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Vacancy engineering and Mott-Schottky heterostructure can accelerate charge transfer, regulate adsorp-
tion energy of reaction intermediates, and provide additional active sites, which are regarded as valid
means for improving catalytic activity. However, the underlying mechanism of synergistic regulation of
interfacial charge transfer and optimization of electrocatalytic activity by combining vacancy and Mott-
Schottky junction remains unclear. Herein, the growth of a bifunctional NiCo/NiCoP Mott-Schottky elec-
trode with abundant phosphorus vacancies on foam nickel (NF) has been synthesized through continuous
phosphating and reduction processes. The obtained NiCo/NiCoP heterojunctions show remarkable OER
and HER activities, and the overpotentials for OER and HER are as low as 117 and 60 mV at 10 mA/cm? in
1 mol/L KOH, respectively. Moreover, as both the cathode and anode of overall water splitting, the voltage
of the bifunctional NiCo/NiCoP electrocatalyst is 1.44V at 10 mA/cm?, which are far exceeding the bench-
mark commercial electrodes. DFT theoretical calculation results confirm that the phosphorus vacancies
and build-in electric field can effectively accelerate ion and electron transfer between NiCo alloy and
NiCoP semiconductor, tailor the electronic structure of the metal centers and lower the Gibbs free energy
of the intermediates. Furthermore, the unique self-supported integrated structure is beneficial to facili-
tate the exposure of the active site, avoid catalyst shedding, thus improving the activity and structural
stability of NiCo/NiCoP. This study provides an avenue for the controllable synthesis and performance

optimization of Mott-Schottky electrocatalysts.
© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia
Medica, Chinese Academy of Medical Sciences.

Transition metal phosphides (TMPs) are considered to be feasi-
ble alternatives to noble metal catalysts due to their abundant re-
sources, low price, and adjustable composition/structure [1,2]. The
doping of P atoms in the metal lattice can effectively increase the
interatomic distance and significantly induce the contraction of D-
band, which makes the electronic characteristics of phosphide sim-
ilar to those of noble metals [3]. In addition, the high electroneg-
ativity of the P atom is beneficial to attract the electrons of the
metal, thus facilitating the rapid charge transfer [4,5]. Based on
this, the adjustable phase composition and unique electronic struc-
ture endow TMPs with excellent catalytic activity, which have been
regarded as a promising class of electrocatalytic materials. How-
ever, TMPs still suffer from low catalytic activity and poor stability,
and the electrical conductivity decreases significantly with the in-
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crease of H coating, thus seriously affecting their intrinsic catalytic
activity [6]. Therefore, it remains a challenge to tailor the electronic
structure and charge transfer of TMPs to further improve the cat-
alytic activity and stability.

Mott-Schottky heterojunctions, which are formed by the effi-
cient integration of conductor and semiconductor materials, have
attracted much attention due to the rapid electron transfer, ap-
propriate adsorption energy of intermediate, and excellent electro-
catalytic activity [7]. In this type of heterostructure, the conductor
part is usually composed of metal or alloys, and transition metal
oxides, sulfides, phosphides, and carbon-nitrogen (C-N) materials
are often regarded as semiconductor [8-10]. The Schottky effect at
the conductor-semiconductor interface can induce the formation
of built-in electric fields to markedly enhance the electron trans-
port. The band gap, work function and electrode potential of the
semiconductor is conspicuously lower than that of the metal con-
ductor. Based on the difference of their work functions, electrons
in semiconductors spontaneously transfer to metal conductors
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through heterogeneous interfaces, and electron holes are enriched
at the semiconductor side. Benefit from abundant heterogeneous
interfaces and build-in electric field, an enhanced electrocatalytic
activity can be achieved by optimizing the adsorption energy of
intermediates and triggering the redistribution of interfacial charge
[11-13]. Furthermore, vacancy defects act as a vital function in
regulating the activity of catalysts [14,15]. The defect can reduce
the potential barrier and promote the adsorption/desorption of
H,0 molecules or reaction intermediates on the surface of the
electrocatalyst, thus optimizing the reaction kinetics. Besides,
the directly growth of Mott-Schottky integrated electrode on
self-supporting supports (nickel foam, carbon cloth, etc.) is more
conducive to gas production and deaeration, which can effectively
prevent the catalysts from falling off during the reaction process.
Therefore, the electrocatalytic activity and stability of the TMPs
can be significantly promoted by the construction of Mott-Schottky
integrated electrode and vacancy defects. However, the underlying
mechanism of synergistic regulation of interfacial charge transfer
and optimization of electrocatalytic activity by combining vacancy
and Mott-Schottky heterojunction remains unclear.

Herein, a 3D nanorod NiCo/NiCoP Mott-Schottky heterostruc-
ture electrodes with phosphorus vacancy-rich directly grown on
nickel foam were successfully developed through sequential hy-
drothermal, phosphating, and reduction processes. The obtained
NiCo/NiCoP heterojunctions endow the lowest overpotentials for
both OER and HER at different current densities. In detail, the OER
and HER overpotentials are as low as 117, 232, 276 mV and 60,
128, 195mV at 10, 50 and 100 mA/cm?, respectively. In addition,
as both the cathode and anode of overall water splitting, the volt-
age of the bifunctional NiCo/NiCoP electrocatalyst is 1.44, 1.57 and
1.63V at current densities of 10, 50 and 100mA/cm?2, which are
far exceeding the benchmark commercial electrodes. The DFT the-
oretical calculation results reveal that Mott-Schottky heterointer-
face and phosphorus defects alleviate the competitive adsorption
of hydroxyl and H,O with steric hindrance, and effectively regu-
late the electronic structure of atoms near Fermi level. In addition,
the unique self-supporting integrated structure is beneficial to im-
prove the conductivity and avoid the catalyst from falling off, thus
improving the activity and structural stability.

The NiCo/NiCoP Mott-Schottky heterostructure electrodes were
successfully fabricated by sequential hydrothermal, phosphating,
and reduction processes (Fig. 1a). The XRD pattern in Fig. S1 (Sup-
porting information) indicates that the NiCo-MOF precursor has
been developed. In Fig. 1b and Fig. S2 (Supporting information),
four diffraction peaks located at 30.6°, 40.9° 47.5° and 54.5° be-
long to the (110), (111), (210) and (300) crystal planes of NiCoP
(PDF#71-2336). In addition, the peaks of NiCo alloy (PDF#15-
0806) can also be observed at 44.5°, 51.8° and 76.3°, which are
attributed to the (111), (200), and (220) planes, indicating the
Mott-Schottky heterojunction structure of NiCo/NiCoP eventually
formed. The effect of NaH,PO, amount on phosphating was also
studied. The degree of phosphating gradually increased with the
increase of the amount of NaH,PO,-H,0 (from 0.2g to 0.8 ¢g), and
the peak intensity of NiCoP became stronger (Fig. S3 in Supporting
information). The morphological features of the samples are de-
scribed in detail by SEM. The NF@NiCo-MOF precursor is composed
of some smooth-surfaced nanorods with the diameter of 220 nm
grown on nickel foam substrate (Fig. 1c and Fig. S4 in Supporting
information). The overall morphology of NiCoP is consistent with
NF@NiCo-MOF, but phosphatization result in the partial fracture of
NiCoP nanorods (Fig. 1d and Fig. S5 in Supporting information). Af-
ter the reduction process, the basic morphology of NiCo/NiCoP re-
mains intact and the surface becomes rough (Fig. 1e and Fig. S6
in Supporting information). The rough surface has greater contact
with the electrolyte, enriching the edge sites involved in electro-
chemical reactions, which is beneficial to improve the electrocat-
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alytic activity [16]. The TEM (Fig. 1f) and HR-TEM (Figs. 1g-i) re-
sults reveal that the lattice fringe spacings of 0.19 and 0.22 nm be-
long to the (210) and (111) crystal plane of NiCoP, and the (111)
crystal plane of NiCo with the spacing of 0.20nm can also be de-
tected, further indicating the NiCo alloy and NiCoP Mott-Schottky
heterojunction was successfully synthesized. In addition, there are
some lattice site deletions in the crystal plane of NiCoP, which
may be caused by the formation of vacancy defects (Fig. 1h). The
SAED pattern (Fig. 1j) clearly reveals a polycrystalline phase of
NiCo/NiCoP catalyst. The element mapping images and scanning
transmission electron microscopy-energy dispersive X-ray (STEM-
EDX) spectra confirm that the Co, Ni, P, O, C and N elements
are evenly distributed in NiCo/NiCoP Mott-Schottky heterojunction
(Fig. 1k and Fig. S7 in Supporting information).

The surface chemical state and electronic interaction of the ob-
tained NiCo/NiCoP catalyst has been characterized by using XPS.
As shown in Fig. 2a, the XPS results indicate that the coexistence
of Ni, Co, P, O, C and N elements in NiCo/NiCoP catalyst. The Ni
2p XPS spectra (Fig. 2b) show the peaks at 856.9 and 874.6eV in
three samples correspond to 2psj, and 2py, of NiZ*+, accompanied
by two satellite peaks with binding energies of 861 and 880eV
[17,18]. For NiCo/NiCoP catalyst, another two peaks are ascribed to
Ni® (853.4 and 870.6eV) can be observed, which is caused by the
partial reduction during heat treatment [19,20]. Similarly, in the
XPS spectra of Co 2p, two peaks of binding energies at 782.5 and
798.4eV are assigned to 2p3;; and 2pyj, of Co2* species, respec-
tively. And two satellite peaks of 786.9 (Co 2p3;, Sat.) and 804eV
(Co 2py, Sat.) can also be detected [21,22]. Furthermore, Co® peaks
with the binding energy of 778.8 and 793.4eV further indicates
that metallic Co exists in NiCo/NiCoP (Fig. 2c) [23,24]. According
to the literature, the peak of Ni 2p and Co 2p in NiCo/NiCoP are
shifted compared with NiCoP, which means that the electron den-
sity of nickel and cobalt species decreases after introducing more
phosphorus vacancies. In addition, it also shows that there is a
strong electronic interaction between NiCo and NiCoP through the
established epitaxial heterogeneous interface [25,26]. Fig. 2d shows
the presence of P 2p;p, and P 2p;, with the characteristic peaks of
129.4 and 130.1 eV, respectively [27]. In addition, a huge P-O peak
at 134.4eV can be detected, which is mainly due to the oxidation
of the NiCoP surface to form an amorphous phosphate layer when
exposed to air [28]. Meanwhile, the peaks of P 2p in NiCo/NiCoP
are negatively shifted by 0.1 eV compared with NiCoP catalyst, and
the peak intensities of both P-O and P 2p decreased, which may in-
dicate the formation of phosphorus vacancy defects in NiCo/NiCoP
sample [29-31]. In Fig. 2e, the O 1s spectrum can be deconvolved
into two characteristic peaks. Specifically, the peak at 531.7eV is
attributed to lattice oxygen (O 2~), and the peak at 533eV is at-
tributed to water molecules adsorbed on the surface [32-35]. In
the N 1s spectra (Fig. S8a in Supporting information), four differ-
ent kinds of nitrogen, including pyridine-N (398.5eV), pyrrole-N
(399.7 eV), graphite-N (401.4eV) and oxide-N (402.9eV) can be as-
signed [36]. In the C 1s XPS spectra of Fig. S8b, the peak of C=C,
C-N and C-O are observed [37]. The presence of P vacancies is fur-
ther determined by electron paramagnetic resonance (EPR) spec-
troscopy (Fig. 2f). The broad peak signal (g~2.018) is caused by the
existence of unsaturated electrons, which are proven by previous
studies to be phosphorus vacancies in NiCo/NiCoP sample [38]. It
can be found that the signal intensity of NiCo/NiCoP is higher than
that of NiCoP, indicating that partial reduction under Ar/H, atmo-
sphere can create more vacancy defects. Raman spectra show that
the Ip/lg values of NiCo/NiCoP and NiCoP are 1.22 and 1.03, re-
spectively, which indicates that the carbon graphitization and dis-
order of NiCo/NiCoP catalyst are higher, so it has better conductiv-
ity and electrochemical performance (Fig. S9 in Supporting infor-
mation) [39]. In order to deeply study the electrical function of in-
terface contact between NiCo and NiCoP, the Mott-Schottky curves
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Fig. 1. (a) Schematic diagram for the synthesis of NiCo/NiCoP Mott-Schottky heterojunction. (b) XRD pattern of NiCo/NiCoP. SEM images of (c) NiCo-MOF/NF, (d) NiCoP, (e)
NiCo/NiCoP. (f) TEM images; (g-i) HR-TEM, (j) SAED pattern, (k) elemental mapping of NiCo/NiCoP.
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Fig. 2. XPS spectra of obtained catalysts. (a) XPS survey, (b) Ni 2p, (c) Co 2p, (d) P 2p, (e) O 1s. (f) EPR spectra. (g-i) Energy diagrams of NiCo and NiCoP (®: Work function,
Eg: Fermi level, Ey,c: Vacuum level, Ey: Valence band, Ec: Conduction band).
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Fig. 3. (a) OER polarization curves. (b) Tafel plots. (c) Electrochemical impedance spectroscopy. (d) Cg values. (e) Stability tests of NiCo/NiCoP. (f) Comparison of OER

activities.

of NiCoP was tested at different frequencies in 0.5 mol/L Na;SO4
solution (Fig. S10a in Supporting information). The flat band (FB)
potential (Vgg) of NiCoP is —1.3V (vs. RHE, @-3.2eV vs. vacuum
level). In addition, the difference between the conduction band
(CB) potential (E¢) of NiCoP and its Vgg (Fermi level) is 0.2 eV, so
the Ec of NiCoP is —3eV. The ultraviolet-visible spectrum (UV-vis)
of NiCoP sample was tested, and its band gap Eg is 1.7eV by ex-
trapolation (Fig. S10b in Supporting information), so the valence
band Ev is 1.3eV [40]. Furthermore, we conducted the ultravio-
let photoelectron spectroscopy (UPS) test. As shown in Figs. 2g-i
and Fig. S11 (Supporting information), the work function values of
metallic NiCo and semiconducting NiCoP are 5.75 and 5.5eV, re-
spectively, resulting in a Mott-Schottky barrier between NiCo and
NiCoP. Electrons spontaneously transfer from NiCoP to NiCo un-
til the Fermi levels of both sides reach a dynamic equilibrium. As
a result, the electrons gather in the NiCo region and have nucle-
ophilicity, and the holes gather in the NiCoP region and have elec-
trophilicity. The built-in electric field and the charge redistribu-
tion at the NiCo/NiCoP heterointerface can significantly accelerate
charge transfer, enhance the intrinsic catalytic activity and improve
the reaction kinetics [41,42].

The catalytic performance of the samples had been systemat-
acially studied based on the linear sweep voltammetry (LSV) ex-
periments. The NiCo/NiCoP catalyst delivers an outstanding OER
activity with the lowest overpotentials of 117, 232 and 276 mV
at the current densities of 10, 50 and 100 mA/cm?2, much lower
than NiCoP, NF@NiCo-MOF, and the commercial RuO,/NF catalyst
(Fig. 3a and Fig. S12 in Supporting information). The Tafel slope
of 44.8mV/dec for NiCo/NiCoP is obviously smaller than those
of NiCoP (57.7mV/dec), NiCo-MOF/NF (63.3 mV/dec), and RuO,/NF
(62.2 mV/dec), indicating the fastest OER kinetic rate (Fig. 3b). Fur-
thermore, the electrochemical impedance spectroscopy (EIS) test
can reflect the charge transfer ability and reaction kinetics of the
samples, and the results show that the NiCo/NiCoP catalyst with
the minimum R¢; has a higher charge transfer rate during the OER
process (Fig. 3¢). The electrochemically active surface areas (ECSA)
of the catalysts are proportional to the double-layer capacitance
(Cq1), and Cy can be obtained by cyclic voltammetry (CV) test at
different scanning rates (10-60mV/s) in the non-Faraday voltage
range of 0-0.1V (Fig. S13 in Supporting information). The Cy, values
for NiCo/NiCoP, NiCoP, and NiCo-MOF/NF are calculated to be 69.7,
431 and 11.8 mF/cm?, respectively. The largest Cy value indicates
that the NiCo/NiCoP heterojunction has the highest ECSA (Fig. 3d).
Therefore, the phosphorus vacancy and built-in electric field in the

NiCo/NiCoP Mott-Schottky heterostructure can effectively acceler-
ate electron transfer, tailor electron structure, and significantly im-
prove electrocatalytic activity. As shown in Fig. 3e, the stability of
NiCo/NiCoP is evaluated by constant chronoamperometry.

After 60h long-term stability test, the current density of the
NiCo/NiCoP catalyst has almost no change. Moreover, the LSV
curves show a slight change before and after 2000 cycles, further
indicating the excellent OER stability of NiCo/NiCoP heterojunc-
tion. The excellent stability of NiCo/NiCoP electrocatalyst may be
attributed to the self-supporting heterogeneous structure electrode
and the formation of amorphous phosphate layer on the surface.
Fig. 3f and Table S1 (Supporting information) demonstrate that the
NiCo/NiCoP catalysts perform very well compared to recently re-
ported OER electrocatalysts in alkaline electrolytes.

The HER performance of the obtained catalysts was also an-
alyzed. The NiCo/NiCoP catalyst shows the optimal HER activ-
ity among the contrast samples with the lower overpotentials
of 60, 128 and 158 mV at 10, 50 and 100 mA/cm?, respectively
(Fig. 4a and Fig. S14 in Supporting information). In Fig. 4b, the
corresponding Tafel slope of NiCo/NiCoP sample (53.4mV/dec) is
significantly lower than NiCoP (92.2 mV/dec) and NF@NiCo-MOF
(214.5mV/dec), indicating the faster kinetic rate of HER reaction.
Fig. 4c shows that the NiCo/NiCoP has the smallest R, with the
strongest charge transfer capability during HER. Fig. S15 (Support-
ing information) are the CV tests of the synthesized catalysts with
different scan rates in the voltage range of —0.874 ~ —0.774V. The
Cgi value of NiCo/NiCoP is calculated to be 59.1 mF/cm?, which is
far higher than those of NiCoP (23.1 mF/cm?) and NF@NiCo-MOF
(8.7 mF/cm?), indicating that the phosphorus vacancy and Mott-
Schottky heterostructure can expose more activity sites (Fig. 4d).
The stability test results show that the NiCo/NiCoP remains stable
at 10mA/cm? for 60h, and the 2000 CV cycling tests also manifest
the outstanding HER stability of NiCo/NiCoP (Fig. 4e). Fig. 4f and
Table S2 (Supporting information) present the activity comparison
of NiCo/NiCoP with other reported HER electrocatalyst in alkaline
electrolytes.

Considering the excellent OER and HER activities of
NiCo/NiCoP catalyst, the performance of the overall water split-
ting in a two-electrode system was tested. The LSV curves of
NiCo/NiCoP||NiCo/NiCoP and RuO,/NF||Pt/C/NF are measured in
Fig. 5a. It can be legibly seen that H, and O, bubbles are formed
on the cathode and anode (inset image), respectively, proving the
rapid total water splitting reaction on the NiCo/NiCoP surface.
Notably, NiCo/NiCoP||NiCo/NiCoP cells reach current densities



X. Zhang, H. Xue, J. Sun et al.

Chinese Chemical Letters 35 (2024) 108519

§ I () o
i E oo d (7= |l F @NICO-MOF
E ]
= 2 o8
= [~
- E 010 puciss mvidee
E d g NICo/NICoP : 534 mVidec
E E BASYNICoP:9 228 mVidec
(5] ¥ MOF
4 o, L ]
M ) 82 60 02 84 06 08 LD L2 ]
Potential (V s RHE) log|Current density (mA/em?)] Z' (ohm)
o~
4 (.‘ll_)wmm MOF g (€) AHB{“)
o fe—nicor < ° < o »
g NICo/NICoP ¢ L g = = -
g1 P ’ - 20 (— NiCe % =
2 » = 5 - b :‘m‘;:pu gy & v
E o - | - Aty o'} 61 -
8. ’ ’ £ o i. - é 80 relds el !: rel6E
) e Z -3 3 . !
: ‘___,,.“:azf-'-‘ 1)z 3 ol it g, ;
=1 E B T v s -
Fice = s0d = 40
dope~s L= AF M O a2 A s
= Patential (V m RHE) -
10 20 30 40 = 60 Imu 10 0 30 0 =0 &0 40 B0 120 160 200 240 280
Scan rate (mV/s) Time (h) Overpoentials (mV) for HER@10 mA/an®
Fig. 4. (a) HER polarization curves. (b) Tafel plots. (c) Electrochemical impedance spectroscopy. (d) Cy values. (e) Stability tests of NiCo/NiCoP. (f) Comparison of HER
activities.
AT (@) ===NICONICoP | NICONICOP -~ () =——NCaNCRNICaNCHP
__E‘ — PN Rl NF o =1
= i ~ 51,5
E | ] i=50
P i 4
= ERT | Unit=mA/enr’
£ am 'E
. L0
e ~
g _3 0.5 I=10
] H; bubbles o]
oM LU
8 L2 L4 L6 LE 20 120M ¥ 48 6 T2 M %
Potential (V 1x. RHE) Time (min) Time (h)
L70
es] @ J=10 mA/cm?
[ =y
-
T 160
g 155
-
5 150 i
8]

-
-
h

32 gl
a4 |

!
-
=

overall water splitting in alkaline media

Fig. 5. (a) LSV polarization curves (inset image shows a digital photograph of the two-electrode system). (b) Time-gas evolution amounts for evaluating the Faradic efficiency.
(c) Long-term stability test. (d) Comparison of cell votages at 10mA/cm? of recently reported overall water splitting electrocatalysts.

of 10, 50 and 100 mA/cm? with only voltages of 1.44, 1.57 and
1.63V, while RuO,/NF||Pt/C/NF requires 1.60, 1.75, 1.82V accord-
ingly (Fig. S16 in Supporting information). Fig. 5b shows that
the amount of generated O, and H, gas is basically consistent
with the theoretical value, indicating that Faraday efficiency (FE)
is assessed to be close to 100%. Fig. 5c reflects the continuous
and effective electrocatalytic reaction of oxygen and hydrogen
evolution by NiCo/NiCoP electrode at 10, 50 and 100 mA/cm?,
which shows outstanding catalytic activity and stability for overall
water splitting. As predicted, such low voltages for water splitting
are quite competitive among the reported materials in Fig. 5d and
Table S3 (Supporting information).

The surface reconstruction of NiCo/NiCoP Mott-Schottky hetero-
junction after OER process was investigated by XRD, XPS and TEM.
The XRD spectra in Fig. 6a show that the intensity of diffraction
peaks is weakened after OER, but no new diffraction peak appears,
indicating that the structure of NiCo/NiCoP Mott-Schottky is basi-
cally intact, and some substances with poor crystallinity may be
formed on its surface. The SEM image after OER indicates that the
morphology becomes irregular, but it still maintains a rod shape
(Fig. 6b). As can be seen from HRTEM images and selected area
electron diffraction (Fig. 6¢), the lattice spacings of 0.32, 0.23, 0.24

and 0.20 nm correspond to (120) and (111) crystal planes of CoOOH
(PDF#26-0480), (101) crystal plane of NiOOH (PDF#06-0075) and
(111) facet of NiCo alloy (PDF#15-0806), respectively. The results
reveal that the surface reconstruction mainly occurs on NiCoP sur-
face and corresponding hydroxyl oxides are formed. The surface
composition of NiCo/NiCoP after OER was also studied by XPS. The
Ni, Co, P, C, N and O elements can be observed from the survey,
and the peak intensity of P is lower than that before the reac-
tion (Fig. S17a in Supporting information). In addition, in the XPS
spectra of Ni 2p and Co 2p, the peak intensities of Ni® and Co®
are obviously reduced, and the intensities of Ni3* (858eV) and
Co3t (783.7eV) are enhanced, which further indicate that Ni and
Co are partially oxidized to high valence state during OER process
(Figs. 6d and e) [43,44]. In the P 2p XPS spectrum (Fig. 6f), the
P-M bonding disappears, indicating that the NiCoP has undergone
surface reconstruction. In the XPS spectrum of O 1s in Fig. S17b
(Supporting information), the characteristic peak at 529.8 eV corre-
sponds to the bonding between metal and hydroxyl (M-OH), which
further proves that the surface of the catalyst is reconstructed to
generate hydroxyl oxide during OER [45].

In order to investigate the effect of Mott-Schottky heteroge-
neous interface and phosphorus vacancy on OER/HER activity of
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Fig. 7. The model structures of (a) NiCoP, (b) NiCo/NiCoP, (c) NiCo/NiCoP-Vp. (d) OER Gibbs free energy distribution of different catalysts at 0V and 1.23 V. (e) HER Gibbs
free energy distribution of different catalysts at 0V. (f) The differential charge density of NiCo/NiCoP-Vp structure (The isosurface value is 0.005eV/A3, yellow is the region
of electron accumulation and blue is the region of electron dissipation). (g-i) Electrostatic potential distribution diagram.

NiCo/NiCoP catalyst, three density functional theory (DFT) calcu-
lation models, including NiCoP, NiCo/NiCoP and NiCo/NiCoP Mott-
Schottky heterojunction with phosphorus vacancy (NiCo/NiCoP-Vp)
have been established in this paper (Figs. 7a-c). The relationship
between the water decomposition process and the adsorption be-
havior of intermediates and their corresponding roles in the over-
all alkaline OER/HER rate are studied. For OER processes with
four-electron reaction mechanisms, the Gibbs free energy (AG) of
oxygen-containing intermediates (OH*, O*, OOH*) is used to esti-
mate electrocatalytic activity, and the step with the highest en-
ergy barrier is the rate-control step of the reaction [46,47]. The
OER step diagram shows that the rate control step of the three

models are *O —*0OO0OH process (Fig. 7d and Fig. S18 in Support-
ing information). Among them, NiCo/NiCoP-Vp Mott-Schottky het-
erojunction has the smallest free energy barrier (1.61eV), which
is lower than NiCoP (2.09eV) and NiCo/NiCoP (1.89eV). The de-
crease of AG means that phosphorus vacancy can affect the charge
transfer of Mott-Schottky heterostructure, thus improving the in-
teraction between catalyst and OER intermediate. On the other
hand, it is well known that HER process in alkaline environment
includes two continuous steps: hydrolytic ionization and hydro-
gen adsorption, and the activation energy barrier of water de-
composition plays an important role in determining the over-
all HER kinetic rate [48]. Generally speaking, AGy- is consid-
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ered to be an important parameter to analyze HER activity [49].
Fig. 7e shows the AGy+ of HER process at NiCoP, NiCo/NiCoP, and
NiCo/NiCoP-Vp active centers. The NiCo/NiCoP-Vp with the low-
est AGy+ and close to the ideal AGy+ at 0eV, providing more fa-
vorable hydrogen adsorption kinetics than NiCoP and NiCo/NiCoP,
and thus showing the optimal HER activity (Fig. S19 in Support-
ing information). In addition, the differential charge density of
NiCo/NiCoP-Vp structure in Fig. 7f reveals that the formation of
Mott-Schottky heterojunction and the phosphorus vacancy defect
can effectively enrich the electrons on the NiCo side, improve the
adsorption capacity of NiCo/NiCoP-Vp to the reaction intermedi-
ates, and then significantly enhance the overall water splitting per-
formance. Figs. 7g-i show the electrostatic potential distribution of
NiCoP, NiCo/NiCoP, and NiCo/NiCoP-Vp, in which the electrostatic
potential of NiCo/NiCoP-Vp is 4.408 eV, which is lower than that
of NiCo/NiCoP (4.921eV) and NiCoP (5.03eV). It is further proved
that NiCo/NiCoP-Vp has the lowest potential barrier [50,51]. There-
fore, DFT theoretical calculations manifest that the synergistic ef-
fect of Mott-Schottky heterojunction and phosphorus vacancy de-
fect effectively regulates the inherent charge distribution of ex-
posed atoms at the NiCo/NiCoP-Vp heterointerface and reduces the
Gibbs free energy of the reaction intermediates, thus significantly
optimizing the OER/HER performance.

As a bifunctional electrocatalyst, NiCo/NiCoP shows the advan-
tages of high activity and stability towards alkaline OER, HER and
overall water splitting. The outstanding electrocatalytic property
may be derived from the following aspects (Scheme 1): (1) The
built-in electric field induced by Mott-Schottky heterojunction can
effectually tailor the interface electronic structure, optimize the re-
distribution of charge, and enhance the reactivity. (2) The abundant
phosphorus vacancies are beneficial to accelerate electron transfer,
provide more active sites, and improve the conductivity of the cat-
alyst, thus significantly promoting the electrocatalytic performance.
(3) The unique self-supported integrated structure can facilitate the
exposure of the active site, avoid catalyst shedding, and further im-
prove the activity and structural stability of NiCo/NiCoP catalyst.

In summary, we successfully achieved the growth of nanorod-
shaped NiCo/NiCoP Mott-Schottky heterostructure electrocatalysts
with phosphorus vacancies on the surface of nickel foam. The ob-
tained catalyst exhibits the superior OER, HER, and water splitting
performance. Specifically, the NiCo/NiCoP sample needs low over-
potentials of 117mV (OER) and 60mV (HER) to achieve a current
density of 10mA/cm?. In addition, the NiCo/NiCoP heterostruc-
ture delivers preeminent overall water splitting performance with
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Scheme 1. Schematic diagram of catalytic performance over NiCo/NiCoP.
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low cell voltage (1.44V) and excellent catalytic stability. Combined
with experimental and theoretical calculation results show that the
electrocatalytic activity is effectively enhanced by the formation of
Mott-schottky heterostructure and the introduction of phosphorus
vacancy defects.
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