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Electrocatalysis holds the key to enhancing the efficiency and cost-
effectiveness of water splitting devices, thereby contributing to the advance-
ment of hydrogen as a clean, sustainable energy carrier. This study focuses on
the rational design of Ru nanoparticle catalysts supported on TiN (Ru NPs/TiN)
for the hydrogen evolution reaction in alkaline conditions. The as designed
catalysts exhibit a high mass activity of 20 A mg, at an overpotential of

63 mV and long-term stability, surpassing the present benchmarks for com-
mercial electrolyzers. Structural analysis highlights the effective modification
of the Ru nanoparticle properties by the TiN substrate, while density func-
tional theory calculations indicate strong adhesion of Ru particles to TiN
substrates and advantageous modulation of hydrogen adsorption energies via
particle-support interactions. Finally, we assemble an anion exchange mem-
brane electrolyzer using the Ru NPs/TiN as the hydrogen evolution reaction
catalyst, which operates at 5A cm™ for more than 1000 h with negligible
degradation, exceeding the performance requirements for commercial elec-
trolyzers. Our findings contribute to the design of efficient catalysts for water
splitting by exploiting particle-support interactions.

M Check for updates

Heterogeneous catalysts consisting of precious metals supported
on substrates have been the focus of extensive research for appli-
cations in energy conversion, chemical synthesis, and the removal
of pollutants'™. Solid supports play a crucial role in enhancing
catalyst performance in various ways. The high surface area sup-
ports increase noble metal dispersion and contribute to the crea-
tion of highly undercoordinated surface sites. Additionally, metal-
support interactions (MSls) can modulate the adsorption energies
by modifying the electronic and geometric properties of the
catalyst™®. Consequently, researchers have dedicated significant

attention to designing electrocatalysts using strategies that capi-
talize on MSIs® 2,

Due to its high activity, high durability, and, in particular, its
platinum-like hydrogen adsorption energy, Ru has emerged as a pro-
mising alternative to Pt for the hydrogen evolution reaction (HER).
However, further optimization is necessary to achieve suitable hydro-
gen adsorption energies on Ru nanoparticles (NPs) under alkaline
conditions®. To address this issue, various materials, such as
carbonitrides®?°, oxides”?, phosphides**, and sulfides’®*” have
been utilized as supports. Nevertheless, most reported electrocatalysts
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display decent HER performance only at low current densities, such
that reaching high performance at the large current densities required
for industrial scale operation remains a challenge?*’. Moreover, the
stable interaction between metal and substrate is one of the pre-
requisites for catalysts to meet commercial demands. In this order of
ideas, identifying a substrate capable of strongly anchoring Ru nano-
particles while properly tuning their electronic structure is highly
desirable.

Two important metal-support phenomena, namely charge trans-
fer and strong metal-support interactions (SMSI), have been shown to
influence the activity of metal catalysts™. Specifically, differences in the
Fermi level of metal NPs and supports cause electrons to rearrange at
the interface until reaching an equilibrium, inducing changes in the
oxidation state of the metal atoms within both materials that ultimately
alter their adsorption properties. Therefore, careful consideration of
surface properties and electrical conductivity is essential when select-
ing suitable supports® . In addition, the strength of the metal-support
grip, described by the adhesion energy (®,q41), plays a critical role in
preventing agglomeration and detachment of metal nanoparticles at
high current densities. In this regard, the adhesion energy must be
considered when selecting the support®. Titanium nitride (TiN) exhibits
distinct properties such as mechanical hardness, oxidation resistance,
and high electrical conductivity (4000 S cm™), which make it a pro-
mising choice for supporting precious metal nanoparticles* . Zhang
et al. attributed the remarkable HER performance of Pt-TiN nanorod
arrays in 0.5M H,SO, to strong metal-substrate interactions between
Pt and TiN, which mitigated Pt aggregation®. Anandhababu et al.
explored Ir-TiN nanowires as bifunctional electrocatalysts in both
acidic and neutral media. Density functional theory (DFT) calculations
indicated that TiN plays an important role in modulating the adsorp-
tion energy of the reaction intermediates®. Lee et al. loaded single
atomic Pt on a N-vacancy site of a TiN support. TiN effectively anchors
Pt atoms, which are active for electrochemical oxygen reduction, for-
mic acid oxidation and methanol oxidation*’. Additionally, Ti displays
pronounced hydrophilicity and can effectively facilitate the dissocia-
tion of water during catalytic processes™"*.,

Considering all of the above, in this work TiN-supported Ru NPs
(hereon Ru NPs/TiN) were prepared via immersion-reduction steps and
evaluated as electrocatalysts for the HER. The interaction between TiN
and Ru NPs contributes to significant HER performance in alkaline con-
ditions, achieving a current density of -100 mA cm™ at an overpotential
of 73mV. Notably, despite its low Ru content, the normalized mass
activity of Ru NPs/TiN is sizably higher than those of commercial Pt/C
(20%) and Ru/C (5%). Computational results suggest that the net effect of
the TiN support is the weakening of the hydrogen adsorption energies of
supported Ru NPs compared to pure Ru surfaces. Such a weakening
activates various sites toward the HER. Moreover, DFT calculations also
show that Ru NPs have a significantly stronger adhesion to TiN than to
graphene. Finally, an anion exchange membrane (AEM) electrolyzer
containing the Ru NPs/TiN underwent a continuous operation for more
than 1000 h at industrial current densities (1, 2 and 5 A cm™). Overall, this
work presents a viable and cost-effective strategy for the design of
advanced electrocatalysts that excel in hydrogen production by harnes-
sing catalyst-support interactions.

Results and discussion

Catalyst synthesis and characterization

The synthesis of the Ru NPs/TiN catalyst is illustrated in Fig. 1a. Firstly,
the TiO, nanowires were grown on carbon fiber paper (CFP) using a
hydrothermal process. The phase structure and morphology (Supple-
mentary Figs. S1 and S2) of the TiO, nanowires were characterized by
X-ray diffraction (XRD) and scanning electron microscopy (SEM),
respectively. Next, an ammonia annealing step was employed to convert
TiO, into TiN (Supplementary Figs. S3-S5). Finally, the Ru nanoparticles
were introduced by an impregnation reduction strategy, which securely

anchored the Ru nanoparticles on TiN via strong Ru-N interactions. The
XRD pattern of Ru NPs/TiN (Fig. 1j) showed only two sets of peaks. The
peaks located at 36.9°, 42.9°, 62.2°, 74.4° and 78.5° are attributed to the
(111), (200), (220), (311) and (222) planes of TiN, respectively (PDF#38-
1420), while the other peaks are assigned to CFP (PDF#41-1487). No
diffraction peaks of Ru can be observed due to the low content of Ru in
the catalysts, which was only 0.36 wt%, as identified by inductively
coupled plasma optical emission spectrometry (ICP-OES, Supplemen-
tary Table S1). The Raman spectrum (Supplementary Figure S6) shows
regular TiN peaks without any characteristic peaks belonging to Ru NPs.
Field-emission scanning electron microscopy (FESEM, Fig. 1b) shows that
introducing Ru NPs does not change the TiN morphology. Figure 1g
shows the typical low-magnification high-angle annular dark-field scan-
ning transmission electron microscopy (HAADF-STEM) image of Ru NPs/
TiN, which indicates the uniform adherence of the Ru nanoparticles to
the substrate, with individual nanoparticles marked by light red circles.
The high-magnification HAADF-STEM (Fig. 1h, i) images clearly show the
lattice structures, and the measured lattice spacing of 0.211nm is
attributed to the (200) plane of cubic TiN. The hexagonal close-packed
(hcp) lattice with a lattice spacing of 0.208 nm is assigned to the (101)
plane of the Ru nanoparticles. The scanning TEM coupled with energy
dispersive X-ray spectroscopy (STEM-EDX) mappings reveals a homo-
geneous distribution of Ti, N and Ru (Fig. 1c-f).

X-ray photoelectron spectroscopy (XPS) analysis of Ru NPs/TiN
suggests the coexistence of metallic Ru and oxidized Ru (Fig. 2a). In the
high-resolution Ti 2p XPS spectrum (Figure S7a), Ru NPs/TiN were posi-
tively shifted compared to pure TiN, indicating electron transfer from the
TiN substrate to the Ru nanoparticles. Compared to TiN, the binding
energy of the Ti-N bond in the high-resolution N 1s spectrum (Figure S7b)
was also positively shifted, further confirming the interaction between
TiN and Ru. Moreover, the Ru-N, bond peak can be clearly observed in
the N 15 spectrum of Ru NPs/TiN, suggesting strong anchoring of the Ru
nanoparticles to the substrate*’. To gain a deeper understanding of the
valence state and coordination environment of Ru in the Ru NPs/TiN,
X-ray absorption near edge structure (XANES) and extended X-ray
absorption fine structure (EXAFS) measurements were conducted. As
shown in Fig. 2b, the K-edge absorption intensity of Ru in Ru NPs/TiN fell
between that of RuO, and Ru foil, and it was also lower than that of Ru/C.
Moreover, compared to the Ru foil, the edge energy of Ru NPs/TiN
(Fig. 2c) was shifted to higher energy, but less than that of RuO, and Ru/C.
In brief, the XANES analysis suggests that the overall valence state of Ruin
Ru NPs/TiN lies between that of Ru foil and RuO,.

The Fourier transforms of the phase-uncorrected EXAFS (Fig. 2d,
and Supplementary Fig. S8) show a predominant peak around 1.6 A for
Ru NPs/TiN, matching the Ru-N/O scattering path. The peak positions of
Ru-N and Ru-O are indistinguishable'®'*", Besides, there is a peak
around 2.4 A for Ru NPs/TiN ascribed to Ru-Ru coordination. The EXAFS
fitting curves of Ru NPs/TiN at the Ru k space (Fig. 2d and Supplementary
Fig. S9) and the corresponding fitting parameters (Supplementary
Table S2) suggest that the coordination numbers of Ru-N/O and Ru-Ru
bonds are ~5.7 and 2.4, respectively. Furthermore, the application of
EXAFS wavelet transform (WT) analysis provides additional evidence for
the coordination environment of Ru in Ru NPs/TiN (Fig. 2g-j).

The work function is one of the most fundamental physical
quantities to describe the surface properties of a material. It specifi-
cally influences the surface charge distribution of metal-support
electrocatalysts and can modify the hydrogen adsorption energy***.
Hence, ultra-violet photoelectron spectroscopy (UPS) was employed
to examine the work function and corresponding Fermi level of the
prepared materials (Fig. 2e, f). The calculated @ values are 4.53 and
4.65 eV for TiN and Ru NPs/TiN, respectively. Notably, the @ value of Ru
NPs/TiN is lower than that of pure Ru (4.71eV). The lower the work
function, the more positive the d-band center and the lower the elec-
tron binding capacity, which makes it easier for the electron to leave
the catalyst surface and participate in the catalytic reaction*,
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Fig. 1| Schematics of the synthesis process and characterization of Ru NPs/TiN. a Schematics of the synthesis process for Ru NPs/TiN. b SEM image of Ru NPs/TiN.
c—f STEM and corresponding EDS mapping of Ru NPs/TiN. g-i HAADF-STEM images of Ru NPs/TiN. j PXRD pattern of Ru NPs/TiN.

HER performance

To investigate the influence of strong metal-support interactions on the
electrocatalytic performance, the HER activities of Ru NPs/TiN, Pt/C, Ru/
C, and TiN were evaluated in 1M KOH. As shown in Fig. 3a, TiN displays
the lowest HER activity, necessitating an overpotential of 408 mV at
10 mA cm™. Upon the introduction of Ru nanoparticles, the HER activity
of TiN significantly improves, suggesting that Ru NPs provide the pri-
mary active sites for the HER. Specifically, the Ru NPs/TiN electrode
displays better HER activity compared to the Pt/C (20%) and Ru/C (5%)
benchmarks at the same overpotentials, reaching a current density of
-100 mA cm™ at an iR-corrected overpotential of 73 mV (vs 140 mV for
Pt/C and 174 mV for Ru/C). The LSV curves without iR-correction are
displayed in Supplementary Fig. S10. Furthermore, three additional
independent experiments were conducted, and their variances were
compared using bar plots (Supplementary Figs. Slla, S12a, and S12b).
Potentiostatic measurements (Supplementary Figs. S13, 14) offer
insights into the reaction kinetics. The Tafel slope of Ru NPs/TiN
(Fig. 3b) is 41.4 mV dec™ at low current densities, significantly lower than
those of the benchmark materials and pure TiN substrates (Supple-
mentary Fig. S15), thus aligning with the Volmer-Heyrovsky mechanism.
Moreover, the Tafel slope is highly dependent on the surface coverage,
relating to both overpotential and rate-determining step (RDS)".
Hence, different reaction stages may have different Tafel slope values.
The Tafel analysis was performed at different extents of the reaction.
Even at high current densities, Ru NPs/TiN maintains the lowest Tafel
slope value compared to Pt/C (20%) and Ru/C (5%), further indicating
rapid reaction kinetics. The overpotential at 10 mA cm™ and the Tafel
slopes at different current densities of the electrocatalysts are

summarized in Fig. 3c. For the mass activity of Ru NPs/TiN and the
benchmark materials, the current density was normalized by the mass
loading of Ru or Pt (Fig. 3d). At an HER overpotential of 63 mV, the mass
activity of Ru NPs/TiN is 20 A mg™y,, which surpasses the benchmark
catalysts and highlights the potential of Ru NPs/TiN for practical
applications. The additional three independent experiments deter-
mined the error bar for the mass activity (Supplementary Figs. Slib,
S12¢ and S12d). In fact, the mass activity for alkaline HER reported here
represents a high performance to date (Fig. 3f, and Supplementary
Table S15). In addition, the exchange current density was calculated to
be 1.034 mA cm™ for Ru NPs/TiN, outperforming those of commercial
Pt/C (1.015 mA cm) and Ru/C (1.011 mA cm™).

Medium-frequency electrochemical impedance spectroscopy (EIS)
was employed to characterize the Heyrovsky step, which is one of the
charge transfer processes occurring at the electrolyte-catalyst interface.
The low charge-transfer resistance of Ru NPs/TiN indicates that it has the
fastest electron/proton transfer and the highest HER activity (Figure S16).
Furthermore, the kinetic isotope effect (KIE) is a well-established
experimental technique for studying reaction kinetics, which involves
substituting hydrogen in the electrolytic process for deuterium. Specifi-
cally, the difference in reduced mass between the isotopes leads to large
differences in reaction rates. The LSV curves of Ru NPs/TiN measured in
1M KOH/H,0 and 1M KOD/D,0 are shown in Supplementary Fig. S17,
and the calculated KIE for Ru NPs/TiN is 2.2 (Fig. 3e), indicating that the
hydrogen produced from water and O-H(D) bond cleavage is the rate-
determining step, in accordance with the Tafel analysis. Cyclic voltam-
metry (CV) curves show clear evidence for the enhanced active area of Ru
NPs/TiN compared to pure TiN (Supplementary Fig. SI18).
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Poisoning experiments were implemented using potassium thio-
cyanate (KSCN) as the deactivator to verify whether Ru NPs serve as the
predominant catalytic sites. SCN™ is capable of adsorbing onto the
surfaces of the Ru NPs, inducing a decrease in HER activity. As
expected, after introducing 10 mM KSCN into the electrolyte, the
potential required to reach 10 mA cm increased significantly, which
clearly suggests that Ru NPs are the main active sites for HER (Sup-
plementary Fig. S19). To obtain the effective electrochemical active
surface area (ECSA), the CV curves were measured in the non-Faradaic
region to calculate the double-layer capacitance (Cy), which is pro-
portional to the ECSA (Supplementary Figs. S20 and S21). The Ru NPs/
TiN sample displayed the highest C; among all of the catalysts, which
suggests that it contained the largest number of exposed active sites.

A HER catalyst must operate at high current densities and have
long-term stability for industrial applications. Ru NPs/TiN displayed a
stable HER activity over 1000 h at -1Acm™ (Fig. 3g). The phase
changes after the stability test were investigated by XRD. Supple-
mentary Fig. S22 shows that the diffraction peaks remain essentially
unchanged during the test. The TEM image (Supplementary Fig. S23a)
shows no obvious changes in the morphology of Ru NPs/TiN after the
stability test. The lattice fringes belonging to Ru(101) planes and
TiN(200) planes can be clearly observed (Supplementary Fig. S23b).
The STEM image and corresponding EDX mappings (Supplementary
Figs. S23¢-f) indicate the uniform distribution of Ti, N and Ru, showing
that there was no Ru leached during the test. XPS was also used to
examine the surface properties of the catalyst after experiments. The
peak for Ru®* disappears (Supplementary Fig. S24a) and only metallic
Ru is detected. Prolonged exposure to negative potentials in the test

resulted in the reduction of oxidized Ru species. The peak belonging to
C-Ti-N is also not detectable after the stability test (Supplementary
Fig. S24a). Furthermore, there are no significant differences in Ti 2p
and Nls spectra before and after the stability test (Supplementary
Figs. S24b and S24c). ICP-OES was used to detect the metal content
before and after stability testing of catalysts and electrolytes and, as
indicated in Supplementary Tables S3 and S4, only a small amount of
the elements dissolved into the electrolyte. The standard curves for Ru
and Ti are shown in Supplementary Fig. S25. Moreover, the LSV curves
(Supplementary Fig. S26) before and after the stability test exhibit
minimal disparity, providing additional confirmation for the enduring
performance of Ru NPs/TiN. In comparison, the HER overpotentials of
Pt/C (20%) and Ru/C (5%) increased steadily over the first 10 h (Sup-
plementary Fig. S27). Furthermore, the stability of Ru NPs/TiN was
evaluated by measuring multi-potential step curves. When different
current densities were applied from -10 to -200 mA cm™ and back to
-10 mA cm?, a negligible change in the potential was observed (Sup-
plementary Fig. S28). Overall, the high activity and durability of Ru
NPs/TiN make it a suitable alternative to commercial Pt/C and Ru/C
catalysts for industrial HER applications in alkaline conditions.

Computational modeling

We used DFT calculations to shed light into the enhancing effect of the
TiN support on the catalytic activity of Ru. Details of the calculations are
presented in “methods” section and the structures of the systems that
provide the most stable hydrogen adsorption energies are shown in
Supplementary Fig. S29. Figure 4a shows the pure, extended Ru surfaces
and an exemplary Ru NP supported on TiN(100). In view of the high pH
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Fig. 3| Electrochemical performance of Ru NPs/TiN in a three-electrode system.
a LSV curves of Ru NPs/TiN, Pt/C (20%), Ru/C (5%) and TiN. Geometric area of the
electrode: 1 cm?; electrolyte: 1M KOH, pH = 13.83; scan rate: 1 mV s™; temperature:
25°C. The solution resistances of Ru NPs/TiN, Pt/C (20%), and Ru/C (5%) are 1.74,
2.06, and 2.8 Q, respectively. b Tafel plots of Ru NPs/TiN, Pt/C and Ru/C. ¢ Bar plot
comparing the overpotential at 10 mA cm™ and the Tafel slope at different current

densities. d Noble metal content normalized HER LSV curves. e KIE test of Ru NPs/
TiN. f Comparison of the HER activity in alkaline conditions of RuNPs/TiN and other
Ru-based electrocatalysts in the literature (Table S15). g Chronopotentiometry
measurement of Ru NPs/TiN conducted at 1 A cm™. Geometric area of the elec-
trode: 1 cm? electrolyte: 1M KOH, pH =13.83; temperature: 25 °C.

of our experiments, the proton source is HO and, thus, hydrogen
adsorption (AG,) was calculated using a liquid water reference (Eq. 1).
As this reaction corresponds to water dissociation, we analyzed the
surface decomposition of water on Ru-containing systems and show
their advantages with respect to Pt(111) in Computational Details.

H,0y +te +% — xH+OH, €))

To model the HER incorporating particle-support effects, we cal-
culated AG, on various TiN(100)-supported Ru NPs (Ru/TiN) and
extended surfaces of Ru. For Ru/TiN, 21 different NPs were constructed
with active sites the coordination number (cn) of which were in the
range of 1to 9. This ensured at least three different adsorption sites per
cn (except for cn =9 which proved challenging to sample in reasonably
sized clusters). For pure Ru, we considered Ru(105) and Ru(109) sur-
faces, and hydrogen adsorption was evaluated on sites with cn
between 7 and 10.33. Supplementary Table S6 and S7 contain the
hydrogen adsorption energies (AG,,) in Fig. 4 and the coordination
number of each active site.

Figure 4b presents the trends in AG, for pure Ru and the sup-
ported NPs as a function of cn, along with the corresponding linear fits
and residual errors (MAE/MAX stand for mean/maximum absolute
errors). For pure and TiN(100)-supported Ru, the adsorption energies
were averaged for sites with the same cn, and in such cases, the stan-
dard deviation was used to define the error bars. In Fig. 4b, both Ru/
TiN and pure Ru display positive linear trends, indicating that hydro-
gen adsorption weakens as the coordination of the adsorption sites
increases***°. More importantly, the two linear trends have similar
slopes (0.10 for Ru/TiN vs 0.09 for pure Ru) and different intercepts:
the Ru/TiN trend is above the pure Ru trend by ~0.27 eV. Hence, the net
effect of the TiN support is a systematic weakening of hydrogen
adsorption. Computational Details show that the trends in AG, on
pure and supported Ru are also captured by more elaborate electronic
descriptors, such as the d-band center (g,) and the integrated crystal
orbital overlap population (iCOOP) integrated to the Fermi level. This
analysis was carried out for the sites on Ru NPs with the most stable
hydrogen adsorption energies (see Supplementary Fig. S29). Supple-
mentary Figs S31-S34 show that AG,, is inversely proportional to those
two descriptors, in line with previous works®. Furthermore, for both
Ru/TiN and pure Ru, &; and iCOOP display reasonable predictive
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d HER volcano plot for TiN(100)-supported Ru NPs built upon the experimental
exchange current density (ip) of Ru/TiN(100). The labels show the corresponding
cn of the Ru NP sites. In (¢, d), sites with cn = 8 on supported Ru NPs are closer to the
volcano apex than those in pure Ru, indicating enhanced HER activity. In all cases,
AG, was calculated at pH = 14.

capabilities. In fact, £; and iCOOP result in MAE/MAX of 0.13/0.34 eV
and 0.16/0.38 eV for Ru/TiN, respectively, and MAE/MAX of 0.01/
0.03 eV and 0.02/0.07 eV for pure Ru. Notably, when set side by side
with cn, the latter offers enhanced predictiveness (MAE/MAX of 0.06/
0.16 eV for the NP sites producing the most stable adsorption energies
for each cn in Fig. 4b, see Supplementary Fig. S30) without requiring
self-consistent calculations.

To assess the effect of the TiN support on the HER activity of Ru
sites, we built the thermodynamic Sabatier-type activity plot in
Fig. 4c*. In this case, the activity is expressed as the additive inverse of
the HER overpotential (—1gg). In this plot, —n,z = 0 is the top of the
volcano and corresponds to AG,, =0.83eV. This optimal adsorption
energy is attained by the HER ideal catalyst, depicted in green. Fur-
thermore, the volcano shows that all the pure Ru sites under study
concentrate on the strong-binding (left) region, displaying 1, values
between 0.32 and 0.17 V. Conversely, TiN-supported Ru NPs produce a
wider range of adsorption energies from 0.1 to 1.05 eV, which cover
both sides of the activity plot. Interestingly, there is a nearly optimal
active site with 17, =0.03V. The volcano plot also includes pristine
TiN, which performs poorly as HER catalyst in view of its weak
hydrogen binding (AG, = 1.56eV producing a —nyr; as large as
-0.73V; see also a comparison with previous reported data in

Computational Details, and Pt(111), which binds *H~0.1eV more
strongly than the optimal catalyst, set at —0.83 eV. Figure 4c shows that
the active centers of Ru NPs with cn =8 are more active than Pt(111) in
terms of thermodynamic overpotential.

To supplement the thermodynamic viewpoint, Fig. 4d connects
the exchange current density to the DFT-calculated adsorption ener-
gies of the Ru NPs through an affordable microkinetic model (full
details are provided in “Methods” section)*’. As the adsorption ener-
gies of the Ru NPs are related to cn following Fig. 4b, this semiempirical
model also enables a connection between the reaction kinetics and the
structure of the catalyst. In fact, the labels in Fig. 4d indicate the
respective cn of each TiN-supported Ru NP site, and shows that
adsorption centers with cn close to 8 and metal-support interactions
display the highest current densities.

Finally, DFT was used to assess the stability of the Ru NPs supported
on TiN and C, see Figures S35 and S36 and Table SI11. A Ru particle
composed of 17 atoms bound to TiN(100) and graphene yields total
adhesion energies of -20.42 and -2.99 eV, respectively. This sizable
difference is in line with the experimental observation that the stability
of Ru/TiN is higher than that of Ru/C. When accounting for the number
of Ru atoms in direct contact with TiN(100) and graphene (7 in both
cases), the adhesion energies per atom are -2.92 and -0.43 eV/atom,
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Fig. 5 | Electrochemical performance of Ru NPs/TiN in AEM electrolyzers.

a Schematics of the AEM electrolyzer. b J-V curves of the AEM electrolyzer using
Ru NPs/TiN, commercial Pt/C (20%) and Ru/C (5%) as the cathode catalyst and
NiMoFeOy NF as the anode catalyst, measured at 25 °C and 1bar. Geometric area
of the electrode: 1cm? electrolyte: 30% KOH; scan rate: 1mVs™. ¢ LSV curves of
the Ru NPs/TiN | [FAAM-20 | INiMoFeO, NF AEM electrolyzer measured at differ-
ent temperatures. Geometric area of the electrode: 1cm? electrolyte: 30% KOH;
scan rate: 1mVs™. d Energy efficiency of Ru NPs/TiN | [FAAM-20 | [INiMoFeO, NF

AEM electrolyzer under different current densities. e EIS of the AEM electrolyzer
(Rs: 89 £3.92mQ, 89 is the average of the values of four tests, and 3.92 is the
standard deviation). f Polarization curves of Ru NPs/TiN | [FAAM-20 | INiMoFeO,
NF in the AEM electrolyzer measured before and after the stability test.

g Chronopotentiometry test of Ru NPs/TiN | [FAAM-20 | [NiMoFeO, NF at 1, 2 and
5Acm™in the AEM electrolyzer, measured at 80 °C and ambient pressure. Geo-
metric area of the electrode: 1 cm? electrolyte: 30% KOH.

respectively. Furthermore, additional calculations of the per-atom
binding energies of Ru;; bound to graphene with one (-1.52 eV/atom)
and two vacancies (-2.25 eV/atom) suggest that only when numerous
defects are created, may the adhesion energies of a given Ru cluster on
graphene approach that on TiN(100) (see Supplementary Table S11 and
Supplementary Figure S36). Further details on the stability calculations
can be found in “methods” section. The optimized coordinates of all of
the modeled systems can be found in the supplementary data 1.

AEM electrolyzer performance
In pursuit of optimal electrolytic cell performance, various oxygen
evolution reaction (OER) electrocatalysts were developed, which also

play an important role during water splitting. As depicted in Supple-
mentary Figs. S37-S38, NiFe layered double hydroxides (NiFe LDH)
and NiMoFeO, were uniformly dispersed on a nickel foam (NF).
NiMoFeO, has a better OER performance than traditional NiFe LDH
(Supplementary Fig. S39) and can operate stably at a current density of
200 mA cm™ (Supplementary Fig. S40). Subsequently, we assembled
an AEM electrolyzer using Ru NPs/TiN and NiMoFeO, NF as the HER
and OER electrocatalysts, respectively, to assess the practical appli-
cation potential of the electrocatalysts under industrial operating
conditions. The electrolyzer cell, schematically illustrated in Fig. 5a,
featuring the NiMoFeO, NF anode and Ru NPs/TiN cathode, was
operated at 80 °C and 1 bar, with a 30% KOH electrolyte and Fumasep
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FAAM-20 as the anion exchange membrane. Supplementary Fig. S41
displays a photograph of the AEM test setup. The characteristic
polarization curves without iR compensation in Fig. 5b clearly indicate
that the electrolyzer with Ru NPs/TiN catalyst has enhanced water
electrolysis efficiency at room temperature compared with the com-
mercial Ru/C and Pt/C electrocatalysts, as the former reaches larger
current densities at the same cell potentials compared to the latter.

Figure 5c displays the polarization curves of the Ru NPs/TiN||
FAAM-20 | INiMoFeO, NF electrolyzer tested under different tem-
peratures. The results indicate that the reaction temperature has a
substantial influence on the performance. Specifically, these values
correspond to energy efficiencies (neglecting the thermal energy input
and calculated using Equations S1 and S2) of 70.1, 64.3 and 58.0%,
respectively (Fig. 5d). Three additional independent LSV tests were
conducted, and the corresponding energy efficiencies are given in
Supplementary Figs. S42 and S43, which exhibit no significant differ-
ences in performance (Supplementary Tables S13 and S14). By means
of EIS, we evaluated the ohmic resistance (R;) and charge-transfer
resistance (R.). We found negligible R; and R, for the AEM cell, as
depicted in Fig. Se. Moreover, R, (89 +3.92 mQ) remains consistent
across four independent tests, with minor variations observed in R,
(Supplementary Figs. S44 and S45).

A long-term chronopotentiometry test of the Ru NPs/TiN | [FAAM-
20 | INiMoFeOy NF electrolyzer was also performed to evaluate its long-
term operation stability for alkaline electrolysis. Figure 5 g shows that
the voltage of the Ru NPs/TiN | [FAAM-20 | INiMoFeO, NF electrolyzer
does not change significantly at current densities of 1.0, 2.0 and
5.0 Acm™over 1000 h of continuous operation, validating the stability
of the electrolyzer under fixed galvanostatic conditions with ampere-
level current densities. The curve experiences fluctuations due to gas
bubble formation, growth, and desorption. The addition of fresh
electrolyte is yet another source of fluctuations. In addition, no
obvious degradation in performance was observed from the polar-
ization curves after conducting the stability test at 1A cm™ (Fig. 5f). In
terms of both performance and stability, the Ru NPs/TiN | [FAAM-20 | |
NiMoFeOy NF electrolyzer exhibits clear advantages compared to AEM
cells in the literature (Supplementary Table S16). In brief, the low cell
potential and long stability of the Ru NPs/TiN | [FAAM-20 | [NiMoFeO,
NF electrolyzer evidence its potential for industrial application.

In summary, a highly active Ru NPs/TiN HER electrocatalyst was
designed and synthesized via a facile and cost-effective method. The
Ru NPs are homogeneously dispersed on the TiN supports and there is
catalyst-support charge transfer. HER measurements in alkaline con-
ditions showed an overpotential as low as 73 mV at -100 mA cm™ for
Ru NPs/TiN. Notably, the normalized mass activity of Ru NPs/TiN is
higher than those of commercial Pt/C (20%) and Ru/C (5%). Structure-
sensitive analyses and Sabatier-type volcano plots built upon DFT
calculations showed that the TiN support weakens hydrogen adsorp-
tion on Ru NPs with respect to extended Ru electrodes. Because pure
Ru binds hydrogen too strongly, such a weakening enhances the cat-
alytic performance. In addition, computational results also showed
that Ru NPs adhere more strongly to the TiN support compared to a
C-based support. Moreover, due to the strong metal-support interac-
tions, Ru NPs/TiN are able to deliver more than 1000 h of stable
operation at ampere-level (1, 2 and 5A cm™) water-splitting current
densities in an AEM electrolyzer. These findings illustrate the effec-
tiveness of metal-support interactions in enhancing the overall cata-
Iytic performance of Ru NPs and highlight their potential for practical
implementation in large-scale green H, generation using AEM cells.

Methods
Chemicals
Ruthenium chloride hydrate (RuCl;-H,0, 98%) and tetrabutyl titanate
(C16H3604Ti, 98%) were purchased from Macklin. Nickel nitrate hexahy-
drate [Ni(NO3),-6H,0] (99%), iron nitrate nonahydrate [Fe(NO5),9H,0]

(99%) and sodium molybdate dihydrate [Na,M004-2H,0] (99%) were
purchased from Aladdin. Pt/C (20%, normally 20% Pt on carbon black)
and Ru/C (5% Ru on carbon black) were purchased from Alfa Aesar.
Acetone (analytically pure) and hydrochloric acid (HCI, 36%) were pur-
chased from Tianjin Chemical Reagent Co., Ltd. Carbon fiber paper and
Ni foam (2 mm thickness) were purchased from Suzhou JiaShiDe Foam
Metal Co., Ltd. All chemicals were used without further purification. CFP
was pretreated in a plasma cleaner before use. NF was cleaned with 1M
HCI and distilled water, and dried in a vacuum drying oven before use.
Fumasep FAAM-20 anion exchange membrane was purchased from SCI
Materials Hub.

Characterizations

A Panalytical diffractometer (the Netherlands) (40 kV, 15 mA, 600 W)
was used for X-ray diffractometry (XRD) at room temperature. Scan-
ning electron microscopy images were tested by a field-emission
scanning electron microscope (JSM-7800F, Jeol, Japan). Transmission
electron microscopy, high-resolution transmission electron micro-
scopy, and energy-dispersive X-ray spectroscopy were tested by a
transmission electron microscopy microscope (JEM-2800, Jeol, Japan).
HAADF-STEM images were tested by aberration-corrected transmis-
sion electron microscope (JEM-ARM200F). X-ray photoelectron spec-
trometer (Thermo Scientific ESCALAB 250Xi, USA) with Al Ka
(hv =1486.6 eV) radiation was performed to detect the valence states
of the elements, using the carbon peak as a reference to calibrate
binding energies®”. Inductively coupled plasma optical emission
spectroscopy was conducted on Agilent 5110 (pump rate :100 r min™,
plasma gas: 12.0 L min™; nebulizer flow :0.70 L min’}; stable time: 20 s;
auxiliary gas: 1.0 L min™; reading access time: 5s; sample flush time:
20 s; RF power: 1150 W). Raman spectra were measured on a JMS1000
(Edinburgh instruments, laser: 532-nm). The pH was tested by pH
meter (Mettler Toledo, FiveEasy plus, FE28).

Synthesis of CFP supported TiN

Before the experiments, the CFP (3 x 3 cm?) was pretreated in a plasma
cleaning instrument. Firstly, TiO, nanowires were grown on the CFP
using a hydrothermal method. The CFP was immersed in a C;gH3604Ti
ethanol solution (obtained by dissolving 0.32 g C;¢H3¢04Ti in 20.0 mL
anhydrous ethanol), ultrasonicated for 40 min, then annealed in a muffle
furnace at 400 °C for 30 min. This formed the TiO, seeds on the surface
of the CFP. Next, 15 mL HCI, 15 mL acetone, and 1.5 mL C;¢H3¢04Ti were
added into a Teflon-lined stainless autoclave (50 mL volume) and the
CFP coated with TiO, seeds was dipped into the solution. The hydro-
thermal reaction was maintained at a constant temperature of 200 °C for
80 min in an electric oven and then cooled at room temperature. The
sample was then sonicated with deionized water for 10 min and dried in
a vacuum oven at 60 °C for 6 h. This process covered the entire surface
of the CFP with a uniform white film of TiO, nanowires. Finally, the
samples were annealed in NH3 at 900 °C for 3 h with a heating rate of
3°C min™ to produce the CFP supported TiN.

Synthesis of CFP supported Ru NPs/TiN

The CFP supported TiN was immersed in 5mL 20 mg mL™ RuCl;-H,0
aqueous solution and stirred for 24 h, then annealed in a tube furnace
at 500 °C for 2 h at a heating rate of 3°C min™ under an Ar/H, atmo-
sphere to obtain CFP supported Ru NPs/TiN.

Synthesis of NiFe LDH/NF

The NiFe LDH/Ni foam electrodes were prepared via a hydrothermal
growth method with a slightly adjusted protocol. Specifically, 0.15 g of
Ni(NO3),, 0.20 g of Fe(NO3)3, and 0.3 g of urea were dissolved in 36 mL
of deionized water. Once dissolved, the solution was transferred into a
50 mL autoclave containing a piece of Ni foam positioned against the
wall. The hydrothermal synthesis was conducted at 120 °C in an elec-
tric oven for 6 hours. Subsequently, the autoclave was allowed to cool
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naturally to room temperature, and the samples were then retrieved,
rinsed with deionized water, and air-dried under ambient conditions®.

Synthesis of NiMoFeOx/NF

Firstly, the commercial NF was washed with 1 M HCl and distilled water.
Next, one piece of NF (3cm?x3 c¢cm?) was immersed in 30 mL H,O
containing Ni(NO3),-6H,0 (0.04 M), Fe(NO3),-9H,0 (0.02M) and
Na,Mo0,4-2H,0 (0.01 M) in a 50 mL autoclave, then reacted at 150 °C in
an electric oven for 6 h. After allowing the autoclave to cool naturally
to room temperature, the samples were removed, washed with deio-
nized water, and dried naturally in ambient conditions.

Electrochemical measurements using a three-electrode system
All electrochemical measurements were performed using a conven-
tional three-electrode configuration on a CHI 760E electrochemical
workstation (CHI Instruments, China). A platinum electrode and a Hg/
HgO electrode were used as the counter electrode and reference
electrode, respectively. The method for preparing 1M KOH is as fol-
lows: Dissolve 28 grams of potassium hydroxide in 500 mL of water
with ultrasound assistance until fully dissolved. Store the solution in a
polytetrafluoroethylene container. The CFP supported Ru NPs/TiN was
used as the working electrode, and the geometric area was 1 cm?
Linear sweep voltammetry (LSV) was performed at a rate of 1mVs™in
1M KOH. Cyclic voltammetry (CV) was conducted at a rate of 10 to
50 mVs™ to calculate the double layer capacitance (C). The potential
vs. Hg/HgO was converted to the potential vs. the reversible hydrogen
electrode (RHE) according to the equation: Egyg = Epg/ngo +0.098 +
0.0592 pH. The pH of the electrolyte was 13.83 + 0.05, as measured by
the pH meter. The pH meter was calibrated using buffer solutions of
various pH levels (potassium hydrogen phthalate solution, pH = 4.00;
mixed phosphate solution, pH = 6.86; sodium tetraborate solution, pH
= 9.18) before being used. The process: (1) the electrode was rinsed
with deionized water and excess drops were gently blotted with a lint-
free tissue. (2) The electrode was placed into the first buffer, so the
electrode tip and junction were fully immersed in the buffer. (3) We
pushed the calibrate button and waited for the reading to stabilize. (4)
We repeated the above steps until all three calibrations were complete,
then pushed the reading button. (5) The electrode was rinsed with
deionized water and excess drops were gently blotted with a lint-free
tissue. (6) We placed the electrode into the 1M KOH solution, the
electrode tip and junction being fully immersed in the solution. (7) We
pushed the reading button until the reading stabilized and recorded
the pH. All polarization curves were iR corrected. The solution resis-
tance (R,) was tested by potentiostatic electrochemical impedance
spectroscopy (EIS) at frequencies ranging from 0.01Hz to 100 kHz
with an AC signal amplitude of 5mV. Stability was examined by
chronopotentiometry testing at -10, -50, -100 and -1Acm™ The
electrocatalyst inks of Pt/C (20%) and Ru/C (5%) were prepared by
mixing them (2.1mg) with a solution containing a ratio of 10
(100 pL):10 (100 pL):1 (10 pL) of water to ethanol and Nafion binder,
respectively. Subsequently, the ink (100 pL) was deposited onto one
side of a 1cm x 1cm carbon paper substrate and allowed to dry in air.
The mass loading of both electrocatalysts was maintained at 1 mg cm™.
ICP-OES was utilized for detecting the metal content before and after
the stability testing of catalysts and electrolyte. The formulas used are
indicated in Egs. 2 and 3:

c (g) _Co("8) xf x Vo (mL)x107> _ Cy("E) * Vo(mL) x10~°
*\ kg m(g) «1073 m(g) «1073
@

C.(me
W(%) = ka) x100% 3)

The formula for the electrolyte concentration is indicated in Eq. 4:

(") =Co () # f * Votmby/vimt) @)

m: quality of samples; Vo: constant volume of samples; Cy: con-
centration of test solution elements, in units of mg L™%; C;: concentra-
tion of elements in the original solution of the sample digestion
solution, in units of mg L. Cy: final test result of the measured element;
f: dilution factor; W (%): final test result of the measured element,
expressed as a percentage.

AEM electrolyzer testing

The AEM electrolyzers employed a zero-gap electrolysis cell made
from stainless steel, featuring corrosion-resistant anode and cathode
flow field plates, Ni foam gas diffusion layers (both in cathode and
anode), and Teflon gasketing. The cathode options included Ru NPs/
TiN, Pt/C (20%), and Ru/C (5%), while the anode choices were
NiMoFeO,/Ni foam and NiFe LDH/Ni foam. Both cathode and anode
had a geometric area of 1 cm?. The Pt/C (20%) and Ru/C (5%) had a mass
loading of 1mg cm~2, consistent with the three-electrode system. To
prepare 30% KOH, 150 grams of KOH were dissolved in 350 mL of
water using ultrasound until fully dissolved, and the solution was
stored in a polytetrafluoroethylene container. Fumasep FAAM-20, with
a thickness of 18-22 pm, served as the anion exchange membrane. The
membranes, cut into 2.5 cm x 2.5 cm squares, underwent pretreatment
in a 6 M aqueous KOH solution for 24 hours at room temperature. To
prevent CO, contamination and subsequent carbonate formation that
could affect conductivity, sealed plastic boxes were used as containers.
The membranes were fully submerged in the KOH solution during
pretreatment. Specific membrane parameters are detailed in Table S12.
A peristaltic pump (Kamoer) delivered 30 wt% KOH electrolyte con-
tinuously to the anodic and cathodic half-cells at a flow rate of
30 mL min™ respectively, maintaining a temperature of 80 °C. Elec-
trochemical measurements including LSV and EIS were conducted
using a Donghua 4600 electrochemical workstation, with an LSV scan
rate of 1mVs™. Henghui potential was applied for chron-
opotentiometry tests. The potentiostat software captured data at one-
second intervals. During each current step, the cell voltage was mea-
sured to plot points on the polarization curve. Cell resistance was
evaluated via EIS measurements conducted under potentiostatic
conditions (1.6 V) at 80 °C. Frequency was swept from 100 kHz to
0.01Hz using an AC signal amplitude of 5mV. The durability of the
AEM electrolyzer was evaluated using chronopotentiometry (CP)
measurements, maintaining fixed current densities of 1,2 and 5 A cm™2

The energy efficiency of the AEM was calculated as per Eq. 5.

Thermodynamic voltage (V)

Voltage efficiency = Operating voltage (V)

©)

The thermodynamic voltage, which represents the ideal voltage
for water splitting under our operating conditions (80 °C, 1 bar), can be
estimated using the following equations’*:

Thermodynamic voltage(V)=1.4736 — 0.8212x1073 x T (T is expressed in K)
(6)

Under the conditions of 80°C and 1bar, the thermodynamic
voltage is computed to be 1.184 V.

Computational details

DFT settings. All DFT calculations were performed using the VASP
code and the projector augmented wave (PAW) method to describe
the interactions between the valence electrons and the ionic cores®~,
In all cases, the PBE exchange-correlation function was employed®’.
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The Ru(105) surface cell comprises two (0001) facets, each of
them being three atoms long, separated by triangular and square
steps, and has a width of two atoms. The Ru(109) surface was com-
posed of five-atoms long (0001) surfaces delimited by triangular and
square edges, and a terrace width of two atoms. Both Ru slabs con-
tained five atomic layers. TiN was modeled in its (100) facet using four
(6 x6) atomic layers. Graphene was modeled in its characteristic
honeycomb lattice with 72 atoms (6 x12). A vacuum layer of at least
10 A was added between the periodic images of all surface slabs in the z
direction.

For all surfaces, the atom relaxations were carried out using the
conjugate gradient algorithm and, except for graphene, the two bot-
tom layers were kept at the bulk geometry while the upper layers were
allowed to move until all the forces between the atoms were below
0.05eV AL, For graphene, all the atoms were allowed to move during
the relaxation. The molecules were modeled in 15 A x 15 A x 15 A boxes
and the atoms were relaxed in all directions until the forces between
them were 0.01eV A or less.

For the slabs, the Fermi level was smeared using the Methfessel-
Paxton method*® with an electronic temperature of 0.2 eV, while for
the molecules a value of 0.001eV was used. All energies were extra-
polated to O K. The reciprocal space was sampled using Monkhorst-
Pack meshes* of (3 x 3 x1) for TiN, (5 x 3 x 1) for Ru(105), (6 x 2 x 1) for
Ru(109), (2 x2x1) for graphene, and only the I'-point for the mole-
cules. The calculations of the Ru nanoparticles (NPs) supported on TiN
(referred to as Ru/TiN) used the same settings of TiN. A plane-wave
energy cutoff of 450 eV was used in all calculations.

DFT calculations

Modeled systems. 21 different Ru NPs were built on a TiN(100) surface
to adsorb hydrogen on sites with coordination numbers (cn) in the
range of 1-9, see the structure of the systems that resulted in the most
stable adsorption energies in Figure S29.

Assessment of free energies
The DFT-calculated free energy of a reaction i (A G*"T) at a pH = 0 with
no external potential applied can be approximated as:

298.15K

AGPFT = AEOPFT + AZPE,+ A / C, dT — TA;S )
0

where E0PFT is the ground-state energy, ZPE; is the zero-point energy
calculated within the harmonic oscillator approximation,
298.15K

o C,dT is the integrated heat capacity between 0 and 298.15K,
TSis the product of temperature and entropy, and “A” represents the
difference between the products and reactants. For the molecules, S
can be obtained from thermodynamic tables®®, while for adsorbates it
is customary to account for the vibrational contribution only,
computed from the vibrational frequencies. Table S5 summarizes the
ZPE and TS values in this work.

Free energies of adsorption in acid and alkaline conditions
The adsorption of hydrogen in acidic media is:

H'+e +x >« H ®)
where H* + e~ is a solvated proton-electron pair, * is a free catalytic

site, and *H represents adsorbed hydrogen. The free energy of the
proton-electron pair is equal to half the free energy of H,, as defined by

the computational hydrogen electrode (CHE)*'. Thus, G, . = 3GJ/7.
Using the definition in Eq. 7, AG%™ is calculated as:
. 1 DFT
AGH™ = AGPAT — 586 - AGPT 9)

2

We note that A [2*¥Cp,dT is not included in Equation 9 as the
difference between the integral heat capacities of H, and *H is below
0.1eV in the range of 0-298.15K, and the integrated heat capacity of
the catalyst with and without such a small adsorbate is expected to be
similar®>®*,

The hydrogen adsorption energy at a pH other than O can be
calculated as:

AG@kaline _ AGacid 1 ). 059 pH 10)

Alternatively, alkaline hydrogen adsorption can be written as:

Hy,0 e +x — « H+OH 11

In this case, Eq. 7 yields:
AGH e = AGTT +AGo, — MG 5, — AGYT 12)
with AGDFT = AGHFT AmpGif‘:), and A,,asz“; having an

experimental value of 0. 09@(;.V60 By comblnlng Equatlons 9,10 and 12,
AG@ZK can be estimated through the energies of gaseous water and
hydrogen (see Eq. 13), avoiding the challenging calculations of aqu-
eous systems using DFT*,

1
Goit., =(AGylp, —0.09¢eV) — iAch T+0.059pH  (13)

We computed the difference between RPBE and PBE hydrogen
adsorption energies on Ru(0001) and Pt(111) to allow a direct com-
parison with the work of Nerskov et al. where RPBE was used*’. For
Ru, this correction is 0.14 eV and for Pt the correction is 0.18 eV®°.
The values were added to all the corresponding PBE-calculated
energies. Hydrogen adsorption energies can then be used to estimate
the additive inverse of the overpotential (—nz), typically used as a
metric of the electrocatalytic activity within the HER and defined as

follows: ~Nyeg = —Max(AG;, AGy)/e~ — U where U° = —
0.83V, AG, = AGUkine AG, = AG® — AG,,and AG® = —2U° =1.66 eV.

Table S6 compiles all the calculated free energies of adsorption
for pure Ru surfaces and the respective —r,,c While Table S7 shows the
adsorption energies, their average, standard deviation, and the
respective —1, for the Ru NPs supported on TiN(100). In both tables,
the coordination number (cn) of the adsorption site is also shown.

We also evaluated the energetics of the water dissociation reac-
tion (AGgy3, see Eq. 14), on Ru(0001), Pt(111) and the most active site on
Ru/TiN clusters (cn = 8). The results in Table S8 confirm that water
dissociation is facilitated on pure Ru(0001) and TiN-supported Ru in
comparison to Pt(111). Furthermore, the weaker adsorption of *H on
Ru/TiN with respect to Ru(0001) accounts for its enhanced catalytic
activity (Fig. 4b in the main text).

*H,0+e +% -« H+ x OH 14)

Note that *H was relaxed on the support, and we did not find
favorable adsorption energies (1.56¢eV), see the red data point in
Fig. 4b. Hence, neither Ti nor N atoms of the TiN(001) support should
be active for the HER. Although at first our hydrogen adsorption
energies on TiN(100) (1.56 eV) differ significantly from those reported
by Siodmiak et al. (-2.2eV)*, the differences stem from the use of
different scales. Presumably, Siodmiak et al. carried out spin-restricted
calculations using the H atom as a reference. Under such conditions,
we get a binding energy of —1.83 eV, which is in line with the afore-
mentioned value of -2.2 eV. For completeness, we performed spin-
unrestricted adsorption calculations using the H atom as a reference,
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obtaining a binding energy of -3.00 eV. This value is aligned with the
results reported by Marlo and Milman using RPBE (-2.88 eV) and PW91
(-2.99 eV)*®. The differences between our calculated energies and
those in other studies probably stem from the use of different xc-
functionals, DFT codes, convergence criteria, and spin effects. Anyway,
under alkaline electrochemical conditions the H atom is not a suitable
reference. Instead, we used H,O as a reference to estimate the weak *H
adsorption energy on TiN(100) of 1.56 eV.

Electronic-structure descriptors

From the values in Tables S6 and S7, linear trends between AGg/kaline
and the coordination number of supported and pure Ru can be
established, as shown in Fig. 4b in the main text. Here we show that the
adsorption energies also correlate with electronic descriptors, such as
the d-band center (g,) and the crystal orbital population integrated to
the Fermi level (iCOOP). These electronic descriptors were calculated
for the systems on which the most stable hydrogen adsorption was
obtained (each of them having an adsorption site with a specific cn)
using the post-processing VASPKIT® and the local-orbital basis suite
towards electronic-structure reconstruction (LOBSTER) packages’®>.
For comparison, Supplementary Fig. S30 presents the trends between
the most stable adsorption energies for each cn.

Supplementary Fig. S31a shows the relationship between AG,, and
&4 of the Ru NPs. The latter was calculated by including all the Ru atoms
in the nanoparticles. Supplementary Fig. S31b depicts AG, the iCOOP
of each Ru NP. For both descriptors, the Fermi level is used as refer-
ence (i.e., Ep=0eV).

Supplementary Figure S31a outlines a relationship between the d-
band center of each supported Ru NP and AG,. This linear trend
suggests that d-band centers close to the Fermi level favor hydrogen
adsorption when compared to largely negative values. This is in
accordance with the d-band model of Hammer and Negrskov’*”, which
states that adsorption energies weaken because left-shifted d-bands
promote the occupation of antibonding states.

The use of iCOOP as a descriptor in Supplementary Fig. S31b leads
to similar trends. In a nutshell, positive COOP values indicate an
overlap of bonding interactions between the adsorbate and the metal.
Analogously, negative COOP values are correlated with antibonding
interactions. Thus, positive integrated COOP values (iCOOP) suggest
stronger bonding with more stable adsorption energies. Similar trends
have been obtained when several atoms are adsorbed on transition
metals*® and when *H is adsorbed on metal-doped MoS,"".

Supplementary Figure S32 shows the correlation between the two
electronic descriptors in Supplementary Figure S31. The correlation
coefficient in this trend (r=0.82) implies that the descriptors behave
similarly in all of the Ru NPs examined and provide similar conclusions.
In other words, they could be used interchangeably. This is supported
by the similarity of the MAE/MAX in Figure S31 (MAE: 0.13 vs 0.16 eV;
MAX: 0.34 vs 0.38 eV).

We performed analogous calculations for two extended surfaces
of pure Ru, namely Ru(105) and Ru(109). Figure S33a-b show the
trends for AG,, versus &, and iCOOP, respectively. €, for the extended
Ru surfaces was calculated only considering the atoms involved in the
adsorption. Similar to the Ru NPs, Ru(105) and Ru(109) display trends
with negative slopes for both descriptors. However, the predictive
capabilities of the electronic descriptors improve for the extended
surfaces when compared to the Ru NPs. Specifically, Ru(109) and
Ru(105) surfaces display MAE and MAX close to chemical accuracy
(-0.04 eV) in all cases, while the supported Ru NPs involve MAE and
MAX of -0.14 eV and 0.36 eV in all cases. Although the two descriptors
performed similarly, the d-band center yields the lowest MAE and
MAX for both surfaces. Again, the correlation between both
descriptors is strong (Supplementary Fig. S33c), suggesting that they
could be used interchangeably, as observed for Ru NPs in Supple-
mentary Fig. S32.

Furthermore, we combined the individual trends of Ru(105) and
Ru(109) to obtain a single trend for pure Ru. To do so, we used the
average values of the electronic descriptors when the cn of the Ru
adsorption sites coincided, as done in Fig. 4b. The standard deviations
were used as error bars for both descriptors. The trends for pure Ru are
shown in Supplementary Fig. S34. The values used to build the trends
in Supplementary Figs S30-S34 are compiled in Supplementary
Table S9.

Kinetic volcano plot

The energies in Tables S6 and S7 were used to calculate the negative of
the overpotential (—17,¢), used as an activity metric in Fig. 4c. We also
elaborated a volcano using the model proposed by Ngrskov et al.*% In
their microkinetic model, the expressions for the HER exchange cur-
rent density (i,) depend on the strength of hydrogen adsorption. For
weak adsorption, i.e., on the right leg of the volcano, the exchange
current is:

i - —e. kg - e Muer/ksT (15)
o 1+ e—"uer/ksT

For strong adsorption, on the left leg of the volcano, the exchange
current is:

- _—C kO

b= 1+ efner/ksT (16)
where n,e, is the overpotential, e. is the charge of the electron
(1.602-107 C), k, is the Boltzmann constant (8.617-10 %eVK™),
T=298.15K, and k,, the only free parameter, is the rate constant. The
latter was adjusted using an experimental exchange current density of
-1.034 mAcm—2. All the data used to build the volcano plot are pre-
sented in Table S10.

NP stability
We calculated the energy per atom of a Ru NP supported on TiN(100)
as a means to assess its stability as:

DFT DFT DFT
ENP+ TiN(100) — ETiN(lOO) -n- ERu ref.
n

Energy per Ru atom in the NP =
a7

where EQp’ rivaoo, is the DFT-calculated energy of the Ru NP supported

on TiN(100), E74y 160, is the DFT energy of TiN(100) without the Ru NP,

Egurer is the energy of a Ru atom in a reference state, and n is the

number of Ru atoms in the NP. For this analysis, we chose two

reference states to obtain E3; .- : one Ru atom in the gas phase and the

energy of one Ru atom in an hcp bulk. Supplementary Fig. S35 shows
the trends in the energy per Ru atom for several Ru NP of increasing
size for both references. Supplementary Fig. S35 shows that for
nanoparticles with ~10 Ru atoms or more, the energy per Ru atom
starts to converge to a certain value. Moreover, the gap of 6.62eV
between the trends corresponds to the DFT-calculated cohesive
energy of Ru (E.op), in line with the experimental value of 6.74 eV.

Besides, we calculated the DFT adhesion energies (E25]) of a Ruy;

nanoparticle on TiN(100) and graphene and used them as proxies for
the Ru stability in the Ru/TiN and Ru/C systems. The DFT binding
energies are calculated as follows:

Eping = ERupys = E"" — ERy, (18)
where Ep, . is the energy of the Ru NP on the support, £27 is the

energy of the clean support (either TiN(100) or graphene), and F 251: is
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the energy of the Ru NP alone. While a full relaxation was carried out to
obtain £, (the composite system: Ru; + support), single-point
calculations were performed to obtain £2*" (support) and Fp,’
(nanoparticle) using the respective relaxed geometries yielded by
the Fp,”, calculation.

The values obtained from Eq. 18 are total adhesion energies
(AE 441 c0r)» NOt adhesion energies per atom (AE ;44 410m)- TO Obtain the
latter, AE 4 ;o is divided by the number of Ru atoms bound to the
surface. For Ruy;, the number of Ru atoms in contact with TiN(100) and
graphene is 7 in both cases, resulting in AE ;4 40 Of =2.92 and -0.43 €V/
atom, respectively. We also calculated a Ruy; cluster on TiN(100), which
yielded a AE ;4 gom Of —2.62 eV/atom, close to that of Ruy;. To assess the
impact of graphene defects on the adhesion of Ru NPs, we calculated
Ruy; bound to graphene with one and two C vacancies (monovacant and
divacant graphene). The defects were created by removing C atoms
initially in contact with Ru, which decreased the number of Ru atoms
bound to graphene from 7 to 6. The resulting total and per-atom
adhesion energies are in Supplementary Table S11 and Supplementary
Fig. S36. C vacancies enhance the adhesion of the Ru cluster on gra-
phene, changing AE .4, o, from =2.99 t0 -9.05 eV (AE ;41 arom from —0.43
to —1.52 eV/atom) with one C vacancy, and from —9.05 to -13.53 eV (-1.51
to —2.25eV/atom) with a second vacancy. This suggests that the adhe-
sion energy of a given Ru cluster on graphene may only approach that on
TiN(100) (-2.92 eV/atom) when numerous defects are created.

Data availability
The datasets generated during and/or analyzed during the current
study are available in the figshare repository, https://doi.org/10.6084/
m9.figshare.26233358.
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