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Thermodynamic calculations: Three different approaches have been used to evaluate surface free energies. The first one is defined as PW91-G, in which the Gibbs free energy for the adsorbate system (G ads ) and bulk (G bulk ) are calculated as shown in eq. ( 4), from the enthalpy and entropy terms, which include vibrational contributions and consider immobile species. In this equation, the enthalpy consists of the sum of electronic energy E el , the zero point vibrational energy (ZPVE), and the thermal correction to the enthalpy U vib : ( ) ( )

vib vib el S T U ZPVE E S T H G ⋅ - + + = ⋅ - = (1) 
The molar gas phase Gibbs free energy, G gas , accounts for the same terms as the ones in eq. ( 4), but also considers the free energy contributions from the translational and rotational gas phase modes, U trans+rot and S trans+rot , which are also calculated from statistical thermodynamics. Additionally, the molar gas phase Gibbs free energy includes the term that accounts for the gas phase pressure, in which k B is the Boltzmann constant, T the temperature (K), p i the pressure of the gas phase species i (bar), and p o the standard pressure of 1 bar, as shown in eq. ( 5). 
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The unit cell used in the calculation has two surfaces because a vacuum layer is included between periodic images to avoid interactions in the direction perpendicular to the slab. The Pd atoms in the upper surface are relaxed during the geometry optimization ("top surface"), on which the corresponding coverage of species i is adsorbed. However, the Pd atoms that compose the lower ("bottom") surface are constrained to the bulk geometry, and on this surface no species are adsorbed (i.e. mixed slab in Figure 1). The electronic energy obtained from the periodic DFT calculations corresponds to the whole slab, which includes these two surfaces. Therefore, the surface free energy that can be derived from this electronic energy corresponds to an average value of these two surfaces, while only the upper one is of interest.

In order to calculate an approximate value for a completely optimized surface (Γ el,relaxed ), the following was proposed by Chizallet et al. [10] and is done in this work; the average surface energy of the mixed-surface unit cell is counted two times (mixed slab), and the surface energy of a completely non-optimized unit cell (fixed slab) is subtracted, i.e. energy of the unit cell with all atoms in the bulk structure and without adsorbate (see eq. ( 6) and Figure 1). Substituting eq. ( 4), eq. ( 5) and eq. ( 6) into eq. ( 3), the surface free energy in case1: PW91-G is obtained as shown in eq. ( 7). The adsorbate, bulk and gas phase contributions are multiplied by two because of the definition of the electronic energy term in eq. ( 6). Furthermore, the Γ (T,p) can be also written in terms of the contribution from the electronic energy (Γ el,relaxed ), enthalpy (ZPVE + U vib terms) (Γ H ) and entropy (Γ S ), together with the gas pressure term, as shown in eq. ( 8). Mind that the electronic energy is not included in the enthalpy term, and that the temperature is included in the entropy term. These terms are useful for comparing the cases that include or not vibrational contributions by defining the free energy contribution from the thermochemistry, sum of enthalpy and entropy terms or Γ thermochem =Γ H +Γ S . Each enthalpy and entropy term is, in turn, calculated as the difference between the system and bulk + gas phase terms.
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In literature, a common approach is to approximate the Gibbs free energy to the electronic energy from DFT, thus neglecting vibrational contributions in the enthalpy and entropy, because the calculation of vibrational frequencies is not straightforward for many systems and time consuming. This case is defined in this work as PW91-E el . Although this approach neglects vibrational contributions for gas phase species, it considers free energy contributions from the translational and rotational gas phase modes (H trans+rot and S trans+rot ). The surface free energy as a function of the conditions is calculated in PW91-E el following eq. ( 10), which in turn is also writen, as for PW91-G approach in eq. ( 8), as the sum of the different terms in eq. ( 9). 
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Figure 1 :

 1 Figure 1: Scheme illustrating the calculation of the surface free energy of a fully optimized surface, obtained from the mixed and fixed slabs. To avoid the use of an average surface free energy between an optimized and non-optimized surface, the electronic energy of the regular unit cell (with one optimized and another non-optimized surfaces) is accounted two times, and the electronic energy of a non-optimized unit cell is subtracted.

Figure 2 :

 2 Figure 2: Thermodynamic phase diagram of benzene adsorption at the bridge(30) site on Pd(111) as a function of temperature (K) and benzene pressure (bar) for standard pressure of p o = 1 bar. The electronic energies have been obtained with the PW91 functional, and free energy vibrational contributions are not included.

  Geometrical parameters of benzene hollow-hcp(0) and hydrogen coadsorbed on Pd(111) for hydrogen coverages between 0 (clean slab) and θ H = 1.89. Average C-C bond length (pm), angle of C-H bond relative to the C atom at the opposite side of the ring (º), distance between the benzene centre of mass and the Pd top layer (pm), between the two first Pd layers (pm), and finally average bond distance (pm) between all hydrogen atoms, considering that fcc sites form three bonds with the Pd atoms

Table S1 : Adsorption energies in kJ mol -1 of hydrogen adsorbed at different coverages and sites up to saturation coverage. The values obtained with the vdW-DF functional for the hollow fcc site are shown between brackets.

 S1 

	Results																
						Site			0.25 ML			ΔE ads (kJ mol H 0.5 ML 0.75 ML -1 )	1 ML	
						fcc			-54.2 (-43.4) -51.5 (-40.6) -49.5 (-38.3) -47.9 (-36.6)
						hcp			-49.3			-46.6			-44.5	-42.9	
						bridge			-39.2			-35.9			-32.6	-29.1	
						top			-1.6			1.1			3.5			7.0		
						octasub		-17.0			-15.6			-15.2	-14.5	
						tetrasub31		-17.6			-17.6			-18.4	-19.6	
						tetrasub13		-13.5			-13.6			-13.8	-14.4	
	T	,	p		el	,	relax	2	i	trans	rot	gas	,	i	trans 2	rot	gas	,	i	ln	gas o	,	i
																							(6)
											ln											
			el	,	relax				2		2											

Table S2 : Adsorption energy (kJ mol -1 ) per mol of hydrogen for the adsorption of 0.25 ≤ Θ H ≤ 1 hydrogen coverage on a covered slab with Θ H,initial = 1, for different combinations. The values obtained with the vdW-DF functional for the combination of Θ H =1 hydrogen fcc and addition of 0.25 ≤ Θ H ≤ 1 tetrasub13 hydrogen is shown between brackets.

 S2 

	Θ H,initial = 1 0.25 ≤ Θ H ≤ 1	ΔE ads (kJ mol H Θ H,total =1.25 Θ H,total =1.5 Θ H,total =1.75 -1 )	Θ H,total =2
		tetrasub31	-38.6	-32.5	-27.6	-24.2
	fcc	octasub tetrasub13	-38.9 -39.8 (-28.3) -34.3 (-22.6) -30.1 (-18.4) -26.8 (-15.1) -32.7 -28.0 -23.3
		hcp	-33.1	-20.0	-0.3	19.1
		octasub	-36.3	-31.7	-28.0	-24.2
	hcp	tetrasub31 tetrasub13	-30.5 -36.1	-23.2 -31.5	-18.0 -27.9	-14.9 -25.2
		fcc	-30.3	-20.0	0.0	19.1
		octasub	5.0	3.2	1.6	0.4
	top	tetrasub31	7.3	6.4	4.7	2.5
		tetrasub13	5.9	4.5	2.7	1.1
		fcc	-18.3	-20.8	-22.8	-23.3
		hcp	-18.4	-21.6	-23.7	-24.2
	octasub	top	-8.4	-4.4	-1.0	0.4
		tetrasub31	-5.0	-2.1	0.9	1.3
		tetrasub13	-6.7	-3.2	-1.8	-0.6
		fcc	-23.2	-25.3	-25.7	-24.2
		hcp	-18.9	-18.5	-17.1	-14.9
	tetrasub31	top	-12.8	-7.6	-2.4	2.7
		octasub	-12.7	-7.3	-1.7	1.3
		tetrasub13	-14.5	-10.4	-6.8	-2.5
		fcc	-20.1	-23.6	-25.8	-26.8
	tetrasub13	hcp	-19.6	-22.6	-24.4	-25.2
		top	-10.1	-5.9	-2.2	1.1

Table S 3: Benzene adsorption energies in kJ mol -1 on a pre-covered surface with hydrogen at surface and/or subsurface sites, and benzene adsorbing on bridge(30) or hollow-hcp(0) sites.

 S 

	Table S 4:					
			E ads,benzene (kJ/mol)		
	Benzene + Surface hydrogen	Benzene + Subsurface hydrogen
	Hydrogen coverage	Bridge(30) Hollow-hcp(0) Hydrogen coverage		Bridge(30) Hollow-hcp(0)
	0	-114.9	-100.0	---		-114.9	-100.0
	0.11 fcc	-106.0	-89.9	0.11 octasub		-105.7	-91.8
	0.11 fcc + 0.11 hcp	-91.9	-78.8	0.22 tetrasub		-100.1	-83.7
	0.22 fcc + 0.11 hcp	-77.0	-70.8	0.22 octasub + 0.11 tetrasub31	-88.9	-76.6
	0.33 fcc + 0.11 hcp	-62.8	-64.4	0.44 tetrasub31		-87.1	-71.1
	0.56 fcc	-42.5	-58.1	0.56 tetrasub31		-71.0	-59.3
	0.67 fcc	-11.5	-27.5	0.67 tetrasub31		-70.7	-56.9
	0.78 fcc	29.9	-15.1	0.78 tetrasub31		-62.1	-54.4
	0.89 fcc	36.4	-13.3	0.89 tetrasub31		-62.0	-51.0
	0.89 fcc+ 0.11 tetrasub31	35.0	-12.5	1 tetrasub31		-61.2	-60.8
		Benzene + Surface (θ surface = 0.89) + Subsurface (0.22 ≤ θ subsurface ≤ 1)
	Hydrogen coverage (θ surface + θ subsurface )	Bridge(30)	Hollow-hcp(0)
	0.89 fcc + 0.22 tetrasub13		33.7			-14.0
	0.89 fcc + 0.33 tetrasub13		34.5			-15.7
	0.89 fcc + 0.44 tetrasub13		27.6			-13.4
	0.89 fcc + 0.56 tetrasub13		30.5			-13.3
	0.89 fcc + 0.67 tetrasub13		32.8			-11.3
	0.89 fcc + 0.78 tetrasub13		22.7			-10.3
	0.89 fcc + 0.89 tetrasub13		24.6			-10.0
	0.89 fcc + 1 tetrasub13		23.8			-11.5