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Experimental Procedures
Material synthesis
All reactants are of analytical grade and are used without further purification. K0.5Mn0.8Co0.2O2 was synthesized via a sol-gel method. Firstly, the aqueous solution of potassium nitrate (KNO3), manganese acetate tetrahydrate (Mn(CH3COO)2 4H2O) and cobalt acetate tetrahydrate (Co(CH3COO)2 4H2O) with the stoichiometric values were added to aqueous solution of polyvinylpyrrolidone (PVP K90, Mw= 1 300 000) and stirred continuously for 8 h at room temperature. Then, the mixed solution was dehydrated at 80 ˚C for 12 h and then pre-heated at 350 ˚C for 2 h in air to obtain a black solid. Finally, the black solid was heated in a muffle furnace at 800 ˚C for 10 h in air to obtain the products. After slowly cooled down to 100 ˚C, the products were transferred promptly and stored in an Ar-filled glove box. K0.5Mn0.8Co0.1Zn0.1O2 was synthesized as the same, except adding zinc nitrate hexahydrate (Zn(NO3)2 6H2O) to the aqueous solution.
Characterizations
[bookmark: OLE_LINK1]The crystalline structure was investigated by a D8 Discover X-ray diffractometer (XRD) using non-monochromated Cu Kα radiation (λ = 1.5406 Å). XRD Rietveld refinement was performed by TOPAS 4.1 software. X-ray photoelectron spectroscopy (XPS) test was carried out on a VG MultiLab 2000 instrument. The morphology was studied by a JEOL JSM-7100F scanning electron microscopy (SEM) at 20 kV acceleration voltage. Inductive Coupled Plasma Emission Spectrometer (ICP) measurement was recorded with a PerkinElmer Optima 4300DV spectrometer. Transmission electron microscopy (TEM), high-angle annular dark field STEM (HAADF-STEM), high resolution TEM (HRTEM) images, and selected area electron diffraction (SAED) patterns were collected with a JEM-2100F transmission electron microscope (TEM) at 200 kV acceleration voltage and a Thermo Fischer Titan G2 60-300 scanning and transmission electron microscope (S/TEM) at 300 kV acceleration voltage. The elemental mapping was conducted by an EDX-GENESIS 60S spectrometer. For the in situ XRD measurement, the batteries were charged to 3.9 V and then discharged to 1.5 V (vs. K+/K) at 0.05 A g-1, while the in-situ structural evolutions were recorded with 2θ within range from 24° to 27° and 36° to 44°.
Electrochemical measurements
All the electrochemical tests were conducted using CR2016 coin cells. The working electrode was prepared by casting a mixture of active material, acetylene black and polyvinylidene fluoride (PVDF) binder with a weight ratio of 70:20:10 onto Al foil, followed by drying at 70 °C in glovebox for 10 hours. The electrolyte was a solution of 0.8 M potassium hexafluorophosphate (KPF6) in ethylene carbonate (EC) and diethyl carbonate (DEC) (1:1 in volume). Potassium metal foil was used as the counter electrode and porous glass microfiber filter (Grade GF/D Whatman) was used as the separator. Galvanostatic discharge/charge tests were carried out using a LAND CT2001A multichannel testing system. GITT curve was also measured using a LAND CT2001A multichannel testing system, which was conducted at a pulse current of 0.03 A g−1 for 5 min, followed with a relaxation for 30 min. The key parameters are: pulse time , the recording interval ms=300 s, electrode area ， and density ρ=MB/VM. The densities are obtained from the lattice parameters refined by XRD, KMCO=3.586 g/cm3, KMCZO=3.569 g/cm3.

EIS and CV measurements were conducted with an Auto lab PGSTAT 302N and CHI 600e electrochemical workstation. All the electrochemical measurements were performed over a voltage range of 1.5-3.9 V at room temperature.
The pouch cells are assembled according to our previous work (ACS Nano 2022, 16, 5, 7291–7300). A fresh K metal was melted at 80 ℃ on a hot plate in the glovebox filled with purified argon. Then, one side of the ammonia-treated carbon was touched with molten K, resulting in fast K infusion on the carbon to form the anode K@CC composite. The K and carbon weight ratio was around 1.5:1, and the loading of K was ~20 mg cm−2. Paired K@CC composite anode and KMCZO cathode with a large size of ~3×4 cm2 were employed in the pouch cell. The amount of electrolyte is 0.5 mL.
Density functional theory (DFT) calculations
Density functional theory (DFT) calculations coupled with the nudged elastic band (NEB) method are carried out to study the adsorption and dissociation of an oxygen molecule on a pure or doped KMCO. The system energy calculations are performed by using the Vienna ab initio simulation package (VASP) code. The projector augmented wave (PAW) method is used to describe the ionic potential and the Perdew-Burke-Ernzerhof (PBE) functional is used to describe the exchange correlation interactions. The plane-wave kinetic energy cutoff is 400 eV. A 5×5×1 Monkhorst-Pack k-point mesh is used for the Brillouin zone sampling in all the calculations. For structure relaxation, the energy convergence criteria for electronic relaxation is 1×10-6 eV, and the ionic relaxation is performed until all forces are smaller than 0.005 eV/Å. The minimum energy paths and the energy barriers are obtained by the climb image nudged elastic band (NEB) method. Seven intermediate images are used to sample the reaction path between the initial adsorption state and the final dissociated state.



Table S1. ICP measurement results of K0.5Mn0.8Co0.2O2 and K0.5Mn0.8Co0.1Z0.1O2.
	Theoretical chemical formula
	K: Mn: Co (: Zn)

	K0.5Mn0.8Co0.2O2
	0.498: 0.800: 0.211

	K0.5Mn0.8Co0.1Z0.1O2
	0.497: 0.800: 0.108: 0.104
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Figure S1 (a) (b) SEM images of KMCO. (c) (d) SEM images of KMCZO.
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Figure S2 XRD patterns of the as-prepared KMCO, KMCZO-0.05, KMCZO-0.1 and KMCZO-0.2. Right: Enlarged view of (003) diffraction peaks in a 2θ range from 11˚ to 14˚. 



Table S2. Structural parameters and atomic position of K0.5Mn0.8Co0.2O2 from Rietveld refinement.
	Formula
	K0.5Mn0.8Co0.2O2

	Crystal system
	Hexagonal

	Space group
	R3m

	Atom
	x
	y
	z

	K
	0
	0
	0.8340

	Mn
	0
	0
	0

	Co
	0
	0
	0

	O
	0
	0
	0.3752

	O
	0
	0
	0.6140

	a = b (Å)
	2.8623

	c (Å)
	21.0051

	Cell volume (Å3)
	149.033

	Crystal density (g cm-3)
	3.586

	Rwp (%)
	6.21

	Rp (%)
	6.78

	x2
	3.27





Table S3. Structural parameters and atomic position of K0.5Mn0.8Co0.1Zn0.1O2 from Rietveld refinement.
	Formula
	K0.5Mn0.8Co0.1Zn0.1O2

	Crystal system
	Hexagonal

	Space group
	R3m

	Atom
	x
	y
	z

	K
	0
	0
	0.8404

	Mn
	0
	0
	0

	Co
	0
	0
	0

	O
	0
	0
	0.3736

	O
	0
	0
	0.6151

	a = b (Å)
	2.8814

	c (Å)
	20.9533

	Cell volume (Å3)
	150.661

	Crystal density (g cm-3)
	3.569

	Rwp (%)
	6.92

	Rp (%)
	6.31

	x2
	3.67






[image: ]Figure S3 XPS spectra of KMCO and KMCZO. (a) XPS survey of KMCO and KMCZO. (b, c) Mn 2p spectra of KMCO and KMCZO. (d) Zn 2p spectra of KMCZO. (e, f) Co 2p spectra of KMCO and KMCZO.
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Figure S4. The cyclic voltammetry curves of KMCO and KMCZO measured from 1.5 V to 3.9 V (vs. K+/K), respectively.
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Figure S5 GITT profiles of KMCO and KMCZO.
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Figure S6 Charge and discharge voltage profiles of KMCO at various current densities from 100 mA g−1. to 2000 mA g−1.




[image: ]
Figure S7 dQ/dV chart of KMCO (a) and KMCZO (b) at the second and 50th cycle, respectively.
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Figure S8. Nyquist plots of KMCO and KMCZO before cycling.



[bookmark: _GoBack][image: ]Figure S9. Cycling performance at 1 A g−1.
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Figure S10. Pouch cell performance. (a) Schematic illustration of KMCZO||K@CC pouch cell. (b) The LEDs lightened by the pouch cells. (c) Charge and discharge profiles of the pouch cell at 0.1 A g−1. (d) Cycling performance of the pouch cell at 0.1 A g−1.
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Figure S11 The variation of lattice parameters along with K+ extraction and insertion for KMCO (a) and KMCZO (b), respectively. These values were estimated from in situ electrochemical XRD results as shown in Figure 4.
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Figure S12 STEM images of KMCO (a, b) and KMCZO (c, d) after 50 cycles at 0.1 A g−1, respectively. (e)-(j) HAADF-STEM image and the corresponding STEM-EDS mapping for K, Mn, Co, Zn and O elements in KMCZO after 50 cycles at 0.1 A g−1.
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Figure S13. HAADF-STEM image (a), bright field (BF) image (b) and the corresponding STEM-EDS mapping for K, Mn, Co and O elements in KMCO after 50 cycles at 0.1 A g−1. 
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Figure S14. (a) Normalized K-edge XANES spectra of Mn. (b) Fourier transform of extended X-ray absorption fine structure (EXAFS) data of Mn. (c, d) Wavelet transforms of Mn K-edge in KMCO and KMCZO after 100 cycles, respectively.
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Figure S15. Mn 2p XPS spectra of (a) KMCO and (b) KMCZO at different charged and discharged states during the first cycle. 


[image: C:\Users\s\Pictures\图片1.tif]
Figure S16. Zn 2p XPS spectra of KMCZO at different charged and discharged states.
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Figure S17. The corresponding migration energy profile in KMCO and KMCZO. Density of states of KMCO (a) and KMCZO (b). (c, d) The charge density distribution of KMCO and KMCZO.










Table S4. Electrochemical performance comparison of P3-type K0.5Mn0.8Co0.1Zn0.1O2 with previously reported layered oxide cathodes in PIBs.
	Layered oxides cathode
	Voltage range (V)
	Discharge capacity [mAh g−1]/current density [mA g−1]
	Cycling performance
capacity retention (%)/cycles
	Rate capability [mAh g−1]/current density [mA g−1]
	Ref

	P3- K0.5Mn0.8Co0.2Zn0.1O2
	1.5-3.9
	117.1/100
	73.5/500
	92/2000
	Our work

	P2-K0.44Ni0.22Mn0.78O2
	1.5-3.9
	125.5/10
	67/500
	60/500
	[2]

	P3-K0.5Mn0.8Co0.2B0.1O2
	1.4-4.3
	85/200
	87.1/100
	58.3/500
	[3]

	P3-K0.4Fe0.1Mn0.8Ti0.1O2
	1.5-3.9
	117/20
	81/300
	71/1000
	[4]

	P3-K0.45Rb0.55Mn0.85Mg0.15O2
	1.5-3.9
	108/20
	98/200
	77.3/500
	[5]

	P2-K0.45Mn0.9Mg0.1O2
	1.5-4.0
	80.8/20
	76/100
	75/200
	[6]

	P3-K0.5Mn0.72Ni0.15Co0.13O2
	1.5-4.0
	82.5/10
	85/100
	57.9/500
	[7]

	P3-K0.45Ni0.1Co0.1Al0.05Mn0.75O2
	1.5-4.0
	84.5/20
	76.1/100
	37/500
	[8]

	P2-K0.75Mn0.8Ni0.1Fe0.1O2
	1.5-3.9
	110/10
	70/200
	62.7/1000
	[9]


[2]	X. Zhang, Y. Yang, X. Qu, Z. Wei, G. Sun, K. Zheng, H. Yu, F. Du. Adv. Funct. Mater. 2019, 1905679.
[3]	X. Xu, X. Li, M. Rahman, J. Bao, R. Luo, C. Ma, C. Du, J. Zeng, Z. Mei, Z. Qian, E. Hu, Y. Zhou, Chem. Eng. J. 2023, 477, 147021.
[4]	X. Zhang, D. Yu, Z. Wei, N. Chen, G. Chen, Z. Shen, F. Du, ACS Appl. Mater. Interfaces, 2021, 13, 18897-18904.
[5]	Z. Caixiang, J. Hao, J. Zhou, X. Yu, B. Lu, Adv. Energy Mater. 2022, 13, 2203126.
[6]	C. Liu, S. Luo, H. Huang, Y. Zhai, Z. Wang, Chem Electro Chem. 2019, 6, 2308-2315.
[7]	Q. Deng, F. Zheng, W. Zhong, Q. Pan, Y. Liu, Y. Li, G. Chen, Y. Li, C. Yang, M. Liu, Chem. Eng. J. 2020, 392, 123735.
[8]	R. Dang, N. Li, Y. Yang, K. Wu, Q. Li, Y. L. Lee, X. Liu, Z. Hu, X. Xiao, J. Power Sources 2020, 464, 228190.
[9]	J.-Y. Hwang, J. Kim, T.-Y. Yu, H.-G. Jung, J. Kim, K.-H. Kim, Y.-K. Sun, J. Mater. Chem. A 2019, 7, 21362.
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