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The development of efficient and robust catalysts for hydrogen evolution
reaction is crucial for advancing the hydrogen economy. In this study, we
demonstrate that ultra-low coordinated hollow PtRuNi-O, nanocages exhibit
superior catalytic activity and stability across varied conditions, notably sur-
passing commercial Pt/C catalysts. Notably, the PtRuNi-O, catalysts achieve
current densities of 10 mA cm™ at only 19.6 + 0.1, 20.9 + 0.1, and 21.0 + 0.1 mV
in alkaline freshwater, chemical wastewater, and seawater, respectively, while
maintaining satisfied stability with minimal activity loss after 40,000 cycles. In

situ experiments and theoretical calculations reveal that the ultra-low coor-
dination of Pt, Ru, and Ni atoms creates numerous dangling bonds, which
lower the water dissociation barrier and optimizing hydrogen adsorption. This
research marks a notable advancement in the precise engineering of atom-
ically dispersed multi-metallic centers in catalysts for energy-related

applications.

Hydrogen, acclaimed as a pristine energy vector, has the potential to
radically transform global energy paradigms by providing a zero-
emission alternative to conventional fossil fuels'. Concurrently, the
utilization of renewable energy sources to power electrochemical
water splitting offers a sustainable and environmentally friendly
method for effective hydrogen production®®. Given the scarcity of
pure water resources, utilizing chemically contaminated wastewater
presents a viable alternative®*. When deploying these catalysts in real
wastewater environments, the complex composition of wastewater
introduces additional challenges. Variations in electrolytes and the
presence of harmful substances can expressively impact the stability
and activity of the catalysts®. Consequently, the development of cata-
lyst materials that can operate stably across diverse electrolytic

environments, particularly those capable of resisting various interfer-
ing factors present in wastewater, has become a pivotal area of
research’®. Furthermore, ruthenium (Ru), one of the most affordable
noble metals, and its compounds exhibit a remarkable capability in
facilitating the water dissociation step’'®. This makes them excellent
supports for platinum (Pt) atoms, enabling the full exploitation of their
catalytic potential for the HER"". Nonetheless, a major limitation of Ru
is its susceptibility to oxidation under actual water splitting conditions,
resulting in a swift decline in catalyst activity due to rapid deactivation
during the electrochemical process™'. Additionally, the passivation
behavior of Pt(Ru) under operational conditions remains unclear,
thereby hindering the systematic development of stable Pt(Ru)-based
materials optimized for HER performance in real-world applications.
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Cavity nanocages featuring twinned, distortion-formed multi-
metal-oxide interfaces present unique lattice and surface character-
istics—such as steps, defects, and dangling bonds—that enhance cata-
lytic reactions by providing numerous active sites and elevated surface
energy” . Meanwhile, these polymetallic nanocages structures with
twin-distortion-modulated interfaces and ultra-low coordination
enhance surface free energy, which substantially improves the
adsorption and activation of critical intermediate on the nanocage
matrix'®*°. However, the rational synthesis of Pt(Ru)-based cavity
nanocages is difficult due to its lattice mismatch with other metals,
such as nickel (Ni)*. To this end, it has been demonstrated that
encapsulating metallic alloys within metal oxides can stabilize ultra-
low coordination interfaces for the HER, thereby maintaining a stable
current density during real-world operational tests*. Such catalysts
should not only enhance interactions with substrate oxides and
improve hydrolytic dissociation but also boost catalytic stability and
activity”. Despite the formidable challenges involved, advancing Ru-
based catalysts with accurately defined local structures and environ-
ments is essential for improving hydrogen production under actual
working conditions.

Aiming at this issue, we develop PtRuNi alloy-oxide cavity nano-
cages with twin boundary distortion structures (referred to as PtRuNi-
0,) through a straightforward solid-liquid synthesis method. Employ-
ing transmission electron microscopy (TEM) and synchrotron X-ray
absorption spectroscopy (XAS), we observe that the polymetallic-
metal oxide interfaces form metal atoms with ultra-low coordination
numbers, resulting in numerous active sites due to dangling bonds.
The unique structure of the alloy-oxide nanocages regulated by mixed
oxidation states also provides an efficient channel for electron trans-
port. Twin boundary distortion induces stress and strain effects,
notably increasing defects at the interface and modulating the elec-
tronic configuration of the catalyst surface, thereby enhancing cata-
Iytic efficiency. The PtRuNi-O, catalyst exhibits outstanding HER
activity in alkaline freshwater, delivering the current density of
10 mA cm™ at a low overpotential of 19.6 mV, and maintains excellent
stability after 40,000 cycles of cyclic voltammetry (CV), surpassing
commercial Pt/C. Additionally, to reach 10 mA cm™ in alkaline chemi-
cal wastewater and seawater electrolytes, PtRuNi-O, requires only 20.9
and 21.0 mV overpotentials, respectively, demonstrating its potential
in real wastewater treatment and environmental protection.

Results

Materials synthesis and characterization

A straightforward atmospheric solvothermal method was employed to
regulate the reducing agent at different rates, promoting metal ion
reduction and facilitating alloy formation, as illustrated in Fig. 1a. The
resulting PtRuNi-O, hollow nanocages possess a high-surface-area
open framework that provides an abundance of active sites for cata-
lytic reactions®*. Comparative catalysts (PtNi-O,, RuNi-O,, and PtRu-0,)
prepared using similar synthetic methods also possess similar struc-
tures (Supplementary Figs. 1-3), except the morphology of Pt-Ru
binary catalysts obtained was distinctly different from the small
nanoparticles typical of other hollow structure catalysts investigated in
this system, indicating that the atomic size and chemical properties of
Ni likely contribute to its role in supporting and stabilizing these
nanocages. The hollow cavity structure of these nanocages is evident
in high-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) images, shown in Fig. 1b and Supplemen-
tary Fig. 4. A more distinct visualization of the hexagonal facet struc-
ture of the nanocages is provided by transmission electron microscopy
(TEM) in Fig. 1c and S4, and further detailed through aberration-
corrected scanning TEM (AC-STEM) insets of Fig. 1c. Meanwhile,
numerous twin boundaries within the nanocage framework are iden-
tified in Fig. 1d and Supplementary Fig. 5, likely resulting from synth-
esis variations or lattice mismatches?. These twin boundaries likely

result from synthesis variations and lattice mismatches during crystal
growth”. Higher synthesis temperatures (e.g., 300 °C) lead to more
stable twin boundaries by increasing atomic mobility, allowing atoms
to rearrange into stable structures. In contrast, lower temperatures
(e.g., 200 °C) cause irregular and unstable boundaries due to limited
atomic movement (Supplementary Fig. 6). Reaction time also affects
boundary stability, with shorter times leading to more defects and
unstable boundaries due to inadequate atomic rearrangement (Sup-
plementary Fig. 7). Twin boundary analysis, presented in Fig. 1e, reveals
an ordered arrangement of Pt, Ru, and Ni atoms within the nanocage
framework, suggesting a synergistic interaction among these ele-
ments, that contributes to a stable structure and positive catalytic
performance. During the synthesis of the heteroepitaxial structure
composed of different metal atoms, lattice mismatch leads to an
accumulation of strain energy, this mismatch-induced localized stress
concentration facilitates the formation of twin boundaries, thereby
enhancing the stability and performance of the nanocage
framework**?

High-resolution TEM images (HRTEM) of PtRuNi-O, (Fig. 1f) reveal
lattice spacings of 0.17, 0.21, 0.22, and 0.25 nm, corresponding to the
RuO, (2 2 0), RuO, (21 0), RuO, (0 11), and Pt(Ru) (11 1) facets,
respectively?®”. These observations further confirm the formation of
the PtRuNi alloy-oxide interface in PtRuNi-O,. Further investigations
into atomic vacancies, illustrated in Fig. 1g, reveal obvious vacancies
within the twin nanocage framework and surface structure, primarily
attributed to stress and strain effects induced by twin boundary
deformation®. This observation supports the existence of a low-
coordination state for the metal atoms (Pt, Ru, and Ni), wherein the
reduction in coordination number exposes more metal atoms at sur-
face positions, thereby enhancing catalyst activity and stability. Ele-
mental distribution analysis, as demonstrated in Fig. 1h and
Supplementary Fig. 8, confirms that the nanocage framework pre-
dominantly comprises Pt, Ru, and Ni metals, while the surface is largely
made up of their oxides, further validated by Inductively Coupled
Plasma-Atomic Emission Spectrometry (ICP-OES) tests (Supplemen-
tary Table 1). All these findings confirm the formation of alloy-oxide
interface in PtRuNi-O,, which provides additional active sites for pro-
ducing hydrogen.

A range of spectroscopic analyses was carried out to examine the
structural and electronic properties of PtRuNi-O,, emphasizing the
beneficial twin cavity structure. X-ray diffraction (XRD) confirms the
complex structure arising from the combination of PtRuNi alloy and
oxides (Supplementary Fig. 9). The peaks at 40.3°, 46.8°, and 68.4°
correspond to the (111), (200), and (220) planes of Pt (#87-647),
respectively. These peaks highlight the ordered structure facilitated by
the twin cavities, which enhance catalytic activity due to optimal
atomic arrangement and exposure’. In addition, small peaks related to
RuO, (#65-2824) and PtNi (#65-2797) can be observed®. The XPS
spectrum of Pt in the 4f region (Supplementary Fig. 10) displays two
groups of peaks, indicating the presence of Pt(0) (71.8 and 75.1 eV) and
Pt(ll) (72.5 and 75.7 eV). The 4f7,, and 4fs/, peaks represent different
spin-orbit splitting states of Pt atoms, with 4f5,, corresponding to a
spin state of 1/2 and 4fs/, to 3/2. Variations in the intensity ratio (/4¢7//
l4gs/2) can indicate changes in the oxidation state of Pt or its interac-
tions with the environment®. Notably, the Pt 4f binding energy in
PtRuNi-O, shifts negatively by 0.2 eV compared to that of PtNi, sug-
gesting complex electronic interactions within the twin cavities that
promote effective electron transfer among Pt, Ni, and Ru, thereby
enhancing the catalytic efficiency®. In the Ni 2p spectrum (Supple-
mentary Fig. 11), the peaks at 851.4, 855.4, and 856.6 eV indicate the
presence of Ni(0), Ni(ll), and Ni(lll), respectively®’. This multivalent
nature allows Ni to flexibly participate in different steps of the HER,
thereby facilitating the adsorption and dissociation of reaction
intermediates®. Supplementary Fig. 12 shows peaks at 461.6 and
483.9 eV in the Ru 3p region attributed to Ru(0), while peaks at 463.7
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Fig. 1| Synthesis and structural characterization of PtRuNi-O, catalyst.

a Schematic diagram of the solvothermal synthesis method of PtRuNi-O, catalyst.
b HAADF-STEM, ¢ TEM images of PtRuNi-O,, and magnified HAADF-STEM images of
atypical nanocage in the inset. d, e Atomic phase images of PtRuNi-O,, FFT patterns
generated from e in the inset. f HRTEM images of PtRuNi-O, shows the lattice

Distance (nm)

0.5 0.6

fringes with interface sign. g Magnified HAADF-STEM images of the interface fra-
mework and the corresponding atomic strength profile analysis, and the red
dashed circles represent atomic defects at the boundary. h EDS mapping images of
PtRuNi-O,.

and 486.0 eV are attributed to Ru(IV)*°. The Pt 4f, Ni 2p, and Ru 3p
spectra further detail the mixed valence states contributing to the
alloy-oxide environment within PtRuNi-O,, which can provide more
electronic states and energy levels, potentially increasing electron
mobility. This enhanced electron mobility can markedly improve the
overall catalytic efficiency, as more effective electron transfer accel-
erates the formation and conversion of reaction intermediates,
thereby increasing the reaction rate™.

Subsequent investigations into the chemical states and local
atomic configurations were performed using X-ray absorption spec-
troscopy (XAS) powered by synchrotron radiation. The Ru K-edge
XANES data (Fig. 2a) indicate that the absorption edge of PtRuNi-O, is
positioned between those of Ru foil and RuO,, confirming the

oxidation state (Ru®") of Ru in PtRuNi-O,. The Fourier-transformed
k*-weighted EXAFS spectra, depicted in Fig. 2b, identify two distinct
chemical bonds within PtRuNi-O,, with major peaks at approximately
2.0 and 2.8 A illustrating the formation of Ru-O and Ru-Ru bonds,
respectively. Furthermore, model-based EXAFS fitting was applied to
PtRuNi-O,. As shown in Fig. 2¢, Ru exhibits an oxidation peak between 1
and 2 A and a metal bond between 2 and 3 A, indicating that isolated Ru
atoms in PtRuNi-O, are coordinated by adjacent O atoms from oxide
domains and neighboring Ru(Ni) atoms from alloy areas. Conse-
quently, detailed AC-STEM and EXAFS analyses reveal that Ru entities
are uniformly distributed on the PtRuNi-O, interfaces. In the case of Pt,
the Pt L;-edge in PtRuNi-Oy closely resembles that of Pt foil (Fig. 2d).
The Pt L3-edge FT-EXAFS spectrum shows a primary radial distance of
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Fig. 2 | Structural characterizations by XAFS. Normalized XANES spectra for (a) Ru K-edge, d Pt L;-edge, and g Ni K-edge of PtRuNi-O,. FT-EXAFS spectra for (b) Ru, e Pt,
and h Ni of PtRuNi-O,, and EXAFS R-space fittings for (c) Ru, f Pt, and i Ni of PtRuNi-O,, R in x-axis represents radial distance.

around 2.7 A, corresponding to the Pt-M (M = Pt/Ru/Ni) bond, while a
peak at -2.0 A is attributed to Pt-O bonding®’. Meanwhile, Fig. 2e and f
indicate that Pt-O has about one coordination, with Pt-Ni and Pt-Ru
forming the main coordination, consistent with the near-edge
structure®. Similarly, the Ni K-edge in PtRuNi-O, lies between those
of Ni foil and NiO, verifying the valence state of Ni ranging from O to +2
(Fig. 2g). The Ni K-edge FT-EXAFS spectra of PtRuNi-O, (Fig. 2h) cor-
roborate this conclusion with fitting results (Fig. 2i), indicating that Ni
not only bonds with oxygen (Ni-O) but also forms stable alloy struc-
tures with Pt or Ru (Ni-Pt or Ni-Ru). This alloying enhances the elec-
tron transfer capability of the catalyst, creating synergistic active sites
that reduce the overpotential of the HER*.

To better distinguish the bonding information and atomic dis-
tribution of PtRuNi-O,, wavelet transform (WT) analysis of k*-weighted
EXAFS spectra was conducted (Supplementary Fig. 13). PtRuNi-O,
clearly shows Pt-M (M =Pt/Ru/Ni) and M (M =Pt/Ru/Ni)-O bonds.
Quantitative FT-EXAFS fitting (Supplementary Figs. 14, 15 and Table 2)
reveals that the average coordination numbers (CNs) for Pt-Ni and
Pt-Ru are approximately 4.5 and 1.7, respectively, lower than those
observed in Pt foil (12). Similarly, the EXAFS parameter at the Ru

K-edge and Ni K-edge presents lower average CNs for Ru-Ni (~1) and
Ru-Pt (-1.6), and Ni-Pt (-3.9) compared to those in Ru foil (12) and Ni
foil (12). These findings suggest that the introduction of multiple twin
interfaces effectively reduces the average CN*. Specifically, the ultra-
low unsaturated coordination of Pt, Ru, and Ni atoms generates
extensive dangling bonds within the hollow nanocage structure,
thereby increasing adsorption and reaction capabilities, markedly
impacting the catalytic reactivity.

High HER performance of PtRuNi-O,

The HER performance of PtRuNi-O, was evaluated in an N,-saturated
1.0 M KOH solution. For comparison, under the same experimental
conditions, PtNi-O,, RuNi-O,, and commercial Pt/C were used as
references. As shown in Fig. 3a, PtRuNi-O, exhibits an overpotential
of only 19.6 + 0.1mV to reach 10 mA cm, which is notably lower
than that of commercial Pt/C (23.0+ 0.1mV), PtNi-O,
(28.3+ 0.4 mV), and RuNi-O, (31.8 + 0.1 mV). Remarkably, PtRuNi-O,
maintains a relatively low overpotential even at comparatively high
current densities (17;00=40.1 £ 0.3 mV, Supplementary Fig. 16). To
analyze the catalytic kinetics of HER, Tafel plots were generated
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and Ni catalysts in alkaline freshwater, respectively. e Electrochemical polarization

a Electrochemical polarization curves with iR compensation (The electrode work-  curves in alkaline chemical wastewater with iR compensation (The solution resis-
tance used for compensation is shown in Supplementary Fig. 21). f Comparison of

ing area is m x 0.15 x 0.15 cm?, and the solution resistances used for compensation
o and mass activity of as-prepared catalysts in alkaline chemical wastewater. g The

are shown in Supplementary Fig. 21), b performance parameter comparisons (the
standard deviations were obtained through three reduplicative measurements in cyclic polarization curves for PtRuNi-O,. and Pt/C in alkaline chemical wastewater.

Supplementary Figs. 16, 17 and 19), ¢ the cyclic polarization curves for PtRuNi-O,
and Pt/C in alkaline freshwater. d Nyquist plots of the PtRuNi-O,, PtNi-O,, RuNi-O,,

Fig. 3 | Electrochemical performance and stability in alkaline electrolytes.

h The performance polarization curves of PtRuNi-O, in various alkaline electrolytes.
i Polarization curves were measured with two electrode systems.

and RuNi-O, (0.25s™). These results confirm that PtRuNi-O, pos-
sesses superior intrinsic activity compared to the other catalysts.
Besides outstanding HER activity, PtRuNi-O, also exhibits higher
stability than Pt/C and excellent long-term stability. The continuous
chronoamperometry test results (Fig. 3c) show that PtRuNi-O, does
not exhibit any obvious degradation while operating at 10 mA cm™ for
90 h (Supplementary Fig. 20). Moreover, a positive shift of only2 mVin
1o can be observed after 40,000 sweeping cycles. As illustrated in
Supplementary Table 4, PtRuNi-O, outperforms the other catalysts
across all performance metrics. This underscores the critical role of
low coordination in enhancing HER performance, positioning PtRuNi-
O, as one of the most exceptional Ru-based electrocatalysts for alka-
line HER reported to date. Nyquist plots (Fig. 3d) and the corre-
sponding fitted equivalent circuit diagram (Supplementary Fig. 22),

based on HER polarization curves (Fig. 3b)*°, detailed data are listed
in Supplementary Table 3. The results reveal that PtRuNi-O, has a
much lower Tafel slope (15.0 + 1.0 mV dec™) than others (Supple-
mentary Figs. 17 and 18), which indicates the fastest HER kinetics
among the catalysts tested. Moreover, the HER performance metrics
of PtRuNi-O,, including no, exchange current density (jo), mass
activity, and turnover frequency (TOF) at an overpotential of 50 mV,
were systematically compared with those of other catalysts (Sup-
plementary Fig. 19, the equations refer to Supplementary Note 3).
PtRuNi-O, demonstrates a mass activity of 4.91+ 0.5Amg™ at
n=50mV, which is remarkably higher than PtNi-O,
(0.82+ 0.2Amg™), RuNi-O, (0.28A+ 0.1mg™), and even commer-
cial Pt/C (0.48+ 0.1Amg™). Additionally, the TOF of PtRuNi-O, at
n=50mVis2.59+ 0.1s7, far exceeding that of PtNi-O, (0.52+ 0.1s™)
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recorded at an overpotential of 50 mV, reveal that the semicircle
associated with the PtRuNi-O, system is obviously smaller compared to
those of PtNi-O, and RuNi-O,. This indicates that PtRuNi-O, owns the
lowest resistance. Moreover, the high-frequency region is indicative of
the electronic conductivity within the inner layer or at the interface of
the catalyst, while the low-frequency region corresponds to charge
transfer processes occurring at the interface between the electrolyte
and the catalyst™. The double-layer capacitance (Cq4;) measurements
confirm that PtRuNi-O,. possesses a larger active surface area (Sup-
plementary Fig. 23). Additionally, to more accurately describe the
electrochemical active surface area (ECSA) involved in catalysis by
noble metals (the equation refers to Supplementary Note 4), hydrogen
underpotential deposition (Hypq) peaks were captured”. As shown in
Supplementary Fig. 24, the shaded regions highlight the adsorption
and desorption processes of H. By comparing the areas of shaded
regions, it can be confirmed that PtRuNi-O,, possesses a larger ECSA,
consistent with Cq measurement results, confirming that Ni with Pt or
Ru may also provide additional surface active sites, which lower the
adsorption energy barrier, further enhancing the reaction efficiency.

The substantial amount of water required for large-scale hydro-
gen production poses a notable challenge due to freshwater scarcity.
Direct hydrogen production from real chemical wastewater presents a
promising strategy to mitigate this issue*°. To gain further insight into
hydrogen production in real wastewater, we analyzed the HER per-
formance of the prepared catalysts under chemical wastewater con-
ditions. It typically exhibits a slightly alkaline pH for wastewater.
Consequently, HER data were measured under alkaline conditions to
better simulate the actual conditions of wastewater treatment. As
illustrated in Fig. 3e, PtRuNi-O, demonstrates an overpotential of
20.9 + 0.1mV at 10 mAcm™2 in 1.0 M KOH chemical wastewater. This
value is markedly lower than those of commercial Pt/C (26.2+ 0.1 mV),
PtNi-O, (32.3+0.2mV), and RuNi-O, (33.4 + 0.3 mV) (Supplementary
Fig. 25). A similar trend is maintained even at a current density of
100 mA cm™? (ffperuni-ox < Tpeni-ox < Npyc)- Additionally, PtRuNi-O, exhi-
bits the lowest Tafel slope indicating the fastest HER kinetics.

More importantly, PtRuNi-O, shows a mass activity of
1.85+ 0.2Amg™ at an overpotential of 50 mV in chemical waste-
water, as depicted in Fig. 3f. Supplementary Figs. 26 and 27 further
demonstrates that PtRuNi-O, exhibits the lower charge transfer
resistance and larger active area in the wastewater environment,
confirming its superior electrochemical performance. Durability
tests were conducted using chronopotentiometry in 1.0M KOH
chemical wastewater at a fixed current density of 10 mA cm™ without
iR compensation. As shown in Fig. 3g and Supplementary Fig. 28,
PtRuNi-O, maintains a stable current density with only a 4 mV posi-
tive shift in ;o after 15,000 sweeping cycles, highlighting its excel-
lent long-term stability.

To evaluate the compatibility of PtRuNi-O, in various electrolytes,
we expanded the HER performance testing to include different water
qualities. Considering the organic composition of the chemical was-
tewater and prioritizing safety and controllability in the experimental
process, methanol and ethanol were chosen as potential electrolytes.
Figure 3h shows polarization curves measured in alkaline electrolytes
of freshwater, seawater, and wastewater containing various alcohols.
The activity sequence of PtRuNi-O, at 10mAcm™ is as follows:
Nfreshwater (19-6 mV) < Nwastewater (209 mV) < Nseawater (21-0 mV) < IMeOH
(23.0 mV) <ngron (26.0mV). Overall, the performance of chemical
wastewater in electrolysis is inferior to that of freshwater. This dis-
parity is primarily attributable to the presence of impurities in che-
mical wastewater, such as organic compounds and heavy metals,
which are adsorbed on the catalyst surface. This adsorption obstructs
active sites and diminishes catalytic activity, thereby increasing the
electron transfer resistance and reducing the overall efficiency of the
electrolysis process”. However, comparative studies have demon-
strated that the PtRuNi-O, catalyst owns remarkable resilience against

these contaminants, retaining its catalytic activity even in polluted
environments. The unique composition of this catalyst facilitates the
selective HER activity within the complex matrices of wastewater,
thereby ensuring effective hydrogen production. To further demon-
strate the suitability of PtRuNi-O, for simultaneous hydrogen evolution
in alkaline chemical wastewater, we conducted a test using a two-
electrode system with PtRuNi-O, and RuO, as cathodes and anodes,
respectively, immersed in an alkaline chemical wastewater electrolyte
solution. As shown in Fig. 3i, PtRuNi-O, exhibits a notably lower
potential of 1.54 V at 10 mA cm™ compared to 1.55V for Pt/C||RuO, in
1.0 M KOH solution, indicating its superior electrocatalytic activity.

Analysis of structure-activity relationships
In the process of catalyst design, the d-band center is a critical para-
meter that influences the binding strength of intermediates on the
catalyst surface. A more negative d-band center generally indicates
weaker binding with intermediates (*OH)***. Therefore, theoretical
density functional theory (DFT) calculations were employed to analyze
the d-band centers and the binding energies of *OH across various
catalysts (Supplementary Table 5). As shown in the table, PtRuNi-O,
exhibits the most negative d-band center, indicating the weakest
binding with *OH. Experimental results validated our computational
predictions, confirming that PtRuNi-O, demonstrates superior cataly-
tic activity due to its optimal d-band center. The weaker OH binding on
PtRuNi-O, ensures efficient OH desorption following H,O adsorption,
thereby promoting a continuous and efficient HER process. Achieving
a balance between the adsorption and desorption of intermediates is
crucial for optimizing catalytic performance under alkaline conditions.

In the alkaline HER process, the adsorption behavior of OH is closely
related to hydrogen spillover*®. An increase in *OH adsorption on the
catalyst surface can enhance water dissociation, thereby promoting
hydrogen generation*’. However, this adsorption behavior maintains a
dynamic balance, where hydrogen spillover regulates the OH adsorption
distribution, preventing excessive accumulation at specific sites and
ensuring uniform surface reactions. To demonstrate potential atomic-
scale hydrogen spillover in PtRuNi-O, during alkaline HER electro-
catalysis, in situ Raman experiments and electrochemical assessments
were conducted, as illustrated in Fig. 4a-d. The peak at ~700-800 cm™ in
the test results originates from the surface-adsorbed OH intermediate
(Fig. 4b)**. In the alkaline HER process, direct spectral evidence is pro-
vided by the acquisition of *OH adsorbed on the surface of the catalyst.
Combined with XPS analysis, it is evident that the high-valence metal
states in the PtRuNi-O, structure have milder adsorption energies
towards H,0, H, and OH during the interface reaction process®.

According to principles derived from Faradaic capacitance, the
oxidation reaction predominantly generates capacitance through *OH
adsorption**. This is corroborated by data showing that the PtRuNi-O,
catalyst displays higher capacitance values, as illustrated in Supple-
mentary Fig. 29, which correlates with enhanced *OH adsorption during
the reaction. The presence of adsorbed OH appears to facilitate water
dissociation at the catalyst interface, thus boosting catalytic activity*.
Moreover, the gradual increase in the weak 8Pt-OH peak at ~1150 cm™
with voltage variations provides additional evidence of increased *OH
adsorption during the HER process*®. The distinct structure of the twin
multi-interface in PtRuNi-O,, optimizes the adsorption of active metal
species onto *H and *OH intermediates, promoting both the Volmer
step and efficient OH desorption, which are essential for catalysis in
alkaline media. Additionally, the abundance of low-coordination sites
within the PtRuNi-O, structure, characterized by their unsaturated
chemical bonds and unique electronic structures, effectively facilitates
the adsorption and dissociation of H,O. These low-coordination sites
enhance the adsorption and binding of hydrogen atoms, thereby sub-
stantially improving the efficiency of the catalytic reactions®’.

lon aggregation and electron transfer dynamics at the
electrode-electrolyte interface during the reaction were analyzed
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Fig. 4 | In-situ characterization and electrochemical analysis of PtRuNi-O,.

a Schematic diagram of in-situ Raman device. b The in-situ Raman spectra of
PtRuNi-O, during alkaline HER. ¢ Bode plots and d the fitting R, values of PtRUNi-O,
during HER in alkaline freshwater, respectively. e Bode plots and f the fitting R,
values of PtRuNi-O during HER in alkaline chemical wastewater, respectively.

g Charge density variation in the PtRuNi alloy and oxide heterostructure model,
where blue and yellow areas represent regions of electron accumulation and
depletion, respectively. Calculated Gibbs free energy of (h) H* adsorption and i OH*
adsorption at PtRuNi-O, surface and interface site, respectively. j Schematic dia-
gram of HER at PtRuNi-O, interfaces.

using in-situ electrochemical impedance spectroscopy (EIS)*®. Bode
plots (Supplementary Fig. 29) show a decrease in phase angles at
high frequencies under identical voltage conditions in both fresh-
water and chemical wastewater, suggesting enhanced electron
transfer rates on PtRuNi-O, surfaces, as a key factor governing
reaction resistance during HER*. The shift towards higher fre-
quencies and a decreasing phase angle with increasing voltage, as
depicted in Fig. 4c and e, further signify accelerated charge transfer.
To fully reflect the impedance characteristics of the samples, fre-
quency variation curves of the impedance modulus (|Z]) and phase
angle are in all Bode plots, providing an intuitive display of impe-
dance and phase characteristics at different frequencies®. Supple-
mentary Figs. 30 and 31 exhibit the behavior of the RuNi-O,, PtNi-O,,
and PtRuNi-O, catalysts, that in alkaline freshwater, both the impe-
dance modulus and phase angle possess a consistent trend fre-
quency, indicating stable electrochemical behavior. In contrast, the

complexity and impurities in chemical wastewater obviously affect
the impedance of the catalyst in the high-frequency region, leading
to pronounced variations in impedance modulus and phase angle.
Furthermore, the fitted R, results in different electrolytes are given
in Fig. 4d and f, which show that PtRuNi-O, possesses a faster charge
transfer rate than RuNi-O, and PtNi-O,. To further explore this phe-
nomenon, the HER performance of the PtRuNi alloy and PtRuNi-O,
(Supplementary Fig. 32) was compared, and the results indicated that
the HER performance of the PtRuNi alloy was inferior to that of
PtRuNi-Oy. This inferiority is due to the electronic interactions
among Pt, Ru, and Ni atoms in the PtRuNi alloy through alloying
effects, leading to a redistribution of electron density, and thus
affecting catalytic activity®. This comparison underscores the sig-
nificance of the distinct electronic interactions within the twin cav-
ities of PtRuNi-O, for optimizing electron transfer, consequently
enhancing the catalytic performance.
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Finally, the outstanding alkaline HER activity of PtRuNi-O, was
elucidated through DFT calculations'**’. Atomic models of PtRuNi-
O,, shown in Fig. 4g and Supplementary Fig. 33 (calculate details in
Supplementary Note 1 and Specific atomic coordinates refer to
Supporting data 1), demonstrate the notable electron redistribution
due to varying electronegativities, primarily from Ru to central Pt
atoms, confirming insights from XPS measurements. Bader charge
analysis reveals higher electron concentrations at interfacial metal
sites, promoting an advantageous redistribution at the d-band cen-
ters of the metals and refining reactant adsorption energies*>>. The
calculated adsorption-free energies for the intermediate H species
indicate thermodynamically favorable conditions for H adsorption at
the interface edge (Fig. 4h and i). This site specificity enhances the
adsorption of OH, thus facilitating the water dissociation in alkaline
media and positively influencing catalytic activity®. The detailed
reaction mechanism, illustrated in Fig. 4j, underscores the pivotal
role of the alloy-oxide interface in tuning *H and *OH adsorption
behaviors, thereby elevating the HER performance of the PtRuNi-O,
catalyst.

Discussion

In summary, PtRuNi-O, was designed as a nanocage catalyst with an
ultra-low coordination cavity structure. This intricate alloy frame-
work featured a metal oxide cage surface, specifically engineered to
include abundant twin interfaces and atomic vacancies. Experimental
investigations revealed that PtRuNi-O, had superior HER activity and
durability in 1.0 M KOH electrolytes, outperforming Pt/C and most
previously reported catalysts in alkaline electrolytes, including those
derived from freshwater, seawater, and chemical wastewater con-
taining various alcohols. Further insights were gained through in-situ
Raman spectroscopy and electrochemical impedance spectroscopy
(EIS) measurements, which confirmed that the ultra-low coordina-
tion cavity structure of PtRuNi-O, facilitated the effective electron
transfer within the inner-layer/interface. This enhanced electron
mobility notably improved the HER efficiency by optimizing the
adsorption of H and OH intermediates and accelerating the reaction
kinetics. Overall, the findings from this study are not only pivotal for
advancing the understanding of catalytic mechanisms in alkaline
environments but also emphasize the importance of structural
innovation in enhancing the functionality and application scope of
catalytic materials.

Methods

Chemicals

Commercial Pt/C catalyst (20 wt%) was purchased from Johnson Mat-
they (UK). Nickel (II) acetylacetonate (Ni(acac),, AR) was obtained from
Aladdin (China). Ruthenium (lll) chloride hydrate (RuCl;-3H,0, AR),
Potassium chloroplatinate (K,PtCls, AR), and KOH (85wt%) were
obtained from Sinopharm Chemical Reagent Co. Ltd. (China). Dode-
cylamine (DDA, AR), and octadecene (ODE, AR) were purchased from
Alfa Aesar. Nafion solution (5 wt%) was purchased from Adamas-beta
Chemical Co. (Switzerland). Milli-Q deionized water (DI water,
18.25 MQ cm) was employed in all experiments. All reagents were used
as received without further purification. The working glass carbon
electrode, reference electrode, and graphite electrode used in elec-
trochemical tests are all from Tianjin Ada Hengsheng Technology
Co., Ltd.

Synthesis of PtRuNi-0,

Ni(acac), (0.5mM), RuCl3-3H,0 (0.25mM), and potassium chlor-
oplatinate (K,PtCls) (0.25mM) as the metal precursors, then 6 mL
DDA was used as a reducing agent and 10 mL ODE as a solvent and
surfactant. The mixture was added into the three-necked flask
(250 mL), then heated from room temperature to 300 °C at 7 °C/min
and maintained at 300 °C for 20 min. After the reaction was cooled to

room temperature, the resulting black product was separated by
centrifugation and washed several times with heptane. The same
synthetic method for PtNi-O, except without RuCl;-3H,0, RuNi-Oy
except without K,PtClg, and Ni except without RuCl;-3H,0 and
sztcl(,.

Materials characterization

The atomic structures of the PtRuNi-O, were examined using a JEOL
ARM 200CF transmission electron microscope at 200 kV, equipped
with double spherical aberration correctors. HAADF images were
taken at an acceptance angle of 90-370 mrad. The STEM used a DCOR
+ spherical aberration corrector for the electron probe, which was
aligned with a standard gold sample before observations. The mass
fraction of the metal was determined using ICP-OES technology on a
Thermo Fisher iCAP PRO instrument. Powder X-ray diffraction (XRD)
patterns were recorded using graphite monochromatized Cu K radia-
tion (A =0.154060 nm) and a D/max 2500VL/PC diffractometer (Japan)
over a scan range of 5-90° in 26. X-ray photoelectron spectra (XPS)
were obtained using an Al K radiation-powered scanning X-ray
microprobe (PHI 5000 Versa, ULACPHI, Inc.), with binding energies
of other elements calibrated to the Cls peak at 284.6 eV. The Athena
and Artemis programs of the Demeter data analysis packages, using
FEFF6 software, were utilized for EXAFS data reduction, analysis, and
fitting. Performing chronoamperometry tests using the CHI 760E
workstation, with in situ data collected in conjunction with Raman
(Thermo Fisher DXR2). Operation EIS data were measured by
Metrohm Autolab PGSTAT302N. All electrochemical measurements
were performed by an electrochemical workstation (CHI 760E, CH
Instruments Ins, Shanghai, China).

Electrochemical measurements

Conducted at room temperature (-25°C) on a CHI 760E electro-
chemical workstation. A 3 mm diameter (0.07 cm? area) L-type glassy
carbon electrode (GCE) coated with catalysts, a Hg/HgO reference
electrode, and a graphite rod counter electrode were used. The alkaline
freshwater electrolyte was freshly prepared within a week by dissolving
66 g of KOH in 1000 mL of deionized water. The preparation of the
chemical wastewater electrolyte involves allowing the wastewater
directly sourced from the plant to settle for 24 h. After settling, the clear
liquid is filtered using filter paper. The filtered liquid is then diluted fifty
times. Subsequently, 66 g of KOH is dissolved into 1000 mL diluted
wastewater. The prepared electrolyte is stored in a sealed volumetric
flask and kept in a cabinet to protect it from light. The pH of alkaline
freshwater and wastewater electrolytes is shown in Supplemen-
tary Fig. 34.

The working electrode was prepared by dispersing 5 mg of cata-
lysts and 10 pL of 5wt% Nafion solution in 1 mL of a mixed solvent
(600 pL ethanol and 390 pL water), followed by 30 min of ultra-
sonication to form a dispersion. A specified volume of catalyst ink was
dropped onto clean carbon paper and air-dried. Prior to electro-
chemical testing, the GCE was polished with Al,Oj3 slurry and rinsed
with Milli-Q water to ensure a clean surface. 8.4 puL of the catalyst
solution was applied to the clean GCE. The load capacity is calculated
by the following formula (1):

cxV
Scce

@

Mypqq =

Here cis the concentration of the sample solution, Vis the volume
of the sample solution dropped on the electrode, and Sgck is the area
of the glassy carbon electrode.

Ny-saturated 1.0 M KOH was used as the electrolyte for HER. The
electrochemical tests were conducted in a 100 mL electrolytic cell,
with the electrolyte volume ranging from 50 to 60 mL. The distance
between the three electrodes was equal (Supplementary Fig. 35). The
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chemical wastewater used in this study was sourced from an actual
chemical manufacturing facility, Jiangsu Zhongshan New Material Co.,
LTD. The sampling location was the outlet of the wastewater collection
pool (Supplementary Fig. 36 and Table 6).

Polarization curves were recorded at a scan rate of 5mVs™ with
100% iR-correction. The stability measurements in this study were
conducted using CV methods. For the CV tests, the scan rate was set at
0.1V/s, with a potential range from O to 0.1V (vs. RHE).

The Hg/HgO electrodes used in the experiment were calibrated,
and the specific calibration method is shown in Supplementary
Note 2. Test the LSV curve in the range of -1 to 1V. The voltage
value is read at a current of O and compared with the standard
potential of Hg/HgO (0.1989 V). An error within 2 mV is considered
acceptable.

All the electrochemical measurements were converted to the
reversible hydrogen electrode (RHE) by the formula (2):

Epye= EHg/HgO +0.9268 2)
The solution resistance is corrected using the following formula (3):

E compensated = E measured — iR (3)
where i is the measured current, and the uncompensated resistance (R)
was determined using EIS, and the R value for freshwater electrolyte is
7.5 Q and the R value for chemical wastewater electrolyteis 7.9 + 0.1Q.
The HER polarization curves without iR compensation are presented in
Supplementary Fig. 37.

In situ Raman

In situ Raman spectra were obtained using a Raman spectrometer
(Thermo Fisher DXR2) with excitation from a 532 nm argon ion laser.
PtRuNi-O, served as the working electrode, Hg/HgO as the reference
electrode, and a platinum wire as the counter electrode, which was
separated by an anion exchange membrane (Fumasep FAA-3-50).
During HER measurements in 1.0 M KOH, Raman spectra were recor-
ded at various potentials via chronoamperometry on a Chenhua
electrochemical workstation. Detailed test conditions are presented in
Supplementary Fig. 38.

Data availability

The data that support the plots are available within this paper and its
Supplementary Information. All other relevant data that support the
findings of this study are available from the corresponding authors on
reasonable request. Source data are provided with this paper.
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