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Enhanced Tri-Atom Ru-Based Catalyst for Hydrogen
Evolution Reaction via Rapid Pyrolysis of Precursor

Xiaoyang Ren, Mengjiao Li, Kaiyue Wang, Ruihu Lu, Mengge Lu, Panpan Li, Yi Yao,*

Shao Jin, Ziyun Wang,* and Shubo Tian*

Atomically precise supported nanocluster catalysts (APSNCs), with
well-defined metal active sites, unique geometrical and electronic structures
and metal-metal bonds, demonstrate excellent catalytic performance.
However, the synthesis of APSNCs with well-defined active centers and stable
structures remains a huge challenge due to uncontrollable aggregation during
synthesis and catalytic reactions. Herein, the Ru; nanocluster catalysts
uniformly dispersed on oxidized carbon nanotubes (Ru;/OCNT) is
successfully synthesized by using a rapid pyrolysis of precursor strategy. The
obtained Ru; /OCNT exhibits excellent catalytic performance for alkaline
hydrogen evolution reaction (HER). The catalyst achieves an overpotential of
19 mV at a current density of 10 mA cm~2 in 1 M KOH solution,
outperforming commercial 20 wt.% Pt/C and 5 wt.% Ru/C. Moreover, the
mass activity of Ru; /OCNT is 23.47 and 11.83 times higher than that of
commercial Pt/C and Ru/C. Density functional theory (DFT) calculations

catalysis.> ] The adjacent metal active
sites and synergies in APSNCs can em-
power new catalytic reaction pathways,
reduce the reaction energy barrier, en-
hance catalytic activity, and overcome the
barrier of single-atom catalysts that lack
sufficient sites to accommodate reactants
and intermediates.'>71¢]  Furthermore,
the study of APSNCs offers a potential
opportunity to reveal the real active site
in the catalytic reaction and elucidate
the reaction mechanism.[”'718] However,
achieving precise control of the atomic
number of APSNCs and preventing their
agglomerating during catalytic reactions
are great challenges to be solved.*"]

Against the backdrop of an acceler-

reveal that the metal-metal interaction and metal-support interaction in

Ru; /OCNT effectively modulate the electronic structure of Ru atoms, lower
the hydrogen adsorption energy of the catalytic site, and promote the H*
desorption. This work offers a new perspective on the design and synthesis of
APSNCs with excellent alkaline hydrogen evolution performance.

1. Introduction

Atomically precise supported nanocluster catalysts (APSNCs) are
composed of metal clusters with precise atomic numbers that
are stabilized on supports.'®] The size of the metal cluster
falls between that of the single-atom and nanoparticle, thereby
possessing distinct and uniform metal active sites, which ren-
ders it highly promising for diverse applications in the field of

ated energy industry transformation, hydro-
gen energy has emerged as a new solu-
tion to address the energy crisis and es-
tablish a modern energy system, owing
to its advantages of zero pollution, high
calorific value, abundant resources, and
versatile applications.[??!l As one of the
pivotal half-reactions in water electrolysis,
the hydrogen evolution reaction (HER) at
the cathode has become an important research direction for the
preparation of green hydrogen.[?22*] However, the kinetic reac-
tion steps of alkaline HER are relatively complex and involve the
adsorption and dissociation of intermediate.[***) Currently, no-
ble metal catalysts are often used to reduce the overpotential of
hydrogen evolution reactions, but the cost of catalysts is high
due to the scarcity of precious metals.3*-32] The synthesis of AP-
SNCs is expected to provide a way to utilize precious metals more
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Figure 1. a) Schematic diagram of the synthesis of Ru; JOCNT catalyst. b,c) AC HAADF-STEM images of Ru;/OCNT and Ru;/OCNT. d) XRD patterns

for OCNT, Ru3/OCNT, and Ru;/OCNT catalysts.

economically and effectively. More importantly, an in-depth study
of the relationship between the structure and properties of AP-
SNCs could provide a promising framework for designing and
optimizing catalysts at the atomic scale.

In recent years, Ru-based nanocatalysts have attracted increas-
ing attention in the field of hydrogen production via water elec-
trolysis due to their superior electrochemical activity. However,
the strong adsorption hydrogen intermediates (H*) on Ru sites
hinders the hydrogen desorption process, thereby limiting the
electrocatalytic activity of the HER. Therefore, achieving Ru sites
with optimal hydrogen desorption ability is crucial for enhanc-
ing HER performance.!** Carbon materials are regarded as ideal
supports owing to their exceptional electrical conductivity and
high specific surface area.>*] Nevertheless, pure carbon supports
can only form weak metal-support interactions with the active
sites loaded on them, which is insufficient for effectively modu-
lating the electronic structure of these active sites.> In contrast,
the incorporation of O atoms into the carbon nanotube (OCNT)
support enables the formation of robust interactions with metal
active sites, such as Ru clusters.**) The OCNT can not only en-
hance the stability of the Ru clusters but also facilitate electrons
transfer from Ru to the support, thereby fine-tuning the elec-
tronic structure of Ru.

Herein, we reported a rapid pyrolysis of precursor strategy and
successfully synthesized a tri-atom Ru-supported catalyst with
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outstanding catalytic performance for the alkaline hydrogen evo-
lution reaction. The obtained Ru,;/OCNT catalyst, featuring pre-
cise atomic numbers, exhibited superior HER performance and
stability exceeding that of commercial Pt/C and Ru/C under al-
kaline condition, achieving an overpotential of 19 mV at a cur-
rent density of 10 mA c¢cm=2. DFT calculations demonstrated
that the metal-metal interaction and metal-support interaction
in Ru;/OCNT modulated the electronic structure of Ru atoms,
thereby reducing the hydrogen adsorption energy at the cat-
alytic site, promoting the H* desorption, and accelerating HER
kinetics.

2. Results and Discussion

The synthesis process of the Ru,/OCNT catalyst is depicted in
Figure 1a, wherein the OCNT utilized was obtained through
acidification treatment. First, the precursor Ru;(CO),, was im-
pregnated onto the OCNT support (Ru,(CO);,/OCNT) using
the room temperature impregnation method. Subsequently, heat
treatment was employed to remove the carbonyl ligand and
obtain Ru, clusters loaded on OCNT.?”38] To prevent metal
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Figure 2. a) Normalized Ru K-edge XANES spectra for Ru; /JOCNT, Ru; /OCNT, RuO, and Ru foil. b) k2-weighted Fourier-transform Ru K-edge spectra for
Ru3 /OCNT, Ru;/OCNT, RuO, and Ru foil. EXAFS fitting curves for ¢) Ru; JOCNT and d) Ru;/OCNT at R space. Inset: the schematic model of Ru; /OCNT
and Ru;/OCNT. C: grey, O: red, and Ru: Green. e) WT of the Ru K-edge EXAFS spectra for Ru; /OCNT, Ru;/OCNT, RuO, and Ru foil.

aggregation caused by prolonged exposure to high temperatures
during heating, a fast Joule heating device was used, for rapid
heating of Ru,(CO),,/OCNT located on the carbon cloth to 400 °C
within 1-2 s and maintained at this temperature for 120 s before
rapidly cooling down to room temperature.[®3*-*] Consequently,
efficient removal of CO ligands could be achieved while en-
hancing the stability of Ru; nanoclusters on OCNT via Ru—C/O
bonds. The resulting catalyst was designated as Ru;/OCNT. In
addition, a contrast catalyst named Ru,/OCNT was synthesized
using the same aforementioned strategy but with the replace-
ment of the precursor by RuCl;-3H, O (see details in the Support-
ing Information).

The morphology and nanostructures of the Ru;/OCNT cata-
lyst were investigated using transmission electron microscopy
(TEM) and high-resolution transmission electron microscopy
(HRTEM). As shown in Figures S1-S3 (Supporting Informa-
tion), in the electron microscopy images of Ru;/OCNT, no dis-
cernible black spots attributed to Ru nanoparticles were observed
on the multi-walled carbon nanotubes. Moreover, X-ray diffrac-
tion (XRD) analysis was performed to characterize the crystal
structures of Ru;/OCNT, Ru,/OCNT, and OCNT. In addition to
detecting the typical carbon diffraction peak, no characteristic
diffraction peak corresponding to Ru was observed in the XRD
patterns of both Ru;/OCNT and Ru,/OCNT (Figure 1d). Com-
bining TEM and HRTEM images with XRD, it was determined
that no aggregation occurred during both impregnation and py-
rolysis, indicating highly dispersed Ru species. The loading of
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Ruin Ru, /OCNT and Ru,;/OCNT were quantified by inductively
coupled plasma-optical emission spectroscopy (ICP-OES), which
were 0.13 and 1.285 wt.%, respectively. Atomic structure infor-
mation was further obtained by aberration-corrected high-angle
annular dark field scanning transmission electron microscope
(AC HAADF-STEM). As shown in Figure 1b, Ru species could
be clearly distinguished from carbon-based carriers according to
the brightness difference-in the spherical aberration image of
Ru,/OCNT. It could be seen that Ru nanoclusters composed of
three Ru atoms were the main metal species. A few single bright
spots with uniform dispersion could be clearly seen in Figure 1c,
demonstrating that Ru in the contrast catalyst Ru, /OCNT was
uniformly distributed on the OCNT substrate in the form of a
single atom.

The valence state and local coordination environment of Ru
in each catalyst were further probed using X-ray absorption spec-
troscopy. As shown in Figure 2a, the normalized X-ray absorption
near edge structure (XANES) spectra of Ru K-edge revealed that
the white line peak intensities of both Ru-based catalysts were
located between the absorption edges of RuO, and Ru foil, indi-
cating that the average valence of Ru species in the catalysts was
between 0 and +4, with positive charge. This observation could
be attributed to the charge transfer between Ru and OCNT. Sub-
sequently, X-ray photoelectron spectroscopy (XPS) was employed
to further investigate the elemental composition and surface elec-
tron states of the materials as well as determine the charge states
of Ru in the two catalysts. As shown in Figure S5 (Supporting
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Figure 3. a) LSV curves for Ruz/OCNT, Ru;/OCNT, Ru;(CO);,/OCNT, OCNT, 5 wt.% Ru/C and 20 wt.% Pt/C measured in T m KOH. b) Comparisons
of mass activity and c) Tafel curves for the Ru3 /JOCNT, Ru;/OCNT, 5 wt.% Ru/C and 20 wt.% Pt/C catalysts measured in 1T m KOH. d) Stability test for
Ru3/OCNT, 5 wt.% Ru/C and 20 wt.% Pt/Cin 1 m KOH. e) LSV curves for Ru; /OCNT measured in 1 M KOH with 0.5 m KCl and 1 M KOH with seawater.
Inset: the stability test for Ruz;/OCNT measured in T M KOH solution with 0.5 M KCI. f) Comparison of the HER performance for Ru-based catalysts

reported in the literature.

Information), The XPS survey spectrum of Ru;/OCNT catalyst
showed that the catalyst mainly contains C, O, and Ru elements,
which was consistent with the EDS elemental mapping (Figure
S4, Supporting Information). The fitted C 1s peak included the
typical C—C, C—0, and C=0 bonds. In the O 1s spectrum, in
addition to the peaks of C—O and C=0, the characteristic peak
of Ru—O located at 531.08 eV was also detected. Additionally, in
high-resolution the Ru 3p XPS spectra (Figure S6, Supporting
Information), the peaks at 464.07 and 486.47 eV corresponded
to the binding energies of Ru 3p;, and Ru 3p,,, respectively,
indicating that the presence of Ru’* species!***] was resulting
from strong interactions between Ruj, clusters and carbon oxide
nanotubes!*! after ligand removal. Unfortunately, no effective Ru
3p signal was detected in the Ru, /OCNT catalyst due to the low
Ru loading in the catalyst.

The Fourier transform k*-weighted extended X-ray absorption
fine structure (FT-EXAFS) spectra of Ru,;/OCNT exhibited dis-
tinct peaks at ~1.5 A in R-space, indicating the presence of Ru-
C/O scattering, and smaller peaks at ~2.3 A (Figure 2b), which
could be attributed to Ru-Ru scattering,[*#% respectively. The
corresponding wavelet transformation (WT) contour plots pro-
vided visual representations of the local structure of Ru species
in both the R and k spaces (Figure 2e). By comparing with ref-
erence WT plots obtained from Ru foil and RuO,, it was ob-
served that the WT image of Ru;/OCNT displayed a prominent
signal at ~4.2 A~! corresponding to the Ru—C/O scattering path,
along with a weak WT signal at ~8 A~! associated with the Ru-
Ru scattering path.[*”*8] Conversely, only the presence of the
Ru—C/O path at ~4.2 A~ was evident in the wavelet image ob-
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tained for the Ru,/OCNT. To obtain quantitative structural pa-
rameters of Ru atoms, EXAFS curve fitting analysis was per-
formed (Figure 2c,d), and detailed coordination information of
all samples were summarized in Table S1 (Supporting Informa-
tion). The fitting result for Ru,/OCNT revealed an average coor-
dination number (CN) of Ru—C/O and Ru—Ru was 2.5 and 1.8,
respectively. On the contrast, in the Ru, JOCNT catalyst, no coor-
dination information belong to Ru—Ru path was observed, which
verified that Ru was anchored on OCNT in the form of single
atoms, with an average CN of 3.9 for the Ru—C/O coordination
path.

Then, the HER performance of Ru;/OCNT and the catalysts
as contrast samples in 1 M KOH electrolyte at room temper-
ature were evaluated using a standard three-electrode system.
Figure 3a illustrated the LSV polarization curves of all catalysts.
Proverbially, HER initial potential reflected the intrinsic activity
of the catalyst and the onset potentials of Ru;/OCNT, 5 wt.%
Ru/C and 20 wt.% Pt/C were all close to zero, confirming that
the three catalysts had excellent HER activity. At a current den-
sity of 10 mA cm~2, Ru,/OCNT demonstrated an overpotential of
only 19.0 mV, surpassing Pt/C (26.8 mV), Ru/C (43.2 mV), and
Ru, /OCNT (308.7 mV). Moreover, the Ru;(CO),,/OCNT catalyst
(without ligand removal) exhibited lower HER activity compared
to Ru;/OCNT. This could be attributed to the surface ligands on
Ru,(CO),,/OCNT, which blocked certain metal active sites, con-
sequently diminishing catalytic performance.[*”! Furthermore,
the removal of ligands allowed Ru atoms to form stronger inter-
actions with the support matrix, thus -facilitating the optimiza-
tion of both geometric and electronic configurations, which were
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critical factors for enhancing electrocatalytic efficiency.l%*] To ad-
dress any concerns regarding different mass of supported Ru on
the catalysts, we also compared the normalized mass activity of
various catalysts under 100 mV (Figure 3b) and found that the
mass activity of Ru;/OCNT was 15.02 A mg™', which was 11.83
times that of Ru/C and 150.2 times that of Ru; /OCNT. Moreover,
we investigated the reaction kinetics by analyzing the Tafel curve
(Figure 3c). Remarkably, compared with Pt/C (38.27 mV dec™),
Ru/C (57.72 mV dec™!), and Ru, /JOCNT (125.68 mV dec™!) cata-
lysts, Ru,/OCNT displayed a significantly lower Tafel slope value
at 25.63 mV dec™?, indicating its superior reaction kinetics.>"!

In order to further investigate the internal activity relation-
ship of the catalyst, cyclic voltammetry (CV) was employed to
assess the double layer capacitance (Cy) of the catalyst in the
non-Faraday region at different scanning rates.>*2] As shown
in Figure S12 (Supporting Information), Ru;/OCNT exhibited
a significantly higher Cy (136.57 mF cm™2) compared to other
catalysts, indicating a greater abundance of HER active sites on
Ru,;/OCNT.?3 Subsequently, electrochemical impedance spec-
troscopy (EIS) was utilized to examine the electron transfer be-
tween the catalyst surface and the electrolyte.’*! As shown in
Figure S13 (Supporting Information), Ru, /JOCNT displayed an
enlarged Nyquist semicircle, suggesting an increased electron
transfer resistance at interface. Conversely, Ru;/OCNT exhib-
ited the smallest nyquist semicircle, confirming efficient electron
transport from its surface to the electrolyte.>]

The common complexing agents, Ethylenediaminetetraacetic
acid (EDTA) and potassium thiocyanate (KSCN), were employed
to conduct toxicity tests on catalysts to ascertain whether the
contribution to HER active site in Ru;/OCNT catalyst was at-
tributed to nanoclusters or single atoms. EDTA is mainly coor-
dinated with Ru single atom, while KSCN can coordinate with all
Ru species.’*8] As shown in Figure S14 (Supporting Informa-
tion), the HER current density on Ru;/OCNT was only slightly
decreased at 1 M KOH containing 10 mm EDTA compared to
the original electrolyte. By contrast, after adding 10 mm KSCN to
the electrolyte, the HER current density on Ru,/OCNT dropped
sharply, with raising #,, to 163.8 mV. Therefore, the significant
activity gap in the electrocatalytic performance of Ru;/OCNT poi-
soned by the two complexing agents clearly confirmed that Ru,
clusters in Ru;/OCNT were the main active sites for HER, rather
than single atoms.

In addition, the stability parameter is a crucial criterion for
evaluating the performance of the catalyst in catalytic reac-
tions. Chronopotentiometry was used to evaluate the stability of
Ru;/OCNT in 1 M KOH. As shown in Figure 3d, the voltage of
the Ru;/OCNT catalyst exhibited negligible variation after 24 h
electrolysis at the current density of 10 mA cm~2, indicating that
the catalyst had excellent stability. Long-term cyclic voltammetry
was also commonly used to evaluate the stability of catalysts dur-
ing the reaction. Figure S15 (Supporting Information) recorded
the LSV polarization curve of Ru,/OCNT after 1000 cycles, with
no significant change compared with that before the cycle. The
HRTEM image after 24 h stability test showed that Ru nanoclus-
ters had no aggregation (Figure S16, Supporting Information).
This was further verified by the absence of characteristic diffrac-
tion peaks of Ru in the XRD pattern, confirming the outstand-
ing stability of Ru;/OCNT against alkaline HER reaction. Fur-
thermore, the Ru 3p XPS spectra (Figure S17c, Supporting In-
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formation) before and after the stability test were similar and the
additional K peak in the C1s spectrum was attributed to the pres-
ence of residual electrolyte. The excellent stability of Ru;/OCNT
was attributed to the strong interaction between the nanoclus-
ters and the OCNT support,*®! which protected the Ru; nanoclus-
ters from aggregation. In addition, we evaluated the HER perfor-
mance of Ru; /OCNT under the conditions of alkaline seawater (1
M KOH + seawater) and alkaline simulated seawater (1 M KOH +
0.5 m KCl). In the simulated seawater, the LSV curves before and
after the addition of KCl almost overlapped (Figure 3e). Moreover,
ata current density of 10 mA cm~2, the electrolytic voltage hardly
changed within 12 h. Additionally, only a marginal performance
decline was observed in alkaline seawater. The above results indi-
cated that the Ru,/OCNT catalyst had great application prospects
in seawater electrolysis. Figure 3f compared the alkaline hydro-
gen evolution performance of Ru,;/OCNT with that of Ru-based
catalyst reported in recent years, reflecting the excellent alkaline
hydrogen evolution performance of Ru;/OCNT.

In order to further elucidate the advantages of the atomic struc-
ture of Ru;/OCNT, we performed first-principles calculations to
investigate enhanced HER activity on Ru;/OCNT (Ru-TAC) com-
pared to Ru metal (Ru(0001)) and atomically dispersed Ru (Ru-
SAC) at the atomic level. The coordination environments of SAC
and TAC are composed of both C and O atoms, resulting in a
variety of possible active site structures. Therefore, we calculated
the formation energies of all possible structures, with detailed re-
sults shown in Figure S18 (Supporting Information). With the
anchoring of carbon support, the Ru atoms can be atomically
dispersed, while a strong metal-support interaction (SMSI) tai-
lors the electronic structure of Ru atoms. As reported before,[®!
traditional Ru-SAC does not demonstrate good HER activity. We
found that Ru-TAC could offer a unique local environment of Ru
atoms, likely due to the metal-support interaction and the inter-
action between metal-metal atoms. As a result, Ru-TAC exhib-
ited superior HER activity, as indicated by our calculations. To
further explore the mechanism, we built Ru-TAC, Ru-SAC, and
Ru(0001) catalyst models (Figure S19, Supporting Information)
and calculated the free energy change of HER process on the cor-
responding Ru atoms of these catalysts (Figure S20, Supporting
Information). We observed that Ru(0001) showed a theoretical
overpotential of 0.54 V in *H desorption step (Figure 4a), show-
ing a strong H* adsorption while Ru-SAC also exhibited difficulty
in *H desorption, leading to an overpotential of 0.46 V. Compa-
rably, the Ru-TAC displayed a higher HER activity with a theoret-
ical overpotential of 0.11 V, in agreement with our experimental
findings.

Subsequently, charge density difference showed an interaction
between Ru atoms and carbon/oxygen atoms and Ru atoms com-
pared with Ru-SAC (Figure 4b). It suggested that metal inter-
action beyond SMSI was introduced to regulate the electronic
structure. Several studies(¢1%2] have demonstrated that the defi-
ciency in SMSI for tuning the electronic structure and the ad-
sorption of intermediates, further leading to low activities to not
become effective catalysts. In our system, Ru-TAC exhibited su-
perior HER performance due to the co-effect of metal interaction
and SMSI. These co-interactions not only improved the disper-
sion and stability of Ru but also optimized its electronic struc-
ture, thereby enhancing its catalytic activity. We further calcu-
lated the projector density of states (PDOS) of the Ru 4d orbitals
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Figure 4. a) Free-energy diagram for the HER on SAC, TAC and Ru(0001) surface. b) The charge density between Ru and other atoms in SAC and TAC
is shown, where yellow and blue colors denote electron accumulation and depletion, respectively. c) The d-orbital partial density of state (PDOS) plots
of SAC, TAC and Ru(0001). d) Calculated integrated Crystal orbital Hamilton population (ICOHP) for the Ru—H bonds in different structures.

(Figure 4c). In general, a higher state at the Fermi level indicates
that more active orbitals are interacting with adsorbed species.
Accordingly, the highest state occurred on Ru(0001), followed
by Ru-SAC, showing the stronger H* adsorption, agreeing with
HER performance. The Ru-TAC exhibited the lowest density of
states at the Fermi level, indicating weaker adsorption and, con-
sequently, enhanced HER activity. This observation was further
supported by the Crystal Orbital Hamilton Population (COHP)
analysis (Figure S22, Supporting Information) and the integrated
COHP (ICOHP) values calculated for the H—Ru bond. We found
that as the ICOHP value increased, it suggested a decrease in
H—Ru bonding (Figure 4d).

3. Conclusion

In summary, we synthesized Ru, nanocluster catalysts uniformly
supported on carbon oxide nanotubes using the rapid pyrolysis
of precursor strategy, and demonstrated that Ru;/OCNT had ex-
cellent catalytic performance for alkaline HER, with a mass ac-
tivity of 15.02 A-mgg, ", which was superior to commercial Pt/C
and Ru/C. The structure of Ru;/OCNT catalyst was characterized
by AC HAADF-STEM and XAFS, and the results confirmed that
the coordination number of Ru species with C/O and Ru were
2.5 and 1.8, respectively. DFT calculations showed that the high
HER performance of Ru,;/OCNT was due to the most moderate
hydrogen adsorption energy resulting from the metal interaction
and the SMSI in the catalyst, which promoted the desorption of

Adv. Funct. Mater. 2025, 2503678
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H*. This work provides a new idea for the design and synthesis of
APSNCs with excellent alkaline hydrogen evolution properties.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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