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Abstract
Developing highly active oxygen evolution reaction (OER) electrocatalysts with robust durability is essential in producing high-purity
hydrogen through water electrolysis. Layered double hydroxide (LDH) based catalysts have demonstrated efficient catalytic performance toward
the relatively sluggish OER. By considering the promotion effect of phosphate (Pi) on proton transfer, herein, a facile phosphate acid (PA)
surface-neutralization strategy is developed to in-situ construct NiCo-LDH/NiCoPi hetero-sheets toward OER catalysis. OER activity of NiCo-
LDH is significantly boosted due to the proton promotion effect and the electronic modulation effect of NiCoPi. As a result, the facilely prepared
NiCo-LDH/NiCoPi catalyst displays superior OER catalytic activity with a low overpotential of 300 mV to deliver 100 mA cm�2 OER and a
Tafel slope of 73 mV dec�1. Furthermore, no visible activity decay is detected after a 200-h continuous OER operation. The present work,
therefore, provides a promising strategy to exploit robust OER electrocatalysts for commercial water electrolysers.
© 2022 Institute of Process Engineering, Chinese Academy of Sciences. Publishing services by Elsevier B.V. on behalf of KeAi Communi-
cations Co., Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Hydrogen is one of the most promising clean energy
sources by its high gravimetric density and environmental-
friendly feature [1–4]. Electrochemical water splitting, which
involves two half-reactions: hydrogen evolution reaction
(HER) and oxygen evolution reaction (OER), is an effective
and sustainable pathway for hydrogen production [5–8]. OER
is a multiple electron transfer process, and the sluggish dy-
namics make it the choke point in high-efficiency water
electrolysis [5,9,10]. Nobel-metal-based oxides (RuO2/IrO2)
are regarded as OER electrocatalysts with high electrocatalytic
activity [11]. However, their inadequate durability and scarce
earth reserves seriously impede their industrial application
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[12–14]. Therefore, exploiting earth-abundant, efficient and
robust OER electrocatalysts is attracting more and more
attention [15,16].

Various transition metal (TM) materials have been
researched as OER electrocatalysts [17–20]. TM layered
double hydroxides (LDHs) are promising OER electro-
catalysts because of their adjustable composition, low-toxic
and unique two-dimensional layered structure [21–23].
Numerous methods have been exploited to enhance the OER
performance of LDHs, such as morphology engineering, de-
fects engineering and heterostructure engineering [24,25].
Many attempts are performed to improve the OER electro-
catalytic activity of LDHs through heterostructure engineering
modulation. The heterostructure engineering method is effi-
cient in modulating the catalytic performance by precisely
tuning the electronic structure of metal sites and regulating
charge transfer in the OER process [26]. Liu et al. [27] re-
ported a Ni3S2@NiV-LDH hetero-sheet array supported on
. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co.,
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nickel foam, benefiting from the large interfaces and enhanced
electronic interactions, an overpotential of 320 mV to deliver
100 mA cm�2 OER was achieved. Song et al. [28] constructed
CoSe2@CoNi LDH hybrid nanostructured arrays on a carbon
cloth; the promoted reaction kinetics induced by the strong
interaction of interface greatly enhance the OER performance.
This catalyst only needs a low overpotential of 240 mV to
deliver 10 mA cm�2 OER. However, developing a facile and
universal strategy for heterostructure construction is still
required and challenging for TM-LDH-based OER catalysts.

TM phosphates (Pi) have also recently received significant
attention as OER catalysts [29–32]. The phosphate groups in
Pi can act as the proton acceptor, promote the proton-transfer
kinetics and tune the electronic characteristic of active sites
due to their substantial nucleophilic properties, which are
beneficial for OER catalysis [33–35]. Besides, the hydrophilic
nature of Pi can enable fast mass transfer between the elec-
trolyte and catalyst [36]. Therefore, combining Pi with LDH is
reasonable to enhance the electrocatalytic OER activity of
LDH. A facile and universal approach to constructing NiCo-
LDH/NiCoPi hetero-sheets is reported for the first time via a
simple phosphate acid (PA) surface neutralization strategy.
The surface of NiCo-LDH is partially converted to amorphous
NiCoPi via the neutralization reaction of PA with NiCo-LDH,
and LDH/NiCoPi hetero-sheets were, therefore, facilely
engineered (Fig. 1a). Meanwhile, the etching effect of PA
simultaneously creates additional vacancies and exposes more
active sites for OER. Consequently, the NiCo-LDH/NiCoPi
catalyst with abundant LDH/NiCoPi heterointerfaces only
Fig. 1. (a) Diagrammatic illustration for the fabrication of NiCo-LDH/NiCoPi. (b) O

(c) NiCo-LDH and (d) NiCo-LDH/NiCoPi.
needs 300 mV overpotential to deliver 100 mA cm�2 OER in
1 mol L�1 KOH electrolyte, which is 73 mV lower than that of
the NiCo-LDH catalyst. Further, OER can continuously
operate for more than 200 h on the NiCo-LDH/NiCoPi catalyst
without any visible activity decay. This surface-neutralization-
based LDH/Pi hetero-sheets engineering strategy can apply to
other TM-LDHs, such as CoMn-LDH and NiCoMn-LDH, for
OER performance enhancement.

2. Experimental
2.1. Synthesis of NiCo-LDH, CoMn-LDH and NiCoMn-
LDH
Prior to the LDH synthesis, NF pieces were washed with
acetone, 1 mol L�1 HCl and deionized water to remove the
organic contaminant and oxide shell on the NF surface. NiCo-
LDH was grown on the NF surface using a modified hydro-
thermal reaction. 2.25 mmol Ni(NO3)2$6H2O and 0.75 mmol
Co(NO3)2$6H2O are dissolved in a mixed solution of meth-
anol (60 mL) and deionized water (12 mL) first. Next, 1 g
cetyltrimethylammonium bromide (CTAB) was added to the
above solution under stirring for 0.5 h to form a transparent
solution. Afterwards, a piece of NF (3 cm � 7 cm) was
immersed in a stainless-steel autoclave containing the above
solution. The autoclave was then heated at 180 �C for 24 h for
a hydrothermal reaction. The NF-supported NiCo-LDH sheets
were obtained after being washed with deionized water. The
synthesis process of CoMn-LDH on NF is analogous to NiCo-
ptical images of bare NF, NiCo-LDH and NiCo-LDH/NiCoPi; SEM images of
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LDH by substituting Ni(NO3)2$6H2O with Mn(NO3)2$4H2O
instead. The fabrication process of NiCoMn-LDH on NF is
also similar to NiCo-LDH, by substituting 2.25 mmol
Ni(NO3)2$6H2O, 0.75 mmol Co(NO3)2$6H2O to 1.00 mmol
Ni(NO3)2$6H2O, 1.00 mmol Co(NO3)2$6H2O and 1.00 mmol
Mn(NO3)2$4H2O.
2.2. Synthesis of NiCo-LDH/NiCoPi, CoMn-LDH/
CoMnPi and NiCoMn/NiCoMnPi
Typically, 0.1 mL 85% PA aqueous solution was added to
10 mL ethanol. After stirring at room temperature for 10 min,
a piece of NF (1 cm � 3 cm) supported NiCo-LDH was
immersed into a stainless steel autoclave containing the above
solution. The autoclave was heated at 100 �C for 6 h for PA
surface neutralization. After being dried at 50 �C for 6 h,
NiCo-LDH/NiCoPi was successfully obtained. CoMn-LDH/
CoMnPi and NiCoMn-LDH/NiCoMnPi were prepared
following a similar process for NiCo-LDH/NiCoPi.

Details on physical characterizations and electrochemical
measurements are provided in Supporting Information.

3. Results and discussions
3.1. Physical characterizations
As shown in Fig. 1b, the colour changed from the light
green of NiCo-LDH to the dark green of NiCo-LDH/NiCoPi
after surface-neutralization. The concentration of PA used for
surface-neutralization can remarkably affect the OER activity
of the NiCo-LDH/NiCoPi catalyst. A PA concentration of ca.
1% (0.1 mL PA in 10 mL ethanol solution) led to the best OER
catalytic activity, hence was selected as the delegate sample
(Fig. S1). Unlike the smooth surface of bare NF (Fig. S2),
SEM images of NiCo-LDH (Fig. 1c and Fig. S3a) demonstrate
that NiCo-LDH nanosheets are vertically grown on the NF
skeleton. After PA surface-neutralization, the NiCo-LDH/
NiCoPi hetero-sheets become thicker than NiCo-LDH sheets,
which is ascribed to the formation of NiCoPi. Besides, the
hetero-sheets show curved morphology with a rough surface
(Fig. 1d and Fig. S3b), which not only increase the surface
area and expose more active sites but also promote the
permeation of electrolyte for fast mass transport [37].

As shown in the TEM image of NiCo-LDH (Fig. 2a), the
flat characteristic of NiCo-LDH can be observed clearly. The
clear diffraction rings and the distinct diffraction dots suggest
the polycrystalline character of NiCo-LDH (Fig. 2b). The
high-resolution TEM (HR-TEM) image was also recorded, in
which the lattice fringes were measured to be 0.23 and
0.19 nm, corresponding to (015) and (018) planes of NiCo-
LDH (Fig. 2c), respectively. After the surface-neutralization,
the TEM image (Fig. 2d) of the NiCo-LDH/NiCoPi hetero-
sheet shows a ruffled structure, and the broad rings with
indistinct diffraction dots in the SAED pattern indicate the
crystallinity decrease (Fig. 2e). The amorphous region in the
HR-TEM image (Fig. 2f) corresponds to the NiCoPi phase.
The interface between NiCo-LDH and NiCoPi could also be
observed clearly (dotted line in Fig. 2f), suggesting the suc-
cessful engineering of the NiCo-LDH/NiCoPi hetero-
interfaces. The lattice fringes of NiCo-LDH in NiCo-LDH/
NiCoPi are rougher compared with that of pristine NiCo-LDH,
indicating that extra defects were generated during the sur-
face-neutralization due to the etching effect of PA.

The lower intensity and broader full width at half maximum
(FWHM) of diffraction peaks in the X-ray diffraction (XRD)
pattern of NiCo-LDH/NiCoPi compared with NiCo-LDH also
suggest the decrease in crystallinity of NiCo-LDH and the
formation of amorphous NiCoPi after PA surface-neutraliza-
tion (Fig. S4). Additionally, the high angle annular dark field
scanning transmission electron microscope (HAADF-STEM)
image and the corresponding energy dispersive X-Ray spec-
troscopy (EDX) elemental distribution of NiCo-LDH/NiCoPi
confirm the homogeneous distribution of Ni, Co, O and P
(Fig. 2g–k). To further confirm the construction of the NiCo-
LDH/NiCoPi heterointerface, FT-IR measurements were also
performed (Fig. S5). After surface-neutralization, a new peak
at 1350 cm�1 appeared, attributed to the P]O bond, which
can be detected as desired. Additionally, the Raman spectrum
of NiCo-LDH/NiCoPi (Fig. S6) displays broadband at ca.
1000 cm�1, which is attributed to P–O vibration in NiCoPi
[38].

To characterize the chemical environment and bonding
structure of the catalysts, XPS analysis was performed. Survey
XPS spectrum of NiCo-LDH/NiCoPi confirms the presence of
Ni, Co, O and P (Fig. 3a). The composition of the NiCo-LDH/
NiCoPi and NiCo-LDH (Table S1) confirms that the atomic
ratios of Ni:Co in both samples are ca. 3:1. The high-resolu-
tion Ni 2p spectrum of NiCo-LDH (Fig. 3b) shows two sub-
peaks at 855.3 and 873.0 eV, assigning to the Ni 2p3/2 and Ni
2p1/2 orbitals. Compared with NiCo-LDH, peak positions of
Ni 2p3/2 and Ni 2p1/2 for NiCo-LDH/NiCoPi shift positively to
856.0 eV and 873.7 eV attributing to the inductive effect as
well as strong interactions of LDH and Pi on the NiCo-LDH/
NiCoPi heterointerfaces [39]. For the high-resolution Co 2p
spectra (Fig. 3c), the peak positions of Co 2p3/2 (781.2 eV) and
Co 2p1/2 (797.4 eV) for NiCo-LDH/NiCoPi also shift posi-
tively compared with those of NiCo-LDH (780.9 and
797.1 eV, respectively). The positively shifted peaks of Co and
Ni are attributed to the inductive effect and strong interactions
of the phosphate groups with metal sites in NiCo-LDH/NiC-
oPi. This also has a significant influence in tuning the elec-
tronic structure of the metal sites in NiCo-LDH/NiCoPi and
thus promotes the oxidation process of metal centres during
OER [40,41]. The high-resolution O 1s spectrum for NiCo-
LDH can be deconvoluted to three peaks (Fig. 3d), corre-
sponding to the Metal-O (530.6 eV), the hydroxide bond
(OH�) (531.9 eV) and the adsorbed H2O (533.9 eV). For
NiCo-LDH/NiCoPi, the binding energy of the Metal-O shifts
positively owing to the formation of the Metal-O-P bond, and
a peak at 533.1 eV was newly observed, attributing to the
existence of phosphate groups. Further, the asymmetric
property of the OH� subpeak suggests the presence of oxygen
vacancies in the catalyst. It has been reported that the ratio of
peak area (OH�/Metal-O) can roughly evaluate the number of



Fig. 3. (a) Survey XPS spectrum of NiCo-LDH and NiCo-LDH/NiCoPi; High-resolution XPS spectrum of (b) Ni 2p, (c) Co 2p, (d) O 1s and (e) P 2p of NiCo-LDH

and NiCo-LDH/NiCoPi. (f) Electron paramagnetic resonance spectrum of NiCo-LDH and NiCo-LDH/NiCoPi.

Fig. 2. (a) TEM, (b) SAED and (c) HRTEM images of NiCo-LDH. (d) TEM, (e) SAED and (f) HRTEM images of NiCo-LDH/NiCoPi; (g–k) HAADF-STEM

image and the corresponding EDX elemental distribution of NiCo-LDH/NiCoPi.
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oxygen vacancies [40], and the OH�/Metal-O ratio in the
NiCo-LDH/NiCoPi spectrum is about 0.59, which is about 2.5
times of that of pristine NiCo-LDH (0.23). This result can
verify the additional oxygen vacancies in NiCo-LDH/NiCoPi
resulting from the etching effect of PA during surface-
neutralization. Finally, P atoms in the LDH/NiCoPi catalyst all
exist in the form of phosphate groups as designed according to
the P 2p spectrum (Fig. 3e) [42,43].

Further, Raman analysis was carried out to study the
chemical vibration modes of NiCo-LDH/NiCoPi (Fig. S7). Two
characteristic peaks at 463 and 517 cm�1 in the NiCo-LDH
spectrum can be assigned to Metal-OH and Metal-O vibrations,
respectively. The intensity of Raman peaks decreased after the
PA surface-neutralization, accompanied by a redshift of the
peak position, arising from the defects caused by the etching
effect of PA and the interactions of phosphate groups with the
metal sites [44,45]. The electron paramagnetic resonance (EPR)
spectra were also collected to provide direct proof for oxygen
vacancies (Fig. 3f). Compared to NiCo-LDH, the NiCo-LDH/
NiCoPi catalyst exhibits a much stronger signal at g ¼ 2.006,
corresponding to the unsaturated oxygen vacancies, indicating a
higher concentration of oxygen vacancies. Hence, the XPS,
Raman, and EPR results all confirm that more oxygen defects
were created during the PA surface-neutralization. The oxygen
defects can improve the conductivity of the catalysts and expose
more active sites for efficient OER [46,47].

Contact angle tests were conducted to study the effect of
surface-neutralization on the surface property of NiCo-LDH.
It can be seen that both NiCo-LDH and NiCo-LDH/NiCoPi
show a hydrophilic feature in contrast with the bare NF, which
shows a hydrophobic feature (Fig. S8a–c). A hydrophilic
Fig. 4. (a) LSV plots of NiCo-LDH, NiCo-LDH/NiCoPi, IrO2, and bare NF in 1 m

plots. (c) Nyquist plots of Bare NF, NiCo-LDH and NiCo-LDH/NiCoPi. (d) Plots

activity of NiCo-LDH and NiCo-LDH/NiCoPi. (f) Comparison of the OER activit
surface would benefit electrolyte diffusion and enable intimate
contact between electrolyte and active sites [48]. Besides, easy
gas bubble release from the catalyst is also essential for OER
performance because the generated gas bubbles will obstruct
active sites and hinder the OER process. As depicted in
Fig. S8d–f, the NiCo-LDH/NiCoPi exhibited the largest bub-
ble contact angle (150�) compared with that of NiCo-LDH
(145�) and bare Ni foam (143�), indicating a more aerophobic
surface, so that the produced O2 bubbles can quickly release
from the catalyst surface. Consequently, it is expected that the
NiCo-LDH/NiCoPi exhibit a superior electrocatalytic activity
towards OER.
3.2. OER electrocatalytic performance
Catalytic OER activity and stability of the as-synthesized
catalysts were evaluated in a typical three-electrode cell in O2-
saturated 1 mol L�1 KOH electrolyte. The NiCo-LDH/NiCoPi
catalyst performed superior electrocatalytic OER activity in
1 mol L�1 KOH electrolyte, as shown in Fig. 4a. Only a low
overpotential of 300 mV was required to achieve
100 mA cm�2 OER, which is significantly lower than that of
NiCo-LDH (373 mV) and IrO2 (351 mV). A noticeable pre-
oxidation peak of NiCo-LDH/NiCoPi between 1.3 and 1.5 V
(vs. RHE) corresponds to the oxidation of metal species,
which reveals the transformation of hydroxide to hydroxyl
oxide during OER. The transformation of hydroxide to hy-
droxyl oxide during OER is an electrochemical deprotonation
process [49], which could be promoted by phosphate groups
due to its excellent proton transfer ability. Fig. S9 shows the
enlarged LSV plots of NiCo-LDH and NiCo-LDH/NiCoPi. It
ol L�1 KOH electrolyte. (b) Corresponding Tafel slopes derived from the LSV

of charging current density versus the scan rates. (e) ECSA normalized OER

y for NiCo-LDH/NiCoPi with reported catalysts, originating from Table S2.
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can also be found that the onset potentials of the metal
oxidation peaks were 1.28 and 1.30 V vs. RHE for the NiCo-
LDH and NiCo-LDH/NiCoPi, respectively. Therefore, the
phosphate heterojunction causes a 20-mV cathodic shift of the
potential required to initiate the oxidation of the metal. The
peak position also underwent a cathodic shift of 30 mV. The
above result indicated the efficiency of phosphate hetero-
junction construction in promoting the formation of high-
valence-state metal species at low overpotentials. And the
oxidation peak for the NiCo-LDH/NiCoPi was notably larger
than that of the NiCo-LDH, suggesting a higher population of
the active hydroxyl oxide species in the NiCo-LDH/NiCoPi
catalyst may contribute to its superior OER activity. Corre-
sponding Tafel plots of the catalyst are illustrated in Fig. 4b.
Compared to NiCo-LDH (107 mV dec�1) and IrO2

(91 mV dec�1), the lowest Tafel slope of NiCo-LDH/NiCoPi
(73 mV dec�1) implies its fastest kinetics toward OER.
Electrochemical impedance spectroscopy (EIS) spectra were
collected to evaluate the charge transfer resistance (Rct) of
OER on different catalysts (Fig. 4c). The Rct value of NiCo-
LDH/NiCoPi is much smaller than NiCo-LDH, confirming the
significantly improved charge transfer speed during the OER
process on NiCo-LDH/NiCoPi mainly ascribed to the pro-
motion effect of phosphate groups in NiCoPi. The intrinsic
catalytic activity of NiCo-LDH/NiCoPi was also assessed by
normalizing the LSV curves by the electrochemical active
surface area (ECSA), which is calculated by the double-layer
capacitance (Cdl) based on the cyclic voltammetry (CV) at
various scan rates (Fig. 4d and Fig. S10). Higher activity was
Fig. 5. (a) LSV plots of NiCo-LDH/NiCoPi before and after 5000 CV cycles in 1 m

cycles. (c) CP curve of NiCo-LDH/NiCoPi at a constant current density of 100 m
also observed for the NiCo-LDH/NiCoPi catalyst (Fig. 4e),
indicating that heterointerface engineering can enhance the
intrinsic activity of metal sites. The activity of NiCo-LDH/
NiCoPi catalyst has also outperformed most reported non-
precious catalysts, as depicted in Fig. 4f and Table S2. The
higher intrinsic activity of the NiCo-LDH/NiCoPi catalyst
might be originated from the excellent proton transfer ability
of phosphate groups. In alkaline media, the OER process in-
volves four consecutive proton-coupled electron transfer
(PCET) steps on metal centers [50]:

M þ OH� / MOH þ e� (1)

� �
MOH þ OH / MO þ H2O þ e (2)

� �
MO þ OH / MOOH þ e (3)

� �
MOOH þ OH / M þ O2 þ H2O þ e (4)

The deprotonation of surface intermediates plays a signif-
icant role in the OER process. As mentioned above, phosphate
groups exhibit excellent proton transfer ability. Therefore, the
NiCo-LDH/NiCoPi heterostructure can efficiently promote the
deprotonation of surface intermediates (MOH and MOOH).
The possible mechanisms are shown in Fig. S11. The phos-
phate groups in NiCoPi improve the proton-transfer kinetics,
assisting the deprotonation steps from –OH to –O* and –OOH
to –OO* during the OER.
ol L�1 KOH electrolyte. (b) SEM image of NiCo-LDH/NiCoPi after 5000 CV

A cm�2 in 1 mol L�1 KOH electrolyte.
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The stability of the NiCo-LDH/NiCoPi was subsequently
evaluated by accelerated CV test and chronopotentiometry
(CP) analysis. As shown in Fig. 5a, LSV plots obtained
before and after 5000 CV cycles are nearly overlapped in
1 mol L�1 KOH electrolyte. The SEM (Fig. 5b) and TEM
(Fig. S12) images evidences that the microstructure of NiCo-
LDH/NiCoPi was well maintained after 5000 CV cycles,
indicating its excellent structural stability. XPS is also per-
formed to study the metal valence state change. As shown in
Fig. S13, the ratio of Ni3þ/Ni2þ and Co3þ/Co2þ both
dramatically increased, indicating that Ni and Co were
oxidized to higher oxidation states corresponding to hy-
droxyl oxide species. The CP curve in Fig. 5c shows that the
NiCo-LDH/NiCoPi can work continuously for more than
200 h at 100 mA cm�2 in 1 mol L�1 KOH electrolyte. The
potential fluctuation after continuous testing at 100 mA cm�2

is only 5 mV, indicating the superior durability of NiCo-
LDH/NiCoPi toward OER catalysis. The excellent catalytic
activity and durability of NiCo-LDH/NiCoPi make it one of
the best self-supported electrocatalysts for OER (Table S2).

Additionally, Raman tests were conducted to reveal the
transformation of surface composition for NiCo-LDH/NiCoPi
after the CP test (Fig. S14). The Raman spectrum shows a
broad peak between 450 cm�1 and 700 cm�1, proving hy-
droxyl oxide formation during OER. The surface-neutraliza-
tion strategy is also suitable for improving the OER
performance of other LDHs (Figs. S15–17), indicating the
university of this method.
4. Conclusions

A facile surface-neutralization strategy was developed to
construct TM-based LDH/NiCoPi hetero-sheets with abundant
defects toward efficient and stable OER. The superior OER
activity can be attributed to the modulated electronic structure
of metal centers, the defect-rich structure and the promotion
effect of Pi on proton transfer. In addition, the hydrophobic
and aerophobic features promote electrolyte diffusion and easy
gas bubble release. Thus, the as-synthesized catalyst (NiCo-
LDH/NiCoPi) exhibits superior OER activity with a low
overpotential of 300 mV to deliver 100 mA cm�2 OER and a
Tafel slope of 73 mV dec�1. Furthermore, the NiCo-LDH/
NiCoPi catalyst can work continuously over 200 h at
100 mA cm�2 without visible activity decay. It can be
concluded that this work provides a new and facile strategy for
developing cost-effective and high-performance OER
electrocatalysts.
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