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Ru-based nanoparticles supported on carbon
nanotubes for electrocatalytic hydrogen evolution:
structural and electronic effectsy
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The performance of Ru-based nanoparticles (NPs) in the hydrogen evolution reaction (HER) relies on
both their structural properties and the oxidation state of the metal. Herein, the versatility of the organo-
metallic approach for the synthesis of metal-based nanostructures is combined with thermal oxidation
treatments to prepare carbon-nanotube (CNT)-supported Ru-containing nanomaterials for their use as
electrocatalysts after dropcasting onto a glassy carbon rotating disk electrode. This strategy allowed
access to a series of hybrid nanomaterials of different Ru/RuO, compositions and different structural
order. Linear sweep voltammetry experiments show that the relative disposition of the Ru/RuO, phases,
their interconversion under reductive turnover conditions and the degree of structural order affect the
HER electrocatalytic performance of different materials. The electrode containing NPs consisting of a
RuO, core and metallic Ru at the surface outperforms that containing either pure RuO, NPs or Ru NPs.
Impedance spectroscopy studies and DFT calculations suggest that this catalytic activity enhancement
arises from improved charge transport properties and from the structure of the exposed metallic Ru shell,
which is partially oxidized and highly amorphous.

ution reaction (HER), is essential for achieving a worthwhile
complete catalytic WS process.

The imperative need for supplanting fossil fuels with clean
and renewable energy sources to mitigate climate change
enforces the development of new renewable energy
technologies.’™ The production of hydrogen (H,) by the water
splitting (WS) process that can be triggered either by green
electricity or direct sunlight conversion is a promising strat-
egy.’ In this endeavor, the design of cheap, active, and stable
electrocatalysts to accelerate the involved processes, namely,
the oxygen evolution reaction (OER) and the hydrogen evol-
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Metal-based nanoparticles (NPs), with high surface to
volume ratios and good stability, are known to be very efficient
and selective (electro)catalytic materials for many transform-
ations,” among which HER stands as a highly attractive
example.®’ In acidic media, Pt remains as the state-of-the-art
metal. However, Ru-based nanomaterials have recently
emerged as potential alternatives to Pt,® with improved stabi-
lity along the overall pH range and competitive kinetics (appro-
priate Gibbs free energy of the M-H bond)’ when properly
designed."® However, compared to Pt NPs, Ru NPs show larger
cohesive energy,'" making them prone to agglomeration under
turnover conditions. Thus, the dispersion and immobilization
of NPs onto a conductive support is a key strategy to achieve
an electrocatalyst with optimal long-term performance, not
only preventing the aggregation of metal sites but also improv-
ing the electronic communication between the catalyst and the
electrode.>”"°

Among conductive supports, carbon-based nanomaterials
are commonly used in electrocatalytic applications due to their
robustness, chemical inertness, and availability on a large
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scale in a wide range of well-defined shapes and sizes."” Of
particular interest are carbon-nanotubes (CNTs), which show a
highly exposed surface area, metal-like conductivity, good
chemical resistance and stability, as well as appropriate hydro-
philicity,"® which are suitable properties for electrocatalytic
applications in aqueous media.'* In this context, CNTs have
been shown to be effective at stabilizing Ru NPs on hybrid
electrodes for the HER.> 2 Globally, the effect of (i) functiona-
lizing the CNT surface by oxidative methods,"”*® (ii) doping
the CNT support with one or more elements (i.e. N, B, Co/
N),2®?2 and (iii) combining Ru with another element to modu-
late the NP electronic properties (i.e. RuP, or B-doped Ru), on
the overall electrocatalytic = performance, has been
reported.'®*" It is worth mentioning that even though the as-
synthesized mixtures of Ru and RuO, phases have been identi-
fied as the best-performing Ru-CNT electrocatalysts,"®"” their
interconversion under reductive turnover conditions and their
respective (or synergistic) role in the ultimate HER perform-
ance have not been studied in detail. Also, the effect of the
structural properties (crystalline/amorphous) of the CNT-sup-
ported Ru/RuO, electrocatalysts on the HER activity has not yet
been discussed. To study the influence of these parameters,
we combined the organometallic approach for the synthesis of
nanostructures,”>?* an efficient method to obtain small NPs
with a narrow size-distribution and controllable surface pro-
perties, with thermal oxidation treatments of CNTs in order to
obtain a series of CNT-supported Ru-based NPs of varied Ru/
RuO, compositions and different structural orders, and test
their electrocatalytic activity in the HER. The monitoring of
the evolution of these nanomaterials under reductive turnover
conditions, combined with the DFT modelling of their struc-
tures and computed H-adsorption energies, has allowed us to
establish a correlation between the characteristics of the CNT-
supported Ru-based NPs and their electrocatalytic properties
in the HER.

2. Experimental

2.1. Synthetic procedures

All operations for the synthesis of Ru/CNT nanomaterials were
carried out using standard Schlenk tubes, Fisher Porter bottle
techniques or in a glove box (MBraun) under an argon atmo-
sphere. Solvents (THF and hexane) were purified before use by
distillation under a N, atmosphere with a drying agent
(sodium + benzophenone or CaH,, respectively) and degassed
according to a freeze-pump-thaw process. The ruthenium pre-
cursor, [Ru(COD)(COT)] (COD = 1,5-cyclooctadiene; COT =
1,3,5-cyclooctatriene) was purchased from Nanomeps,
Toulouse. Ru(v) oxide 99.9% purity was purchased from
Merck. Hydrogen gas with a purity of 5.0 was purchased from
Abelld Linde, S.A. CNTs were purchased from Nanostructured
& Amorphous Materials, Inc. (Texas, USA) with 99.9% purity
and an OD of 50-80 nm and a length of 10-20 pm. High purity
deionized water was obtained by passing distilled water
through a nanopore Milli-Q water purification system.
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2.1.1. Synthesis of Ru@RuO,/CNT. In a Fisher Porter
reactor, 20 mg of CNTs were dispersed in 20 mL of dried and
degassed THF in an ultrasound bath for 30 min. Then, 7 mg
(0.045 mmol) of [Ru(COD)(COT)] was added to the reactor
inside a glove box. After pressurization of the reactor with 3
bar H, at room temperature, the initial yellow solution turned
dark brown in a few minutes. Vigorous magnetic stirring and
H, pressure were maintained for 2 h. Then, the H, pressure
was evacuated. A drop of the colloidal suspension was de-
posited onto a carbon-covered copper grid for TEM analysis,
and the Ru nanomaterial was isolated as a black powder after
centrifugation and washing with THF and hexane and drying
under vacuum. ICP-OES: (Ru wt%): 5%.

2.1.2. Synthesis of RuO,-10’/CNT and RuO,-120'/CNT. The
as-synthesized Ru@RuO,/CNT nanomaterial was oxidized at
300 °C under ambient air inside a furnace for 10 min and
120 min, leading to Ru0,-10'/CNT and RuO,-120'/CNT nano-
materials, respectively. The furnace was pre-heated at 300 °C
before sample introduction.

2.1.3. Electrode preparation. A 2 mg mL™" dispersion was
prepared by adding 1 mg of each nanomaterial to 500 pL of
THF and sonicating for 30 min. Then, a 5 pL aliquot of this
dispersion was added to the surface of a glassy carbon rotating
disk electrode (GC-RDE, @ = 0.3 cm, S = 0.07 cm?) or an FTO
electrode for the faradaic efficiency measurements, and dried
under a N, flow.

2.2. Characterization techniques

2.2.1. Transmission electron microscopy (TEM) and high-
resolution TEM (HRTEM). TEM images was performed at the
“Servei de Microscopia de la UAB” using a JEOL JEM 2010 elec-
tron microscope, and HRTEM at the “Centre de
Microcaractérisation Raimond Castaing” in Toulouse
(UMS-CNRS 3623) on a JEOL JEM-ARM 200F microscope
working at 200 kV with a point resolution of 0.19 nm. Samples
for TEM analyses were prepared by slow evaporation of a drop
of the crude dispersion deposited onto a holey carbon-covered
copper grid. Samples for HRTEM analyses were prepared in
the same way from purified nanomaterials redispersed in THF.
TEM allowed the evaluation of NP mean size, size distribution,
dispersion and morphology. Enlarged micrographs were used
for treatment using Image] software to obtain a statistical size
distribution and the mean diameter of NPs. The analyses were
performed assuming that the NPs are spherical. NP sizes are
quoted as the mean diameter + the standard deviation. FFT
treatments of HRTEM images were carried out using Digital
Micrograph Version 1.80.70 to determine the crystalline struc-
ture of the Ru NPs.

2.2.2. X-Ray photoelectron spectra (XPS). Measurements
were performed at the Catalan Institute of Nanoscience and
Nanotechnology (ICN2) in Barcelona with a Phoibos 150 analy-
zer (SPECS GmbH, Berlin, Germany) under ultra-high vacuum
conditions (base pressure 5 '° mbar) with a monochromatic
aluminium Kalpha X-ray source (1486.74 eV). The energy
resolution was measured by the FWHM of the Ag 3ds, peak
for a sputtered silver foil, which was 0.62 eV.

This journal is © the Partner Organisations 2023
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2.2.3. Inductively coupled plasma optical emission spec-
trometry (ICP-OES). Measurements were performed on an
Optima 4300DV PerkinElmer system at UAB (Chemical
Analysis Service). Samples were prepared by taking 5 mg of the
nanomaterials and digesting them with aqua regia under
microwave conditions followed by dilution of the mixture with
HCI 1% (v/v).

2.2.4. Electrochemical measurements. All the electro-
chemical experiments were performed using a BioLogic SP-150
potentiostat. A glassy carbon rotating disk electrode (GC-RDE,
@ = 0.3 cm, S = 0.07 cm?®) was used as the working electrode
(WE). A Pt grid was used as the counter electrode (CE) and a
saturated calomel electrode (SCE, KCl sat.) was used as a refer-
ence electrode (RE). All data were transformed to RHE by
applying +0.241 V. The rotating disk electrode (RDE) was set at
3000 rpm in order to ensure the complete removal of in situ
formed gas bubbles. The solutions were degassed previously
for the electrochemical analysis with a N, flow. Ohmic poten-
tial (IR) drop was automatically corrected at 85% using the
Biologic EC-Lab software for cyclic voltammetry and chron-
oamperometry. For chronopotentiometry experiments the IR
drop was manually corrected (Emoq = Emeas + Eir, mod = modi-
fied and means = measured) at 85% by adding the corres-
ponding potential value Ejg = iexp X (Rmes X 0.85), where iy, is
the applied current in A and R, is the measured resistance
in Q. A 1 M H,SO, solution was prepared by mixing 56.1 mL of
95-97% H,S0, in 1 L of Milli-Q water.

A Unisense H2-NP Clark type electrode was used to
measure the produced hydrogen in the gas phase during the
chronopotentiometry experiments by placing it together with
the WE (in this case a FTO electrode) and RE (in this case Ag/
AgCl) in the same compartment. Faradaic efficiencies were cal-
culated for each system. The sensor was calibrated by adding
different known volumes of 99% pure hydrogen at the end of
the experiment.

Linear sweep voltammetry (LSV). For LSV, a 20 mL vial was
used as an electrochemical cell. For HER experiments, the
system was scanned from E; = 0.400 V to Ef = —0.360 V vs. RHE
at a scan rate of 10 mV s~ " unless otherwise stated.

Chronopotentiometry (CP). Controlled current intensity
experiments were performed at jupp = —10 mA cm™> for the
time indicated in each case.

2.2.5. Electrochemical impedance spectroscopy (EIS). The
EIS measurements were performed on a PGSTAT302N poten-
tiostat (Metrohm-Autolab, The Netherlands) using the same
conditions described for the electrochemical measurements,
i.e., with the catalysts immobilized onto a GC electrode and
using a saturated calomel electrode (SCE, KCl sat.) as the refer-
ence electrode. EIS measurements were carried out at selected
applied potentials with a sinusoidal perturbation of 10 mV
and a frequency range from 100 kHz to 0.1 Hz.

2.3. Computational details

2.3.1. Models. DFT calculations were performed to ration-
alize the differences observed for the NPs present in r-
Ru@RuO,/CNT/GC and r-Ru0,-10'/CNT/GC. The NPs in r-

This journal is © the Partner Organisations 2023

View Article Online

Research Article

Ru0,-10’/CNT/GC were modelled with three non-polar slab
models that differ in the Ru content above and below the RuO,
slab (vide infra): (i) the RuO,@Ru; model is formed by a seven
Ru atom aggregate with a close packed plane structure, (ii) the
RuO,@Ru,, model is formed by a small NP model containing
two close packed planes with 7 and 3 atoms, respectively, and
finally (iii) the RuO,@Ru,, model implies a full Ru layer with
a close packed plane structure over RuO,. The RuO, rutile-like
structure in these three models was represented by a (3 x 2)
supercell four-layer slab model of the most stable (110) surface
to give enough space to fit the RuO,@Ru; and RuO,@Ruy,
models and avoid a large mismatch (less than 6%) with the Ru
monolayer of the RuO,@Ru,, model. The Ru monolayer of
RuO,@Ru,, corresponds to a (5 x 2\/3R30°) supercell of crys-
talline Ru.>® The final cell parameters are a = 9.4609 A, b =
13.6556 A and ¢ = 35 A. The NPs in r-Ru@Ru0,/CNT/GC were
modelled with the same (5 x 2\/3R30°) supercell of a crystal-
line 8 layered Ru hexagonal close packed (100) slab model
(Ru). Finally, a (5 x 24/3R30°) supercell of a crystalline 9-layers
cubic close packed (111) slab of platinum (Pt) was also con-
sidered as a reference system.

2.3.2. Level of theory. All calculations were performed with
the PBE*® density functional as implemented in VASP.>”*® The
dispersion forces were considered by adding Grimme’s D2
empirical correction.>® Atomic cores are described with PAW
pseudopotentials®**?' and the valence electrons are rep-
resented with a plane-wave basis set with an energy cutoff of
500 eV. The first Brillouin zone is described with a (4,4,1)
Monkhorst-Pack K-point mesh.?*> The energy convergence cri-
teria are fixed to 107> and 10™* eV for electronic and geometry
relaxations, respectively. This methodology is equivalent to
that previously used by our research group when modeling
RuO, and IrO, surfaces®®?! and their electrocatalytic
activity.***® Bader charge analysis®*® was performed to
analyze the influence of the Ru charge on the H adsorption
energy.

H adsorption energies reported along the text are mean
values that were computed as proposed by Nerskov and co-
workers*® and summarized in eqn (1):

Eags = [EnH-surf - (Esurf + nky, /2)]/}’[ (1)

where Enpeurt, Esurt and Ey, are the energies of the surface
with adsorbed hydrogen atoms, of the clean surface and of the
H, molecule, respectively; n stands for the number of hydrogen
atoms. For coverages higher than 1 hydrogen per unsaturated
metal center, the adsorption energies were computed with
respect to the 1 hydrogen per Ru center coverage as shown in

eqn (2):
Eadgs = [E(N+1)H-surf - (ENH'Surf + En, /2)]7 (2)

where N is the number of accessible ruthenium centers.
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3. Results and discussion

3.1. Synthesis of CNT-supported Ru-based nanomaterials

Ru(0) NPs were synthesized on the surface of CNTs following
the organometallic method,***® which consists of decompo-
sition under mild conditions (3 bar H,, R.T. 2 h of vigorous
stirring) of [Ru(COD)(COT)] (COD = 1,5-cyclooctadiene; COT =
1,3,5-cyclooctatriene) in the presence of multi-walled CNTs in
THF (step 1 in reaction (1), Fig. 1, detailed synthetic conditions
can be found in the Experimental section). The obtained nano-
materials were then exposed to ambient air (step 2 in reaction
(1), Fig. 1) during the purification process (washing with THF
and hexane, centrifugation), which induced surface oxidation,
yielding core-shell Ru@RuO,/CNT nanomaterials. Ru@RuO,/
CNT was then subjected to oxidative treatment under air at
300 °C for 10 (RuO,-10’/CNT) (reaction (2), Fig. 1) or
120 minutes (RuO,-120'/CNT) (reaction (3), Fig. 1) to access
fully oxidized RuO, NPs of different sizes and morphologies
(see below).

3.2. Structural, morphological and compositional
characterization of CNT-supported Ru-based nanomaterials

The obtained CNT-supported Ru-based nanomaterials were
characterized by TEM, HRTEM-EDX and XPS techniques
(Fig. 2 and Fig. S1-S57) to evaluate the dispersion, shape, size
distribution and composition of Ru NPs.

TEM and HRTEM analyses showed that the Ru@RuO,/CNT
nanomaterial contains well dispersed, well defined and highly
crystalline NPs of 2.8 + 0.8 nm average size at the surface of
the carbon support (Fig. 2a and S17). Careful local EDX ana-
lysis of individual NPs in a holey carbon covered copper grid
showed the presence of only Ru and small amounts of oxygen
in all cases (Fig. S21). XPS analysis (Fig. 2g) revealed the pres-
ence of both Ru(0) and RuO, in a mixture of ca. 0.76: 0.24, as
shown by the Ru 3ds,, peaks centered at 280.4 eV and 281.3 eV
for metallic Ru and RuO,, respectively. The presence of both
Ru(0) and RuO, in the NPs results from a surface passivation
phenomenon that commonly occurs under atmospheric
oxygen,”**** yielding core@shell Ru@RuO, NPs on the CNTs.
The crystallinity of the Ru NPs has been confirmed by HRTEM.

\ Reaction 1
A 05 B 1) H, (3 bar), THF
YA ¥
/X l Wy ———
\ N\ 2) Air v
CNTs Cyclooctane

Ru@RuO,/CNT
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Electron diffraction patterns obtained after fast Fourier trans-
form (FFT) treatment (Fig. S1t) indicated two families of inter-
planar distances for individual NPs, namely 0.21, 0.23 and
0.11 nm, that correspond to the (002), (110) and (004) planes
of the hexagonal compact crystalline (hcp) structure of bulk Ru
(0), and 0.13, 0.12 and 0.25 nm, that correspond to the (022),
(111) and (011) planes of the rutile structure of RuO,.

HRTEM analysis of the RuO,-10’/CNT nanomaterial (oxi-
dation in air, 300 °C, 10 min) showed an increase of the
average size of the Ru NPs, up to 5.3 + 0.9 nm (Fig. 2b and
S3t). This NP growth may be explained by the diffusion of the
NPs along the CNTs during the temperature treatment (sinter-
ing) as well as the incorporation of oxygen atoms into the
structure upon oxidation of the NP core. As can be observed
for the Ru0,-120’/CNT nanomaterial (Fig. 2c¢ and S4t), the
same oxidation treatment for 120 min provoked the coalesc-
ence of the NPs and led to the formation of well crystallized
Ru-based nanorods (6.7 + 1.5 nm in width and 24.8 + 5.5 nm
in length). FFT treatment of the HRTEM image or the electron
diffraction patterns of Ru0O,-10'/CNT and RuO,-120’/CNT nano-
materials (Fig. S3 and S5,f respectively) indicate interplanar
distances of 0.13, 0.16, 0.17 and 0.25 nm, which agree with the
(202), (220), (211) and (101) planes of the rutile structure of
RuO,. XPS analyses of the RuO,-10’/CNT and RuQ,-120'/CNT
nanomaterials (Fig. 2h and i) confirmed the complete oxi-
dation of the as-prepared Ru@RuO, NPs, the unique peak is
observed at 280.8 eV corresponding to the Ru 3ds, band of
RuO,. This is corroborated by EDX analysis, where the pres-
ence of Ru and O elements in high amounts is detected for
both samples (Fig. S3 and S47).

3.3. Electrocatalytic HER studies

The Ru@RuO,/CNT, Ru0,-10’/CNT and Ru0,-120’/CNT nano-
materials were dispersed in THF and the obtained suspensions
were dropcast onto a glassy carbon (GC) rotating disk elec-
trode. The so-obtained Ru@RuO,/CNT/GC, Ru0,-10'/CNT/GC,
and Ru0,-120'/CNT/GC were introduced as working electrodes
in a three-electrode cell in 1 M H,SO, and then subjected to a
reductive treatment (20 min chronopotentiometry (CP) at
-10 mA cm ?),>* leading to the corresponding reduced

Reaction 2
o
N Ru0,-10’/CNT

o

3

O
0 oc: -
AN

Reaction 3

Ru0,-120’/CNT

Fig. 1 Scheme of the synthesis of CNT-supported Ru-based nanomaterials.
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Ru@RuO,/CNT
2.8+0.8 nm

RuO,

RuO,

Intensity (a.u.)
Intensity (a.u.)

RuO,-10’/CNT
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Ru0,-120’/CNT
248 +55x6.7+ 1.5nm

RuO,

Intensity (a.u.)

2825 2815 280.5 2795 2785
B.E. (eV)

2825 2815

280.5
BE (eV)

2825 2815 280.5

BE (eV)

2795 2785 2795 2785

Fig. 2 TEM images, HRTEM images and XPS spectra of Ru@RuO,/CNT (a, d and g), RuO,-10'/CNT (b, e and h) and RuO,-120'/CNT (c, f and i) nano-
materials. In the XPS spectra, the RuO, component is shown by a dotted-dashed black line, the Ru(0) component by a dotted black line, the envel-
ope by a dashed black, the experimental data by a solid green line and the background signal by a solid black line.

counterparts: -Ru@RuO,/CNT/GC, r-Ru0,-10'/CNT/GC, and r-
Ru0,-120'/CNT/GC (“r-” will be used from now on for all
hybrid nanomaterials exposed to a reductive potential). Linear
sweep voltammetry (LSV) experiments under reductive poten-
tials (from 0.40 V to —0.35 V vs. RHE) were recorded for both
the as-synthesized and reduced nanomaterials to evaluate
their electrocatalytic performance in the HER. The LSV plots
and the main benchmarking parameters are presented in
Fig. 3 and Table S1,} respectively.

The Ru@RuO,/CNT/GC electrode shows an onset overpo-
tential of 200 mV (1, = 200 mV) and a current density of 10 mA
cm™? is achieved at an overpotential of 272 mV (171, = 272 mV)
(Fig. 3a, dashed). However, a clear shift of the polarization
curve is observed for its reduced counterpart (r-Ru@RuO,/
CNT/GC), which shows a decrease in both overpotentials by
50 mV (Fig. 3a, bold) to 7, = 150 mV and 74, = 222 mV. XPS
analysis of the r-Ru@RuO,/CNT nanomaterial (Fig. S6bt)
shows the total disappearance of the RuO, phase, leading to a
pure Ru(0)-based nanomaterial. Given the already described
superior HER activity of the Ru(0) phase over the RuO, one,

This journal is © the Partner Organisations 2023

the disappearance of the RuO, phase after the reductive treat-
ment by chronopotentiometry can explain the detected
enhancement in HER activity.*"*?

The electrocatalytic enhancement after negative bias is even
more evident when comparing the HER electro-activity of the
Ru0,-10’/CNT/GC electrode and that of its reduced counter-
part, r-Ru0,-10’/CNT/GC (Fig. 3b); 1, and 75, decrease from
130 to 50 mV and from 319 to 115 mV, respectively, and the
Tafel slope (Fig. S71) drops from 289 to 77 mV dec™". XPS ana-
lysis of the r-Ru0,-10’/CNT/GC nanomaterial shows an asym-
metric XPS peak that includes both RuO, (Ru 3ds/, — 281.3 eV)
and metallic Ru (Ru 3ds/, - 280.4 e€V) components (Fig. Séct),
with an approximate contribution of 85% and 15%, respect-
ively. The observed activation in the HER may thus arise from
the formation of highly active Ru metal atoms, that may even-
tually form a thin shell on the top of the initial RuO, core (see
Fig. S6a,t bottom). Interestingly, the HER activity of the r-
Ru0,-10’/CNT/GC electrode, with a RuO, core and metallic Ru
at the surface, outperforms that of the r-Ru@RuO,/CNT/GC
electrode, where only metallic Ru is present. Also, the faradaic
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Fig. 3 LSVsin 1 M H,SO, of (a) Ru@RuO,/CNT/GC (dashed red line) and r-Ru@RuO,/CNT/GC (orange line), (b) RuO,-10"/CNT/GC (dashed green
line) and r-RuO,-10"/CNT/GC (light green line) and (c) RuO,-120'/CNT/GC (dashed blue line) and r-Ru0,-120'/CNT/GC (light blue line), before and

after a 20 min reductive chronopotentiometry at j = —10 mA cm™2,

respectively; (d) comparison of polarization curves of r-Ru@RuO,/CNT/GC

(orange), r-Ru0O,-10'/CNT/GC (light green line ) and r-Ru0O,-120'/CNT/GC (light blue line) after a 20 min reductive chronopotentiometry at j =
—10 mA cm™2. The LSV curve corresponding to each r-CNT-X/GC (X = 0-, 10- or 120-minutes oxidation at 300 °C) blank (no catalyst present) is
shown in black. The thermodynamic HER potential in 1 M H,SO,4 and the reference j = —10 mA cm™2 current density are indicated as black dashed

lines.

efficiency of both reduced nanomaterials was evaluated on
larger surface-area fluorine doped tin oxide (FTO) electrodes
(Fig. S87). The attained >98% value confirms the production of
H, as the sole reaction happening under turnover conditions.
In contrast, the nanomaterials resulting from a 120 min
thermal treatment in both as-synthesized and cathodically
polarized versions (Ru0,-120'/CNT/GC and r-RuQ,-120'/CNT/
GC) showed negligible HER electro-activity (Fig. 3c). These
results indicate that the presence of large and highly crystal-
line RuO, nanorods on the electrode is not favorable for the
HER activity, clearly highlighting the influence of the duration
of the applied thermal treatment on the electrocatalytic per-
formance. Similar results (poor electro-activity of both as-
received and cathodically polarized counterparts)
obtained when the HER performance of bulk commercial
RuO, was assayed under identical electrocatalytic conditions
(Fig. S9t). This is also in accordance with previous reports

were

5890 | /norg. Chem. Front, 2023, 10, 5885-5896

where a decrease in the HER activity of hydrous RuO, NPs was
observed after enhancing their crystallinity through annealing
processes.*>*> Given the inactivity of the Ru0,-120'/CNT/GC
and r-Ru0,-120'/CNT/GC samples in the HER, these electrodes
have not been studied further.

With the aim at better understanding the reasons behind
the activity trends in the HER described in this section, impe-
dance spectroscopy (EIS) measurements (Section 3.4) and DFT
calculations (Section 3.5) have been performed (vide infra).

3.4. Impedance spectroscopy studies

Impedance spectroscopy experiments were first carried out on
the as-received CNT supports and their 10’ annealed (air,
300 °C) counterparts. A Randles equivalent circuit was used to
fit the experimental data (see Fig. S101 and its inset for a
typical Nyquist plot and the equivalent circuit, respectively).
Accordingly, capacitance (C) and charge transfer resistance

This journal is © the Partner Organisations 2023
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(Rcr), as well as series resistance (Rs) were obtained. No differ-
ence was observed between the as-received and 10'-annealed
CNTs (Fig. S11%).

Analogous analyses were performed on the r-Ru@RuO,/
CNT/GC, Ru0,-10'/CNT/GC and r-Ru0,-10'/CNT/GC electrodes
in order to define the reasons behind their different HER
behaviors (Fig. 4).

When comparing the best performing r-Ru0,-10'/CNT/GC
electrode with its oxidized counterpart, RuO,-10’/CNT/GC, the
former presents a lower capacitance and charge transfer resis-
tance before the catalytic region (Fig. 4a and b). This obser-
vation is consistent with a decrease in the contribution of the
RuO, phase due to the reductive treatment. Interestingly, the
measured uncompensated resistance (series resistance, Rg) of
this r-Ru0,-10'/CNT/GC electrode is four times lower than
those for r-Ru@RuO,/CNT/GC and RuO,-10'/CNT/GC,
suggesting improved charge transport within the conductive
support and further charge extraction due to the thermal oxi-
dation followed by electrochemical reduction (Fig. 4c).
However, the three systems present a series resistance (Rs)
lower than the charge transfer resistance (Rcr) in the catalytic
region. This observation indicates that the whole process is
limited by the catalyst kinetics rather than the cell resistance.

3.5. DFT calculations

To get further insight into the origin of the high catalytic
activity of the NPs in r-Ru0,-10'/CNT/GC, we performed DFT
(PBE-D2)***° periodic calculations (see the Computational
details in Section 2.3 for more information). The NPs in r-
RuO,-10'/CNT/GC were represented with three different slab
models, covering different amounts of Ru over a crystalline
RuO, surface (Fig. 5). A Ru surface, as a model of NPs in r-
Ru@RuO,/CNT/GC, and a Pt surface, as a reference material,
were also considered for comparison. The nomenclature of the
computational models is Ru and Pt for the metallic systems,

View Article Online
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and RuO,@Ruy for the models of NPs in r-Ru0,-10'/CNT/GC
(V indicates the number of Ru atoms over the RuO, surface).

According to Ngrskov and co-workers, the H adsorption
energy can be used as a descriptor of the electrocatalytic
activity in the HER of a specific material.***®*” Therefore, we
computed the adsorption energy of H for the five models at
three different hydrogen coverages (6), namely 1 hydrogen on
the surface (@ = 1/N), 1 hydrogen per Ru surface atom (6 = 1),
and one additional hydrogen atom exceeding the 1 hydrogen
per Ru center ratio (6 = (N + 1)/N). Several different sites were
considered in each case (Fig. 5).

For Ru and Pt surfaces with well-ordered close packed
planes, we analyzed three different sites: (1) above a tetra-
hedral (Td) hole (314); (2) above an octahedral (Oh) hole (3op)
and (3) over a metal atom of the surface (1r,p). Alternatively,
for RuO,@Ru;, RuO,@Ru,, and RuO,@Ru,, we explored
several sites covering the most representative environments,
including the interaction of H with 3, 2 and 1 Ru centers
(Fig. 5). Table 1 reports the highest adsorption energies of the
first H atom (6 = 1/N), the mean value of the adsorption energy
of one H per Ru surface site (§ = 1) and the adsorption energy
range of additional hydrogen atoms after the adsorption of
one hydrogen atom per Ru site (9 = (N + 1)/N). Note that in this
latter case there are also several potential adsorption sites,
from which we considered a selected representative set
(Fig. 5b). The adsorption energies of each site with the opti-
mized structures of all considered species can be found in the
ESI (Fig. S12-5167).

At low coverages (0 = 1/N), H adsorbs strongly on Ru
(Eaqs(H) = —71.1 kJ mol™"), with a marked preference for 3¢y,
sites. The adsorption of H on Pt is weaker (E,q5(H) = —58.0 k]
mol™) and shows no preference for any of the three sites
studied. At higher coverages (6 = 1), the same trends are
observed, the adsorption of hydrogen on Ru is strong and the
adsorption on Pt is weaker (—66.8 vs. —50.3 kJ mol™") and

a b 10° e 60
° o 1 e rRu@Ruo/CNTIGC
1g° . so| © Ruo-10/CNTIGC
° . 10° 5 °* o O r-RuO,10'CNT/GC o
[
[ ] o 10
. o . " 104_ 8 ® 40 P ° : . { ]
=10 8 c = s = ®
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S . "
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Fig. 4

Impedance spectroscopy results C, Rct and Rs, fitting the Nyquist plots to a simple Randles circuit (see Fig. S9,1 inset) for r-Ru@RuO,/CNT/

GC (red circles), RuO,-10'/CNT/GC (green circles) and r-RuO,-10'/CNT/GC (green empty circles). (a) Capacitance (C), (b) charge transfer resistance

(Rct) and (c) series resistance (Rs).
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ing indicates the atomic Bader charges without adsorbed hydrogen. The adsorption energy for each site is reported in the ESI.{

Table 1 Computed (PBE-D2) H adsorption energies (in kJ mol™) as a
function of the material model and hydrogen coverage (6)

Model 0=1/N 0=1° 6=(N+1)/N
Pt —58.0° -50.3 —32.0 to —34.9
Ru -71.1¢ —66.8 +14.1 to +33.8
RuO,@Ru, —76.6 to —49.7° —66.3 —23.5t0 —31.2
RuO,@Ru,, —76.1to —31.4° —59.7 —27.5 to —32.2
RuO,@Ru,, —70.7 to —30.57 -57.9 —31.9 to —51.3
—70.3 to —38.5° —56.6° —20.5 to —55.3°

“Highest adsorption energy at this H coverage. ” Range of adsorption
energies for this coverage. “H adsorption energies computed with a
RuO,@Ru,, model containing a 8 RuO, layer thick core (Fig. S177).

without a clear preferred site. In both cases, however, the
adsorption energies are markedly higher (in absolute value) than
those defining a good catalyst according to the Norskev descrip-
tor (Eaas(H) = —23 kJ mol™).** Remarkably, the adsorption of
additional H atoms to the monolayer is unfavorable on Ru, but it
is still favorable on Pt, with adsorption energies of about
—32.0 kJ mol™". These data suggest that H adsorbs too strongly

5892 | /inorg. Chem. Front, 2023, 10, 5885-5896

on Ru at low coverages, thus preventing H, evolution. Moreover,
at high H coverages (exceeding 1 H per surface Ru center), H,
evolution on crystalline Ru is hampered by the unfavorable H
adsorption. In contrast, while at low coverages H, evolution on Pt
is also unfavorable due to a strong H adsorption, H adsorption at
high coverages is weak and close to the ideal value,*® and thus
H, evolution is strongly favored on Pt.

The outermost Ru centers of RuO,@Ru,, RuO,@Ru,, and
RuO,@Ru,,, which are models of r-Ru0,-10'/CNT/GC, show a
high degree of amorphization (Fig. 5). This is attributed to the
roughness of the (110) RuO, surface, which prevents the for-
mation of Ru close packed planes. Consequently, exposed
atoms present a lower coordination and the surface does not
show well-defined Oh, Td and Top sites. The adsorption
energy of H on RuO,@Ru,, RuO,@Ru,, and RuO,@Ru,, at
low coverage (6 = 1/N) ranges from —76.6 to —30.5 k] mol ™",
depending on the number of Ru centers interacting with the
adsorbed hydrogen and their charges (vide infra). In all cases,
the adsorption energy of the sites presenting the strongest
interaction with H of each model is similar to the values com-
puted for Ru, but there are also several sites where H adsorbs

This journal is © the Partner Organisations 2023
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Scheme 1 Proposed scenario for the oxidation/reduction processes occurring at the surface of CNT-supported Ru-based NPs studied in this work.
CP = Chronopotentiometry. In A—E the CNT support has been omitted for the sake of clarity.

more weakly. Indeed, the H adsorption energy tends to
increase (in absolute value) upon increasing the number of
metal centers that the adsorbed H is interacting with, and on
decreasing the positive charge of the Ru centers interacting
with H. As a consequence, the final adsorption energies are
probably the compromise of three factors: (1) the lower metal
coordination in amorphous RuO,@Ru;, RuO,@Ru,, and
RuO,@Ru,, models that leads to stronger H adsorption; (2)
the layer amorphization that hampers the adsorption of H on
the ideal Oh sites and (3) the partial oxidation of the external
Ru atoms by RuO,, the latter two factors make the Ru-H inter-
action weaker.

The average adsorption energies of one H atom per exposed
Ru center (f = 1) are quite similar for the three RuO,@Ru,,
RuO,@Ru;, and RuO,@Ru,, models (—66.3, —59.7 and
—57.9 kJ mol ™", respectively) and close to the value on crystal-
line Ru (—66.8 k] mol™), thus suggesting that H, evolution
does not arise from coverages below 6 = 1. Indeed, the HER
takes place when additional H atoms are added to a coverage
of 6 = 1. In this scenario and in contrast to what is computed
for crystalline Ru, the adsorption of one additional H atom on
the three models of r-Ru0,-10'/CNT/GC is favorable and
usually weak, with values ranging between —23.5 and —51.3 k]
mol ™. Indeed, while there are still some sites showing strong
adsorption energies, most of the considered centers present
values that are similar to those obtained for Pt or even closer
to the ideal value. Remarkably, enlarging the RuO, core for the
RuO,@Ru,, model (see Fig. S17f) does not modify the H
adsorption energies (Table 1), thus suggesting that the thick-
ness of the RuO, core has very little influence on the material
catalytic activity. Overall, calculations are in agreement with
the higher HER catalytic activity of r-Ru0,-10’/CNT/GC when
compared to r-Ru@RuO,/CNT/GC, and the calculations
suggest that this originates from two factors: (1) the amorphi-
zation of the external Ru atoms, that increases the number of
hydrogen atoms that can be adsorbed and (2) the partial oxi-
dation of the surface Ru centers by RuO,, that globally
weakens the H adsorption (less negative values).

This journal is © the Partner Organisations 2023

4. Concluding remarks

In the literature, the performances of the state-of-the-art CNT-
supported Ru NP-based HER electrocatalysts are usually dis-
cussed on the basis of the as-synthesized Ru/RuO,
17 The interconversion of the two Ru phases that
can occur under HER conditions and their respective (or syner-
gistic) role in the ultimate HER performance have not been
previously deeply studied, nor the effect of the structural pro-
perties (crystalline/amorphous) of these composite materials.
In order to clarify these issues, in our study we have combined
the organometallic approach for the synthesis of Ru NPs with
thermal and electrochemical processes. This allowed us to
have at disposal a series of CNT-supported Ru-containing NPs
of assorted composition, disposition of the Ru phases and
crystalline order, for a comparison of their catalytic activities
in the HER (Scheme 1). Our results show that the relative dis-
position of the Ru/RuO, phases, their interconversion under
reductive turnover conditions and the degree of structural
order in the studied materials affect the HER electrocatalytic
performance.

The decomposition of [Ru(COD)(COT)] under H, (3 bar, R.
T.) in the presence of CNTs followed by air exposure led to a
CNT-supported Ru-based nanomaterial with small Ru@RuO,
core-shell NPs well-dispersed onto the CNTs (Scheme 1, A).
Subsequent oxidative thermal treatment (ambient air, 300 °C)
of this nanomaterial provided CNT-supported RuO, NPs
(Scheme 1, B) and CNT-supported RuO, nanorods (Scheme 1,
C), after a 10 or 120 min treatment, respectively. Reductive
chronopotentiometry under HER electrocatalytic conditions
(=10 mA ecm™?) in acidic medium (1 M H,SO,) allowed the
reduction of the RuO, shell of the Ru@RuO, NPs in the as-syn-
thesized nanomaterial A, yielding CNT-supported fully metal-
lic Ru NPs (Scheme 1, D). An identical CP reductive treatment
on the fully oxidized RuO, NPs in nanomaterial B led to
RuO,@Ru core-shell NPs (Scheme 1, E), while the RuO, nano-
rods in C remained the same (Scheme 1, C). Surface reduction
in C is prevented by the high reorganizational energy of the

mixtures.
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highly crystalline RuO, surface, giving an inactive nano-
material in the HER. Interestingly, when applied to the
Ru@RuO, NPs in A or the RuO, NPs in B, the CP reductive
treatment (Scheme 1, A — D and B — E) yielded the superior
HER electrocatalysts D and E, respectively. These results high-
lighted the predominant role of the metallic Ru sites at the NP
surface over the RuO, ones in the HER.

Even more remarkably, the nanomaterial E that contains
RuO,@Ru core-shell NPs showed a superior HER activity than
its counterpart D, containing fully metallic Ru NPs. In order to
rationalize this difference in HER electroactivity, a DFT ana-
lysis of the H-adsorption energy values was performed.
Periodic slab models were used to mimic the hybrid Ru-RuO,
nanomaterials in comparison with pure Ru and Pt metal sur-
faces, with different H coverages. The calculated data of H
adsorption energies reproduce the experimental catalytic activity
trends and reinforce their use as descriptors for analyzing their
HER activity. When the Ru shell is only one layer thick or below,
surface amorphization prevents the adsorption of H at the octa-
hedral sites, which weakens the Ru-H interaction and generates
additional sites with adsorption energies close to those of Pt.
Moreover, the presence of a RuO, core weakens the H adsorp-
tion energies, bringing them closer to the ideal value.
Additionally, the presence of a Ru layer on top of the RuO, core
yields improved charge transport properties, as demonstrated
by EIS measurements. Overall, the r-Ru0,-10’/CNT/GC nano-
material E, which contains RuO,@Ru NPs, shows higher
electrocatalytic activity when compared to D (pure Ru metal)
likely due to two factors: its surface partial oxidation and, more
importantly, its amorphization. This amorphization may also
explain the high HER electro-activity reported for very small Ru
NPs, which are quite amorphous and have numerous surface
sites and defects.>'® This hypothesis is supported by H adsorp-
tion calculations on Ru NPs that highlighted the presence of
these less coordinated H atoms.”*%*°

All in all, the results obtained using controlled CNT-sup-
ported Ru-based nanomaterials have put forward the corre-
lation between the oxidation state of Ru (and its evolution
under reductive turnover conditions), the degree of structural
order at the NP surface and the H adsorption energies as the
key activity descriptors. This work provides valuable guidelines
to rationally design Ru-based electrocatalysts of higher per-
formance for the HER.
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