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ABSTRACT Multielectron reductions such as the hydrogen evolution reaction (HER) play an important role in the de-
velopment of nowadays energy economy. Herein, the application of the organometallic approach as synthetic method 
allows obtaining very small, ligand-capped but also highly active ruthenium nanoparticles (RuNPs) for the HER in both 
acidic and basic media. When deposited onto glassy carbon, the catalytic activity of this nanomaterial in 1 M H2SO4 solu-
tion is highly dependent on the oxidation state of the NPs surface, being metallic Ru sites clearly more active than RuO2 
ones. In sharp contrast, in 1 M NaOH as electrolyte, the original Ru/RuO2 mixture is maintained even under reductive 
conditions. Estimation of surface active sites and electroactive surface area (ECSA) allowed benchmarking this catalytic 
system, confirming its leading performance among HER electrocatalysts reported at both acidic and basic pH. Thus, in 1 
M NaOH condition it displays lower overpotentials (η0 ≈ 0 mV, η10 = 25 mV) than those of commercial Pt/C and Ruthe-
nium black (Rub), and also fairly outperforms them in short and long-term stability tests. In 1 M H2SO4 solution, it clearly 
outdoes commercial Rub and is competitive or even superior to commercial Pt/C, working at very low overpotentials (η0 
≈ 0 mV, η10 = 20 mV) with a Tafel slope of 29 mV·dec-1, achieving TOFs as high as 17 s-1 at η = 100 mV and reaching a 
current density of |j| = 10 mA·cm-2 for at least 12h without any sign of deactivation.   
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INTRODUCTION 

The depletion of fossil fuels due to the increasing energy 
demand and the high levels of greenhouse gases directly 
related to climate change make the development of less 
polluting and renewable energy sources a central chal-
lenge for the scientific community. In this context, the use 
of sunlight to assist water splitting following the principle 
of artificial photosynthesis is a very attractive solution.1 
However, water splitting needs efficient catalysts for the 
half cell reactions involved, namely releasing electrons 
and protons from the oxidation of water (oxygen evolu-
tion reaction; OER) and their subsequent use to reduce 
protons into H2 (hydrogen evolution reaction; HER). In 
the particular case of HER, despite Pt-based catalysts 
show the highest efficiencies in acidic media with mini-
mum overpotentials and fast kinetics, their cost and sta-
bility issues at other pH values boost research on potential 

substitutes both at molecular2 and colloidal/heterogene-
ous level.3 

Nanostructured catalysts, as illustrated by numerous re-
sults from heterogeneous (supported species) or colloidal 
catalysis, present several attractive properties compared 
to molecular complexes.4 Thus, nanomaterial-based elec-
trocatalysts are expected to display higher performance 
thanks to their high density of active sites (typically low 
for electrodes with grafted molecular catalysts) but also 
an enhanced stability.5 This is already proven for numer-
ous catalytic reactions6,7 and more recently for water-
splitting.8 For the HER, metals such as Ni, Co, Mo or Pt 
have been studied as nanostructured catalysts with inter-
esting activities (see Tables S1 and S2 in the SI). Curi-
ously, Ru nanomaterials did not show impressive activity 
in this reaction9-12 up to the last two years, when a few 
cathodes prepared with Ru-nanosized species appeared 
as potential substitutes to Pt-based electrodes (see Tables 



 

 

S1 and S2 in the SI).13-20 As the prohibitive price and scar-
city of platinum make it unsuitable for large-scale com-
mercial applications, these contributions open the way for 
novel developments of Ru-based electro-catalysts. This 
would constitute an alternative to reduce the cost of the 
catalyst, the price of Ru being ¼ that of Pt. The best per-
forming Ru systems are prepared through complex syn-
thetic protocols such as the condensation of organic pre-
cursors that direct the nucleation/growth of the Ru nano-
particles (NPs) and subsequent annealing to generate a 
conductive carbon matrix from the organic part,16,17 or the 
direct assembly of a metal precursor (RuCl3) in a hierar-
chically-ordered carbon-based electrode followed by an 
annealing step.20 These cathodes are thus composite ma-
terials made of RuNPs embedded into carbon matrices 
that strongly affect their catalytic behavior and do not per-
mit to finely tune the active sites. Moreover, it is notewor-
thy that most of the reported nanocatalysts for HER suffer 
of lack of well-defined structures, disabling a proper cor-
relation between the characteristics of the nanospecies 
and their catalytic properties while it is a key-point to op-
timize a catalytic reaction. In consequence, the design of 
finely controlled metal NPs should offer interesting per-
spectives to better understand the crucial parameters to 
develop nanostructured catalysts with increased perfor-
mances, both in terms of efficiency and stability. For this 
purpose, the organometallic approach proved to be an ef-
ficient method, allowing to get very small NPs with a nar-
row size-distribution and controllable surface properties 
while using mild reaction conditions for their prepara-
tion.21,22 This has been particularly demonstrated for 
RuNPs,23-25 but also for other metals,26 with remarkable 
properties in catalysis. Given the recent literature data on 
Ru nanostructured catalysts for HER, we decided to de-
sign and evaluate some Ru nanomaterials for this cataly-
sis, applying the principles of the organometallic synthe-
sis. We published very recently on a porous Ru nano-
material prepared by this method that gave rise to high 
electrocatalytic performance and excellent durability for 
HER.19 This material made of RuNPs of ca. 21 nm in size 
exhibited an overpotential of 83 mV at a current density 
of 10 mA·cm-2 and an excellent durability up to 12h in 0.5 
M H2SO4. 

Herein, we report on the design of a novel nanostruc-
tured Ru catalyst constituted of 1.5 nm RuNPs capped 
with the 4-phenylpyridine ligand and its evaluation in the 
HER. This nanomaterial shows very low overpotentials 
(η), fast kinetics and excellent durability in both acidic 
and basic electrolytes, clearly outperforming commercial 
Ru black and being competitive to commercial Pt/C under 
the same reaction conditions. The catalytic performance 
of this new cathode is benchmarked with the state-of-the-
art HER electrocatalysts and the factors controlling its ac-
tivity are unraveled by combining spectroscopic, electro-
chemical and computational techniques. 

 

RESULTS AND DISCUSSION 

 Synthesis and characterization of RuNPs. 
The Ru nanomaterial object of this study has been easily 
synthesized following the organometallic approach 
(Scheme 1), namely by decomposing the [Ru(cod)(cot)] 
(cod = 1,5-cyclooctadiene; cot = 1,3,5-cyclooctatriene) 

complex under H2 atmosphere (3 bar) and at room tem-
perature (r.t.), using THF as a solvent and 4-phenylpyri-
dine (PP) as a stabilizing ligand ([PP]/[Ru]= 0.2 molar 
equivalent). The advantages of the precursor used here 
are the fast decomposition under H2 which leads to the 
formation of very small RuNPs as well as the release of 
cyclooctane as only by-product which is facile to eliminate 
under vacuum. By this way, only the ligand voluntarily 
added as stabilizing agent (here the 4-phenylpyridine) is 
present on the metal surface, in addition to some THF and 
hydrides. Following this procedure, a black colloidal dis-
persion was obtained from which the RuNPs (sample 
Ru1) were isolated under the form of a black powder after 
precipitation by addition of pentane and drying under 
vacuum. Complementary techniques were applied to 
characterize the obtained nanomaterial. 

 
Scheme 1. Synthesis of Ru1 with PP ligand chemical struc-
ture. 

Transmission electron microscopy (TEM) analysis car-
ried out from the crude colloidal solution after deposition 
of a drop on a carbon-covered copper grid revealed the 
presence of very small NPs (Figure 1). They appear well-
dispersed on the TEM grid (Figure 1a) with only a few ag-
glomerates noticed, and display an average diameter of 
1.5 ± 0.3 nm (by considering the smallest dimension) with 
a narrow size distribution (Figure 1c) thus indicating a 
good control in size. At higher magnification (Figure 1b), 
some NPs close to each other or even coalesced are ob-
served and crystalline plans are visible.  

 



 

 

Figure 1. TEM images of Ru1 at low (a) and high (b) mag-
nification and size histogram (c) established from image (a).  

HRTEM images and electron diffraction patterns on a 
purified sample confirmed its crystalline character and al-
lowed to measure interplanar distances (Figure S1) 
namely 0.21, 0.16, 0.13 and 0.11 nm, values in agreement 
with those of the (101), (102), (110) and (112) planes of the 
hexagonal compact crystalline (hcp) structure of bulk ru-
thenium. EDX analysis showed the absence of oxygen 
thus evidencing the presence of Ru metal particles (Figure 
S2 and S3). Wide-angle X-Ray scattering (WAXS) analy-
sis also confirmed the metallic character of the RuNPs and 
their hcp structure (Figure S4). A coherence length of ca. 
2.3 nm could be determined, significantly larger than the 
average size from TEM. Coherence length is a direct meas-
urement of the maximum size of crystalline domains, and 
in case of size dispersion, the weight of larger NPs is quite 
high. Moreover, the monotonous decrease profile of the 
distribution of distances (Figure S4-bottom) is consistent 
with smaller sizes. These results indicate a limited coales-
cence of small metallic NPs in the sample. It is however 
delicate to accurately evaluate the coalescence ratio of 
NPs without assumptions on their final shape.  

Elemental (EA; Table S3) and thermogravimetric (TGA; 
Figure S5) analyses of Ru1 led in both cases to an organic 
content in the sample of ca. 15% and therefore a high Ru 
content of ca. 85%. This Ru nanomaterial burned sponta-
neously when exposed to the air in solid state. Such a be-
havior was previously observed with other RuNPs of sim-
ilar sizes and stabilized with different ligands.23 This phe-
nomenon reveals a high reactive metal surface assumed to 
derive from the small size of the NPs and the accessibility 
of their surface although being coated by the PP ligand. 
Surface hydride quantification was performed by nor-
bornene hydrogenation in a methodology previously re-
ported in our group, obtaining a 1.1 H/Rusurf ratio (Rusurf 
are surface ruthenium atoms), a value that is similar to 
those obtained with other systems of polymer- and ligand-
stabilized RuNPs such as 1.3 for Ru-PVP (PVP: N-polyvi-
nylpyrrolidone) and Ru-HDA (HDA: hexadecylamine) 
NPs or 1.1 for Ru-dppd (dppd: 1,10-bis(diphe-
nylphosphino)decane) nanoparticles.23,27 

Density Functional Theory (DFT) calculations per-
formed on a bare 1nm model and on its 1.2H/Rusurf hydro-
genated counterpart28 attested that the coordination of 
the PP ligand at the ruthenium surface can occur through 
two coordination modes. There is a competition between 
a vertical adsorption mode, ruled out by the σ-donation of 
the nitrogen lone pair (see Figure 2a, 1σtip mode) and an 
aromatic π-to-metal surface interaction, with a flat-lying 
configuration of PP where each aromatic cycle exhibits the 
well-known μ3:η2:η2:η2 face-capping mode of benzene (see 
Figure 2a, 1π001 mode).29 The π coordination of a single 
PP on one (001) facet of the bare RuNP model is stable by 
-83.2 kcal.mol-1, whereas the σ bond is weaker by 49.8 
kcal.mol-1 (-33.4 kcal.mol-1 see Table S4). The adsorption 
strength of PP on an edge was also evaluated, with an η6-
benzene ring and a μ:η3:η3-pyridine (see Figure 2a, 1πedge 
mode) showing a stability by -63.6 kcal.mol-1 (see table 
S4). For comparison, in an hydrogenated Ru55 model with 
1.2H per surface Ru atom (Ru55H53),28 whereas the σ 

adsorption strength is very little affected by the presence 
of surface H atoms (1σtip: -32.1 kcal.mol-1 on Ru55H53 vs -
33.4 kcal.mol-1 on the naked RuNP), the π interaction be-
comes significantly less competitive (1π001: -48.8 
kcal.mol-1 vs. -83.2 kcal.mol-1). In contraposition, the ad-
sorption strength of PP on an edge, 1πedge,   involves a 
weaker segregation of the surface H atoms than the 1π001 
mode does, with an adsorption energy similar to the bare 
NP case (1πedge: -59.0 kcal.mol-1 vs. -63.6 kcal.mol-1), 
making again a π coordination mode significantly more 
stable than the σ grafting. 

Another interesting point is the evaluation of the opti-
mal number of PP ligands that the Ru55H53 model can ac-
commodate. What is obvious from Figure 2b is that from 
a geometrical point of view it is possible to graft more σ-
coordinated PPs than π-coordinated PPs within a unit 
surface area. Our modelling results (see discussion in the 
SI) suggest that (i) the saturation is reached around 11 PPs 
on this model (i.e. 0.27 PP/Rusurf with this fixed 1.20 
H/Rusurf composition, see Figure 2), with the co-adsorp-
tion of 9 σ-PPs and 2 π-PPs (see Figure 2b) being more 
stable than the adsorption of 12 σ-PPs (-265.2 kcal.mol-1 
vs. -243.4 kcal.mol-1).; (ii) the two σ and π grafting modes 
are expected to both occur on a given RuNP, with a versa-
tile and rather strong π coordination.  

(a) 

 
(b) 

        
Figure 2. (a) σ and π coordination modes of PP on the 
Ru55H53 model (the faceting of the metal surface is high-
lighted. Geometries of PP and of the grafting metal site on 
the bare Ru55 model are very similar). (b) PP-protected 1 nm 
RuNP (Ru55H53σPP9πPP2). 

Given the high reactivity of Ru1 nanomaterial observed 
when exposed to air, a protection appeared necessary to 
preserve its morphology before the electrocatalytic stud-
ies. For this purpose, Ru1 was treated in the solid state by 



 

 

slow oxygen diffusion at r.t., leading to the Ru2 nano-
material (Scheme 2). The effect of this treatment on the 
oxidation state of the RuNPs was characterized by 
HRTEM-EDX (Figures S6-S7), WAXS (Figure S8) and X-
Ray photoelectron spectroscopy (XPS, Figure S9). The 
three techniques indicated the presence of a mixture of Ru 
metal and Ru oxide in Ru2. This evidences a partial oxi-
dation of the particles that probably took place only at 
their surface, passivating them and avoiding an irreversi-
ble degradation. TGA and EA data for Ru1 and Ru2 (Fig-
ure S5 and Table S3) show similar % of organic content in 
both samples, as well as an invariable PP/Ru ratio, thus 
confirming the presence of the PP ligand also after pas-
sivation.  

Electrocatalytic studies in HER. The HER catalytic 
performance of Ru2 was evaluated in both acidic and 
basic media (1 M H2SO4 and 1 M NaOH, respectively). For 
comparison purposes, the performances of commercial 
Pt/C and Ru black (Rub) were tested under the same ex-
perimental conditions. A THF dispersion of Ru2 was 
drop-casted onto a glassy carbon rotating disk electrode 
(RDE/GC) (see the Materials and Methods section and 
Scheme S1 for further details on electrode preparation), to 
generate the Ru2-GC working electrode, which was in-
troduced in a three-electrode cell together with a Satu-
rated Calomel Electrode (SCE, KCl sat.) and a Pt grid as 
reference and counter electrodes, respectively. Working 
electrodes based on Pt/C and Rub were prepared using 
the same protocol and metal loading. The representative 
hydrogen evolution linear sweep voltammetry (LSV) po-
larization curves of the three systems at a scan rate of 10 
mV·s-1 and 3000 rpm are given in the left part of Figure 3 
(a, 1 M H2SO4; b, 1 M NaOH). In 1 M aqueous H2SO4 solu-
tion, both Ru2-GC and Pt/C show very small onset over-
potential (η0) close to 0 mV, much lower than that of Rub 
(70 mV). Together with η0, another benchmarking param-
eter to compare the performance of heterogeneous cata-
lysts is the overpotential value needed to achieve a current 
density of |j| = 10 mA·cm-2 (η10) that corresponds to the 
approximate current density expected for a 10% efficient 
solar-to-fuel conversion photoelectrochemical cell under 
1 Sun illumination.30,31 Ru2-GC reaches this current den-
sity at η10 = 35 mV against 27 mV and 150 mV for Pt/C and 
Rub, respectively. The obtained η0 and η10 values situate 
Ru2-GC within the best Ru-based systems reported so 
far (See Table S1 for a comparison between the state-of-
the-art HER electrocatalysts in acidic electrolytes), and 
also very close to Pt/C.  

The catalytic performance of the system in 1 M aqueous 
H2SO4 solution can be significantly improved when sub-
mitted to a current-controlled bulk electrolysis at j = -10 
mA·cm-2 for 20 min. As presented in Figure 3a, the result-
ing reduced system (Ru1-GC) shows a η10 of 20 mV, that 
is 7 and 130 mV lower than Pt/C (27 mV) and Rub (150 
mV), respectively, and reaches current densities as high 
as 1 A·cm-2 at an overpotential of only 120 mV.  

 
Figure 3. a) Polarization curves of Ru1-GC (red), Ru2-GC 
(blue), Rub (orange), commercial Pt/C (grey) and bare RDE 
(black) in a 1 M H2SO4 solution at a 10 mV·s-1 scan rate and 
inset of the onset overpotential zone. b) Polarization curves 
of Ru2-GC (blue), Rub (orange), commercial Pt/C (grey) 
and bare RDE (black) in a 1 M NaOH solution at a 10 mV·s-1 
scan rate and inset of the onset overpotential zone. c) 12-hour 
bulk electrolysis experiment of Ru1-GC at j = -10 mA·cm-2 in 
1 M H2SO4 solution; inset, LSV experiment before and after 
bulk electrolysis. d) 12-hour bulk electrolysis experiment of 
Ru2-GC at j = -10 mA·cm-2 in 1 M NaOH solution; inset, LSV 
experiment before and after bulk electrolysis. 

In order to shed light on the nature of the new species 
formed in 1 M H2SO4 under reductive conditions, both 
Ru1-GC and Ru2-GC were analyzed by XPS (Figure 4). 
As already mentioned for Ru2, a mixture of metallic Ru 
and RuO2 is observed for the Ru2-GC electrode with Ru 
3d5/2 peaks centered at 279.8 eV (metallic Ru) and 280.8 
eV (RuO2).32 For the Ru1-GC electrode, a total disappear-
ance of the Ru 3d5/2 peak at 280.8 eV is noticed, thus in-
dicating the reduction of superficial Ru(IV) to metallic Ru 
under catalytic conditions. After the reductive treatment 
some Ru1 material was recovered from the electrode sur-
face in order to analyze the presence/absence of PP ligand 
after the applied reductive potential. TGA analysis (Figure 
S10) showed similar organic content than its partially ox-
idized counterpart (compare Figures S5 and S10), thus 
confirming the presence of the PP ligand in the nano-
material after reductive treatment. As shown in Figure 
S11a, the passivation process of Ru1-GC can be moni-
tored electrochemically by dipping this electrode in an 
aerated 1 M H2SO4 solution and recording LSV polariza-
tion curves at different times. As surface metallic Ru in 
Ru1-GC gets oxidized and RuO2 is formed (see XPS data 
in Figure 4a) a progressive decrease of the catalytic cur-
rent associated to the HER is observed, with LSV-4h (Fig-
ure S11a) finally resembling the electrochemical signature 
of Ru2-GC.  



 

 

 
Figure 4. XPS analysis of a) Ru2-GC (blue), b) Ru1-GC (red) af-
ter 20 minutes bulk electrolysis at j = -10 mA·cm-2 in 1 M H2SO4, 
and c) Ru2-GC (blue) after 20 minutes bulk electrolysis at j = -10 
mA·cm-2 in 1 M NaOH. Background (grey), metallic-Ru compo-
nent (Ru 3d5/2-279.8, dashed black), RuO2-component (Ru 3d5/2-
280.8, dotted-black), envelope (bold). 

The different nature and catalytic performance of Ru1-
GC and Ru2-GC in 1 M H2SO4 are evidenced through 
their corresponding Tafel plots (see Figure 5a). Ru1-GC 
shows a very low Tafel slope (29 mV·dec-1), inferior to that 
of Pt/C (32 mV·dec-1) and Rub (65 mV·dec-1) under the 
same reaction conditions and metal loading, thus point-
ing to a Tafel-Volmer mechanism where the rate-deter-
mining step is the formation and desorption of molecular 
H2 at the catalyst surface, by the recombination of two 
metal-hydride species.33 Thus, Ru1-GC is able to reach 
high current densities at low overpotentials, a critical 
characteristic in order to attain practical applications. 
Contrarily, the 106 mV Tafel slope observed for Ru2-GC 
indicates a Tafel-Heyrovsky mechanism and the need of 
working at high overpotentials in order to reach relevant 
HER current densities. 

 
Figure 5. Tafel plot of Ru1-GC (red), Ru2-GC (blue), commercial 
Rub (orange) and commercial Pt/C (grey) a) in 1 M H2SO4 and b) 
1 M NaOH. 

The HER performance of Ru2-GC in 1 M NaOH is also 
remarkable, with η0 of ca. 0 mV and η10 of 25 mV, values 
lower than those of Pt/C (5 and 35 mV, respectively) and 
Rub (50 and 125 mV, respectively), under the same reac-
tion conditions. These values situate Ru2-GC within the 
best Ru-based systems reported so far in basic media (See 
Table S2 for a comparison between the state-of-the-art 
HER catalysts in basic electrolytes). In contrast to its be-
havior in 1 M H2SO4, Ru2-GC does not evolve under re-
ductive conditions (current-controlled bulk electrolysis at 
j = -10 mA·cm-2 for 20 minutes) in 1 M NaOH, showing 
identical electroactivity before and after the reductive 
treatment (Figure S11b). Additionally, freshly prepared 
Ru1-GC oxidizes much faster in basic (Figure S11b) than 
in acidic media (Figures S11a). These results confirm, as 
expected, the higher stability of the RuO2 phase under 
basic conditions that is further corroborated by XPS anal-
ysis of the electrolyzed sample (Figure 4c). Comparison of 

Figures 4a and 4c evidences a similar nature for both spe-
cies, and the stability of the RuO2 phase present at the sur-
face of Ru2-GC under reductive basic conditions. Analy-
sis of the Tafel plot in 1 M NaOH solution (Figure 5b) 
shows a slope of 65 mV·dec-1 for Ru2-GC, 80 mV·dec-1 for 
Rub and 56 mV·dec-1 for Pt/C. 

The electrocatalytic performance and short-term stabil-
ity of Ru1-GC (1 M H2SO4) and Ru2-GC (1 M NaOH) was 
further compared with that of other electrocatalysts fol-
lowing the benchmarking methodology reported by Jara-
millo et al.34 From the capacitive current in a non-Fara-
daic region, which is only associated with double-layer 
charging, the double-layer capacitance (CDL) was esti-
mated. Then, the electrochemically active surface area 
(ECSA) of both electrodes was calculated from the ob-
tained CDL (Figures S13-S14). The roughness factor (RF) 
was calculated by dividing the estimated ECSA by the ge-
ometric area of the electrode. The ECSA value allows cal-
culating the specific current density (jS) of the electrode 
(current density per “real” electroactive area of the sys-
tem) at a given overpotential. The obtained values of η10 
at time t=0 and t=2h and jS at η = 100 mV (js(η=100)) are 
reported in Tables S5-S6 and plotted in Figure S15 to-
gether with those reported for selected HER catalysts 
benchmarked with the same methodology in acidic 1 M 
H2SO4 and basic 1 M NaOH solutions. Only systems with 
η10 < 100 mV (in 1 M H2SO4) and η10 < 150 mV (in 1 M 
NaOH) at t=0 and t=2h have been considered. Both Ru1-
GC (acidic conditions) and Ru2-GC (basic conditions) 
show the lowest η10(t=0) (20 and 25 mV, respectively) 
among the reported systems (see Tables S5 and S6). Thus, 
Ru1-GC and Ru2-GC outperform Pt in both electrolytes, 
which shows η10 of 50 (Ru1-GC, 1M H2SO4) and 30 mV 
(Ru2-GC, 1 M NaOH) and an increase to 60 mV in both 
media after 2h of electrolysis. The specific current density 
values observed at η = 100 mV (0.55 mA·cm-2 for Ru1-GC 
in acidic media and 0.19 mA·cm-2 for Ru2-GC in basic 
media) are between 7 and 137 times higher than those re-
ported for all the benchmarked catalysts except Pt which, 
despite of the same order, shows superior values (see Ta-
bles S5 and S6).  

Further information about the intrinsic electrocatalytic 
activity of our Ru nanomaterial was obtained by calculat-
ing TOF values. This was made on the basis of estimated 
numbers of active sites determined through the underpo-
tential deposition (UDP) of copper onto Pt/C, Rub and 
Ru1-GC in acidic solution (Figure S16). The calculated 
TOF values for Ru1-GC in 1 M H2SO4 at 25, 50 and 100 
mV (vs. RHE) are 0.55, 3.06 and 17.38 s-1, respectively, 
which are of the same order than those of Pt/C (1.65, 5.60 
and 23.36 s-1) under the same reaction conditions (Table 
S1 and Figure S17). Tables S1-S2 allow to compare these 
TOF values with those reported for other relevant electro-
catalysts for a wide set of transition metals, which high-
lights the fast kinetics of Ru1-GC, which outperforms the 
other systems.  

Together with kinetic data, long-term stability is a key 
parameter for a catalyst to be potentially useful in the 
HER. Thus, both Ru1-GC (1 M H2SO4) and Ru2-GC (1 M 
NaOH) electrodes were hold at a constant current density 
of j = -10 mA·cm-2 in a current-controlled experiment for 
12h monitoring the change on the required overpotential. 



 

 

As shown in Figure 3c, Ru1-GC showed negligible change 
in the required overpotential and identical LSV polariza-
tion curves before and after catalytic turnover. In basic 
media, Ru2-GC also shows good stability, with η10 in-
creasing in only 25 mV over the 12h electrolysis (Figure 
3d). The notorious long-term stability of Ru2-GC in basic 
media is further evidenced by comparison with that of 
Pt/C under the same conditions (Figure S18), where η10 
increases in more than 250 mV over the 12h electrolytic 
test. The excellent durability of our catalytic system in 
acidic and basic conditions indicates both, good mechan-
ical stability of the cathode (no need of polymeric gluing 
agents between RuNPs and GC) and no aggregation of the 
RuNPs under turnover conditions. We believe these find-
ings link to the presence of the PP capping ligand that al-
lows maintaining the nanostructured character of the ma-
terial. In fact, after catalytic turnover in both acidic and 
basic conditions small RuNPs are still visible on TEM im-
ages, showing the high stability of our nanocatalysts (Fig-
ures S19 and S20, respectively). In addition, a Faradaic ef-
ficiency of 95% was determined in both cases thus con-
firming the production of H2 as the sole reaction taking 
place (Figures S21 and S22).35  

 

CONCLUSIONS 

In summary, the application of the organometallic ap-
proach as synthetic method allowed obtaining very small 
and homogeneous-in-size, 4-phenylpyridine-capped 
RuNPs that are highly active for the HER in both acidic 
and basic media. DFT-calculations on a 1 nm RuNP with 
1.20 H/Rusurf composition have shed some light on the co-
ordination of the 4-phenylpyridine ligand at the particle 
surface in the as-prepared nanomaterial, suggesting the 
coexisting of both σ and π grafting modes. After controlled 
partial surface oxidation, the catalytic activity of the re-
sulting GC-deposited nanomaterial (Ru2-GC) in 1 M 
H2SO4 solution is highly dependent on the oxidation state 
of the NPs’ surface, being metallic Ru sites clearly more 
active than RuO2 ones. Maximization of the former’s from 
the starting Ru/RuO2 mixture while preserving the stabi-
lizing ligand (Ru1-GC) is achieved through a short reduc-
tive treatment in the acidic electrolyte. In contrast, as ev-
idenced by XPS, the original Ru/RuO2 mixture present in 
Ru2-GC is preserved when 1 M NaOH is used, even under 
reductive catalytic conditions (Scheme 2).  

The estimation of surface active sites and electroactive 
surface area by well stablish methods allowed bench-
marking these catalytic systems with other relevant cata-
lysts in the literature, confirming them as two of the best 
HER electrocatalysts reported so far. Thus, in 1 M NaOH 
solution, Ru2-GC displays very low overpotentials (η0 ≈ 
0 mV, η10 = 25 mV) and superior to those of commercial 
Pt/C and Rub, to which also fairly outperform in short and 
long-term stability tests by well preserving the RuNPs un-
der catalytic turnover. In 1M H2SO4 Ru1-GC beats com-
mercial Ru black and is competitive or even superior to 
commercial Pt/C. It works at very low overpotentials (η0 
≈ 0 mV, η10 = 20 mV), presents a particularly low Tafel 
slope (29 mV·dec-1), achieves TOFs as high as 17 s-1 at η = 
100 mV and high specific current densities at η = 100 mV 
of 0.55 mA·cm-2, and is capable to produce a current den-
sity of 10 mA·cm-2 for at least 12h without any sign of 

deactivation while preserving the morphology of the 
nanocatalyst.  

Although it is not easy to evaluate the exact role played 
by surface species in the good performance of these 
RuNPs regarding HER, DFT calculations can provide 
some clues. A relevant analysis is often done using the d-
band center model, which underlying principle is that the 
binding energy of an adsorbate to a metal surface is 
largely dependent on the electronic structure of the sur-
face itself and it is related to the center of mass of the d-
band of surface metal atoms with respect to the fermi en-
ergy (i.e. the surface d-band center, εd,surf).36,37 When com-
paring d-band center and atomic charge values (Figure 
S23) it can be noticed that whereas the 53 hydrides signif-
icantly stabilize the d-band of surface metal atoms with 
respect to the Fermi energy (εd,surf: -2.58 eV in Ru55 vs. -
2.87 in Ru55H53), the 11 PP ligands have a moderate effect 
on εd,surf (-2.94 eV in Ru55H53PP11). In other words, the PP 
capping ligands do not significantly alter the surface elec-
tronic structures of the metal nanocatalyst (Figure S23). 
Given DFT adsorption energies, the contribution of PP 
ligands in the HER process could stem from their rather 
moderate adsorption strength which allows a large num-
ber of hydrogen atoms to be present on the Ru surface. 
This behavior is different from that for example of 
strongly coordinated ligands such as CO which impede 
the presence of surface H atoms in a large range of exper-
imental conditions.28 

All together, these results highlight the potential of de-
signing and preparing ligand-stabilized nanoparticles as 
catalysts for the HER and, therefore, paves the way to the 
fine tuning of the catalytic properties of these nanocata-
lysts through the limitless strategy of ligand capping, as 
done for molecular catalysts.  

 
Scheme 2. Preparation strategy for the RuNPs systems and elec-
trodes used in this work. Grey spheres mean Ru metal atoms, while 
darker spheres mean Ru oxide. 
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MATERIALS AND METHODS 

Reagents. All operations for the synthesis of the phe-
nylpyridine-capped Ru nanoparticles were carried out us-
ing standard Schlenk tubes, Fisher–Porter bottle tech-
niques or in a glove-box (MBraun) under argon atmos-
phere. Solvents (THF and pentane) were purified before 
use, by filtration on adequate column in a purification ap-
paratus (MBraun) and handled under argon atmosphere. 
Solvents were degassed before use according to a freeze–
pump–thaw process. The ruthenium precursor, 
[Ru(cod)(cot)], was purchased from Nanomeps-Tou-
louse. Hydrogen gas (Alphagaz) was purchased from Air 
Liquide. 4-Phenylpyridine (PP) used as a stabilizer was 
purchased from Sigma-Aldrich and used as received. High 
purity deionized water was obtained by passing distilled 
water through a nanopore Milli-Q water purification sys-
tem. 

Synthesis of RuNPs. (120 mg, 0.38 mmol) of 
[Ru(cod)(cot)] and (12 mg, 0.08 mmol) of 4-phenylpyri-
dine were dissolved under argon in 120 mL of THF in a 
Fisher porter reactor inside a Glove-box. After pressuriza-
tion of the reactor with 3 bar of H2 at room temperature 
(r.t.), the initial yellow solution turned dark brown in a 
few minutes. A vigorous magnetic stirring and the H2 
pressure were maintained for 16 h. After this reaction 
time, the H2 pressure was evacuated and a drop of the col-
loidal solution was deposited onto a carbon-covered cop-
per grid for TEM analysis. The Ru nanomaterial was iso-
lated as a black powder after precipitation by pentane ad-
dition and evaporation to dryness under vacuum. 

Characterization. The crude colloidal solution has 
been characterized by Transmission Electron microscopy 
(TEM), High resolution electron microscopy (HRTEM) 
and the isolated solid by Wide-angle X-Ray scattering 
(WAXS), X-Ray photoelectron spectroscopy (XPS), Ele-
mental analysis (EA) and ThermoGravimetric Analysis 
(TGA).  

Transmission Electron Microscopy (TEM) and 
High resolution TEM (HRTEM) were performed at 
the “Centre de Microcaractérisation Raymond Castaing” 
in Toulouse (UMS-CNRS 3623). Samples for transmis-
sion electron microscopy (TEM) analyses were prepared 
by slow evaporation of a drop of the crude colloidal solu-
tion deposited onto a carbon-covered copper grid. Sam-
ples for high-resolution transmission electron microscopy 
(HRTEM) analyses were prepared by the same way from 
purified NPs redispersed in THF. TEM and HRTEM anal-
yses were performed on a MET JEOL JEM 1011 micro-
scope operating at 100 kV with a point resolution of 0.45 
nm and a JEOL JEM-ARM 200F microscope working at 
200 kV with a point resolution lower of 0.19 nm, respec-
tively. TEM allowed to evaluate the particle size, size dis-
tribution and morphology. Enlarged micrographs were 
used for treatment with ImageJ software to obtain a sta-
tistical size distribution and the nanoparticle mean diam-
eter. FFT treatments of HRTEM images were carried out 
with Digital Micrograph Version 1.80.70 to determine the 
crystalline structure of the material. 

Wide-angle X-Ray scattering (WAXS). Measure-
ments were performed at CEMES-CNRS in Toulouse. 
Samples were sealed in 1.0 mm diameter Lindemann 

glass capillaries. The samples were irradiated with graph-
ite monochromatized molybdenum Kα (0.071069 nm) ra-
diation and the X-ray scattering intensity measurements 
were performed using a dedicated two-axis diffractome-
ter. Radial distribution functions (RDF) were obtained af-
ter Fourier transformation of the corrected and reduced 
data. 

X-Ray Photoelectron Spectra (XPS). Measure-
ments were performed at the Catalan Institute of Nano-
science and Nanotechnology (ICN2) in Barcelona with a 
Phoibos 150 analyzer (SPECS GmbH, Berlin, Germany) in 
ultra-high vacuum conditions (base pressure 5E-10 mbar) 
with a monochromatic aluminium Kalpha x-ray source 
(1486.74 eV). The energy resolution was measured by the 
FWHM of the Ag 3d5/2 peak for a sputtered silver foil was 
0.62 eV. 

ThermoGravimetric Analysis (TGA). Thermo-
gravimetric analysis was performed in a Perkin Elmer 
TGA 7 analyzer. Measurements were carried out in a 30-
500 °C temperature range in continuous heating regimes 
(2 °C/min) under Ar atmosphere. The percentage of lig-
and in the sample was calculated as follows. From the ex-
periment carried out on the ligand alone we could attrib-
ute the beginning of the ligand loss at 140 °C. So, the value 
of loss noticed at this temperature was taken as initial 
value. For the final ligand loss point, the value observed at 
the change of the slope was taken. The latter was then sub-
tracted from the former to obtain the ligand percentage 
on each sample. 

Elemental analysis (EA). EA was performed at the 
Laboratoire de Chimie de Coordination (LCC), Toulouse, 
on a Perkin-Elmer 2400 series II analyzer. 

PP/Ru calculation. Number of mol (n) of PP was cal-
culated from N wt.% obtained by EA and estimated  Ru 
wt.%Ru wt.% was estimated from a) remaining wt.% after 
TGA’s drop in the 130-250 °C range, attributed to organ-
ics and b) remaining wt.% subtracting organics (CHN) 
from EA results. Then, dividing n(PP) by n(Ru) gave rise 
to comparable ligand-to-metal ratios through calculations 
from both TGA/EA data. 

Electrochemical measurements. All the electro-
chemical experiments were performed in a BioLogic SP-
150 potentiostat. Rotating disk electrode (RDE) was ro-
tated at 3000 rpm in order to ensure complete removal of 
in-situ formed H2 bubbles. The solutions were degassed 
previous to the electrochemical analysis with a N2 flow. 
Ohmic potential (IR) drop was automatically corrected at 
85 % using the Biologic EC-Lab software for cyclic volt-
ammetry and chronoamperometry. For chronopotenti-
ometry experiments IR drop was manually corrected at 
85% by adding the corresponding potential value EIR = iexp 
x (Rmes x 0.85), where iexp is the applied current in A and 
Rmes is the measured resistance in Ω. 1 M H2SO4 solution 
was prepared by mixing 56.1 mL of 95-97 % H2SO4 in 1 
liter of Mili-Q water. 1 M NaOH solution was prepared by 
mixing 4 g in 100 mL of Mili-Q water.  
A rotating disk electrode (RDE, ф = 0.3 cm, S = 0.07 cm2) 
was used as working electrodes (WE), except for the hy-
drogen-monitored bulk electrolysis that a Fluorine-
dopped Tin Oxide electrode (FTO, 20 mm x 10 mm x 180 
µm) was used. In the case of FTO the surface dipped in the 



 

 

electrochemical solution was 1 cm2. For FTO electrode the 
experiment was magnetically stirred with a stirring bar. A 
Pt grid was used as counter electrode (CE) and a Saturated 
Calomel Electrode (SCE, KCl sat.) electrode was used as a 
reference electrode (RE), except for the hydrogen-moni-
tored bulk electrolysis that a Ag/AgCl (KCl sat.) was used 
as RE. All data was transformed to RHE by adding +0.24 
V and 0.20 V for SCE and Ag/AgCl RE respectively. 

Electrode Preparation. A 2 mg·mL-1 dispersion was 
prepared by adding 1 mg of RuX (X=1, 2) in 500 µL of THF 
and sonicating for 30 min. Then, an aliquot of 5 µL (for 
GCd and RDE) was added on the surface of the GC (S = 
0.07 cm2), and dried with a N2 flow. This procedure was 
repeated three times to obtain RuX-GC (X=1, 2). For FTO 
WE, a dispersion aliquot of 25 µL was added to the surface 
of the FTO (S = 1 cm2), and dried with a N2 . See Scheme 
S1 for schematic representation. For Pt/C and Rub, dis-
persions ensuring a similar metal mass loading on the 
RDE than for RuX-GC were prepared. 

Double-layer capacitance (CDL) and electro-
chemical active surface area (ECSA) determina-
tion. CDL was estimated by CV. A non-Faradaic region 
was chosen from the LSV (typically a 0.1 V window about 
OCP), where no redox process takes place and all the 
measured current is due to double-layer charging (versus 
SCE, 0.35 V for 1 M H2SO4 and -0.35 V for 1 M NaOH). 
Based on this assumption, the charging current (ic) can be 
calculated as the product of the electrochemical double-
layer capacitance (CDL) and the scan rate (ν), as shown in 
Eq. 1: 

ic = νCDL    Eq. 1 

Plotting ic as a function of ν yields a straight line with 
slope equal to CDL. In this way, 8 different scan rates were 
used (5, 10, 25, 50, 75, 100, 250 and 500 mV/s), holding 
the working electrode at each potential vertex for 10 sec-
onds prior to the next step. 

ECSA was obtained by dividing the calculated capaci-
tance to a tabulated value (specific capacitance, CS) that 
depends on the material used and solution (for C, in 1M 
H2SO4 CS=13-17 µF·cm-2, in 1 M NaOH CS= 40 µF·cm-2): 

𝐸𝐶𝑆𝐴[𝑐𝑚 ] =    Eq. 2 

𝑅𝐹 =    Eq. 3 

Roughness factor (RF) was calculated by dividing the 
ECSA by the geometrical surface area (S). 

TOF (s-1) calculations. TOF where calculated as fol-
lows: 

𝑇𝑂𝐹(𝑠 ) =  =     Eq. 4 

where I is the current intensity on the LSV measure-
ment, F is the Faradaic constant, and n the number of ac-
tive sites obtained by the UPD method. 

QCu and n were calculated from copper under potential 
deposition method (UPD). In a 20 mL cell containing a Pt 
grid as CE and a SCE as RE, a 1 M H2SO4 pH = 0 was pre-
pared with 5 mM CuSO4 concentration, and a bulk elec-
trolysis at 0.24 V was applied for 100s. A LSV was per-
formed before and after the bulk electrolysis in a clean 
pH=0 solution without any presence of Cu (Ei = 0.04 V, Ef 

= 0.89 V, 10 mV/s), and a new wave devoted to the oxida-
tion of deposited Cu appeared at E = 0.41 V.  

The area under the oxidative wave, or Cu-UPD stripping 
charge (QCu, CuUPD), was determined and used for the cal-
culation of the number of active sites (n):  

𝐶𝑢 → 𝐶𝑢 + 2ē   Eq. 5 

𝑛[𝑚𝑜𝑙] =     Eq. 6 

, where F is the Faraday constant (96485 C·mol-1). 

DFT calculations. The Ru55 model has previously 
been published and detailed elsewhere.28 Briefly, it was 
shaped by slicing an hcp structure by two (001) and (101) 
planes. A tip has been added in order to introduce one B4 
and one B5 site. Removing one line of atoms between two 
(101) planes generates a slightly corrugated facet. Such 
defects can probably be found on NPs larger than this ul-
tra-small 1nm model. It is now well known that bare Ru 
surfaces cannot explain the actual adsorption properties 
on hydrogenated surfaces. The surface was then covered 
with 1.2 hydrides per surface ruthenium atom, a usually 
measured coverage value on RuNPs.27 In this resulting 
Ru55H53 model, the dissociative adsorption energy per hy-
drogen atom (Eads = [E(Ru55H53) – E(Ru55) – 
(53/2)E(H2)]/53) is found to be -13.2 kcal.mol-1 at the 
DFT level of approximation used in this study. DFT calcu-
lations were done with the Vienna ab initio simulation 
package, VASP.38,39; spin polarized DFT; exchange-corre-
lation potential approximated by the generalized gradient 
approach proposed by Perdew, Burke, and Ernzerhof 
(PBE);40 projector augmented waves (PAW) full-potential 
reconstruction;41,42 PAW data sets for Ru atoms treating 
the 4p, 4d and 5s states (14 valence electrons); kinetic en-
ergy cutoff: 500 eV;27 Γ-centered calculations;43 Gaussian 
smearing of 0.02 eV width; geometry optimization 
threshold: residual forces on any direction less than 0.02 
eV/Å; supercell size set to ensure a vacuum space of ca. 12 
Å between periodic images of metal clusters, i.e. 30.5Å x 
30.5Å x 31Å for Ru55H53PP12). The d-band center36 values 
were calculated after projection by the Lobster software44 

of the planewave/pseudopotential wavefunction on a lo-
cal Slater atomic basis set.  
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