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Figure S1. XRD patterns of Pt/B-WO2.9. Green is the total profile; orange is the magnified profile.
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Figure S2. HAADF and EDS mapping images of WO2.9. 



S4

Figure S3. HAADF and EDS mapping images of B-WO2.9. 
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Figure S4. Microscopic images. (a-b) TEM images of Pt/B-WO2.9, Pt is surrounded by yellow circles. 
(c) HRTEM images of Pt/B-WO2.9. (d) HRTEM of Pt in (c) indicated by yellow box. (e) HRTEM of 
B-WO2.9 in (c) indicated by red box. (f) The integrated pixel intensities of spacings along Pt (111) and 
WO2.9 (403) facets. 
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Figure S5. Detailed XPS survey of Pt/B-WO2.9 and B-WO2.9, showing the core-level regions of Pt 4f 
(a), B 1s (b), O 1s (c) and W 4f (d). For the O 1s spectra further revealed peaks at 530.7 eV and 531.8 
eV for B-WO2.9, corresponding to the bridge oxygen (e.g. W-O-W) and terminal oxygen (O⁻), 
respectively1. For Pt/B-WO2.9, additional peaks were observed at 532.1, 532.8, 533.5 and 535.3 eV, 
attributed to protonated Pt-OH-W bonds2, chemisorbed H2O3, C-O bond from carbon paper4 and 
oxygen species in Nafion5, respectively. The W 4f spectra (Figure 1g) showed peaks at 34.8 and 37.0 
eV corresponding to W(5+) 4f7/2 and W(5+) 4f5/2, respectively, and peaks at 35.9 and 38.1 eV are W(6+) 

4f7/2 and W(6+) 4f5/2, respectively6, 7. In addition, a new peak appears at 33.5 eV in Pt/B-WO2.9, assigning 
to F 2s peak caused by Nafion8.
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Figure S6. Detailed XPS survey of WO2.9, showing the core-level regions of O 1s (a) and W 4f (b).
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Figure S7. k3-weighted Fourier transforms of EXAFS spectra. Tungsten L3 edge of the Pt/B-WO2.9 
(above) and B-WO2.9 (below). Experimental data and fitting data are solid and dotted lines, 
respectively.
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Figure S8. HAADF and EDS mapping images of A-WO2.9 (Pt-WO2.9). 
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Figure S9. Detailed XPS survey of Pt 4f core-level region spectra of WO2.9 and Actived-WO2.9.
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Figure S10. Comparison of the overpotential and TOF with other catalysts. (a) Overpotentials of Pt/B-
WO2.9 and other reported electrocatalysts at 10 mA cm-2 in acidic electrolytes (Table S3). (b) TOF of 
Pt/B-WO2.9 and other reported electrocatalysts in acidic electrolytes (Note S2).

Note S1: Algorithm of TOF
Number of gases generated per second (H2):

# Hydrogen = (j ) ( ) ( ) ( ) ( )

𝑚𝐴

𝑐𝑚2
1 𝐶 𝑠 ‒ 1 
1000𝑚𝐴

1 𝑚𝑜𝑙 𝑒 ‒ 1 
96485.3 𝐶

1 𝑚𝑜𝑙 𝐻2

2 𝑚𝑜𝑙 𝑒 ‒ 1

6.022 ∗ 1023 𝐻2 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠

1 𝑚𝑜𝑙 𝐻2

=3.12 * 1015 * /j/  molecules per second𝐻2 

M(Pt)=195.1g/mol.
The amount of Pt measured by ICP is 0.00086mg (Table S3) per carbon paper (1x1 cm2). The 

amount of B-WO2.9 is 0.5mg per carbon paper (1x1 cm2).
n(Pt) = 0.00086mg/(195.1g/mol) = 4.41*10-6mmol = 4.41*10-9mol
The total number of active sites in the catalyst (Pt):
# Catalyst (Pt) = n(Pt)*NA = 4.41*10-9 mol * 6.022*1023 mol-1 = 26.6*1014

TOF = 

#𝑔𝑎𝑠 ∗ /𝑗/
#𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡

TOF =  = 1.17*/j/   H2 s-1 per active site 

3.12 ∗ 10^15 ∗ /𝑗/ 𝐻2 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠 𝑝𝑒𝑟 𝑠𝑒𝑐𝑜𝑛𝑑

26.6 ∗ 10^14 𝑝𝑒𝑟 𝑎𝑐𝑡𝑖𝑣𝑒 𝑠𝑖𝑡𝑒
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Figure S11. Comparison of the cost-effectiveness and catalytic performance of Pt/B-WO2.9 with other 
reported HER catalysts. The plot illustrates the relationship between the active metal cost per unit area 
and the overpotential at 10 mA cm⁻² for Pt/B-WO2.9 and various reported electrocatalysts (Table S4). 
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Figure S12. Electrochemical performance of catalysts with different Pt loading. (a) LSV curves of 
Pt/B-WO2.9 and different Pt loading samples in 0.5 M H2SO4. (b) Tafel slopes of the samples. (c) TOF 
at η = 15 mV and 20 mV vs. Pt loading for Pt/B-WO2.9 and different Pt loading samples.



S14

Figure S13. Electrochemical performance. (a) Overpotentials at 10 mA cm-2 (left) and exchange 
current densities (right) of Pt/C (40 wt%), Pt/B-WO2.9, A-WO2.9, B-WO2.9, WO2.9 and WO3 (Note S3). 
(b) EIS Nyquist plots of Pt/B-WO2.9, Pt/C with same Pt loading and B-WO2.9. The charge transfer 
resistance (Rct) of Pt/B-WO2.9 is 2.1 Ω, Pt/C with same Pt loading as Pt/B-WO2.9 is 2.9 Ω, B-WO2.9 is 
24.3Ω. 

Note S2: Algorithm of Exchange Current Densities
Derived from the Butler-Volmer equation

η =
  

2.303 𝑅 𝑇
𝛼 𝐹

∗ 𝑙𝑜g（𝑗0）   ‒    
2.303 𝑅 𝑇

𝛼 𝐹
∗ 𝑙𝑜𝑔（𝑗）

It can be known that η is a function of , the intercept of the function is 𝑙𝑜𝑔（𝑗）

, and the slope is .

2.303 𝑅 𝑇
𝛼 𝐹

∗ 𝑙𝑜g（𝑗0） ‒
2.303 𝑅 𝑇

𝛼 𝐹

Therefore, it can be obtained：

 =𝑙𝑜g（𝑗0）
 ‒  

𝑖𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡
𝑠𝑙𝑜𝑝𝑒

 = 𝑗0 10 
（ ‒  

𝑖𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡
𝑠𝑙𝑜𝑝𝑒

）
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Figure S14. Cdl measurement. CV curves of (a) Pt/B-WO2.9, (b) Pt/C with same Pt loading and (c) B-
WO2.9 collected in the non-faradic current range at scan rates of 20, 40, 60, 80, 100, 120, 140,160 and 
180 mV s-1 in 0.5 M H2SO4 electrolyte. (d) Corresponding calculated Cdl value of Pt/B-WO2.9 is 18.4 
mF cm-2, Pt/C with same Pt loading is 17.4 mF cm-2 and B-WO2.9 is 7.1 mF cm-2.
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Figure S15. (a) Stability tests (Chronopotentiometry test) at 10 mA cm-2. (b) Polarization curves of 
Pt/B-WO2.9 before and after 5000 CV cycles. 
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Figure S16. XRD patterns of Pt/B-WO2.9 before and after the stability test.
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Figure S17. Morphology of the Pt/B-WO2.9 after electrochemical stability test. (a-b) HAADF-STEM 
images of Pt/B-WO2.9 after electrochemical stability test, Pt is surrounded by yellow circles. (c) EDS 
elemental mapping images of Pt/B-WO2.9 after electrochemical stability test.
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Figure S18. XPS spectra of Pt/B-WO2.9 after electrochemical stability test. (a) W 4f spectra. (b) O 1s 
spectra. (c) Pt 4f spectra. 
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Figure S19. XPS spectra of Pt 4f of Pt/C.
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Figure S20. Comparison of the dissolved metal concentrations of Pt/B-WO2.9 and Pt/C after stability 
tests. 
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Figure S21. TEM images and particle size distribution histograms of Pt/B-WO2.9 and Pt/C before and 
after stability test. Pt/B-WO2.9 before (a) and after (b) stability test. Pt/C before (c) and after (d) stability 
test. The insets show the corresponding particle size distributions with average sizes labeled.
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Figure S22. Schematic of the in situ Raman experiment and optical image of the region detected by 
the in-situ Raman excitation laser. (a,b) The set-up of the in-situ Raman measurements. (c) Schematic 
of the Raman experimental set-up. (d) Pt/B-WO2.9 on carbon paper. (e) Pt/C with same Pt loading on 
carbon paper. (f) B-WO2.9 on carbon paper.
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Figure S23. In situ Raman spectra. (a) Pt/B-WO2.9. (b) Pt/C with same Pt loading and (c) B-WO2.9 in 
0.5 M H2SO4 saturated with H2. The peak around 425 cm-1 can be assigned to the vibrational peak of 
liquid water with ordered structure. Ordered interfacial water ‘H-down’ means that when the electrode 
is negatively charged, the average orientation of hydrogen in the interfacial water molecules is toward 
the electrode, in contrast, oxygen is directed away from the electrode9.
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Figure S24. In situ Raman spectra of B-WO2.9 in 0.5 M H2SO4 /H2O saturated with H2. 

Note S3: The attribution of Raman peak
The ν(O-W-O) at 713 and 805 cm-1 became obvious when the applied voltage reached -0.4 V, 

indicating that with the gradual decrease of the bias voltage, the originally symmetrical WO6 
octahedron gradually deviates from the cubic phase WO3 structure10. The peak at 370 cm-1, which is 
similar to the variation trend of ν(O-W-O), can be regarded as the peak of phonon density of states11. 
And 976 cm−1 is assigned to the ν1(SO4)2− symmetric stretching mode from electrolyte12. 1048 cm-1 is 
attributed to the symmetric stretching vibrations modes of ν1-SiO3 from the quartz glass on Raman 
cell13. 1345 cm-1 is the D peak of carbon paper14. The peak at 525 cm-1 is attributed to the δ(B-B) 
bending vibration15. The peak at 589 cm-1 is the symmetric stretching mode of the basal oxygens on 
the WO6 octahedral, while Pt/B-WO2.9 does not have, indicating that the basal oxygen on the WO6 
octahedron of Pt/B-WO2.9 is asymmetric16.
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Figure S25. In situ Raman spectra of Pt/B-WO2.9. (a) Gaussian fits for the three O-H stretching modes 
are shown in orange (4-HB·H2O), purple (2-HB·H2O), and blue (H·H2O), respectively. (b) Potential-
dependent population of interfacial water was obtained by integrating the corresponding vibration 
modes in (a), and HER current density was recorded in a three-electrode electrochemical cell.
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Figure S26. In situ Raman spectra of Pt/C with same Pt loading as Pt/B-WO2.9. (a) Gaussian fits for 
the three O-H stretching modes are shown in orange (4-HB·H2O), purple (2-HB·H2O), and blue 
(H·H2O), respectively. (b) Potential-dependent population of interfacial water was obtained by 
integrating the corresponding vibration modes in (a), and HER current density was recorded in a three-
electrode electrochemical cell.



S28

Figure S27. In situ Raman spectra of B-WO2.9. (a) Gaussian fits for the three O-H stretching modes 
are shown in orange (4-HB·H2O), purple (2-HB·H2O), and blue (H·H2O), respectively. (b) Potential-
dependent population of interfacial water was obtained by integrating the corresponding vibration 
modes in (a), and HER current density was recorded in a three-electrode electrochemical cell.
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Note S4: Deuterium isotope substitution experiment in the Raman spectroscopy
In order to verify whether the peak around 2023 cm-1 in the Raman spectrum corresponds to the 

Pt-H vibration mode, we recorded the in-situ Raman results of Pt/B-WO2.9 in 0.5 M D2SO4/D2O 
saturated with N2. The corresponding Raman frequency downward shift ratio (γ) in the isotope 
experiment is:

𝛾 = 𝜈(𝑃𝑡𝐷)/𝜈(𝑃𝑡𝐻) =  
𝑚(𝑃𝑡) + 𝑚(𝐷)
𝑚(𝑃𝑡) × 𝑚(𝐷)

÷
𝑚(𝑃𝑡) + 𝑚(𝐻)
𝑚(𝑃𝑡) × 𝑚(𝐻)

=  
195.1 + 2
195.1 × 2

÷
195.1 + 1
195.1 × 1

=  

70.89%
Therefore, in the isotope experiment, the Raman peak near 2023 cm-1 should be shifted to 2023 

× 70.89% = 1434 cm-1, which is close to the observed value of 1428 cm-1, so the peak near 2023 cm-1 

can be attributed to the Pt-H vibration.
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Figure S28. In situ ATR-SEIRAS spectroscopy of Pt/B-WO2.9. Magnified spectroscopy of Pt/B-WO2.9 
in 0.5 M H2SO4. The band centred at 1339 cm-1 can be assigned to ν (C-F) stretch vibrations from 
Nafion17. The band centred at 1406 cm-1 can be attributed to δ(O-H) bending vibrations from H2O18.
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Figure S29. In situ ATR-SEIRAS spectroscopy of Pt/B-WO2.9 in 0.5 M D2SO4/D2O saturated with 
N2.

Note S5: Deuterium isotope substitution experiment in the ATR-SEIRAS spectroscopy
In order to verify whether the peak around 1241 cm-1 in the ATR-SEIRAS spectrum 

corresponds to the W-H vibration mode, we recorded the in situ ATR-SEIRAS results of Pt/B-WO2.9 
in 0.5 M D2SO4/D2O saturated with N2. The corresponding wavenumber downward shift ratio (γ) in 
the isotope experiment is:

7
𝛾 = 𝜈(𝑊𝐷)/𝜈(𝑊𝐻) =  

𝑚(𝑊) + 𝑚(𝐷)
𝑚(𝑊) × 𝑚(𝐷)

÷
𝑚(𝑊) + 𝑚(𝐻)
𝑚(𝑊) × 𝑚(𝐻)

=  
183.9 + 2
183.9 × 2

÷
183.9 + 1
183.9 × 1

=  

0.90%
Therefore, in the isotope experiment, the peak near 1241 cm-1 should be shifted to 1241 × 70.90% 

= 887 cm-1, which is close to the observed value of 878 cm-1, so the peak near 1241 cm-1 can be 
attributed to the W-H vibration.



S32

Figure S30. Influence of Electrode Polarization on Interfacial Water Structure. This diagram illustrates 
the effect of electrode polarization on the orientation of interfacial water molecules. On the left side, 
under a small negative bias (V0), water molecules exhibit a random orientation, forming a disordered 
hydrogen-bond network. On the right side, under a large negative bias (V1), the accumulation of 
negative charge on the electrode surface induces a reorientation of water molecules, aligning their 
hydrogen atoms toward the electrode, forming the characteristic "two-H-down" configuration. 
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Note S6: Calculation of conventional kinetic model
If the noble metals only lead to the change of the electronic structure on the B-WO2.9, thereby 

enhancing the kinetic process of HER, the kinetic model can be divided into the following four 
situations19, 1)Volmer-Tafel mechanism (Volmer as rate determining step (RDS)); 2) Volmer-Tafel 
mechanism (Tafel as RDS); 3) Volmer-Heyrovsky mechanism (Volmer as RDS); and 4) Volmer-
Heyrovsky mechanism (Heyrovsky as RDS). Where the primitive reaction is shown below:

Pt-O-W + H+ + e-  H-Pt-O-W                                 (1) --Volmer step↔
H-Pt-O-W + H-Pt-O-W  H2 + 2 Pt-O-W (2) →

--Tafel step
H-Pt-O-W + H+ + e-  H2 + Pt-O-W (3) --Heyrovsky →

step

If follow the Volmer-Tafel mechanism

1) If Volmer is the RDS,  is close to zero, and the net rate of hydrogen production can be 𝜃𝑃𝑡 ‒ 𝐻

written as:

r   
 =  𝑘1𝑎

𝐻 +
3 𝑂

(1 ‒ 𝜃𝑃𝑡 ‒ 𝐻) =  𝑘1𝑎
𝐻 +

3 𝑂

where k is the reaction rate constant, θ is the percentage of active sites covered by H, and  
𝑎

𝐻 +
3 𝑂

is the activity of hydronium ions.
Furthermore, by deriving the Butler-Volmer equation:
j = j 0 exp（-α η F/RT）- j 0 exp[-（1-α）η F/RT]
we can get the following formula20:

 = exp (-𝑘𝑖 𝑘𝑖0 𝛼𝐹𝜂/𝑅𝑇)

 = exp ((1- )𝑘 ‒ 𝑖 𝑘 ‒ 𝑖0 𝛼)𝐹𝜂/𝑅𝑇

r   ,
 =  𝑘1𝑎

𝐻 +
3 𝑂

=  𝑘10𝑎
𝐻 +

3 𝑂
 𝑒

‒
𝛼𝐹𝜂
𝑅𝑇

-j = Fr

 = const   (   𝑙𝑜𝑔10( ‒ 𝑗) + 𝑙𝑜𝑔10
𝑎

𝐻 +
3 𝑂

) ‒ 𝛼𝐹𝜂
2.303𝑅𝑇

The measured slope of  as a function of pH (-  (  is -1.16, which is very 𝑙𝑜𝑔10( ‒ 𝑗) 𝑙𝑜𝑔10
𝑎

𝐻 +
3 𝑂

))

close to our kinetic calculation of -1.
Faraday’s constant, F= 96500 C mol-1; the gas constant, R= 8.314 J mol-1 K-1; the absolute 

temperature, T=293.15K.
However, to solve for the Tafel slope, we still have a parameter α that is unknown, so now we 

will go to solve for α.
At potential E, as shown in Figure S31, the activation energy of the forward reaction is:
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 + (1-α) F(E- ) = + F(E- ) Δ𝐺 ‡
𝑓 𝐸0ˊ Δ𝐺 ‡

0𝑓 𝐸0ˊ

So:  = + αF(E- )Δ𝐺 ‡
𝑓 Δ𝐺 ‡

0𝑓 𝐸0ˊ

Among them,  is the initial potential, E is the half cell potential,  is the activation free 𝐸0ˊ Δ𝐺 ‡
0𝑓

energy of the positive reaction at the initial potential, and  is the activation free energy of the Δ𝐺 ‡
𝑓

positive reaction at the half cell potential21.

It can be deduced that: α =  

1
𝐹

∂Δ𝐺 ‡
𝑓

∂𝐸

Figure S31. The relationship between the standard Gibbs free energy and the reaction coordinates. (a) 
Influence of external bias on the standard activation energy of oxidizing and reducing species. (b) 
magnified region in (a) rectangle. 

In addition, since the proton has only electrostatic interaction with the electrode surface without 
specific adsorption, and the cation has a high degree of hydration, it can be regarded as an outer sphere 
reaction, and electrons are transferred from the electrode to the substance O to form the product R. 
This process associates the reduction of O to R with an appropriate reducing agent Rˊ:

O+Rˊ → R+Oˊ
According to the two general assumptions of the Marcus theory (1) the reactant O is concentrated 

at a fixed position away from the electrode; (2) the standard free energies, GO and GR, of reactant O 
and product R, are both squared with the reaction coordinates22:

 -
𝐺𝑂(𝑞) = (𝑘

2) ∗ (𝑞  𝑞𝑂)2

 - +
𝐺𝑅(𝑞) = (𝑘

2) ∗  (𝑞  𝑞𝑅)2
 Δ𝐺0
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Here, q is the reaction coordinate,  and  are the coordinate values relative to the equilibrium 𝑞𝑂 𝑞𝑅

atomic configuration of O and R; k is a proportional constant;  is the reaction free energy of Δ𝐺0

electron transfer.
According to the Frank-Condon principle, electrons can only effectively transition between two 

particles with close electron energy levels, and due to the large mass difference between atoms and 
electrons, atoms can be considered static when electron transfer occurs. Therefore, the transition state 

should have the same configuration position on the O and R curve, which is represented by  on the 𝑞 ‡

reaction coordinate (Figure S25). That is, the relationship =  should be satisfied, and 𝐺𝑂(𝑞 ‡ ) 𝐺𝑅(𝑞 ‡ )
the free energy of the transition state is as follows:

-
𝐺𝑂(𝑞 ‡ ) = (𝑘

2) ∗ (𝑞 ‡
 𝑞𝑂)2

- +
𝐺𝑅(𝑞 ‡ ) = (𝑘

2) ∗ (𝑞 ‡
 𝑞𝑅)2

 Δ𝐺0

The solutions should be:  =  + 𝑞 ‡

𝑞𝑅 + 𝑞𝑂

2

Δ𝐺0

𝑘(𝑞𝑅 ‒ 𝑞𝑂)

because of：  = -  = Δ𝐺 ‡
𝑓 𝐺𝑂(𝑞 ‡ ) 𝐺𝑂(𝑞𝑂) 𝐺𝑂(𝑞 ‡ )

 can be written as：  = Δ𝐺 ‡
𝑓 Δ𝐺 ‡

𝑓

𝑘(𝑞𝑅 ‒ 𝑞𝑂)2

8
[1 +

2Δ𝐺0

𝑘(𝑞𝑅 ‒ 𝑞𝑂)2
]2

Define reorganization energy λ= , so  =   (𝑘
2) ∗ (𝑞𝑅 ‒ 𝑞𝑂)2

Δ𝐺 ‡
𝑓

𝜆
4

[1 +
Δ𝐺0

𝜆
]2

because of： = F(E- )Δ𝐺0 𝐸0

 can be written as：  = Δ𝐺 ‡
𝑓 Δ𝐺 ‡

𝑓

𝜆
4

[1 +
𝐹(𝐸 ‒ 𝐸0)

𝜆
]2

Here, E is the half cell potential,  is the "standard" half cell potential in the commonly used 𝐸0

medium.

After getting the functional relationship between  and E, we can start solving for α:Δ𝐺 ‡
𝑓

α =  = ]

1
𝐹

∂Δ𝐺 ‡
𝑓

∂𝐸
1
2

[1 +
𝐹(𝐸 ‒ 𝐸0)

𝜆
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Since the hydrogen production rate r obtained earlier is assumed at low overpotential, the second 

term (F( ))/λ can be approximated to 0 (Or see it as /λ in Supplementary Fig. 32), so α ≈ 0.5, 𝐸 ‒ 𝐸0 Δ𝐺0

and now we can solve for the Tafel slope.

Tafel slope =   116 mV/dec, which is far from the experimental value of 33 mV/dec. 

2.303𝑅𝑇
𝛼𝐹 ≈

Figure S32. The standard Gibbs free energy of electron transfer reactions between oxidizing and 
reducing species as a function of reaction coordinates

2) If Tafel is the RDS, Volmer step will be equilibrated ( = ), the net rate of hydrogen 𝑟1 𝑟 ‒ 1

production can be written as:

r = 𝑘2𝜃𝑃𝑡 ‒ 𝐻𝜃𝑃𝑡 ‒ 𝐻;

 = =  𝑟1
 𝑘1𝑎

𝐻 +
3 𝑂

(1 ‒ 𝜃𝑃𝑡 ‒ 𝐻); 𝑟 ‒ 1  𝑘 ‒ 1𝜃𝑃𝑡 ‒ 𝐻;

 =  = 𝜃𝑃𝑡 ‒ 𝐻

𝑎
𝐻 +

3 𝑂

𝑎
𝐻 +

3 𝑂
+

𝑘 ‒ 1

𝑘1

𝑎
𝐻 +

3 𝑂

𝑎
𝐻 +

3 𝑂
+

𝑘 ‒ 10

𝑘10
 𝑒

𝐹𝜂
𝑅𝑇

Since Tafel step does not involve electron transfer, so , and at low overpotential, we can get  𝑘2 =  𝑘20

the following approximation:

r = ( )2 𝑘2𝜃𝑃𝑡 ‒ 𝐻𝜃𝑃𝑡 ‒ 𝐻 =  𝑘20

𝑎
𝐻 +

3 𝑂

𝑎
𝐻 +

3 𝑂
+  

𝑘 ‒ 10

𝑘10
 𝑒

𝐹𝜂
𝑅𝑇
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= /( ) *
 𝑘20 ∗ 𝑎 2

𝐻 +
3 𝑂

𝑎 2
𝐻 +

3 𝑂
+ 2𝑎

𝐻 +
3 𝑂

∗
𝑘 ‒ 10

𝑘10
∗ 𝑒𝑥𝑝 (𝐹𝜂

𝑅𝑇) + (𝑘 ‒ 10

𝑘10
)2 ∗ 𝑒𝑥𝑝 (2𝐹𝜂

𝑅𝑇 ) ≈  𝑘20 ∗ 𝑎 2
𝐻 +

3 𝑂

 (𝑘 ‒ 10

𝑘10
) ‒ 2 ∗ 𝑒𝑥𝑝 ( ‒

2𝐹𝜂
𝑅𝑇 )

 = const  2  (   𝑙𝑜𝑔10( ‒ 𝑗) + 𝑙𝑜𝑔10
𝑎

𝐻 +
3 𝑂

) ‒ 2𝐹𝜂
2.303𝑅𝑇

The calculated slope of  as a function of pH (-  (  is -2, which is not close 𝑙𝑜𝑔10( ‒ 𝑗) 𝑙𝑜𝑔10
𝑎

𝐻 +
3 𝑂

))

to the measured value -1.16.
If follow the Volmer-Heyrovsky mechanism

3) If Volmer is the RDS, the net rate of hydrogen production is the same as the rate of Volmer as 

RDS in the Volmer-Tafel mechanism,  is close to zero. 𝜃𝑃𝑡 ‒ 𝐻

r    ,
 =  𝑘1𝑎

𝐻 +
3 𝑂

(1 ‒ 𝜃𝑃𝑡 ‒ 𝐻) =  𝑘1𝑎
𝐻 +

3 𝑂
=  𝑘10𝑎

𝐻 +
3 𝑂

 𝑒
‒

𝛼𝐹𝜂
𝑅𝑇

 = const   (   𝑙𝑜𝑔10( ‒ 𝑗) + 𝑙𝑜𝑔10
𝑎

𝐻 +
3 𝑂

) ‒ 𝛼𝐹𝜂
2.303𝑅𝑇

Tafel slope   116 mV/dec, not consistent with the experimental value of 33 mV/dec.

2.303𝑅𝑇
𝛼𝐹 ≈

4) If Heyrovsky is the RDS, Volmer step will be equilibrated ( = ), we can get:𝑟1 𝑟 ‒ 1

 =  = 𝜃𝑃𝑡 ‒ 𝐻

𝑎
𝐻 +

3 𝑂

𝑎
𝐻 +

3 𝑂
+

𝑘 ‒ 1

𝑘1

𝑎
𝐻 +

3 𝑂

𝑎
𝐻 +

3 𝑂
+

𝑘 ‒ 10

𝑘10
 𝑒

𝐹𝜂
𝑅𝑇

The net reaction rate can be written as:

 =  =  =   𝑟
 𝑘3𝑎

𝐻 +
3 𝑂

𝜃𝑃𝑡 ‒ 𝐻

𝑘30𝑒
‒ 𝛼𝐹𝜂

𝑅𝑇

𝑎 2
𝐻 +

3 𝑂

𝑎
𝐻 +

3 𝑂
+  

𝑘 ‒ 10

𝑘10
 𝑒

𝐹𝜂
𝑅𝑇

𝑘30𝑒
‒ (1 + 𝛼)𝐹𝜂

𝑅𝑇

𝑎 2
𝐻 +

3 𝑂

𝑎
𝐻 +

3 𝑂
 𝑒

‒
𝐹𝜂
𝑅𝑇 +  

𝑘 ‒ 10

𝑘10 ≈

𝑘30

𝑘10

𝑘 ‒ 10
𝑎 2

𝐻 +
3 𝑂

𝑒
‒ (1 + 𝛼)𝐹𝜂

𝑅𝑇



S38

 = const  2  (   𝑙𝑜𝑔10( ‒ 𝑗) + 𝑙𝑜𝑔10
𝑎

𝐻 +
3 𝑂

) ‒ (1 + 𝛼)𝐹𝜂
2.303𝑅𝑇

The calculated slope of  as a function of pH (-  (  is -2, again, not close to 𝑙𝑜𝑔10( ‒ 𝑗) 𝑙𝑜𝑔10
𝑎

𝐻 +
3 𝑂

))

the measured value -1.16.
By comparing the experimental and calculated values, we draw the following conclusion: the 

addition of noble metals cannot enhance HER dynamic process merely by changing the electronic 
structure of B-WO2.9. This led us to realize that there might be another kinetic path on Pt/B-WO2.9 
surface.
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Figure S33. The pH-dependance measurements. LSV curves of Pt/B-WO2.9 in H2SO4 with different 
pH values.
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Figure S34. The in-situ electrochemical impedance spectroscopy (EIS) investigations in 0.5 M H2SO4 
saturated with H2. Nyquist plots for (a) WO2.9, (b) B-WO2.9, (c) Pt/B-WO2.9 and (d) Pt/C with same Pt 
loading at various HER overpotentials. The spherical scatter symbol represents the experimental 
results, and the solid line is the simulation fitting results. The insert in (d) shows the equivalent circuit 
for the simulation of these four samples. Rs, Rct and RHA represent the solution resistance, charge-
transfer resistance, and hydrogen adsorption resistance, respectively. Cφ represents the hydrogen 
adsorption pseudo-capacitance. Zw represents the Warburg impedance, which corresponds to the 
diffusion resistance across the electrolyte and the catalyst layer. The fitting parameters are shown in 
Table S6.
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Figure S35. In-situ cyclic voltammetry (CV) profiles of WO2.9 (a), B-WO2.9 (b), and Pt/C (c) in 0.5 M 
H2SO4 saturated with N2. The scan rate ranging from 100 to 900 mV s-1.
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Figure S36. Schematic illustration of HER mechanisms. (a) Conventional Volmer-Tafel mechanism. 
(b) OIDEC mechanism.
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Note S7: Calculation of OIDEC kinetic model: 
Based on the single-layer adsorption model proposed by Langmuir23, (a) the surface of similar 

catalysts is uniform, and each active site has the same adsorption heat and thus adsorption activation 
energy; (b) there is no interaction between adsorbed molecules; (c) adsorption and desorption can 
establish dynamic equilibrium, we propose the following reaction kinetic pathway.

Pt-O-W + H+ + e-  H-Pt-O-W (1) --Volmer ↔
step

H-Pt-O-W  Pt-OH-W (2) --Hydrogen ↔
Spillover

Pt-OH-W  Pt-O-W-H (3) --Hydrogen ↔
Spillover

Pt-O-W-H + Pt-OH-W  H2 + 2 Pt-O-W (4) →
--Tafel step

where the net rate of hydrogen production can be written as r , k is the reaction  =  𝑘4𝜃𝑊 ‒ 𝐻𝜃𝑂 ‒ 𝐻

rate constant, θ is the percentage of active sites covered by H.
In steady state，for ,𝜃𝑃𝑡 ‒ 𝐻

       

𝑑𝜃𝑃𝑡 ‒ 𝐻

𝑑𝑡 =
𝑘1(1 ‒ 𝜃𝑃𝑡 ‒ 𝐻)𝑎

𝐻 +
3 𝑂 ‒ 𝑘 ‒ 1𝜃𝑃𝑡 ‒ 𝐻 ‒ 𝑘2𝜃𝑃𝑡 ‒ 𝐻(1 ‒ 𝜃𝑂 ‒ 𝐻) +

  0;𝑘 ‒ 2𝜃𝑂 ‒ 𝐻(1 ‒ 𝜃𝑃𝑡 ‒ 𝐻) =

For ,𝜃𝑂 ‒ 𝐻

       

𝑑𝜃𝑂 ‒ 𝐻

𝑑𝑡 = 𝑘2(1 ‒ 𝜃𝑂 ‒ 𝐻)𝜃𝑃𝑡 ‒ 𝐻 ‒ 𝑘 ‒ 2(1 ‒ 𝜃𝑃𝑡 ‒ 𝐻)𝜃𝑂 ‒ 𝐻 ‒ 𝑘3𝜃𝑂 ‒ 𝐻(1 ‒ 𝜃𝑊 ‒ 𝐻) +

    0;𝑘 ‒ 3𝜃𝑊 ‒ 𝐻(1 ‒ 𝜃𝑂 ‒ 𝐻) ‒ 𝑘4𝜃𝑊 ‒ 𝐻𝜃𝑂 ‒ 𝐻 =

And for ,𝜃𝑊 ‒ 𝐻

  )     0;

𝑑𝜃𝑊 ‒ 𝐻

𝑑𝑡 = 𝑘3𝜃𝑂 ‒ 𝐻(1 ‒ 𝜃𝑊 ‒ 𝐻  ‒ 𝑘 ‒ 3𝜃𝑊 ‒ 𝐻(1 ‒ 𝜃𝑂 ‒ 𝐻) ‒ 𝑘4𝜃𝑊 ‒ 𝐻𝜃𝑂 ‒ 𝐻 =

At low overpotential, clear Pt-H signals were observed in the in-situ Raman spectra (Figure 3a, 
3c), while no W-H signal can be detected in the in-situ ATR-SEIRAS spectra (Figure 3e, 3f), we got 

0   . From the previous literature24, we assume that the hydrogen spillover process ≈  𝜃𝑊 ‒ 𝐻 ≪ 𝜃𝑃𝑡 ‒ 𝐻
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is reversible and the probability of occurrence is almost the same, we got >   𝑘1  𝑘 ‒ 1 ≫

,   .𝑘2 ≈ 𝑘 ‒ 2 ≈  𝑘3 ≈  𝑘 ‒ 3 𝑘4 ≫ 𝑘3

Considering the positive direction of reaction (1) ( ) under negative potential, we assume 𝑘1

 << 24. We can get the following approximation:
𝑎

𝐻 +
3 𝑂 𝑘1

    𝜃𝑃𝑡 ‒ 𝐻 ≈

𝑘1𝑎
𝐻 +

3 𝑂
+  𝑘 ‒ 2𝜃𝑂 ‒ 𝐻

𝑘1𝑎
𝐻 +

3 𝑂
 +  𝑘 ‒ 1 +  𝑘2 +  𝑘 ‒ 2𝜃𝑂 ‒ 𝐻 ‒  𝑘2𝜃𝑂 ‒ 𝐻

≈

𝑘10

𝑘 ‒ 10
 𝑎

𝐻 +
3 𝑂

 𝑒
‒

𝐹𝜂
𝑅𝑇

     (𝜃𝑂 ‒ 𝐻 ≈

 𝑘2𝜃𝑃𝑡 ‒ 𝐻 + 𝑘 ‒ 3𝜃𝑊 ‒ 𝐻

𝑘2𝜃𝑃𝑡 ‒ 𝐻 +  𝑘 ‒ 2(1 ‒ 𝜃𝑃𝑡 ‒ 𝐻) +  𝑘3(1 ‒ 𝜃𝑊 ‒ 𝐻) +  𝑘 ‒ 3𝜃𝑊 ‒ 𝐻  +  𝑘4𝜃𝑊 ‒ 𝐻 ≈
1
2

)𝜃𝑃𝑡 ‒ 𝐻 + 𝜃𝑊 ‒ 𝐻

    𝜃𝑊 ‒ 𝐻 ≈

𝑘3𝜃𝑂 ‒ 𝐻

𝑘3𝜃𝑂 ‒ 𝐻 +  𝑘 ‒ 3(1 ‒ 𝜃𝑂 ‒ 𝐻) +   𝑘4𝜃𝑂 ‒ 𝐻 ≈

𝑘3

𝑘4

r  =  ( )   =  = 𝑘4𝜃𝑊 ‒ 𝐻𝜃𝑂 ‒ 𝐻

𝑘3

2 𝜃𝑃𝑡 ‒ 𝐻 + 𝜃𝑊 ‒ 𝐻 ≈

𝑘3

2
𝜃𝑃𝑡 ‒ 𝐻

𝑘30𝑘10

2𝑘 ‒ 10
 𝑎

𝐻 +
3 𝑂

 𝑒
‒

(1 + 𝛼)𝐹𝜂
𝑅𝑇

= const   (   𝑙𝑜𝑔10( ‒ 𝑗) + 𝑙𝑜𝑔10
𝑎

𝐻 +
3 𝑂

) ‒ (1 + 𝛼)𝐹𝜂
2.303𝑅𝑇

The measured slope of  as a function of pH (-  (  is -1.16, which is very 𝑙𝑜𝑔10( ‒ 𝑗) 𝑙𝑜𝑔10
𝑎

𝐻 +
3 𝑂

))

close to our kinetic calculation of -1.

Tafel slope =   39 mV/dec ; The experimental value is 33 mV/dec.

2.303𝑅𝑇
（1 + 𝛼）𝐹 ≈

The theoretical value is very close to the experimental value, so as a summary, it can be 
considered that our reaction kinetic path is established under the premise that the above assumptions 
are satisfied.

We also verify the two possible paths of the Heyrovsky step below and show why they cannot 
happen.

Pt-O-W + H+ + e-  H-Pt-O-W (1) --Volmer ↔
step

H-Pt-O-W  Pt-OH-W (2) --Hydrogen ↔
Spillover

Pt-OH-W + H+ + e-  H2 + 2 Pt-O-W (3) -- Heyrovsky →
step
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where the net rate of hydrogen production can be written as r
 =  𝑘3𝑎

𝐻 +
3 𝑂

𝜃𝑂 ‒ 𝐻

In steady state，for ,𝜃𝑃𝑡 ‒ 𝐻

       

𝑑𝜃𝑃𝑡 ‒ 𝐻

𝑑𝑡 =
𝑘1(1 ‒ 𝜃𝑃𝑡 ‒ 𝐻)𝑎

𝐻 +
3 𝑂 ‒ 𝑘 ‒ 1𝜃𝑃𝑡 ‒ 𝐻 ‒ 𝑘2𝜃𝑃𝑡 ‒ 𝐻(1 ‒ 𝜃𝑂 ‒ 𝐻) +

  0;𝑘 ‒ 2𝜃𝑂 ‒ 𝐻(1 ‒ 𝜃𝑃𝑡 ‒ 𝐻) =

For ,𝜃𝑂 ‒ 𝐻

        0;

𝑑𝜃𝑂 ‒ 𝐻

𝑑𝑡 = 𝑘2(1 ‒ 𝜃𝑂 ‒ 𝐻)𝜃𝑃𝑡 ‒ 𝐻 ‒ 𝑘 ‒ 2(1 ‒ 𝜃𝑃𝑡 ‒ 𝐻)𝜃𝑂 ‒ 𝐻 ‒
𝑘3𝜃𝑂 ‒ 𝐻𝑎

𝐻 +
3 𝑂 =

Under the assumption of >   , we got the following approximation:𝑘1  𝑘 ‒ 1 ≫ 𝑘2 ≈ 𝑘 ‒ 2 ≫  𝑘3

    𝜃𝑃𝑡 ‒ 𝐻 ≈

𝑘3𝑎
𝐻 +

3 𝑂
𝜃𝑂 ‒ 𝐻 +  𝑘 ‒ 2𝜃𝑂 ‒ 𝐻

 𝑘2 ‒  𝑘2𝜃𝑂 ‒ 𝐻 +  𝑘 ‒ 2𝜃𝑂 ‒ 𝐻 ≈ 𝜃𝑂 ‒ 𝐻

      𝜃𝑂 ‒ 𝐻 ≈

 𝑘2𝜃𝑃𝑡 ‒ 𝐻 + 𝑘 ‒ 1𝜃𝑃𝑡 ‒ 𝐻 ‒ 𝑘1𝑎
𝐻 +

3 𝑂
+ 𝑘1𝑎

𝐻 +
3 𝑂

𝜃𝑃𝑡 ‒ 𝐻

𝑘2𝜃𝑃𝑡 ‒ 𝐻 + 𝑘 ‒ 2 ‒  𝑘 ‒ 2𝜃𝑃𝑡 ‒ 𝐻 ≈

 𝑘1𝑎
𝐻 +

3 𝑂

𝑘 ‒ 1

r  =  =   
 =  𝑘3𝑎

𝐻 +
3 𝑂

𝜃𝑂 ‒ 𝐻

 𝑘3𝑘1𝑎 2
𝐻 +

3 𝑂

𝑘 ‒ 1

𝑘30𝑘10

𝑘 ‒ 10
 𝑎 2

𝐻 +
3 𝑂

 𝑒
‒

(1 + 𝛼)𝐹𝜂
𝑅𝑇

= const  2  (   𝑙𝑜𝑔10( ‒ 𝑗) + 𝑙𝑜𝑔10
𝑎

𝐻 +
3 𝑂

) ‒ (1 + 𝛼)𝐹𝜂
2.303𝑅𝑇

The calculated slope of  as a function of pH (-  (  is -2, which is not close 𝑙𝑜𝑔10( ‒ 𝑗) 𝑙𝑜𝑔10
𝑎

𝐻 +
3 𝑂

))

to the measured value -1.16.

Pt-O-W + H+ + e-  H-Pt-O-W (1) --Volmer ↔
step

H-Pt-O-W  Pt-OH-W (2) --Hydrogen ↔
Spillover

Pt-OH-W  Pt-O-W-H (3) --Hydrogen ↔
Spillover

Pt-O-W-H + H+ + e-  H2 + 2 Pt-O-W (3) -- Heyrovsky →
step
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where the net rate of hydrogen production can be written as r
 =  𝑘4𝑎

𝐻 +
3 𝑂

𝜃𝑊 ‒ 𝐻

In steady state，for ,𝜃𝑃𝑡 ‒ 𝐻

       

𝑑𝜃𝑃𝑡 ‒ 𝐻

𝑑𝑡 =
𝑘1(1 ‒ 𝜃𝑃𝑡 ‒ 𝐻)𝑎

𝐻 +
3 𝑂 ‒ 𝑘 ‒ 1𝜃𝑃𝑡 ‒ 𝐻 ‒ 𝑘2𝜃𝑃𝑡 ‒ 𝐻(1 ‒ 𝜃𝑂 ‒ 𝐻) +

  0;𝑘 ‒ 2𝜃𝑂 ‒ 𝐻(1 ‒ 𝜃𝑃𝑡 ‒ 𝐻) =

For ,𝜃𝑂 ‒ 𝐻

       

𝑑𝜃𝑂 ‒ 𝐻

𝑑𝑡 = 𝑘2(1 ‒ 𝜃𝑂 ‒ 𝐻)𝜃𝑃𝑡 ‒ 𝐻 ‒ 𝑘 ‒ 2(1 ‒ 𝜃𝑃𝑡 ‒ 𝐻)𝜃𝑂 ‒ 𝐻 ‒ 𝑘3𝜃𝑂 ‒ 𝐻(1 ‒ 𝜃𝑊 ‒ 𝐻) +

 0;𝑘 ‒ 3𝜃𝑊 ‒ 𝐻(1 ‒ 𝜃𝑂 ‒ 𝐻) =

And for ,𝜃𝑊 ‒ 𝐻

  )     0;

𝑑𝜃𝑊 ‒ 𝐻

𝑑𝑡 = 𝑘3𝜃𝑂 ‒ 𝐻(1 ‒ 𝜃𝑊 ‒ 𝐻  ‒ 𝑘 ‒ 3𝜃𝑊 ‒ 𝐻(1 ‒ 𝜃𝑂 ‒ 𝐻) ‒
𝑘4𝜃𝑊 ‒ 𝐻𝑎

𝐻 +
3 𝑂 =

Under the assumption of >   , we got the following 𝑘1  𝑘 ‒ 1 ≫ 𝑘2 ≈ 𝑘 ‒ 2 ≈  𝑘3 ≈  𝑘 ‒ 3 ≫  𝑘4

approximation:

    𝜃𝑃𝑡 ‒ 𝐻 ≈

𝑘1𝑎
𝐻 +

3 𝑂
+  𝑘 ‒ 2𝜃𝑂 ‒ 𝐻

𝑘1𝑎
𝐻 +

3 𝑂
 +  𝑘 ‒ 1 +  𝑘2 +  𝑘 ‒ 2𝜃𝑂 ‒ 𝐻 ‒  𝑘2𝜃𝑂 ‒ 𝐻

≈

𝑘10

𝑘 ‒ 10
 𝑎

𝐻 +
3 𝑂

 𝑒
‒

𝐹𝜂
𝑅𝑇

     𝜃𝑂 ‒ 𝐻 ≈

 𝑘2𝜃𝑃𝑡 ‒ 𝐻 + 𝑘 ‒ 3𝜃𝑊 ‒ 𝐻

𝑘2𝜃𝑃𝑡 ‒ 𝐻 +  𝑘 ‒ 2(1 ‒ 𝜃𝑃𝑡 ‒ 𝐻) +  𝑘3(1 ‒ 𝜃𝑊 ‒ 𝐻) +  𝑘 ‒ 3𝜃𝑊 ‒ 𝐻   ≈
1
2 𝜃𝑃𝑡 ‒ 𝐻

    𝜃𝑊 ‒ 𝐻 ≈

𝑘3𝜃𝑂 ‒ 𝐻

𝑘3𝜃𝑂 ‒ 𝐻 +  𝑘 ‒ 3(1 ‒ 𝜃𝑂 ‒ 𝐻) +   𝑘4𝑎
𝐻 +

3 𝑂
 

≈ 𝜃𝑂 ‒ 𝐻

r  =  = 
 =  𝑘4𝑎

𝐻 +
3 𝑂

𝜃𝑊 ‒ 𝐻

𝑘4𝑘1

2𝑘 ‒ 1
 𝑎 2

𝐻 +
3 𝑂

𝑘40𝑘10

2𝑘 ‒ 10
 𝑎 2

𝐻 +
3 𝑂

 𝑒
‒

(1 + 𝛼)𝐹𝜂
𝑅𝑇

= const  2  (   𝑙𝑜𝑔10( ‒ 𝑗) + 𝑙𝑜𝑔10
𝑎

𝐻 +
3 𝑂

) ‒ (1 + 𝛼)𝐹𝜂
2.303𝑅𝑇
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The calculated slope of  as a function of pH (-  (  is -2, which is not close 𝑙𝑜𝑔10( ‒ 𝑗) 𝑙𝑜𝑔10
𝑎

𝐻 +
3 𝑂

))

to the measured value -1.16. Therefore, we believe that H2 is ultimately formed by the Tafel step.
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Figure S37. AIMD results of Pt5/Odef-WO3(100). (a), (b) are the configurations of Pt5/Odef-WO3(100) 
before and after AIMD, respectively. The black dashed circle shows the oxygen defect on the surface 
bridge site. The gray, blue, and red spheres represent Pt, W, and O atoms, respectively (c) shows the 
temperature fluctuation and energy evolution of Pt5/Odef-WO3(100) during the AIMD simulation. The 
average energy from 1000 fs to 5000 fs is -1202.24 eV.
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Figure S38. The energy diagram of Tafel process. The Tafel process happens at the end of the second 
*H spillover process. The transition state (TS) of Tafel process has been validated by imaginary 
frequency analysis (Table S6).
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Figure S39. Calibration of Ag/AgCl reference electrodes in H2-saturated 0.5 M H2SO4. Pt foil as the 
working electrode, Pt wire as the counter electrode, Ag/AgCl as the reference electrode. CVs were 
performed at the scanning rate of 1 mV s-1, and the thermodynamic potential of the hydrogen electrode 
reaction is obtained from the average value of the two potentials when the current crossed zero, so 
ERHE = EAg/AgCl + 0.224 V.
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Table S1. Structural parameters obtained from the curve-fitting analysis of the W L3-edge EXAFS 
spectra.

Sample Path N R (Å) σ2 (×10-3 Å2) ∆E0 R (×10-3)

W-O1 2±0.1 2.07±0.01 3.0±0.1
WO3

W-O2 4±0.1 1.80±0.01 6.1±0.1
5.7±1.3 0.19

W-O1 1.8±0.1 2.08±0.01 4.5±0.1
WO2.9

W-O2 4±0.1 1.82±0.01 7.8±0.1
-7.9±1.8 0.26

W-O1 1.8±0.1 2.06±0.01 6.3±0.1
B-WO2.9

W-O2 4±0.1 1.79±0.01 7.5±0.1
-0.6±1.5 0.35

W-O1 1.9±0.1 2.03±0.01 6.3±0.1
Pt/B-WO2.9

W-O2 4±0.1 1.78±0.01 11.4±0.1
-1.2±14.0 0.13

N is the coordination number.
R is the distance between absorber and backscatter atoms.
σ2 is the Debye-Waller factor value.
∆E0 is the inner potential correction to account for the difference in inner potential between the 
sample and the reference compound.
R is the residual factor.
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Table S2. Three independent carbon paper containing Pt/B-WO2.9 with an area of 0.5 cm2 were 
dissolved in 5 mL aqua regia, respectively. The solution concentration as measured by Inductively 
Coupled Plasma-Atomic Emission Spectroscopy (ICP-AES), and its corresponding mass per unit area.

Concentration
(ppm)

Mass per unit area
（mg cm-2）

0.088 0.88*10-3

0.079 0.79*10-3

0.091 0.91*10-3

0.088 mg/L * 5 mL / 0.5 cm2 = 0.88 *10-3 mg cm-2

Average mass per unit area：
(0.88 *10-3 + 0.79*10-3 + 0.91*10-3)/3 mg/ cm2 = 0.86 *10-3 mg/ cm2
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Table S3. HER performance of Pt/B-WO2.9 and other reported metal-based catalysts in acidic medium 
(0.5 M H2SO4).

Catalysts
η@（10mA cm-2） TOF (s-1) 

@overpotential (mV) ref

36 77@100 This work

31 NA 25

128 NA 26

61 NA 26

48 NA 26

Pt/B-WO2.9

Ru@C2N

CoPS film

CoPS NWs

CoPS NPls

Metallic WO2-carbon MN

A-Ni@DG

PtNx/TiO2

Co-NG

CoNx/C

MoC–Mo2C

Ru–FeP

NiCo2Px

Pt1/NMHCS

Se-MoS2-NF

Pt@PCM

NiN4–Cl SAs/N–C

Pt/f-MWCNTs

Se-MoS2

Li+ activated WSe2 NF

Pt-AC/DG-X-100

[Mo3S13] 2-

Ru-MoS2/CNT

58

70

67

147

133

114

62

58

40

132

105

274

43.9

104

243

52

180

50

NA

5.7@100

37.97@100

1.189@200

0.39@100

1.3@250

1.5@100

0.0021@100

20.18@300

NA

43.6@500

0.13@300

0.921@0

1.51@200

NA

13.98@50

3@200

NA

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

mailto:5.7@0.0.0.100
mailto:5.7@0.0.0.100
mailto:37.97@0.0.0.100
mailto:1.189@0.0.0.200
mailto:0.39@0.0.0.100
mailto:1.3@0.0.0.250
mailto:5.7@0.0.0.100
mailto:0.0021@0.0.0.100
mailto:20.18@0.0.1.44
mailto:43.6@0.0.1.244
mailto:0.13@0.0.1.44
mailto:1.51@0.0.0.200
mailto:13.98@0.0.0.50
mailto:5.7@0.0.0.100
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Table S4. Comparison of the cost, active metal loading, and HER performance of Pt/B-WO2.9 with 
various representative catalysts reported in literature.

Catalysts Active
metal loading 

(μg cm-2)

Active
metal

Prices 
($ g-1)

Cost*10⁻4 
($ cm-2)

η @ 
(10mA cm-2) ref

0.86 Pt 378.15 3.26 36 This work

3.88 Ru 339.83 13.2 31 25

Pt/B-WO2.9

Ru@C2N

A-Ni@DG

Co-NG

CoNx/C

Pt1/NMHCS                             

Pt/f-MWCNTs

Pt-AC/DG-X-100

Pt@PCM

[Mo3S13]2-

3.25

285

2800

6.57

0.914

2.77

7.95

10

Ni

Co

Co

Pt

Pt

Pt

Pt

Mo

15.72

2.68

2.68 

378.15

378.15

378.15

378.15

1.08

0.511

7.63

75

24.8

3.45

10.47

30

0.23

70

147

133

40

43.9

52

105

180

28

30

31

35

39

42

37

43

mailto:1.189@0.0.0.200
mailto:13.98@0.0.0.50
mailto:13.98@0.0.0.50
mailto:1.189@0.0.0.200
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Table S5. Comparison of synthesis conditions and chemical treatments for Pt/B-WO2.9 and other 
catalysts.

Catalysts
Temperature

(°C)
Time 
(h)

Additional 
processing

Organic 
Solvent/Compounds

Acid/Base 
Treatment

ref

600 2 Electrodeposition \ \ This work

350 3 N₂ Plasma \ \ 29

Pt/B-WO2.9

PtNx/TiO2

Pt@PCM

CoNx/C

A-Ni@DG

Pt-AC/DG

Co-NG

Pt₁/NMHCS

Ru-FeP

[Mo3S13]2-

800

900

750

\

750

800

300

200

2

4

2

\

2

2

2

2

\

\

\

Electrodeposition 

Freeze Drying

\

Phosphorization 

Water Bath

Tetrahydrofuran

o-Phenylenediamine

\

\

\

\

\

Methanol

\

NaOH

HCl

\

\

NaOH

H₂SO₄

\

37

31

28

42

30

39

33

43
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Table S6. The fitted parameters of the EIS data of the Pt/C, Pt/B-WO2.9, B-WO2.9 and WO2.9 catalysts 
for HER.
Catalysts η [mV] Rs [Ω] T [F sn-1] n Rct [Ω] Cφ [mF] RHA [Ω] Zw [Ω]

0 0.31031 0.000320 0.60439 46.77 0.56693 44.02 0.03422

-10 0.31587 0.000261 0.62717 32.66 0.59026 28.46 0.04129

-20 0.32165 0.000277 0.62253 27.42 0.73307 17.74 0.04674

-30 0.33195 0.000326 0.60982 24.28 0.90278 11.59 0.05057

-40 0.33099 0.000385 0.59521 21.28 1.26278 8.13 0.05664

Pt/C

-50 0.33557 0.000445 0.58373 19.28 1.61675 5.24 0.06154

0 0.49695 0.008744 0.63655 40.51 1.095 42.97 0.02907

-10 0.53740 0.007745 0.67596 36.45 1.208 26.57 0.03121

-20 0.55766 0.007774 0.68830 34.88 1.541 15.25 0.03241

-30 0.55945 0.007344 0.69917 32.06 2.196 8.32 0.03417

-40 0.58136 0.007368 0.71761 25.84 2.881 5.27 0.04067

Pt/B-

WO2.9

-50 0.56919 0.006508 0.72048 16.31 3.446 2.93 0.06179

0 0.5528 0.010545 0.66327 140.5 0.36591 82.9 0.01793

-10 0.56536 0.010631 0.66842 82.21 0.45525 68.44 0.02079

-20 0.56828 0.011256 0.67575 61.07 0.57189 57.85 0.02463

-30 0.58163 0.011346 0.6763 55.86 0.59221 49.03 0.02563

-40 0.57822 0.011766 0.67732 48.75 0.72015 42.32 0.02819

B-WO2.9

-50 0.5786 0.011924 0.67812 41.9 0.75972 35.84 0.03085

0 0.61995 0.004794 0.71993 553.2 0.25433 525.6 0.00834

-10 0.68057 0.004968 0.72701 404.2 0.33972 462.6 0.00864

WO2.9 -20 0.58941 0.005297 0.71652 332.9 0.43546 407.5 0.00913

-30 0.60494 0.005349 0.72941 235.2 0.46894 345.4 0.00969

-40 0.58335 0.005623 0.71551 174.4 0.53829 287.6 0.01075

-50 0.58196 0.005733 0.71611 116.9 0.59856 251.3 0.01287
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Table S7. The calculated energy profiles of hydrogen spillover and Tafel process of Pt5/Odef-WO3(100) 
with one surface O defect site. TS (Tafel) means the transition state of Tafel process. 

 First H spillover Second H spillover

site Energy (eV) site Energy (eV)

Pt_top 0.00 Pt_top 0.00 

Pt_bottom 0.02 Pt_bottom 0.15 

O_bridge 1.01 O_bridge 0.90 

W 1.63 TS(Tafel) 1.25 

　 　 H2 (g) 0.09 
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Table S8. Imaginary frequencies of the transition state in Tafel process. 
   1 f  =   53.983957 THz   339.191205 2PiTHz 1800.710918 cm-1   223.259780 meV
   2 f  =   46.149935 THz   289.968595 2PiTHz 1539.396094 cm-1   190.860859 meV
   3 f  =   32.733341 THz   205.669648 2PiTHz 1091.866699 cm-1   135.374266 meV
   4 f  =   31.639886 THz   198.799264 2PiTHz 1055.392949 cm-1   130.852096 meV
   5 f  =   13.853086 THz    87.041504 2PiTHz  462.089185 cm-1    57.291778 meV
   6 f/i =   34.941349 THz   219.542974 2PiTHz 1165.517926 cm-1   144.505858 meV
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