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[bookmark: _Hlk207130825]Supplementary Note 1: HER Overpotential as a function of the Helmholtz potential
In the specific case of HER, the extended Butler–Volmer equation (Eq. 1) can be rewritten:

For a target current density  A/cm2, and an exchange current density  = 10 A/cm2 deduced from data fitting in Figure 1, equation S4.1 can be inverted to compute the overpotential  as a function of the Helmholtz potential , accounting for both cathodic and anodic currents. By setting , Equation S1.1 reduces to solving a second-degree polynomial. 

The polynomial admits a physically meaningful solution:

We still need to discuss the values of  and . In the article, we introduce a relationship between  and Helmholtz potential , i.e. . Nevertheless, at low Helmholtz potential , it is necessary to introduce a cutoff for , reflecting the limitation imposed by diffusion. In other words, the surface concentration of  is not expected to exceed the bulk concentration due to its consumption during the reaction at the surface of the electrode. The local pH cannot be lower than the bulk pH of 13 used in these experiments. When decreasing the limit surface concentration of H+ from pH=13 to pH=14, the saturation overpotential for negative Helmholtz potential increases as shown by the red curve compared to the black curve in Fig. S1. 
For , a first approach consists in taking a value of 1, considering that the continuous production of  leads to saturation of dissolved  in the solution, with  mol/L considering the  solubility in water at 1 atm and 25°C (Henry coefficient  mol/m3/pa). In any case, the  concentration is not expected to depend on . From Equation S1.3, we can evaluate the  value from which the oxidation reaction has to be taken into account. This corresponds to the  value at which the two terms inside the square root in Equation S1.3 become equal, i.e. . It occurs for  V, as shown in Fig. 1 and in black in Fig. S1.
We assume  but, at equilibrium, an  concentration gradient can be assumed to result from its accumulation close to the interface. Assuming a current density  at the electrode surface, resulting from its production, one can derive the concentration gradient , with  being the distance from the electrode into the electrolyte. We assume a planar interface which is a reasonable approximation given the characteristic distance involved. The stationary solution  implies that  close to the surface, since . Solving the Fick law, , with  m2/s the diffusion coefficient of  in water, it follows that  At a distance L, corresponding to the slipping plane,  reaches a constant due to the stirring of the solution. One can assume , with  taken as 1 nm at molar ionic strength. It follows that , and then

This leads to . The increase in  concentration near the electrode leads to a slight rise in the overpotential compared to the case  as shown in Fig. S1 (blue curve versus black curve). For overpotential small enough so the H2 oxidation reaction becomes significant, the higher surface concentration of H2 enhances the reaction rate, which in turn must be balanced by a larger overpotential.
[image: ]
Figure S1: Variations of the HER overpotential as a function of the Helmholtz potential depending on the pH at the surface of the electrode as well as the surface versus bulk ratio of H2( 
[bookmark: sec:ccoe4gl3fyz]Supplementary Note 2: Continuity of the electric displacement at the surface of a semiconductor electrode
When a semiconductor electrode is put in contact with a metal, having a difference of potential , charge transfers form a SCR with a thickness  that can be calculated simply as 

with  and  the relative permittivity of the semiconductor and of the vacuum, respectively, and  the density of charge carriers.
Considering the continuity of the electric displacement at the interface, the Helmholtz potential can be derived as:

with  and  the relative permittivity of the semiconductor and the Helmholtz layer, respectively, and  the width of the Helmholtz layer. The relative permittivity of the electrolyte remains close to that of water () even if it decreases with increasing ion concentration32, so that  and  for a classical semiconductor in concentrated electrolyte (>0.1 M). Interestingly,  is therefore negligible for semiconductors. 
In equation (S2.2), surface charges are not explicitly considered, which may seem surprising as surface states and defect often trap charges and ions can absorb. This omission is justified by the fact that the potential drop is attributed to the charge distribution within the Helmholtz layer, which inherently includes any surface charges. Alternatively, since the Helmholtz layer is extremely thin at high ionic strength, its total charge can be effectively treated as a surface charge. The results presented here remain unchanged whether one interprets the effect as the energy required for a reactant to adsorb or desorb from a charged surface, or as the energy needed to overcome the potential barrier across the Helmholtz layer.
[bookmark: sec:u7k7i868rf7e]Supplementary Note 3: Derivation of the evolution of the potential in a semiconductor thin film
The evolution of the potential  in the semiconductor is given by the Poisson equation with a uniform charge density ​ as described as:

Solving this equation considering ​ and , leads to:

with:

At the interface between the electrolyte and the semiconductor, the continuity of the electric displacement gives:

Combining both equation leads to an expression of the Helmholtz potential:

where

would be the width of the SCR for the potential difference  defined when . Note that  is only positive in the limit of the model    .
Compared to eq. 3, a dependence of the Helmholtz potential linear with the difference  similar to the one derived for metal is observed, except that the coefficient  tends to zero as d approaches the value .
[bookmark: sec:pra43u29dr9]Supplementary Note 4: Consideration on the resistivity of the semiconducting thin film 
The presence of the thin hydroxyl layer can introduce an additional resistive component to the system, effectively behaving as a series resistor and contributing to the observed increase of  by:

with  the current density and  the charge mobility. As discussed previously, increasing the density of charge carrier and decreasing the thickness can help to mitigate this potential drop. But this overpotential remains negligible even for low amount of charge carriers and large current densities relevant for industrial application, and thickness of hundreds of nanometers.
Supplementary Note 5: Modulation of the HER overpotential on Pt(111) surface by a thin metal hydroxide layer
The high WF of Pt(111) results in a negative Helmholtz potential when in contact with an aqueous electrolyte (Fig. S2a). Although this negative Helmholtz potential does not reduce the proton concentration at the electrode surface, it introduces an energetic penalty associated with charge transfer across the two-dimensional interfacial water network, as previously described by Koper and co-workers8, leading to an overpotential of 0.19 V5.
Depositing a thin semiconductor layer can mitigate the Helmholtz potential, provided the Fermi level of the system drops below the n-type dopant states, enabling the accumulation of positive trapped charges. This effect is observed for Ni(OH)2, Co(OH)2, and FeOOH (see Fig. S2b–d). However, the concentration of surface charge carriers can vary depending on the ionization energy of the material, which dictates the Fermi level position relative to the valence band maximum (VBM).
A high density of charge carriers is critical, as the exchange current in semiconducting materials is directly proportional to the number of available carriers at the surface. In Ni(OH)2 and Co(OH)2, the Fermi level lies below the VBM, establishing a deep depletion layer. Deep depletion condition is achieved when its ionization energy is lower than both the metal WF and the chemical potential of the electrolyte. Under these conditions, the system behaves similarly to a metal, with both mobile charges, ensuring a good charge exchange, and immobile (trapped) charges contributing to the compensation of the Helmholtz potential. This leads to a notable reduction in overpotential, as illustrated in Fig. S2e.
In contrast, for FeOOH, the Fermi level remains within the bandgap, which limits the accumulation of surface charge carriers. As a result, the overpotential is even higher than that of the bare Pt surface, likely due to both less favorable catalytic properties and a reduced carrier density. As such, most of the reaction occurs on the bare Pt surface, whose active surface area is decreased by the presence of FeOOH.
[image: ]
[bookmark: fig:ih3y9aiueidm]Figure S2: Modulation of the HER overpotential on Pt(111) surface by a thin metal hydroxide layer. Band alignment and interfacial equilibrium for a Pt(111) surface (a) bare, covered with a thin film of (b) Ni(OH)2, (c) Co(OH)2, and (d) FeOOH. Trapped charges from n-type dopants are indicated by blue “+” signs.  (e) HER overpotential values of these surfaces measured at -5 mA cm-2 in 0.1 M KOH, taken from ref. 5. The WF value of Pt(111) was taken from ref. 20. The electronic properties of 2D Ni(OH)2, 2D Co(OH)2 and nanosized FeOOH were taken from refs. 26,27, ref. 28 and ref. 29, respectively. The bandgap energy of 2D Co(OH)2 was extrapolated from the Tauc plots based on ref. 27. In the case of nanosized FeOOH, the γ/δ polymorphs were considered. All values are summarized in Supplementary Table 3.
Supplementary Table 1: HER overpotential for metal electrodes 
HER overpotential values, measured at -5 mA cm-2 in 0.1 M HClO4 and 0.1 M KOH, were taken from Danilovic et al3 and Dadallagei et al18. WF values were taken from Sheng et al19. The polycrystalline materials were considered.
	Metal
	WF (eV)
	- (V)3
	- (V)3
	- (V)18

	Cu
	4.51
	0.42
	0.53
	0.60

	Ag
	4.39
	0.40
	0.60
	0.64

	Au
	5.30
	0.33
	0.62
	0.63

	Ru
	4.71
	0.18
	0.24
	/

	Ir
	5.28
	0.02
	0.04
	/

	Pt
	5.30
	0.02
	0.11
	0.07

	V
	4.10
	0.73
	0.78
	/

	Ti
	3.87
	0.87
	0.98
	/

	Ni
	5.06
	0.27
	0.31
	0.33

	W
	4.56
	/
	/
	0.44

	Co
	4.71
	/
	/
	0.36

	Fe
	4.55
	/
	/
	0.35

	Pd
	5.17
	/
	/
	0.31



Supplementary Table 2: HER overpotential for metal electrodes covered by a thin film of nickel hydroxide 
HER overpotential values, measured at -5 mA cm-2 in 0.1 M KOH, were taken from Danilovic et al3. WF values were taken from Sheng et al19. The polycrystalline materials were considered.
	[bookmark: _Hlk205365527]Metal
	WF (eV)
	- (V)
	- (V)

	Cu
	4.51
	0.53
	0.44

	Ag
	4.39
	0.60
	0.42

	Au
	5.30
	0.62
	0.38

	Ru
	4.71
	0.24
	0.22

	Ir
	5.28
	0.04
	0.02

	Pt
	5.30
	0.11
	0.04

	V
	4.10
	0.78
	0.56

	Ti
	3.87
	0.98
	0.60

	Ni
	5.06
	0.31
	0.24


Supplementary Table 3: HER overpotential for Pt(111) electrodes covered by a thin film of hydroxide
HER overpotential values, measured at -5 mA cm-2 in 0.1 M KOH, were taken from Subbaraman et al.5. The WF value of Pt(111), 5.84 eV, was taken from Sheng et al.19. The electronic properties of 2D Ni(OH)2, 2D Co(OH)2 and nanosized FeOOH were taken from refs. 26,27, ref. 28 and ref. 29, respectively. The bandgap energy of 2D Co(OH)2 was extrapolated from the Tauc plots based on Ping et al. 27. In the case of nanosized FeOOH, the γ/δ polymorphs were considered.
	Hydroxide
	Bandgap (eV)
	EA (eV)
	 (eV)
	- (V)

	Ni(OH)2
	2.54
	1.47
	4.01
	0.03

	Co(OH)2
	2.20
	2.93
	5.13
	0.12

	FeOOH
	/
	/
	6.00
	0.27
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