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Broader Context Statement DOI: 10.1039/D6EY00096G

Electrochemical reconstruction of amorphous metallic materials presents an exceptional
opportunity for catalyst design. However, the transformation into highly active metastable
crystalline phases with unique electronic structures is rarely discovered. Here, we develop a micellar
film-mediated strategy to facilely fabricate large-area mesoporous films of amorphous Ru-W
bimetallic composite, involving hierarchical “pyridyl-Ru3*~WS,>” coordination and
crystallization-retarding pyrolysis. Notably, the amorphous Ru-W bimetallic sulfide exhibits an
unconventional reconfiguration from amorphous to crystalline-1T-phase during the electrochemical
hydrogen evolution reaction. Theoretical calculations reveal that this transformation originates from
electrochemical injection of electrons, which induces interatomic charge redistribution to establish
a new coordination environment, thereby driving the atomic rearrangement. In this process, the
bridged sulfur provides a critical and efficient synergistic charge transfer pathway that
simultaneously ensures the structural stability of the 1T-phase. Taking advantage of the persistent
electrochemical reorganization into the highly active 1T-phase, such amorphous catalyst exhibits
outstanding long-term stability and superior electrocatalytic activity for hydrogen evolution. In
general, the open and coordinative soft environment of the micellar film provides an innovative
platform for the tunable synthesis of functional amorphous composites and the subsequent phase
engineering toward highly active electrocatalysts for sustainable energy conversion technologies.
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Electrochemical reconfiguration of amorphous metallic materials offers exceptional opportunities for catalyst design. Here,

we demonstrate a distinctive reconfiguration route toward highly active crystalline 1T-phase in amorphous Ru-W bimetallic
sulfide. A micellar film-mediated strategy is developed to facilely fabricate large-area mesoporous films of the amorphous
pyridyl—
Ru3*-WS,2” coordination, followed by crystallization-retarding pyrolysis. The resulting catalyst reveals appealing hydrogen

| “

composite, involving sequential accumulation and association of Ru3* and WS, precursors through hierarchica

evolution performance, with a low initial overpotential of 11 mV at 10 mA cm2 and high sustainability at 1.0 A cm over
1600 h. Notably, sustained electrochemical stimuli triggers an distinctive amorphous-to-crystalline reconfiguration,
gradually generating crystalline Ru-W bimetallic sulfide with a metastable 1T-phase. This substantially endows the catalyst
with a remarkable long-term stability while further enhancing the catalytic activity (overpotential of merely 4 mV at 10 mA
cm?). Theoretical calculations reveal a electrochemical-dependent structural reorganization process, where external
electron injection triggers charge redistribution that drives the atomic rearrangement, while the sulfur-bridged structure
promotes efficient cooperative charge transfer and ensures the structural robustness of the metastable 1T-phase during
the reconfiguration.

generate active species has emerged as a critical strategy to
construct efficient and stable catalytic systems'7-29, To date, the
reconfiguration of amorphous materials predominantly yields
amorphous-to-amorphous transitions, occasionally
accompanied by nanoscale surface/local

Introduction

Amorphous metallic materials inherently possess high-density
structural defects, unsaturated coordination sites, and tunable
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local bonding environments®®. Such features effectively reduce
the reaction energy barrier and optimize the mass transport
pathways, leading to frontier catalytic systems for critical
electrochemical reactions, including hydrogen evolution and
carbon dioxide reductions’'4. ~Notably, the metastable
characteristics render them highly susceptible to dynamic
structural evolution under electrochemical conditions,
presenting both opportunities for performance modulation and
challenges for mechanistic understanding of electrochemical
reconfiguration!> 16, Utilizing this evolution to rationally
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crystallization/passivation or phase separation induced by
elemental leaching?28 (Fig. 1a). The resulting crystalline
products (e.g., metals, oxides, or hydroxides??33, etc.) are
typically thermodynamically stable, while metastable phases
with special electronic structures and high activity are rarely
discovered.

Metal sulfides (e.g., WS>, MoS,, etc.) with unique/tunable
electronic structure and abundant active sites create favorable
conditions for various catalytic processes3438. Particularly, the
thermodynamically metastable 1T-phase exhibits exceptional
electrochemical activity due to its metallic conductivity,
octahedral coordination, and extensible interlayer spacing that
facilitates charge transfer3?. It can be controllably prepared with
various approaches, including direct synthesis (e.g., ion
intercalation, chemical vapor deposition, etc.)4%-44 and external
field-controlled transformations (e.g., strain, plasma induction,
etc.)*>*°. However, the generation of 1T-phase by direct
electrochemical reconfiguration from amorphous materials
remains unexplored. The amorphous metal sulfides prepared by
current methods (e.g., wet-chemical method, chemical vapor
deposition)>%>2 have not yet been employed as the critical
precursors for the electrochemical reconfiguration to generate
1T-phase.
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Herein, we develop a polystyrene-b-poly(2-vinylpyridine) (PS-b-
P2VP) block copolymer micellar film system to mediate the
uniform construction of amorphous mesoporous bimetallic
sulfide film (Fig. 1b). Specifically, the micellar film enables the
sequential accumulation of Ru3* and WS4Z ions through a
hierarchical “pyridyl-Ru3*—WS,>” coordination route.
Subsequently, in-situ confined pyrolysis of such metal species-
accumulated micellar film directly induces the formation of
amorphous Ru-W bimetallic sulfide (denoted as RuWS). In
particular, the micellar film mitigates excessive co-precipitation
of metal species and retards the crystallization kinetics induced

a) Conventional syntheses and electrochemical reconfiguration

Journal Name

by high temperatures, ensuring the preservation qf amorpheus
structures with sulfur-bridged coordin@tiéhl0édmmigurativh:
Notably, during the electrocatalytic reaction, the amorphous
film gradually transforms to crystalline Ru-W bimetallic sulfide
with a metastable 1T-phase (Fig. 1b). Theoretical calculations
further demonstrate that the electrochemical injection of
electrons triggers the amorphous-to-crystalline
reconfiguration, where the sulfur-bridged structure effectively
balances the electron redistribution between various atoms
through rapid charge transfer and efficiently handles the
structural strain to sustain the metastable crystalline phase.

Syntheses

* Wet-chemical method,
chemical vapor deposition...

Reconfiguration

B
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b) Micellar film-directed electrochemical reconfiguration from amorphous to metastable crystalline 1T-phase (this work)
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Fig.1 Electrochemical reconfiguration. (a) Traditional syntheses and electrochemical reconfiguration of amorphous materials. (b)
Micellar film-mediated formation of amorphous bimetallic sulfide via hierarchical coordination and electrochemical conversion

into crystalline bimetallic sulfide with a metastable 1T-phase.

Results and discussion

Fabrication of RuWS-accumulated PS-b-P2VP micellar film

Micellar films were prepared on desired substrates via direct
drop-casting and rapid solvent evaporation of a solution of PS-
b-P2VP unimers®® (Fig. 2a). Such micellar film was solely
consisted of a large number of tightly stacked spherical micelles
(with a PS core and a P2VP corona) (Fig. S1). Upon treatment in
a KOH solution, the micellar film can be separated from the
substrate to form a large-area free-standing film (Fig. S2),
implying its integral structure and remarkable mechanical
robustness. Subsequently, the micellar film was immersed in a
solution of RuCls in ethanol. While the morphology remained
nearly intact, the color of the micellar film gradually became
yellow (Fig. 2b), indicating the capture of Ru3* in the P2VP
corona of the spherical micelles (Fig. S3), majorly through
coordination. Further, upon immersing the Ru3*-loaded micellar

2| J. Name., 2012, 00, 1-3

film into a solution of (NH4)2WS, in a mixture of 1 : 1 (v/v)
isopropanol and water, a brown film was obtained (Fig. 2b).
Scanning electron microscopy (SEM) and transmission electron
microscopy (TEM) images showed that after the sequentially
loading of Ru3* and WS, the micellar film preserved the
homogeneous morphology and the internal dense stacking of
spherical micelles (Figs. 2c, S4a and S4b). High-resolution TEM
(HRTEM) images and fast Fourier transform (FFT) pattern (Figs.
S4c and S4d) both demonstrated the absence of crystalline
component, which is consistent with the results of X-ray
diffraction (XRD) (Fig. S5). High-angle annular dark field
scanning transmission electron microscopy (HAADF-STEM)
images and elemental mapping further confirmed the relatively
homogenous distribution of Ru, W, and S elements (Fig. S4e).

To elucidate the association patterns among pyridyl groups on
P2VP, Ru3* and WS,%, a factorial cross-comparison analysis was
systematically conducted. Fourier transform infrared
spectroscopy (FT-IR) spectra showed that while the micellar film
barely associated with the WS4% ions, it reveals a remarkable

This journal is © The Royal Society of Chemistry 20xx
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association with the Ru3* ions, majorly involving coordination
interactions with the pyridyl groups (Fig. 2d). Notably, after the
secondary addition of WS,4% ions, the micellar film revealed
attenuated signals for the coordinated pyridyl groups, while the
peaks for the free pyridyl groups recovered. It appeared that the
introduction of WS4% ions triggered a slight dissociation of Ru3*
with the pyridyl groups. On the other hand, the direct mixing of
Ru3* and WS,% in absence of micellar film yielded irregular non-
mesostructured RUWS powder (Fig. S6) and UV-vis absorption
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spectra showed a strong interaction between Ru?* and WSs%
(Fig. S7). Apparently, the sequential accomulatiosp/of Rwoand
WS4% ions facilitated a hierarchical coordination of “pyridyl—
Ru3*—WS,%” (Fig. 2e) in the micellar film, where S bridge the
pyridyl groups, Ru3* and WSsZ. X-ray photoelectron
spectroscopy (XPS) spectra of Ru 3p, W 4f and S 2p revealed
valence states of Ru at +3, W at +6, and S at -2, respectively, the
same as the RuClz and (NH4), WS4 precursors (Fig. S8).

.b. ws 2
Step 2:
Second acuumulation

@

RuWS-accumulated
micellar film on substrate

Step2:
Ru* coordinate WS,*

d
sv Free pyridyl group o
%] :
oy SV+WS#
5 X
HE Y
o | ——
o
§ SV@Ru*
5| Do
2 | —
<
SV@RuWs
w
=z
1700 1650 1600 1550 1500 1450
Wavenumber (cm™)
e
Hierarchical cooradination: S as bridge
W e T W e
T R N T e
\( éﬂ é/ r}( A
A b

Fig.2 Micellar film-directed sequential accumulation of Ru3* and WS,? via hierarchical coordination. (a) Schematic illustration of
the preparation of Ru-W bimetallic sulfide-accumulated PS-b-P2VP micellar film. (b) Photographs of a free-standing micellar film
and that after accumulation of Ru3* ions (denoted as SV@Ru3*) and successive accumulation of both Ru3* and WS4% ions (denoted
as SV@RuWS). (c) SEM and TEM (inset) images of RuWS-accumulated micellar film. (d) FT-IR spectra of PS-b-P2VP micellar film,
PS-b-P2VP micellar film after immersing in a solution of WS4% ions in ethanol, Ru3* ion-accumulated PS-b-P2VP micellar film, and
RuWS-accumulated PS-b-P2VP micellar film (denoted as SV, SV+WS,%, SV@Ru3*, and SV@RuWS, respectively). (e) Schematic
illustration of the hierarchical coordination.

Fabrication of amorphous mesoporous bimetallic sulfide film
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The RuWS-accumulated PS-b-P2VP micellar film on a specific
substrate was subjected to pyrolysis under nitrogen at 600 °C to
remove the micellar scaffold (Fig. 3a). This immediately
generated a mesoporous film featuring a large-scale integration
of uniformly sized spherical cavities and a homogeneous porous
surface (Figs. 3b and S9). TEM images showed that the resulting
film possessed well-defined mesopores with an average
diameter of ca. 28.1 nm (Figs. 3b and S10). In particular, the
hierarchical coordination structures provided critical rigid
support and constraint for the mesopores>3. Nitrogen sorption
measurements further confirmed such mesoporous structure
(Fig. S11). HRTEM, aberration-corrected high-angle annular
dark-field scanning transmission electron microscopy (AC-
HAADF-STEM) and corresponding fast FFT images (Figs. 3¢, S12,
and S13) showed that the mesoporous film generally possessed
an amorphous framework, with randomly arranged atoms. XRD
pattern also demonstrated the amorphous nature (Fig. S14). On
the other hand, HAADF-STEM and element mapping images
confirmed the co-existence of Ru, W, and S elements and

Electrostatic
& 1 rejection
¥

Hierarchical coordination:
pyridyl- WS 2>

Gradually decomposition of
micellar scaffold

Journal Name

revealed their uniformly distribution throughout the film (Fig.
3d). Additionally, trace carbon and nitrogen1resideresowere
presented in this film (Fig. S15). X-ray absorption near-edge
structure (XANES) spectra at Ru K-edge revealed slightly lower
absorption edges for the pyrolyzed sample (Fig. S16a).
Meanwhile, the intensity of white line at W Lz-edge in XANES
spectra was decreased (Fig. S16b). Such results suggested the
lower valence states for both Ru and W,>* 35 aligning well with
the corresponding XPS results (Fig. S17). The corresponding
Fourier-transformed extended X-ray absorption fine structure
(EXAFS) spectra at W Ls-edge and Ru K-edge revealed
characteristic peaks at 1.30 and 1.71 A for W-S and Ru-S
coordination, respectively (Figs. 3e and 3f). Notably, no
significant correlation signal was observed between the metal
atoms. It appeared that the sulfur atoms bridged the Ru and W
atoms and facilitates the generation of the amorphous
mesoporous RuWS film. This was consistent with the
coordination structure of “pyridyl-Ru3*-WS,2” in the precursor.

ow
@ Ru
«S

Long-range disordered
atomic arrangement -

RuWS-accumulated
micellar film on substrate

100 nm

Pyrolysis at 600 °C

=>
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Fig.3 Micellar film-directed formation of amorphous mesoporous RuWS film. (a) Schematic illustration of the conversion of RUWS-
accumulated PS-b-P2VP micellar film into mesoporous film of amorphous RuWS upon pyrolysis at 600 °C. (b) SEM and TEM (inset)

4| J. Name., 2012, 00, 1-3

This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins



http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ey00096g

Open Access Article. Published on 12 May 2026. Downloaded on 5/12/2026 11:10:05 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(ec)

EES.Catalysis

images, (c) AC-HAADF-STEM and corresponding FFT with characteristic weak diffusion ring (inset) images, and (d) HAADF.STEM
and elemental mapping images of amorphous mesoporous RuWS film. (e, f) EXAFS spectra at (e) Ru K-degecand (fzWbksexge aif
amorphous mesoporous RuWS film and RuWS-accumulated micellar film (denoted as a-RuWS and SV@RuWS).

To gain deep insights, the evolution of non-mesostructured
RuWS powder and RuWS-accumulated micellar film in the
pyrolysis process performed at gradually increasing
temperatures were carefully examined (Figs. S$18-S31). For non-
mesostructured RuWS powder, crystalline domains began to
appear upon pyrolysis at 400 °C and dominated at higher
temperatures (Figs. S18-S22). The highly crystalline powder
formed at 600 °C was solely consisted by isolated Ru and WS,
phases (Fig. S22). On the contrary, for RuWS-accumulated
micellar film, the amorphous mesoporous architecture retained
well even after pyrolysis at 600 °C (Figs. 3 and S23-S27), before
the generation of homogeneously distributed tiny crystalline
nanoparticles at 700 °C and larger crystalline domains at higher
temperatures (Figs. S28-S31). It can be anticipated that the
spatially confined coordination in the micellar film reduced the
collision of Ru, W, and S species, consequently retarding the
crystal growth rate within a defined thermal regime. Similarly,
the treatment of Mo-based materials yielded mesoporous
amorphous Ru-Mo bimetallic sulfide (denoted as RuMoS) film
(Fig. S32).

Electrocatalytic performance of amorphous mesoporous RuWS film

Subsequently, the hydrogen evolution reaction (HER) activity of
amorphous mesoporous RuWS film on carbon cloth was
evaluated using a typical three-electrode system in 1.0 M KOH
(Figs. 4 and S33). The amorphous mesoporous RuWS film
formed at 600 °C exhibited the optimal performance (Fig. S34)
and hence it was predominantly used for further investigation.
Commercial Pt/C, crystalline WS, powder (derived from
pyrolysis of (NH4).WSs; powder at 600 °C, Fig. S35), and
crystalline Ru/WS, powder (derived from pyrolysis of non-
mesostructured RuWS powder at 600 °C) were selected as the
control samples. The amorphous mesoporous RuWS film
revealed remarkably lower overpotentials of 11 mV at 10 mA
cm2 and 48 mV 100 mA cm than that of commercial Pt/C (43
and 273 mV), crystalline WS, powder (60 and 316 mV) and
crystalline Ru/WS; powder (26 and 186 mV) (Figs. 4a and S36).
In addition, at a high current density of 1000 mA cm2, the
amorphous mesoporous RuWS film also revealed relatively low
overpotential of 130 mV and Tafel slope of 23.2 mV dec™ (Figs.
4b and 4c), indicating a superior HER electrocatalytic activity
toward industrial applications. Nyquist plots showed that the
amorphous mesoporous RuWS film possessed a smaller
semicircular diameter in the electrochemical impedance
spectroscopy (EIS) compared with other samples, suggesting a
lower charge transfer resistance (Figs. S37 and S38). The
electrochemical double-layer capacitance (Ca) (134.5 mF cm2)
of amorphous mesoporous RuWS film was significantly higher
than that of other samples, implying an increased density of
active sites (Figs. 4c and S39). Moreover, the amorphous
mesoporous RuWS film also possessed an excellent
hydrophilicity that would facilitate the electrocatalytic reaction
(Fig. S40). Overall, the self-supported amorphous mesoporous
film architecture was more conducive to active site exposure
and mass/electron transfer, bringing a considerable
improvement of HER activity (Fig. 4d).

This journal is © The Royal Society of Chemistry 20xx

Chronoamperometry tests were conducted at current densities
of 10, 100 and 1000 mA cm2?, respectively, to evaluate the
stability of amorphous mesoporous RuWS film (Figs. 4e and
S41). After 100 h of stability testing, negligible current decays
with minimal fluctuations were observed at current densities of
10 and 100 mA cm2 (Fig. S41). Notably, the sample displayed a
continuous operation at a current density of 1000 mA cm for
over 1600 h in an alkaline electrolyte with negligible metal
leaching confirmed by ICP-OES, demonstrating an exceptional
long-term stability (Fig. 4e and Table S1). Surprisingly, the post-
test sample revealed even lower overpotential of only 4 mV at
10 mA cm2 and Tafel slope of 10.2 mV dec™? (Figs. 4f and S42),
indicating the emergence of obviously enhanced catalytic
activity and kinetics. EIS showed that the post-test sample also
possessed a decreased charge transfer resistance and thus a
more efficient electron transfer capability (Fig. 4g). These
features were extremely appealing compared with previously
reported amorphous/Ru-based electrocatalysts in alkaline
media (Fig. 4h and Table S2). Anion-exchange membrane water
electrolyzer (AEMWEs) was assembled using the amorphous
mesoporous RuWS film as the cathode and commercial IrO; as
the anode to further evaluate the practical application potential
(Fig. S43a). The assembled AEMWE exhibited a low cell voltage
of 1.60 V at a current density of 1.0 A cm2, and showed no
obvious performance degradation during continuous operation
for 27 h, confirming favorable potential for practical water
electrolysis (Fig. S43b, c).

Electrochemical reconfiguration of amorphous mesoporous
RuWSs film

To unravel the mechanistic origin of the long-term stability and
performance enhancement of amorphous mesoporous RuWS
film, we systematically monitored the dynamic evolution of the
atomic/electronic structure under the applied negative electric
field (Fig. 5a). Uniformly distributed sub-nanometer clusters
emerged on the mesoporous film and gradually evolving into
nanoparticles (Fig. S44). AC-HAADF-STEM image revealed the
expanding of crystalline domains in the amorphous matrix and
the eventual formation of large-area crystalline phases. The
resulting crystalline region showed distinct wide lattice stripes
(0.677 nm) corresponding to WS, (Fig. S45) and clear tetragonal
lattice arrangements for 1T-phase (Figs. 5b and 5c). The
intensity distribution map of the blue lines specifically revealed
two sulfur atoms between the neighboring tungsten atoms,
indicating an octahedral coordinated 1T-phase atomic pattern??
(W—S—S—W, Figs. 5c and 5e). Notably, a considerable number of
atomic-level dark spots were detected on the WS, crystal (Fig.
5d, marked with yellow circles), which could be ascribed to the
doping of Ru atoms. The corresponding HAADF intensity line
profiles further confirmed the existence of Ru single atoms (Figs.
5e and S46). XANES spectrum at Ru K-edge showed slightly
higher absorption edge for the post-test sample, indicating an
increased oxidation state of Ru element (Fig. S47). EXAFS
spectra exhibited a prominent peak at 1.52 A corresponding to
the Ru-S scattering feature and thus confirmed the isolated
dispersion of Ru atoms (Fig. 5f). Compared with 2H-phase WS,

J. Name., 2013, 00, 1-3 | 5
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the characteristic (002) peak of the reconstructed 1T-phase
exhibited a distinct negative shift, indicating the introduction of
Ru increased the interlayer spacing®® (Fig. S48). The positively
shifted Ru 3p signal of XPS further indicated an elevated valence
state of Ru (Fig. S49a). Meanwhile, the negative shift of the S 2p
signals implied that the Ru atoms probably possessed a positive
valence state via the association with S atoms in the WS; matrix
(Fig. S49b).

In addition, Raman spectroscopy revealed progressively
intensified peaks of 1T WS, at 138, 212, 286, and 350 cm™ with
increasing testing time, indicating a growing fraction of the 1T-
phase*2 49 (Fig. 5g). The W 4f of XPS spectrum exhibited two new

Journal Name

peaks at 31.7 and 33.9 eV after test, approximately 0.9,eV lower
than the corresponding peaks in 2H WS,,which w0 beassigned
to the formation of 1T WS,37 (Figs. 5h and S35e). Accordingly,
the content of converted 1T-phase estimated from integrated
peak areas reached 82.7% at 120 h (Table S3). Meanwhile, the
EXAFS spectra evolved as a function of time, featuring the
emergence and intensification of a new peak, attributing to W—
W coordination (Fig. 5i). The concomitant elongation of both
W-S and W-W bonds to 2.04 and 2.87 A, respectively, was
consistent with the structural characteristics of the 1T WS,37- 56
57, further implying the atomic reconstruction during the
electrocatalytic test (Figs. 5i, S50-S53 and Table S4)
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Fig.4 Electrocatalytic performance of amorphous mesoporous RuWS film. (a) HER linear sweep voltammetry (LSV) curves with iR-
correction, (b) Tafel slopes for HER, and (c) plots of current density versus scan rate of commercial Pt/C, crystalline WS, (denoted
as c-WS;), crystalline WS, with Ru nanoparticles (denoted as c-Ru/WS;), and amorphous mesoporous RuWS film (denoted as a-
RuWS) in an aqueous solution of 1.0 M KOH. (d) Schematic illustration of the advantageous catalytic environment of amorphous
mesoporous RUWS film on carbon cloth. (e) Chronoamperometry curves of amorphous mesoporous RuWS film at 1000 mA cm™2.
(f) LSV curves and Tafel slopes (inset), and (g) EIS Nyquist plots of amorphous mesoporous RuWS film before and after the HER
stability test. (h) Comparison of overpotential and Tafel slope with other reported amorphous/Ru-based HER electrocatalysts.

Mechanism for electrochemical amorphous-to-crystalline-1T-
phase reconfiguration

First-principles calculations were performed to elucidate the
atomic-level mechanism for the electrochemically induced

6 | J. Name., 2012, 00, 1-3

reconfiguration®® 58 59 (Fig. 6). Three structural models of the
amorphous Ru-W sulfide phase featuring a sulfur-bridged
network of metal atoms with coordination-unsaturated W and
S sites, namely amorphous RuWS-1, RuWS-2 and RuWS-3, were
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constructed and geometrically stabilized through structure RuWS-1 to RuWS-3 with consistent atom number and element
optimization (Fig. 6a). To reduce the calculation complexity, species, corresponding to a gradual risel: in.1steuotarabdvee
only one Ru atom was involved in each model. Taking the energy. The energy trend indicates a thermodynamic driving
standard structure of 1T-phase Ru-WS; as the baseline state, force for the conversion from the disordered amorphous states
the atomic disorder increases progressively from amorphous toward 1T-phase Ru-WS,.
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Fig.5 Reconfiguration of amorphous mesoporous RuWS film during the electrochemical process. (a) Schematic illustration of
gradual formation of crystalline nuclei from amorphous mesoporous RuWS film during the electrochemical process, followed by
the ultimate generation of crystalline Ru-W bimetallic sulfide with 1T-phase. (b) AC-HAADF-STEM images of generation from
amorphous mesoporous RuWS film during the electrochemical test. (c) HRTEM and (d) AC-HAADF-STEM images of amorphous
mesoporous RUWS film after electrochemical test. (e) Atomic arrangement profiles along the marked lines in (c, d). (f) EXAFS
spectra at the Ru K-edge of amorphous mesoporous RuWS film before and after the electrochemical test. (g) Raman spectra, (h)
high-resolution XPS spectra of W 4f and (i) EXAFS spectra at W Ls-edge of amorphous mesoporous RuWS film at various periods of
the electrochemical test.
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Fig.6 Mechanism investigation on electrochemical amorphous-to-crystalline reconfiguration. (a) Free energies of three disordered
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However, both theoretical analysis and experimental
observation show that the amorphous configurations are locally
stable. It implies that the transformation is kinetically hindered,
therefore requiring a substantial external driving force to
proceed at an appreciable rate. To mimic the electrochemical

8 | J. Name., 2012, 00, 1-3

environment presented in HER, further calculations were
performed on the amorphous Ru-W sulfide models with
additional electrons to simulate the effect of an applied
negative potential. Interestingly, all of these three structures
undergo atomic coordination and ordered rearrangement
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following the electron injection, resulting in the formation of
1T-phase Ru-WS; (Figs. 6¢c and S54). In particular, amorphous
RuWS-1 requires only one electron for shifting from a
disordered atomic arrangement to an ordered 1T-phase,
whereas amorphous RuWS-2 and amorphous RuWS-3
necessitate the addition of two and four electrons, respectively.
It is worth noted that the number of external electron injection
required for the structural evolution is related with the free
energy of the amorphous structures, which intrinsically
depends on the degree of atomic disorder (Fig. 6b). This
suggests an electrochemically driven mechanism for structural
reorganization in the amorphous Ru-W bimetallic sulfide,
triggering directional construction of its metastable crystalline
phase by satisfying the electronic requirements. This is
consistent with the electrocatalytic stability results at different
applied potentials.

To further explore the influence of catalyst structure in this
reconfiguration, disordered atomic configurations of
amorphous WSy with metal network (denoted as amorphous
WS,) as well as amorphous Ru-W bimetallic sulfide with the
presence of Ru-W and W-W bonds (denoted as amorphous
RuWS-4) were constructed and fully optimized by selectively
replacing Ru and S with W atoms in amorphous RuWS-3,
respectively (Figs. 6d, 6e and S55). Notably, after injecting four
electrons into each geometrically optimized structure, the
former achieved ordered rearrangement to form an atomic
configuration of 1T WS,, while the latter remained in a
disordered state. It seems that the establishment of sulfur-
bridged metal networks within the disordered structure is
crucial for the amorphous to metastable crystalline phase
reconfiguration under electrochemical induction. In addition,
sulfur-bridged amorphous RuMoS also undergoes atomic
rearrangement upon electron injection, further highlighting the
critical role of such bridging motifs during the reconstruction
(Fig. S56). As visualized in the electron localization functions for
the stabilized amorphous RuWS-3 (Fig. 6f), an obvious electron
delocalization effect is observed around the structure defects.
Accompanying electron injection, external electrons in
amorphous RUWS-3 are more localized at the structure defects
to promote the reconfiguration, and thus undergoing an
ordered rearrangement of the local electron density (Figs. S57—
S59). The structural reconfiguration of amorphous WS, align
with the above results, while amorphous RuWS-4 exhibits more
serious electron redistribution. It primarily stems from the
coexisting metal-metal and metal-sulfide bonds, whose
inherent disparity drives irregular transfer of electrons (Figs.
S60 and S61).

Furthermore, Bader charges among atoms in amorphous RuwWSs-
1, amorphous RuWS-2, amorphous RuWS-3, and amorphous
WS, all redistribute upon electron injection. These demonstrate
that the enhanced interatomic interactions originated from the
electron transfer, thereby driving the reconfiguration of these
disordered structures into the crystalline 1T-phase (Figs. 6g and
S$62-S64). The increased electron loss in the metallic atoms and
the enhanced electron capture ability of S atoms reveal that the
electrons transfer directionally from the metal center to the
bridging S atoms (Fig. S62). Such result is consistent with the
distinct negative shift of the peak in S 2p XPS spectrum (Fig.
S49b). It implies that the electron transfer between metal and S
atoms in the disordered structures exhibit a “metal to sulfur”
polarity in the bonding. Such enhanced polarization effect

This journal is © The Royal Society of Chemistry 20xx

promotes the bonding strength of metal-sulfur bongds®’, thereby
readily stimulating new bond formation.iohv3thest yristiae
structure, the substantial charge disparity between defect-site
S atoms and fully coordinated S atoms is alleviated after
electronic injection, leading to a more uniform distribution of
electrons on the sulfur atoms (Figs. 6g and S62-S64). In
contrast, such equilibration of electron distribution is
suppressed in amorphous RuWS-4 due to the presence of
metallic Ru-Ru and W-W bonds (Fig. S65). These observations
confirm that the bridging effect of sulfur atoms enables the
metal network to achieve efficient interatomic cooperative
charge redistribution, ensuring the structural stability for
metastable crystalline phase during the atomic rearrangement.
Statistical analysis of bond length distributions before and after
electron injection in amorphous RuWS-1, amorphous RuWS-2
and amorphous RuWS-3 shows that the length distribution of
W-S bond in the reconstructed 1T-phase Ru-WS; has
approximately 70% of bonds falling within the 2.4-2.5 A range,
with no bonds exceeding 2.6 A. This is extremely similar to the
standard 1T-phase Ru-WS; structure (Fig. 6h), further
confirming the generation of metastable crystalline 1T-phases
relying on electrocatalytic structural reconfiguration. Indeed,
the Ru-S bond length remains largely unchanged before and
after reconfiguration, maintaining an average value of 2.6 A
(Table S5).

Conclusions

In summary, we have employed a micellar film system to
prepare large-area mesoporous films of amorphous bimetal
sulfide through hierarchical “pyridyl-Ru3*—WS,%” coordination
and retarded crystallization. Such amorphous materials
revealed excellent HER performance and long-term stability.
Interestingly, the electrochemical process induced an
“amorphous-to-crystalline” transition and eventually generated
crystalline Ru-W bimetallic sulfide with a thermodynamically
metastable but electrochemically more favored 1T-phase.
Theoretical calculations demonstrated that the reconfiguration
is triggered by sufficient electron injection, and the sulfur-
bridged metallic network creates rapid charge transfer
pathways to ensure the stable maintenance of the reconfigured
1T-phase. Notably, the reconfigured catalyst formed after a
1600-h electrochemical test revealed a remarkably reduced
overpotential of only 4 mV at a current density of 10 mA cm2.
Overall, this work not only provides an innovative route to
functional amorphous composites, especially with a
mesoporous film feature, but also establishes a novel paradigm
for phase engineering toward highly active electrocatalysts,
aiming at advanced sustainable energy conversion
technologies.
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