Supplementary Information for

Bimetallic Oxyhydroxide as a High-Performance Water Oxidation Electrocatalyst under Industry-Relevant Conditions

Jiaxin Yuan a, Xiaodi Cheng a, Chaojun Lei a, Bin Yang a, Zhongjian Li a, Kun Luo c, KH (Koko) Lam d, Lecheng Lei a, Yang Hou a,b,*, Kostya (Ken) Ostrikov e
a Key Laboratory of Biomass Chemical Engineering of the Ministry of Education, College of Chemical and Biological Engineering, Zhejiang University, Hangzhou 310027, China
b Institute of Zhejiang University–Quzhou, Quzhou 324000, China
c State Key Laboratory of Clean Energy Utilization, Zhejiang University, Hangzhou 310027, China
d Department of Electrical Engineering, The Hong Kong Polytechnic University, Hong Kong, China
e School of Chemistry, Physics, and Mechanical Engineering, Queensland University of Technology, Brisbane, QLD 4001, Australia
* Corresponding author.

E-mail address: yhou@zju.edu.cn (Y. Hou).

Experimental section

Preparation of Fe(NO3)3/CP. Commercial carbon paper was immersed into 0.2 mol∙L−1 Fe(NO3)3 solution with mechanical shaking for 3 min and then dried at room temperature.

Preparation of Ir/C/Ni foam (NF). The mixture of 20 mg of Ir/C, 1800 μL of Nafion (5%), and 200 μL of ethanol was ultrasonicated for 30 min, and then oscillated to earn homogeneous diffusion. After the Ir/C dispersal was loaded onto the as-prepared NF, the Ir/C/NF was slowly dried in fume hood. The loading amount of Ir/C catalyst was ~10 mg∙cm−2.

Preparation of FeOOH/NF. The mixture containing 10 mg of commercial FeOOH powder, 900 μL of Nafion (5%), and 100 μL of ethanol was ultrasonicated for 30 min, and then oscillated to obtain homogeneous diffused solution. Next, 10 μL of perfectly dispersed slurry was loaded onto the surface of NF. The loading amount of FeOOH catalyst was ~10 mg∙cm−2.

Preparation of Ni(OH)2/NF. The mixture containing 10 mg of commercial Ni(OH)2 powder, 900 μL of Nafion (5%), and 100 μL of ethanol was ultrasonicated for 30 min, and then oscillated to obtain homogeneous diffused solution. Next, 10 μL of perfectly dispersed slurry was loaded onto the surface of NF. The loading amount of Ni(OH)2 catalyst was ~10 mg∙cm−2.

The standard potential of oxygen electrode and the standard potential of reversible hydrogen electrode in 10.0 mol∙L−1 at 80 °C could be indicated by the updated Nernst equation:

The standard potential of oxygen electrode needs to be corrected according to the following Eq. (S1) and Eq. (S2) [1,2]:
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When plugging the adapted data into Eq. (S2), the corresponding 
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 could be obtained as follows:
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Similarly, the standard potential of reversible hydrogen electrode needs to be corrected according to the following Eq. (S3) and Eq. (S4) [1,2]:
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When plugging the adapted data into the Eq. (S2), the corresponding ERHE could be obtained as follows:
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Formation process

A two-step chemical corrosion and hydrolysis processes for synthesis of NiFeOOH/NF hybrid was proposed as below:

First, the reaction involved in the immersion of NF into Fe(NO3)3 solution could be expressed with Eq. (S5). After immersing NF into the Fe(NO3)3 solution, oxidation of Ni by Fe3+ and reduction of O2 to generate OH− species occurs according to Eqs. (S5) and (S6), respectively [3,4].

2Fe3+ + Ni → 2Fe2+ + Ni2+ (25 °C)  (S5)

O2 + 2H2O + 4Fe2+ → 4OH− + 4Fe3+ (25 °C)  (S6)

Secondly, simultaneous hydrolysis of Fe3+ and Ni2+ by OH− can result in the nucleation and growth of Ni(OH)2 and FeOOH species on the surface of the NF (Eq. (S7)) [5].

Ni2+ + Fe3+ + xOH− → Ni(OH)2 + FeOOH (25 °C)  (S7)
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Fig. S1. Polarization curves of NF immersed in different concentrations of Fe(NO3)3 solution. RHE: reversible hydrogen electrode.
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Fig. S2. Energy dispersive X-ray (EDX) spectrum of the NiFeOOH/NF.
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Fig. S3. (a) High-resolution transmission electron microscopy (HRTEM) and (b) transmission electron microscopy (TEM) images of NiFeOOH/NF.
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Fig. S4. X-ray photoelectron spectroscopy (XPS) survey spectrum of NiFeOOH/NF.
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Fig. S5. Tafel plots of NiFeOOH/NF with different shock time.
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Fig. S6. Amperometric I–t curves with the NiFeOOH/NF at 2.0 and 1.8 V in 1.0 mol∙L−1 KOH solution.
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Fig. S7. Polarization curves of NiFeOOH/NF with different shock time.
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Fig. S8. Electrochemical active surface areas (ECSAs) of NiFeOOH/NF with different shock time of (a) 0.5, (b) 1, (c) 3, and (d) 5 min.
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Fig. S9. ECSAs of Co(NO3)2/NF, NiFeOOH/NF, Ni(NO3)2/NF, Zn(NO3)2/NF, Cu(NO3)2/NF, and Mg(NO3)2/NF.
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Fig. S10. (a) XPS survey spectrum of NiFeOOH/NF; high-resolution (b) Fe 2p and (c) O 1s XPS spectra after oxygen evolution reaction (OER) process.
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Fig. S11. The multi-potential steps curve for NiFeOOH/NF.
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Fig. S12. (a) Polarization curves of NiFeOOH/NF in 1.0 mol∙L−1 KOH at 25 °C (red) and 10.0 mol∙L−1 KOH at 25 °C (black). (b) Comparison of potentials required at the current densities of 500 and 1000 mA∙cm−2 for NiFeOOH/NF, Fe(NO3)3/CP, and NF in 10.0 mol∙L−1 KOH at 25 °C. (c) Chronopotentiometric curves with the NiFeOOH/NF in different concentrations of 1.0 and 10.0 mol∙L−1 KOH at a current density of 500 mA∙ cm−2 (without iR correction).
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Fig. S13. Comparison of overpotentials at 50 and 100 mA∙cm−2 for NiFeOOH/NF in 1.0 mol∙L−1 KOH at 25 °C and 10.0 mol∙L−1 KOH at 80 °C.
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Fig. S14. (a) Polarization curves of bifunctional NiFeOOH/NF, Fe(NO3)3/CP, and NF for overall water splitting in 10.0 mol∙L−1 KOH at 80 °C. (b) Chronoamperometric measurement at 2.6 V across NiFeOOH/NF in 10.0 mol∙L−1 KOH at 80 °C (inset: image of the generated H2 and O2 gas on NiFeOOH/NF electrodes). (c) Comparison of potentials demand at 500, 1000, and 1500 mA∙cm−2 for Fe(NO3)3/SUS 304 and SUS 304 in 10.0 mol∙L−1 KOH at 80 °C. (d) Polarization curves of Fe(NO3)3/SUS 304 and SUS 304 for overall water splitting in 10.0 mol∙L−1 KOH at 80 °C. (e) Chronopotentiometric curves with the bifunctional Fe(NO3)3/SUS 304 and SUS 304 at 1000 mA∙cm−2, in 10.0 mol∙L−1 KOH at 80 °C.

As shown in Fig. S14(a), the NiFeOOH/NF hybrid presented ultrahigh current densities of 100, 500 and 1000 mA∙cm−2 at 1.65, 1.89, and 2.07 V. In Fig. S14(b), the NiFeOOH/NF hybrid exhibited the much smaller potentials of 1.89 and 1.56 V to achieve 500 and 1000 mA∙cm−2 in 10.0 mol∙L−1 KOH at 80 °C, as compared to 2.23 and 2.53 V for Fe(NO3)3/CP, as well as 2.07 and 2.26 V for NF, respectively. Moreover, this NiFeOOH/NF hybrid could deliver a current density up to 2700 mA∙cm−2 at a low potential of 2.57 V, which possessed the higher overall water splitting performance. Meanwhile, the NiFeOOH/NF hybrid sustained durable stability with a small potential of 2.6 V to achieve 2600 mA∙cm−2 in 10.0 mol∙L−1 KOH at 80 °C after chronoamperometry testing for over 10 h (Fig. S14(b)), which made the NiFeOOH/NF hybrid satisfy the commercial criteria of overall water splitting electrocatalysis under harsh industrial conditions. During the testing process, the generated O2 and H2 bubbles are in-situ produced on the bifunctional NiFeOOH/NF (inset of Fig. S14(b)), evidencing the favorable overall water splitting performance. Moreover, this simple method can be further applied to the commercial stainless steel (Figs. S14(c)–(e)). The Fe(NO3)3/SUS 304 delivered enhanced electrocatalytic activities as compared to SUS 304 (Figs. S14(c) and (d)), which could be attributed displacement reaction of small amount of Ni species contained in stainless steel with Fe3+ in the Fe(NO3)3 solution. The results demonstrate that the immersion of SUS 304 into Fe(NO3)3 solution could improve the electrocatalytic activity and corrosion resistance of SUS 304 towards the overall water splitting process in basic electrolyte.
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Fig. S15. Polarization curves of bifunctional NiFeOOH/NF for overall water splitting in 1.0 mol∙L−1 KOH at 25 °C (black) and 10.0 mol∙L−1 KOH at 80 °C (red).

[image: image26.emf]
Fig. S16. Field-emission scanning electron microscopy (FESEM) images of NiFeOOH/NF (a) before and (b) after OER tests.

As shown in Fig. S17, the generated O2 gas was analyzed by quantitative gas chromatography (GC) with constant potential (1.45, 1.50, 1.55, and 1.60 V) running for 20 min. The results showed that the Faradaic efficiency was calculated to be ~100% for NiFeOOH/NF. In addition, no obvious decrease in Faradaic efficiency was observed for NiFeOOH/NF, which confirmed that the amount of O2 gas caused by the flow of current was proportional to the amount of electricity passed. The Faradaic efficiency of for NiFeOOH/NF could be calculated by the following equation:
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Fig. S17. Faradaic efficiency of NiFeOOH/NF for OER in 1.0 mol∙L−1 KOH.

As shown in Fig. S18, the NiFeOOH/NF hybrid exhibited excellent OER activity with low potentials of 1.46, 1.51, and 1.55 V to achieve 100, 500, and 1000 mA∙cm−2 in 1.0 mol∙L−1 KOH. Evidently, the NiFeOOH/NF hybrid showed the much smaller potential of 1.46 V at 100 mA∙cm−2 as compared to the FeOOH/NF and Ni(OH)2/NF (1.6 and 1.66 V).

[image: image29.emf]
Fig. S18. Polarization curves of NiFeOOH/NF, Ni(OH)2/NF, and FeOOH/NF in 1.0 mol∙L−1 KOH at 25 °C.

Table S1
OER activities of representative benchmark electrocatalysts in alkaline solution in terms of the potential to achieve the 100, 500, and 1000 mA∙cm−2.

	Material
	Electrolyte
	Substrate
	Tafel slope (mV∙dec−1)
	Potential vs RHE (V)
	Ref.

	
	
	
	
	100 mA∙cm−2
	500 mA∙cm−2
	1000 mA∙cm−2
	

	NiFeOOH
	1.0 M KOH
	NF
	58.40
	1.460
	1.510
	1.55
	This work

	Ni0.5Fe0.5Se2
	1.0 M KOH
	CFC
	63.00
	1.610
	—
	—
	 [6]

	Ni–Fe–P
	1.0 M KOH
	NF
	69.00
	1.560
	—
	—
	 [7]

	FeNi(OH)x
	1.0 M KOH
	NF
	45.00
	1.530
	1.810
	—
	 [3]

	sNiFeCo–Fe
	1.0 M KOH
	NF
	50.40
	1.420
	—
	—
	 [8]

	F–CoOOH
	1.0 M KOH
	NF
	54.00
	1.550
	—
	—
	 [9]

	CoNiSe2
	1.0 M KOH
	NF
	79.00
	1.540
	—
	—
	 [10]

	NiCo2O4@FeOOH
	1.0 M KOH
	NF
	24.18
	1.460
	—
	—
	 [11]

	FeNiOH
	1.0 M KOH
	NF
	72.00
	1.545
	1.625
	—
	 [12]

	Fe11%–NiO
	1.0 M KOH
	NF
	49.40
	1.500
	—
	—
	 [13]

	FeNi3N
	1.0 M KOH
	NF
	40.00
	1.475
	—
	—
	 [14]

	NiFe(OH)x
	1.0 M KOH
	NF
	37.00
	1.500
	—
	—
	 [15]

	NiOOH-NiCr2O
	1.0 M KOH
	NF
	104.00
	1.560
	1.610
	—
	 [16]

	FeOOH(Se)
	1.0 M KOH
	IF
	52.00
	1.580
	1.680
	—
	 [17]

	Ni@Ni(Fe)OOH
	1.0 M KOH
	NF
	63.80
	1.525
	—
	—
	 [18]


CFC: carbon fibre composite; IF: iron foam.
Table S2
Summary of fitted electrochemical impedance spectroscopy (EIS) data for the as-prepared NiFeOOH/NF electrodes.

	Samples
	Rs ()
	Rct ()

	0.5 min Fe(NO3)3/NF
	1.459
	3.693

	1 min Fe(NO3)3/NF
	0.552
	3.740

	NiFeOOH/NF
	0.480
	3.652

	5 min Fe(NO3)3/NF
	0.752
	3.882
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