
 

 

1 

 

Supplementary Information 
 

Oriented intergrowth of the catalyst layer in membrane electrode 

assembly for alkaline water electrolysis 

 

 

 

 

 

 

 

 
Lei Wan1, Maobin Pang1, Junfa Le1, Ziang Xu1, Hangyu Zhou1, Qin Xu1 and Baoguo Wang*1 

1Department of Chemical Engineering, Tsinghua University, Beijing, China 

*Corresponding author. Email: bgwang@tsinghua.edu.cn 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

2 

 

Supplementary Notes 

1. Experimental & Results 

1.1. Basic property of membranes characterization 

Water contact angle measurement. Samples of all-in-one MEAs and other membranes were cut into 

~2 cm × 2 cm pieces and immersed in deionized water to reach a fully wet state before water contact angle 

measurement (Dataphysics OCAH200). A setting of 10 µL volume drop deionized water was used at 

room temperature. 

Electrolyte uptake and swelling measurement. To measure the electrolyte uptake (including water 

and KOH) and swelling ratio of the all-in-one MEAs, the weight and length of membranes were measured 

before treating with 30 wt.% KOH and after immersing in 30 wt.% KOH, respectively. To measure the 

weight of dry membranes, the membranes were dried in a vacuum at 60 ℃ for 24 h. The electrolyte 

uptake of the different membranes was defined as: electrolyte uptake = (mh – md)/md ×100%, in 

which md and mh are the mass of dty and hydrated membranes, respectively. The swelling ratio of the 

different membranes was defined as: swelling ratio = (Xw – Xd)/Xd×100%, in which Xd and Xw are the length 

of corresponding dry and wet membranes, respectively. 

Area resistance measurement. The area resistance of the membranes was evaluated by a two-

electrode electrochemical impedance spectroscopy (EIS) method in an assembled coin cell. The potentiostat 

with an AC bias and a frequency range were set 10 mV and 1 MHz-0.1 Hz, respectively. The samples 

impregnated with aqueous electrolyte (10-30 wt.% KOH) were sandwiched between two electrodes with 

an avtive area of 1.13 cm-2, and sealed with coin cell cases for area resistance measurement at 25 ℃. 

The hydroxide ions transport properties. The ionic transport properties of different membranes 

were investigated using a electrochemical workstation (VersaSTAT-3F, Princeton Applied Research). The 

current–voltage (I–V) profile was recorded when the membrane was sandwiched between two cells soaking 

with a gradient of 1–3 mol L−1 NaOH solution. Two Ag/AgCl reference electrodes filled with saturated KCl 

solution and two salt bridges filled with saturated KCl solution were employed to eliminate the potential 
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drop. Thus, the open-cell voltage of the device (V0) is equal to the value of diffusion potential (Vd) resulted 

from the NaOH concentration gradient, which can be calculated as the following equation: 𝑉0 = 𝑉𝑑 =

𝑅𝑇

𝐹
(𝑡𝑁𝑎+ − 𝑡𝑂𝐻−)ln⁡(∆). R, T, F, tNa+, tOH−, and Δ are the gas constant, temperature, faraday constant, Na+ 

transference number, OH− transference number, and activity gradient (the mean ion activity coefficient was 

considered since the concentration of NaOH solution is high), respectively. 

Bubble point pressure measurement. Samples of all-in-one MEAs of 100% relative humidity were 

cut into 2 cm × 2 cm pieces and equipped into a bubble pressure analyzer. Pressurized Ar gas was applied 

to the sample. Bubble pressure value was record when the first bubble appeared. 

Mechanical strength measurement. The mechanical properties of membranes in dry state were 

measured using a microcomputer controlled electronic universal testing machine (Changchun Kexin 

Co.,China) at room temperature in controlled force mode with a stretch rate of 5 mm min-1. 

Alkaline stability measurement. A piece of membranes (1 cm × 6 cm) was cut out and immersed 

into 30 wt.% KOH solution and treated at 80 ℃. The area resistance and mechanical strength were measured 

to evaluate its alkaline stability. 

1.2. Overpotential Analysis 

The cell voltage Ecell is composed of the sum of the reversible cell potential Erev and the three main 

overpotential ηi: 

Ecell = Erev + ηkin + ηohm + ηmass 

Where ηkin is the kinetic, ηohm is the ohmic, and ηmass is the mass transport overpotential. 

At a temperature of 60 ℃, the saturation pressure of H2O was 0.47 bara. For liquid water, the 

activity of water, a(H2O), was one, while the activity of the gaseous species was represented by 

the ratio of their partial pressure to the standard pressure of 1 bar. The temperature dependent 

standard reversible potential, Erev, could be obtained from the literature 

Erev = 1.2291 – 0.0008456 (T-298.15) 
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Where the voltages, first two terms on right hand side of equation, were measured in V, and the 

temperatures in K. Under current electrolyzer testing conditions, the Erev was calculated to be 1.168 

V, with a thermoneutral voltage of 1.42 V. 

Ohmic overpotential (ηohm) 

EIS was used to measure the high frequency resistance (HFR) representing the total electronic cell 

resistance Rtot. The ohmic overpotential, ηohm, is therefore determined as: 

ηohm = i × Rtot = i × HRF 

Kinetic overpotential(ηkin) 

The kinetic overpotential was extracted using a Tafel model, in which the Tafel slope b and 

exchange current density i0 were the governing kinetic parameters. The Tafel model was fitted to 

iR-free cell voltages between 4 and 20 mA cm−1. Assuming a non-polarizable HER, the entire 

kinetic overpotential of the cell was governed by OER with the Tafel slope b as 2.303 × RT/4F 

where R is the ideal gas constant, T is temperature, and F is Faraday's constant: 

ηkin = b × log(i/i0) 

Mass transport Overpotential(ηmass) 

Mass transport was defined as a sum of gaseous/liquid transfer in the LGDL/CL and ionic transport 

in the CLs. In this study, it was calculated by subtracting the reversible cell potential and kinetic 

and ohmic overpotentials from the measured cell potential. 

 

1.3. Levelized cost of hydrogen (LCOH) analysis 

The LCOH was used as an index to quantify the cost of hydrogen production from alkaline water 

electrolysis. The LCOH ($ kg-1) can be expressed as follows: 

LCOH = ⁡
(CAPEX × CRF) +⁡𝐶𝑂&𝑀

𝑀𝐻2
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Where CAPEX is the total capital expenditure of the electrolyzer ($), CRF is the capital recovery 

factor, CO&M is the annual operation and maintenance costs ($) and MH2 is the total hydrogen 

produced by the electrolyzer in one year (kg). 

CRF stands for the capital recovery factor, which converts the capital cost into a series of 

equivalent annual payments over the system lifetime N considering an interest rate i. 

CRF = ⁡
𝑖 × ⁡(1 + 𝑖)𝑁

(1 + 𝑖)𝑁 − 1
 

The capital costs of the electrolyzer CAPEX can be calculated with Eq. (3). 

CAPEX = ⁡𝑃𝑒𝑙 × 𝐼𝑒𝑙 

Where 𝑃𝑒𝑙 is the rated power of the electrolyzer (kW) and 𝐼𝑒𝑙 is the specific investment cost of the 

electrolyzer ($ kW-1). 

The annual operation and maintenance costs 𝐶𝑂&𝑀($)  include the costs of electricity, 

electrolyte, nonfuel variable operation and maintenance. 

𝐶𝑂&𝑀 = (𝜏 × 𝑃𝑒𝑙 × 𝜇𝑒𝑙 × 𝑐𝑒) + (𝛾 × 𝑀𝐻2 × 𝑐𝑤) + (CAPEX × 𝜑) 

Where τ is the total number of hours in the year (h), 𝑃𝑒𝑙 is the rated power of the electrolyzer (kW), 

𝜇𝑒𝑙 is the utilization rate of the electrolyzer expressed as a fraction of 1, 𝑐𝑒 is the price of electricity 

($ kWh-1), 𝛾 is the water required to produce each kg of hydrogen (L kg-1), 𝑀𝐻2 is the hydrogen 

produced by the installation in one year (kg), and 𝑐𝑤  is the price of electrolyte ($ kg-1). 

Maintenance costs are assumed to be constant throughout the system’s lifetime and are estimated 

as a fraction (𝜑) of the electrolyzer capital cost. 

The annual production of hydrogen using alkaline water electrolysis can be computed using 

Eq. (5): 

𝑀𝐻2 =
𝜏 × 𝑃𝑒𝑙 × 𝜇𝑒𝑙

𝐸𝑒𝑙
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In the equation above, 𝐸𝑒𝑙 stands for the power consumption of the electrolyzer (kWh kg-1). 

 

The energy efficiency of an electrolysis cell is defined as the net energy present in the 

hydrogen produced by the cell divided by the net energy consumed by the cell to produce it, 

expressed as a percentage. The net energy present in hydrogen is its higher heating value (HHV), 

which is 39.4 kWh kg-1 of hydrogen. An electrolysis cell operating at a cell potential equal to the 

the voltage of water electrolysis (1.47 V at 60 ℃) displays 100% energy efficiency. In this work, 

the energy efficiency of advanced alkaline water electrolysis with conventional MEA-CCM and 

all-in-one MEA-S is ~84% and ~89% at the current density of 1000 mA cm-2, respectively. Owing 

to the repid degradation of conventional MEA-CCM, the energy efficiency of alkaline water 

electrolysis using conventional MEA-CCM is ~70% after the stability test. 

 

Common assumptions: 

Advanced alkaline water electrolysis stack system is constructed by stacking 200 single cells 

(200-cell) (Supplementary Table 5). The stack provided a current density of 1000 mA cm-2 at 

approximately 392, 356, 330 and 314 Vstack for conventional MEA-CCM (Pt/C//X37-50//IrO2), 

conventional MEA-CCS (CoNiS//Zirfon Thin//CoNiS), all-in-one MEA-S and all-in-one MEA 

(CoNiS@FeNi LDH), respectively. 

Conventional MEA-CCM (Pt/C//X37-50//IrO2): electricity cost = $25 MWh-1, the specific 

investment cost of the electrolyzer 𝐼𝑒𝑙 = $400 kW-1, electrolyzer lifetime = 10 years, interest rate 

(i) = 6.5%, operations and maintenance (O&M) cost = 4% of electrolyzer CAPEX p.a., cost of 

electrolyte (5 wt% KOH) = $0.002 kg-1. 

Conventional MEA-CCS (CoNiS//Zirfon Thin//CoNiS): electricity cost = $25 MWh-1, the 

specific investment cost of the electrolyzer 𝐼𝑒𝑙  = $300 kW-1, electrolyzer lifetime = 20 years, 
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interest rate (i) = 6.5%, operations and maintenance (O$M) cost = 4% of electrolyzer CAPEX p.a., 

cost of electrolyte (30 wt% KOH) = $0.01 kg-1. 

All-in-one MEA-S and all-in-one MEA (CoNiS@FeNi LDH): electricity cost = $25 MWh-1, 

the specific investment cost of the electrolyzer 𝐼𝑒𝑙 = $200 kW-1, electrolyzer lifetime = 20 years, 

interest rate (i) = 6.5%, operations and maintenance (O&M) cost = 4% of electrolyzer CAPEX p.a., 

cost of electrolyte (30 wt% KOH) = $0.01 kg-1, cost of electrolyte (5 wt% KOH) = $0.002 kg-1. 
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Supplementary Fig. 1 | Morphologies characterization of C-MEA-CCS (CoNiS//X37-50//CoNiS). 

SEM images of MEAs prepared by hot-pressing of (a) 0 MPa, (b) 0.2 MPa, (c) 0.5 MPa and (d) 1.0 MPa. 

(e) SEM images of the interface between catalyst layer and membrane (the position 1 marked in (d)). (f) 

SEM images of catalyst layer (the position 2 marked in (d)). (g) Corresponding EDX mapping of MEA 

prepared by hot-pressing of 1.0 MPa. 
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Supplementary Fig. 2 | Performance of MEAs using different hot-pressing pressure. C-MEA-CCS 

(CoNiS//Zirfon Thin//CoNiS) uses commercial Zirfon Thin (200 μm) and self-supported CoNiS as 

membrane and electrode, respectively; C-MEA-CCS (CoNiS//X37-50//CoNiS) uses commercail 

Sustainion X37-50 and self-supported CoNiS as membrane and electrode. There is no ionomer in the 

cathode and anode. (a) Polarization curves of C-MEA-CCS (CoNiS//Zirfon Thin//CoNiS) prepared by 

different hot-pressing pressure (0, 0.2, 0.5 and 1.0 MPa) in 30 wt.% KOH at 60 ℃. (b) The cell voltage of 

MEAs with different hot-pressing pressure at various current density (500, 1000 and 2000 mA cm-2). (c) 

Nyquist plot of MEAs with different hot-pressing pressure at 1.4 Vcell in 30 wt.% KOH at 60 ℃. (d) 

Polarization curves of C-MEA-CCS (CoNiS//X37-50//CoNiS) prepared by different hot-pressing 

pressure (0, 0.2, 0.5 and 1.0 MPa) in 30 wt.% KOH at 60 ℃. (e) The cell voltage of C-MEA-CCS 
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(CoNiS//X37-50//CoNiS) with different hot-pressing pressure at various current density (500, 1000 

and 2000 mA cm-2). (f) Nyquist plot of C-MEA-CCS (CoNiS//X37-50//CoNiS) with different hot-

pressing pressure at 1.4 Vcell in 30 wt.% KOH at 60 ℃. (g) Polarization curves of C-MEA-CCS 

(CoNiS//X37-50//CoNiS) prepared by different hot-pressing pressure (0, 0.2, 0.5 and 1.0 MPa) in 5 

wt.% KOH at 60 ℃. (e) The cell voltage of C-MEA-CCS (CoNiS//X37-50//CoNiS) with different 

hot-pressing pressure at various current density (250, 500 and 1000 mA cm-2). (f) Nyquist plot of 

MEAs with different hot-pressing pressure at 1.4 Vcell in 5 wt.% KOH at 60 ℃.   

 

Supplementary Note 1 

To further investigate the impact of the interfacial resistance on the performance of 

conventional MEA-CCS (C-MEA-CCS) using Zirfon membrane and self-supported electrodes, 

we utilized the hot-pressing method to regulate the binding force between self-supported 

electrodes and membranes. As shown in Supplementary Fig. 2a-b, the introduction of hot pressing 

will increase the electrolysis performance of MEAs, especially at high current densities. 

Furthermore, to characterize the ohmic resistances in MEAs, EIS was performed at 1.4 V 

(Supplementary Fig. 2c). The intercept in the high-frequency region represents the ohmic 

resistance, which consists of the ionic and electronic resistances. Improving the hot-pressing 

pressure reduced the ohmic resistance of cell.   

We also investigated the impact of the interfacial resistance on the performance of C-MEA-

CCS using Sustainion X37-50 membranes and self-supported electrodes. Supplementary Fig. 1 

exhibited SEM imgaes of the AEM/eletrode interface after hot pressing under different pressures. 

It can be observed that the interface distance decreased as improving the hot-pressing pressure 

from 0 to 1.0 MPa. When 30 wt% KOH solution was used as the electrolyte, MEAs-CCS with 

different hot-pressing pressures showed discrepant electrolysis performance (Supplementary Fig. 
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2d). Typically, the MEA with 1.0 MPa showed cell voltage of 1.61, 1.76, and 2.03 V at different 

current densities of 500, 1000, and 2000 mA cm-2, which were lower than that (1.67, 1.84, and 

2.16 V) of the MEA with 0.1 MPa (Supplementary Fig. 2e). Furthermore, to characterize the ohmic 

resistances in MEAs, EIS was performed at 1.4 V (Supplementary Fig. 2f). Improving the hot-

pressing pressure reduced the ohmic resistance of cell. This result indicates that reducing the 

interfacial resistance between the electrode and the membrane can obviously improve the 

electrolysis performance. When 10 wt% KOH solution was used as the electrolyte, the electrolysis 

performance difference of MEAs-CCS with different hot-pressing pressures was significant 

(Supplementary Fig. 2g). Typically, the MEA with 1.0 MPa showed cell voltage of 1.54, 1.68 and 

1.92 V at different current density of 250, 500 and 1000 mA cm-2, which are significantly lower 

than that (1.65, 1.87 and 2.3 V) of the MEA with 0.1 MPa (Supplementary Fig. 2h). Improving the 

hot-pressing pressure can significantly reduce the ohmic resistance of cells, especially at low-

concentration KOH solution (Supplementary Fig. 2i). 
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Supplementary Fig. 3 | Scanning electron microscopy (SEM) analysis of polypropylene (PP) 

membrane. (a-b) The SEM images of pristine PP porous membranes. 
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Supplementary Fig. 4 | Photographic images of PP separator and all-in-one MEA-L. Photographs of 

(a) pristine PP separator (size: 40 cm × 20 cm; thickness: ~20 cm) and (b) all-in-one MEA-L (size: 40 cm 

× 20 cm; thickness: ~26 cm). 
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Supplementary Fig. 5 | SEM analysis of all-in-one MEA-L. SEM images of (a-b) catalyst layer 

morphologyies of all-in-one MEA-L. (c) The EDS spectrum of the selected area in catalyst layer surface of 

all-in-one MEA-L. 
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Supplementary Fig. 6 | Structure characterization of CoNi LDH by transmission electron microscope 

(TEM). (a) TEM and (b) high-resolution TEM images of CoNi LDH. (c) SAED pattern of CoNi LDH. (d) 

The corresponding elemental mapping images of Co, Ni and O in CoNi LDH.  
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Supplementary Fig. 7 | Structure characterization of CoNiS by TEM. (a) The high-resolution TEM 

image of CoNiS nanosheets, and (b) the SAED pattern of the area in (a). 
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Supplementary Fig. 8 | AFM characterization of CoNiS nanosheets. AFM image of CoNiS nanosheets 

and corresponding height profile along the marked yellow line. 
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Supplementary Fig. 9 | XRD patterns. XRD patterns of CLs of all-in-one MEA-L and all-in-one MEA-

S. 
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Supplementary Fig. 10 | XPS spectra. (a) XPS survey of CoNiS. High-resolution XPS spectra of (b) Ni 

2p for CoNiS. High-resolution XPS spectra of (c) Co 2p for CoNiS. High-resolution XPS spectra of (d) S 

2p for CoNiS. 
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Supplementary Fig. 11 | The CL images for poresity and pore structures analysis. (a) all-in-one MEA-

L, (c) all-in-one MEA-S and (e) conventional MEA-CCM (The green parts are pores; The red parts are 

solid catalysts). The pore size distribution of (b) all-in-one MEA-L and (d) all-in-one MEA-S. (f) The 

porosity and surface area of conventional MEA-CCM, all-in-one MEA-L and all-in-one MEA-S. Image 

analysis, i.e. the extraction of areal surface porosity (ASP), was performed using the Fiji distribution of the 

ImageJ software program. A Gaussian blur was applied to pristine SEM images to reduce the roughness of 
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the exterior surfaces and filter out small, illuminated intraporous surfaces while maintaining image integrity. 

A threshold was applied using the default method of the ImageJ threshold operation, then the image was 

inverted. 
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Supplementary Fig. 12 | White light interferometry characterization of PP membrane and CLs 

structure of all-in-one MEAs. (a1) 2D and (a2-a3) 3D images of pristine PP porous membrane. (b1) 2D and 

(b2-b3) 3D images of all-in-one MEA-L. (c1) 2D and (c2-c3) 3D images of all-in-one MEA-S. 
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Supplementary Fig. 13 | Mechanical toughness and catalyst layer adhesion tests of all-in-one MEA-

S. (a) The all-in-one MEA-S (size: 40 cm × 20 cm; thickness: ~26 cm) recovers the shape without cracks 

even after the twisting and kneading tests. The corresponding SEM images of the representative areas (b), 

(c) and (d), respectively. 
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Supplementary Fig. 14 | Catalyst layer adhesion tests using ultrasonic vibration method. (a) The 

digital photographs of all-in-one MEA-S before and after ultrasonication for 10 min. (b-c) SEM images of 

catalyst layers of all-in-one MEA-S after ultrasonication for 10 min. 
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Supplementary Fig. 15 | SEM analysis of conventional MEA-CCM (C-MEA-CCM). SEM images of 

catalyst layer of the C-MEA-CCM after ultrasonication.  
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Supplementary Fig. 16 | Catalyst layer adhesion tests. Tensile stress–strain curves for shear testing of 

the dry conventional MEA-CCM, the dry all-in-one MEA-L, and the all-in-one MEA-S. 
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Supplementary Fig. 17 | SEM analysis of cross-sectional morphologies of all-in-one MEA-S with 

different solvothermal time. (a1-a2) 1 h, (b1-b2) 2 h, (c1-c2) 3 h, (d1-d2) 4 h, (e1-e2) 5 h and (f1-f2) 6 h. 
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Supplementary Fig. 18 | SEM analysis of catalyst layer morphologies of all-in-one MEA-S with 

different solvothermal time. (a1-a2) 1 h, (b1-b2) 2 h, (c1-c2) 3 h, (d1-d2) 4 h, (e1-e2) 5 h, (f1-f2) 6 h, (g1-

g2) 7 h and (h1-h2) 8 h. 
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Supplementary Fig. 19 |  Schematic diagrams of the growth mechanism for catalytic membrane. The 

oriented intergrowth process of catalyst layer in MEA can be divided into two stages: the pore-filling 

process and the catalyst layer grwoth on membrane. 
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Supplementary Fig. 20 | Photographic images of different membranes before and after CL 

intergrowth process. The digital photographs of (a) pristine commercial FAA-3-20 membrane, (b) 

commercial FAA-3-20 membrane after solvothermal reaction (ethanol as solvent), (c) commercail FAA-3-

20 membrane after hydrothermal reaction (water as solvent), (d) pristine PBI membrane, (e) PBI membrane 

after solvothermal reaction (ethanol as solvent), (f) PBI membrane after hydrothermal reaction (water as 

solvent), (g) commercial PE membrane, (h) commercial PE membrane after solvothermal reaction (ethanol 

as solvent) and (i) commercail PE membrane after sulfurization treatment. 
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Supplementary Fig. 21 | SEM analysis of all-in-one MEA-S. SEM imgaes of catslyst layer surface 

morphologies of all-in-one MEA-S with different ratio of  ethanol and water: (a) ethanol : H2O = 7:3, (b) 

ethanol : H2O = 5:5, (c) ethanol : H2O = 3:7 and (d) ethanol : H2O = 0:10. 
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Supplementary Fig. 22 | Photographic images of CoNi LDH/Ni foil and CoNiS/Ni foil. 
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Supplementary Fig. 23 | OER overpotential analysis of catalysts at different current densities. The 

overpotentials of Ni foil, commercial IrO2/Ni foil, CoNi LDH/Ni foil and CoNiS/Ni foil at 10 and 100 mA 

cm-2 towards OER. 
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Supplementary Fig. 24 | HER overpotential analysis of catalysts at different current densities. The 

overpotential of Ni foil, commercial Pt/C/Ni foil, CoNi LDH/Ni foil and CoNiS/Ni foil at 10 and 100 mA 

cm-2 towards HER. 
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Supplementary Fig. 25 | Electrocatalytic properties for OER and HER. (a) OER polarization curves of 

CoNiS/Ni foam, CoNiS/Ni foil, CoNi LDH/Ni foam, CoNi/Ni foil, Ni foam and Ni foil in 1.0 M KOH at a 

scan rate of 5 mV s-1. (b-c) The corresponding Tafel plots. (d) HER polarization curves of CoNiS/Ni foam, 

CoNiS/Ni foil, CoNi LDH/Ni foam, CoNi/Ni foil, Ni foam and Ni foil in 1.0 M KOH at a scan rate of 5 

mV s-1. (e-f) The corresponding Tafel plots. 
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Supplementary Fig. 26 | EIS analysis of catalysts. (a) Nyquist plots of Ni foil, commercial IrO2/Ni foil, 

CoNi LDH/Ni foil and CoNiS/Ni foil for OER. (b) Nyquist plots of Ni foil, commercial Pt/C/Ni foil, CoNi 

LDH/Ni foil and CoNiS/Ni foil for HER. 
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Supplementary Fig. 27 | Tafel slope analysis of catalysts. (a) Tafel plots for OER over Ni foil, 

commercial IrO2/Ni foil, CoNi LDH/Ni foil and CoNiS/Ni foil. (b) Tafel plots for HER over Ni foil, 

commercial Pt/C/Ni foil, CoNi LDH/Ni foil and CoNiS/Ni foil. 

 

 

 

 

 



 

 

38 

 

 
Supplementary Fig. 28 | Electrochemically active surface area (ECSA) calculation. Cyclic 

voltammetry (CV) curves of (a) Ni foil, (b) IrO2/Ni foil, (c) Pt/C, (d) CoNi LDH/Ni foil and (e) CoNiS/Ni 

foil with different scan rates (20−100 mV s-1). (f) Contrastive Cdl of the catalysts obtained from CV curves 

with different scanning rates. 

 

Supplementary Note 2 

To measure the electrochemical double layer capacitance of the samples, the current-potential 

curves were tested in a non-Faradaic HER or OER region of the voltammogram at speed rate of 

20~100 mV s-1. The double layer charging current i, normalized on the geometric area of the 

electrode, is directly proportional to the scan rate v (i=vCdl). The double-layer capacitance (Cdl) 

was derived as the linear fitted slope by plotting the current against the scan rate. The ECSA of 

the catalyst layer can be calculated (ECSA= Cdl/Cs). Here, the specific capacitances (Cs) were 

chosen as Cs= 0.04 mF cm-2 based on typical reported values. 

Ni foil: 
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𝐴𝐸𝐶𝑆𝐴
𝑁𝐹 =

5.3⁡𝑚𝐹⁡𝑐𝑚−2

40µ𝐹. 𝑐𝑚−2𝑝𝑒𝑟𝑐𝑚𝐸𝐶𝑆𝐴
2 = ⁡132.5⁡𝑐𝑚𝐸𝐶𝑆𝐴

2  

IrO2: 

𝐴𝐸𝐶𝑆𝐴
𝐼𝑟𝑂2 =

7.2⁡𝑚𝐹⁡𝑐𝑚−2

40µ𝐹. 𝑐𝑚−2𝑝𝑒𝑟𝑐𝑚𝐸𝐶𝑆𝐴
2 = ⁡180.0⁡𝑐𝑚𝐸𝐶𝑆𝐴

2  

Pt/C: 

𝐴𝐸𝐶𝑆𝐴
𝑃𝑡/𝐶

=
14.0⁡𝑚𝐹⁡𝑐𝑚−2

40µ𝐹. 𝑐𝑚−2𝑝𝑒𝑟𝑐𝑚𝐸𝐶𝑆𝐴
2 = ⁡350.0⁡𝑐𝑚𝐸𝐶𝑆𝐴

2  

CoNi LDH: 

𝐴𝐸𝐶𝑆𝐴
𝐶𝑜𝑁𝑖⁡𝐿𝐷𝐻 =

50.0⁡𝑚𝐹⁡𝑐𝑚−2

40µ𝐹. 𝑐𝑚−2𝑝𝑒𝑟𝑐𝑚𝐸𝐶𝑆𝐴
2 = ⁡1250.0⁡𝑐𝑚𝐸𝐶𝑆𝐴

2  

CoNiS: 

𝐴𝐸𝐶𝑆𝐴
𝐶𝑜𝑁𝑖𝑆 =

57.5⁡𝑚𝐹⁡𝑐𝑚−2

40µ𝐹. 𝑐𝑚−2𝑝𝑒𝑟𝑐𝑚𝐸𝐶𝑆𝐴
2 = ⁡1437.5⁡𝑐𝑚𝐸𝐶𝑆𝐴

2  
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Supplementary Fig. 29 | Polarization curves normalized by ECSA. Linear sweep voltammograms (LSV) 

curves of CoNi LDH/Ni foil and CoNiS/Ni foil for OER and HER. 
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Supplementary Fig. 30 | The electrocatalytic stability evaluation. The polarization curve of CoNiS/Ni 

foil electrode after HER and OER stability testing, respectively. 
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Supplementary Fig. 31 | The morphology structure characterization of CoNiS nanosheet arrays after 

OER stability tests. (a) FESEM image, TEM images with (b-c) low and (d) high magnifications. (e) 

energy-dispersive spectroscopy elemental mapping images of CoNiS nanosheet.  
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Supplementary Fig. 32 | The morphology structure characterization of CoNiS nanosheet arrays after 

HER stability tests. (a) SEM image, TEM images with (b-c) low and (d) high magnifications. (e) energy-

dispersive spectroscopy elemental mapping images of CoNiS nanosheet.  

 

 

 

 

 

 



 

 

44 

 

 
Supplementary Fig. 33 | The bifunctional activity comparison of CoNiS and reported literatures. 

Comparison of HER and OER overpotentials at 10 mA cm−2 of this work with the reported bifunctional 

electrocatalysts, including Ni11(HPO3)8(OH)6
1, Co-P-B2, CoFeO@BP3, Cr-doped FeNi-P/NCN4, Cu-NiS2

5, 

Fe-Ni5P4/NiFeOH6, Cu3P-Cu2O/NPC7, CoMnP/Ni2P8, LSC/K-MoSe2
9, FeP/Ni2P10, Cu3N11, 

CoTe2@NCNTFs12, R-NCO13, NiSe/NF14, NiFeOF15, NiFe-NCs16, NiFe-LDH@CoSx
17, FeCoNi-HNTAs18 

and Co/CNFs (1000)19. 
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Supplementary Fig. 34 | The pore size distribution of different membranes and all-in-one MEA-S. 

The curves of incremental intrusion curves for pristine PP separator, Zirfon Thin and all-in-one MEA-S as 

a function of pore size diameter by mercury porosimeter.  
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Supplementary Fig. 35 | The bubble point and pore size distribution of different membranes and all-

in-one MEA-S. (a) Differential pressures and flow rates of PP separator, Zirfon Thin, m-PBI, Sustainion 

X37-50 and all-in-one MEA-S. (b)The pore diameter distribution of (b) PP separator, (c) Zirfon Thin and 

(d) all-in-one MEA-S, measured using a capillary flow porometer 
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Supplementary Fig. 36 | Swelling ratio of membranes and all-in-one MEA-S. Electrolyte absorption 

behaviour of (a) Zirfon Thin, (b) m-PBI, (c) Sustainion X37-50I and (d) All-in-one MEA-S. The circle 

symbol depicts the water uptake of membranes. The dimensional variations of both membranes increase 

gradually with an increase in temperature. 
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Supplementary Fig. 37 |  Mechanical strength of membranes and all-in-one MEA-S. Stress-strain 

curves of the PP separator, commercial Zirfon Thin, m-PBI, Sustainion X37-50 membranes and all-in-one 

MEA-S. 
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Supplementary Fig. 38 | Performance of conventional MEA-CCS (C-MEA-CCS) and all-in-one 

MEA-S. C-MEA-CCS (CoNiS//Zirfon Thin//CoNiS) uses Zirfon Thin and self-supported CoNiS as 

membrane and electrodes. C-MEA-CCS (CoNiS//m-PBI//CoNiS) uses m-PBI and self-supported CoNiS as 

membrane and electrodes. C-MEA-CCS (CoNiS//X37-50//CoNiS) uses Sustainion X37-50 and self-

supported CoNiS as membrane and electrodes. Polarization curves of different MEAs in (a) 30 wt% KOH, 
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(d) 10 wt% KOH, (g) 5 wt% KOH and (j) 0.5 wt% KOH at 60 ℃. The cell voltage of different MEAs in 

(b) 30 wt% KOH, (e) 10 wt% KOH and (h) 5 wt% KOH at various current density. Nyquist plot of different 

MEAs at 500 mA cm-2 in (c) 30 wt% KOH, (f) 10 wt% KOH, (i) 5 wt% KOH and (i) 0.5 wt.% KOH at 

60 ℃. (k) Bar diagram of overvoltage current density (200, 500 and 1000 mA cm-2) of different MEAs 

divided by mass transfer (ηmass), kinetics (ηkin) and ohmic (ηohm) in 0.5 wt.% KOH at 60 ℃. 
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Supplementary Fig. 39 | Performance of conventional MEAs (C-MEAs) and all-in-one MEA-S. C-

MEA-CCM (CoNiS//X37-50//CoNiS) uses Sustainion X37-50 and powdery CoNiS catalysts as membrane 

and CLs. C-MEA-CCM (Pt/C//X37-50//IrO2) uses Sustainion X37-50, powery Pt/C and IrO2 catalysts as 

membrane, cathode and anode CLs, respectively. C-MEA-CCS (CoNiS//X37-50//CoNiS) uses Sustainion 

X37-50 and self-supported CoNiS as membrane and electrodes. (a) Polarization curves of different MEAs 

in 0.5 wt.% KOH at 60 ℃. (b) Nyquist plot of different MEAs at 0.5 A cm-2 in 0.5 wt.% KOH at 60 ℃. (c) 

Bar diagram of overvoltage current density (200, 500 and 1000 mA cm-2) of different MEAs divided by 

mass transfer (ηmass), kinetics (ηkin) and ohmic (ηohm) in 0.5 wt.% KOH at 60 ℃. 
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Supplementary Fig. 40 | The electrolysis performance comparison of all-in-one MEA-S and reported 

literatures. Comparison of cell performances of advanced alkaline water electrolysis (AWE) using all-in-

one MEA-S in 0.5 wt% KOH in this study and the literatures (AEMWE fed with 0.1 M KOH and pure 

water). 

 



 

 

53 

 

 
Supplementary Fig. 41 | Durability tests of the all-in-one MEA-S at different current densities and 

electrolyte concentration. (a) Long-term stability performance of all-in-one MEA-S at 2000 mA cm-2 and 

60 ℃ in 30 wt% KOH electrolyte. (b) Long-term stability performance of all-in-one MEA-S at 4000 mA 

cm-2 and 60 ℃ in 30 wt% KOH electrolyte. (c) Long-term stability performance of all-in-one MEA-S at 
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1000 mA cm-2 and 60 ℃ in 10 wt% KOH electrolyte. (d) Long-term stability performance of C-MEA-

CCM (Pt/C//X37-50//IrO2), C-MEA-CCS (CoNiS//X37-50//CoNiS) and all-in-one MEA-S at 1000 mA cm-

2 and 60 ℃ in 0.5 wt% KOH. 
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Supplementary Fig. 42 | Hydrogen crossover. The data points show the hydrogen crossover into the 

anodic oxygen stream of the all-in-one MEA-S as a function of current density, at 60 ℃ and atmospheric 

pressure in 30 wt% KOH. ach data point was collected after operating the cell for 30 min at the relevant 

current density. 
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Supplementary Fig. 43 | Hydrogen gas purity generated from alkaline water electrolyzer using all-

in-one MEA-S at different current densities of 200, 500 and 1000 mA cm-2. Produced H2 gas was 

measured by gas-chromatography (GC) and compared with standard H2 gas (99.999 %). 
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Supplementary Fig. 44 | Superhydrophilic and aerophobic measurement. The static droplets contact 

angles of (a) conventional MEA-CCM and (b) all-in-one MEA-S. The insets a1-a3 in a show the static-

water-droplet measurement process where the KOH electrolyte droplets could be captured on the 

conventional MEA-CCM surface with passage of time. The air-bubble contact angles of (c) conventional 

MEA-CCM and (d) all-in-one MEA-S. The inset c1-c3 in a show the air-bubble measurement process where 

the air-bubble could be capture on the conventional MEA-CCM surface with the passage of time. 
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Supplementary Fig. 45 | Morphological structure characterization of PES porous membrane by SEM. 

(a) The surface morphology of PES porous membrane. (b-c) The cross section morphology of PES 

porous membrane. 
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Supplementary Fig. 46 | Morphological structure characterization of CoNi LDH/Ni foam and 

CoNiS/Ni foam by SEM. (a) The optical image of CoNi LDH/Ni foam and CoNiS/Ni foam. The SEM 

images of CoNi LDH/Ni foam with (b-c) low and (d) high magnifications. The SEM images of CoNiS/Ni 

foam with (e-f) low and (g) high magnifications.  
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Supplementary Fig. 47  | Morphological structure characterization of all-in-one MEA prepared using 

commercial Zirfon Thin membrane. (a-b) Cross-sectional and (c) surface SEM image of porous Zirfon 

membrane (inset shows the optical image). (d-e) Cross-sectional and (f) surface SEM image of all-in-one 

MEA-S based on Zirfon membrane (inset shows the optical image). (g) Cross-sectional SEM image of all-

in-one MEA-S based on Zirfon membrane prepared by focused ion beam (FIB) and corresponding EDX 

mapping. 
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Supplementary Fig. 48 | Morphological structure characterization of all-in-one MEA-R. (a) The 

optical image of reinforced PTFE porous membranes. The surface morphologies of (b) reinforced PP side 

and (c) PTFE side. The catalyst layer morphologies of all-in-one MEA-R: (d) reinforced PP side and (e-f) 

PTFE side. (g) EDX mapping images of catalyst layer in all-in-one MEA-R 
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Supplementary Fig. 49 | Morphological structure characterization of all-in-one MEA-N. (a-b) The CL 

surface morphologies of all-in-one MEA (CoNiS NW). (c) The cross section morphologies of all-in-one 

MEA (CoNiS NW) and corresponding EDX mapping. 
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Supplementary Fig. 50 | Morphological structure characterization of all-in-one MEA (CoNiS@FeNi 

LDH). (a-b) The catalyst layer morphologies of all-in-one MEA based on CoNiS@FeNi LDH, and 

corresponding EDX mapping. 
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Supplementary Table 1 |  Summary for the porosity and pore size of different membranes and all-in-one 

MEA-S. 

 Porosity / % BET pore size /μm MP pore size /μm 
CFP pore size 

/μm 

Porous PP 42 0.34 0.36 0.30 

Zirfon Thin 52 0.42 0.40 0.45 

All-in-one MEA-S 4 0.04 0.05 0.03 
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Supplementary Table 2 | Advantages and disadvantages of alkaline water electrolysis using 

conventional MEAs and all-in-one MEA 

ALWE using MEA-CCS AEMWE using MEA-CCS AEMWE using MEA-CCM 

Alkaline water 

electrolysis using all-in-

one MEA 

Commercial Zirfon Thin Sustainion X37-50 Sustainion X37-50 
PP/CoNiS composite 

membrane 

Self-supported 

electrodes 
Self-supported electrodes Powdery CLs 3D-ordered CLs 

High chemical stability 

of separator 
Membrane degradation Membrane dagradation 

High chemical stability of 

composite membrane 

OH- transport by pore of 

separator 

OH- transport by tethered 

cationic groups 

OH- transport by tethered 

cationic groups 

OH- transport by pore of 

composite membrane 

High gas permeation Low gas permeation Low gas permeation Low gas permeation 

Corrosive liquid 

electrolyte (30 wt.% 

KOH) 

Pure water or low 

concentrated electrolyte (1 

M KOH) 

Pure water or low 

concentrated electrolyte (1 

M KOH) 

Low concentrated 

electrolytes (0.5~30 wt% 

KOH) 

High interfacial 

resistance, especially at 

low concentrated KOH 

High interfacial resistance, 

especially at low 

concentrated KOH 

Low interfacial resistance Low interfacial resistance 

3D-ordered and porous 

CLs 
3D-ordered and porous CLs Inordered and dense CLs 

3D-ordered and porous 

CLs 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

66 

 

Supplementary Table 3 | Comparison of cell performances of advanced alkaline water electrolysis (AWE) 

using all-in-one MEA-S in 5 wt% and 30 wt% KOH in this study and the literatures (ALWE, AEMWE 

using precious platinum group metal (PGM) free catalysts and PEMWE). 

 Anode Cathode Membrane Electrolyte 

Current 

density 

/ A cm-2 

Cell 

voltage / 

V 

Ref. 

ALWE 

IrO2 Pt/C NPBI 6 M KOH 1.50 1.92 20 

NiFe LDH Raney Ni Zirfon-type 
30 wt% 

KOH 
0.60 1.70 21 

Ni foam Ni foam PVA/ABPBI 
15 wt% 

KOH 
0.50 1.93 22 

NiFe LDH Raney Ni Zirfon-type 
30 wt% 

KOH 
1.40 2.10 23 

NiFe LDH Raney Ni cPVA/Zirfon 
30 wt% 

KOH 
1.00 2.05 24 

Ni Ni 
Porous 

PFSA 

30 wt% 

KOH 
0.20 2.12 25 

Ni/MoN/rNS Ni/MoN/rNS PPS 
30 wt% 

KOH 
0.40 1.85 26 

AEMWE 

using 

PGM 

free 

catalysts 

Ni2P@FePOxHy MoNi4/MoO2 AEM 1 M KOH 0.50 1.75 27 
NiFe Ni FAA-3-50 1 M KOH 0.40 2.00 28 

Ni felt Ni felt AemionTM 1 M KOH 0.30 2.10 29 

NiFeCo LDH NiFeCoP 
X37-50 

Grade T 
1 M KOH 0.50 1.72 30 

NiFe2O4 NiFeCO TPNPiQA 1 M KOH 0.85 2.20 31 
NiFe NiFe PFTP-13 1 M KOH 0.92 1.80 32 

NiFe LDH NiMo 
PVBC-

Mpy/PEK 
1 M KOH 0.90 2.13 33 

NiCo2O4 NiCo2O4 PAni 1 M KOH 0.37 2.00 34 

PEMWE 

Ir Pt/C Nafion 115 Pure water 1.95 1.95 35 
IrO2 Pt/C Nafion 117 Pure water 1.50 1.80 36 

IrO2 Pt/C 
Multiblock 

PEM 
Pure water 3.00 1.87 37 

IrO2 Pt/C Nafion 117 Pure water 2.00 1.80 38 
IrO2 CuNiMo Nafion 212 Pure water 1.45 1.90 39 
IrO2 Pt/C Nafion 115 Pure water 3.80 2.20 40 
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Supplementary Table 4 | Comparison of cell performances of advanced alkaline water electrolysis (AWE) 

using all-in-one MEA-S in 0.5 wt% KOH in this study and the literatures (AEMWE fed with 0.1 M KOH 

and pure water). 

 Anode Cathode Membrane Electrolyte 

Current 

density 

/ A cm-2 

Cell 

voltage / 

V 

Ref. 

AEMWE  

a-NiFeOOH MoNi4/MoO2 FAA-3-50 Pure water 0.25 1.88 41 

NiFe Ni FAA-3-50 
0.1 M 

KOH 
0.31 2.00 28 

Ni-LCO/C Cu0.5Co2.5O4 
X37-50 

Grade T 

0.1 M 

KOH 
0.78 1.90 42 

NiFe LDH Pt/C 
HWU-

AEM 
Pure water 0.25 1.90 43 

NiCoFeOx Pt black AEM Pure water 0.58 2.25 44 
NiFe-BTC-

GNPs 
MoNi4/MoO2 

FAA-3-PK-

130 

0.1 M 

KOH 
1.10 1.85 45 

NiCoFe-NDA Pt/C 
X37-50 

Grade T 

0.1 M 

KOH 
0.42 1.90 46 

IrO2 Pt/C PiperION Pure water 0.80 1.97 47 
IrO2 Pt/C QPC-TMA Pure water 0.14 1.70 48 

FeNiOOH-F Pt/C PAP-TP-85 Pure water 1.02 1.80 49 

Ir-Ni/Mo5N6 Ir-Ni/Mo5N6 
X37-50 

Grade T 
Pure water 0.11 1.6 50 

Acta 3030 Acta 4030 A201 
1 wt% 

K2CO3 
0.47 1.81 51 

IrO2 Pt black A201 Pure water 0.39 1.80 52 
IrO2 Pt/C PFOTFPh Pure water 1.00 1.96 53 
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Supplementary Table 5 | Comparison of operating parameters of stacks of 200 of the individual cells at 

60 ℃ 

Cell stack type 

Fixed current 

density / A 

cm-2 

Number 

of cells 

Current / 

A 

Cell stack 

voltage / V 

Total power 

/ kW 

Electrolyte 

/  KOH 

wt% 

Conventional MEA-

CCM (Pt/C//X37-

50//IrO2) 

1.0 200 200 392 78.4 5 

Conventional MEA-CCS 

(CoNiS//Zirfon 

Thin//CoNiS) 

1.0 200 200 356 71.2 30 

All-in-one MEA-S 1.0 200 200 330 66.0 5 

All-in-one MEA 

(CoNiS@FeNi LDH) 
1.0 200 200 314 62.8 30 
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Supplementary Table 6 | Comparison of reported hydrogen crossover with conventional separators.  

Separator Electrolyte 
Temperature 

/ ℃ 

Pressure / 

bar 

Current 

density / A 

cm-2 

Concentration 

(H2 in O2) / 

vol.% 

Reference 

All-in-one MEA-S 30 wt% KOH 60 1 atm 0.05 0.18 This work 

All-in-one MEA-S 30 wt% KOH 60 1 atm 0.20 0.10 This work 

Zirfon PERL UTP 

500 

30 wt% KOH 80 10 0.40 0.21 54 

PTFE/LDH 1 M KOH 80 1 atm 0.50 1.30 55 

Zirfon 30 wt% KOH 80 1 atm 0.10 2.42 24 

cPVAZ-30 30 wt% KOH 80 1 atm 0.10 0.32 24 

cPVAZ-30 30 wt% KOH 80 1 atm 0.20 0.27 24 

Zirfon 30 wt% KOH 80 0.3 0.20 1.59 21 

Z80_300um 30 wt% KOH 80 0.3 0.05 1.24 21 

Z80_300um 30 wt% KOH 80 0.3 0.20 0.26 21 

Z80C5 10 wt% KOH 80 0.1 0.05 0.26 56 

Z80C5 10 wt% KOH 80 0.1 0.20 0.21 56 

Z80C5 10 wt% KOH 80 0.3 0.05 0.75 56 

Nafion 117 DI water 80 1 atm 0.40 1.91 57 

Nafion 212 DI water 80 1 atm 1.40 1.91 57 
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Supplementary Table 7 | The comparison of energy efficiency at the current density of 1000 mA cm-2 for 

all-in-one MEAs and recently reported alkaline water electrolyzers 

Anode Cathode membrane 
Voltage@1000 

mA cm-2 

Energy 

efficiency 

/ % 

Reference 

NiFe Ni FAA-3-50 2.3 63.91 28 

FeNiPS FeNiPS FAA-3-50 1.75 84.00 58 

NiFeO Pt/C X37-50 Grade T 1.76 83.52 9 

NiAlMo NiAlMo HMT-PBI 1.82 80.77 59 

IrO2 Pt/C PFOTFPh-TMA 1.78 82.58 53 

NiMoO2 NiCoFe Fumapem-3-PE-30 1.96 75.00 60 

IrO2 Pt/C PiperION 1.68 87.50 47 

IrO2 PtRu/C HTMA-DAPP 1.66 88.55 61 

NiFe LDH Pt/C X37-50 1.7 86.47 62 

Co PtNi AEM 1.9 77.37 63 

NiCoFeO Pt AEM 2.5 58.80 44 

NiFe LDH Pt/C X37-50 Grade T 1.58 93.04 64 

NiFeOOH Pt/C FAA-3-50 1.62 90.74 65 

CoSb2O6 Pt/C FAA-3-50 2 73.50 66 

CuCo2O4 Pt/C X37-50 Grade T 1.83 80.32 67 

Fe-NiMo NiMo X37-50 Grade T 1.57 93.63 68 

FeNi LDH CoP PTFE/LDH 1.8 81.67 55 

IrO2 Ru2P X37-50 1.87 78.61 69 

FeNi LDH Raney Ni 
Cellulose–blended 

Zirfon 
1.72 85.47 23 

CoFe Pt/C FAA-3-50 1.73 84.97 70 

IrO2 Pt/C FAA-3-50 1.78 82.58 71 

CuCoO Co3S4 X37-50 2.2 66.82 72 

IrO2 CuCoP X37-50 2.03 72.41 73 

FeNi LDH Pt/C HWU-AEM 1.92 76.56 43 

Ni Ni 
PVBC-Mpy/PEK-

cardo 
2.2 66.82 33 

CoNiS@FeNi 

LDH 

CoNiS@FeNi 

LDH 
All-in-one MEA 1.57 94.00% This work 
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