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Supplementary Figure 1. The theoretical model of Pt(111)/water interface at potential of zero charge

(PZC) condition. Pt, O and H atoms are colored with grey, red and white, respectively (similarly

hereinafter). The blue dashed lines represent the hydrogen bonds network.

Supplementary Figure 2. The theoretical model of acid system. The O atom of H3O+ is marked by green

color (similarly hereinafter).

Supplementary Figure 3. The theoretical model of alkaline system. The Na+ is colored with purple

(similarly hereinafter).
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Supplementary Figure 4. The concentration distribution profiles of (a) H3O+ and (b) Na+ cations along

the surface normal direction. The insets are the trajectories of cations in the AIMD simulations. Each

color represents one cation.

Supplementary Figure 5. Radial hydration structure for Na+ in alkaline system. Radial distribution

functions gNa−O(r) is shown by the green solid line, and the coordination number is shown by the yellow

dashed line. The coordination number within the first solvation shell of Na+ is merely ~4.3, which is much

lower than the bulk value (~6).
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Supplementary Figure 6. The indexes of all interfacial water molecules involved in the (a) acid and (b)

alkaline Volmer reactions. The index is arranged according to the order of the calculated free energy

barrier from small to large.

Supplementary Figure 7. The defined collective variables (CV) for (a) acid system and (b) alkaline

system.
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Supplementary Figure 8. A representative slow-growth simulation of the acid Volmer reaction. (a)

Potential of mean force (��
�
) derived from the slow-growth simulation. (b) The free energy profile along the

collective variable (). (c-e) The close-up of atomic structures of the initial state (IS) and transition state

(TS). It is obvious that the process from IS to IS' corresponds to the proton transfer from the H3O+ cations

towards the interface water molecule, and the following process from IS' to FS is the O-H bond cleavage

of the newly formed interface H3O+ to generate the adsorbed hydrogen atom.
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Supplementary Figure 9. A representative slow-growth simulation of the alkaline Volmer reaction. (a)

Potential of mean force (��
�
) derived from the slow-growth simulation. (b) The free energy profile along the

collective variable (). (c-e) The close-up of atomic structures of the initial state (IS) and transition state

(TS). It is obvious that the process from IS to TS corresponds to the cleavage of O-H bond of interface

water molecules, and the following process from TS to TS' is the proton transfer from the bulk H2O

molecules towards the interface OH-.
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Supplementary Figure 10. (a, c) The representative snapshots of the bare Pt(111)/Solution interfaces.

(b, d) The representative snapshots of Pt(111)-Had/Solution interfaces.

Supplementary Figure 11. Cyclic voltammograms of the prepared Pt thin film electrode in Ar-saturated

0.1 M HClO4 and NaOH solutions recorded at 50 mV s-1.
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Supplementary Figure 12. AFM images of the prepare Pt thin film electrode surfaces.

Supplementary Figure 13. The spectrum of adsorbed CO collected at 0.1 V vs RHE in CO-saturated 0.1

M HClO4 solution.
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Supplementary Figure 14. Deconvolution of the O-H stretching vibration features of in situ SEIRAS

spectra (black curves) recorded at potentials from 0.20 V to 0.00 V vs RHE for the Pt electrode in

Ar-saturated 0.1 M (a) NaOH and (b) HClO4 solutions, where the reference spectra are taken at 0.9 V

and 0.5 V, respectively. These are fitted with three (blue, yellow and green) and two (orange and green)

gaussians in alkaline and acid medias, respectively.

Supplementary Figure 15. (a) Schematic diagram of region division for the acid system. The gap of

H-bond networks locates in Region 3. (b) The VDOS of water molecules in each region.
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Supplementary Figure 16. Changes of the O-H stretching vibration frequencies in SEIRAS spectra of

various types of interfacial water under (a) alkaline and (b) acid conditions.

Supplementary Figure 17. The integral of O concentration distribution profiles at the Pt(111)/solution,

Pt3Ru(111)/solution and Pt3Ru(111)-OHad/solution interfaces. The integral water concentration curves on

Pt(111) and Pt3Ru(111) show the absolute platforms, which indicates that the water molecules are sorely

scarce within the “gap zone”. On the contrary, on the Pt3Ru(111) with adsorbed OH, the integral water

concentration within the “gap zone” is gradually rising, instead of a platform, which demonstrates the

increased number of water molecules in the gap zone so that the water distribution in the interfacial EDL

becomes more continuous.
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Supplementary Figure 18. The top views of the EDL structures of alkaline interfaces on the Pt3Ru(111)

electrodes with (a) and without (b) OH adsorption. The O atom of adsorbed OH is colored in orange. The

yellow rectangles represent the interfacial regions that contain Na+ cations. The interfacial water

molecules within the black circles are the free water molecules, namely, the unsolvated water molecules.
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Supplementary Note 1: The HBE calculation

The HBE is calculated according to the following equation,

HBE = 1
�

��� 111 −����/�������� − ���(111)/�������� − �
2
��2 + ����2 − ���2 +

������� − ∆����� (1)

In Eq.(1), the ��� 111 −����/�������� and ���(111)/�������� are the time averaged internal

energies of the interface with n Had species (Pt(111)-nHad/Solution) and the bare interface

(Pt(111)/Solution), respectively. The corresponding interface structures are shown in

Figure S10. The ��2 , ����2 and ���2 are the internal energy, zero point energy and

vibrational entropy contribution of H2(g), respectively. The ������ is the zero point energy

of Had species. All values of ��� and �� are from previous reports1,2. Because the

adsorption/desorption of Had will also alter the work function of interface system, the

constant potential correction has been applied. The correction term ∆����� equals to

(�2−�1)(Φ2−Φ1)
2

, and the minus sign indicates that the HBE is calculated at the constant

potential of Pt(111)-nHad/Solution state.

Supplementary Note 2: Slow-growth approach

The free-energy profile along a collective variable (CV,  ) can be scanned by an

approximate slow-growth approach3. In this method, the value of  is linearly changed

from the value characteristic for state 1 to that for state 2 with a velocity of transformation

� . The resulting work needed to perform a transformation 12 can be computed as:

�1→2
����� = 1

2 ( ��(�)
�

)� ∙ � ��, (2)

where �(�) is the free energy at general coordinate � which is evolving with time �, ��

�

is calculated along the track of a constrained MD through the SHAKE algorithm4.

In the limit of infinitesimally small � , the work �1→2
����� corresponds to the free-energy

difference between state 1 and state 2. In the general case, �1→2
����� is the irreversible work

related to the free energy via Jarzynski's identity:
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��� − ∆�1→2
���

= ��� − �1→2
�����

���
, (3)

where ⋯ stands for the statistical average of the term enclosed in angular parentheses.

Supplementary Note 3: Constant potential correction

According to the works of Chan and Nørskov5,6, for a constant charge calculation from

state 1 to state 2, corresponding to work functions Φ1 and Φ2 , energies �1 Φ1 and

�2 Φ2 , and interfacial charges �1 and �2 , respectively, the corresponding energy

change between the two states at constant work functions, such as Φ1, are given by

�2 Φ1 − �1 Φ1 = �2 Φ2 − �1 Φ1 + ∆�����, (4)

where � is defined to be the number of excess electrons in the slab, estimated from DFT

calculations using Bader charge analysis; ∆����� is the constant potential correction term,

which equals to (�2−�1)(Φ2−Φ1)
2

.
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