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Supplementary Fig. 1 a Cu0/Cu2+ structure constructed by Cu loaded on Cu2P2O7; b Cu0/Cu1+ structure constructed by Cu loaded on Cu2O.



[bookmark: _Hlk73549836][bookmark: OLE_LINK1435][bookmark: OLE_LINK1444][bookmark: OLE_LINK1431][bookmark: OLE_LINK1432][bookmark: OLE_LINK1433][bookmark: OLE_LINK1434][image: ] Supplementary Fig. 2 Schematic illustration of the sol-gel preparation process, showing that the final Cu3(PO4)2 (~1.13 g) and Cu2P2O7 (~0.91 g) products were obtained. 
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[bookmark: _Hlk73552005][bookmark: OLE_LINK1445][bookmark: OLE_LINK1446][bookmark: OLE_LINK44][bookmark: OLE_LINK59][bookmark: _Hlk60778942][bookmark: OLE_LINK321][bookmark: OLE_LINK322]Supplementary Fig. 3 XRD pattern of CuO control sample, which indicates the crystalline phase of CuO. 
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[bookmark: OLE_LINK63][bookmark: OLE_LINK77][bookmark: OLE_LINK1447][bookmark: OLE_LINK378][bookmark: OLE_LINK379][bookmark: OLE_LINK380][bookmark: OLE_LINK377][bookmark: OLE_LINK388][bookmark: OLE_LINK389][bookmark: OLE_LINK373][bookmark: OLE_LINK152][bookmark: OLE_LINK153][bookmark: OLE_LINK154][bookmark: OLE_LINK1260][bookmark: OLE_LINK1261][bookmark: OLE_LINK1270]Supplementary Fig. 4 a TEM image and b HRTEM image of the Cu3(PO4)2 sample. c HAADF-STEM image of Cu3(PO4)2 and d-f cooresponding elemental maps of d Cu, e P, and f O elements, respectively.
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[bookmark: _Hlk73554332][bookmark: OLE_LINK1452][bookmark: OLE_LINK80][bookmark: OLE_LINK81][bookmark: OLE_LINK385][bookmark: OLE_LINK386][bookmark: OLE_LINK387][bookmark: OLE_LINK381][bookmark: OLE_LINK384]Supplementary Fig. 5 a Low-magnificaiton TEM image and b HRTEM image of the Cu2P2O7 sample. c HAADF-STEM image of Cu2P2O7 and d-f cooresponding elemental maps of d Cu, e P, and f O elements, respectively.
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[bookmark: OLE_LINK82][bookmark: OLE_LINK83][bookmark: OLE_LINK1468]Supplementary Fig. 6 a TEM image and b HRTEM image of the CuO sample.
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Supplementary Fig. 7 a HAADF-STEM image of the Cu3(PO4)2 sample and b TEM image of the Cu2P2O7 sample after 0.5 hour’s CO2RR at the applied potential of -1.40 V vs. RHE. 
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Supplementary Fig. 8 False-color HRTEM images of the a Cu3(PO4)2 and b Cu2P2O7 sample after CO2RR at the potential of -1.40 V vs. RHE.
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[bookmark: OLE_LINK289][bookmark: OLE_LINK290][bookmark: OLE_LINK291][bookmark: _Hlk73556796][bookmark: OLE_LINK1469][bookmark: OLE_LINK1472][bookmark: OLE_LINK84][bookmark: OLE_LINK103][bookmark: OLE_LINK587][bookmark: OLE_LINK226][bookmark: OLE_LINK227][bookmark: OLE_LINK228][bookmark: OLE_LINK177][bookmark: OLE_LINK178][bookmark: OLE_LINK179][bookmark: OLE_LINK175][bookmark: OLE_LINK176][bookmark: OLE_LINK281][bookmark: OLE_LINK282]Supplementary Fig. 9 a TEM image and b HR-TEM image of the CuO control sample after 0.5 hour’s CO2RR at the applied potential of -1.40 V vs. RHE, showing that the pristine CuO phase has been reduced to metallic Cu during the test. 
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[bookmark: OLE_LINK478][bookmark: OLE_LINK479][bookmark: OLE_LINK482][bookmark: OLE_LINK483][bookmark: OLE_LINK484][bookmark: OLE_LINK170][bookmark: OLE_LINK171][bookmark: OLE_LINK172][bookmark: OLE_LINK503][bookmark: OLE_LINK504]Supplementary Fig. 10 XPS spectra of Cu 2p region of Cu2P2O7 and CuO control sample collected before and after CO2RR at -1.40 V vs. RHE for 1 h, showing that the Cu species of Cu2P2O7 exhibited the main component of Cu2+, while Cu species of CuO were largely reduced to metallic Cu0 states after CO2RR.
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[bookmark: OLE_LINK1271][bookmark: OLE_LINK1272][bookmark: OLE_LINK193][bookmark: OLE_LINK194][bookmark: OLE_LINK399][bookmark: OLE_LINK400][bookmark: OLE_LINK401][bookmark: OLE_LINK402][bookmark: _Hlk73612313][bookmark: OLE_LINK1558][bookmark: OLE_LINK1568][bookmark: OLE_LINK1569][bookmark: OLE_LINK396][bookmark: OLE_LINK632][bookmark: OLE_LINK633][bookmark: OLE_LINK643][bookmark: OLE_LINK403][bookmark: OLE_LINK404][bookmark: OLE_LINK405][bookmark: OLE_LINK397][bookmark: OLE_LINK398][bookmark: _Hlk72424441][bookmark: OLE_LINK623]Supplementary Fig. 11 a, b XPS spectra of Cu2P2O7 before and after 1 hour’s CO2RR at the applied potential of -1.40 V vs. RHE in a P 2p and b O 1s regions, indicating the phosphate group persisted during the test. Notes: Cu-O might result from the slight oxidation in the air.
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[bookmark: OLE_LINK225][bookmark: OLE_LINK195][bookmark: OLE_LINK196]Supplementary Fig. 12 XPS spectra of CuO control sample before and after 1 hour’s CO2RR at the applied potential of -1.40 V vs. RHE in O 1s region.
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[bookmark: _Hlk73613063][bookmark: OLE_LINK1570][bookmark: OLE_LINK199][bookmark: OLE_LINK207]Supplementary Fig. 13 FT-IR spectra of Cu2P2O7 before and after 1 hour’s CO2RR at the applied potential of -1.40 V vs. RHE.
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[bookmark: _Hlk73613824][bookmark: OLE_LINK1575][bookmark: OLE_LINK1578]Supplementary Fig. 14 a, b Raman spectra of a Cu2P2O7 and b CuO control sample before and after 1 hour’s CO2RR at the applied potential of -1.40 V vs. RHE.
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[bookmark: _Hlk73613948][bookmark: OLE_LINK1579][bookmark: OLE_LINK210][bookmark: OLE_LINK211][bookmark: _Hlk48069047][bookmark: OLE_LINK307][bookmark: OLE_LINK308][bookmark: OLE_LINK394][bookmark: OLE_LINK395][bookmark: OLE_LINK409][bookmark: OLE_LINK410]Supplementary Fig. 15 a, b Operando Raman spectra of Cu2P2O7 during CO2RR at a -1.40 V vs. RHE and b -1.80 V vs. RHE in CO2-saturated 0.1 M KHCO3.
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[bookmark: OLE_LINK213][bookmark: OLE_LINK214][bookmark: OLE_LINK393][bookmark: OLE_LINK424][bookmark: OLE_LINK429][bookmark: OLE_LINK327][bookmark: OLE_LINK328]Supplementary Fig. 16 Faradaic efficiencies of gas products of a Cu3(PO4)2/GC, b Cu2P2O7/GC and c CuO/GC at different applied potentials in CO2-saturated 0.1 M KHCO3, suggesting the superior C2H4 selectivity for CuPO.
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[bookmark: _Hlk73633082][bookmark: OLE_LINK1695]Supplementary Fig. 17 Potential dependence on time during CO2RR at -100~-450 mA cm-2 in 2.0 M KOH aqueous electrolyte on the Cu3(PO4)2/Cu/PTFE.
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Supplementary Fig. 18 Digital photograph of the homemade cell attached to the PerkinElmer spectrum 100 spectrometer for in situ SEIRAS measurement. The CO2 gas flow rate through the gas chamber was controlled as 10 sccm by a gas flow controller.


[bookmark: OLE_LINK236][bookmark: OLE_LINK237][bookmark: OLE_LINK368][bookmark: OLE_LINK369][bookmark: OLE_LINK370]Supplementary Table 1 Cu0, Cu1+, and Cu2+ ratios and for the fitting of the linear combination of XANES spectra.
	[bookmark: OLE_LINK441][bookmark: OLE_LINK442][bookmark: _Hlk60852042]Cu3(PO4)2
Cu oxidation state
	Time (-1.45 V vs. RHE)

	[bookmark: _Hlk60850553]
	6 min
	12 min
	18 min
	24 min
	30 min
	post

	Cu0
	0.04
	0.06
	0.16
	0.23
	0.28
	0.08

	Cu1+
	0.01
	0.06
	0.12
	0.14
	0.24
	0.41

	[bookmark: _Hlk60849890]Cu2+
	0.95
	0.88
	0.72
	0.63
	0.49
	0.51

	CuO
Cu oxidation state
	Time (-1.45 V vs. RHE)

	
	6 min
	12 min
	18 min
	24 min
	30 min
	post

	Cu0
	0.04
	0.18
	0.62
	0.68
	0.73
	0.69

	Cu1+
	0.00
	0.20
	0.13
	0.13
	0.13
	0.17

	Cu2+
	0.96
	0.63
	0.25
	0.19
	0.13
	0.13





[bookmark: OLE_LINK371][bookmark: OLE_LINK372]Supplementary Table 2 Faradaic efficiencies of gas products for CuPO/GC in 0.1 M KHCO3.
	[bookmark: _Hlk60852571][bookmark: OLE_LINK455][bookmark: OLE_LINK456]Cu3(PO4)2/GC Faradaic efficiencies (%)

	Potential 
(V vs. RHE)
	Current density 
(mA cm2)
	H2
	CO
	CH4
	C2H4
	Total all

	[bookmark: _Hlk60852904][bookmark: _Hlk60852770]-1.20
	-18.1
	42.9
	18.7
	2.0
	37.9
	101.6

	[bookmark: _Hlk60852881]
	-18.6
	42.4
	16.9
	2.0
	37.0
	98.2

	
	-18.6
	42.4
	15.4
	2.1
	38.2
	98.2

	-1.25
	-19.1
	29.3
	8.7
	2.4
	54.2
	95.1

	
	-19.3
	24.7
	9.5
	1.6
	65.4
	101.2

	
	-19.6
	24.0
	10.0
	1.5
	65.6
	101.1

	-1.30
	-23.7
	22.9
	8.1
	1.2
	58.0
	90.1

	
	-23.2
	22.8
	8.0
	1.3
	67.3
	99.4

	
	-23.5
	20.0
	7.1
	1.3
	68.4
	96.7

	-1.35
	-27.3
	20.9
	6.7
	1.3
	63.8
	92.7

	
	-27.1
	19.1
	6.5
	1.1
	68.9
	95.6

	
	-27.1
	19.8
	6.4
	1.1
	69.7
	97.0

	-1.40
	-29.7
	18.6
	5.4
	2.2
	63.2
	89.5

	
	-29.6
	13.3
	5.3
	2.0
	72.4
	92.7

	
	-29.7
	13.0
	4.9
	2.0
	71.3
	91.5

	[bookmark: _Hlk60853014]-1.45
	-33.0
	20.1
	4.6
	1.8
	63.9
	90.4

	
	-33.0
	19.8
	4.6
	1.8
	71.7
	97.9

	
	-33.1
	23.0
	4.2
	1.4
	73.4
	102.0

	-1.50
	-36.7
	24.4
	3.7
	1.9
	63.0
	93.1

	
	-36.6
	22.1
	3.6
	2.1
	69.6
	97.3

	[bookmark: _Hlk60852493]
	-36.7
	24.0
	3.4
	1.6
	70.0
	99.0

	Cu2P2O7/GC Faradaic efficiencies (%)

	Potential 
(V vs. RHE)
	Current density 
(mA cm2)
	H2
	CO
	CH4
	C2H4
	Total all

	-1.20
	-14.7
	19.5
	17.8
	6.3
	46.8
	90.4

	
	-15.1
	12.4
	3.7
	8.2
	57.0
	81.7

	
	-15.4
	11.6
	3.7
	8.0
	62.9
	86.8

	-1.30
	-20.1
	14.5
	13.1
	5.7
	48.8
	82.6

	
	-20.3
	15.0
	14.0
	14.6
	51.0
	94.7

	
	-20.7
	12.7
	3.4
	4.7
	66.8
	87.6

	-1.40
	-26.3
	15.8
	10.4
	6.7
	55.3
	88.4

	
	-27.9
	14.2
	3.1
	3.3
	66.9
	87.5

	
	-28.0
	15.7
	4.0
	3.6
	69.7
	92.9

	-1.50
	-33.0
	17.4
	7.6
	10.1
	57.9
	92.9

	
	-33.9
	21.5
	2.9
	1.2
	63.4
	89.0

	
	-34.3
	23.3
	1.0
	1.2
	66.5
	92.1

	

	Supplementary Table 3 Faradaic efficiencies of gas products for CuO/GC in 0.1 M KHCO3.

	Potential 
(V vs. RHE)
	Current density 
(mA cm2)
	H2
	CO
	CH4
	C2H4
	Total all

	-1.20
	-5.0
	75.1
	5.4
	6.2
	9.3
	92.5

	
	-5.1
	74.0
	6.8
	6.0
	7.7
	94.6

	
	-5.4
	88.7
	7.2
	5.7
	6.0
	107.6

	-1.25
	-6.9
	78.8
	6.7
	6.7
	5.3
	97.5

	
	-6.9
	67.2
	7.8
	6.7
	4.3
	85.9

	
	-7.2
	75.2
	8.0
	6.4
	5.1
	94.7

	-1.30
	-8.6
	74.8
	6.3
	9.1
	6.0
	96.2

	
	-8.4
	70.1
	7.4
	7.4
	5.0
	89.8

	
	-8.3
	81.1
	8.9
	7.5
	4.8
	102.3

	-1.35
	-10.0
	50.1
	2.7
	12.4
	7.5
	72.7

	
	-10.1
	62.4
	3.8
	12.3
	6.4
	85.0

	
	-10.0
	76.2
	5.1
	10.9
	6.1
	98.1

	-1.40
	-10.1
	65.9
	4.6
	19.9
	7.1
	97.5

	
	-9.7
	55.2
	6.4
	19.2
	5.3
	86.1

	
	-9.6
	52.4
	8.1
	17.9
	4.4
	82.7

	-1.45
	-14.0
	69.9
	3.1
	17.8
	4.0
	94.7

	
	-13.9
	74.9
	4.5
	13.5
	3.7
	96.5

	
	-13.7
	71.7
	5.1
	14.7
	2.5
	94.1

	-1.50
	-17.6
	71.4
	2.2
	22.1
	4.5
	100.3

	
	-17.0
	69.0
	3.0
	16.5
	3.3
	91.7

	
	-16.7
	84.6
	4.4
	14.9
	3.2
	107.1





Supplementary Table 4 Maximum FEC2+, jC2+ and the corresponding potential of CuPO, and some recently reported outstanding CO2-to-C2+ electrocatalysts.
	Catalyst
	Electrolyte
	FEC2+
(%)
	jC2+
(mA cm2)
	Reference

	CuPO/Cu/PTFE
	2.0 M KOH
	90.9
	-318.2
	This work

	Cu-Pd1
	0.5 M K2SO4 (pH=2)
	89
	-445
	Nat. Catal. 5, 564−570 (2022)

	Cu(OH)2/Cu foil2
	1 M KOH
	87
	-217
	Angew. Chem. Int. Ed. 60, 4879−4885 (2021)

	F-Cu3
	0.75 M KOH
	85.8
	-1372.8
	Nat. Catal. 3, 478−487 (2020)

	reconstructed Cu4
	3 M KOH
	~84
	-336
	Adv. Mater. 30, 1804867 (2018)

	Cu/GDL5
	3 M KCl
	82.7
	-97.3
	J. Am. Chem. Soc. 143, 3245−3255 (2021)

	
	2 M KCl 
	80.4
	-120.6
	

	dCu2O/Ag2.3%6
	1 M KOH
	82.1
	-656.8
	Nat. Commun. 13, 3754 (2022)

	CuPb-0.7/C7
	1 M KOH
	81.6
	-326.4
	ACS Nano 15, 1039–1047 (2021)

	Cu_I8
	0.1 M KHCO3
	~80
	~-31.2
	[bookmark: OLE_LINK3]Angew. Chem. Int. Ed. 58, 17047−17053 (2019)

	B-Cu-Zn9
	1 M KOH
	79
	-158
	Angew. Chem. Int. Ed. 60, 9135−9141 (2021)

	Cu(B)-210
	0.1 M KHCO3
	79
	-55
	Nat. Chem. 10, 974−980 (2018)

	Cu-FEP11
	1 M KOH
	~77
	~-600
	Adv. Energy Mater. 12, 2103663 (2022)

	monodispersed
Cu2O NPs12
	1 M KHCO3
	75.5
	-226.5
	Joule 4, 1−17 (2020)

	
	
	68.4
	-342
	

	multi-hollow Cu2O13
	2 M KOH
	75.2
	-267
	J. Am. Chem. Soc. 142, 6400–6408 (2020)

	OD-Cu14
	1 M KHCO3
	74.9
	-224.7
	J. Am. Chem. Soc. 144, 259−269 (2022)

	N-Cu15
	1M KOH
	73.7
	-810.7
	J. Am. Chem. Soc. 144, 14936–14944 (2022)

	Cu-CuI16
	1 M KOH
	71
	-591
	Angew. Chem. Int. Ed. 60, 14329−14333 (2021)

	Cu-D17
	1 M KOH
	64
	-255
	J. Am. Chem. Soc. 143, 8011−8021 (2021)




Supplementary Note 1. Data extraction.
In the preparation phase of extracting materials from the Materials Project (MP) database, we obtained all materials containing Cu2+ used the pymatgen package with Python code.18 Here, in the potential candidates, one metal element Cu and the non-metal elements (B, C, N, O, F, Si, P, S, Cl, Br, I, Se) are considered. A total of 83 candidates were obtained for the further high-throughput screening.


Supplementary Note 2. Materials.
[bookmark: OLE_LINK37][bookmark: OLE_LINK38][bookmark: OLE_LINK9][bookmark: OLE_LINK12][bookmark: OLE_LINK16][bookmark: OLE_LINK17][bookmark: OLE_LINK417][bookmark: OLE_LINK418][bookmark: OLE_LINK419][bookmark: OLE_LINK420][bookmark: OLE_LINK42][bookmark: OLE_LINK43][bookmark: OLE_LINK23][bookmark: OLE_LINK24][bookmark: OLE_LINK15][bookmark: OLE_LINK22][bookmark: OLE_LINK33][bookmark: OLE_LINK50][bookmark: OLE_LINK1323][bookmark: OLE_LINK1324][bookmark: OLE_LINK1332][bookmark: OLE_LINK1337][bookmark: OLE_LINK1338][bookmark: OLE_LINK1344][bookmark: OLE_LINK1345][bookmark: OLE_LINK1351][bookmark: OLE_LINK1354][bookmark: OLE_LINK1355][bookmark: OLE_LINK1360][bookmark: OLE_LINK1361][bookmark: OLE_LINK1362][bookmark: OLE_LINK13][bookmark: OLE_LINK14][bookmark: OLE_LINK1094][bookmark: OLE_LINK1095][bookmark: OLE_LINK343]Copper nitrate trihydrate (Cu(NO3)2·3H2O) was purchased from Aladdin, and Ammonium dihydrogen phosphate (NH4H2PO4) was obtained from Sinopharm Chemical Reagent Co., Ltd. Citric acid monohydrate (C6H10O8) was purchased from Shanghai Lingfeng Chemical Reagent Co., Ltd. Ammonium fluoride (NH4F), carbon paper (TGP-H-060) and Nafion 117 proton exchange membrane were bought from Alfa Aesar. Potassium hydroxide (KOH), Potassium bicarbonate (KHCO3) and iso-propyl alcohol (AR, ≥99.0%) were obtained from Shanghai Chemical Reagent Co., Ltd. Deuterium oxide (D2O) was bought from J&K Scientific Ltd. Dimethyl sulfoxide (DMSO, C2H6OS), Nafion (5 wt% in a mixture of lower aliphatic alcohols and water) was obtained from Sigma-Aldrich. Carbon dioxide (CO2, 99.9999%) was bought from Shanghai Jiajie Special Gas Co., Ltd. All reagents were commercially available as analytical grade. All water used was purified with a Millipore system (typically 18.2 MΩ cm resistivity).
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