Improving bifunctional catalytic activity of biochar via in-situ growth of nickel-iron hydroxide as cathodic catalyst for zinc-air batteries
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Materials and methods

1. Materials

Materials: Paulownia wood was derived from natural paulownia wood branches. All reagents were of analytical grade and used without further purification. Ferric nitrate nonahydrate (Fe(NO3)3·9H2O, ≥99.0%), Nickel nitrate hexahydrate(Ni(NO3)2·6H2O, ≥99.0%), Ammonium chloride (NH4Cl, ≥99.5%), Urea (H2NCONH2≥99.0%) were purchased from Aladdin. Ruthenium (IV) oxide (RuO2, ≥99.9%), and platinum on carbon (Pt/C, 20 wt. % loading) were purchased from Macklin.

1.1 Preparation of NC

Dissolve 20 g NH4Cl in 50 mL of deionized water to form a nitrogen-containing solution, take several pieces of Paulownia wood cut perpendicular to the growth direction, immerse in the above solution, and dry the NH4Cl solution containing the Paulownia wood chips at 60 °C, after being completely dried, take out the wood chips soaked with NH4Cl, transfer them to a corundum boat, place the corundum boat with the wood chips in a tube furnace, and heat the tube furnace to 900 °C in a nitrogen atmosphere, the heating rate was 10 °C min-1, maintained at 900 °C for 3 h, and after the tube furnace was cooled to room temperature, the nitrogen-doped carbon (NC) that retained the monolithic structure was obtained. The preparation process of carbonized wood (CW) is the same as that of NC except for the step of impregnating nitrogen-containing solution.
1.2 Preparation of NiFe-LDH@NC

In a 100 mL beaker, 30 mL of deionized aqueous solution containing 3 mmol of nickel nitrate hexahydrate Ni(NO3)2·6H2O and 1 mmol of Fe(NO3)3·9H2O was prepared, NC were immersed in the above aqueous solution, and stirred at room temperature for 3 h. After stirring, 30 mL of deionized aqueous solution containing 2.4 g of urea was added to the metal salt solution containing NC. The mixed 60 mL aqueous solution was stirred at room temperature for 1 h, the stirred 60 mL solution was transferred to a Teflon-lined hydrothermal kettle, and the hydrothermal kettle was placed in an oven at 180 oC, and the continuous heating time was 12 h, after completely cooling, take out the wood chips in the kettle, use ethanol and deionized water to wash the removed wood chips for 3 times respectively, after cleaning, use the oven to dry the wood chips, the drying temperature is 60 °C, and the drying time is 24 h, and finally NiFe-LDH@NC is obtained. The preparation process of NiFe-LDH is roughly the same as that of NiFe-LDH@NC, except that NC is not added in the preparation of NiFe-LDH.As shown in Fig. 1, the preparation process of NiFe-LDH@NC was visualized as two processes.

2.1 Characterization methods

X-ray diffraction (XRD, Bruker/D8-Advance, Cu Kα, λ = 1.5418 Å), X-ray photoelectron spectroscopy (XPS, PHI quantera, SXM spectrometer, Al K𝛼 = 1486.6 eV), Raman spectroscopy (HORIBA Scientific LabRAM HR Evolution) is used to study phases, defects, and surface electronic structure of materials. Field emission SEM (ZEISS Sigma 500), AFM (Bruker Dimension Icon), TEM&EDX (FEI Tecnai G2 F20 S-TWIN) were used to analyze the morphology and structure of the prepared catalysts.

2.2 Electrochemical measurements:

The electrochemical performances were measured in the three-electrode system on CHI760E electrochemical workstation (Shanghai Chenhua Instruments Co. Ltd, China) with Ag/AgCl electrode as reference electrode, a platinum wire as counter electrode and rotating disk electrode (RDE) or rotating ring-disk electrode (RRDE) (Pine Instruments Co. Ltd., USA) as the working electrode. The cyclic voltammetry (CV) scans were carried out with scan rates ranging from 20 to 120 mV s−1 in the potential range from 1.05 to 1.15 V versus RHE. Linear sweep voltammetry (LSV) was performed in O2-saturated solution (0.1 M KOH) with scan rate of 5 mV s-1. ADT was performed by CV for 5000 cycles with the scan rate of 50 mV s-1. Chronoamperometry (CP) was measured at 0.8 V for 20 h in O2-saturated electrolyte on the RDE at the rotating speed of 800 rpm. For methanol tolerant tests, the CP responses at 0.8 V were recorded by adding or not adding CH3OH into electrolyte. CH3OH was introduced into of KOH solution at the 400th second. And the concentration of CH3OH in electrolyte is 1 M. Current density is obtained by normalizing the Faraday current through using geometric surface area. RRDE was used to test ID and IR. Four-electron selectivity was evaluated through the calculation of H2O2 yield and electron transfer number (n) according to equation (2) and (3):
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IR is Faradaic current at ring electrode. ID is the Faradaic current at disk electrode and N (=0.41) is the collection efficiency. The LSV test for the oxygen evolution reaction (OER) was conducted in voltage range of 1.1-1.9 V and the scan rate is 5 mV s-1.

Tafel slopes were obtained from the Tafel equation:
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E is the applied potential of LSV tests, a is a constant, b is the Tafel slope and Jk is the kinetic current density.

The electron transfer number (n) of catalysts was also calculated through the Koutecky–Levich (K–L) equations:
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The J, JL, and Jk represent the measured, diffusion-limiting, and kinetic current density, individually. ω is the electrode-rotating angular velocity, F is the Faraday constant (96485 C mol-1), Do is the diffusion coefficient of O2 (1.9×10-5 cm2 s-1 in 0.1M KOH), ν is kinetic viscosity of the electrolyte (0.01 cm2 s-1), and Co is the density of O2 (1.2×10-6 mol cm-3).

2.3 Assembly method of zinc-air batteries

For testing liquid ZABs, homemade liquid ZABs are constructed in custom molds. The catalyst ink was uniformly dispersed on carbon paper and dried at 60 °C for 2 h with a loading of 1.0 mg cm-2 to be used as an air electrode. A gas diffusion layer (GDL) was deposited on the positive electrode so that the gas can be permeated to the cathode, and electrolyte (6 M KOH and 0.2 M Zn(OAc)2) were used. A Celgard 2340 microfiber filter was utilized as a separator. A polished high-purity zinc plate was chosen as the negative electrode. All tests were carried out at room temperature and normal pressure. The energy density of ZABs was calculated based on the applied current (I), service hours (t), and the weight of consumed zinc (mZn).

Specific capacity (mA h g-1) = (I × t)/mZn










(7)

The quasi-solid-state ZABs was assembled by using zinc foil (3 cm * 2 cm * 0.03 cm) as anode, the prepared monolithic catalyst (1.5 * 1.5 * 0.4 cm) as air electrode and nickel foam as current collector. Polyvinyl alcohol (PVA) gel electrolyte (1.5 * 1.5 * 0.3 cm) was placed between zinc anode and air electrode. The gel electrolyte was synthesized by solving, freezing and thawing procedure.
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Fig. S1. (a) 2D AFM topography image; (b) height profile and (c) 3D AFM topography of NiFe-LDH@NC.
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Fig. S2. (a) XRD image of CW, NC and NiFe-LDH@NC. (b) Raman spectra of NC, CW and NiFe-LDH@NC; (c) XPS survey spectrum of NiFe-LDH@NC.
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Fig. S3. CV curves of (a) NiFe-LDH@NC, (b) 20% Pt/C (c) NC and (d) NiFe-LDH.
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Fig. S4. The Tafel slope corresponding to the LSV curve of ORR.
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Fig. S5. Nyquist plots of NiFe-LDH@NC, NC, NiFe-LDH.
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Fig. S6. (a) LSV curves of ORR at different rotational speeds (400~2025 rpm); (b) Corresponding K-L diagrams at different potentials.
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Fig. S7. LSV curves of 20% Pt/C before and after ADT.
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Fig. S8. (a) CP tests of NiFe-LDH@NC and Pt/C for ORR; (b,c) LSV curves of (a) NiFe-LDH@NC and (b) 20% Pt/C before and after CP tests; (d) CP tests of NiFe-LDH@NC and RuO2 for OER; (e,f) LSV curves of (e) NiFe-LDH@NC and (f) RuO2 before and after CP tests for OER; (g) methanol tolerant tests of NiFe-LDH@NC and 20% Pt/C; (h,i) LSV curves of (h) NiFe-LDH@NC and (i) 20% Pt/C before and after methanol tolerant tests.
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Fig. S9. (a) XRD and (b) XPS spectra of NiFe-LDH@NC after electrochemical test.
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Fig. S10. Discharge and charge polarization curves of NiFe-LDH@NC.
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Fig. S11. (a, b) small light bulb powered by two aqueous ZABs based on NiFe-LDH@NC; (c, d) LED beads powered by two aqueous ZABs based on NiFe-LDH@NC.
Table S1. Important parameters comparison of biochar-related catalysts for zinc-air batteries.

	Catalyst
	Catalyst loading

(mg cm-2)
	OCV

(V)
	Peak power density

(mW cm-2)
	Cycle period/j

(mA cm-2)
	Ref.

	NiFe-LDH@NC
	1.0
	1.44
	123
	270 h/10
	This work

	NRW-1000
	1.2
	1.53
	111.83
	-
	(Han et al., 2022)

	Co-NC-900
	-
	1.374
	186.17
	16 h/3
	(Su et al., 2022)

	Fe2N@NCNTs
	1.5
	1.53
	135
	200 h/5
	(He et al., 2022)

	FeCo@NS-CA
	1.0
	-
	140
	400 h/10
	(Pang et al., 2021)

	SAC-FeN-WPC
	1
	1.53
	152
	200 h/5

118 h/10
	(Zhong et al., 2021)

	Co@NCW
	-
	1.51
	47.5
	240 h/5
	(Li et al., 2022)

	CoFe@NC /WC-850
	1.5 
	1.475
	138.9
	80 h/5
	(Ao et al., 2023)

	Co/CoO@NWC
	1.0
	1.42
	152.8
	240 h/10
	(Cui et al., 2021)

	Co–N@ACS
	1.0
	1.46
	155
	540 cycles/10
	(Zhou et al., 2022)

	TNCSE
	2.0
	1.45
	134.02
	500 h/5
	(Deng et al., 2023)
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