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A B S T R A C T   

Hydrogen production by electrocatalytic water splitting suffers from the sluggish kinetics of the oxygen evolution 
reaction (OER) and large power consumption and hence, efficient OER electrocatalysts are required to enhance 
the energy conversion efficiency. Vacancies can create active unsaturated coordination, regulate the electronic 
structure, and enhance the charge transfer efficiency to improve both the intrinsic and extrinsic catalytic ac
tivities. This work aims to construct an efficient OER electrocatalyst through precise control of the C≡N va
cancies (VC≡N) in NiFe- and NiCo-Prussian blue analogs (PBAs) leading to outstanding OER characteristics and 
improved energy conversion efficiency. The amount of VC≡N has been regulated precisely via thermal treatment. 
The electronic interactions occur between Ni and Fe sites during the introduction of VC≡N. As a result, the 
synergistic effects of Ni-Fe electronic interactions and VC≡N lead to outstanding OER characteristics such as a 
small overpotential of 270 mV to achieve a high current density of 50 mA cm− 2 as well as excellent stability over 
80 h, which are better than those of the pristine PBAs electrocatalyst. The results demonstrate a precise strategy 
to produce VC≡N in PBAs-based electrocatalysts for advanced OER and efficient hydrogen production.   

1. Introduction 

Clean and sustainable energy is essential to combating climate 
change. Electrochemical water splitting is a promising means to produce 
pure hydrogen for clean energy generation [1–3]. Water electrolysis 
consists of the hydrogen evolution reaction (HER) on the cathode and 
oxygen evolution reaction (OER) on the anode and the slow kinetics of 
OER are usually the bottleneck that limits the energy conversion effi
ciency [4,5]. Noble metal-based catalysts such as IrO2 and RuO2 have 
been applied to facilitate OER but their high costs and low reserves are 
huge barriers against commercial adoption [6,7]. Therefore, economical 
and high-activity non-noble metal-based electrocatalysts are imperative 
to advanced OER. 

Abundant metals such as Ni, Co, Fe and their compounds have been 
proposed to enhance OER. For example, Ni and its compounds such as Ni 
metals [8,9], NiSe2 [10,11], NiO [12,13], and NiFeO [14] can drive OER 
at low overpotentials. For instance, an electrocatalyst consisting of 
Ni-FeOx and FeNi3 has been prepared on nickel foam (Ni-FeOx/Fe
Ni3/NF) which requires 269 mV to yield a current density of 50 mA cm− 2 

in OER and shows good stability over 200 h [14]. The crystal structure of 
the electrocatalysts is also crucial to the performance. The Prussian blue 
analogs (PBAs) are considered as promising electrocatalysts for OER due 
to their tunable structure and composition [15]. PBAs are 
perovskite-type materials with the general formula of AxM1[M2(C
N)6]y⋅mH2O, where A stands for an alkali metal such as Na and K, M1 
and M2 are metals such as Ni, Co, Fe, etc. [16–18]. Bimetallic 

* Corresponding author. 
E-mail address: xpeng@wit.edu.cn (X. Peng).   

1 These authors contributed equally to this work. 

Contents lists available at ScienceDirect 

Journal of Environmental Chemical Engineering 

journal homepage: www.elsevier.com/locate/jece 

https://doi.org/10.1016/j.jece.2023.109407 
Received 2 December 2022; Received in revised form 27 January 2023; Accepted 29 January 2023   

mailto:xpeng@wit.edu.cn
www.sciencedirect.com/science/journal/22133437
https://www.elsevier.com/locate/jece
https://doi.org/10.1016/j.jece.2023.109407
https://doi.org/10.1016/j.jece.2023.109407
https://doi.org/10.1016/j.jece.2023.109407
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jece.2023.109407&domain=pdf


Journal of Environmental Chemical Engineering 11 (2023) 109407

2

electrocatalysts composed of nickel and iron have been reported to have 
good OER activity [19,20]. For example, Wu et al. have prepared 
bimetallic Ni-Fe selenide from NiFe-PBAs with an optimized electronic 
structure that exhibits synergistic effects between Ni and Fe and has 
good OER characteristics [20]. However, the C≡N species which ac
count for a larger proportion of PBAs do not play a significant role in 
OER. 

Generally, PBAs are composed of M2–C–––N–M1 units with strong 
C≡N bonds and relatively weak M2–C and M1–N bonds [21]. Hence, it is 
possible to break the M2–C and M1–N bonds directionally with moderate 
energy to produce C≡N vacancies (VC≡N) in PBAs. Vacancy/defect en
gineering is in fact an effective strategy to generate active unsaturated 
coordination [22,23], regulate the electronic structure [24–26], and 
enhance the charge transfer efficiency [27] to improve both the intrinsic 
and extrinsic catalytic activities. VC≡N have been created in PBAs by a 
plasma treatment [21,28]. Yu et al. have studied the OER characteristics 
of VC≡N mediated PBAs, which exhibit a low overpotential of 283 mV at 
10 mA cm− 2 which is better than those of the original PBAs and previ
ously reported OER electrocatalysts with vacancies [21]. Lai et al. have 
constructed VC≡N in PBAs by N2 plasma processing and shown 
high-efficiency OER activity with a low overpotential (270 mV at 50 mA 
cm− 2) and excellent performance for oxygen reduction reaction with a 
positive potential of 0.89 V at 5 mA cm− 2 [28]. However, plasma pro
cessing typically requires a complex apparatus and bond breaking tends 
to be random. Therefore, a more precise and easier technique to produce 
VC≡N in PBAs is important albeit challenging. 

Herein, a strategy of precisely regulating the VC≡N in NiFe-PBAs via a 
mild thermal treatment is described, as illustrated in Scheme 1. The 
amount of VC≡N in NiFe-PBAs can be adjusted precisely by controlling 
the treatment temperature. NiFe-PBAs with different VC≡N concentra
tions can be prepared and electronic interactions between Ni and Fe sites 
are introduced. The synergistic effects rendered by the Ni-Fe electronic 
interactions and VC≡N give rise to outstanding OER characteristics such 
as a small overpotential of 270 mV to reach a current density of 50 mA 
cm− 2 in addition to good stability of 80 h, which are better than those of 
the pristine PBAs electrocatalysts. Moreover, this mild thermal treat
ment strategy can be extended to other PBAs-based electrocatalysts 
(NiCo-PBAs). 

2. Experimental details 

2.1. Materials preparation 

2.4 mmol NiCl2 and 3.6 mmol Na3C6H5O7⋅2 H2O were dissolved in 
80 mL of deionized water (DW) to obtain solution A and then 
1.6 mmol K3Fe(CN)6 was dissolved in 80 mL of DW water to produce 
solution B. Solution A was added to solution B dropwise under stirring. A 
piece of clean carbon cloth (CC, 5 ×6 cm− 2) was immersed in the 
mixture for 24 h and then rinsed with DW and ethanol several times 

before vacuum drying. The product was designated as NiFe-PBAs. 
To regulate the C≡N ligands, NiFe-PBAs were thermally treated at 

200, 250, and 300 ◦C in a tube furnace under N2 at a rate of 5 ◦C min− 1 

for 2 h, respectively. The products were designated as PBAs-200, PBAs- 
250, and PBAs-300, where the numbers indicate the treatment tem
perature. The mass loading of NiFe-PBAs-based electrocatalysts on the 
CC is ~0.2 mg cm− 2. NiCo-PBAs were prepared by the same protocol as 
NiFe-PBAs except for replacing K3Fe(CN)6 with K3Co(CN)6. NiCo-PBAs 
were thermally treated in a tube furnace under N2 to produce C≡N 
deficient NiCo-PBAs (NiCo-PBAs-V). 

2.2. Materials characterization 

A scanning electron microscope (SEM, FEI/Philips XL30 Esem-FEG) 
and a transmission electron microscope (TEM, Talos F200S G2) were 
used to characterize the morphology of the samples. The crystal struc
ture of the samples was determined by the X-ray diffraction (XRD, LabX- 
6100, Shimadzu) and high-resoltuion TEM (HR-TEM). Raman scattering 
(HR RamLab) was conducted to analyze the chemical bonding and X-ray 
photoelectron spectroscopy (XPS, Thermo Scientific K-Alpha, Thermo 
Fisher) with monochromatic Al Kα X-ray was performed to determine 
the chemical states referenced to the C 1 s peak at 284.8 eV. 

2.3. Electrochemical assessment 

The electrochemical measurements were carried out in 1 M KOH on 
the CHI 660E electrochemical workstation (Shanghai CH Instrument, 
China). The typical three-electrode system consisted of a graphite rod, 
saturated calomel electrode (SCE), and PBAs modified CC as the counter 
electrode, reference electrode, and working electrode, respectively. All 
the potentials in OER were iR corrected and referenced to the reversible 
hydrogen electrode (RHE) according to Nernst equation E(RHE) = E 
(SCE) + 0.242 + 0.059 × pH. The pH of 1 M KOH solution was 
measured to be 13.62 by a pH meter (FE, Mettler Toledo). Linear sweep 
voltammetry (LSV) was performed at a scanning rate of 5 mV s− 1 to 
obtain the polarization curves. The Tafel slopes were plotted as over
potentials (V) vs. log currents (log|j|) based on the polarization curves. 
The electrochemical active surface area (ECSA) was obtained by 
measuring the electrochemical double-layer capacitance (Cdl) based on 
the cyclic voltammetry (CV) curves at different scanning rates of 
10–100 mV s− 1. Electrochemical impedance spectroscopy (EIS) was 
carried out at an initial potential of 0.5 V vs. SCE. The long-term dura
bility was evaluated by chronoamperometry for more than 80 h and O2 
production was measured by the water displacement method. 

Scheme 1. C––
–N vacancy engineering of PBAs.  
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3. Results and discussion 

3.1. Structure and composition study 

NiFe-PBAs prepared on CC by heterogeneous nucleation with a 
chelating agent [29,30] contain Fe–C–––N–Ni units with strong C≡N 
bonds and relatively weak Fe–C and Ni–N bonds [21]. The thermal 
treatment cleaves the Fe–C and Ni–N bonds in the Fe–C–––N–Ni units due 
to the higher activation barrier of cleaving the C≡N bonds as illustrated 
in Scheme 1. The generated C–––N then moves away from the PBAs lat
tices to form the VC–

–
–

N [31,32]. 
The morphology of the samples is examined by SEM, as shown in  

Fig. 1. Fig. 1a shows that the NiFe-PBAs precursor has the morphology of 
nanocubes with a smooth surface and side length of ~150 nm distrib
uted uniformly on CC. After the thermal treatment at 200–300 ◦C, the 
nanocube morphology is maintained well as revealed in Fig. 1b-d. When 
the thermal temperature is 300 ◦C, the surface of the nanocubes became 
rough and porous as shown in Fig. 1d. The porous structure is formed by 
the escape of C≡N species from NiFe-PBAs at high temperatures. The 
TEM image in Fig. S1a shows the porous structure of the nanocube, 
confirming the result indicated in the SEM. The HR-TEM in Fig. S1b 
implies the lattice space of 0.23 nm, which can be ascribed to the (420) 
planes of KNiFe(CN)6. 

The Raman scattering spectra in Fig. 2a disclose two main peaks at 
2160 and 2189 cm− 1, corresponding to C≡N vibrations of 
Fe2+–C–––N–Ni2+ and Fe3+–C–––N–Ni2+, respectively [33]. The peak at 
2189 cm− 1 weakens with increasing temperature compared to the 
NiFe-PBAs precursor, indicating a decrease of C≡N and generation of 
VC≡N in NiFe-PBAs. The peaks at 2160 and 2189 cm− 1 of PBAs-300 
almost disappear suggesting the VC≡N is generated in Fe3+–C–––N–Ni2+

and Fe2+–C–––N–Ni2+ at a higher temperature, thus confirming the 
generation of VC≡N after the thermal treatment. Fig. 2b shows that the 
diffraction peaks can be indexed to KNiFe(CN)6 (JCPDS card No. 
51–1897). The diffraction peaks decrease with increasing temperature 
possibly because of structural distortion arising from the generation of 
VC≡N [34]. 

The chemical composition and chemical states are determined by 
XPS. Fig. S2 discloses the presence of C, N, Ni, and Fe. The peaks at 
874.1, 876.1, and 880.7 eV in Fig. 3a can be ascribed to Ni(II), Ni(III), 

and the satellite peak of Ni 2p1/2, respectively, which agree well with the 
previous literature [35,36]. Fig. 3b shows the peaks at 721.5, 724.0, and 
725.0 eV originate from Fe-C, Fe(II), and Fe(III) of Fe 2p1/2, respectively, 
similar to the reported literature [37–40]. As the processing temperature 
goes up, the surface Ni(III) concentration decreases but the Fe(III) 
concentration increases as shown in Fig. 3c. The results reveal electronic 
interactions between the Ni and Fe atoms after the thermal treatment 
and electrons are transferred from Fe to Ni atoms, in agreement with 
findings by Yu et al. [21]. The Fe sites with higher oxidation states have 
a stronger ability to adsorb OH− and consequently facilitate the for
mation of the FeOOH active layer which plays a key role in enhancing 
the OER properties [41]. 

The elemental composition is determined by XPS as shown in 
Table S1. The ratio of Ni:Fe is consistent at the surface. The N 1s peak at 
398.4 eV originates from C≡N (Fig. S3). The N:Ni and Fe-C:Fe(III) ratios 
(Table S1 and Fig. 3d) decrease with increasing temperature, indicating 
a deficiency of N atoms at the surface due to the formation of VC–

–
–

N [32]. 
According to the changes in the N:Ni ratios with temperature, the 
amounts of VC≡N have been calculated as shown in Fig. 3e. The VC≡N 
concentration increases with increasing temperature and nearly 80% 
C≡N deficiency is observed on the surface after heating at 300 ◦C. The 
precisely regulated VC≡N in the PBAs-based electrocatalyst plays an 
important role in the enhanced catalytic activity as well as reaction ki
netics [21]. 

3.2. Electrocatalytic OER performance 

The electrochemical properties of the electrocatalysts are deter
mined using a three-electrode system in 1 M KOH. Fig. 4a shows that the 
C≡N deficient electrocatalysts have smaller overpotentials than the 
NiFe-PBAs precursor, suggesting that VC≡N enhance the OER activity. In 
particular, PBAs-250 has excellent OER characteristics such as an 
overpotential of only 270 mV for a large current density of 50 mA cm− 2, 
which is smaller than those of PBAs-200 (342 mV) and PBAs-300 
(312 mV). The improvement of PBAs-250 compared to PBAs-200 can 
be attributed to more VC≡N which modifies the electronic configuration 
and facilitates surface reconstruction of Fe active sites. However, the 
inferior performance of PBAs-300 with excess VC≡N compared to PBAs- 
250 may stem from structural damage and electron transfer impediment 

Fig. 1. SEM images of (a) NiFe-PBAs, (b) PBAs-200, (c) PBAs-250, and (d) PBAs-300.  

W. Deng et al.                                                                                                                                                                                                                                   



Journal of Environmental Chemical Engineering 11 (2023) 109407

4

caused by too many vacancies and defects [28]. 
Fig. 4b shows that the Tafel slopes of the C≡N deficient PBAs elec

trocatalysts are smaller than that of the NiFe-PBAs precursor, indicating 
that the introduction of VC≡N into PBAs improves the OER kinetics. The 

Tafel slope of PBAs-250 is 53 mV dec− 1 and less than those of PBAs-200 
(74 mV dec− 1) and PBAs-300 (64 mV dec− 1), implying faster reaction 
kinetics and lower charge and mass transport barriers in OER if the 
amount of VC≡N is moderate (PBAs-250). However, too many VC≡N 

Fig. 2. (a) Raman scattering and (b) XRD of NiFe-PBAs, PBAs-200, PBAs-250, and PBAs-300.  

Fig. 3. High-resolution XPS spectra of (a) Ni 2p1/2 and (b) Fe 2p1/2, (c) Ni(III) and Fe(III) contents, (d) Ratios of N:Ni and Fe-C:Fe(III), and (e) VC≡N contents in NiFe- 
PBAs, PBAs-200, PBAs-250, and PBAs-300. 
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retard the OER kinetics possibly due to electron trapping by C≡N de
fects. Fig. 4c compares the overpotentials required at 50 mA cm− 2 and 
Tafel slopes of different electrocatalysts corroborating the excellent 
properties of PBAs-250 in OER. 

The electrochemical active surface area (ESCA) is derived based on 
the electrochemical double-layer capacitance (Cdl), as shown in Figs. S4 
and 4d. PBAs-250 has the highest Cdl of 20.9 mF cm− 2 compared to NiFe- 
PBAs (6.1 mF cm− 2), PBAs-200 (14.1 mF cm− 2), and PBAs-300 (16.4 mF 
cm− 2). Generally, the larger the ECSA, the more exposed active sites and 
the higher the electrocatalytic activity. The large ECSA of PBAs-250 
stems from the synergistic effect of VC≡N and Ni-Fe electronic in
teractions. The charge transfer resistance (Rct) during OER is determined 
by electrochemical impedance spectroscopy (EIS), as shown in Fig. 4e. 
PBAs-250 has the smallest Rct of 2.7 Ω compared to NiFe-PBAs (15.2 Ω), 
PBAs-200 (9.1 Ω), and PBAs-300 (4.2 Ω). The results reveal fast charge 
and mass transfer with a moderate amount of VC≡N. 

Stability is an important parameter in practice and chro
noamperometry is performed for more than 80 h. Fig. 4f indicates that 
the PBAs-250 electrocatalyst has outstanding stability. Formation of 
VC≡N generates a large number of unsaturated Fe sites around the va
cancies and the unsaturated Fe sites are more likely to reconstruct and 
form the FeOOH active layer during OER rather than being etched by 

OH− , thereby giving rise to the excellent stability [42,43]. Fig. 4g 
illustrated the comparison of the overpotentials required at 50 mA cm− 2 

and Tafel slopes with those of previously reported OER catalysts 
including NiFe LDH [44], Ni-Mo-B [45], Ni3S4 [46], Co3O4/NF [47], 
B-Co3O4/NF [48], Mo-NiCo2O4/Co5.47N/NF [49], CoFe LDH [50], 
Co0.7Fe0.3P3 [51], NiS/NF [52], Fe-Co-S/Cu2O/Cu [53], Co0.89Fe0.11O-N 
[54], CoNi2S4 @PEDOE [55], Ni5P4 @NiOOH [56], Fe-Ni3S2 [57], and 
Zn-CoMn2O4 [58]. The morphology and composition of PBAs-250 
before and after the durability test are investigated. Fig. 5a shows that 
the crystal structure of PBAs-250 remains the same after the long-term 
test, which still can be indexed to KNiFe(CN)6 (JCPDS card No. 
51–1897). Fig. 5b shows that the nanocube morphology remains 
although the surface becomes rough due to the surface reconstruction 
during OER [59]. Fig. 5c indicates the disappearance of the Fe-C signal 
compared to the fresh sample (Fig. 3b), suggesting the conversion from 
Fe-C into Fe3+ after long-term OER on account of surface reconstruction 
and formation of FeOOH [8,10]. 

The Faradaic efficiency of PBAs-250 in OER is determined by the 
water displacement method as illustrated in Fig. 6a. 43.5 mL of O2 are 
generated in 120 min at a current of 100 mA (Fig. 6b) and the Faradaic 
efficiency is calculated to be 95.4% which is close to 100%. It can thus be 
concluded that the NiFe-PBAs-based electrocatalyst with the 

Fig. 4. Electrochemical characteristics of the electrocatalysts: (a) Polarization curves, (b) Tafel plots (c) Comparison of the overpotentials required at 50 mA cm− 2 

and Tafel slopes, (d) ECSA, (e) EIS, (f) Stability test of PBAs-250 in 1 M KOH, and (g) Comparison of the overpotentials required at 50 mA cm− 2 and Tafel slopes with 
those of previously reported OER catalysts. 
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appropriate amount of VC≡N is an excellent OER electrocatalyst. To 
further explore the overall water-splitting performance of the PBAs-250 
electrocatalyst, a two-electrode system composed of the commercial Pt/ 
C modified CC electrode (Pt/C/CC) as the cathode and PBAs-250 as the 
anode is assembled, as schematically illustrated in Fig. 6c. Fig. 6d shows 
that the cell requires a low voltage of 1.54 V for a current density of 
10 mA cm− 2, which is smaller than those of similar Ni-based electro
catalysts listed in Table S3. 

3.3. Extend to other PBAs 

The concept of VC≡N introduction and regulation can be extended to 
other PBAs-based materials. NiCo-PBAs nanocubes are prepared by the 
same protocol and the nanocube morphology is maintained after the 
thermal treatment as shown in Fig. S5. Fig. 7a shows the crystal 

structure of the NiCo-PBAs precursor and thermally treated electro
catalyst (NiCo-PBAs-V), both can be indexed to Ni3[Co(CN)6]2 (JCPDS 
Card No. 89–3738). After the thermal treatment, VC≡N is formed as 
revealed by the Raman scattering spectra in Fig. 7b, which shows 
weakened C≡N vibration peaks at 2190 and 2208 cm− 1 [60]. The C≡N 
deficient NiCo-PBAs-V electrocatalyst shows a smaller overpotential and 
Tafel slope than the NiCo-PBAs precursor, as shown in Fig. 7c, d. Figs. S6 
and 7e disclose that the ECSA of the C≡N deficient NiCo-PBAs-V is 
enlarged by 16% compared to the precursor because of the VC≡N and 
activation of active sites. The smaller Rct disclosed by EIS in Fig. 7f of the 
NiCo-PBAs-V confirms the fast reaction kinetics. 

4. Conclusions 

A precise regulating strategy to tune the VC≡N content in NiFe- and 

Fig. 5. (a) XRD, (b) SEM image, and (c) Fe 2p1/2 XPS spectrum of PBAs-250 after the long-term test.  

Fig. 6. (a) Photograph of the OER system consisting of the PBAs-250 electrocatalyst with O2 gas generation determined by the water displacement method, (b) 
Experimental and theoretical amounts of O2 produced by the PBAs-250 electrocatalyst at a current of 100 mA in 1 M KOH, (c) Schematic showing the overall reaction 
in the apparatus consisting of the Pt/C/CC cathode and PBAs-250 anode, and (d) Polarization curve of the overall reaction. 
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NiCo-PBAs for enhanced OER is described. The amount of VC≡N can be 
tuned precisely by the thermal treatment of the electrocatalysts. VC≡N 
not only modulates the local electronic structure of the metal sites but 
also creates unsaturated Fe sites to facilitate the formation of a cata
lytically active phase. The electronic interactions between Ni and Fe 
sites further optimize the electronic structure of the active sites for OER. 
Furthermore, the VC≡N restrains the etching of the catalyst during OER 
to present outstanding long-term stability. As a result, the VC≡N modified 
NiFe-PBAs electrocatalyst has excellent OER characteristics such as a 
low overpotential of 270 mV at 50 mA cm− 2 and outstanding stability 
for 80 h in an alkaline solution. The VC≡N deficient NiFe-PBAs also 
shows a small voltage of 1.54 V at 10 mA cm− 2 in overall water splitting 
with the commercial Pt/C catalyst as the cathode in 1 M KOH electro
lyte. The results suggest that improved energy conversion efficiency has 
been achieved by precisely regulating the VC≡N deficient in NiFe-PBAs. 
Our work provides insights into the modification of PBAs for advanced 
OER and energy-efficient hydrogen production. 
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Figure S1. (a) TEM and (b) HR-TEM images of the PBAs-250 electrocatalyst. 
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Figure S2. XPS spectra of NiFe-PBAs/CC, PBAs-200, PBAs-250, and PBAs-300. 
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Table S1. Surface atomic concentrations of the as-prepared electrocatalysts determined 

by XPS. 

 

Samples 
Ratio 

NiFe-PBAs/CC PBAs-200 PBAs-250 PBAs-300 

Fe:Ni 1.10 1.08 1.08 1.06 

N:Ni 5.77 5.11 3.40 1.25 

N:Fe 5.25 4.73 3.15 1.18 

VC≡N content [a] 0% 11.4% 41.1% 78.3% 

[a] The VC≡N content is determined by the N:Ni ratio. 
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Figure S3. High-resolution N 1s XPS spectrum of PBAs-250. 
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Figure S4. Cyclic voltammograms of (a) NiFe-PBAs/CC, (b) PBAs-200, (c) PBAs-250, 

and (d) PBAs-300 in the double layer region at scanning rates of 10~100 mV s−1 in 1 

M KOH. 
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Table S2. Comparison of the overpotentials at 50 mA cm−2 and Tafel slopes of various OER electrocatalysts. 

Electrocatalysts η50 [a] [mV] Tafel slope [mV dec−1] References 

Ni Fe PBAs with CN vacancy 270 53 This work 

Ni3S4 300 67 [1] 

Co0.7Fe0.3P3 330 65.1 [2] 

CoFe LDH with Fe vacancy 317 54 [3] 

NiS/NF 335 89 [4] 

Co0.89Fe0.11O-N 360 52.7 [5] 

B-Co3O4/NF with O vacancy 315 112.5 [6] 

Fe-Co-S/Cu2O/Cu 338 111 [7] 

NiFe LDH with (Ni/Fe)OH-H vacancy 290 77 [8] 

Mo-NiCo2O4/Co5.47N/NF 310 55.1 [9] 

Ni-Mo-B 293 79 [10] 

Co3O4/NF 311 76 [11] 

CoNi2S4@PEDOT 270 72.9 [12] 

Ni5P4@NiOOH 273 62 [13] 

Zn-CoMn2O4 280 69.1 [14] 

Fe-Ni3S2 242@100 mA cm-2 24 [15] 



8 

 

[a] Overpotential at the current density of 50 mA cm−2.  
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Table S3. Comparison of the voltages required at 10 mA cm−2 for overall water splitting in 1 M KOH. 

 

Anodes Cathode Voltage [V @ 10 mA cm−2] References 

NiFe-PBAs with CN vacancy Pt/C 1.54 This work 

N-Ni2P4O12/CC Pt foil 1.60 [16] 

Stainless steel mesh- cathodization Pt plated electrode 1.59 [17] 

NiCoFeB NiCoFeB 1.75 [18] 

Ni/Ni(OH)2 Ni/Ni(OH)2 1.59 [19] 

Ni3N/Co2N Ni3N/Co2N 1.55 [20] 

Ni3Se2/MoSex Ni3Se2/MoSex 1.57 [21] 

 

 

 



10 

 

 

 

 

Figure S5. SEM images of (a) NiCo-PBAs and (b) NiCo-PBAs-V. 
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Figure S6. Cyclic voltammograms of (a) NiCo-PBAs and (b) NiCo-PBAs-V in the 

double layer region at scanning rates of 10~100 mV s−1 in 1 M KOH. 
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