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1. Experimental section

1.1 Electrochemical measurements

The electrocatalytic properties were evaluated using a standard three-electrode 

system on a CHI 760E workstation. The working electrode area was 1×1 cm2, with a 

graphite rod serving as the counter electrode and a Hg/HgO electrode as the reference 

electrode. Prior to testing, the working electrodes were electrochemically activated 50 

times at a current density of 50 mA/cm2 using cyclic voltammetry (CV). Linear sweep 

voltammetry (LSV) curves were obtained at a sweep rate of 5 mV/s and corrected with 

90% internal resistance (IR) compensation. All measured potentials were converted to 

potentials against a reversible hydrogen electrode (RHE) using the Nernst equation 

(ERHE = EHg/HgO + 0.059pH + 0.098 V). Electrochemical impedance spectroscopy (EIS) 

was performed at a frequency range of 106 to 10-2 Hz and at 1.6 V vs. RHE. The Tafel 

slope was calculated by fitting the linear portion of the Tafel graph to the Tafel equation 

(η = a + b log(j))1. To determine the electrochemical active surface area (ECSA), the 

double-layer capacitance (Cdl) was measured using cyclic voltammetry (CV) at 

different scan rates ranging from 2 to 10 mV/s. Cdl was determined byplotting the 

current difference (∆j/2) against the sweep rate (mV/s). The mass activity was 

determined by normalizing the current density to the mass of the electrocatalyst. 

Catalyst loads of NiCoP NA, LDHQDs and LDHQDs/NiCoP NA were uniformly 

recorded on the NFs. Geometric dimension of NiCoP NA, LDHQDs and 

LDHQDs/NiCoP NA were 1*1 cm2. Catalyst loads of NiCoP NA, LDHQDs and 

LDHQDs/NiCoP NA were 1.7 mg, 1.5 mg, 1.4 mg



1.2 The AEM water electrolysis test

The AEM system consists of the gas diffusion electrodes, PTFE gaskets and AEM, 

FAA-3-PK-130. Both anodic and cathodic electrodes were fabricated by the gas 

diffusion electrode method. To assemble the AEM system, FAA-3-PK-130 was first 

soaked in a 1 M KOH solution for 24 hours to exchange Cl- ions with OH- ions. 

Electrically insulating gaskets were used to prevent any leakage of liquid or gas. The 

cell assembly was tightened using a torque of approximately 4 Nm. A 1 M KOH 

solution was then circulated through the anodic side of the system via a peristaltic 

pump. Polarization curves were recorded by varying the voltage from 1.0 V to 2.5 V at 

water temperatures ranging from 30 ºC to 80 ºC under ambient pressure. Additionally, 

a stability test was conducted by maintaining a constant cell voltage of 2 V at 80 ºC.

1.3 DFT Calculations

DFT calculations were carried out using the generalized gradient approximation 

(GGA) within the Vienna Ab Initio Simulation Package (VASP). The PBE functional 

2, 3 was employed to describe the exchange-correlation functional. The plane-wave basis 

cutoff energy was set to 460 eV, and the convergence threshold was set to 0.02 eV Å−1 

in force and 10-6 eV in energy. For the structure optimization and electronic properties 

of NiFeCo-LDH/NiCoP, a 3×3×1 K-mesh in the Brillouin zone was utilized. To prevent 

vertical interactions between adjacent slabs, a vacuum layer of 25 Å was included.

Utilizing DFT calculations, the molecular-level interaction between NiFeCo-LDH 

and NiCoP was investigated. To ensure model stability and primary cell size, on the 

(001) surface of NiCoP, a NiOOH sample doped with a ratio of Ni:Co:Fe = 1:1:1 was 



fabricated. The total charge density of NiFeCo-LDH/NiCoP is subtracted from the 

charge density of NiFeCo-LDH and NiCoP to obtain the charge density difference 

distribution between the two phases. DFT calculations were performed to evaluate their 

surface energetics, with electron gain represented by yellow regions and electron loss 

indicated by blue regions. 

 



Fig. S1. AFM spectrum and image of LDHQDs.

Fig. S2. Top view of models (a) NiCoP, (b) NiFeCo-LDH, and (c) NiFeCo-

LDH/NiCoP. Side view of models (d) NiCoP, (e) NiFeCo-LDH, and (f) NiFeCo-

LDH/NiCoP.



Table S1. Comparison of other multifunctional electrocatalysts in 1 M KOH for HER.

Materials Overpotential (η10, mV) Overpotential (η1000, mV) Ref.

CoMo-LDH 115 - 4

CNT@NiCo/CP* 82 - 5

NiAl-LDH 90 - 6

Co9S8@NiFe-
LDH HAs/NF** 145 - 7

NiCo(nf)-P*** 87 317 8

Mo-NiS@NiFe 
LDH/NF 107 - 9

CeO2-NiCoP 84 242 10

NiFeCoSx@FeNi3 88 - 11

Ni0.8Fe0.2-
AHNA**** 21 207 12

LDHQDs/NiCoP 
NA 75 263 This 

Work



Fig. S3. Cyclic voltammetry curves of (a) NiCoP NA. (b) LDHQDs, and (c) 

LDHQDs/NiCoP NA in 1 M KOH under different scan rates for HER (from 2mV/s to 

10 mV/s).



Table S2. The parameters utilized in the mass activity calculation of NiCoP NA, 

LDHQDs and LDHQDs/NiCoP NA in HER 

Overpotential

(mV)

Current density

(mA/cm2)

Catalyst loads

(mg)

Mass activity

(A/g)

NiCoP 

NA
250 400 1.7 235.3

LDHQDs 250 111 1.5 74.0

LDHQDs/

NiCoP 

NA

250 860 1.4 616.3

Fig. S4. After HER stability test performance of LDHQDs/NiCoP NA (a) XPS full 

spectrum and XPS spectrum of (b) Ni 2p, (c) Co 2p, (d) Fe 2p, (e) P 2p and (f) O 1s.



Table S3. Comparison of other multifunctional electrocatalysts in 1 M KOH for OER.

Materials Overpotential (η10, mV) Overpotential (η1000, mV) Ref.

CoMo-LDH 290 - 4

CNT@NiCo/CP* 230 - 5

NiAl-LDH 180 - 6

Co9S8@NiFe-LDH 
HAs/NF** 190 - 7

NiCo(nf)-P*** 205 416 8

Mo-NiS@NiFe 
LDH/NF 184 - 9

NiFeCoSx@FeNi3 210 - 11

Ni0.8Fe0.2–
AHNA**** 190 258 12

LDHQDs/NiCoP 
NA 203 330 This 

Work



Fig. S5. Cyclic voltammetry curves of (a) NiCoP NA. (b) LDHQDs, (c) 

LDHQDs/NiCoP NA in 1 M KOH under different scan rates for OER (from 2mV/s to 

10 mV/s).



Fig. S6. After OER stability test performance of LDHQDs/NiCoP NA (a) XPS full 

spectrum and XPS spectrum of (b) Ni 2p, (c) Co 2p, (d) Fe 2p, (e) P 2p and (f) O 1s.

Table S4. The parameters utilized in the mass activity calculation of NiCoP NA, 

LDHQDs and LDHQDs/NiCoP NA in OER 

Overpotential

(mV)

Current density

(mA/cm2)

Catalyst loads

(mg)

Mass activity

(A/g)

NiCoP 

NA
350 275 1.7 161.7

LDHQDs 350 247 1.5 164.7

LDHQDs/

NiCoP 

NA

350 988 1.4 705.7



Table S5. Comparison of other multifunctional electrocatalysts in 1 M KOH for 

overall water splitting.

Materials Potential (η10, V) Potential (η1000, V) Ref.

CoMo-LDH 1.63 - 4

CNT@NiCo/CP* 1.58 - 5

NiAl-LDH 1.5 - 6

Co9S8@NiFe-
LDH HAs/NF** 1.585 - 7

NiCo(nf)-P*** - 1.94 8

Mo-NiS@NiFe 
LDH/NF 1.54 - 9

CeO2-NiCoP - 1.8 10

Ni0.8Fe0.2–
AHNA**** 1.41 1.76 12

LDHQDs/NiCoP 
NA 1.47 1.69 This Work

Fig. S7. The overall water splitting LSV plots of LDHQDs/NiCoP NA before and after 

stability test.



Fig. S8. (a) SEM image and (b) XRD pattern of LDH-QDs/NiCoP NA after 50 h durability 

test.



Table S6. Comparison of LDHQDs/NiCoP AEM electrolyzer performance with 

previously reported AEM electrolyzer in 1 M KOH.

OER HER Temperature 
(ºC)

Cell 
voltage

(V)

Current 
density
(A/cm2)

Ref.

Ni/CP Ni/CP - 1.9 0.15 13

Co2Fe Pt/C - 1.9 0.13 14

Ni12P5/Ni3(PO4)2

-HS*****
Ni12P5/Ni3(PO4)2

-HS 50 1.8 0.357 15

NiFe-LDH NiFe-LDH 50 2 0.5 16

NiFe LDH-
PMo Ni@NiFe LDH 60 1.7 0.2 17

NiFe LDH-
PMo Ni@NiFe LDH 25 1.89 0.2 17

LDHQDs
/NiCoP

LDHQDs
/NiCoP 80 2 0.57 This 

Work
LDHQDs

/NiCoP NA
LDHQDs

/NiCoP NA 80 2.28 1 This 
Work

LDHQDs
/NiCoP NA

LDHQDs
/NiCoP NA 60 2.5 1 This 

Work
*: carbon nanotube (CNT) load NiCoP on carbon paper
**: Co9S8@NiFe-LDH core-branch hierarchical architectures supported on nickel 
foam
***: metal–organic framework derived NiCoP nanoflakes
****: NiFe oxy-hdroxide@NiFe alloy nanowire array 
*****: Ni12P5/Ni3(PO4)2 hollow spheres



Fig. S9. The SEM images of LDHQDs/NiCoP NA after AEM electrolyzer stability test 

(a) cathode and (b) anode test.

Fig. S10. The XRD pattern of LDHQDs/NiCoP NA after AEM electrolyzer stability 

test (a) cathode and (b) anode test.
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