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Experimental Section 

Synthesis of CoPx Catalyst 

A plating solution containing cobalt ions was prepared by dissolving 5.26 g of sodium 

chloride, 0.95 g of citric acid, 0.63 g of cobalt sulfate, 1.45 g of ammonium fluoride, 

and 0.50 g of sodium hypophosphite in 50 mL of distilled water, followed by stirring 

with a glass rod until completely dissolved. Electrochemical deposition of CoPx was 

then carried out in a three-electrode configuration, using a 0.5 × 2 cm2 carbon cloth (CC) 

as the working electrode, a saturated calomel electrode (SCE) as the reference electrode, 

and a carbon rod as the counter electrode. The deposition was performed using a 

chronopotentiometric (CP) method at a current density of 3.6 A cm-2 for 240 s. 

Synthesis of NiFe LDH Catalyst 

First, an electrolytic solution was prepared in 100 mL of distilled water containing 

nickel and iron ions in a concentration ratio of 1:5 (total metal ion concentration of 30 

mM). Then, a three-electrode system was employed using Ag/AgCl as the reference 

electrode, a Pt foil as the counter electrode, and CC as the working electrode. Finally, 

the NiFe LDH was synthesized on CC through electrodeposition at -1 V for 300 seconds.  

Synthesis of NiFe LDH/CoPx Catalyst 

The NiFe LDH/CoPx heterostructure was synthesized through a two-step 

electrochemical deposition process. First, CoPx was electrodeposited onto carbon cloth 

(CC) following the procedure described earlier. Subsequently, NiFe LDH was deposited 

onto the as-prepared CoPx using the same method employed for pristine NiFe LDH. 

The resulting NiFe LDH/CoPx heterostructure was then washed with distilled water and 

ethanol and dried in an oven at 60°C overnight. 

Electrochemical performance testing 

The electrocatalytic performance for overall water splitting of the catalyst was 

evaluated in a three-electrode system using a CHI660E potentiostat. The catalyst served 
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as the working electrode, with a platinum (Pt) wire or carbon rod as the counter 

electrode, and a saturated calomel electrode (SCE) as the reference electrode. All 

electrochemical tests employed self-supporting electrodes with a geometric area of 0.25 

cm2 (0.5 × 0.5 cm2). This size was chosen for material uniformity and was used 

consistently across all experimental and control samples to ensure valid comparisons. 

Current densities are reported normalized to geometric area. All measurements were 

conducted in a 1 M KOH (pH = 13.9) alkaline electrolyte at room temperature. Before 

the electrochemical measurements, the electrolyte was purged with nitrogen gas for 15 

minutes to remove dissolved gases. The catalyst’s performance was assessed using 

linear sweep voltammetry (LSV) with a scan rate of 5 mV s-1. Double-layer capacitance 

was determined via cyclic voltammetry (CV) at scan rates of 10, 20, 30, 40, and 50 mV 

s-1 within a non-Faradaic potential range. Electrochemical impedance spectroscopy 

(EIS) was employed to measure the electron transfer resistance of the catalyst, using a 

frequency range of 0.1–100 kHz. For comparison group catalysts, the potential 

corresponding to a current density of 10 mA cm⁻² from the polarization curve of the 

best-performing catalyst was used as the test voltage. Stability was evaluated using the 

chronopotentiometry (CP) method at a current density of 1,000 mA cm-2. 
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Fig. S1. a) Schematic representation of the electrode preparation, SEM images of b-c) 

CoPx, and d-e) NiFe LDH/CoPx. 
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Fig. S2. The XRD patterns of CC, NiFe LDH/CC, CoPx/CC, NiFe LDH/CoPx/CC. 
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Fig. S3. HRTEM of NiFe LDH/CoPx. 
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Fig. S4. XPS spectra of NiFe LDH/CoPx a) survey spectrum, b) Ni 2p, c) Fe 2p, d) O 

1s, e) Co 2p, and f) P 2p. 
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Fig. S5. Screening of different layered double hydroxide (LDH) electrocatalysts 

heterostructured with CoPx (CoFe LDH/CoPx, CoNi LDH/CoPx, and NiFe LDH/CoPx) 

based on a) OER and b) HER polarization curves. 
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Fig. S6. Optimization of the Ni and Fe ratios of the NiFe LDH in the heterostructured 

electrocatalysts (NiFe LDH/CoPx) through LSV measurements in 1 M KOH a) OER 

polarization curve and b) Overpotential at 500 mA cm-2. 
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Fig. S7. Nyquist plots of NiFe LDH/CoPx, NiFe LDH, and CoPx, respectively, 

conducted at a voltage of 1.49 V vs. RHE. 
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Fig. S8. CV curves at different scanning speeds of a) NiFe LDH/ CoPx, b) NiFe LDH, 

c) CoPx, respectively, and d) Cdl. 
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Fig. S9. LSV polarization curve of NiFe LDH/CoPx before and after the stability test at 

a current density of 1000 mA cm-2 a) OER and b) HER. 
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Fig. S10. a) Comparison of OER performance with other cobalt-based catalysts,1-10 and b) 

Comparison of HER performance with other cobalt-based catalysts,1, 2, 4, 8, 11-16. 

 

 

  

200

250

300

350

400

Catalyst

O
v
er

p
o
te

n
ti

al
 (

m
V

)
J = 10 mA cm-2

C
o

P
@

C
o

-F
e 

L
D

H

N
iF

eC
o

P
/N

M

C
o

/C
o

2
P

@
N

P
C

N
T

s

A
l-

C
o

P
/N

F
 

C
o

P
/C

eP
O

4

P
-C

e 
S

A
s@

C
o

O

C
@

N
iC

o

C
o

N
iP

/C
o

N
i

C
o

P
/N

C
F

T
h

is
 w

o
rk

1 M KOH 

C
o

P
/T

i 3
C

2
T

x

50

100

150

200

250

Catalyst

O
v
er

p
o
te

n
ti

al
 (

m
V

)

J = 10 mA cm-2

C
o

/T
a 3

N
5

C
o

/M
o

2
C

@
C

N
iC

o
P

@
N

iF
e 

L
D

H
/N

F

C
o

P
@

C
o

-F
e 

L
D

H

C
o

0
.0

5
N

i 8
.9

5
S

8
/C

C

C
o

2
P

/N
i x

P
y
@

N
F

C
o

S
2
 N

T
A

/C
C

C
o

N
iP

/C
o

N
i

C
@

N
iC

o

T
h

is
 w

o
rk

1 M KOH 

C
o

P
/N

C
F

a)

b)



14 

 

 

 

Fig. S11. a) XPS survey spectra of NiFe LDH, CoPx, and NiFe LDH/CoPx, and b) the 

spectra of O 1s. 
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Fig. S12. Mott-Schottky curves of a) CoPx and b) NiFe LDH. 

 

 

  

0.2 0.4 0.6 0.8 1.0 1.2
0.0

0.2

0.4

0.6

0.8

1.0
C

-2
 (

F
-2

×
1
0

1
0
)

Potential (V vs. RHE)

 CoPx

1.0 eV

−0.4 −0.2 0.0 0.2 0.4 0.6
0

6

12

18

24

30
 NiFe LDH

C
-2

 (
F

-2
×

1
0

9
 )

Potential (V vs. RHE)

-0.295 eV

a) b)



16 

 

 

 

Fig. S13. NiFe LDH and CoPx of (a-b) Ultraviolet-visible (UV-Vis) light absorption 

spectrum; (c-d) Tauc curves. 
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Fig. S14. The performance of the overall water-splitting reaction of other cobalt-based 

catalysts in a two-electrode system. 7, 8, 15, 17-27 
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Fig. S15. Volume of collected gas a) H2, c) O2; Faraday efficiency of b) H2, d) O2.
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Supplementary Note 1 

After conducting the overall water splitting stability test at high current density, both 

the anodic (OER) and cathodic (HER) NiFe LDH/CoPx electrodes were characterized 

using SEM and XPS to examine their morphological and chemical compositions, as 

well as oxidation states. Following the HER half-reaction test, the electrode 

morphology remained largely unchanged, as confirmed by the SEM image (Fig. S16a). 

However, after the OER half-reaction, a noticeable transformation was observed in the 

surface morphology, where the NiFe LDH nanosheets underwent reconstruction into 

smaller nanoparticles on the nanoporous CoPx material (Fig. S16b). The XPS survey 

spectrum in Fig. S17a reveals that both the pre- and post-test electrodes are composed 

of five key elements: Ni, Fe, O, Co, and P. As shown in Fig. S17b, Ni predominantly 

exists in its divalent state (Ni2+), indicating a reduction of Ni3+ to Ni2+ after the HER 

stability test, with only a slight decrease in peak intensity. In contrast, during the OER 

stability test, a small portion of the Ni2+ species was oxidized to Ni3+, due to the 

formation of NiOOH, as evidenced by the increase in the corresponding Ni3+ peak. 

Similarly, the Fe 2p spectra (Fig. S17c) revealed a slight increase in the high-valence 

Fe species, indicating the oxidation of Fe2+ to Fe3+ during the OER stability test, while 

Fe remained stable during the HER half-reaction test.28 In the O 1s spectrum (Fig. 

S17d), the dominant peak corresponding to M-OH suggests the formation of metal 

hydroxide layers on the surface of the hierarchical nanostructure after the OER stability 

test. On the other hand, the O 1s spectra after the HER stability test showed an increase 

in the M-O signal, indicating a shift towards metal oxide species. After the OER test, 

Co-related species exhibited higher valence states, attributed to the formation of Co-

OOH and Co-POx (Fig. S17e).16, 29 A slight negative shift in the Co2+ binding energy 

during the HER stability test can be attributed to the formation of Co-POx and Co-OH. 

Additionally, the P-Co peak disappeared after both the HER and OER stability tests, 

suggesting the dissolution or transformation of P-Co species.30 Overall, these analyses 

indicate that the surface composition of the NiFe LDH/CoPx heterostructure undergoes 

significant reconstruction during the stability tests. This results in the formation of 
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metal hydroxide/oxide phosphate active sites, which likely contribute to the enhanced 

catalytic activity and stability observed in the OER and HER reactions.31 
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Fig. S16. SEM images of NiFe LDH/CoPx as a) cathode and b) anode after stability 

test, respectively. 
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Fig. S17. XPS spectra of NiFe LDH/CoPx electrode before reaction, after HER stability 

test, and after OER stability test. a) XPS survey, b) Ni 2p, c) Fe 2p, d) O 1s, e) Co 2p, 

f) P 2p, respectively. 
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