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A B S T R A C T   

The delicate design of non-precious metal-based bifunctional electrocatalysts for simultaneous oxygen/hydrogen 
evolution reactions is pivotal for developing green and sustainable energy sources. Here, we have fabricated a 
novel nickel-iron phosphate heterostructure with abundant oxygen vacancies (Fe0.86Ni0.14-POx/CC) via hydro-
thermal reaction and gas-phase phosphating treatment. By appropriately adjusting the ratio of Ni/Fe, the elec-
tronic structure is regulated, thereby optimizing the oxygen vacancies to form abounded electrocatalytic active 
centers on the catalyst surface. The obtained Fe0.86Ni0.14-POx/CC catalyst reveals low overpotentials of 247 and 
125 mV for OER and HER at a current density of 10 mA cm− 2, respectively. Besides, the overall water splitting 
electrolyzer originated from Fe0.86Ni0.14-POx/CC only requires a cell voltage of 2.01 V to deliver a current density 
of 500 mA cm–2 with good stability of 100 h (10 mA cm− 2). Importantly, Fe0.86Ni0.14-POx/CC possess 96.9 and 
97.7% Faradaic yield for the generation of H2 and O2, respectively. This work invokes new feasibility for 
developing robust and cost-effective phosphate catalysts for electrochemical overall water splitting.   

1. Introduction 

High energy density and zero pollutant emission Hydrogen (H2) 
generation through electrochemical overall water splitting (OWS) has 
been identified as the most attractive strategy to solve the energy crisis 
and environmental pollution [1,2]. During the OWS process, hydrogen 
evolution reaction (HER) occurs at the cathode and oxygen evolution 
reaction (OER) at the anode spontaneously [3]. Nevertheless, OWS re-
mains an enormous challenge due to intrinsically sluggish kinetics and 
high overpotentials [4]. More importantly, the current density required 
by a practical industrial alkaline electrolyzer is usually between 200 and 
500 mA cm− 2 or even up to 1000 mA cm− 2 [5,6]. Currently, Pt/C and 
IrO2/RuO2 are the most inherently active noble metal catalysts [7]. 
However, prohibitive cost, scarce resource and lack of long-term sta-
bility have dramatically plagued their widespread application [8,9]. In 
contrast, transition metal-based compounds are promising alternatives 
to noble metal-based catalysts due to their abundance, cost-effectiveness 
and durability [10,11]. Generally, the catalyst performance largely 

depends on accessible active sites and conductivity [12]. Consequently, 
there are three promising strategies to enhance the performance of HER 
and OER simultaneously: (i) Rational design of catalyst morphology and 
structure to expose more active sites, thus accelerating reaction rates 
[13,14]. (ii) Tuning the catalyst’s electronic structure to generate oxy-
gen vacancies [15]. (iii) Creating synergistic interactions between 
different components can facilitate electron transfer, significantly 
reducing the reaction energy barrier [16,17]. 

Transition metal phosphates exhibit unusual catalytic activity due to 
their unique chemical properties and tunable versatility [18,19]. The 
phosphate groups can not only act as a proton acceptor promoting the 
oxidation of metal atoms but can also induce locally distorted metal 
geometry favouring water adsorption and oxidation [20]. Furthermore, 
transition metal oxides featuring iron and nickel elements showed a 
promising bifunctional nature due to their intrinsic catalytic activity 
[19]. Most importantly, the iron/nickel oxide composites containing 
surface oxygen vacancies are crucial for enhancing the catalyst perfor-
mance. On the one hand, the oxygen vacancies create an excess local 
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electron and coordinative unsaturation that provide specific sites to bind 
small molecules. On the other hand, they are inherent defects of cata-
lysts without introducing any foreign elements, which are beneficial to 
maintain structural integrity and durability [21]. Additionally, the 
rational design of self-supporting catalysts improves the mechanical 
robustness of electrodes [17]. Therefore, a composite carefully con-
structed by Ni(PO3)2 with oxygen vacancy-rich FePO4 on carbon cloth is 
expected to be an ideal bifunctional electrocatalyst. 

Encouraged by the above considerations, a novel oxygen-vacancy- 
rich Fe0.86Ni0.14-POx nanosheet heterostructure was grown in situ on 
carbon cloth (CC) using a facile one-step hydrothermal and phosphating. 
The local electronic structure was tuned to enhance electrocatalytic 
activity by integrating the heterogeneous interfaces and oxygen va-
cancies into a single electrocatalyst. The Fe0.86Ni0.14-POx demonstrates 
fine bifunctional catalytic activity and long-term stability. Meanwhile, 
the electrolyzer assembled employing Fe0.86Ni0.14-POx achieved an 
ultra-low cell voltage of 2.01 V at 500 mA cm− 2, slightly better than the 
benchmark RuO2/CC(+)||Pt-C/CC(− ) catalysts. Besides, Fe0.86Ni0.14- 
POx/CC(+)||Fe0.86Ni0.14-POx/CC(− ) revealed good durability over 100 h 
at 10 mA cm− 2 under alkaline conditions. 

2. Experimental 

2.1. Materials 

Nickel nitrate hexahydrate (Ni(NO3)2⋅6H2O, ≥98%), Iron nitrate 
nonahydrate (Fe(NO3)3•9H2O), ethanol absolute (C2H5OH, ≥99.7%), 
Nafion (5% solution), sodium hypophosphite monohydrate (NaH2-

PO2⋅H2O, 99%), and potassium hydroxide (KOH) were purchased from 
Guangxi Zoey Biotechnology Co., Ltd. Urea (CO(NH2)2) and ammonium 
fluoride (NH4F) was acquired from Xilong Science Co., Ltd. All reagents 
are analytical grade and were used without further purification. Com-
mercial Pt/C (20 wt% for platinum) was purchased from Alfa Aesar. The 
carbon cloth (CC) substrate used in the experiments with a dimension of 
3 cm × 1.5 cm. 

2.2. Synthesis of FexNiy-LDH on carbon cloth 

The CC was ultrasonically washed with 0.5 M H2SO4, deionized 
water and ethanol for 15 min to remove impurities. FeOOH–Ni(OH)2 
was grown on CC by a one-step hydrothermal method. In detail, 4.1 
mmol Fe(NO3)2⋅9H2O, 0.7 mmol Ni(NO3)2⋅6H2O, 3.2 mmol NH4F, and 
8.0 mmol urea were dissolved in 60 mL deionized water, and 5 mL 
ethanol stirred at room temperature for 30 min to obtain a clear solu-
tion. Then the obtained solution was transferred to a Teflon-lined 
autoclave (100 mL) with a piece of treated CC, and the hydrothermal 
reaction was performed at 120 ◦C for 12 h. After natural cooling to room 
temperature, the modified CC material was washed several times with 
deionized water and then dried in an oven at 60 ◦C for 2 h. The obtained 
composites were named as FexNiy-LDH/CC according to the Fe/Ni ratio 
(x/y). A series of composites with different Fe/Ni ratios were synthe-
sized, the total amount of Fe3+ and Ni2+ was 4.8 mmol, and the molar 
ratios of Fe/Ni were 1/0, 1/4, 1/6, 1/8 and 0/1, respectively. 

2.3. Synthesis of FexNiy-POx/CC by vapor phase phosphidation 

A piece of Fe0.86Ni0.14-LDH and 1.0 g of NaH2PO2⋅H2O were placed 
downstream and upstream of a tube furnace, respectively. Afterwards, 
the tube furnace was heated to 300 ◦C in a N2 atmosphere (20 sccm) at a 
heating rate of 5 min− 1 for 2 h. Then, the resultant products were rinsed 
with deionized water and dried in an oven at 60 ◦C for 2 h. The prepared 
sample was named as Fe0.86Ni0.14-POx/CC. Subsequently, a series of 
samples were prepared using a similar method described above and 
called Fe0.80Ni0.20-POx/CC, Fe0.89Ni0.11-POx/CC, Fe-POx/CC and Ni- 
POx/CC, respectively. 

2.4. Synthesis of Pt-C/CC and RuO2/CC 

For comparison, we also prepared RuO2 and commercial Pt/C 
modified on CC. 2 mg RuO2 or commercial Pt/C was dispersed in 400 μL 
of deionized water/ethanol (V/V = 1:1) and 5 μL 5% Nafion as a binder 
to form a homogeneous catalyst ink. Then, the mixture was drop-casted 
onto the CC surface (1 cm × 1 cm) and dried in the air. 

3. Results and discussion 

3.1. Structural and morphological characterizations 

The synthesis process of Fe0.86Ni0.14-POx/CC is presented in Fig. 1a. 
Firstly, nanosheet-like FexNiy-LDH was grown vertically on the CC sur-
face at 120 ◦C for 12 h. Subsequently, the FexNiy-POx/CC was obtained 
by pyrolysis at 300 ◦C for 2 h under a N2 atmosphere with NaH2PO2 as a 
P source. The X-ray diffraction (XRD) patterns confirm the precursor’s 
composition and heterostructure catalysts. Fig. S2a shows the XRD 
pattern of Fe0.86Ni0.14-LDH/CC precursor, in which the diffraction peak 
is well corroborated as the peak of FeOOH (JCPDS: 34–1266) and Ni 
(OH)2 (JCPDS: 38–0715) [22,23]. Figs. S2b and 1b reveal the XRD 
patterns of Fe0.86Ni0.14-POx/CC and samples with different Fe/Ni ratios 
index into the standard characteristic peaks of FePO4 (JCPDS: 50–1635) 
and Ni(PO3)2 (JCPDS: 28–0708) [24,25], indicating the Ni(PO3)2/FePO4 
heterojunction structure was successfully synthesized. 
Brunauer-Emmett-Teller (BET) gas adsorption tests were carried out on 
catalysts with different Fe/Ni ratios (Figs. 1c and S3). The N2 
adsorption-desorption isotherm curve of Fe0.86Ni0.14-POx/CC illustrates 
that the BET surface area is 54.8 m2 g− 1, a typical IV-type isothermal 
process [26]. In addition, the average BJH pore diameters of 
Fe0.86Ni0.14-POx/CC is 34.8 nm are significantly higher than those of 
Fe0.80Ni0.20-POx/CC (23.0 nm), Fe0.89Ni0.11-POx/CC (19.5 nm), 
Fe-POx/CC (21.9 nm), and Ni-POx/CC (19.2 nm). The high porosity of 
Fe0.86Ni0.14-POx/CC facilitates the mass transfer and exposes plenty of 
accessible active sites, thereby, greatly enhancing the electrocatalytic 
performance [27,28]. The electron paramagnetic resonance (EPR) 
spectra (Fig. 1d) exhibited that the obtained catalysts, except for Ni-POx, 
show an intense resonance signal (g ≈ 2.0) and the signal is enhanced 
with the increase of Fe ratio, suggesting that the presence of Fe favors 
the formation of oxygen vacancies [29]. Our results show that a high 
concentration of oxygen vacancies have been successfully created in 
FexNiy-POx/CC and can be controlled by adjusting the Fe content. This is 
beneficial for increasing the rate of the electrocatalytic reaction and 
enhancing catalytic activity. Similar findings also reported in the liter-
ature [30]. Previous studies have elucidated that the introduction of 
vacancies in the catalyst can significantly provide additional active sites 
while further activating the residual inert substrates on its surface, 
thereby increasing the activity of individual sites and favorably reducing 
the overpotential of the reaction [31,32]. 

The morphology and microstructure of the catalysts were charac-
terized using scanning electron microscopy (SEM). The surface of the 
pristine CC was initially smooth (Fig. S4) and turned into a well-aligned 
nanosheets-like structure after in situ hydrothermal growth of 
Fe0.86Ni0.14-LDH as illustrated in Fig. 2a. After the calcination of 
Fe0.86Ni0.14-LDH precursor at 300 ◦C, the morphology of Fe0.86Ni0.14- 
POx/CC is similar with that of Fe0.86Ni0.14-LDH/CC. At the same time, 
the nanosheets became larger and thinner during the phosphorylation 
process (Fig. 2b). Transmission electron morphology (TEM) image 
(Fig. 2c) further confirms that the resulting Fe0.86Ni0.14-POx/CC is 
layered nanosheet morphology, providing abundant active sites for the 
electrocatalytic reaction [11]. The high-resolution TEM (HR-TEM) 
image displays the distinct interplanar spacing of 0.265 and 0.356 nm, 
which are associated with the (400) and (− 323) planes of Ni(PO3)2, 
respectively. In comparison, lattice fringes of 0.268 and 0.253 nm are 
attributed to the (103) and (110) planes of FePO4 (Fig. 2d). The above 
results further demonstrate the successful fabrication of Ni(PO3)2/FePO4 
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heterojunction. Moreover, from the selective area electron diffraction 
(SAED) pattern (Fig. 2e), the diffraction rings matched well with the 
(− 323) plane of Ni(PO3)2 and the (110)/(204) planes of FePO4. Mean-
while, Energy-dispersive X-ray spectroscopy (EDS) in Fig. 2f, the 
high-angle circular dark-field scanning TEM (HAADF-STEM) image and 
corresponding elemental mappings (Fig. 2g) verify that Ni, Fe, P and O 
elements are uniformly distributed throughout the Fe0.86Ni0.14-POx/CC 
nanosheets. Correspondingly, the ICP-MS results showed accurate 
elemental contents, in which the fractions of Fe and Ni were 21.08 and 
1.56 wt%, respectively (Table S1). 

X-ray photoelectron spectroscopy (XPS) was performed to detect the 
surface chemical composition and valence state of Fe0.86Ni0.14-POx/CC. 
As depicted in Fig. 3a, the full survey spectrum of Fe0.86Ni0.14-POx/CC 
indicates the presence of Fe, Ni, P and O elements, which is consistent 
with the XRD and TEM results. The high-resolution C 1s spectrum is 
deconvoluted into four peaks, and including C=C (284.0 eV), C–C 
(284.8 eV), C–O (286.0 eV) and C=O (288.6 eV) in Fig. 3b [33]. 
Simultaneously, the binding energies are calibrated with C 1s as the 
standard [34]. As displayed in Fig. 3c, the high-resolution XPS spectrum 
of Fe 2p in Fe0.86Ni0.14-POx/CC shows Fe 2p3/2 at 706.6 eV, 710.2 eV, 
713.0 eV and 716.9 can be deconvolved into Fe-P, Fe2+, Fe3+ and sat-
ellite peak [35,36]. The Ni 2p spectrum (Fig. 3d) presents three pairs of 
peaks corresponding to the Ni− P bond (853.0/870.1 eV), Ni− O bond 
(856.1/837.8 eV), and satellite peaks (861.1/879.8 eV) [37,38]. As 
summarized in Fig. 3e, the O 1 s spectrum of Fe0.86Ni0.14-POx/CC in-
dicates four main peaks located at 530.0, 530.8, and 532.2 eV, which are 
assigned to M-O, oxygen vacancies and H2Oads, respectively [39,40]. 
The P 2p core energy level spectrum of Fe0.86Ni0.14-POx/CC is shown in 
Fig. 3f, the peak at 133.2 eV is attributed to the P-O bond, and the two 
fitted peaks at 128.7 and 129.7 eV are assigned to the P 2p3/2 and P 
2p1/2, respectively [41]. As expected, XPS analysis substantiated the 
successful preparation of Ni(PO3)2 and FePO4. 

3.2. Electrocatalytic performance 

The electrocatalytic OER activities of Fe0.86Ni0.14-POx/CC and cor-
responding control samples were studied in 1.0 M KOH using a standard 
three-electrode setup. Fig. 4a shows the OER polarization curves for all 
samples. There is a significant increase in the OER activity of FexNiy- 
POx/CC compared to single Ni-POx/CC and Fe-POx/CC electrodes, sug-
gesting that interface engineering is beneficial to achieve better per-
formance. Specifically, the overpotentials of Fe0.86Ni0.14-POx/CC, 
Fe0.89Ni0.11-POx/CC, Fe0.80Ni0.20-POx/CC, Ni-POx/CC, Fe-POx/CC, and 
RuO2/CC are 247, 272, 292, 377, 457 and 247 mV at a current density of 
10 mA cm− 2, respectively. As expected, the Fe0.86Ni0.14-POx/CC pos-
sesses a good OER performance with a low Tafel slope of 48.3 mV dec− 1. 
It is substantially lower than the Fe0.89Ni0.11-POx/CC (69.5 mV dec− 1), 
Fe0.80Ni0.20-POx/CC (73.0 mV dec− 1), Ni-POx/CC (117.5 mV dec− 1), Fe- 
POx/CC (74.5 mV dec− 1), and RuO2/CC (59.9 mV dec− 1), implying the 
fast OER reaction kinetics of Fe0.86Ni0.14-POx/CC (Fig. 4b) [42]. The 
OER performance of Fe0.86Ni0.14-POx/CC also exceeds those of most 
recently reported OER electrocatalysts (Fig. 4c and Table S2). Electro-
chemical impedance spectroscopy (EIS) can reflect the interfacial charge 
transfer rate of the catalyst [2]. As illustrated in Fig. 4d, the charge 
transfer resistance (Rct) of FexNiy-POx/CC is lower than that of 
Ni-POx/CC and Fe-POx/CC, indicating the heterointerfaces between Ni 
(PO3)2 and FePO4 can improve the electrical conductivity and charge 
transfer of the catalyst. Among them, Fe0.86Ni0.14-POx/CC has the lowest 
Rct, which is beneficial to charge transfer during the OER process and 
can accelerate the reaction progress [41]. Double-layer capacitance (Cdl) 
was also executed to investigate the influence of the electrochemically 
active surface area (ECSA) on electrochemical properties. The ECSA is 
derived from the Cdl of the cyclic voltammetry (CV) curve in the 
non-Faradaic range (Fig. S5). The fitted Cdl is displayed in Fig. 4e. 
Appreciably, the Cdl value of Fe0.86Ni0.14-POx/CC is 99.7 mF cm− 2, 
which is higher than those of Fe0.89Ni0.11-POx/CC (14.0 mF cm− 2), 
Fe0.80Ni0.20-POx/CC (34.7 mF cm− 2), Ni-POx/CC (2.1 mF cm− 2), and 
Fe-POx/CC (5.6 mF cm− 2), respectively. The above results are consistent 

Fig. 1. (a) Schematic illustration of the fabrication of FexNiy-POx/CC electrocatalysts. (b) XRD pattern, and (c) Nitrogen adsorption-desorption isotherm of 
Fe0.86Ni0.14-POx/CC. (d) EPR spectra of FexNiy-POx samples with different Fe/Ni ratios. 
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Fig. 2. (a) SEM image of FexNiy-LDH/CC. (b) SEM image, (c) TEM image, (d) high-resolution TEM image, (e) SAED image, (f) EDS pattern, and (g) HAADF-STEM 
image and corresponding element mappings of Fe0.86Ni0.14-POx/CC. 

Fig. 3. (a) Full-range XPS survey of Fe0.86Ni0.14-POx/CC. High-resolution XPS spectra of (b) C 1s, (c) Fe 2p, (d) Ni 2p, (e) O 1s, and (f) P 2p of Fe0.86Ni0.14-POx/CC.  
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with ECSA, as shown in Fig. S6. The ECSA value of Fe0.86Ni0.14-POx/CC 
is 1661.7 cm2, which is significantly larger than those of Fe0.89Ni0.11--
POx/CC (233.3 cm2), Fe0.80Ni0.20-POx/CC (578.3 cm2), Ni-POx/CC 
(35.0 cm2) and Fe-POx/CC (93.3 cm2), further demonstrating that the 
interfacial synergy between Ni-POx/CC and Fe-POx/CC enhances the 
intrinsic activity of Fe0.86Ni0.14-POx/CC heterostructure catalyst [43]. 
Larger ECSA is beneficial for exposing more available active sites, 

accelerating mass transfer and promoting electrocatalytic activity [44]. 
Remarkably, long-term stability is an important parameter affecting the 
catalyst’s prevalent application. The chronopotentiometry was con-
ducted at a current density of 10 mA cm− 2 for 100 h to assess the OER 
durability of Fe0.86Ni0.14-POx/CC in 1.0 M KOH solution (Fig. 4f). It 
exhibited negligibly potential changes, which implement that 
Fe0.86Ni0.14-POx/CC possesses robust stability. 

Fig. 4. OER performance of different electrocatalysts in 1.0 M KOH solution. (a) LSV polarization curves, and (b) corresponding tafel slopes. (c) Comparison with the 
overpotentials and tafel slopes of recently reported catalysts for OER activity at 10 mA cm− 2. (d) Electrochemical impedance spectroscopy (EIS), and (e) double layer 
capacitance (Cdl) of different electrocatalysts. (f) Chronopotentiometry curve of Fe0.86Ni0.14-POx/CC at a constant current density of 10 mA cm− 2 for 100 h. 

Fig. 5. HER performance of different electrocatalysts in 1.0 M KOH solution. (a) LSV polarization curves, and (b) corresponding tafel slopes. (c) Comparison with the 
overpotentials and tafel slopes of recently reported catalysts for HER activity at − 10 mA cm− 2. (d) Chronopotentiometry curve of Fe0.86Ni0.14-POx/CC at a constant 
current density of − 10 mA cm− 2 for 100 h. 
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Following the HER performance of Fe0.86Ni0.14-POx/CC and other as- 
prepared samples are shown in Fig. 5a. The LSV curves demonstrate that 
the Fe0.86Ni0.14-POx/CC exhibits the highest HER activity among the as- 
prepared catalysts with the lowest overpotential of 125 mV at 10 mA 
cm− 2, which is significantly lower than that of Fe0.89Ni0.11-POx/CC (180 
mV), Fe0.80Ni0.20-POx/CC (150 mV), Ni-POx/CC (340 mV) and Fe-POx/ 
CC (406 mV), except for Pt/C (39 mV). As indicated in Fig. 5b, the Tafel 
slope of Fe0.86Ni0.14-POx/CC (66.2 mV dec− 1) is close to that of Pt/C 
(40.9 mV dec− 1) and lower than that of Fe0.89Ni0.11-POx/CC (99.2 mV 
dec− 1), Fe0.80Ni0.20-POx/CC (174.0 mV dec− 1), Ni-POx/CC (137.5 mV 
dec− 1) and Fe-POx/CC (66.4 mV dec− 1), manifesting that Fe0.86Ni0.14- 
POx/CC follows the Volmer-Heyrovsky HER mechanism [45]. In addi-
tion, the overpotential (at 10 mA cm− 2) and Tafel slope values of 
Fe0.86Ni0.14-POx/CC are also competitive compared with the recently 
reported HER catalysts (Fig. 5c and Table S3). Similarly, Fe0.86Ni0.14--
POx/CC showed 100 h at − 10 mA cm− 2 stability without much voltage 
deviation, indicating its robust durability (Fig. 5d). 

The highlighted bifunctional catalytic activity of Fe0.86Ni0.14-POx/CC 
relative to its comparison samples is encouraging. Consequently, a two- 
electrode electrolyzer (Fe0.86Ni0.14-POx/CC(+)||Fe0.86Ni0.14-POx/CC(− )) 
was further assembled using Fe0.86Ni0.14-POx/CC as anode and cathode 
catalysts for OWS in 1.0 M KOH. Fig. 6a displays a schematic diagram of 
two-electrode overall water splitting [46]. As expected, the 
Fe0.86Ni0.14-POx/CC(+)||Fe0.86Ni0.14-POx/CC(− ) demands only 2.01 V to 
achieve an industrial favored high current density of 500 mA cm− 2 

better than the RuO2/CC(+)||Pt-C/CC(− ) in Fig. 6b. It is worth noting that 
the LSV curves of RuO2/CC(+)||Pt-C/CC(− ) show significant fluctuation 
at current densities above 500 mA cm− 2. This is likely caused by the use 
of Nafion during the preparation of the electrode. Nafion may not pro-
vide adequate adhesion to withstand too many bubbles and may block 
active sites, hindering bubble diffusion and separation [17]. Meanwhile, 
this further illustrates the mechanical robustness of the Fe0.86Ni0.14--
POx/CC electrode. In addition, its OWS performance in 1.0 M KOH ex-
ceeds those of many reported bifunctional catalysts (Fig. 6c and 
Table S4). Moreover, a stability test of the OWS was carried out to 

confirm the practical application of the well-designed Fe0.86Ni0.14--
POx/CC catalyst. As observed in Fig. 6d, it can be maintained at a current 
density of 10 mA cm− 2 for 100 h with almost no noticeable degradation, 
verifying the notable stability and durability of Fe0.86Ni0.14-POx/CC in 
OWS. 

3.3. Faradaic efficiency (FE) test 

The amount of H2 and O2 generated by Fe0.86Ni0.14-POx/CC elec-
trocatalyst was collected using the drainage method (Fig. 7a) [47]. The 
Fe0.86Ni0.14-POx/CC rapidly dissociated H2O to create large amounts of 
H2 and O2 at a chronocurrent of 350 mA cm− 2 in 1.0 M KOH (Fig. 7b,c) 
presents the volume change of O2 while 10, 20, 30, 40 and 50 mL of H2 
were generated, respectively. As depicted in Fig. 7d, the FE of 
Fe0.86Ni0.14-POx/CC was calculated to be 96.9 and 97.7% for the gen-
eration of H2 and O2 respectively, and this slight loss may be caused by 
redox charges of the material [48], further validating the Fe0.86Ni0.14--
POx/CC is an efficient bifunctional electrocatalyst. 

3.4. Catalytic mechanism analysis 

To explore the reaction mechanism of the electrocatalyst in the OER 
half-reaction, the Fe0.86Ni0.14-POx/CC was characterized by SEM and 
XPS after OER. The SEM image shows that the nanosheets on the 
Fe0.86Ni0.14-POx/CC surface became rough and slightly aggregated after 
stability testing (Fig. S7). As shown in Fig. S8, compared with the results 
before the OER test, Fe-P in Fe 2p spectrum became relatively weak, 
while the peak of Ni-P in Ni 2p disappeared utterly, indicating complete 
oxidation, which suggests that the role of metal-P is to generate unique 
catalyst morphology and porosity to expose more active sites. The high- 
resolution P 2p spectrum exhibits a peak of phosphorus oxide, whose 
intensity decreased significantly after the OER test, and the M-P bond- 
associated peaks nearly disappeared. Besides, the formation of Fe/Ni 
hydroxide or oxyhydroxide on the catalyst surface during the OER test 
[49] further confirms the critical role of phosphate. In addition, the 

Fig. 6. (a) Schematic diagram of overall water splitting electrolyzer using Fe0.86Ni0.14-POx/CC as bifunctional catalyst. (b) Comparison of polarization curves of 
Fe0.86Ni0.14-POx/CC(+)||Fe0.86Ni0.14-POx/CC(− ) and the RuO2/CC(+)||Pt-C/CC(− ) at high current density. (c) Comparing cell voltages with the recently reported 
electrolyzers at 10 mA cm− 2. (d) Long-term stability test of Fe0.86Ni0.14-POx/CC(+)||Fe0.86Ni0.14-POx/CC(− ) at 10 mA cm− 2. 
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high-resolution O 1s spectrum appeared at three peaks at 530.3, 531.2 
and 532.2 eV, corresponding to the M-O, oxygen vacancies, and H2Oads, 
respectively. Notably, there is an enhanced O 1s peak of M-O, indicating 
that more O* was adsorbed on the surface of the catalyst during the 
alkaline OER process [50]. These results demonstrated that 
Fe0.86Ni0.14-POx/CC was oxidized during the OER stability test. 

Briefly, the satisfactory performance and stability of Fe0.86Ni0.14- 
POx/CC in the alkaline electrolyte can be explained as follows: (i) The 
construction of nanosheet heterostructure provides a larger specific 
surface area, which accelerates the diffusion of active species and sur-
face electron transfer. (ii) The interaction between different components 
of Ni(PO3)2 and FePO4 interface is beneficial in adjusting the electronic 
structure to improve the catalytic activity. (iii) Oxygen vacancies engi-
neering can effectively optimize the electronic structure of Fe0.86Ni0.14- 
POx/CC to increase the intrinsic activity, thereby promoting the reaction 
kinetics. 

4. Conclusion 

In summary, we successfully fabricated Fe0.86Ni0.14-POx/CC hetero-
structure nanosheet electrocatalyst with abundant oxygen vacancies. 
Due to the interfacial nanosheet structure with numerous oxygen va-
cancies, Fe0.86Ni0.14-POx/CC exhibits good catalytic performance and 
robust stability for both OER and HER in alkaline electrolytes. Impres-
sively, the obtained Fe0.86Ni0.14-POx/CC showed a low overpotential of 
247 mV to reach a current density of 10 mA cm− 2 and high stability 
during OER, as well as good HER performance with an overpotential of 

125 mV at 10 mA cm− 2. In addition, the overall water splitting device 
consisting of Fe0.86Ni0.14-POx/CC can drive a current density of 500 mA 
cm− 2 with only 2.01 V and maintain stability at 10 mA cm− 2 for 100 h. 
The results highlight the importance of interfacial engineering and 
abundant oxygen vacancies for developing efficient and stable bifunc-
tional electrocatalysts for water splitting that have tremendous potential 
for industrial applications. 
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