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A B S T R A C T

We present a novel and highly efficient catalyst for the hydrogen evolution reaction (HER) consisting of low- 
loaded Ru nanoparticles dispersed on a titanium oxynitride-graphene oxide (Ru/TiON-C) support. Ru/TiON-C 
with a Ru loading of only 6 wt% is significantly more active for HER in alkaline media than the Ru/C analog. 
More importantly, Ru/TiON-C outperforms the Pt/C benchmark both intrinsically (2.5 times higher turnover 
frequency) and in terms of metal utilization (4.5 times higher mass activity). The exceptional HER activity of Ru/ 
TiON-C is related to the metal–support interaction (MSI) induced by TiON, which was experimentally evidenced 
by X-ray photoelectron spectroscopy and further investigated by density functional theory calculations. It can be 
proposed that MSI enhances water dissociation properties and tunes hydrogen adsorption energy at Ru active 
sites, while stability is provided by the strong anchoring of the Ru nanoparticles on the TiON. The presented 
strategy to develop advanced electrocatalytic composites can be extended to other metallic active sites and 
electrochemical reactions.

1. Introduction

The increasing use of fossil fuels and the resulting emissions are 
worsening our environment, climate, and health. Due to its high energy 
density and complete environmental friendliness, hydrogen is a prom
ising alternative to fossils as a primary energy carrier [1–3]. Water 
electrolysis is an electrochemical technology for carbon-free hydrogen 
production [4,5], which is obtained via the hydrogen evolution reaction 
(HER) at the cathode complemented by the counter-process of oxygen 
evolution at the anode. Platinum is considered the benchmark catalyst 
for HER [6], however, its high price and scarcity impede widespread 
usage. Therefore, developing active, durable, and affordable electro
catalysts for HER is an important and challenging task.

The initial step in HER is the formation of the adsorbed H atoms on 
the electrode surface in the so-called Volmer step. In acid media, 

the Volmer step occurs readily due to the high availability of protons 
(H+ + e− → H*), and according to the Sabatier principle, the optimal 
HER catalysts should bind H-intermediates neither too strongly nor too 
weakly [7]. Gibbs energy for dissociative adsorption of hydrogen (ΔGH*) 
can be used as a descriptor for HER activity and correlated in the form of 
Volcano plots with experimentally measured activities [8–10]. Pt sits 
near the top of the Volcano curve thanks to close-to-optimal hydrogen 
adsorption energy, making Pt a nearly perfect HER catalyst [6]. It is thus 
very daunting to surpass the activity of Pt by simply designing Pt-free 
materials with better ΔGH* values. On the other hand, in alkaline 
media, an additional step of water dissociation is involved in the HER 
mechanism as the sources of the protons are water molecules (H2O + e−

→ H* + OH− ), which can be described by the energy barrier for water 
dissociation (Eact). The rate of HER on Pt in alkaline electrolytes is 
several orders of magnitude slower than in acid media due to sluggish 
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water activation [11], which opens up possibilities to develop efficient 
Pt-free catalysts by manipulating both ΔGH* and Eact parameters.

Ruthenium seems to be a good candidate for tailoring HER catalysts, 
as it combines the high activity and corrosion resistance of platinum 
group metals (PGM) with improved water dissociation properties 
[12,13]. In addition, Ru is the cheapest PGM member, with the average 
Ru price at around 25 % of the Pt price over the last ten years. However, 
Ru has a more negative ΔGH* value than Pt, i.e., Ru overbinds H atoms 
[14], and this issue needs to be addressed to develop competitive HER 
catalysts. Various strategies used to improve the activity of Ru are 
summarized in several recent review articles [12–15]. Alloying Ru with 
Cu was found to be beneficial for HER in alkaline and neutral media due 
to the ligand effect, which led to electronic rearrangements between Cu 
and Ru and modulated Ru–H* bonding and water activation properties 
[16]. Similar effects were also reported for the combination of Ru with 
Co [17], Ni [18], or Fe [19]. Doping with non-metals, such as phos
phorus [20] or boron [21] can also enhance the HER performance of Ru. 
It was also shown that downsizing Ru nanoparticles to 2–3 nm (a few 
hundred atoms) increases the number of unsaturated atoms and defects 
[22,23]. Fabricating atomically dispersed Ru on suitable supports also 
resulted in excellent HER performances [24–26]. Another strategy re
ported to boost alkaline HER performance is to induce the growth of 
unexpected fcc-Ru nanostructures, which are typically not found in 
commercial Ru/C samples, where only thermodynamically favored hcp- 
Ru appears. Supporting Ru nanoparticles on graphitic carbon nitride 
complex with carbon (Ru/C3N4/C) led to a mixture of Ru fcc mono
phase, intergrown hcp/fcc phase, and hcp monophase [27]. The Ru/ 
C3N4/C catalyst exhibited high activity for HER in alkaline media due to 
the reduced water dissociation barrier on anomalous Ru-fcc structures. 
Similar findings were also reported for fcc Ru nanodendrites [28] and fcc 
Ru nanorods epitaxially grown on Au nanowires [29].

In addition to metallic nanoparticles as active compounds, support 
materials are another essential part of electrocatalytic composites 
[30,31]. Certain supports have the ability to enhance the catalytic per
formance of active sites via metal–support interaction (MSI) [32,33]. 
MSI can induce charge redistribution between the support and nano
particles, resulting in electronic interactions and thus changing the 
electrocatalytic activity of metallic sites. In the case of HER, MSI can be 
used to tune the ΔGH* and Eact descriptors of active sites. At the same 
time, the durability of nanocatalysts can be promoted by MSI by stronger 
anchoring between active metal nanoparticles and support, diminishing 
particle migration, coalescence, and detachment as the main HER 
degradation events [34,35]. For example, remarkable performance for 
alkaline HER was reported for Ru/WCx catalyst, where WCx provided 
rapid water dissociation, while subsequent hydrogen evolution took 
place on Ru-sites [36]. Similarly, Ru-MoO2/C catalysts showed excellent 
HER activity due to the Ru-O-Mo bonding, which led to improved water 
dissociation and tuned Ru-H interaction [37]. Our group has recently 
introduced a nitrogen-doped titanium dioxide, also referred to as tita
nium oxynitride (TiON), as an advanced support for application in water 
splitting [38]. In the following studies, TiON was mixed with different 
carbon materials to improve its dispersion and increase the surface area 
[39]. These composites were initially tested as support for Ir nano
particles for the oxygen evolution reaction, and significant performance 
enhancement was linked with MSI [38–41]. More recently, we have 
shown that supporting Pt nanoparticles on TiON improves their per
formance for HER [42] and oxygen reduction [43]. In the case of HER, 
MSI tuned the binding of chemisorbed H atoms on Pt sites, whereas 
strong anchoring promoted the stability.

This work demonstrates excellent HER properties of an electro
catalytic composite consisting of Ru nanoparticles supported on TiON 
dispersed over reduced graphene oxide (further denoted as Ru/TiON-C) 
with a low Ru loading of only 6 wt%. Characterization of Ru/TiON-C 
was performed using X-ray diffraction (XRD), scanning transmission 
electron microscopy (STEM), including 4D-STEM analyzed with unsu
pervised algorithms, and X-ray photoelectron spectroscopy (XPS). 

Electrocatalytic HER tests conducted in an alkaline electrolyte revealed 
that the Ru/TiON-C composite is significantly more active than the Ru/C 
and Pt/C benchmarks. Moreover, Ru/TiON-C provided stable HER 
operation in both potentiodynamic and potentiostatic conditions. In 
acidic media, the Ru/TiON-C exhibited significantly higher HER activity 
than its Ru/C counterpart and approached the activity of the Pt/C 
reference. XPS analysis revealed the charge redistribution between TiON 
and Ru, which can be seen as experimental evidence of the MSI. DFT 
calculations showed stronger adhesion and confirmed more pronounced 
charge redistribution at the Ru/TiON interface compared to Ru/C. 
Therefore, the excellent HER performance of Ru/TiON-C can be attrib
uted to the MSI, which influences both the hydrogen adsorption energy 
and the water dissociation barrier at Ru sites.

2. Experimental

2.1. Synthesis of Ru/TiON-C composite

In the first step of the synthesis of Ru/TiON-C composite, graphene 
oxide (GO) was synthesized. For the synthesis of GO, we used the slightly 
modified and improved Hummers method [44] in which a mixture of 
concentrated H2SO4/H3PO4 with volume ratio of 900 mL:100 mL was 
added to 20 g of graphite (Imerys, Timcal KS6L), and then KMnO4 was 
added in aliquots (six aliquots of 20 g with stirring, resulting in a slight 
temperature rise to 35–40 ◦C). The reaction mixture was then stirred 
with a mechanical stirrer at room temperature in a 3-liter beaker for 10 
days. The reaction mixture was then poured onto ice (1500 ml), and 
about 15 ml of 30 vol% H2O2 was added dropwise until the color 
changed from purple to yellow. The mixture was then transferred to 1 L 
plastic centrifuge bottles, diluted with ultrapure water, and centrifuged 
at 10,500 rpm for 30 min in a centrifuge (Sorvall LYNX 4000, Thermo 
Scientific). The supernatant was decanted, and the remaining solid was 
redispersed in a 5 vol% HCl ultrapure water solution for 2 h. The final 
purification step involved redispersing and soaking the suspension of GO 
in ultrapure water until the next day. The supernatant was then dis
carded by centrifugation at 10,500 rpm for 1 h. This final purification 
step was repeated a total of four times. After the last supernatant was 
discarded, GO was again dispersed in ultrapure water. In the case of GO, 
the suspension was treated with a homogenizer (Ultraturrax T-25 basic, 
IKA) for 1 h at maximum rpm to whip the product. Finally, the GO was 
freeze-dried. In the next step, the TiO2 coating was prepared on GO. For 
this purpose, 0.1 g of the dried GO was mixed with 1 mL of propanol 
(Honeywell, 99.8 %) containing 1 mmol of Ti isopropoxide (Aldrich, 97 
%). After mixing at room temperature, the Ti isopropoxide was hydro
lyzed by adding 0.4 mL of water (Milli-Q water, 18.2 MΩ cm). The ob
tained mixture was then freeze-dried. In the third step, a 1.5 mL acetone 
solution containing 0.1 mmol RuCl3⋅H2O (Apollo Scientific) (1.5 mL) 
was added to the dried mixture and lightly ground in a mortar at 50 ◦C 
until evaporation. The mixture was then thermally treated in NH3 with a 
flow of 100 ml/min. The temperature was first raised to 250 ◦C at a rate 
of 2 ◦C min− 1 for 2 h, then to 750 ◦C at a rate of 10 ◦C min− 1 for 9 h, and 
then cooled to room temperature at a rate of 10 ◦C min− 1. The same 
procedure was used to produce control samples consisting of Ru nano
particles supported on TiON (without GO) and on GO (without TiON).

Ruthenium nanoparticles on carbon black were first prepared by 
dissolving 0.2 mmol RuCl3⋅H2O (Apollo Scientific) in 1 mL of water. 
Then, the obtained solution was mixed with 80 mg of Carbon Black 
(Vulcan XC72R, Cabot, USA) at 50 ◦C until evaporation by gentle 
grinding in a mortar. The resulting mixture was thermally treated in an 
ammonia atmosphere. The temperature was increased at a rate of 2 ◦C 
min− 1 to 500 ◦C for 1 h and then cooled to room temperature at a rate of 
10 ◦C min− 1.

The final Ru/TiON-C and homemade Ru/C materials contained 6 and 
10 wt% of Ru, respectively, according to the ICP-OES analysis [45]. 
Commercial Pt/C, Ni/C (both 20 wt%), and RuO2 catalysts used in this 
work were purchased from Premetek. The Pt/TiON-C catalyst used for 
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comparison was thoroughly characterized in our previous work [42].

2.2. Characterization of Ru/TiON-C

The obtained Ru/TiON-C composite was characterized by XRD, (S) 
TEM, and XPS. XRD pattern was recorded using a D4 Endeavor, Bruker 
AXS diffractometer with Cu-Kα radiation (λ = 1.5406 Å), and a Sol-X 
energy-dispersive detector. For the detailed microstructural investiga
tion, a Cs probe corrected scanning transmission electron microscope 
(Jeol ARM 200 CF) operated at 80 kV was used. 4D-STEM datasets were 
acquired using a MerlinEM pixelated detector (Quantum Detectors, 
Oxford, UK) with a convergence angle of ~6 mrad. QSTEM software was 
used to perform 4D-STEM simulations of Ru-fcc and Ru-hcp nano
particles with instrumental parameters matching the experimental ones. 
[46] Results were obtained after ten iterations of each simulation as a 
10 × 10 grid of diffraction patterns. The patterns were then integrated to 
obtain an average diffraction pattern for each structure. Experimental 
4D-STEM data was preprocessed with a natural logarithm to enhance 
lower-intensity features and then analyzed with the k-means clustering 
from the open-source scikit-learn library [47] to isolate individual 
nanoparticles and obtain their average diffraction patterns. X-ray 
photoelectron spectroscopy (XPS) measurements were performed with 
the Versa probe 3 AD (Phi, Chanhassen, MN, US) using a monochromatic 
Al Kα X-ray source at an operating voltage of 15 kV and an emission 
current of 3.3 mA. Powder samples were placed on double-sided Scotch 
tape. Spectra were acquired on a 1 × 1 mm2 analysis spot size. During 
the measurements, the charge neutralizer was on. High-resolution (HR) 
spectra were measured at a pass energy of 27 eV and the binding energy 
(BE) step of 0.1 eV. Survey spectra were measured at a pass energy of 
224 eV and the BE step of 0.8 eV. Every spectrum was acquired with at 
least 20 sweeps to improve the signal-to-noise ratio. The BE scale of XPS 
spectra was corrected using the C 1s peak at BE of 284.4 eV, corre
sponding to the partially graphitized carbon support (part) of the sam
ples. Data processing (including peak fitting) was performed with the 
MultiPak 9.0 software. The Shirley background subtraction was used for 
all measurements. Three main doublet peaks were identified in the Ru 
3d region for both Ru/C and Ru/TiON-C samples, corresponding to the 
Ru0, RuO2, and RuOX. The spin–orbit splitting value was kept constant at 
4.17 eV for all the bands between Ru 3d5/2 and Ru 3d3/2. The peak shape 
was chosen to be asymmetric for all species. The full width at half 
maximum (FWHM) was fixed for both samples at 0.7 for Ru0, 1.1 for 
RuO2, and 1.4 for RuOx.

2.3. Electrochemical characterization and HER investigations

For all catalysts (Ru/TiON-C, Pt/C, Ru/C, RuO2, Ru/GO, Ru/TiON, 
and Ni/C), catalyst inks were prepared by mixing the catalyst powder 
with ultrapure water (18.2 MΩ cm) in a 1 mg/ml ratio. Mixtures were 
subjected to an ice-cooled ultrasonic bath for 30 min to obtain finely 
dispersed catalyst ink. Working electrodes were produced by pipetting 
20 µL of catalyst ink directly from the ultrasonic bath onto freshly pol
ished glassy carbon rotating disk electrodes (Pine, 5 mm in diameter). 
After drying under clean ambient conditions, the catalyst films were 
covered with 5 µl of Nafion (Sigma, 5 % solution in a mixture of lower 
aliphatic alcohols and water) diluted in isopropanol (1/50) to ensure 
good adhesion. The resulting loadings were 6.1, 10.2, and 20.4 µg cm− 2 

for Ru/TiON-C, Ru/C, and Pt/C, respectively, with respect to the metal 
(Ru or Pt).

Electrochemical characterization and HER investigations were per
formed in argon-saturated 1 M KOH electrolyte (Merck) in a classical 
thin-film rotating disk electrode setup (TF-RDE) unless stated otherwise. 
To avoid contamination by the glass corrosion, all electrochemical ex
periments in alkaline media were conducted in a Teflon cell, with a 
hydrogen reference electrode (Hydroflex from Gaskatel) and a glassy 
carbon rod as reference and counter electrodes, respectively. To ensure a 
reproducible baseline response before measuring activity, all catalyst 

films were subjected to rapid voltammetric activation (300 mV/s, 50 
cycles, 0.05 – 1 VRHE) in the Ar-saturated 1 M KOH electrolyte. HER 
activities were measured by recording the polarization curves at a scan 
rate of 10 mV/s in the potential region from 0.1 to − 0.2 VRHE with iR 
compensation. Electrochemical impedance spectroscopy (EIS) was per
formed at HER overvoltage of 20 mV in the frequency range between 50 
mHz and 100 kHz with an amplitude of 10 mV. The stability of Ru/ 
TiON-C was measured by potential cycling (10,000 cycles, 100 mV/s) 
in the TF-RDE setup in a potential window between 0.2 and − 0.1 VRHE. 
The purpose of such a potential region is to avoid excessive bubble 
formation and provide time for the release of hydrogen bubbles formed 
during HER. The stability of Ru/TiON-C was also tested in a galvano
static regime by applying a constant current density of 10 mA/cm2 for 
12 h. Furthermore, the durability of Ru/TiON-C was probed by a po
tential hold in a gas diffusion electrode (GDE) setup at an overvoltage of 
30 mV. The GDE used for testing is a commercially available setup that 
has also been used in literature [48,49]. For GDE, the catalyst ink was 
prepared as a solution of a 1:1 volume-to-volume ratio of isopropyl 
alcohol and MilliQ water (resistivity 18.2 MΩ). The catalyst concen
tration was 1 mg/mL, and it was subjected to ultrasonication for 15 min 
to obtain a finely dispersed ink. Working electrodes were then prepared 
by spraying the catalyst ink onto the gas diffusion layer with a micro
porous layer (Sigracet 39BB, Fuel Cell Store) with an airbrush (Iwata). 
The catalyst loading that was obtained was 0.1 mg/cm2. Chro
noamperometry measurements were performed by holding the potential 
at –0.03 VRHE for 4 h. The resistivity was not compensated due to the 
resistance being prone to change during the long-term experiment. 
Identical location STEM (IL-STEM) was performed to additionally study 
possible structural changes of Ru/TiON-C during HER operation. For 
this purpose, the modified floating electrode (MFE) setup was used [50]. 
The gold TEM grid was coated with 5 µL of the catalyst ink, and the 
excess liquid was removed to ensure the formation of a very thin catalyst 
layer to enable easier IL-STEM imaging. Several locations of the pristine 
catalyst were imaged, and then the grid was mounted in MFE for a 
potentiostatic durability test performed at –0.05 VRHE over 4 h in the 
same 1 M KOH electrolyte. The identical locations of the catalyst were 
imaged after the test to observe possible changes in the Ru/TiON-C 
nanostructure. Both GDE and MFE experiments are conducted in glass- 
free equipment made from Teflon. For comparison, HER activities of 
Pt/C, Ru/C, and Ru/TiON-C samples were also screened in an acidic 
electrolyte (0.1 M HClO4). The method of underpotential deposition of 
Cu was used to determine the electrochemical surface area (ESA) of Ru/ 
TiON-C and Ru/C samples [51]. These measurements were performed in 
0.1 M H2SO4 in the absence and presence of 2 mM CuSO4. The ESA was 
calculated by integrating the charge associated with Cu stripping after 
subtracting the baseline curve recorded in Cu-free electrolyte under the 
same conditions. The obtained charge was then converted to Ru surface 
area using a value of 420 µC/cm2, corresponding to a full monolayer of 
Cu on Ru. The ESA was calculated by normalization of the Ru surface 
area to Ru loading. In the case of Pt/C, ESA was determined by CO 
stripping voltammetry in 1 M KOH electrolyte [42]. For that purpose, 
CO was briefly introduced to the electrolyte while the electrode was held 
at 0.05 VRHE to ensure CO adsorption, followed by Ar purging for 15 min 
to ensure CO removal from the electrolyte. The CO stripping voltam
metry was recorded at a scan rate of 20 mV/s, followed by another CV to 
verify that the signal came only from adsorbed CO and to provide a 
baseline for ESA determination. After baseline correction, charge orig
inating from CO stripping was calculated and compared with the value 
of 420 µC/cm2 corresponding to a full monolayer of CO on Pt. Finally, 
the determined Pt surface area was normalized by Pt loading to obtain 
ESA.

2.4. DFT calculations

DFT calculations were performed with Quantum ESPRESSO [52,53] 
using the Perdew–Burke–Ernzerhof (PBE) exchange–correlation 
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functional [54]. A plane-wave basis set with a cutoff of 50 Ry for the 
wave functions and 575 Ry for the charge density was used. Core elec
trons were described implicitly with projector-augmented-wave (PAW) 
potentials [55] from pslibrary [56,57]. For isolated nanoparticles and 
large supercell calculations, the Brillouin-zone integrations were per
formed with the gamma k-point and a Methfessel–Paxton smearing [58] 
of 0.02 Ry. Isolated Ru nanoparticles were calculated in a 25 Å large 
cubic box using the Makov–Payne correction [59]. This box size ensures 
that the distance between the nanoparticle’s periodic replicas is at least 
10 Å. Spin-polarized calculations were utilized for nanoparticles con
sisting of less than 30 Ru atoms. For larger nanoparticles, the effect of 
magnetization on energy was insignificant (less than 1 meV/atom). Two 
different supports were considered: carbon (C) and titanium oxynitride 
(TiON). For the C support, a graphene layer was used, described by a 
hexagonal unit cell with the calculated lattice parameters of a = b =
2.467 Å [42]. TiON was modeled as a Ti1.5ON(111) slab with three 
layers of Ti ions (the slab’s structure is described in ref [41]). The gra
phene layer was modeled with the (7 × 7) supercell and the TiON 
support with the (3 × 3) supercell; the two supercells are of similar size, 
with a mismatch in lattice parameter being 2.5 %. A D3 dispersion 
correction of Grimme et al. [60] was utilized to better describe the 
adhesion of supported nanoparticles, and for TiON, a self-consistently 
calculated [61] U parameter [62,63] of 4.0 eV was used for Ti ions [41].

Ru nanoparticles (NPs) with the hcp and fcc structure were modeled, 
labeled respectively hcp-Run and fcc-Run, where n is the number of 

atoms in the nanoparticle. Supported nanoparticles are labeled as hcp- 
Run

{m} and fcc-Run
{m}, where m is the number of Ru atoms in the 

bottommost nanoparticle’s layer that faces the support.
For isolated nanoparticles, cohesion energies were calculated as: 

Ecoh =
1
n
(ENP − nEatom), (1) 

where ENP is the energy of the isolated Run nanoparticle, and Eatom is the 
energy of the isolated Ru atom. The adhesion of Ru nanoparticles on the 
graphene and TiON supports was characterized by the adhesion energy: 

Eadh = ENP/support − ENP − Esupport, (2) 

where the subscripts NP/support, NP, and support represent the Ru 
nanoparticle/support system, isolated Ru nanoparticle, and bare sup
port, respectively. Additionally, a planar integrated electron density 
difference was calculated along the surface normal direction (z) ac
cording to: 

Δρ(z) =
∫

A
Δρ(x, y, z)dxdy, (3) 

where A is the area of the surface supercell, and Δρ(x,y,z) ≡ Δρ(r) is the 
3D electron charge density difference calculated as: 

Δρ(r) = ρNP/support(r) − ρNP(r) − ρsupport(r), (4) 

Fig. 1. Characterization of the Ru/TiON-C catalyst: The left panel shows XRD patterns; the right panel shows ADF-STEM imaging of Ru/TiON-C and particle size 
distribution.
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with the standalone NP and support structures kept the same as in the 
NP/support system.

The average chemisorption energy of hydrogen was calculated as: 

Echem =
1
n

[
EnH/NP/support − ENP/support −

n
2
EH2

]
(5) 

where EnH/NP/support, ENP/support, and EH2 are the total energies of a sup
ported nanoparticle with n adsorbed H atoms, a bare supported nano
particle, and an isolated H2 molecule, respectively.

3. Results and discussion

3.1. Characterization of Ru/TiON-C catalyst

The structural characterization of the Ru/TiON-C sample is given in 
Fig. 1. The XRD pattern of the Ru/TiON-C is presented together with the 
patterns of bare TiON-C composite and Ru/C analog (Fig. 1a-d). All 
characteristic peaks related to the usual hcp-Ru structure can be seen in 
the XRD pattern of Ru/C (Fig. 1a). STEM imaging of Ru/C revealed the 
presence of well-dispersed Ru nanoparticles (Fig. S1). Diffraction peaks 
corresponding to the cubic TiON support can be seen in patterns of both 
TiON-C and Ru/TiON-C (Fig. 1b and c); in the latter, they overlap with 
the Ru-hcp 100, 002, and 101 reflections, and mask them due to the 
much higher intensity. In the pattern of Ru/TiON-C, no pronounced Ru 
diffractions are visible. Close inspection reveals only very broad and 
low-intensity peaks at 2θ values of around 58.4 and 69.4◦, which are not 
present in the pattern of the bare support (as highlighted in Fig. 1d). 
These peaks match 2θ values of 012 and 110 reflections of hcp-Ru, 
respectively. The low intensity and shape of these peaks indicate the 
presence of very small Ru particles with low loading in the Ru/TiON-C 

sample. The presence of small-sized Ru nanoparticles is confirmed by 
the STEM imaging (Fig. 1e) and the corresponding particle size distri
bution showing an average diameter of around 2.1 nm (Fig. 1f). 
Elemental distribution in a representative region of the Ru/TiON-C 
sample was investigated using STEM-EDXS imaging. The results, 
shown in Fig. 2, confirm the presence of TiON, Ru, and carbon in the 
catalyst. The homogeneous distribution of Ti, N, O, and C indicates a 
uniform composition of the TiON-C support. Importantly, Ru nano
particles are observed to preferentially anchor to the TiON phase rather 
than to the carbon component, suggesting a stronger interaction be
tween Ru species and TiON than with the graphene template. This can 
be a hint towards MSI between TiON and Ru, which will be studied in 
more detail later on. A similar characterization can be found in our 
previous work in the case of the Pt/C used for benchmarking the HER 
performance [42]. In brief, commercial Pt/C (20 wt%, Premetek) con
tains Pt nanoparticles with an average diameter between 1–3 nm, which 
is very close to the particle size in the Ru/TiON-C sample.

To gain deeper insight into the interaction between TiON and Ru, X- 
ray photoelectron spectroscopy (XPS) was performed, and the collected 
data were compared with Ru/C, where significantly weaker interactions 
between carbon and Ru are expected. Survey spectra for Ru/C and Ru/ 
TiON-C are presented in Fig. S2, while detailed deconvoluted analyses of 
C 1 s and Ru 3d spectra are shown in Fig. 3. By fitting the spectra using 
the parameters described in the experimental section, three Ru species 
(Ru0, RuO2, and RuOx) were identified in both Ru/C (Fig. 3a) and Ru/ 
TiON-C (Fig. 3b), as summarized in Table S1.

The peak positions for Ru0, RuO2, and RuOx in Ru/C were deter
mined to be 280.15 eV, 280.95 eV, and 281.90 eV, respectively, while 
for Ru/TiON-C, the corresponding peaks were observed at 279.90 eV, 
280.35 eV, and 281.35 eV. When the normalized Ru 3d spectra are 

Fig. 2. ADF image and EDXS maps of the Ru/TiON-C sample illustrating the elemental distribution within the composite catalyst.
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compared in Fig. 3 and Table S1, a distinct shift in the Ru0 3d5/2 peak 
position is evident. Specifically, the Ru0 3d5/2 peak for Ru/TiON-C 
(279.90 eV) appears at a lower binding energy (BE) compared to Ru/C 
(280.15 eV), with the Ru-oxide species exhibiting even more pro
nounced shifts. This observed 0.25 eV shift in BE for Ru0 suggests a 
modified electronic interaction between Ru nanoparticles and their 
respective supports, with the stronger interaction in Ru/TiON-C likely 
arising from MSI. The consistent BE shift across all Ru species indicates a 
redistribution of electron density in Ru due to its interaction with the 
underlying TiON. Such electronic restructuring may effectively modu
late the hydrogen adsorption/desorption characteristics of Ru active 
sites, thereby enhancing the kinetics of the HER [16,64].

Further investigation of the Ti 2p regions of bare TiON-C and Ru/ 
TiON-C (Fig. S3, Table S2) revealed that their deconvoluted spectra 
are nearly identical, with the only notable difference being the presence 
of the Ru 3p3/2 peak in the Ru/TiON-C sample. A comparison of the BE 
of Ti species shows a slight shift of all three species (Ti–N, Ti(O,N), Ti4+) 
by 0.05 eV toward lower BE in the Ru/TiON-C sample, which could be 
another indication of MSI. More subtle shift of Ti-species compared to 
the effect seen on Ru-species can be expected since these signals come 
from TiON interfaced with Ru nanoparticles, but also from TiON non- 
contacted with Ru. Since only a fraction of the TiON support is 
covered with Ru active sites, the overwhelming contribution from non- 
interfaced TiON (unaffected by MSI) dilutes the observable MSI effect. In 
contrast, most of the Ru particles are in contact with TiON, thus, the 
impact of MSI on Ru is more easily observed. Similar findings were re
ported in the work of Stühmeier et al., who studied the effect of a partial 
encapsulation of Ru particles with a thin overlayer of partially reduced 
TiOx formed from TiO2 support [65]. Authors commented that the 
interaction between TiOx and Ru cannot be confirmed by analyzing Ti 
due to the dominant contribution from the non-interfaced TiO2. Addi
tionally, analysis of the chemical composition (Table S3) indicates that 
TiON exhibits a similar Ti and N content in both TiON-C and Ru/TiON-C 
samples, while the TiON-C sample contains more oxygen and less 

carbon.

3.2. Electrocatalytic HER investigations

The electrocatalytic HER performance of Ru/TiON-C in an alkaline 
electrolyte was compared with the Ru/C and Pt/C benchmark catalysts, 
as presented in Fig. 4. Collected polarization curves, given in Fig. 4a, 
reveal that the TiON-C support is inactive in the used potential range. 
The Ru/TiON-C sample is significantly more active than the Ru/C 
analog, which can be regarded as a clear indication of the support effect. 
More importantly, Ru/TiON-C is more active than the Pt/C benchmark 
with more than three times higher metal loading (6 wt% Ru vs. 20 wt% 
Pt). The overpotential needed to reach the current density of 10 mA 
cm− 2 (η10) is commonly used as a figure of merit for comparing the 
practical applicability of catalytic materials. The benchmark catalysts 
Ru/C and Pt/C exhibited η10 values of 102 mV and 45 mV, respectively, 
which are consistent with literature reports for similar systems [66,67]. 
However, comparison with literature data needs special attention as the 
metal loading can strongly influence the obtained η10 values. For 
example, Zhao et al. reported significantly lower η10 values: 40 mV for 
20 wt% Ru/C and 26 mV for 40 wt% Pt/C [36]. These results were 
obtained using a much higher total catalyst loading of 0.398 mg cm− 2 

compared to 0.102 mg cm− 2 in our study, while the loading of Pt and Ru 
in their reference catalysts was also higher. As a result, the higher 
density of Ru and Pt active sites in their measurements enhances the 
apparent catalytic HER performance, which will be inversely correlated 
with intrinsic or mass activity. In the case of Ru/TiON-C, η10 value of 42 
mV was obtained, which is beyond both carbon-supported benchmarks. 
Mass activity (MA) of these catalysts can illustrate their techno- 
economic viability and is the most relevant parameter for practical ap
plications. A comparison of the MAs of the Ru/TiON-C, Ru/C, and Pt/C 
samples, Fig. 4b, showcases the superior performance of Ru/TiON-C. At 
the overpotential of 100 mV, Ru/TiON-C delivers MA of 6505 A g− 1

Ru, 
which is around 6.8 and 4.5 times higher than for Ru/C and Pt/C, 

Fig. 3. Deconvoluted C 1 s and Ru 3d spectra for samples (a) Ru/C and (b) Ru/TiON-C.
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respectively.
More insights into the intrinsic HER activity can be obtained by 

evaluating the turnover frequencies (TOF) of the compared catalysts 
[68]. TOF values were calculated using the following equation: 

TOF =
i

2Fn
(6) 

In Eq. (6), i stands for measured HER current, F is the Faraday con
stant (96,485C/mol), factor 2 stands for two electrons exchanged to 
form a H2 molecule, and n is the number of moles of the active metal 
sites. The number of moles (n) was calculated based on the metal loading 
in the catalyst (determined by ICP-OES) and the mass of catalyst 
deposited on the electrode. This methodology considers that the total 
catalyst loading is active in the reaction, meaning that the obtained 
TOFs are lower-bound values. Nevertheless, the similarity of investi
gated catalysts makes TOF a relevant comparison point, Fig. 4c, which 
reveals a dominant intrinsic activity of Ru/TiON-C compared to carbon- 
supported benchmarks. Additional assessment of the intrinsic activities 
can be achieved using electrochemical surface area to normalize 
measured HER polarization curves. In the case of Ru/C and Ru/TiON-C, 
ESA values of 50.1 and 92.8 m2/g were determined by the method of 
underpotential deposition of copper [51] (Fig. S4), while for Pt/C, ESA 
of 84.5 m2/g was obtained through CO stripping voltammetry (Fig. S5). 
Fig. S6 shows significantly higher ESA-normalized current for Ru/TiON- 
C compared to Pt/C and Ru/C.

Insights into HER kinetics on Ru/TiON-C and carbon-supported 
catalysts are provided in Fig. S7. Tafel analysis was performed in the 
low overpotential region (η ≤ 50 mV) to ensure that only kinetic con
tributions were evaluated, revealing a Tafel slope of approximately 40 
mV/dec for Ru/TiON-C, similar to that of Pt/C, which corresponds to the 

Volmer–Heyrovsky pathway (Fig. S7a). In contrast, the slope of 60 mV/ 
dec was fitted for Ru/C, indicating slower reaction kinetics and charge 
transfer on Ru sites contacted with carbon. Electrochemical impedance 
spectroscopy, Fig. S7b, shows a significantly lower charge transfer 
resistance for the Ru/TiON-C composite than for Pt/C and Ru/C, 
agreeing with activity and Tafel slope trends.

Comparison of the performance of Ru/TiON-C composite with 
industrially viable materials, such as Ni-based catalysts, is given in 
Fig. S8. It can be seen that Ru/TiON-C is significantly more active than a 
commercial Ni/C (20 wt% from Premetek), which needs 270 mV higher 
overpotential to deliver the current density of 10 mA cm− 2.

To clarify the role of the components of the support matrix, we 
compared the HER activity of Ru nanoparticles deposited on graphene 
oxide (Ru/GO) and titanium oxynitride (Ru/TiON) with that of the Ru/ 
TiON-C composite. The performance of Ru/GO was lower than that of 
Ru/TiON-C and comparable to Ru/C, indicating that the type of carbon 
support does not significantly affect catalytic activity (Fig. S9a). Inter
estingly, Ru/TiON without the carbon template exhibited lower HER 
performance than Ru/GO and Ru/C. This can be attributed to the 
agglomeration of TiON particles in the absence of a carbon template, 
limiting the overall surface area and leading to poor Ru dispersion. XRD 
spectra of Ru/TiON (Fig. S9b) confirm this claim and indicate the 
presence of significantly larger Ru nanoparticles than in Ru/TiON-C (see 
Fig. 1c and d). In addition, the Ru/TiON sample without a carbon 
template may be challenged with obstructed electron pathways, which 
would be particularly pronounced with low Ru-loadings. These findings 
emphasize that while MSI between Ru and TiON contributes to 
enhanced HER activity, this effect is only realized when TiON is inte
grated within a conductive carbon framework. The Ru/TiON-C com
posite thus optimally combines electronic effects from MSI with 

Fig. 4. Comparison of the HER activities of the Ru/TiON-C, Ru/C, and Pt/C catalysts: (a) HER polarization curves (Ar-saturated 1 M KOH, 10 mV/s); (b) mass 
activities at an overpotential of 100 mV; (c) turnover frequencies; (d) comparison of HER activity of Ru/TiON-C before and after potentiodynamic stability test (10 
000 scans, 100 mV/s, potential window between 0.2 and − 0.1 VRHE).
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improved nanoparticle dispersion and conductivity.
To investigate if the MSI provided by TiON shows a similar effect on 

the performance of Pt in alkaline media, we screened the alkaline HER 
features of the Pt/TiON-C catalyst (Fig. S10). It can be seen that Pt/ 
TiON-C shows only a slight activity enhancement compared to Pt/C 
(Fig. S10a), which can be ascribed to the improved hydrogen adsorption 
energetics (as shown for acid electrolyte in our recent work [42]) rather 
than reducing the water dissociation barrier. Ru/TiON-C is slightly more 
active than the Pt/TiON-C analog (Fig. S10a), and much better in terms 
of metal utilization (Fig. S10b). This comparison shows that the inter
action between TiON and Ru is much more pronounced than in the case 
of Pt, leading to a substantial enhancement in HER activity.

A comparison of the main HER activity descriptors for Ru/TiON-C in 
alkaline media with the literature data on the high-performing Ru-based 
catalysts is given in Table 1. The first highlight of our Ru/TiON-C 
composite is the significantly lower mass of Ru as the active com
pound with respect to the loadings used across the literature (note that 
in some cases, Ru loadings are not even reported). Our catalyst provides 
a comparable η10 value with literature data, although there are some 
impressively low reported overvoltages, for instance, 15 mV, 17 mV, and 
5 mV for Cu-Ru alloy [16], Ru@C2N catalysts [69], and Ru single atoms 
and nanoclusters [70], respectively. However, as discussed earlier, this 
parameter may not always reflect the intrinsic activity, as it can be 
substantially affected by the loading of the catalyst [6,16]. This effect is 
showcased for Ru/TiON-C in Fig. S11, where one can see that increased 
loading of the catalyst resulted in the lowering of the overpotential, but 
at the same time, MA notably decays. Therefore, we focus more on 
keeping the loading of our catalyst low and comparing the intrinsic HER 
activity and techno-economic viability through the TOF and MA values 
in Table 1. In that regard, the Ru/TiON-C composite significantly sur
passes most current literature reports on various Ru-based materials 
listed in Table 1, and even with Ru-single atom catalysts, known for 
maximizing metal utilization [70,71].

Probing the durability of materials for gas-evolving reactions is al
ways challenged by the formation of microbubbles attached to the active 
sites [77,78]. To alleviate this issue as much as possible, the stability of 
the Ru/TiON-C catalyst during HER was examined in different condi
tions, namely potentiostatic, galvanostatic and potentiodynamic, and 
different setups, namely TF-RDE, GDE, and MFE. Extensive potential 
cycling (10,000 cycles, 100 mV/s, potential region between 0.2 and 
− 0.1 VRHE) was performed in the TF-RDE setup, Fig. 4d. To minimize the 
impact of microbubbles formed during the test, we periodically used (at 
every 250 HER scans) a few rapid potential cycles between 0.05 and 1 
VRHE to promote oxidation and release of potentially trapped hydrogen 
bubbles in the catalyst layer. Results obtained at the end of this test 
indicate stable HER running with no activity decay. Slight enhancement 
observed at the end of the degradation test can be ascribed to some non- 
intrinsic factor, such as the change of the local resistance and enhanced 
removal of the microbubbles. We made several attempts to measure the 
stability of our catalyst in potentiostatic/galvanostatic regimes in TF- 

RDE, and all tests revealed rapid activity decay (within minutes) as a 
consequence of visible surface blockage by the formed hydrogen bubbles 
even at high rotation rates. To reduce the thickness of the catalyst film 
and thus the trapping of hydrogen bubbles, we diluted the catalyst ink 
five times and measured the durability in the galvanostatic regime 
(Fig. S12a). After the initial stabilization period, the E-t curve remained 
fairly stable for the test duration of 12 h. Even in the case of a much 
thinner catalyst film and high rotation speed, accumulation and 
detachment of bubbles caused the periodic spikes in the chro
nopotentiometric curve. GDE arrangement is closer to the realistic 
membrane electrode assembly as it improves the mass transport of 
gaseous reactants or products, as opposed to RDE [48]. For this reason, 
we exposed Ru/TiON-C to an HER overvoltage of 30 mV in a GDE as
sembly [48,49]. Ru/TiON-C exhibited quite stable HER running during 
the potential hold with negligible current decay (see Fig. S12b), how
ever, it can be seen how the microbubble formation affects the durability 
assessment even in GDE (see the sharp current drops in Fig. S12b after 
approximately 1.5 and 3 h). To confirm the structural stability of Ru/ 
TiON-C during HER operation, catalyst ink was deposited on the TEM 
grid and exposed to a potentiostatic hold at − 0.05 VRHE in the MFE 
setup. An identical location STEM (IL-STEM) study was performed by 
collecting STEM images on the same locations on the catalyst surface 
before and after the degradation test, Fig. 5. Degradation of nano
catalysts during HER is commonly caused by the weak interaction be
tween carbon support and nanoparticles, resulting in particle migration, 
detachment, and/or agglomeration [35,42,79]. IL-STEM imaging re
veals that the Ru/TiON-C composite remained stable during the poten
tiostatic test and that neither of the mentioned degradation mechanisms 
took place to a notable extent. This finding is particularly valid for Ru 
particles attached to TiON flakes, where no discernible degradation 
occurred (a few examples of stable locations are labeled by matching 
color circles in Fig. 5). As shown below with DFT calculations, TiON 
anchors the Ru particles considerably stronger than carbon, which in
hibits their migration during HER in a similar manner as for the Pt/TiON 
composite [42]. Only a few very subtle changes in the catalyst nano
structure can be seen, which are marked by white and purple arrows in 
Fig. 5. In both cases, based on the STEM bright field (BF) and angular 
dark-field (ADF) images, it can be speculated that these particles 
migrated over carbon (and not TiON). A few similar examples of particle 
migration over carbon can be observed in IL-STEM images with lower 
magnification, Fig. S13.

Furthermore, we investigated the activity of Ru/TiON-C for HER in 
acid media (Fig. S14). Ru/TiON-C is significantly more active than Ru/ 
C, indicating a favorable adjustment of the ΔGH* parameter of Ru-sites 
via the support effect. Expectedly, Ru/TiON-C did not surpass the ac
tivity of Pt/C, suggesting that its ΔGH* parameter is placed between Ru/ 
C and Pt/C. Since Ru-based catalysts are widely explored for OER as 
alternatives to extremely scarce Ir, and the utilization of advanced 
supports in OER is very important [30], we compared the OER activity of 
Ru/TiON-C with the Ru/C and unsupported RuO2 benchmark (Fig. S15). 

Table 1 
Comparison of the HER performance of Ru/TiON-C with literature data.

Parameter 
Catalyst

Loading 
(µgRu cm− 2)

η10 (mV) Tafel slope 
(mV dec− 1)

TOF (#H2 site − 1 s− 1) MA (A g− 1)

Ru/C-TiO2 [72] 200 44 73.7 0.0223 (/ mV) /
Ru/C3N4/C [27] 40.8 79 / 4.2 (@ 100 mV) /
Ru/g-C3N4 [73] / 34 27 0.51 (@ 50 mV) 322 (@50 mV)
Ru–Cr2O3/NG [74] 150 47 39 6.4 (@ 100 mV) /
Ru@Co/N-CNT [75] / 48 33 / /
Cu-Ru alloy [16] 306 15 30 1.139 (@100 mV) 199.59 (@50 mV)
Porous Pd@Ru [76] 102 (Pd + Ru) 30 30 / 722.9 (@60 mV)
Ru@C2N [69] 285 17 38 1.66 (@50 mV) /
Ru single atoms and nanoclusters [70] 20 5 55 5.34 (@100 mV) 4220 (@ 50 mV)
Atomically dispersed Ni-Ru-P [71] / 57 75 3 (@95 mV) 1134 (@57 mV)
Ru/TiON-C (this work) 6.4 42 40 3.5 (@100 mV) 2167 (@ 50 mV)
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These preliminary results show that both supported Ru-catalysts surpass 
RuO2 (Fig. S15a), which can be explained by the presence of metallic Ru 
species in Ru/C and Ru/TiON-C, known for their high OER activity, but 
also extremely rapid dissolution [80]. In terms of mass-normalized ac
tivity, Ru/C and Ru/TiON-C show comparable performance, which is 
significantly higher than that of RuO2 (Fig. S15b), showcasing the 
benefits of using supported nanocatalysts. However, carbon support (in 
Ru/C sample) is problematic in OER catalysis due to carbon corrosion 
and consequent catalyst deactivation, whereas TiON support offers 
stability under OER operation, which can be further combined with MSI 
to improve the performance of active sites [30,41]. Therefore, these 
results show that the Ru-TiON platform can be taken as a promising 
baseline for additional material engineering (i.e., deposition of RuO2 
nanoparticles instead of metallic Ru, increased loading, further support 
adjustments, etc.) to build advanced OER catalysts.

To unravel the origin of the high HER activity of Ru/TiON-C com
posite, we compared HER activities in acid and alkaline media for Pt/C, 
Ru/TiON-C, and Ru/C catalysts, Fig. S16. For highly active Pt/C, HER in 
alkaline media is strongly hampered compared to acid due to the high 
energy barrier for water dissociation, as illustrated in Fig. S16a. In 
contrast, although the Ru/C electrode is significantly less active than Pt/ 
C, its HER activities in acid and alkaline electrolytes coincide, Fig. S16b. 
This can be explained by unfavorable hydrogen adsorption strength on 
Ru as the main factor limiting HER activity, combined with facile water 

activation. Similar behavior is observed for Ru/TiON-C but with much 
higher HER activities in both acid and alkaline electrolytes, Fig. S16c. 
Thus, it can be proposed that MSI between Ru and TiON affects both key 
descriptors for HER activity in a way that hydrogen adsorption energy is 
favorably adjusted (as confirmed by HER tests in acid media, Fig. S14), 
while water activation is facilitated so that it does not induce any 
additional kinetic penalty. It was reported earlier that thermodynami
cally unfavored fcc-Ru structures, enabled by the strong interaction with 
the support material have excellent water dissociation properties and 
thus high HER activities in alkaline media [27]. The local crystal 
structure of selected regions of the catalyst and, therefore, the possible 
presence of different Ru crystal structures in Ru/TiON-C was investi
gated with 4D-STEM (Fig. 6). Experimental 4D-STEM data was obtained 
for two regions of interest that included Ru nanostructures on TiON-C 
(Fig. 6b). In both cases, Ru nanostructures were imaged in a zone axis 
to obtain adequate diffraction contrast. The k-means clustering algo
rithm was used to segment the nanoparticle diffraction patterns from the 
rest of the data to isolate them from the TiON support. The nanoparticle 
diffraction patterns were integrated to yield an average nanoparticle 
pattern, and distances and angles between series of Bragg disks were 
measured to deduce the imaging zone axis (Fig. 6d). Then, the average 
nanoparticle diffraction patterns were compared to the simulated 
diffraction data of different Ru structures in their respective zone axes 
(Fig. 6e). In one instance, the nanoparticle average diffraction pattern 

Fig. 5. ADF and BF IL-STEM imaging of the Ru/TiON-C sample exposed to potentiostatic degradation test in MFE setup (4 h at − 0.05 VRHE, 1 M KOH).
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was consistent with an hcp-Ru structure, and in another, the data sug
gest the presence of a small fcc-Ru nanoparticle, characterized by Bragg 
disks assuming positions of an fcc structure in a [100] zone axis. 
Therefore, the suspected presence of fcc-Ru nanostructures could be 
responsible for the boosted HER performance of the Ru/TiON-C in 
alkaline media. Since the Ru/TiON-C catalyst is more active for HER 
than Ru/C benchmark in acid media (where water dissociation does not 
take place, thus eliminating the effect of fcc-Ru), it can be proposed that 
MSI also affects hydrogen adsorption on predominant hcp-Ru sites. MSI 
between Ru and TiON and its versatile impact on HER performance is 
further scrutinized below using DFT calculations.

3.3. DFT calculations

Before examining the MSI effect with DFT calculations, let us vali
date the preceding experimental analysis of the feasibility of fcc- 
structured Ru nanoparticles. Ru is an hcp metal, and according to the 
current calculations, the hcp-Ru bulk is by 0.11 eV/atom more stable 
than the fcc-Ru bulk. In contrast, for small nanoparticles of up to about 
200 atoms, the stability difference between hcp and fcc nanoparticles is 
insignificant, as revealed by Fig. 7, which shows the cohesive energy as a 
function of the number of atoms in the nanoparticle. The cohesive en
ergy decreases with increasing nanoparticle size, asymptotically 
approaching the bulk values. However, even for the largest calculated 
nanoparticle (~200 atoms), the hcp and fcc fitting curves are almost 
superimposed, indicating similar stability of the hcp and fcc nano
particles. This result implies that both hcp- and fcc-type structures are 
thermodynamically feasible for small nanoparticles (with a diameter of 
up to 2 nm corresponding to the largest calculated nanoparticles).

To examine MSI using DFT, we calculated the adhesion of Ru 
nanoparticles on the TiON and graphene supports. Fig. 8 shows the 

planar integrated electron density differences along the surface normal 
direction (Δρ(z)), 3D electron density differences (Δρ(r)), and adhesion 
energies (Eadh) of the hcp-Ru54

{6} nanoparticle on both supports, where 
the superscript {6} represents the number of Ru atoms in the bottom
most nanoparticle’s layer that adheres to the support. The nanoparticle 
adheres four times stronger to the TiON support (− 16.3 eV/nano
particle, corresponding to − 2.7 eV/Ru atom) than to graphene (− 4.1 
eV/nanoparticle, corresponding to − 0.7 eV/Ru atom). Also, the Δρ(z) 
and Δρ(r) plots witness a substantially stronger redistribution of elec
tron charge for TiON. We can see an electron surplus in the bonding 
region between the support and the nanoparticle on both supports. 
However, the electron accumulation is much stronger for TiON, where 
the electron charge displaces from the upper layer of Ti ions and the 
bottom layer of Ru atoms toward the Ru/TiON interface region, forming 
a pronounced electron accumulation. Such pronounced charge redis
tribution indicates strong MSI between the TiON support and Ru 
nanoparticles, which can enhance the durability of the catalyst and the 
HER activity [42,58].

Further analysis of the nanoparticle adhesion and stability is pro
vided in Fig. 9, which shows the results for two hcp and two fcc nano
particles supported on graphene and TiON. These nanoparticles were 
chosen in pairs, and within the pair, the hcp and fcc nanoparticles are 
mutually comparable because they have the same two bottom layers, 
where the bottommost layer is the layer that adheres to the support. In 
particular, hcp-Ru38

{7} vs fcc-Ru38
{7} and hcp-Ru54

{6} vs fcc-Ru55
{6} pairs are 

considered (the adhesion positions of these nanoparticles are schemat
ically shown in Fig. S16 in the Supporting information). TiON binds 
these nanoparticles about four times stronger than graphene, thus 
immobilizing and stabilizing them.

As for the hcp vs fcc adhesion preference, the hcp nanoparticles 
adhere to graphene by 0.3 eV more strongly than the fcc nanoparticles. 

Fig. 6. 4D-STEM of an hcp-Ru (upper) and a proposed fcc-Ru (lower) nanoparticle. (a) BF-STEM images with white dashed rectangles denoting the 4D-STEM imaging 
area. (b) Virtual dark-field (upper) and bright-field (lower) reconstructions from the 4D-STEM data. White arrows denote the studied nanoparticles. (c, d) Clustering 
results with color-coded labels (c) and the cluster average diffraction patterns with a border matching their label, showing distinct crystal structures present within 
each region of interest (d). Arrows show a 90◦ angle between Bragg disks. (e) Simulated diffraction patterns of Ru structures in zone axes most closely matching 
experimental results.
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In contrast, on the TiON support, fcc-Ru38
{7} binds by 0.7 eV stronger than 

hcp-Ru38
{7}, but vice-versa is true for the Run

{6} nanoparticles because 
hcp-Ru54

{6} adheres by 0.4 eV stronger than fcc-Ru55
{6}. These results may 

suggest that hcp nanoparticles adhere more strongly to graphene than 
fcc nanoparticles and that the adhesion preference on TiON depends on 
the nanoparticle’s shape. However, the number of cases considered is far 
insufficient to reach any statistically valid conclusion. We can thus only 
infer from the current DFT results that fcc-structured Ru nanoparticles 
supported on TiON may exist. Combined with the STEM analysis 
(Fig. 6), this allows for a distorted Ru-fcc structure in the Ru/TiON-C 
composite.

To examine the effect of the support on hydrogen chemisorption 
energy, we performed two types of adsorption calculations. First, we 
investigated the chemisorption energy of a single H atom on various 
adsorption sites of the hcp-Ru54

{6} nanoparticle supported on TiON and 
graphene. To this end, we tested 44 initial H adsorption structures for 
TiON and 41 for graphene, resulting in 27 optimized structures on each 
support, as some initial structures converged to the same optimized 
configuration. The corresponding H chemisorption energies are pre
sented in Fig. S17, while snapshots of the optimized adsorption struc
tures are shown in Figs. S18 and S19 in the Supporting Information.

Although noticeable differences in chemisorption energy exist be
tween the two supports, the values range from − 0.8 to − 0.2 eV without 
a clear discernible trend (Fig. S17). Since these results provide limited 
insight into the role of support on H chemisorption energy, we also 
conducted calculations where the hcp-Ru54

{6} nanoparticle was fully 
covered with H atoms. This setup better reflects conditions relevant to 
active hydrogen evolution, where nanoparticles are expected to be 
highly covered by chemisorbed H atoms. The optimized structures with 
76 H atoms adsorbed on hcp-Ru54

{6} nanoparticle supported on TiON and 
graphene are shown in Fig. 10. The corresponding average H chemi
sorption energies are − 0.456 and − 0.471 eV per H atom for hcp-Ru54

{6} 

on TiON and graphene, respectively. These values suggest that the 
interaction between TiON and Ru marginally weakens the average H 
chemisorption energy by 150 meV compared to the graphene case. Ac
cording to the volcano plot concept, Ru binds H too strongly [14,81], 
and the observed weakening of H binding should facilitate H2 formation 
to some extent, potentially enhancing the activity of the Ru/TiON-C 
catalyst. This finding aligns with our previous study on the effect of 
TiON support on Pt nanoparticles [42], where the impact of the support 
on H chemisorption energy was analyzed in greater detail. This result is 
reasonable, as it is well known that supports that strongly bind metal 

Fig. 7. Top: calculated cohesion energies as a function of the number of atoms in a nanoparticle for hcp and fcc Ru nanoparticles (tetrahedral Ru4 and octahedral Ru6 
are consistent with the hcp and fcc structures and are therefore labeled as generic (gray squares)). Green is used for hcp and orange for fcc nanoparticles. The two 
curves represent the fits for hcp and fcc Ru nanoparticles. In contrast, the two solid lines represent the calculated cohesion energies for hcp and fcc Ru bulk. Bottom: 
snapshots of the considered nanoparticles. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 8. Left: the planar integrated electron density difference for the hcp-Ru54
{6} nanoparticle on the TiON and graphene supports, Δρ(z) calculated with eq (3). A 

nanoparticle/support structure is shown as a watermark behind the Δρ(z) curves to facilitate interpretation; z = 0 is set at the position of the bottommost Ru layer 
that adheres to the support. Right: the snapshots of the hcp-Ru54

{6} nanoparticle supported on TiON and graphene along with the superimposed 3D electron density 
difference, Δρ(r) calculated with eq (4); isosurfaces of ±0.01 e/Bohr3 are plotted with the red (blue) color representing electron excess (deficit). The respective 
adhesion energies are also reported. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 9. Top row: snapshots and cohesion energies (Ecoh) of standalone hcp-Ru38
{7}, fcc-Ru38

{7}, hcp-Ru54
{6}, and fcc-Ru55

{6} nanoparticles. Middle and bottom rows: 
snapshots and adhesion energies (Eadh) of these nanoparticles on the graphene and TiON supports. The cohesion and adhesion energies were calculated with eqs (1) 
and (2), respectively.
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nanoparticles tend to weaken their interaction with small adsorbates, 
provided that the adsorbates bind predominantly covalently [82], which 
is the case here.

4. Conclusions

This work demonstrates the excellent HER performance of a novel 
catalyst comprised of Ru nanoparticles supported on TiON dispersed 
over reduced graphene oxide (Ru/TiON-C). The Ru/TiON-C composite 
with a low Ru loading of 6 wt% exhibited superior HER activity in 
alkaline media, surpassing the Ru/C and Pt/C benchmarks, placing itself 
among the state-of-the-art Ru-based catalysts reported in the literature. 
At the same time, Ru/TiON-C exhibits stable operation in different 
degradation tests. Its effective HER performance was attributed to the 
strong metal–support interaction provided by the TiON support, which 
was proved by XPS through the shift of the characteristic Ru photo
electron lines, indicating electronic charge redistribution at Ru sites. The 
existence of MSI was further corroborated by DFT calculations showing 
a considerably stronger anchoring of Ru nanoparticles and pronounced 
charge accumulation at the Ru/TiON interface compared to the carbon 
support. DFT calculations also reveal that the strong MSI results in 
slightly weaker chemisorbed H atoms at high coverage, which, in turn, 
should facilitate H2 formation to some extent, thus enhancing the HER 
activity of the catalyst. Lastly, the potential presence of the fcc Ru 
phase—reported in the literature to be catalytically superior to the more 
stable hcp Ru phase—was investigated using 4D-STEM analysis and DFT 
calculations, which suggest that the fcc phase may exist. Future work 
will aim to validate the performance of Ru/TiON-C catalyst under 
industrially relevant conditions, including integration into membrane 
electrode assemblies (MEA) and operation at high current densities in 
two-electrode alkaline water electrolyzer systems. We anticipate that 
TiON could also be a versatile support for other electrocatalytically 
active sites and reactions, broadening its potential applications in 
electrocatalysis.
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M. Gaberšček, N. Hodnik, Improving the HER Activity and Stability of Pt 
Nanoparticles by Titanium Oxynitride Support, ACS Catal 12 (2022) 13021–13033, 
https://doi.org/10.1021/acscatal.2c03214.
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