2+ is generally not optimal.[111] Thus, 

together with a sacrificial electron-donor (SED, e.g. NADH) 

supplying the needed electrons in half-cell systems, the use of 

an electron mediator (e.g. methyl viologen) is generally 

necessary. Only PSs attaining sufficient long-lived charge-

separated states after photoexcitation are able to inject electrons 

to the HER electrocatalyst without the need of using an electron 

mediator, thus making the systems less complex and more 

efficient.  

In this regard, a molecular dyad that acts both as a PS and as 

an efficient electron supplier for Ru NPs has been described by 

Fukuzumi and co-workers,[ 112 ] the 2-phenyl-4-(1-naphthyl)-

quinolinium ion (QuPh+-NA, see Scheme 1). Thus, they studied 

the photocatalytic HER using PVP-stabilized Ru NPs (PVP = 

polyvinylpyrrolidone) as catalyst and found optimal conditions for 

this system using the QuPh+-NA PS in alkaline solution.[112, 113, 

114] Two main conclusions can be extracted from their results. 

First, that there is no increase on the photocatalytic activity 

above a certain optimal catalyst concentration presumably due 

to light dispersion and opacity when more nanomaterial is 

present in the reaction medium. Second, that there is an activity-

size dependency of the tested NPs. Small NPs present higher 

negative charge density, easing the proton reduction process 

but hindering the hydrogen-atom association step, since there is 

low density of H atoms on a single particle. Larger NPs ease the 

hydrogen-atom association step due to the presence of more H 

atoms on the NP surface, but hinder the previous proton 

reduction process as the negative charge density of the surface 
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is initially lower. In consequence, the best results in their study 

were obtained with NPs of intermediate size, namely 4.1 nm.[112] 

Besides the QuPh+-NA ion, only the dye Eosin Y[115] and the 

combination of [Ru(bpy)3]2+ with 9-phenyl-10-methyl-acridinium 

derivatives as electron mediators[116] have led to relative success 

in the photocatalytic HER with Ru-based NPs.  

 

Scheme 1. Schematic representation of the electron transfer processes 

involved in photocatalytic hydrogen evolution promoted by Ru NPs in the 

presence of the QuPh+-NA organic donor-acceptor photoabsorber described 

by Fukuzumi et al. Adapted from ref. [112]. 

Still in the presence of QuPh+-NA as PS, the use of oxide-based 

materials (SiO2, TiO2, CeO2, etc.) as supports for the Ru NPs led 

to less agglomeration under HER turnover conditions and, 

consequently, to enhanced photocatalytic stability with regards 

to the corresponding non-supported systems.[111] In a similar 

direction but replacing the molecular PS by an organic bulk 

heterojunction layer able to absorb light and drive photoinduced 

exciton separation, organic photocathodes bearing RuO2 NPs as 

catalytic centres yielded high photovoltages and photocurrent 

densities, as recently reported by Francàs, Durrant and co-

workers.[ 117 ] Finally, Ru NPs have been recently included as 

HER co-catalysts in tandem particle overall water splitting 

photocatalysts (Ru-SrTIO3:Ru/BiVO4
[ 118 ]

 and doped 

derivatives[119]). Even if still at its infancy in terms of development, 

tandem particle-based photocatalysts are promising candidates 

with theoretically high limiting efficiency (ca. 28%) and relatively 

low fabrication costs. 
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Table 3. Comparison of the most relevant Ru-based HER nanoelectrocatalysts under acidic conditions. 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), specific current density (|jS|, mA·cm-2) and 

turnover frequency (TOF, s-1). Unless otherwise stated, electrolyte is 0.5 M H2SO4. 

Entry  Catalyst Ø (nm) η0 (mV) η10 (mV) b (mV·dec-1)  |j0| (mA·cm-2) 
|jS| (mA·cm-

2) 
TOF (s-1) Ref. 

1 RuO2-C (Vulcan)  5-8  ≈ 0 ≈ 15 26 - - - 64 

2 
GCE-S-GNs-1000-

CB-Ru   
30 ≈ 60 80 

61 (Tafel) 

71 (EIS) 

0.541 

0.431 
- - 69 

3 Ru-GC  100 10 90 ≈ 33 - - - 71 

4 Ru-GLC  2-5 3 35 46 - - - 83 

5 RuO2-NWs@g-CN 10-40 14 93 40 0.22 - - 38 

6 Ru/g-C3N4/C  2 ≈ 15-20 ≈ 70 - - - ≈ 4.85 (100 mV) 88 

7 Ru@C2N  1.6 9.5 
22 (13.5 after 

1000 cycles) 
30 1.9 - 

0.67 (25 mV) 

1.95 (50 mV) 
15 

8 Ru-CCS 3.25 ± 0.73 11.0 27.3 33 - - 3.70 (50 mV) 90 

9 RuPx@NPC 4 25 51 46 - - - 92 

10 RuP/C 32 ≈ 0 19 37 3.22 - 3.35 (20 mV) 97 

11 Ru2P/RGO <7 ≈ 0 22 29 2.2 - - 94 

12 Ru2P@PNC/CC-900 
20.19 ± 

9.62 
≈ 0 15 28 - - - 95 

13 RuP2@NPC 8 ≈ 0 38 38 1.99 - - 93 

14 Ru@CN 2.37 ≈ 70 126 - - - - 84 

15 Ru-NGC ≈ 5 9.5 25 31 - - 0.68 (30 mV) 79 

16 Ru@GnP 2 ≈ 0 13 30 - - 0.26 (100 mV) 81 

17 Ru-HPC 2.87 ≈ 15 61.6 66.8 1.2 - 0.18 (25 mV) 40 

18 Ru/CeO2 3.89 ± 1.24 33 47 41 0.67 - 0.8 (27 mV) 105 

19 
Ru-GC  

(Ru-MeOH/THF) 
21.4 0 83 46 - 

0.36 (100 

mV) 

0.07 (25 mV) 

0.10 (50 mV) 

0.87 (100 mV) 

73 

20 Ru/MoS2/CP 10 ≈ 60 96 - - - - 98 

21 Ru-MoO2 - ≈ 0 55 44 - - - 99 

22 Ru(0)/TiO2 4.7 ± 1.2 34 41 52 0.728 - - 100 

23 Ni1.5Co1.4P@Ru 4 ≈ 0 49 49 1.26 - - 108 

24 W+Ru/C  2-5 ≈ 45 85 46 0.049 - - 101 
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25 PP-Ru-GC a 1.5 ± 0.3 0 20 29 - 
0.55 (100 

mV) 

0.55 (25 mV) 

3.06 (50 mV) 

17.38 (100 mV) 

74 

26 Te@Ru - ≈ 40 86 36 - 
0.14 (86 

mV) 
0.82 (100 mV) 103 

27 CoRu@NC 10-30 ≈ 7 32 47 - - - 107 

28 Ru-Ni@Ni2P-HNRs 4.71 ≈ 20 51 35 0.32 - 

0.78 (10 mV) 

0.88 (20 mV) 

1.10 (100 mV) 

109 

29 0.27-RuO2@C 5 ≈ 0 33 53 - -  33 

30 hcp-Ru@NC-700 4 ≈ 0 27.5 37 - - 1.6 (25 mV) 65 

Electrolyte: [a] 1 M H2SO4.  

 

Table 4. Comparison of the most relevant Ru-based HER nanoelectrocatalysts under basic conditions. 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), specific current density (|jS|, mA·cm-2) and 

turnover frequency (TOF, s-1). Unless otherwise stated, electrolyte is 1.0 M KOH/NaOH. 

Entry  Catalyst Ø (nm) η0 (mV) η10 (mV) b (mV·dec-1)  |j0| (mA·cm-2) |jS| (mA·cm-2) TOF (s-1) Ref. 

1 RuO2-NWs@g-CN b 10-40 16 95 70 0.28 - - 38 

2 Ru@C2N  1.6 - 17 38 - - 
0.76 (25 mV) 

1.66 (50 mV) 
15 

3 hydrous-RuO2 < 5 ≈ 25 60 - - - - 29 

4 crystalline-RuO2
  - ≈ 25 74 - - - - 29 

5 Ru/g-C3N4/C a 2 ≈ 15-20 79 - 0.46 - 4.2 (100 mV) 88 

6 Ru/NG-750  5.8 ± 1.5 0 8 30 - - 0.35 (100 mV) 66 

7 RuPx@NPC 4 ≈ 30 74 70 - - - 92 

8 RuP/C 32 ≈ 0 18 34 3.07 - 3.62 (20 mV) 97 

9 Ru2P/RGO <7 ≈ 0 13 56 - - - 94 

10 Ru2P@PNC/CC-900 
20.19 ± 

9.62 
≈ 25 50 66 - - - 95 

11 RuP2@NPC  8 ≈ 0 52 69 - - - 93 

12 Ru@CN 2.37 ≈ 0 32 53 - - - 84 

13 Ru@NC 1.6 15 26 36 - - 

0.83 (25 mV) 

3.02 (50 mV) 

10.8 (100 mV) 

82 

14 Ru/CN-800 ≈ 1.3 ≈ 0 14 30.0 - - - 77 

15 Ru/3DNPC-500 1.32 ≈ 0 15 31 - - - 78 
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16 Ru-NGC ≈ 5 ≈ 12.5 ≈ 37 40 - - - 79 

17 CNx@Ru/MWCNT 6.0 ± 2.3 20 39 28 - - - 80 

18 Ru@GnP 2 ≈ 0 22 28 - - 0.145 (100 mV) 81 

19 Ru-HPC 2.87 ≈ 0 ≈ 5 33.9 6.59 - 
1.79 (25 mV) 

9.2 (100 mV) 
40 

20 RuCo@NC 30 ≈ 0 28 31 3.31 - - 106 

21 CoRu@NC 10-30 ≈ 20 45 66 - - - 107 

22 Ru/MoS2/CP 10 ≈ 0 13 60 - 0.075 (50 mV) - 98 

23 Ru-MoO2
 - 0 29 31 - - - 99 

24 Ni1.5Co1.4P@Ru 4 ≈ 12 52 50 - - - 108 

25 Ru/C-300 1.48 ≈ 0 14 32.5 - - - 67 

26 PP-Ru/RuO2-GC 1.5 ± 0.3 0 25 65 - 0.19 (100 mV) - 74 

27 Ru/C 1.73 ± 0.47 ≈ 0 24 33 - - 0.18 (40 mV) 76 

28 
Cu-doped Ru-

RuO2/C 
2.5-4.5 ≈ 15 28 35 - - - 47 

29 Ru-Ni@Ni2P-HNRs 4.71 ≈ 5 31 41 - - - 109 

30 NiCoMo/Ru-GN a - ≈ 0 11.4 38 6.31 - - 110 

31 0.27-RuO2@C 5 ≈ 0 20 46 - - - 33 

32 ah-RuO2@C 150 ≈ 20 63 62 - - - 33 

Electrolyte: [a] 0.1 M KOH and [b] 0.5 M KOH. 
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5. Bifunctional Ru/RuO2 systems and their use 
in WS electrolytic cells 

As noted above in Sections 3 and 4, Ru-based nanoparticulated 

materials are good candidates for acting either as anodes (OER) 

or as cathodes (HER) in WS electrocatalytic cells. Furthermore, 

some studies have revealed the ability of Ru NPs to act both as 

OER and HER electrocatalysts, thus becoming real bifunctional 

catalysts after a slight modification of their structure/oxidation 

state or even without any further change. This section accounts 

on such bifunctional electrocatalysts and, when reported, on 

their implementation in overall WS electrolytic cells.  

Given the instability (corrosion) of metallic Ru NPs under OER 

conditions[31] (typically overoxidized to molecular RuO4, see 

Section 3.1 above), bifunctional Ru-based nanoparticulated 

systems are typically RuO2 or Ru/RuO2 mixtures. Besides 

catalyzing the OER, RuO2 has also been reported as a HER 

electrocatalyst. As established by recent works,[63,74] this 

suggests a change of the oxidation state at its surface due to the 

reductive conditions applied (see Section 4.1 above), which may 

favor the formation of a Ru-H bond. However, the evolution of 

the Ru oxidation state at the surface of the NPs under HER 

conditions is not always monitored, and the reports only 

consider the original composition of the catalyst. 

A first set of Ru-based electrolyzers for the whole WS deals with 

the use of RuO2 NPs both in the anode and in the cathode. For 

instance, Lim and co-workers reported a hydrous/crystalline 

RuO2 bifunctional electrocatalyst and its integration in an 

efficient cell for the overall splitting of water. These authors 

reported the combination of a cathode made of stable hydrous 

RuO2 NPs/Ni foam (Table 4, entry 3) with a crystalline-RuO2/Ni 

foam anode obtained by annealing the former hydrous species 

(Table 2, entry 3). This combination of electrodes afforded an 

efficient alkaline electrolyzer, achieving an overall η0 ≈ 170 mV 

and η10 = 273 mV, values that outperform those obtained with 

(Pt/C)/Ni and IrO2/Ni as cathodic and anodic electrode materials, 

respectively.[29] In a related example, Jang, Song and co-

workers recently described the use of partially hydrous RuO2 

NPs embedded in a C matrix as a multifunctional 

electrocatalyst,[33] being the HER (Table 3, entry 29; Table 4, 

entry 31) and the OER (Table 1, entry 7; Table 2, entry 8) two of 

its functionalities (see Sections 3 and 4 for more details). When 

used both as cathode and anode in a WS electrocatalytic cell at 

pH 14, this nanomaterial yields and overall η10 of 280 mV. This 

result also highlights the potential of the alternating operation 

mode of their electrolyzer by switching the employed HER/OER 

electrodes, thus demonstrating a superior durability of the 

system since long-term exposure to oxidative (or reductive) 

environments is avoided. Also, Barman et al. published a 

bifunctional catalyst made of crystalline rutile RuO2-nanowires 

(100-200 nm in length and 10-40 nm in diameter) supported 

onto carbon nitride (RuO2-NWs@g-CN),[38] able to catalyze both 

the OER (Table 1, entry 3; Table 2, entry 4) and the HER (Table 

3, entry 5; Table 4, entry 1) with good-to-moderate activities and 

high stabilities at acidic and basic pH. Moreover, when used in 

both the cathode and the anode of a WS electrolytic cell at pH 

14 this nanomaterial afforded an overall η0 ≈ 100 mV and η10 = 

300 mV.  

A second set of Ru-based WS electrolyzers are those combining 

metallic Ru and RuO2 either as pure or as mixed electrode 

materials. Thus, Chen and co-workers have recently described 

the bifunctional catalytic character of a Cu-doped Ru-RuO2/C 

composite (Table 2, entry 5; Table 4, entry 28),[47] in which a 

mixture of 2.5-4.5 nm fcc and hcp-Ru NPs and rutile-RuO2 NPs 

doped with Cu are embedded in a C matrix. They assigned the 

HER activity of the material to the Ru NPs, and the OER one to 

the RuO2 NPs. When using this composite material in both the 

cathode and the anode of a WS electrolytic cell at pH 14 an 

overall η10 of 240 mV is achieved. Finally, a second relevant 

example of such a type of electrolyzers has been recently 

reported by Zou and co-workers[40] arising from the combination 

of their Ru-HPC/P-RuO2 hierarchical cathodic/anodic materials 

(see Sections 3.3.1 and 4.2 for the description of the individual 

performance in OER and HER, respectively) that originate from 

the pyrolytic decomposition of a CuRu-MOF. The two-electrode 

WS device operates at an overall η10 of 300 mV in 1.0 M KOH 

and shows excellent long-term (24 h) stability at a cell voltage of 

1.65 V.  

6. Conclusions and Challenges 

In the last decade Ru-based NPs have clearly emerged as 

practical (electro)catalytic systems for the two half-cell reactions 

in water splitting. In this regard, benchmarking methodologies, 

which have become widespread along the same period, have 

objectively shown the comparable or occasionally even superior 

performance of Ru-based NP systems to the standard Pt and 

IrOx species used for catalyzing the HER and the OER in 

commercial electrolyzers, respectively. At the same time, the fair 

comparison of catalysts through benchmarking strategies has 

also allowed to identify the main drawbacks characterizing these 

systems.  

A quick glance at the primary figures of merit for the most 

representative HER and OER electrocatalysts (particularly η10, 

Tafel slope (b) and TOF per real active site) highlights the 

divergence in mechanistic complexity of the two half-reactions. 

Thus, HER systems show clearly faster kinetics (TOFs about 

one order of magnitude higher, compare Figures 3 and 6) and 

attain practical current densities (η10) at much lower 

overpotentials (below 100 mV for the HER, Figure 5, and above 

200 mV for the OER, Figure 2). 

OER catalysts work in harsh oxidative conditions that usually 

compromise their stability. This is the case of metallic Ru NPs 

(and certain Ru/RuO2 mixtures), which tend to over-oxidize to 

the soluble and volatile RuO4 form under turnover conditions. 

Though, pure RuO2 or core-shell systems where a Ru shell is 

combined with a more noble metal core tend to be more stable. 

Thus, even if the main activity-related figures of merit for Ru-

based nanoparticulated OER electrocatalysts (see Tables 1 and 

2) are comparable to those of the state-of-the-art IrOx species, 

strategies to rationally improve their long-term stability must be 
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further developed. Together, the influence of the degree of 

crystallinity of the nanocatalysts both in terms of activity and 

stability is another unclear matter, currently with non-conclusive 

and even contradictory reports. Also, supported Ru NP-based 

OER systems are relatively scarce and have been mainly 

developed with SiO2 materials of different porosity and pore size 

while triggered both chemically and/or photochemically. 

Together with the general effect of the support preventing NP 

aggregation under turnover conditions and thus improving the 

catalyst durability, pores large enough to ensure both the proper 

exposure of the NP active sites and the correct diffusion of the 

oxidants/photoabsorbers used have proven to be a key feature 

of these systems. All in all, the establishment of structure-

activity/stability relationships remains as the main challenge in 

the OER field when employing Ru NPs as catalysts. In this 

regard, the combination of advanced (and operando) NP surface 

characterization techniques and computational modelling 

appears as a promising track still almost unexplored today.  

As stated in Section 4, the development of Ru-based NPs as 

catalysts for the HER is a dynamic field of research where many 

advances have been made in the last three years. Contrary to 

the OER, the majority of Ru-based NPs systems reported for the 

HER are electrocatalysts that have been benchmarked through 

the typical figures of merit discussed in Section 2 (see Tables 3 

and 4) and their mechanistic pathways have been related to 

structural/electronic features of the NPs or NP-based hybrids by 

combining both experimental and theoretical DFT calculations. 

As stated above, the distinction between “non-supported” 

(Section 4.1) and “supported” (Section 4.2) systems is of interest. 

The formers are simpler systems where the active sites of the 

NPs can be tuned with ease and the surface chemistry 

resembles somehow that of molecular complexes. In this regard, 

the organometallic approach for the synthesis of nanostructures 

(see above) opens a myriad of possibilities by means of the 

inexhaustible ligand pool of NP stabilizers. The combination of 

electrochemical analysis, detailed structural and surface 

characterization and DFT modelling of the involved reaction 

pathways can lead to structure-activity/stability relationships, 

thus allowing the subsequent rational improvement of the 

electrocatalytic HER systems. In contrast, the “supported” 

systems are more complex hybrid or composite materials of 

difficult tunability, where the interaction of the Ru NPs with the 

typically carbon-based support/matrix results on increased 

stability (aggregation is prevented) and, in some cases, on 

particularly interesting catalytic properties arising from the 

support/matrix influence on the catalysts structure. Thus, for 

instance, these systems have shown appropriate H/H2O 

adsorption energies and H2O dissociation rates in alkaline 

solution (especially when Ru adopts its uncommon fcc-phase) 

that, together with their long-term stability at this pH, have raised 

Ru-based nanoparticulated electrocatalysts as plausible 

candidates to replace Pt in cathodes for practical WS. However, 

most of the above-mentioned systems are complex and/or of 

difficult scalability, and very few have been triggered by light. 

Thus, the development of simple, scalable and cost-effective 

HER electrocatalytic systems based on Ru NPs and their 

triggering by sunlight in combination with molecular or 

semiconducting photoabsorbers are two of the main challenges 

the field will face in the upcoming years.  

The deep mechanistic understanding attained in the last decade 

for Ru molecular complexes can also serve as a reservoir of 

inspiration to develop improved HER and OER nanomaterials. 

Thus, the potential benefits of transferring key molecular 

concepts such as, for instance, the kinetic effects of internal 

bases, the redox-activity of capping molecules/ligands or the 

fine-tuning of redox potentials should be carefully assessed. 

Again, combination of experimental and computational analyses 

will be imperative in this complex endeavor.  

Finally, a very encouraging field has been opened lately with the 

use of real bifunctional HER/OER Ru-based NPs. Thus, as 

stated in Section 5, the use of either RuO2 or the combination of 

metallic Ru and RuO2, either as pure or as mixed electrode 

materials, has been reported and, even more importantly, these 

materials have been successfully incorporated into compact 

water splitting electrocatalytic cells. 
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