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ABSTRACT

Platinum-group-metal (PGM) nanomaterials are prominent in chemical and energy conversions. To date, their scalable

manufacturing is confined by complex post-processing or high-temperature calcination (> 800°C), which are often required

for conventional small-sized nanoparticles. Herein, we have successfully developed a thermal buffer-assisted low-temperature

(250°C) calcination strategy to create a sub-nano Ru metallene called “Ru clusterrene” for anion exchange membrane water

electrolysis (AEMWE). The rational use of NaCl is pivotal for successful synthesis, serving as a “buffer” to prevent thermal runaway.

Consequently, the Ru clusterrene exhibits an ultra-thin, fluid-like structure that enables strong interaction with the substrate and

ensures maximized active site exposure. Importantly, this strategy costs only US$39.42/g,,, which is substantially lower than that
of commercial Ru/C (Premetek, US$1407.50/gg,)- The Ru clusterrene delivers an outstanding activity of 1.73 V@2 A cm ™ and 2.0
V@5.4 A cm™, as well as an unprecedented stability for 1000 h at 2 A cm= (80°C) and 3500 h at1 A cm (50°C). More significantly,
it exhibits a high stack performance in AEMWE (3.6 V@1 A cm™ and 2000 h@25 A), representing the most advanced level for

AEMWE cathode catalyst.

1 | Introduction

Anion exchange membrane water electrolysis (AEMWE) is
widely considered as a promising technique for green hydrogen
production, offering advantages such as high energy conversion
efficiency, high hydrogen purity, and a wide range of available
electrode materials. Nevertheless, the practical implementation

of AEMWE is still impeded by sluggish reaction kinetics and
unsatisfactory long-term stability under high current density
conditions [1, 2]. Therefore, it is imperative to develop highly
efficient and facilely prepared electrocatalysts for accelerating
the advancement of AEMWE. Among various catalyst candi-
dates, platinum-group-metal (PGM)-based nanomaterials serve
as promising alternatives for enhancing catalytic performance
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of AEMWE systems. This potential stems from their favorable
adsorption energy for reaction intermediates and improved
degradation resistance [3-6]. Various attentions have mainly
focused on developing PGM-based electrocatalysts, particularly
emphasizing nanostructured configurations such as small-sized
nanoparticles [7]. These nanostructures exhibit enhanced cat-
alytic performance in AEMWE applications due to their high
surface area, abundant edge sites, and the shortened diffusion
path, enabling high activity with improved energy efficiency |8,
9]. Nevertheless, further performance breakthroughs for small-
sized catalysts are constrained by their inherently high surface
energy and weak interactions with the substrate, which often
lead to nanoparticle agglomeration and Ostwald ripening during
prolonged electrocatalysis, especially under industrial current
densities [10-13].

The methodologies employed in catalyst preparation are crit-
ical to both scalable production and catalytic performance.
The ligand-mediated strategy, typically based on liquid-phase
methods, is a predominant approach for fabricating small-sized
catalysts, enabling precise control over the size and morphology
of PGM-based nanomaterials by flexibly tuning the ligands
[14-19]. However, the catalysts prepared by this method invari-
ably require post-processing before electrochemical applications,
including loading onto conductive support and complex proce-
dures to eliminate the surface-coated organic impurities [20-22].
These technical complexities largely hamper many advanced
catalysts in large-scale applications. Alternatively, direct calci-
nation methods have attracted growing interest due to their
operational simplicity and scalability in preparing small-sized
catalysts. This thermal process typically relies on extreme temper-
ature (> 800°C) to anchor small-sized nanoparticles and achieve
favorable phase or composition [23-25]. Regrettably, such high-
temperature calcination invariably triggers morphology change
and severe sintering of PGM-based catalysts, undermining the
intrinsic merits of this methodology and presenting substantial
challenges for mass production of high-performance catalysts
[26]. Consequently, to enable the industrial-scale AEMWE, low-
temperature calcination strategies must be developed to create
small-sized PGM-based catalysts simultaneously with favorable
morphology and structural stability.

Herein, we report a thermal buffer-assisted strategy based on low-
temperature (250°C) solid chemistry to synthesize a sub-nano Ru
clusterrene as a highly active and durable catalyst for AEMWE.
This nanostructure maintains the initial condensed matter state
with a low-ordered atomic arrangement and low crystallization.
Meanwhile, this configuration is analogous to an ultrathin
graphene-like layer which is distributed and firmly anchored
onto the carbon support, ensuring exceptional structural integrity
without compromising its inherent catalytic activity. Mechanism
studies demonstrate that the introduced NaCl acts as a thermal
buffer for thermodynamic control, providing homogeneous heat
flow during the nucleation and growth of Ru. This scalable
synthesis achieves a single-batch yield of 15.19 g of catalysts
at a cost of merely US$39.42/g;,. More significantly, the Ru
clusterrene-based AEMWE delivers an excellent activity of 1.73
V@2 A cm™, surpassing most reported small-sized catalysts and
exceeding the multi-year program plan proposed by the United
States Department of Energy (DOE). We also demonstrate, for
the first time, this clusterrene can run stably for 1000 h at 2 A

cm™2 without decay. Moreover, it achieves extended durability for
3500 h at 50°C. To evaluate its potential in practical application,
a two-cell stack of AEMWE is constructed, which exhibits a
high performance of 3.6 V at 1 A cm™. Under a constant
current of 25 A, the stack maintains stable operation for 2000 h,
representing an unprecedented level for cathodic catalysts in
AEMWE.

2 | Results and Discussion

Ru clusterrene was synthesized by a simple yet efficient low-
temperature (250°C) calcination strategy with the assistance of
NacCl (Figure S1). By this strategy, Ru atoms migrate disorderedly
and self-assemble into graphene-like layers on the carbon sub-
strate, exhibiting irregular fluid-shape devoid of close-packed
order (Figure 1a) [27]. The fluid behavior is mainly attributed to
the molten state of the Ru(acac);, which allows the Ru precursor
to grow along the curved surface of carbon, driving the formation
of thin layers. The Ru loading is close to the theoretical value,
as revealed by the thermogravimetry (TG) analysis (Figure S2).
In contrast, in the absence of NaCl, Ru atoms readily coalesce
and agglomerate into large particles. As depicted in bright-
field scanning transmission electron microscope (BF-STEM)
images, no discernible nanoparticles are found on the surface of
carbon support (Figure S3). However, high-angle annular dark-
field STEM (HAADF-STEM) images clearly reveal the presence
of ultrathin graphene-like layers with fluid-like morphology
distributed on the carbon support (Figure 1b,c). These spread
layers correspond to Ru species, as confirmed by HAADF-STEM
energy-dispersive spectroscopy (EDS) elemental mapping analy-
sis (Figure S4). As further visualized in pseudo-color-enhanced
HAADF-STEM images, the green areas that correspond to the Ru
clusterrene exhibit low contrast and nonequilibrium geometrical
shape, spreading across the carbon surface (Figures 1d and
S5). In sharp contrast, completely different products consisting
of obvious Ru nanoparticles are obtained from the NaCl-free
system (Figures S6 and S7). These nanoparticles are stacked
with each other, resulting in obvious bright areas in the pseudo-
color image (Figure le-g). Consistently, Ru clusterrene shows
weak crystallinity in the X-ray diffraction (XRD) pattern (Figure
S8), whereas the Ru nanoparticle has a series of sharp peaks
corresponding to Ru (PDF#06-0663) and RuO, (PDF#43-1027).
In the terms “Ru clusterene” and “Ru nanoparticle”, “Ru” denotes
the overall Ru-based composition, which consists of metallic Ru
and RuO,.

To further reveal the unique structure of this newly developed
“clusterrene”, a spherical aberration-corrected transmission elec-
tron microscope (AC-TEM) was employed. As illustrated in the
AC-BF-STEM images (Figures 2a and S9), the thickness of Ru
clusterrene is less than 1 nm, corresponding to approximately 5
atomic layers. Notably, the contact angle between these layers
and the carbon surface is about 30°. This wetting behavior
indicates that the clusterrene is overspread on the substrate,
thereby generating abundant interfacial reaction sites. Moreover,
the close contact also indicates a strong metal-support interaction
(MSI) [12, 28]. The particle-stacked morphology observed in the
control sample without carbon substrate further confirms the
significant role of MSI in the clusterrene (Figure S10). Oppositely,
the Ru nanoparticle exhibits contact angles exceeding 100°,
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FIGURE 1 | (a) Schematic illustration of “buffer-assisted” strategy. HAADF-STEM images of (b, ¢) Ru clusterrene and (e, f) Ru nanoparticle.
Pseudocolor-enhanced HAADF-STEM images of (d) Ru clusterrene and (g) Ru nanoparticle.

analogous to a hydrophobic surface with limited connected sites
(Figure S11), demonstrating a weak interfacial connectivity. AC-
HAADF-STEM images reveal that individual cluster units of
Ru clusterrene, ranging from 1 to 3 nm, interconnect to form
continuous domains, a feature that markedly differs from conven-
tional isolated clusters (Figures 2b and S12). Furthermore, most
Ru atoms are arranged randomly within clusterrene, suggesting
that the MSI surpasses the cohesive energy of atoms. When
atoms adopt a regular arrangement, a nanosheet morphology
with continuous lattice fringes characteristic of close-packed Ru

is formed (Figure S13). Moreover, the crystal structure of Ru
nanoparticle is easily detected by high-resolution TEM (HRTEM),
with measured lattice spacings corresponding to RuO, (101), Ru
(100), and Ru (002) (Figure S14).

The unconventional morphology and crystal structure suggest
a unique electronic structure and coordination environment of
Ru atoms in the clusterrene. The X-ray absorption near-edge
structure (XANES) spectrum of Ru K-edge in the clusterrene
exhibits an average valence between that in Ru foil and RuO,,
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FIGURE 2 | (a) AC-BF-STEM image and (b) AC-HAADF-STEM image of Ru clusterrene. (¢) Ru K-edge XANES and (d) FT-EXAFS spectra of Ru
clusterrene, Ru nanoparticle, Ru foil, and RuO,. (e) Schematic of the cross-section in Ru clusterrene and Ru nanoparticle.

and is lower than that in the nanoparticle (Figure 2c). Further-
more, the Fourier-transformed extended X-ray absorption fine
structure (FT-EXAFS) spectra reveal the different coordination
environments of Ru atom in the Ru clusterrene and RuO,
(Figure 2d) [29]. These features indicate that the crystal structure
of Ru clusterrene is not fully consistent with that of crystalline
RuO,, distinguishing it from the Ru nanoparticle. The partially
oxidized chemical state of Ru clusterrene mainly stems from
the strong interaction between clusterrene and carbon, which
provides a stable interface that prevents self-nucleation of Ru
atoms during synthesis and suppresses serious aggregation of Ru

clusterrene during catalysis. Wavelet transform (WT) analysis fur-
ther supports the above findings. The intensity of Ru clusterrene
at ~4 A" is attributed to Ru—O/C bonds. This intensity is lower
than that in completely oxidized Ru in Ru nanoparticle and RuO,
(Figure S15). The presence of Ru—C suggests chemisorption at
the interface, contributing to the strong adhesion. Additionally,
fitting results show that the coordination number of Ru—O within
the first shell in Ru clusterrene (4.84) is lower than that in Ru
nanoparticle (5.04) (Figures S16-S18 and Table S1), indicating
more unsaturated sites exposed on the clusterrene surface, which
is beneficial for high catalytic activity. A similar trend is observed
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in O 1s X-ray photoelectron spectroscopy (XPS) spectra, where the
lattice oxygen signal in Ru clusterrene is significantly weaker than
that in Ru nanoparticle (Figure S19). Moreover, this Ru—O signal
(530.1eV) shifts toward higher binding energy compared to that of
Ru nanoparticle (529.4 eV) and highly crystalline RuO, (529.4 V),
indicating strong electron transfer between Ru clusterrene and
substrate. These structural differences result in abundant contact
sites at the interface for Ru clusterrene, in contrast to limited sites
for Ru nanoparticle (Figure 2e).

To elucidate the mechanism of Ru clusterrene, systematic
investigations were performed. TG analysis demonstrates that
the weight loss of the precursor powder terminates before
250°C (Figure S20), indicating the ligand removal from the
Ru precursor predominantly occurs before 250°C. Significantly,
simulated infrared thermography analysis unveils a distinct ther-
mal effect between Ru clusterrene and Ru nanoparticle during
the calcination (Figure 3a-d). In the ligand-removal window
(200°C-250°C), the NaCl-containing precursors of Ru clusterrene
exhibit a markedly lower temperature increase rate compared to
that of NaCl-free powder of Ru nanoparticle (1.14 vs. 2.28°C/s).
Moreover, as the simulation program progresses, the temperature
of Ru clusterrene remains constant with the assistance of NaCl.
However, the Ru nanoparticle experiences a thermal runaway,
which subsequently results in vigorous combustion (Movies S1
and S2). The heat flow during calcination is collected by the
differential scanning calorimetry (DSC) in a synchronous thermal
analyzer (Figure S21), revealing that the heat released from
the clusterrene is 60.6 J g7, sixfold lower than that from the
nanoparticle (413.8 J g).

Mass spectra (MS) analysis of the released products during
calcination reveals the distinct signals of C (m/z = 12) and CO,
(m/z = 44) (Figure 3e,f). These signals correspond to the pyrolysis
and oxidation of acetylacetone ligands in the Ru precursor,
respectively, as evidenced by the control experiments excluding
contributions from the carbon substrate (Figures S22 and S23).
More importantly, the significantly lower CO,/C ratio for Ru
clusterrene compared to that for Ru nanoparticle (30 vs. 600)
further verifies the more controllable thermal process facilitated
by NaCl. Moreover, an extra peak belonging to -CH,- or C—0O
group in Ru clusterrene is notably stronger than that in Ru
nanoparticle, as detected by the surface sensitive total elec-
tron yield (TEY) pattern of soft X-ray absorption spectroscopy
(sXAS) at C K-edge (Figure 3g), which is consistent with the
above observations [30, 31]. Benefiting from the moderate heat
distribution, the strong MSI is well preserved. Consequently,
Ru clusterrene maintains the fluid-like morphology and initial
cluster size after the heat insulation process (Figures 3h and
S24). In contrast, Ru nanoparticle undergoes agglomeration with
notable particle growth and phase evolution under the same
calcination procedure (Figure S25).

With the melting point substantially exceeding the calcination
temperature, NaCl acts as a thermal buffer by absorbing substan-
tial heat, thereby providing a homogeneous thermal environment
for nucleation and growth of Ru clusterrene during calcination.
The underlying mechanism involves NaCl initially absorbing
partial heat supplied by the muffle supply, leading to insufficient
energy for all acetylacetone groups to break their chemical
bonding. Consequently, the ligands undergo partial pyrolysis or

mild oxidation, and then the released heat is absorbed again
by NaCl. The mild thermal environment allows clusterrene to
constantly interact with the substrate, leading to strong adhesion.
In contrast, in the absence of such a thermal buffer, the NaCl-free
system allows heat to flow randomly among Ru atoms, resulting
in uncontrolled thermal feedback (Figures 3i and S26). This
thermal instability leads to the heterogeneity in both particle size
and distribution of Ru nanoparticle. Notably, a similar thermal
buffer effect also appears in other sodium halides and alkali
chlorides (e.g., NaBr, Nal, LiCl, and KCI) (Figure S27), all of which
promote a homogeneous growth environment for Ru atoms.

The hydrogen evolution reaction (HER) performance of Ru
clusterrene was first evaluated using a three-electrode system
in 1 M KOH electrolyte. The polarization curves show that Ru
clusterrene exhibits the highest HER activity, with overpotentials
of only 12 and 48 mV to reach current densities of 10 and 100 mA
cm2, respectively (Figure 4a). These values are significantly
superior to those of Ru nanoparticle (83 and 188 mV), commercial
Ru/C (28 and 143 mV), and commercial Pt/C (28 and 138 mV),
even surpassing most state-of-the-art catalysts (Table S2). The
lowest Tafel slope of 56.5 mV dec™ further reveals this superior
HER kinetics (Figure S28). The electrochemical surface area
(ECSA) was evaluated via the double-layer capacitance (Cy). CV
curves in the non-faradic region showcase a higher C, value
of Ru clusterrene (20.6 mF cm~2) than that of Ru nanoparticle
(14.2 mF cm™2) and commercial Pt/C (151 mF cm™2) (Figure
S29), demonstrating that more active sites are exposed in the Ru
clusterrene. Moreover, mass activity of Ru clusterrene reaches
1.29 and 3.03 A mg™ at the overpotential of 50 and 100 mV, respec-
tively, which are 32-fold and 13-fold those of Ru nanoparticle,
indicating its superior atomic utilization efficiency (Figure S30).
The turnover frequency (TOF) was calculated to compare the H,
conversion efficiency (Figure S31). At an overpotential of 50 mV,
the Ru clusterrene achieves the highest TOF value of 9.08 H,
s71, surpassing the Ru nanoparticle (0.50 H, s7!) and commercial
Pt/C (5.95 H, s7%). This enhanced TOF value is attributed to the
fast electron dynamics during HER. The strong MSI facilitates
the electron redistribution of Ru species and thus optimizes
the intermediates adsorption on their surface. These behaviors
endow the Ru clusterrene with a lower charge transfer resistance,
as indicated by a smaller semi-circular diameter in the Nyquist
plot (Figure S32). The above results exhibit the effectiveness of our
thermal-buffer strategy in facilitating the HER activity. Moreover,
this active Ru clusterrene also exhibits excellent stability, with
negligible decay after operating at 100 mA cm™ up to 250 h
(Figure S33). The superior electrocatalytic performance of Ru
clusterrene over Ru nanoparticle highlights the crucial role of its
unique structure and the resulting strong MSIL.

Most significantly, the AEMWE employing Ru clusterrene as
the cathode catalyst shows substantially enhanced performance
(Figure S34). As evidenced by the current-voltage curves, Ru clus-
terrene attains the lowest recorded cell voltage 0f 1.63 V at 1 A cm™
among the recently reported AEMWE (Figure 4b and Table S3).
Moreover, it requires merely 1.73 V to achieve an elevated current
density of 2 A cm™, outperforming both Ru nanoparticle (1.86
V@2 A cm™) and commercial Pt/C (1.78 V@2 A cm™2), while also
exceeding the DOE benchmark (1.80 V@2 A cm™2). Significantly,
Ru clusterrene enables an ultra-high current density of 7 A cm™
with a low cell voltage of 2.11 V, whereas Ru nanoparticle and
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thermal effect in the synthesis process of Ru clusterrene and Ru nanoparticle.

commercial Pt/C need substantially higher voltages to drive this
ampere-scale water electrolysis. The durability of Ru-clusterrene-
based AEMWE was systematically assessed through continuous
hydrogen production under different current densities (1, 2, 3,
and 4 A cm2) (Figure 4c). These cells demonstrate an ability to
maintain their initial voltage during long-time testing. Notably,
the clusterrene-based AEMWE can run stably at 2 A cm™ for
1000 h without obvious cell voltage decay. After the durability

test, Ru clusterrene exhibits no significant size growth, suggest-
ing that severe agglomeration is effectively prevented (Figure
S35). Additionally, the surface chemical environment of Ru is
well-preserved after long-term operation (Figure S36), further
confirming the structural stability of this catalyst. The stabil-
ity performance is unprecedented among reported cutting-edge
cathode catalysts (Figure 4d). In contrast, Ru nanoparticle-based
system is difficult to withstand such high current density and
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densities. Each current density was measured with a fresh sample. (d) Stability comparison of Ru clusterrene with recently reported cathodes.

breaks down before reaching an operating time of 200 h (Figure
S37). These results demonstrate the outstanding potential of Ru
clusterrene as a cathode catalyst for AEMWE.

More significantly, the low-temperature synthesis procedure
reported herein enables the scalable production of high-
performance Ru clusterrene (see method details in Supporting
Information). A single batch can yield up to 1519 g of
catalyst (Figures 5a and S38), with production costs of only
US$9.83/geatatyse and US$39.42/gg,, (Figure S39). These values
are substantially lower than the state-of-the-art commercial
catalysts, such as Pt/C (e.g., TANAKA, 20 wt%, US$394.40/gp,),
Ru/C (e.g., Premetek, 20 wt%, US$1407.50/gg,), and PtRu/C (e.g.,

Premetek, 40 wt%, US$411.10/gp.,r,), Significantly cutting the
cost for synthesizing high-performance noble metal catalysts
(Figure 5b and Table S4). Remarkably, the scaled-up production
preserves the structural and performance consistency with
laboratory-scale synthesis (Figure S40). The scaled-up products
also exhibit commendable stability in AEMWE at different
temperatures, especially maintaining continuous operation for
3500 h at 50°C (Figure 5c). Finally, a two-cell stack (100 W) was
constructed to further identify the potential of Ru clusterrene in
industrial applications (Figures 5d and S41). It can be seen that
the clusterrene exhibited a high stack performance of 3.6 V at
1 A cm™ (Figure 5e). The voltage of stack shows no significant
increase for 2000-h operation under ultra-high current of 25 A
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FIGURE 5 | (a) Optical image of scaled-up products for Ru clusterrene. (b) Cost comparison of Ru clusterrene with commercial PGM catalysts.
(c) Stability test at different temperatures of scaled-up products for Ru clusterrene in the single-cell AEMWE. Discontinuities in the plot correspond to
power shutdown/startup or electrolyte replenishment. (d) Schematic illustration of AEMWE stack. (e) I-V curve of a 25-cm? stack for Ru clusterrene.
(f) Stability test in AEMWE stack.
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(Figure 5f). This level of performance has not been previously
reported for AEMWE, suggesting significant progress in both
designed synthesis and application of clusterrene-based catalysts.
This unprecedented performance underscores the transformative
potential of Ru clusterrene and positions the clusterrene as a
competitive candidate in the hydrogen economy.

3 | Conclusion

In conclusion, we have proposed a thermal buffer-assisted calci-
nation strategy for cost-effective synthesis of Ru clusterrene. The
innovative design differs from conventional carbon-supported
catalysts preparation by eliminating the pickling process or
other intricate steps. This streamlined protocol provides scalable
production of the clusterrene, with a single-batch yield 0f15.19 g
ataremarkably low cost of US$39.42/g,,, much more economical
than state-of-the-art commercial PGM catalysts. Eco-friendly
NaCl acts as the buffer to precisely regulate the thermodynamics
during calcination, ensuring homogeneous nucleation and con-
trollable growth of clusterrene. The resultant catalyst exhibits a
small size (1-3 nm) and atomic thickness (< 1 nm), collectively
endowing it with exceptional activity and atomic utilization
efficiency. The Ru clusterrene achieves DOE-compliant perfor-
mance in AEMWE, maintaining a current density of 2 A cm™>
at 1.73 V with stable operation for 1000 h. More importantly,
it also exhibits a high stack performance of 3.6 V at 1 A cm™
and an unprecedented stability for 2000 h. The combination of
economic synthesis, distinctive topology, and superlative catalytic
performance positions the Ru clusterrene as a transformative
competitor in the burgeoning hydrogen energy market.
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