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S1 Experimental Section
S1.1 Materials characterization
The morphologies of the samples were observed by scanning electron microscope (SEM, Zeiss Gemini 300). The nanostructures of the electrode were observed by transmission electron microscope (TEM, FEI Talos F200x). X-ray diffraction (XRD) data were obtained using a Rigaku MiniFlex 600 diffractometer with Cu-Kα radiation (λ = 1.5406 Å) under 40 kV and 30 mA, at a scan rate of 1° min‒1. XPS results were recorded via a Thermo Scientific K-Alpha electron spectrometer using Al Kα irradiation ( = 1486.6 eV). The specific surface area values were calculated using the Brunauer-Emmett-Teller (BET) method on a Micromeritics ASAP 2460.
S1.2 Electrochemical measurements
Electrochemical measurements of Ni(OH)2, NiCo-LDH, NiCo-P0, NiCo-P0.5, NiCo-P1.0, NiCo-P1.5, and NiCo-P2.0 cathodes were carried out with a three-electrode system in 3 M KOH aqueous electrolyte. A Pt plate was used as the counter electrode and a Hg/HgO electrode was the reference electrode. Before all electrochemical measurements, all of the cathodes were activated after 100 cyclic voltammetry (CV) cycles under 0-0.9 V at 10 mV s−1. Electrochemical measurements of NiCo-P1.0//Zn battery were performed in a two-electrode system with 3 M KOH solution and saturated ZnO as the electrolyte. For the pouch cells, Ti foil was used as the cathode tab, NiCo-P1.0 as the cathode (mass loading: 5 mg cm−2), hydrogel as the electrolyte, and zinc foil as the anode. CV and electrochemical impedance spectroscopy (EIS) tests were performed on the MULTI AUTOLAB M204 and CHI660E electrochemical workstations. EIS tests were conducted using a sinusoidal perturbation signal of 5 mV in the frequency range from 100 kHz to 10 mHz. Galvanostatic charge/discharge (GCD) curves and cycling performance were measured at a potential range using the battery test system (CT-3002A, Wuhan Land, Wuhan, People’s Republic of China) under the ambient environment.
S1.3 Calculations
The specific capacity C (mAh g−1) of the working electrodes in the three-electrode system was calculated from discharge curves according to the following equation (S1).
                              (S1)
Where I (mA) is the discharging current, ∆t (h) is the discharging time, and m (g) is the active mass loading of the electrodes (2 mg).
Alternatively, the specific capacity of the NZBs (Cbattery) in the two-electrode system was calculated from the discharging curves according to the following equation (S2).
                           (S2)
Where I (mA) is the discharging current, ∆t (h) is the discharging time, and m (g) is the active mass loading of the cathode (2 mg).
The energy density (E) and power density (P) of the battery were calculated from the following equations (S3-S4).
                      (S3)
                            (S4)
Where E (Wh kg−1) is the energy density, I (mA) is the discharging current, U(t) is the voltage during discharge (V), dt is the time differential, ∆t (h) is the discharging time, and m (g) is the active mass loading of the cathode (2 mg). P (kW kg−1) is the power density, and ∆t (h) is the discharging time.
The kinetic of capacitive contribution can be obtained according to the CV curves at various scan rates. The relationship between current () and scan rate () can be expressed as:
                          (S5)
                 (S6)
where a and b are constant which can be obtained from log(v) versus log(i) plots.
Furthermore, the ratio of capacitive contribution could be described as the following equation (S7).
                   (S7)
Where  and  correspond to the capacitive and diffusion-controlled contributions, respectively.
S2 Computational Methods
Density functional theory (DFT) calculations were performed using Materials Studio to investigate the density of states (DOS) of NiCo-LDH, NiCo-P1.0, and NiCo-P2.0, as well as the adsorption energy of hydroxide on the material’s surfaces.
Geometry optimizations were carried out within the forcite module under convergence thresholds of 2.0  10−5 kcal mol−1 for energy and 1.0  10−3 kcal mol−1 Å−1 for force. The universal force field was employed for van der Waals interactions, while electrostatic interactions were handled using partial charges derived from the QEq method with the Ewald summation.
DOS was computed using the CASTEP module with the Perdew-Burke-Ernzerhof (PBE) functional under the generalized gradient approximation (GGA). The calculations adopted an energy cutoff of 310.00 eV and a Monkhorst-Pack k-point grid of (3  3  3). A self-consistent field (SCF) tolerance of 2.0  10−6 was set to ensure convergence.
Adsorption energy was calculated using the DMol³ module with the GGA-PBE and DND basis sets. Grimme’s dispersion corrections were included, and spin-unrestricted calculations were performed on a Monkhorst-Pack grid with a spacing of 0.08 Å−1. A SCF tolerance of 1.0  10−5 was set to ensure the reliability of the results.
Adsorption energy ΔEadsorption was determined as equation (S8). 
         ∆Eadsorption = Eadsorbate-adsorbent − (Eadsorbate + Eadsorbent)             (S8)
Where Eadsorbate-adsorbent is the total energy of the system, Eadsorbate is the energy of the isolated adsorbate (hydroxide), and Eadsorbent is the energy of the isolated adsorbent (NiCo-LDH, NiCo-P1.0, and NiCo-P2.0).
S3 Supplementary Figures and Tables
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Fig. S1 SEM image of NiCo-P3.0
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Fig. S2 N2 adsorption-desorption isotherms of a NiCo-LDH, b NiCo-P0, c NiCo-P0.5, d NiCo-P1.0, e NiCo-P1.5, and f NiCo-P2.0
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Fig. S3 XRD patterns of a Ni(OH)2, b NiCoLDH, c NiCo-P0, d NiCo-P0.5, e NiCo-P1.0, f NiCo-P1.5, g NiCo-P2.0, and h NiCo-P3.0
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Fig. S4 a XPS survey spectrum and high-resolution b Ni 2p, c Co 2p, and d P 2p XPS spectra of NiCo-P3.0
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Fig. S5 a TEM image, b-e elemental mapping images, and f HRTEM image of NiCo-P1.0
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Fig. S6 SEM image of NiCo-P1.0 after EA
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Fig. S7 XRD pattern of NiCo-P1.0 after EA
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Fig. S8 HRTEM images of NiCo-P1.0 after EA
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Fig. S9 a XPS survey spectrum and high-resolution b Ni 2p, c Co 2p, and d P 2p XPS spectra of NiCo-P1.0 after EA
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Fig. S10 CV curves of a Ni(OH)2, b NiCoLDH, c NiCo-P0, d NiCo-P0.5, e NiCo-P1.5, and f NiCo-P2.0 at a scan rate of 1 mV s−1 in 3 mol L−1 KOH aqueous solution
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[bookmark: _Hlk194774045]Fig. S11 a Schematic diagram of the three-electrode system. GCD curves of b Ni(OH)2, c NiCoLDH, d NiCo-P0, e NiCo-P0.5, f NiCo-P1.0, g NiCo-P1.5, and h NiCo-P2.0 at various current densities in 3 mol L−1 KOH aqueous solution
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Fig. S12 DOS of O and P of NiCo-P1.0
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Fig. S13 Optimized atomic structure models of a Ni2P and b Co2P
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Fig. S14 Optimized atomic structure models of Ni2P(OH) formed by OH⁻ binding to different sites on Ni2P. a Ni2P(OH)-1, b Ni2P(OH)-2, c Ni2P(OH)-3, d Ni2P(OH)-4, e Ni2P(OH)-5, and f Ni2P(OH)-6
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Fig. S15 Optimized atomic structure models of Ni2P(OH)2 formed by OH⁻ binding to different sites on Ni2P. a Ni2P(OH)2-1, b Ni2P(OH)2-2, c Ni2P(OH)2-3, d Ni2P(OH)2-4, e Ni2P(OH)2-5, f Ni2P(OH)2-6, g Ni2P(OH)2-7, h Ni2P(OH)2-8, i Ni2P(OH)2-9, j Ni2P(OH)2-10, k Ni2P(OH)2-11, l Ni2P(OH)2-12, m Ni2P(OH)2-13, n Ni2P(OH)2-14, and o Ni2P(OH)2-15
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Fig. S16 Optimized atomic structure models of Co2P(OH) formed by OH⁻ binding to different sites on Co2P. a Co2P(OH)-1, b Co2P(OH)-2, c Co2P(OH)-3, d Co2P(OH)-4, e Co2P(OH)-5, and f Co2P(OH)-6

[image: ]
Fig. S17 Optimized atomic structure models of Co2P(OH)2 formed by OH⁻ binding to different sites on Co2P. a Co2P(OH)2-1, b Co2P(OH)2-2, c Co2P(OH)2-3, d Co2P(OH)2-4, e Co2P(OH)2-5, f Co2P(OH)2-6, g Co2P(OH)2-7, h Co2P(OH)2-8, i Co2P(OH)2-9, j Co2P(OH)2-10, k Co2P(OH)2-11, l Co2P(OH)2-12, m Co2P(OH)2-13, n Co2P(OH)2-14, and o Co2P(OH)2-15
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Fig. S18 Optimized atomic structure with the lowest total energy of the theoretical calculation of a Ni2P(OH) and b Co2P(OH)
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Fig. S19 Schematic of the formation of Co2P(OH) by OH− and Co2P
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Fig. S20 Ex situ XRD patterns collected during the whole charge/discharge process of NiCo-P1.0
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Fig. S21 a XPS survey spectra and high-resolution. b P 2p at various charged/discharged states
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Fig. S22 Nyquist plots of the NiCo-P1.0//Zn battery. The inset shows the plot at the high-frequency region
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Fig. S23 a The typical GCD curves of NiCo-P1.0//Zn battery at 5C. b The cycling performance of the NiCo-P1.0//Zn battery at 5C
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Fig. S24 The voltage-time curves of NiCo-P1.0//Zn battery discharged and recharged at 5C. The constant voltage at 1.9 V indicating the potentiostatic region of the charge profile
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[bookmark: _Hlk194614486]Fig. S25 SEM images of NiCo-P1.0 after cycling
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[bookmark: _Hlk194614471]Fig. S26 XRD patterns of the NiCo-P1.0 after cycling
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Fig. S27 Comparison of XRD patterns of NiCo-P1.0 before and after cycling[image: ]
Fig. S28 GCD curves of pouch cells with a size of 2 cm  2 cm at different cycles
Table S1 Representative nickel-based cathodes in ZBs
	[bookmark: _Hlk194708040]Cathode
	Specific capacity
	Cycling 
Performance

	[bookmark: _Hlk194708017](Ni, Co)Se2/NiCo-LDH 
[S1]
	170 mAh g−1 at 2 A g−1, 
capacity retention of 76% at 20 A g−1
	Capacity retention of 89.5% over 3000 cycles at 5 A g−1

	ZnCo30-Ni
[bookmark: _Hlk194708021][S2]
	213.3 mAh g−1 at 0.5 mA cm−2, 
capacity retention of 81% at 20 mA cm−2
	Capacity retention of 76.2% over 5000 cycles at 30 mA cm−2

	Ni-Co microwire
[bookmark: _Hlk194708027][S3]
	0.723 mAh cm−2 at 0.5 mA cm−2,
capacity retention of 72% at 200 mA cm−2
	Capacity retention of 97.0% over 3000 cycles at 50 mA cm−2

	Ni-Ni(OH)2/Zn(OH)2
[bookmark: _Hlk194708031][S4]
	0.149 mAh cm−2 at 0.5 mA cm−2,
capacity retention of 86% at 200 mA cm−2
	Capacity retention of 91.2% over 3500 cycles at 20 mA cm−2

	NF/CH-MNCS
[S5]
	167.0 mAh g−1 at 2 mA cm−2, 
capacity retention of 85% at 20 mA cm−2
	Capacity retention of 74% over 1000 cycles at 20 mA cm−2

	NiS-coated Ni0.95Zn0.05(OH)2
[S6]
	266.6 mAh g−1 at 22.4 mA cm−2,
capacity retention of 84% at 448 mA cm−2
	Capacity retention of 79% over 3500 cycles at 224 mA cm−2

	CoNiO2
[S7]
	180.20 mAh g−1 at 0.5 A g−1,
capacity retention of 58% at 5 A g−1
	Capacity retention of 103% over 5000 cycles at 5 A g−1

	NiMoO4-NC
[S8]
	221.0 mAh g−1 at 3.4 A g−1,
capacity retention of 53% at 8.6 A g−1
	Capacity retention of 89% over 3000 cycles at 6.4 A g−1

	MOF-74(Ni0.675Co0.325)-8
[S9]
	218.6 mAh g−1 at 2 mA cm−2,
capacity retention of 43% at 50 mA cm−2
	Capacity retention of 91% over 400 cycles at 10 mA cm−2




[bookmark: _Hlk194579146][bookmark: _Hlk194578031]Table S2 The details of Ni(OH)2, NiCo-LDH, and NiCo-Px (when x = 0, 0.5, 1.0, 1.5, 2.0) cathodes.
	Cathode
	Area of cathode
(cm2)
	Mass loading of active material (mg cm−2)

	Ni(OH)2
	1.05
	2.18

	NiCo-LDH
	1.13
	2.14

	NiCo-P0
	0.93
	2.04

	NICo-P0.5
	0.98
	1.92

	NICo-P1.0
	0.96
	2.14

	NiCo-P1.5
	0.91
	1.83

	NiCo-P2.0
	1.04
	1.94


Note: Ni(OH)2, NiCo-LDH, and NiCo-Px (when x = 0, 0.5, 1.0, 1.5, 2.0) are all uniformly coated on the surface of the same type of carbon cloth current collector. Therefore, under ideal conditions, the electrode thickness should be consistent under the same mass loading.
Table S3 Electrochemical performance of different samples in a three-electrode system.
	Samples
	Specific capacity
at 1C (mAh g−1)
	Specific capacity
at 5C (mAh g−1)
	Specific capacity
at 10C (mAh g−1)
	Specific capacity
at 15C (mAh g−1)
	Specific capacity
at 20C (mAh g−1)
	Specific capacity
at 30C (mAh g−1)
	Specific capacity
at 40C (mAh g−1)

	Ni(OH)2
	168.18
	143.18
	125.88
	109.50
	93.22
	48.99
	11.55

	NiCo-LDH
	198.05
	184.26
	172.19
	164.13
	156.00
	139.76
	117.77

	NiCo-P0
	169.80
	150.43
	141.04
	134.29
	128.53
	117.20
	103.63

	NiCo-P0.5
	244.74
	238.00
	229.01
	222.51
	215.54
	200.13
	174.23

	NiCo-P1.0
	286.64
	279.68
	271.10
	262.31
	253.53
	233.98
	207.00

	NiCo-P1.5
	233.10
	223.77
	212.20
	203.63
	195.06
	174.82
	148.61

	NiCo-P2.0
	228.78
	217.92
	205.66
	191.98
	177.12
	143.81
	109.33




Table S4 Comparison of the binding energy of the models of Ni2P(OH) formed by OH⁻ binding to different sites on Ni2P
	Model
	Binding energy (kcal mol−1)

	Ni6P3
	-

	OH−
	-

	Different models of Ni2P(OH) 
	

	Ni2P(OH)-1
	−245

	Ni2P(OH)-2
	−345

	Ni2P(OH)-3
	−261

	Ni2P(OH)-4
	−343

	Ni2P(OH)-5
	−261

	Ni2P(OH)-6
	−333

	Different models of Ni2P(OH)2 
	

	Ni2P(OH)2-1
	144

	Ni2P(OH)2-2
	144

	Ni2P(OH)2-3
	55

	Ni2P(OH)2-4
	110

	Ni2P(OH)2-5
	147

	Ni2P(OH)2-6
	230

	Ni2P(OH)2-7
	142

	Ni2P(OH)2-8
	241

	Ni2P(OH)2-9
	137

	Ni2P(OH)2-10
	113

	Ni2P(OH)2-11
	140

	Ni2P(OH)2-12
	138

	Ni2P(OH)2-13
	142

	Ni2P(OH)2-14
	243

	Ni2P(OH)2-15
	139



Table S5 Comparison of the binding energy of the models of Co2P(OH) formed by OH⁻ binding to different sites on Co2P.
	Model
	Binding energy 
(kcal mol−1)

	Co6P3
	-

	OH−
	-

	Different models of Co2P(OH) 
	

	Co2P(OH)-1
	−623

	Co2P(OH)-2
	−701

	Co2P(OH)-3
	−609

	Co2P(OH)-4
	−702

	Co2P(OH)-5
	−622

	Co2P(OH)-6
	−698

	Different models of Co2P(OH)2 
	

	Co2P(OH)2-1
	−196

	Co2P(OH)2-2
	−237

	Co2P(OH)2-3
	−327

	Co2P(OH)2-4
	−277

	Co2P(OH)2-5
	−233

	Co2P(OH)2-6
	−145

	Co2P(OH)2-7
	−239

	Co2P(OH)2-8
	−120

	Co2P(OH)2-9
	−246

	Co2P(OH)2-10
	−308

	Co2P(OH)2-11
	−242

	Co2P(OH)2-12
	−243

	Co2P(OH)2-13
	−219

	Co2P(OH)2-14
	−140

	Co2P(OH)2-15
	−239


Table S6 Comparison of some representative NZBs (energy and power densities are based on the active material’s mass loading of the cathode).
	[bookmark: _Hlk194708061]Battery
	Maximum energy density (Wh kg−1)
	Maximum power density (kW kg−1)
	Reference

	NCO-Ar//Zn
	308.14
	8.52
	[S7]

	NiMoO4-NC//Zn
	407.8
	18.1
	[S8]

	MOF-74(Ni0.675Co0.325)-8//Zn
	266.5
	17.22
	[S9]

	Ni-mMeSA//Zn@CC
	125
	14.03
	[S10]

	NZMCO//Zn
	120.4
	1.88
	[S11]

	CoNi LDH(v)//Zn
	296.2
	18.5
	[S12]

	sd-NiCo2S4-x@CC-1.2 g Na2S//Zn
	469.6
	7.343
	[S13]

	NiCo-P1.0//Zn
	503.62
	18.61676
	This work


Table S7 Comparison of this work with some representative cathodes in ZBs
	[bookmark: _Hlk194708074]Cathode
	Specific capacity
(mAh g−1)
	Cycling
performance

	K2MnFe(CN)6
[S14]
	138 
	Capacity retention of 72% over 400 cycles at 0.20 A g−1

	Zn3[Fe(CN)6]2
[S15]
	65 
	Capacity retention of 81% over 100 cycles at 0.30 A g−1

	Na2MnFe(CN)6
[S16]
	137
	Capacity retention of 75% over 2000 cycles at 0.80 A g−1

	NiHCF
[S17]
	76
	Capacity retention of 81% over 1000 cycles at 0.50 A g−1

	ZnHCF
[S18]
	95
	Capacity retention of 88% over 300 cycles at 0.25 A g−1

	Cu[Fe(CN)6]2/3∙nH2O
[S19]
	60
	Capacity retention of 96% over 50 cycles at 0.05 A g−1

	MnO2@AEPA
[S20]
	223 
	Capacity retention of 97% over 1700 cycles at 1.00 A g−1

	α-MnO2
[S21]
	285 
	Capacity retention of 92% over 5,000 cycles at 1.54 A g−1

	β-MnO2
[S22]
	225 
	Capacity retention of 94% over 2000 cycles at 2.00 A g−1

	PANI-intercalated MnO2
[S23]
	280
	Capacity retention of 89% over 5000 cycles at 2.00 A g−1

	MnO2@N
[S24]
	183
	Capacity retention of 83% over 1000 cycles at 5.00 A g−1

	Zn0.25V2O5·nH2O
[S25]
	282 
	Capacity retention of 81% over 1,000 cycles at 2.40 A g−1

	NaV3O8∙1.5H2O
[S26]
	380 
	Capacity retention of 82% over 1,000 cycles at 4.00 A g−1

	MnVO
[S27]
	260
	Capacity retention of 96% over 2000 cycles at 4.00 A g−1

	VO2 (B) nanofibers
[S28]
	357 
	Capacity retention of 91% over 300 cycles at 0.85 A g−1

	V2O5·nH2O
[S29]
	381
	Capacity retention of 71% over 900 cycles at 6.00 A g−1

	MoS2/PANI
[S30] 
	107
	Capacity retention of 86% over 1000 cycles at 1.00 A g−1

	MoS2·nH2O
[S31]
	165
	Capacity retention of 88% over 800 cycles at 2.00 A g−1

	200-MoS2
[S32]
	125
	Capacity retention of 100% over 500 cycles at 2.00 A g−1

	VS2@SS
[S33]
	198
	Capacity retention of 80% over 2000 cycles at 2.00 A g−1

	Cathode
	Specific capacity
(mAh g−1)
	Cycling 
performance

	VS2@N–C
[S34]
	203
	Capacity retention of 97% over 600 cycles at 1.00 A g−1

	rGO-VS2
[S35]
	238
	Capacity retention of 93% over 1000 cycles at 5.00 A g−1

	NiCo-P1.0
(This work)
	295
	Capacity retention of 70% over 1150 cycles at 1.45 A g−1


S4 Supplementary Equations
  (S9)
                      (S10)
                     (S11)
                     (S12)
                          (S13)
                          (S14)
              (S15)
              (S16)
               (S17)
               (S18)
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