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Experimental Section

Materials

Aluminum foil (AF) (99.99%), nickel foil (99.99%) and nickle foam were purchased from 

Tianjin Yiweixin Science and Technology Chemical Limited Corporation. Cobalt(Ⅱ) chloride 

(CoCl2, 99%), vanadium(Ⅲ) chloride (VCl3, 99%), ammonium chloride (NH4Cl), hydrochloric 

acid (HCl), potassium hydroxide (KOH) and N-methyl pyrrolidone (NMP, 99.99%) were 

purchased from Sigma Aldrich. p-Terphenyl (TP), biphenyl (BP), 1,2-diphenylethane (DP), 1-

methyl-4-piperidone, 9,9-dimethylfluorene, trifluoromethanesulfonic (TFSA), trifluoroacetic 

acid (TFA) and iodomethane were purchased from energy-chemical Co. Ltd (China). Carbon 

rod and Pt foil electrodes were obtained from Tianjin Aida Heng Sheng Technology 

Development Co. LTD. All the chemical agents were analytical grade.

Methods

Preparation of self-supported porous VCoP nanoarrays

The self-supported porous VCoP nanoarrays were firstly electrodeposited at different current 

densities (100, 500, 1000 and 2000 mA cm-2) for 90 s at 25 ℃ using an electrochemical 

workstation through a two-electrode system. AF of 2 × 3 cm2 was used as the cathode electrode. 

The Pt foil of 1 × 1 cm2 was used as anode electrode. The bath solution was composed of 0.1 

M CoCl2, 0.1 M VCl3, 0.5 M NaH2PO2.H2O and 1 M NH4Cl. The as-prepared self-supported 

VCoP/AF sample was washed with ethanol and deionized (DI) water prior to drying in a 

vacuum oven at 50 ℃, for 1 h. The self-supported VCoP/nickel foil sample was prepared by 

substituting AF as nickel foil via the same process. The electrodeposited catalysts loading to 

be ~2.0 mg cm-2.



Preparation of alkaline resistant polymers

PBI was synthesized following our work reported previously1. PPA (153 g) was heated to 150 

℃ in a three-necked flask, which equipped with a mechanical stirring and N2 atmosphere. DAB 

(3.2427 g) was added into the three-necked flask, and mechanical stirred at 150 ℃ for 3 h. 

Then the temperature was heated up to 200 ℃, following triphenyl phosphate (0.065 g) and 

P2O5 (4.5 g) were poured into the three-necked flask in sequence and reacted for 24 h. After 

polymerization reaction, the obtained polymers were further purified by the treatments of 

NaHCO3 and DI.

The poly(alkyl-terphenyl piperidinium) polymers were synthesized following recently 

reported literature2. TP (3.885 g), DP (1.0252 g) and MP (2.8005 g) were added to a 200 mL 

double-jacketed glass reactor with a mechanical stirrer. After that, 18 mL of CH2Cl2 was added 

into the reactor as a solvent. When the setting temperature was below 3 ℃, TFA (2.7 mL) and 

TFSA (18 mL) were slowly added to the solution, and the reaction proceeded at 1 ℃ for ~12 

h. The color of the solution changed from yellow-green to dark green. Finally, the viscous 

solution was poured into 1 L DI water to precipitate the polymer. Subsequently, the large 

polymer fiber was cut into small pieces by using a blender. Then, it was washed with DI water 

4 times until neutral pH. The polymer was dried in an oven at 70 ℃ for 24 h to obtain flavescent 

poly(diphenyl-co-terphenyl N-methyl piperidine) (PDTM). Then PDTM (6.0 g) was dissolved 

in DMSO (100 mL) in a 250 mL single-neck flask with a magnetic stirrer. Subsequently, 

K2CO3 (3.6 g) and iodomethane (5.5 g) were added into the polymer solution, and the reaction 

proceeded at room temperature under magnetic stirring for 24 h in a dark environment. The 

polymer solution was precipitated in 800 mL of ethyl acetate and was washed with DI water 



several times to remove remaining iodomethane and salt. Finally, the polymer was dried in an 

oven at 60 ℃ for overnight to obtain a light-yellow poly(diphenyl-co-terphenyl dimethyl 

piperidinium) powder.

Preparation of novel 3D-ordered membrane electrode assembly

Conventionally, the polymer membranes are typically cast from a polymer solution, and then 

following solvent evaporation. However, to prepare the novel 3D-ordered MEAs in this work, 

a novel direct membrane deposition technique is utilized. The as-prepared self-supported 

VCoP/AF electrode was employed as bifunctional electrode. The polybenzimidazole (PBI) 

polymer dispersion is directly deposited on top of two as-prepared self-supported VCoP/AF 

electrodes via an ultrasonic spray setup. For PBI polymer dispersion fabrication, PBI polymer 

(1 g) is dissolved in ethanol (99 g) to form uniform solution. In addition, for poly (diphenyl-

co-terphenyl dimethyl piperidinium) dispersion fabrication, poly(diphenyl-co-terphenyl 

dimethyl piperidinium) polymer (1 g) is dissolved in DMSO (99 g). The MEA for AEMWE is 

constructed by assembling the membrane-coated self-supported VCoP/AF electrodes with the 

membrane layers facing each other before membrane solidification. Then as-prepared MEA 

was dried in a vacuum oven at 50 ℃, for overnight. To etch the AF forming porous gas 

diffusion layer, the as-prepared MEA was immersed into 1 M KOH solution at room 

temperature for 12 h.

Preparation of conventional 3D-ordered membrane electrode assembly

To prepare the conventional 3D-ordered MEA, the highly porous VCoP-2 foams were decaled 

to the both sides of a self-supported membrane by hot pressing at a condition of 2 MPa and 

140 ℃ for 5 min.



Preparation of conventional membrane electrode assembly

The preparation methods of conventional MEAs include catalyst coated substrate (CCS) and 

catalyst coated membrane (CCM) techniques. The commercial noble-metal Pt/C and IrO2 

catalysts were employed as HER and OER catalysts, respectively. The catalyst powders were 

first ground in a mortar for uniformity. For the catalyst ink preparation, 5 mg of each 

electrocatalyst powders was mixed with 40 μL ionomer solution and 1 mL ethanol. The mixed 

solution was subjected to ultrasonication for 5 h to form a highly disperse catalyst ink. For the 

CCS method, the ink was immediately spray onto nickel foam. The loading mass of catalysts 

was about 2.0 mg cm-2. Subsequently, cathode and anode were sandwiched with a self-

supported PBI membrane and hot-pressed at 120 ℃ for 2 min. For the CCM method, the ink 

was immediately spray onto both sides of a self-supported PBI or poly(alkyl-terphenyl 

piperidinium) membrane , respectively. The loading mass of catalysts was about 2.0 mg cm-2. 

Then, the cathode and anode nickel foam were sandwiched with the catalyst coated membrane 

and pressed to form MEA.

Materials Characterization

The morphology of samples was characterized via transmission electron microscopy (TEM, 

FEI Tecnai Arctica) and scanning electron microscopy (SEM, Zeiss Merlin). X-ray diffraction 

(XRD) was carried out on a Bruker machine with Cu Kα (λ = 0.15418 nm) as the source. The 

chemical composition was analyzed using X-ray photoelectron spectroscopy (XPS), which 

used a Kratos Axis Ultra DLD spectrometer employing a monochromated Al Kα X-ray source 



(hν = 1486.6 eV). The structure of self-supported VCoP/AF electrodes was analyzed by means 

of a white light interferometry profiling system (WLI) (Bruker Contour GT K0 G, Germany). 

The completely contactless optical method is a type of microscope, in which white light from 

a source is split into two paths by a partically reflecting mirror called a beam splitter, left side. 

One path directs light to a flat from the two surfaces are recombined in the microscope and 

imaged at a digital camera. If the path difference between the recombined beams is in the order 

of a few wavelengths of light or less, interference occurs. These fringes correspond to the 

contour of the surface of the sample, mapping its vertical topography with a resolution as high 

as few nanometers. The contact angles (CA) and interface tension were measured by Contact 

Angle Tester (Data physics Co. Ltd., GER OCA-20). The adhesion strength of MEAs were 

measured by a peel-off test. The 180° peel-off strength was recorded 5 times for each sample 

by a universal testing machine at 25 °C. To measure the hydrogen permeation of MEAs and 

membranes, the alkaline electrolyte or pure water was filled at 30 °C on both sides of the cell, 

which comprised a MEA with an active area 5 cm2. The pressure difference was determined 

from 1.1 to 1.5 bar using a single stage backpressure regulator (44-2361-24, TESCOM™, 

Minneapolis, MN, USA) and mass flow controller (5850E, Brooks Instrument, Hatfield, PA, 

USA). The lower-side of pressure was referred to as the anode, while the higher-side was 

referred to as the cathode. When the electrolyte permeated the MEA, the change of mass was 

recorded. According to Darcy’s law, the hydrogen permeation flux density ( in ΦDary
H2 mol s−2 

cm−1 bar−1) and hydrogen permeability (εDary
H2 in mol s−1 cm−1 bar−1) are defined as:

ΦDary
H2 = -εDary

H2 (△p/d)

εDary
H2 = (KSpcat)/η



where △p indicates the absolute pressure difference of the cell (bar); d, membrane’s thickness 

(cm); S, hydrogen solubility (mol m-3 bar-1); η, viscosity (bar s); pcat, hydrogen partial pressure 

on the cathode side (bar); K, electrolyte permeability (cm2).

Electrochemical Measurements

Electrochemical measurements were performed to evaluate the activity and stability of as-

prepared self-supported VCoP/NF electrode using a Princeton electrochemical workstation in 

a standard three-electrode cell. The self-supported VCoP/NF electrode with an exposed area of 

1 cm × 1 cm was used as the working electrode. The carbon rod electrode and saturated calomel 

electrode (SCE) were used as counter electrode and reference electrode, respectively. The 

activities for OER and HER were evaluated by linear sweep voltammetry (LSV), Tafel and 

electrochemical impedance spectroscopy (EIS) in 1 M KOH at 30 ℃. The LSV measurements 

were carried out at a scan rate of 5 mV s-1. The Tafel slope was obtained from the polarization 

curve using a linear fitting. The stability of the self-supported VCoP/NF electrode for OER and 

HER were also evaluated using chronopotentiometry test at 100, 500 and 1000 mA cm-2, 

respectively. All electrochemical measurements were repeated at least twice under the same 

condition to ensure reproducibility and accuracy. All potentials were converted from the SCE 

to the reversible hydrogen electrode (RHE) according to equation (S1).

ERHE = Eappl + ESCE + 0.059*pH = 1.05 V + Eappl                                 (S1)                                                             

The performance test of MEAs

The flowing 1 M KOH solution was used as electrolyte and the temperature of cell can be 



controlled at 20 ℃ to 60 ℃ by a constant temperature heating chamber. The potential range is 

from 1.2 V to 2.2 V at a scan rate of 1 mV s-1. The EIS measurements were carried out at 1.6 

Vcell. The frequency range was 10 kHz-0.01 Hz, and the amplitude was 5 mV. The complex 

nonlinear least square fitting of the impedance data was carried out with the Zview software. 

The corresponding energy conversion efficiency was calculated according to the following 

equations:

η= E0/V                                                                 (S2)                                                                                                                                  

E0=-△G/nF                                                              (S3)                                                                                                                               

△G = △H-T△S                                                          (S4)                                                                                                                 

Where η is the energy conversion efficiency and E0 is the theoretical voltage of water 

electrolysis (H2O → H2 + 1/2O2). n is the number of electrons, F is the Faradaic constant (96485 

C mol-1), T is the reaction temperature and V is the measured voltage. △G is the change of 

Gibbs free energy, △H is the change of enthalpy (-285.8 kJ mol-1) and △S is the change of 

entropy (-163.34 J K-1 mol-1) during water electrolysis. To juxtaposes each corrected 

polarization curve by removing irreversible losses individually and sequentially, first, the iR 

drop (or ohmic overpotential, ηohm) is determined by the value of the x-intercept in the Nyquist 

plot from the EIS experiment, resulting in an iR-corrected voltage, EiR-corrected. Ekin is then 

plotted using a linear approximation in the Tafel region (Tafel slope). The difference between 

Ekin and EiR-corrected is thus equivalent to the mass transfer overvoltage. In order to analysis the 

purity of generated hydrogen gas, a systematic experiment was directly conducted to a gas 

chromatography instrument (490 Micro GC, Agilent, USA). 



Figure S1. SEM images of Al foil (AF) as substrate for electrodepositing highly porous VCoP 

foams.



Figure S2. Schematic diagram of the synthetic route of porous VCoP foams by an 

electrodeposition method, in which the produced bubbles play the role as a template to fabricate 

vertical channels.



Figure S3. The photographic images of porous VCoP foam, membrane-coated catalyst layer 

and novel 3D-ordered MEA.



Figure S4. (a) SEM image of porous VCoP-0.1 foams at electrodeposition current density of 

0.1 A cm-2. (b) The histogram of cavity diameter distribution.



Figure S5. (a) SEM image of porous VCoP-0.5 foams at electrodeposition current density of 

0.5 A cm-2. (b) The histogram of cavity diameter distribution.



Figure S6. (a) SEM image of porous VCoP-1 foams at electrodeposition current of 1 A cm-2. 

(b) The histogram of cavity diameter distribution.



Figure S7. (a) SEM image of porous VCoP-2 foams at electrodeposition current density of 2 A 

cm-2. (b) The histogram of cavity diameter distribution.



Figure S8. (a) SEM image of porous VCoP-3 foams at electrodeposition current density of 3 A 

cm-2. (b) The histogram of cavity diameter distribution.



Figure S9. The high-resolution SEM images of (a) VCoP-0.1, (b) VCoP-0.5, (c) VCoP-1, (d) 

VCoP-2 and (e) VCoP-3.



Figure S10. Nitrogen adsorption-desorption isotherms for the powder samples of VCoP 

prepared by different electrodeposition current densities, with a comparison of corresponding 

surface area and pore volume (inset).



Figure S11. (a) 2D and (b) 3D WLI images of VCoP-0.1/AF (scan size = 400 × 400 μm). A 

straight line cross the contact point is used to create a profile. (c) Line profile obtained along 

the red lines outlined in (a).



Figure S12. (a) 2D and (b) 3D WLI images of VCoP-0.5/AF (scan size = 400 × 400 μm). A 

straight line cross the contact point is used to create a profile. (c) Line profile obtained along 

the red lines outlined in (a).



Figure S13. (a) 2D and (b) 3D WLI images of VCoP-1/AF (scan size = 400 × 400 μm). A 

straight line cross the contact point is used to create a profile. (b) Line profile obtained along 

the red lines outlined in (a).



Figure S14. (a) 2D and (b) 3D WLI images of VCoP-2/AF (scan size = 400 × 400 μm). A 

straight line cross the contact point is used to create a profile. (b) Line profile obtained along 

the red lines outlined in (a).



Figure S15. (a) 2D and (b) 3D WLI images of VCoP-3/AF (scan size = 400 × 400 μm). A 

straight line cross the contact point is used to create a profile. (b) Line profile obtained along 

the red lines outlined in (a).



Figure S16. The TEM image of porous VCoP-2 foams.



Figure S17. (a) TEM image of VCoP-2. (b) TEM-EDX spectra of VCoP-2.



Figure S18. The TEM EDS mapping images of elemental Co, V and P in porous VCoP-2 foam.



Figure S19. Line-scan analysis (inset) and HAADF-STEM image of VCoP-2.



Figure S20. (a) Cross-section FE-SEM image of VCoP-2. (b) SEM elemental mappings of 

VCoP-2.



Figure S21. XPS spectra of porous VCoP-2 foam: (a) full-scan spectra, (b) Co 2p, (c) V 2p and 

(d) P 2p.



Figure S22. (a) Tafel plots and (b) EIS plots of VCoP/NF prepared by different 

electrodeposition current densities (100, 500, 1000, 2000 and 3000 mA cm-2) for HER. 



Figure S23. (a) Tafel plots and (b) EIS plots of VCoP/NF prepared by different 

electrodeposition current densities (100, 500, 1000, 2000 and 3000 mA cm-2) for OER. 



Figure S24. Capacitance study of the VCoP foams. (a) VCoP-0.1, (b) VCoP-0.5, (c) VCoP-1, 

(d) VCoP-2 and (e) VCoP-3 foams. The corresponding CVs measured at different scan rates 

from 20 to 100 mV s-1 in potential region of 1.03~1.13 V (vs. RHE). (f) plots showing the 

extraction of Cdl for calculating ECSA. The plot of current density against scan rate has a linear 

relationship, and its slope is the double layer capacitance.

The specific capacitance can be converted into an electrochemical active surface area (ECSA) 

using the specific capacitance value for a flat standard with 1 cm2. The ECSA is measured by 

the double-layer capacitance via CV curves in the double-layer region at different scan rates 

(Figure 13). The specific capacitance for a flat surface was generally found to be in the range 

of 20-60 μF cm-2. In the following calculations, we assumed it to be 40 μF cm-2.

VCoP-0.1:

𝐴𝑉𝐶𝑜𝑃 ‒ 0.1
𝐸𝐶𝑆𝐴 =

6.7 𝑚𝐹 𝑐𝑚 ‒ 2

40µ𝐹.𝑐𝑚 ‒ 2𝑝𝑒𝑟𝑐𝑚 2
𝐸𝐶𝑆𝐴

=  167.5 𝑐𝑚 2
𝐸𝐶𝑆𝐴

VCoP-0.5:

𝐴𝑉𝐶𝑜𝑃 ‒ 0.5
𝐸𝐶𝑆𝐴 =

14.4 𝑚𝐹 𝑐𝑚 ‒ 2

40µ𝐹.𝑐𝑚 ‒ 2𝑝𝑒𝑟𝑐𝑚 2
𝐸𝐶𝑆𝐴

=  360.0 𝑐𝑚 2
𝐸𝐶𝑆𝐴

VCoP-1:



𝐴𝑉𝐶𝑜𝑃 ‒ 1
𝐸𝐶𝑆𝐴 =

30.2 𝑚𝐹 𝑐𝑚 ‒ 2

40µ𝐹.𝑐𝑚 ‒ 2𝑝𝑒𝑟𝑐𝑚 2
𝐸𝐶𝑆𝐴

=  755.0 𝑐𝑚 2
𝐸𝐶𝑆𝐴

VCoP-2:

𝐴𝑉𝐶𝑜𝑃 ‒ 2
𝐸𝐶𝑆𝐴 =

70.6 𝑚𝐹 𝑐𝑚 ‒ 2

40µ𝐹.𝑐𝑚 ‒ 2𝑝𝑒𝑟𝑐𝑚 2
𝐸𝐶𝑆𝐴

=  1765.0 𝑐𝑚 2
𝐸𝐶𝑆𝐴

VCoP-3:

𝐴𝑉𝐶𝑜𝑃 ‒ 3
𝐸𝐶𝑆𝐴 =

58.3 𝑚𝐹 𝑐𝑚 ‒ 2

40µ𝐹.𝑐𝑚 ‒ 2𝑝𝑒𝑟𝑐𝑚 2
𝐸𝐶𝑆𝐴

=  1457.5 𝑐𝑚 2
𝐸𝐶𝑆𝐴



Figure S25. (a) Linear sweep voltammograms (LSVs) of VCoP/porous Ni foam prepared by 

different elec-trodeposition current densities (100, 500, 1000, 2000 and 3000 mA cm-2) for 

HER. The corre-sponding (b) Tafel plots and (c) EIS plots. (d) LSVs of VCoP/ porous Ni foam 

prepared by different elec-trodeposition current densities (100, 500, 1000, 2000 and 3000 mA 

cm-2) for OER. The corre-sponding (e) Tafel plots and (f) EIS plots.



Figure S26. The long-term stability test of the VCoP/porous Ni foam for OER and HER.



Figure S27. SEM images (a-c) and the corresponding EDS elemental mapping of Co, V and P 

elementals of VCoP-2/NF samples after HER stability tests. (e) TEM image and (f) 

corresponding EDS element mapping of Co, V and P elementals after HER stability tests.



Figure 28. SEM images (a-c) and the corresponding EDS elemental mapping of Co, V and P 

elementals of VCoP-2/NF samples after OER stability tests. (e) TEM image and (f) 

corresponding EDS element mapping of Co, V and P elementals after OER stability tests.



Figure S29. (a) SEM image and (b) the histogram of cavity diameter distribution of porous 

VCoP-2 foams before the stability tests. (c) SEM image and (d) the histogram of cavity 

diameter distribution of porous VCoP-2 foams after the HER stability test. (e) SEM image and 

(f) the histogram of cavity diameter distribution of porous VCoP-2 foams after the OER 

stability test.



Figure S30. Nitrogen adsorption-desorption isotherms for the samples of VCoP-2 before 

stability test and after HER and OER stability test, with a comparison of corresponding surface 

area and pore volume (inset).



Figure S31. Comparison of HER overpotentials (η) and Tafel slope of the VCoP-2/NF obtained 

at 500 mA cm-2 with reported literatures (A-NiCo LDH/NF3, F-Co2P/Fe2P/IF4, Fe2P-Co2P/CF5, 

(Ni-MoO2)@C/NF6, Ni-MoO2-450 NWs/CC7, NC/Ni3Mo3N/NF8, MoS2/Mo2C9, Sn-

Ni3S2/NF10, N-MoO2/Ni3S2 NF11 and Ni@C-MoO2/NF12)



Figure S32. Comparison of OER overpotentials (η) and Tafel slope of the VCoP-2/NF obtained 

at 500 mA cm-2 with reported literatures (NiCe@NiFe/NF-N13, (Fe0.5Ni0.5)2P/NF14, 

FeOOH/NiFe LDHs15, CoFe2O4
16

, CoNi-OH17, Fe-CoP/NF18, NFN-MOF/NF19, Co@Co-

Bi/Ti20, Se-SS21, NiFe-LDH-20s/NF22 and N-Fe-OH@Ni3S2/NF23)



Figure S33. Plots to compare HER and OER overpotentials (η) of VCoP-2/NF obtained at 100 

mA cm-2 with reported literatures (Ni11(HPO3)8(OH)6/NF24, CoFeO@BP25, Cu@NiFe LDH26, 

Co1Mn1 CH27, Fe17.5%-Ni3S2/NF28, CuO NWs@NiMoO29, HP Ni-P30, Cu3N31, Co-Co2C/CC32, 

δ-FeOOH NSs/NF33, NiSe2-FeSe2/PNFF34, 3DDPNi35, Co3O4 MTA36 and Se-

(NiCo)Sx/(OH)x
37).



Figure S34. The overpotential required at the current density of 10 and 500 mA cm−2 for 

VCoP foams toward HER.



Figure S35. The overpotential required at the current density of 20 and 500 mA cm−2 for 

VCoP foams toward OER.



Figure S36. Contact angle of alkaline liquid droplets on the surface of bare NF and porous 

VCoP foams.



Figure S37. Contact angle of alkaline liquid droplets on the surface of bare NF and porous 

VCoP foams.



Figure S38. Comparison of alkaline water electrolysis in terms of current density at the voltage 

of 2.0 V and membrane thickness (qPVB/OH-38; ABPBI39; PVA-ABPBI40; A20141-45; FAA3-

5046, 47; PBI-FAA348; PAEK-APBI49; BPN1-10050; Sustainion@X37-5051-54; home-made15; 

YAB55; PSEBS56; FAA-3-PK-13057,58; QAPS59; AEM60; Crosslinked PBI61; HMT-PBI62; 

AemionTM63; PBI64; PISPVA65; PAP-TP-8566) 



Figure S39. Hydrogen permeability of the novel 3D-ordered MEA-2 and commerical Zirfon® 

PERL and Nafion 211 membrane.



Figure S40. Peeling strengths of the laminates of the CL and ML in conventional MEA-CCS, 

MEA-CCM and novel 3D-ordered MEA-2.



Figure S41. Electrochemical characterization of the alkaline electrolysis with different 

membrane thickness in 1 M KOH at 60°C. (a) Polarization curves and (b) Tafel plots for 

conventional MEA-CCS with different membrane thickness: 50, 30 and 20 μm. (c) 

Overvoltage subdivision of the alkaline electrolysis. The overvoltage of the alkaline 

electrolysis was subdivided into ohmic overvoltage (ηohm), kinetic overvoltage (ηkin) and mass-

transfer overvoltage (ηmass) at low and high current density region. The cell voltage, iR-

corrected voltage and kinetic voltage for the alkaline electrolyzer with (d) conventional MEA-

CCS (50 μm), (e) conventional MEA-CCS (30 μm) and conventional MEA-CCS (20 μm).



Figure S42. (a) Polarization curves of AEMWE with different 3D-ordered MEAs recorded at 

60 ℃ in 1 M KOH solution. (b) Tafel plot of the iR-free voltage data from Fig. 5a for different 

3D-ordered MEAs. (c) EIS measurements were obtained during alkaline electrolyzers 

operation at 1.8 Vcell. (d) The overvoltage of alkaline electrolyzers was subdivided into ohmic 

overtage (ηohm), kinetic overtage (ηkin) and mass-transfer overvoltage (ηmass) at low (500 mA 

cm-2) and high (2000 and 4000 mA cm-2) current density region.



Figure S43. The cell voltage, iR-corrected voltage and kinetic voltage for the alkaline 

electrolyzer with (a) 3D-ordered MEA-0.1, (b) 3D-ordered MEA-0.5, (c) 3D-ordered MEA-1, 

(c) 3D-ordered MEA-2, (d) 3D-ordered MEA-2 and (e) 3D-ordered MEA-3.



Figure S44. SEM images of the cross-section of (a) bare membrane, (b) the conventional MEA-

CCM, (c) cathode catalyst layer (Pt/C) and anode catalyst layer (IrO2). SEM images of the 

surface of (e) cathode catalyst layer and (f) anode catalyst layer.



Figure S45. SEM images of the cross-section of (a) the conventional 3D-ordered MEA and (b) 

catalyst layer (VCoP-2). SEM images of the surface of (c) cathode catalyst layer and (d) anode 

catalyst layer.



Figure S46. The cell voltage, iR-corrected voltage and kinetic voltage for the alkaline 

electrolyzer with (a) conventional MEA-CCS, (b) conventional MEA-CCM, (c) conventional 

3D-ordered MEA and (d) novel 3D-ordered MEA-2.



Figure S47. Amount of H2 and O2 collected by the water drainage method as a function of time.



Figure S48. Hydrogen gas purity generated from the novel 3D-ordered MEA-2. Produced H2 

gas was measured by gas-chromatography (GC) and compared with standard H2 gas (99.999 

%).



Figure S49. Contact angle of water droplets on the surface of the (a) conventional CL and (b) 

novel 3D-ordered CL.



Figure S50. Schematics of bubble growth and departure modes67.

(a) Hydrophilic electrode and the bubble departure size smaller than the pore size.

(b) Hydrophilic electrode and the bubble departure size comparable to or larger than the pore 

size.

(c) Hydrophobic electrode where the bubble departure size dictated by the macroscopic 

receding contact angle.



Table S1. Physical properties of VCoP-0.1, VCoP-0.5, VCoP-1, VCoP-2 and VCoP-3.

VCoP-0.1 VCoP-0.5 VCoP-1 VCoP-2 VCoP-3

Electrical resistivity

/ mΩ cm
0.78 0.82 0.85 0.96 0.95

Porosity / % 0.46 0.96 0.95 0.95 0.95

Pore diameter / μm 1.12 ± 0.28 6.53 ± 1.25 12.35 ± 1.81 16.87 ± 2.09 15.34 ± 2.12 μm

Specific surface area /

m2 m-3
3.1 × 103 8.9 × 103 2.1 × 104 3.1 × 104 2.7 × 104

Hole depth /μm 0~4 4~8 8~14 15~25 30~60



Table S2. Properties of the m-PBI membrane applied in this work.

m-PBI
N

N
H

N

H
N

n

KOH doping / M 1

Swelling degree (%) @ 60 ℃ 25

Water uptake (%) @ 60 ℃ 13

σ (mS/cm) @ 60 ℃ 76



Table S3. Properties of the poly(alkyl-terphenyl piperidinium) membrane applied in this work.

poly(alkyl-terphenyl piperidinium)
N N

X

OH- OH-

y

IEC (mmol/g) 2.70

Swelling degree (%) @ 60 ℃ 97

Water uptake (%) @ 60 ℃ 600

σ (mS/cm) @ 60 ℃ 123



Table S4. The comparisons of the energy efficiency of the 3D-ordered MEAs with state-of-the-

art examples in 1 M KOH.

Anode Cathode Membrane
Current density 

/ mA cm-2

Temperatur

e / ℃

Energy 

efficiency / %
Ref.

LixCo3-xO4 Ni QPDTB 300 45 69.88% 68

Cu0.7Co2.3O4 Ni QPVB 300 55 61.30% 38

Ni foam Ni foam ABPBI 200 50 72.66% 39

Ni foam Ni foam PVA-ABPBI 500 70 73.29% 40

IrO2 Pt/C A201 1000 50 74.93% 41

NiMnOx Pt/C FAA-3-50 500 50 77.77% 46

Ni foam Ni foam PF-41 1000 60 56.31% 48

Ni foam Ni foam PAEK-APBI 2000 60 60.10% 49

IrO2 Pt/C BPN1-100 500 50 63.94% 50

Cu0.81Co2.19O4 Co3S4 Sustainion® X37-50 1000 50 65.40% 51

FeOOH/NiFe 

LDHs
Pt/C Home-made 1000 70 71.09% 15

Ni12P5/Ni3(PO4)2-

HS

Ni12P5/Ni3(PO4)2-

HS
YAB 1000 50 62.01% 55

Ni0.75Fe2.25O4 Pt/C
Sustainion® X37-50 

Grade T
1000 45 82.69% 52

Ni foam Ni foam
PSEBS-CM-

DABCO
100 45 75.15% 56



Ni Ni A201 200 70 78.12% 69

CuCoOx Ni/(CeO2-La2O3) A201 1000 80 69.45% 42

NiCoOx:Fe Pt/C FAA-3 1000 50 57.55% 19

NiFe2O4 NiFeCo alloy Sustainion 37–50 500 50 71.94% 70

NiCo2O4 Pt/C FAA-3-50 300 50 79.93% 47

CuCoOx Pt/C A201 1000 50 74.93% 43

NiFe-BTC-GNPs NiMO4/MoO2 FAA-3-PK-130 1000 70 78.99% 57

Ni Ni Thermally cured PBI 500 80 63.67% 61

CuCo2O4 Pt/C
Sustainion® X37-50 

Grade T
1000 45 78.85% 53

NiAlMo NiAlMo HMT-PMBI 2000 60 68.11% 62

Fe-NiMo-NH3/H2 NiMo-NH3/H2

Sustainion® X37-50 

Grade T
1000 80 75.00% 54

Ir black Pt/C Aemion™ 2000 50 71.22% 63

NiMo Ni m-PBI 2000 80 76.40% 64

IrO2 Pt/C PISPVA 500 60 73.34% 65

IrO2 Pt/C SEBS-Pi 500 50 68.51% 66

NiCo2O4 Pt/C Home-made 1000 80 72.48% 71

IrO2 Pt/C QPC-TMA 1000 70 86.17% 72

IrO2 Pt/C QMter-co-Mpi 400 80 67.30% 73

NiCo2O4 NiCo2O4 Pani-1.03 400 50 71.94% 74

VCoP VCoP PBI 1000 60 84.10% This work



VCoP VCoP PBI 2000 60 79.46% This work

VCoP VCoP PBI 4000 60 73.35% This work



Table S5. Comparison of the durablity of pure-water-fed AEMWE reported in literatures

Anode Cathode AEM
Current 

density / mA 
cm-2

Durability 
time / h

Voltage 
degradation 

/ mV h-1

Ref.

Li0.21Co2.79O4 Ni —— 300 11 13.6 68

Pb2Ru2O7 Pt black PSF-TMA+ 200 6 145 75

NiFe NiMo xQAPS 400 8 5 59

NiFe PtRu/C HTMA-DAPP 200 170 1.17 76

IrO2 Pt/C PFOTFPh-TMA 200 150 0 77

IrO2 Pt black A201 200 550 0.73 45

FexNiyOOH-
20F

Pt/C PAP-TP-85 200 170 0.56 78

FexNiyOOH-
20F

Pt/C PAP-TP-85 500 70 1.81 78

Acta 3030 Acta 4030
Reinforced 

Sustainion x37-
50

500 170 0.81 79

IrO2 PtRu/C HTMA-DAPP 200 24 5 80

IrO2 Pt black PiperION 500 180 0.67 80

VCoP VCoP
poly(alkyl-
terphenyl 

piperidinium)
500 600 0.05 This work

VCoP VCoP
poly(alkyl-
terphenyl 

piperidinium)
1000 600 0.1 This work
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