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1. Experimental sections:

1.1. Chemicals and materials

Tungsten (VI) chloride (WClg, 99.9%) and ruthenium (III) chloride hexahydrate (RuCl;. 6H,0, 99.9%) were
all purchased from Aladdin Biological Technology Co., Ltd. Ethanol (99.9%), and a 5 wt% Nafion solution
were purchased from Sigma-Aldrich. The carbon fiber paper (TGP-H-060) was purchased from Toray
Industries, Inc., and the sulfuric acid (H,SO4, 98%) was purchased from Beijing Chemical Works. The 5 wt.%-
Ru/C and 20 wt.%-Pt/C material were purchased from Adamas Chemical Reagent Co. Ltd. All the reagents
were utilized directly without any further purification. All aqueous solutions were prepared using deionized
water, which had a resistivity of 18.2 MQ cm'!.

1.2. Synthesis of Ru-doped W30,y electrocatalysts

In the typical synthesis of urchin-like Ru-doped W3049-5% nanospheres, 0.25 g of WCls (0.630 mmol) were
added into 80 ml of absolute ethanol into a 100 ml Teflon vessel. The mixture was placed for continuously
magnetic stirring for 30 minutes at room temperature till a clear yellow solution was formed. To this solution,
0.013 g (0.04 mmol) of RuCl;.6H,O was added and the magnetic stirring continued for another 15 minutes.
Then, it was transferred to an air oven and heated at 180 °C for a period of 24 h. After the reaction was
completed, it was naturally cooled to the room temperature. Then, the resultant product was collected by
centrifugation at 4000 rpm for 5 minutes, and washed several times with ethanol and distilled water to eliminate
any possible impurities. Finally, the solid product was kept in a vacuum oven overnight at 60 °C for drying. In
a similar fashion, W3049, Ru W§049-2.5%, and Ru-W,3049-7.5% were all fabricated utilizing the same
synthetic approach with adding various amounts of RuCl;.6H,0 (0 g, 0 mmol), (0.0065 g, 0.02 mmol), and
(0.02 g, 0.063 mmol), respectively, in tungsten (VI) chloride solution during the synthesis process. Note that
2.5%, 5%, 7.5% are the weight percents of RuCl;.6H,0 in the mixture solution of tungsten (VI) chloride and
ruthenium (III) chloride in each time.

1.3. Physical characterizations

The X-ray diffraction (XRD) patterns were obtained using a Rigaku D/max 2500 X-ray diffractometer with
Cu Ko radiation (40 kV, 30 mA, A=1.5418 A) at a 10 min! scan rate in the range of 20 from 5 to 90 degrees.
The surface morphology of the samples was characterized utilizing a scanning electron microscope (SEM,
Zeiss SUPRASS) with an accelerating voltage of 5 kV, while transmission electron microscope (TEM) images
were obtained with a JEOL JEM 2100. High resolution TEM (HR-TEM) analysis was carried out on an FEI
Titan G3i-300 KeV FEG-TEM (field emission gun transmission electron microscope) operating at a voltage
of 300 kV. Energy-dispersive X-ray spectroscopy (EDS) data and elemental mapping of Ru-W,5049 were
acquired using High Angle Annular Dark Field-Scanning Transmission Electron Microscopy (HAADF-
STEM). X-ray photoelectron spectra (XPS) were collected using an ESCALAB 250 and the XPS data were
analyzed using the CasaXPS software. Calibration of the binding energies was done using C 1s (284.8 eV).
The weight percentages of the elements were measured by inductively coupled plasma optical emission
spectrometry (ICP-OES) using an, iCAP7400, from, Thermo Fisher).

1.4. Electrochemical measurements

All electrochemical measurements have been carried out using a standard three-electrode electrochemical cell

controlled by a CHI760D electrochemical workstation (CH Instruments, Shanghai, China). The samples'



catalytic activity was assessed in a solution of 0.5 M H,SO,. The as-prepared catalysts, or commercial samples-
coated carbon fiber paper, graphite rod, and Hg/HgCl, electrode were utilized as the working, counter, and
reference electrode respectively. The catalyst’s homogenous ink was created by ultrasonically dispersing the
catalyst in 0.98 ml ethanol including 20 ul 5% Nafion solution. To assess the HER activity of the as-created
catalysts or commercial samples, the ink was sprayed onto a carbon fiber paper with area of 1 cm? to form a
catalyst thin film. The mass loading of catalysts on CFP was 1 mg cm™ for the as-prepared catalysts, whereas
0.5 mg cm? for commercial 20 wt.%- Pt /C and 5 wt.%- Ru /C. All the electrochemical experiments were
conducted at ambient temperature after stabilizing the catalyst by several CV cycles. The LSV curves for the
as-created catalysts, or commercial samples were then recorded at a 5 mV/s scan rate in the range between 0
to -1 V vs. Hg/HgCl,. The equation of E(RHE) = E(Hg/HgCl,) + 0.059 pH + 0.24 was used to adjust the
potentials to reversible hydrogen electrode (RHE). All polarization curves were corrected with an ohmic
potential drop (iR) originating from the solution resistance determined by electrochemical impedance
spectroscopy (EIS). In order to quantify the system resistance, the electrochemical impedance spectroscopy
was acquired by AC impedance spectroscopy in a solution of 0.5 M H,SOj, at an open circuit voltage from 103
Hz to 0.1 Hz with an AC voltage of 5 mV. In a three-electrode system with a reference electrode of Hg/HgCl,,
a counter electrode of graphite rod, and the as-prepared material as the working electrode, the
chronopotentiometry (CP) test was used to investigate the catalyst’s long-term durability at a constant current
density of 100 mA cm™2. The acquired CP test results were shown without iR correction and in their raw form.
As a result of fitting the LSV curves at a low overpotential to the Tafel equation (1), the Tafel slopes were
calculated.
n=a+blogj (1)
Where 1 represents the overpotential (V), b denotes the Tafel slope (mV dec™), j signifies the current density
(mA cm?), and a is the constant. The electrochemical double-layer capacitance (Cq) was calculated via
conducting cyclic voltammetry (CV) within a non-faradic potential range at various scan rates (10-100 mV s
1), Then, the capacitive currents at the central voltage against scan rates were fitted to obtain Cy. Equation 2
was used to determine the Electrochemical active surface area (ECSA) of a catalyst sample based on its double-
layer capacitance.
ECSA=Cy/C, @
Where C, represents the sample’s specific capacitance. The mass activity (A g') was evaluated according to
the following equation: -
Mass activity =j / m 3)
Where, m is the loading amount of Ru on the electrode (mg cm2), and j represents the obtained current density
(mA cm?) from LSV curves at definite overpotential. The turnover frequency (TOF, s!) was calculated with
the following equation
TOF=j.A/2.n. F @)
Where, j is the measured current density (A cm2) from LSV polarization curves at a definite overpotential, A
is the geometric area of the working carbon fiber paper (1 cm?), F is the Faraday constant (96485 C-mol!), and
n refers to the number of moles of Ru that are deposited on the electrode. The as-created sample’s decay was

determined by dividing the amount of decay in CP or LSV curves in comparison to pristine LSV curve by time.



1.5. Computational details

DFT calculations were performed by the Vienna Ab-initio Simulation Package (VASP) with the projector
augmented wave method [1, 2]. For the exchange and correlation energy density functions, the Perdew-Burke-
Ernzerhof (PBE) generalized gradient approximation (GGA) was adopted [3, 4]. For the cutoff energy, the 450
eV was chosen, which was consistent with previous work [5]. In order to improve the accuracy of model
calculation, the DFT+U calculation method was used to describe the correlation of 3d transition metal system.
The U values of DFT+U are tested using the linear response approximation method, and the calculated results
show that the U values of W and Ru are 3.70 and 4.81 eV, respectively. The 3x3x3 and 2x2x1 Monkhorst-
Pack type k-point sampling was chosen to optimize bulk structure and slab model [6]. Choosing 0.01 eV/A and
10—4 eV as the convergence criteria of force and energy, respectively [7]. Bader charge analysis used to obtain
the charge W, spin calculation of adsorbed species was also performed [8].

2. The proposed mechanism for W30, synthesis

The proposed mechanism for W3Oy synthesis and the unexpected morphological transformation upon adding
RuCl;.6H,0 is as follows. Initially, WClg reacts with C,HsOH, producing C,HsOWClI;s and HCI (Equation 1,
Scheme S1). An etherification reaction occurs between two molecules of C,HsOH, generating a molecule of
water (Equation 2, Scheme S1). Subsequently, the complex of C,H;OWCI;s with the H,O generated from the
etherification reaction to form W 3049 (Equation 3, Scheme S1) [9].
Typically, W30, crystal nuclei mainly grow into uniform nanorods. However, upon the addition of RuCls, a
substantial change in the sample’ s color, from blue to green, is observed along with an unexpected
morphological transformation from radial nanorods to urchin-like nanospheres assembled from these nanorods.
This indicates that the minor doping with Ru is critical for the appearance of this unique morphology. Ru ions
are believed to adsorb onto specific crystal faces of the W3Oy crystals, thereby modulating the growth kinetics
and surface interactions. This adsorption could lead to anisotropic growth, promoting the self-assembly of
nanorods into urchin-like nanospheres during the hydrothermal reaction to minimize overall surface energy.
Additionally, Ru ions may facilitate the formation of bridging structures or influence electrostatic interactions
between nanorods, further stabilizing the urchin-like morphology (Scheme S1).
3. HER mechanism based on Tafel slope value
The reaction mechanisms include Volmer-Tafel and Volmer-Heyrovsky, distinguished by the value of Tafel
slope. When the value of Tafel slope is larger than 40 mV dec’!, the reaction path in acidic HER is Volmer-
Heyrovsky, otherwise is Volmer-Tafel. In our work, the Tafel slopes of W 30,49 and Ru-Wi30,49-2.5% are 320.6
and 81.2 mV dec’!, larger than 40 mV dec’!, indicating that the HER follows the Volmer-Heyrovsky pathway.
However, the Tafel slope value of Ru-W3049-5% and Ru-W 3045-7.5% are 33.8 and 37.8 mV dec’!, falling in
the range of (30-40) mV dec’!, indicating that the HER follows the Volmer-Tafel pathway (Figure S6).
Volmer-Tafel mechanism
H;0"+ M + ee—» M-H* + H,0 (Volmer reaction),
2M-H*—» H, + 2M (Tafel reaction).
Volmer-Heyrovsky mechanism
H;0" + M + e—» M-H* + H,O (Volmer reaction),

H;0"+ ¢ + M-H* —»H, + M (Heyrovsky reaction).



4. Determination of active sites

The hydrogen adsorption energy is widely recognized as a key descriptor for predicting catalyst performance
in HER. To determine the active site of the catalyst for HER, the hydrogen adsorption energy on different
possible active sites of Ru-W3049-5% sample are calculated by DFT in Figure S12. Four active sites are labeled
on the top view model: sites (1 and 4) are occupied by W=+, far from Ru dopant (site 3) with different distances
and site 2 is occupied by W¢". By comparison, the hydrogen adsorption energy of site 1 (0.5162 V) is greatest,
not conductive to hydrogen absorption, and that of site 3 (0.0036 eV) is closest to zero with optimal binding
strength. Therefore, site 3 with Ru dopant is considered as the active site for HER.

5. Characterizations after stability test

To gain a detailed understanding of the structural and compositional changes in Ru-Wi304e-5% after the
chronopotentiometry (CP) test at 100 mA c¢cm, various microscopic, spectroscopic, and diffraction techniques
were employed. These analyses aimed to elucidate the nature of the active sites and their correlation with the
structure and catalytic activity. The XRD (Fig. S9) and the SAED pattern (Fig. S10) of Ru-W3045-5% after
durability test showed no significant changes compared to those before the HER operation, indicating the
original crystal structure was maintained after the long-term stability test. In addition, the EDX analysis
confirmed the presence of Ru, W, and O elements in the sample post stability test (Fig. S10). High-angle
annular dark field-scanning transmission electron microscopy (HAADF-STEM) at a scale of 10 nm show that
Ru, W, and O elements are still highly dispersed and evenly distributed throughout the sample (Fig. S10). This
uniform elemental dispersion further supports the excellent structural stability of Ru-W3049-5% during HER
process.

However, SEM and TEM images (Fig. S9) showed a rupture and disappearance of radial nanorods at the
nanosphere margins of Ru-W3049-5% after CP test. This morphology change suggests a reduction in the
exposure of active sites, potential contributing to the observed performance decline over long time operation.
In addition, it is clarified from XPS data that the proportion of W(V), and oxygen vacancy increased compared
to the pre-HER conditions (Table S2, S3, and Figure S11). Furthermore, the proportion of Ru*" declined,
suggesting the catalyst underwent some reduction during the durability test (Figure S11). Also, the increased
quantity of OH groups was detected (Figure S11, and Table S3), indicating improved hydrophilicity, which

is beneficial for accelerating the HER reaction rate.
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Scheme S1. Synthesis of urchin-like Ru-W;30,9 nanospheres. (A) The proposed synthesis mechanism of

Wi5049, (B) The schematic diagram of the formation mechanism of urchin-like Ru -W;30,9 nanospheres.
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Figure S1. Linear response curves for A) W and B) Ru, where the black and red lines represent the
corresponding number of d-electrons calculated without U-values for non-self-consistent and self-consistent

calculations, respectively.
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Figure S2. SEM images for (A) Ru-W;3049-2.5%, (B) Ru-W;3049-7.5%. TEM images for (C) W130,9, (D)
Ru-W3049-5%. (E)The selected area electron diffraction (SAED) pattern, (F) The EDX analysis of Ru-
Wi5049-5%. The EDX analysis confirms the presence of Ru, W, and O and the peaks for copper can be
unambiguously correlated to the TEM grid (carbon film on 300 mesh Cu-grid).
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Figure S3. W L;-edge XANES spectra of W3049 and Ru-W3049-5% with W foil
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Figure S8. (A) Normalized polarization curves by ECSA of W 3049 and Ru-W,30,49 samples, (B) comparison
the as-prepared samples according to their values of mass activity at 0.1 V vs. RHE, (C) TOF of the as-prepared

Ru-W 304 samples, (D) comparison TOF values of the as-prepared Ru-W 3049 samples at 0.1 V vs. RHE.
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Figure S9. (A) XRD, (B) SEM, (C) TEM of Ru-W,3049-5% after CP test.
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Monoclinic W30, (JCPDS 05-0392)

Figure S10. (A) SAED pattern, (B) The EDX analysis confirming the presence of O, W, and Ru elements.
The peaks for copper can be unambiguously correlated to the TEM grid (carbon film on 300 mesh Cu-grid),
(C) Elemental mapping at a 10 nm scale by HAADF-STEM of Ru-W3049-5% after CP test.
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Sites Hydrogen adsorption energy/eV
1 0.51616665
2 0.17326804
3 0.0036207
4 0.13311847

Figure S12. Different reaction sites and their hydrogen ion adsorption energy.
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Table S1. Ru wt.% and W wt.% determined by inductively coupled plasma analysis spectrometry (ICP)

technique in the as-prepared samples.

Catalyst name Wt. % of Ru Wt. % of W
Ru-Wi5049-2.5% 1.965 79.26

Ru-W3049-5% 3.225 78.235
Ru-Wi5049-7.5% 3.655 77.895

Table S2. Summarized data from W 4f XPS spectra of different samples.

Binding energy (V) Concentration (at.
Samples Valence state .
Waf;), Wity %)
w5t 34.75 36.77 20%
W04
Weo* 35.73 37.89 80%
ws* 34.65 36.67 26%
Ru-W18049—5%
weé* 35.63 37.79 74%
w3t 34.63 36.64 27%
RU-W]8049-5%
(After CP test)
Wo* 35.6 37.76 73%

Table S3. the proportion of oxygen species tested by XPS.

Samples Lattice oxygen Oxygen vacancy Adsorbed oxygen
W09 71.8 21.9% 6.3%
RU-W18049-5% 71.7 21.5% 6.8%

RU-W13049-5%
64 23% 13%
after CP test
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Table S4. Summary of recently reported representative HER electrocatalysts based on Ru in acidic electrolyte.

7 is the overpotential

Catalysts Loading amount 10 (mv) Tafel slope (mV dec™) Ref.
Ru-W 304 0.032 mgg, cm 36 33.8 This work
RuP,@NPC 0.233 mgg, cm? 38 38 [10]
Ru-HPC 0.2 mg cm? 61.6 66.8 [11]
Ru@CN-0.16 0.26 mg cm? 126 N/A [12]
NiRu@N-C 0.273 mg cm™ 50 36 [13]
Ru-MoO, 0.57 mg cm 55 44 [14]
Cu,_,S@Ru nanoplates 0.23 mg cm 2 129 51 [15]
Ni@Ni,P-Ru 0.286 mg cm™ 51 35 [16]
Hcep-Ru@NC 0.28 mg cm? 27.5 37 [17]
1D-Ru0,-CN, 0.171 mgg,o, cm™ 93 40 [18]
Ru@C,N 0.285 mg cm™ 13.5 30 [19]
s-RuS,/S-rGO 0.176 mgg, cm™ 69 64 [20]
Ru@GnP 0.14 mgg, cm™ 13 30 [21]
C;Ny-Ru-F 0.153 mg cm? 140 57 [22]
Ru@MWCNT 0.7 mg cm™ 13 27 [23]
Rug j0@2H-MoS, 0.02 mg cm? 168 77.5 [24]
Ru/WO;-V, 0.28 mg cm™ 65 66.3 [25]
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