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1 Computational method 

The Vienna AbInitio Simulation Package was utilized to perform DFT calculations [1]. The modeling of interactions between valence electrons and ion cores involved the use of projector augmented wave based potentials. The electron exchange and correlation energy were investigated with the generalized gradient approximation in the Perdew−Burke−Ernzerhof functional (GGA-PBE) [2]. A kinetic energy cutoff of 500 eV was used for the plane-wave expansion of the electronic wave functions, and the convergence criteria of force and energy were set to 0.01 eV/Å and 10–5 eV, respectively. The Brillouin zone was sampled using a Monkhorst-Pack 3 × 3 × 1 k-point grid. To prevent interactions between neighboring surfaces, a large vacuum slab of 15 Å was inserted in the z direction. The long-range dispersion correction was incorporated within the PBE using Grimme's D3 dispersion correction (PBE + D3) [3].

2 Supporting figures
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[bookmark: _Hlk193725291]Fig. S1 EPR image of pre- ZrP, ZrP and pre-ZrP-2.5Pd.
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Fig. S2 Thermogravimetric analysis (TGA) curves under nitrogen and oxygen atmospheres of ZrP .
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Fig. S3 XRD pattern of ZrP, pre-ZrP-1.5Pd,  pre-ZrP-2.5Pd and pre-ZrP.
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[bookmark: _Hlk193553977]Fig. S4 Normalized XRD pattern of ZrP and pre-ZrP, the (002) peak intensity normalized to 1. 
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[bookmark: _Hlk193719937]Fig. S5 XPS image of pre-ZrP-2.5Pd.
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Fig. S6 XPS image of ZrP.
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Fig. S7 XPS image of pre-ZrP-1.5Pd.
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[bookmark: _Hlk193725504]Fig. S8 EDS elemental mapping of pre-ZrP.
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Fig. S9 EDS elemental mapping of pre-ZrP-1.5Pd.
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[bookmark: _Hlk193805078]Fig. S10 Figure of pre-ZrP-5Pd's electroreduction performance for CO2.
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Fig. S11 Figure of Pd's electroreduction performance for CO2.
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Fig. S12 Figure of pre-ZrP's electroreduction performance for CO2.
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Fig. S13 Schematic diagram comparing the ethanol selectivity of copper-based and non-copper-based catalysts.
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[bookmark: _Hlk194227177]Fig. S14 The Gibbs free energy of CO2 to *COOH step under water conditions.
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Fig. S15 The charge difference density profile of the adsorbed *CO and *COOH, pink, gray, red, brown, green spheres present P, H, Pd, O, C and Zr atoms, respectively.
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Fig. S16 The Gibbs free energy of CO2 to CO step at the experimental potential (–0.8 V vs. RHE).
3 Supporting tables
Table S1 EXAFS fitting parameters at the Pd K-edge for various samples

	Sample
	Shell
	aCN
	bR/Å
	cσ2
	dΔE0/eV
	R factor

	Pd foil
	Pd-Pd
	12*
	2.75±0.002
	0.005±0.0004
	-5.94±0.39
	0.002

	pre-ZrP-1.5Pd
	Pd-Pd
	4.5 ±0.80
	2.74±0.02
	0.005±0.002
	5.52±0.26
	0.04

	pre-ZrP-2.5Pd
	Cu-N
	6.9±0.90
	2.74±0.05
	0.005±0.003
	7.29±0.89
	0.05


Notes: aCN, coordination number; bR, distance between absorber and backscatter atoms; cσ2, Debye-Waller factor to account for both thermal and structural disorders; dΔE0, inner potential correction; R factor indicates the goodness of the fit. S02 was fixed to 0.75 for Pd, according to the experimental EXAFS fit of Pd foil by fixing CN as the known crystallographic value.

Table S2 DFT total energy (EDFT), Zero -point energy (ZPE), Entropy multiplied by temperature (TΔS) and free energy (G) for both Pd and pre-ZrP-Pd systems
	
	Pd-H
	Pd-CO
	Pd-COOH
	Pd-OCHO
	ZrP-Pd-H
	ZrP-Pd-CO
	ZrP-Pd-COOH
	ZrP-Pd-OCHO

	EDFT
	–161.22
	–174.89
	–184.54
	–184.64
	–396.11
	–409.10
	–419.24
	–418.72

	ZPE
	0.138047
	0.193333
	0.600351
	0.614888
	0.189848
	0.216551
	0.594232
	0.610177

	TΔS
	0.099389
	0.112408
	0.192989
	0.204097
	0.009371
	0.114254
	0.207876
	0.221733

	G
	0.0327
	–1.791
	0.4374
	0.3513
	–0.7668
	–1.9
	–0.1878
	0.3471
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