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In situ construction of surface defects of carbon-
doped ternary cobalt-nickel-iron phosphide
nanocubes for efficient overall water splitting
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ABSTRACT The ternary cobalt–nickel–iron phosphide na-

nocubes (P-Co0.9Ni0.9Fe1.2 NCs) with high intrinsic activity,

conductivity, defect concentration and optimized ratio have

been realized through a facile phosphorization treatment

using ternary cobalt-nickel-iron nanocubes of Prussian blue

analogs (PBA) as a precursor. The scanning electron micro-

scopy and transmission electron microscopy results show that

the P-Co0.9Ni0.9Fe1.2 NCs maintain a cubic structure with a

rough surface, implying the rich surface defects as exposed

active sites. The thermal phosphorization of the ternary PBA

precursor not only provids carbon doping but also leads to the

in situ construction of surface defects on the NCs. The carbon

doping from the PBA precursor lowers the charge transfer

resistance and optimizes the electronic transformation. The

synergistic effect among the ternary metal ions and rich de-

fects contributes to the enhanced electrocatalytic perfor-

mance. The P-Co0.9Ni0.9Fe1.2 NCs achieve low overpotentials of

−200.7 and 273.1 mV at a current density of 10 mA cm
−2
for

the hydrogen evolution reaction and the oxygen evolution

reaction, respectively. The potential of overall water splitting

reaches 1.52 V at a current density of 10 mA cm
−2
. The long-

term stability of the electrocatalysts was also evaluated. This

work provides a facile method to design efficient transition-

metal-based bifunctional electrocatalysts for overall water

splitting.

Keywords: in situ, surface defect, ternary metal phosphides,

nanocubes, water splitting

INTRODUCTION
Exploring an efficient and applicable technology for hy-

drogen generation to replace traditional fossil fuels is
vitally important to relieve the energy crisis and en-
vironmental pollution [1–5]. Electrolytic water splitting
can be divided into two half-reactions: the hydrogen
evolution reaction (HER) and the oxygen evolution re-
action (OER). Water splitting is an important strategy for
the conversion of renewable resources [6,7]. However, the
general overpotential for electrochemical water splitting is
normally larger than the theoretical value of 1.23 V, due
to the slow charge transfer rate and sluggish kinetics of
both HER and OER [8,9]. Therefore, developing efficient
electrochemical catalysts to enhance the charge transfer
rate, reduce the overpotential, and boost the reaction
kinetics for water electrolysis is critical [10]. At present,
Pt-based catalysts, which exhibit substantial catalytic ac-
tivity, are the representative benchmark catalysts for
HER, and Ir- and Ru-based electrocatalysts are the
benchmark catalysts for OER [11,12]. However, the ex-
tensive industrial implementation of these electro-
chemical benchmark catalysts is restricted by their
scarcity and high cost [13,14]. Therefore, nonprecious,
robust, and efficient electrochemical catalysts based on
transition metals are urgently needed to enable the pro-
duction of clean energy through water electrolysis [15].

Many transition-metal-based electrocatalysts, including
metal oxides, metal sulfides, and metal phosphides, have
been widely investigated [16–22]. Because of their re-
markable catalytic activities and conductivities, transi-
tion-metal-phosphide-based electrocatalysts such as NiP
[19,23], FeP [24,25], CoP [21,26], FeNiP [27,28], FeCoP
[29], and NiCoP [30,31] have been synthesized as pro-
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mising alternatives to Pt-based catalysts for HER or OER.
Notably, the doping and introduction of other metals [32]
or nonmetals [33] have become a promising strategy for
enhanced electrocatalytic performance. Yan et al. [34]
reported that the introduction of Ag and Fe into Co2P
nanospheres effectively enhanced their bifunctional cat-
alytic activity toward water splitting. Zhang et al. [35]
revealed that nitrogen-doped Ni5P4/Fe3P nanocubes
(NCs) with optimized electronic properties and abundant
catalytically active sites displayed high activities toward
OER. Moreover, nonmetallic-doped multimetallic phos-
phides possess high electrocatalytic performance and di-
verse synergistic effects for HER and OER [36,37].

Recently, Prussian blue analogs (PBAs) with mesopor-
ous cubic and high electronic conversion efficiency have
been identified as excellent carriers for OER under alka-
line conditions [38]. In most metal phosphide electro-
catalysts, the phosphorus ions serve as a proton acceptor
to effectively promote proton exchange and charge
transfer for the evolution of both oxygen and hydrogen
[39,40]. Therefore, developing multimetal phosphides for
water electrolysis by incorporating the structural merits
of PBA and a multimetal synergistic effect is an extremely
promising strategy [41,42].

Herein, carbon-doped ternary cobalt-nickel-iron
phosphide NCs (P-Co0.9Ni0.9Fe1.2 NCs) based on PBA
were fabricated through a spontaneous coprecipitation
and one-step phosphorization process. Ternary cobalt-
nickel-iron phosphides with different ratios of nickel and
cobalt were prepared. As expected, the optimized
P-Co0.9Ni0.9Fe1.2 NCs with a unique structure, more
abundant surface defects, and a larger specific surface
area exhibited excellent electrochemical catalytic perfor-
mances compared with other samples for overall water
splitting. The P-Co0.9Ni0.9Fe1.2 NCs achieved low over-
potentials of −200.7 and 273.1 mV at a current density of
10 mA cm

−2
for HER and OER, respectively. Moreover,

the P-Co0.9Ni0.9Fe1.2 NCs for water electrolysis achieved a
current density of 10 mA cm

−2
at 1.52 V, which was an

improvement over the potentials reported in previous
studies. The electrocatalytic activities and mechanism for
P-Co0.9Ni0.9Fe1.2 NCs were discussed.

EXPERIMENTAL SECTION

Materials and reagents

Cobalt(II) chloride hexahydrate (CoCl2·6H2O, ≥99%),
nickel(II) nitrate hexahydrate (Ni(NO3)2·6H2O, ≥99%),
trisodium citrate dihydrate (Na3C6H5O7·2H2O, ≥99%),
potassium ferricyanide (K3[Fe(CN)6], ≥99%), and sodium

hypophosphite hydrate (NaH2PO2·H2O, >98%) were used
as analytical-grade reagents without further purification.

Synthesis of Ni1.8Fe1.2 NCs and Co1.8Fe1.2 NCs

Ni1.8Fe1.2 NCs was prepared via a modified version of a
previously reported method [43]. Typically, 1.2 mmol of
K3[Fe(CN)6] was dissolved in 60 mL deionized water
under stirring to form homogeneous solution A. Next,
1.8 mmol Ni(NO3)2·6H2O and 2.7 mmol Na3C6H5O7·
2H2O were dissolved in 60 mL deionized water under
stirring to form homogeneous solution B. Solution A was
then dropped into solution B to form a homogeneous
solution. After the solution was vigorously magnetically
stirred at room temperature, it was spontaneously aged
for 48 h at 25°C. The obtained precipitate was collected
by centrifugation, washed with ethanol for several times,
and dried under vacuum. Co1.8Fe1.2 NCs were synthesized
using the same process used to prepare Ni1.8Fe1.2 NCs
except that Ni(NO3)2·6H2O was replaced with CoCl2·
6H2O.

Synthesis of Co0.9Ni0.9Fe1.2 NCs, Co1.2Ni0.6Fe1.2 NCs, and

Co0.6Ni1.2Fe1.2 NCs

For the Co0.9Ni0.9Fe1.2 NCs, 0.9 mmol Ni(NO3)2·6H2O,
0.9 mmol CoCl2·6H2O, and 2.7 mmol Na3C6H5O7·2H2O
were dissolved in 60 mL deionized water to form solution
C; then solution A was dropped into solution C to form a
homogeneous solution. The following synthesis condi-
tions were similar to those used to prepare the Ni1.8Fe1.2

NCs. To synthesize the Co1.2Ni0.6Fe1.2 NCs and
Co0.6Ni1.2Fe1.2 NCs, CoCl2·6H2O and Ni(NO3)2·6H2O with
a molar ratio of 2:1 and 1:2 were used to form solution C;
the other conditions were similar to those used to prepare
the Co0.9Ni0.9Fe1.2 NCs.

Synthesis of P-Ni1.8Fe1.2 NCs and P-Co1.8Fe1.2 NCs

P-Ni1.8Fe1.2 NCs were synthesized through high-tem-
perature phosphorization. In a typical process, the ob-
tained Ni1.8Fe1.2 NCs (0.05 g) and NaH2PO2·H2O (0.6 g)
were placed in a porcelain boat and loaded at two in-
dependent locations with Ni1.8Fe1.2 NCs at the down-
stream side of a tube furnace. The phosphorization
process was carried out under an argon atmosphere
(0.5 mL s

−1
, 99.99%) and the tube furnace was heated to

350°C at a rate of 2°C min
−1

and maintained at this
temperature for 2 h. The P-Ni1.8Fe1.2 NCs were subse-
quently collected after the sample cooled to room tem-
perature. Using Co1.8Fe1.2 NCs as the precursor, we
synthesized the P-Co1.8Fe1.2 NCs via the same thermal
phosphorization procedure.
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Synthesis of P-Co0.9Ni0.9Fe1.2 NCs, P-Co1.2Ni0.6Fe1.2 NCs, and

P-Co0.6Ni1.2Fe1.2 NCs

The syntheses of the P-Co0.9Ni0.9Fe1.2 NCs,
P-Co1.2Ni0.6Fe1.2 NCs, and the P-Co0.6Ni1.2Fe1.2 NCs were
similar to those of the P-Ni1.8Fe1.2 NCs, except that the
Co0.9Ni0.9Fe1.2 NCs, Co1.2Ni0.6Fe1.2 NCs, and Co0.6Ni1.2Fe1.2

NCs were substituted for the Ni1.8Fe1.2 NCs as the pre-
cursor, respectively.

Characterizations

X-ray powder diffraction (XRD, X’Pert PRO MPD, Cu
Kα) patterns were collected to explore the crystal struc-
tures of the samples; the scanning range was from 5° to
90°, and the scanning rate was 10° min

−1
. X-ray photo-

electron spectroscopy (XPS, VG ESCALABMK II pho-
toelectron spectrometer, Al Kα, 1,486.6 eV) was used to
analyze the valence states of the major elements. Scanning
electron microscopy (SEM, S-4800, Hitachi), transmis-
sion electron microscopy (TEM), and high-resolution
TEM (HRTEM, FEI Tecnai G

2
) were used to explore the

structure and morphology of the obtained samples. En-
ergy-dispersive X-ray (EDX) analysis and SEM mapping
were used to identify the presence and distribution of the
predominant elements. N2 adsorption–desorption iso-
therms were used to investigate the Brunauer–Emmett–
Teller (BET) surface areas and porosity of the P-Co0.9-
Ni0.9Fe1.2 NCs and Co0.9Ni0.9Fe1.2 NCs at 77 K.

Electrochemical measurements

Electrochemical measurements of the samples were con-
ducted at room temperature in 1.0 mol L

−1
KOH solution

with Gamry Reference 600 electrochemical equipment.
OER and HER electrocatalytic performances were ex-
plored in a three-electrode cell with 1.0 mol L

−1
KOH

solution as the electrolyte. The auxiliary electrode was a
Pt plate (1 cm × 1 cm) for OER or a graphite rod for
HER, and a saturated calomel electrode (SCE) was used as
the reference electrode. Samples deposited onto the sur-
face of glassy carbon electrodes (GCEs, diameter of
4 mm) were used as the working electrode. Typically,
5 mg catalyst was dispersed in 1 mL mixed solution of
Nafion and absolute ethanol. After 30 min ultrasonic
dispersion, 5 μL of the obtained suspensions were drop-
ped onto the GCE and then dried at 30°C (approximate
loading: 0.2 mg cm

−2
). The electrolyte solution was satu-

rated with O2 or N2 for OER or HER, respectively. Linear
sweep voltammetry (LSV) curves were recorded out from
0 to 0.7 V (vs. SCE) and from −1 to −1.7 V (vs. SCE) at a
common scan rate of 5 mV s

−1
for OER and HER, re-

spectively. Electrochemical impedance spectroscopy (EIS)

was undertaken at 0.48 and −1.36 V (vs. SCE) in the
frequency range from 0.1 Hz to 100 kHz with an alter-
nating current potential amplitude of 5 mV. The elec-
trochemical double-layer capacitance (Cdl) was
determined from cyclic voltammograms recorded from
0.1 to 0.2 V (vs. SCE) and from −0.45 to −0.55 V (vs. SCE)
at various scan rates for OER and HER, respectively. The
electrochemical stability tests of the P-Co0.9Ni0.9Fe1.2 NCs
were conducted through cyclic voltammetry (CV) for
1,000 cycles at a scan rate of 100 mV s

−1
or through

chronoamperometry at 0.45 V (vs. SCE) for OER and
−1.27 V (vs. SCE) for HER. The overall water splitting
was conducted in a three-electrode system using P-Co0.9-
Ni0.9Fe1.2 NCs, and the LSV curves were recorded at a
scan rate of 5 mV s

−1
.

All of the potential values were calibrated with a re-
versible hydrogen electrode (RHE). The potential con-
versions for the SCE and the RHE were based on
following equation [44]:
E (vs. RHE) = E (vs. SCE) + 0.059pH + 0.244 V = E (vs.
SCE) +1.07 V. (1)

RESULTS AND DISCUSSION
The formation process of P-Co0.9Ni0.9Fe1.2 NCs with
surface defects is systematically presented in Scheme 1.
First, Co0.9Ni0.9Fe1.2 NCs, Co1.2Ni0.6Fe1.2 NCs, and Co0.6-
Ni1.2Fe1.2 NCs were synthesized as precursors via the li-
quid-phase synthesis process. Second, the P-Co0.9Ni0.9Fe1.2

NCs, P-Co1.2Ni0.6Fe1.2 NCs, and P-Co0.6Ni1.2Fe1.2 NCs
were prepared through phosphorization at high tem-
perature. The formation route of P-Co0.9Ni0.9Fe1.2 NCs
can be expressed as follows:
3CoCl2·6H2O + 3Ni(NO3)2·6H2O + 4K3[Fe(CN)6] →

Co3[Fe(CN)6]2·H2O + Ni3[Fe(CN)6]2·H2O + 6KNO3 +
6KCl + 34H2O,
4Co3[Fe(CN)6]2·H2O + 4Ni3[Fe(CN)6]2·H2O +
100NaH2PO2·H2O → 12NiP2 + 16FeP4 + 12CoP +
96NaCN+4NaOH+49O2+206H2O.

The P-Co0.9Ni0.9Fe1.2 NCs maintain the NC structure of
their precursor and provide additional surface defects,
which implies that they could exhibit enhanced activity
for water splitting.

All of the obtained samples were characterized by XRD.
As depicted in Fig. 1a, the diffraction peaks of the
Co1.8Fe1.2 NCs and the Ni1.8Fe1.2 NCs were well assigned
to the Co3[Fe(CN)6]2·H2O phase (PDF No. 01-082-2284)
and the Ni3[Fe(CN)6]2·H2O phase (PDF No. 01-082-
2283), respectively. The pattern of the Co0.9Ni0.9Fe1.2 NCs
coincides well with the standard patterns of Co3[Fe-
(CN)6]2·H2O (PDF No. 01-082-2284) and Ni3[Fe(CN)6]2·
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H2O (PDF No. 01-082-2283), implying good crystallinity.
The diffraction peaks of the Co1.2Ni0.6Fe1.2 NCs and the
Co0.6Ni1.2Fe1.2 NCs in Fig. 1a can be indexed to the
standard patterns of Co3[Fe(CN)6]2·H2O (PDF No. 01-
082-2284) and Ni3[Fe(CN)6]2·H2O (PDF No. 01-082-
2283). After thermal phosphorization treatment, all of the
peaks in the diffraction pattern of the P-Co0.9Ni0.9Fe1.2

NCs in Fig. 1b are well attributed to cubic NiP2 (PDF No.
01-073-0436), CoP (PDF No. 00-029-0497), FeP4 (PDF
No. 00-032-0470), and C (PDF No. 01-089-8489). Spe-
cifically, the sharp peaks of NiP2 at 37.7° and 55.6° are
indexed to the (210) and (311) planes, respectively. The
diffraction peaks at 46.2°, 48.1°, and 56.8° are assigned to
the (112), (211), and (301) crystallographic planes, con-
sistent with CoP. The three observable peaks at 32.3°,
35.5°, and 52.1° correspond to FeP4 (131), (−132), and
(053) lattice planes, respectively. A broad peak at ap-
proximately 14.9° in the patterns of the P-Co0.9Ni0.9Fe1.2

NCs and P-Co1.2Ni0.6Fe1.2 NCs indicates the coexistence of
the (001) phase of C, possibly originating from the

thermal carbonization under an Ar atmosphere. When
the Co and Ni contents are varied, the intensities of these
peaks change. After the phosphorization process, the in-
tensities of the peaks associated with NiP2 in the pattern
of the P-Co0.6Ni1.2Fe1.2 NCs are higher than the intensities
of the corresponding peaks in the patterns of the
P-Co0.9Ni0.9Fe1.2 NCs and P-Co1.2Ni0.6Fe1.2 NCs. The
characteristic peaks of CoP in the pattern of the P-Co1.2-
Ni0.6Fe1.2 NCs are stronger than those in the patterns of
the P-Co0.6Ni1.2Fe1.2 NCs and P-Co0.9Ni0.9Fe1.2 NCs, sug-
gesting that different elemental contents of the precursors
can affect the intensity of different species. After the
phosphorization at 350°C, the intensities of the FeP4 and
CoP peaks in the pattern of the P-Co1.8Fe1.2 NCs increase
slightly and no other obvious peaks emerge. In the pat-
tern of the P-Ni1.8Fe1.2 NCs, the characteristic peaks of
FeP4 and NiP2 are less intense, whereas peaks emerge at
48.6°, 75.3°, and 84.1°, which correspond to the (101),
(110), and (103) planes of NiFe (PDF No. 00-026-0790),
respectively, indicating incomplete phosphorization of

Scheme 1 Schematic of consecutive processes for synthesizing ternary metal phosphides of P-Co0.9Ni0.9Fe1.2 NCs.

Figure 1 XRD patterns: (a) Ni1.8Fe1.2 NCs, Co1.8Fe1.2 NCs, Co0.9Ni0.9Fe1.2 NCs, Co1.2Ni0.6Fe1.2 NCs, and Co0.6Ni1.2Fe1.2 NCs; (b) P-Ni1.8Fe1.2 NCs,
P-Co1.8Fe1.2 NCs, P-Co0.9Ni0.9Fe1.2 NCs, P-Co1.2Ni0.6Fe1.2 NCs, and P-Co0.6Ni1.2Fe1.2 NCs.
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this sample.
XPS was used to further investigate the surface ele-

mental states and electronic structure of the C-doped
P-Co0.9Ni0.9Fe1.2 NCs, as shown in Fig. 2. The XPS survey
scan in Fig. 2a reveals the existence of Fe, Co, Ni, P, C, N,
and O in the P-Co0.9Ni0.9Fe1.2 NCs. The observed N ori-
ginates from CN

−
, and the O originates from adsorbed

H2O or O2 as a result of exposure of the catalyst to air
[32,45]. The Fe 2p spectrum (Fig. 2b) presents two pri-
mary peaks at 706.9 and 719.8 eV, accompanied by two
satellite peaks at 714.6 and 731.8 eV corresponding to
Fe

3+
2p3/2 and Fe

3+
2p1/2, respectively [46,47]. Another two

characteristic peaks at binding energies of 709.4 and
724.2 eV correspond to Fe

2+
2p3/2 and Fe

2+
2p1/2, respec-

tively [48]. The XPS spectra demonstrate the coexistence
of the Fe

3+
and Fe

2+
in the P-Co0.9Ni0.9Fe1.2 NCs.

The Co 2p spectrum in Fig. 2c can be divided into six
characteristic peaks. The peaks at 778.7, 793.6, 780.6, and
797.8 eV are assigned to Co

2+
2p3/2, Co

2+
2p1/2, Co

3+
2p3/2,

and Co
3+

2p1/2, respectively. In addition, two satellite
peaks correspond to the Co 2p region [49,50], consistent
with the binding energies of CoP species [51]. The Ni 2p
spectrum can be deconvoluted into five peaks and two
satellite peaks at 861.7 and 876.3 eV. The characteristic
peaks at 853.6 and 870.5 eV are attributed to Ni

2+
2p3/2

and Ni
2+

2p1/2 of the Ni species in NiP2, respectively,
which are obviously shifted compared with the peak of
standard Ni

2+
2p3/2 at 852.2 eV, indicating an electronic

effect between the Ni
2+

and P species (Fig. 2d). In addi-
tion, the peak at 856.1 eV is ascribed to Ni

2+
arising from

surface oxidation [52,53]. Fig. 2e shows two dominant
main peaks of P species, where the peaks at 129.4 eV
(P 2p3/2) and 130.2 eV (P 2p1/2) are well attributed to
metal phosphides [54]. The peak at 134.1 eV for P–O is
attributed to oxidized phosphate species as a result of
partial exposure to air [55]. The C 1s spectrum is divided
into four individual peaks (Fig. 2f). The characteristic
peaks at 284.2 and 284.8 eV correspond to C=C and C–C
species, respectively [56]. The peak at 286.1 eV represents
the C–P species, confirming the doping of C into sample.
The peak at a binding energy of 289.1 eV is attributed to
C=O bonds resulting from the oxidation of carbon [57].

The XPS spectra of the P-Co0.6Ni1.2Fe1.2 NCs and
P-Co1.2Ni0.6Fe1.2 NCs (Fig. S1) reveal the existence of the
same main elements observed in the P-Co0.9Ni0.9Fe1.2

NCs, although the peak intensities vary with the initial
amount of Co, Ni, and Fe species. As shown in
Fig. S1b–d, the P-Co0.6Ni1.2Fe1.2 NCs and P-Co1.2Ni0.6Fe1.2

NCs exhibit two different valences, consistent with the
P-Co0.9Ni0.9Fe1.2 NCs [47,50,52]. The P 2p spectra in
Fig. S2e can be divided into two species: metal phosphides
and P–O bonds [55]. Moreover, four peaks are distinctly
observed in the C 1s spectrum (Fig. S2f), corresponding
to C=O, C=C, C–C, and C–P [56]. The incorporation of P
with nontoxic metallic elements of Co

2+
, Co

3+
, Fe

2+
, Fe

3+
,

and Ni
2+

can effectively increase the number of available

Figure 2 XPS spectra of the P-Co0.9Ni0.9Fe1.2 NCs: (a) survey; (b) Fe 2p; (c) Co 2p; (d) Ni 2p; (e) P 2p; and (f) C 1s.
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active sites and further enhance the catalytic activities for
HER and OER. Moreover, multiple-valence metal ions
can also induce partial charge transfer and optimize the
electronic structure, thereby improving the catalytic
performance of the P-Co0.9Ni0.9Fe1.2 NCs.

SEM images (Fig. 3a–c) show that the Co0.9Ni0.9Fe1.2

NCs are composed of closely arranged and highly ordered
NCs with a smooth surface. After facile phosphorization
of the Co0.9Ni0.9Fe1.2 NC precursors, the as-prepared
P-Co0.9Ni0.9Fe1.2 NCs maintain a cubic morphology with
an average side length of 120–140 nm; however, the
surface becomes rougher than that of the Co0.9Ni0.9Fe1.2

NC precursors (Fig. 3d–f), indicating the formation of
surface defects as exposed active sites. By comparison, the
SEM images in Fig. S2a–c show that the Ni1.8Fe1.2 NCs
consist of tightly arranged NCs with a uniform side
length of approximately 100 nm. In Fig. S2d–f, the
Co1.8Fe1.2 NCs are observed to be composed of well-dis-
persed NCs with a smooth surface and a side length of
approximately 120 nm. Fig. S3a–f show SEM images of
the as-prepared Co1.2Ni0.6Fe1.2 NCs and Co0.6Ni1.2Fe1.2

NCs, respectively. The images in Fig. S3 show that the
surfaces of the Co1.2Ni0.6Fe1.2 NCs and Co0.6Ni1.2Fe1.2 NCs
are smooth, providing abundant growth points for
phosphorization. As shown in Fig. S4a–f, the bimetallic
P-Ni1.8Fe1.2 NCs and P-Co1.8Fe1.2 NCs maintain the cubic
morphology of the precursors after phosphorization un-
der an argon atmosphere, whereas their surface becomes
extremely rough, implying the in situ construction of

surface defects. SEM images of the P-Co1.2Ni0.6Fe1.2 NCs
and P-Co0.6Ni1.2Fe1.2 NCs (Fig. S5a–f) show a highly or-
dered nanocubic morphology with a rougher surface. In
conclusion, although the ratio of Ni, Fe, and Co species
varies, the well-distributed NC morphology of the PBA is
maintained. After phosphorization, the as-prepared
phosphides maintain their original cubic morphology but
with a rougher surface, which indicates more accessible
active sites resulting from the in situ construction of
surface defects.

The TEM images of the P-Co0.9Ni0.9Fe1.2 NCs in
Fig. S6a–c indicate that the characteristic cubes exhibit
cubic symmetry with distinct edges and corners resulting
from the in situ formation of surface defects, consistent
with the SEM observations. The high-magnification im-
age in Fig. S6d shows that a typical NC is composed of a
rugged margin to construct the three-dimensional ar-
chitecture, further indicating that the P ions are ade-
quately embedded into the P-Co0.9Ni0.9Fe1.2 NCs.

The HRTEM images of the P-Co0.9Ni0.9Fe1.2 NCs in
Fig. 4a–c provide a distinct view of the lattice fringes from
different regions. The selected area demonstrates lattice
fringes with interplanar distances of 0.24, 0.28, 0.19, 0.18,
and 0.25 nm corresponding to the (210), (131), (112),
(211), and (−132) planes of NiP2 (PDF No. 01-073-0436),
FeP4 (PDF No. 00-032-0470), CoP (PDF No. 00-029-
0497), CoP (PDF No. 00-029-0497), and FeP4 (PDF No.
00-032-0470), respectively, consistent with the XRD
analysis. The presence of surface defects means that the

Figure 3 SEM images: (a–c) Co0.9Ni0.9Fe1.2 NCs and (d–f) P-Co0.9Ni0.9Fe1.2 NCs.
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regular structure of the crystals is divided into numerous
smaller regions by some interfaces and that each region
has a high atomic array integrity. Serious atomic mis-
alignments occur near the interface between the regions.
The visualized manifestation is that the lattice fringes of
the molecules appear at different intervals, and the phe-
nomenon of defects occurring over the entire interface, as
shown in Fig. 4a, is called surface defects. The rich defect
structure can expose more real active sites, which essen-
tially enhances the electrocatalytic performance of the
P-Co0.9Ni0.9Fe1.2 NCs. Notably, P-Co0.9Ni0.9Fe1.2 NCs with
rich surface defects are beneficial for improving the in-
trinsic electrochemical activities. Furthermore, Fig. 4d
and e shows the SEM mapping image and the corre-
sponding EDX spectra of the P-Co0.9Ni0.9Fe1.2 NCs, which
confirm that the Fe, Co, Ni, P, and C are homogenously
distributed throughout the NCs. Fig. 4e shows that the
weight percentage of Fe, Co, Ni, P, and C is 13.31%,
13.69%, 5.85%, 31.69%, and 35.46%, respectively. The
atomic number percentage of P-Co0.9Ni0.9Fe1.2 NCs is
5.24%, 5.11%, 2.19%, 22.51%, and 64.95% for Fe, Co, Ni,
P, and C, respectively.

The electrocatalytic properties of the developed cata-
lysts in 1.0 mol L

−1
KOH electrolyte solution for HER are

presented in Fig. 5 and Fig. S7. Fig. 5a and Fig. S7a show
the polarization curves of all of the prepared electro-
catalysts. The P-Co0.9Ni0.9Fe1.2 NCs exhibit an obviously
smaller onset overpotential than the other samples, re-
quiring a small overpotential of only −200.7 mV to de-
liver a current density of 10 mA cm

−2
, demonstrating

superior OER performance compared with the
P-Co1.2Ni0.6Fe1.2 NCs (−220.6 mV), P-Co0.6Ni1.2Fe1.2 NCs

(−243.2 mV), P-Co1.8Fe1.2 NCs (−263.3 mV), P-Ni1.8Fe1.2

NCs (−266.1 mV), Co0.9Ni0.9Fe1.2 NCs (−577.8 mV),
Co1.8Fe1.2 NCs (−584.1 mV), Co1.2Ni0.6Fe1.2 NCs,
Co0.6Ni1.2Fe1.2 NCs, and Ni1.8Fe1.2 NCs. Compared with
the catalytic performance of other phosphides, that of the
P-Co0.9Ni0.9Fe1.2 NCs is also closest to the performance of
Pt/C.

Fig. 5b and Fig. S7b show that the Tafel plots of the
P-Co0.9Ni0.9Fe1.2 NCs of 50.5 mV dec

−1
are much smaller

than those of P-Co1.2Ni0.6Fe1.2 NCs (63.5 mV dec
−1

),
P-Co0.6Ni1.2Fe1.2 NCs (76.3 mV dec

−1
), P-Co1.8Fe1.2 NCs

(85.0 mV dec
−1

), P-Ni1.8Fe1.2 NCs (91.5 mV dec
−1

),
Co0.9Ni0.9Fe1.2 NCs (100.8 mV dec

−1
), Co1.8Fe1.2 NCs

(103.5 mV dec
−1

), Co1.2Ni0.6Fe1.2 NCs (154.5 mV dec
−1

),
Co0.6Ni1.2Fe1.2 NCs (200.3 mV dec

−1
), and Ni1.8Fe1.2 NCs

(290.1 mV dec
−1

), implying favorable kinetics perfor-
mance for OER. On the basis of the results in Table S1,
the properties of the P-Co0.9Ni0.9Fe1.2 NCs are sub-
stantially better than those of other reported transition-
metal phosphides, indicating remarkable reaction kinetics
and a fast rate of oxygen generation for HER.

EIS plots were further used to show the various charge
transfer resistance (Rct) of all of the prepared electro-
catalysts. Fig. 5c and Fig. S7c present the semicircular EIS
plots, which are related to the charge transfer rate be-
tween the catalysts and the electrolyte. The results reveal
that the P-Co0.9Ni0.9Fe1.2 NCs present extremely lower
charge transfer resistance than other prepared electro-
catalysts. The Cdl in Fig. 5d and Fig. S7d, which was de-
termined from the dependent CV curves (Fig. S8a),
further demonstrates the intrinsic activities of the pre-
pared electrocatalysts. The Cdl value for the P-Co0.9Ni0.9-

Figure 4 (a–c) HRTEM images, (d) SEM mapping image, and (e) EDX spectra of P-Co0.9Ni0.9Fe1.2 NCs.
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Fe1.2 NCs is 1,240 μF cm
−2

, which is larger than those of
the P-Co1.2Ni0.6Fe1.2 NCs (1,080 μF cm

−2
), P-Co0.6Ni1.2Fe1.2

NCs (913.5 μF cm
−2

), P-Co1.8Fe1.2 NCs (595.1 μF cm
−2

),
P-Ni1.8Fe1.2 NCs (547.7 μF cm

−2
), Co0.9Ni0.9Fe1.2 NCs

(295.6 μF cm
−2

), Co1.8Fe1.2 NCs (269.2 μF cm
−2

), Co1.2-
Ni0.6Fe1.2 NCs (173.7 μF cm

−2
), Co0.6Ni1.2Fe1.2 NCs

(109.9 μF cm
−2

), and Ni1.8Fe1.2 NCs (70.2 μF cm
−2

), im-
plying that the P-Co0.9Ni0.9Fe1.2 NCs exhibit a large elec-
trochemical surface area for the OER.

The OER properties of all of the prepared electro-
catalysts in 1.0 mol L

−1
KOH electrolyte are shown in

Fig. 6 and Fig. S9. The results in Fig. 6a and Fig. S9a
clearly show that the P-Co0.9Ni0.9Fe1.2 NCs exhibit a much
smaller onset overpotential compared with the other in-
vestigated electrocatalysts. To achieve a current density of
10 mA cm

−2
, the P-Co0.9Ni0.9Fe1.2 NCs require an ex-

tremely small overpotential of 273.1 mV. This over-
potential is substantially smaller than those of the
P-Co0.6Ni1.2Fe1.2 NCs (305.1 mV), P-Co1.2Ni0.6Fe1.2 NCs
(318.6 mV), P-Co1.8Fe1.2 NCs (327.2 mV), P-Ni1.8Fe1.2

NCs (328.4 mV), Co0.9Ni0.9Fe1.2 NCs (470.6 mV),
Co1.8Fe1.2 NCs (499.7 mV), Ni1.8Fe1.2 NCs, Co1.2Ni0.6Fe1.2

NCs, and Co0.6Ni1.2Fe1.2 NCs. Fig. 6a shows that the cat-
alytic performances of the P-Co0.9Ni0.9Fe1.2 NCs, P-Co0.6-
Ni1.2Fe1.2 NCs, P-Co1.2Ni0.6Fe1.2 NCs, P-Co1.8Fe1.2 NCs,
and P-Ni1.8Fe1.2 NCs are substantially better than that of

the commercial RuO2. In the plots of the Tafel slopes
(Fig. 6b and Fig. S9b), the P-Co0.9Ni0.9Fe1.2 NCs show a
value of 46.9 mV dec

−1
, which is much smaller than those

of the P-Co0.6Ni1.2Fe1.2 NCs, P-Co1.2Ni0.6Fe1.2 NCs,
P-Co1.8Fe1.2 NCs, P-Ni1.8Fe1.2 NCs, Co0.9Ni0.9Fe1.2 NCs,
Co1.8Fe1.2 NCs, Ni1.8Fe1.2 NCs, Co1.2Ni0.6Fe1.2 NCs, and
Co0.6Ni1.2Fe1.2 NCs (61.0, 69.6, 75.2, 86.4, 119.1, 138.5,
157.8, 225.8, and 386.0 mV dec

−1
, respectively), implying

higher OER kinetics. As shown in Table S2, the catalytic
properties of P-Co0.9Ni0.9Fe1.2 NCs are better than those of
most previously reported transition-metal phosphides,
indicating the remarkable reaction kinetics and fast rate
of oxygen generation for OER.

Nyquist plots (EIS) of all the electrocatalysts (Fig. 6c
and Fig. S9c) demonstrate that the Rct values of the in-
vestigated electrocatalysts increase in the following order:
P-Co0.9Ni0.9Fe1.2 NCs < P-Co0.6Ni1.2Fe1.2 NCs < P-Co1.2-
Ni0.6Fe1.2 NCs < P-Co1.8Fe1.2 NCs < P-Ni1.8Fe1.2 NCs <
Co0.9Ni0.9Fe1.2 NCs < Co1.8Fe1.2 NCs < Ni1.8Fe1.2 NCs <
Co1.2Ni0.6Fe1.2 NCs < Co0.6Ni1.2Fe1.2 NCs. The extremely
smaller Rct of the P-Co0.9Ni0.9Fe1.2 NCs indicates a faster
rate of charge transfer during the OER catalytic process,
which is beneficial for oxygen generation. We estimated
the electrochemically active surface areas by calculating
the Cdl values (in Fig. 6d and Fig. S9b, d). The values of
Cdl for P-Co0.9Ni0.9Fe1.2 NCs, P-Co0.6Ni1.2Fe1.2 NCs,

Figure 5 HER electrochemical performances of the P-Ni1.8Fe1.2 NCs, P-Co1.8Fe1.2 NCs, P-Co0.9Ni0.9Fe1.2 NCs, P-Co1.2Ni0.6Fe1.2 NCs, and the
P-Co0.6Ni1.2Fe1.2 NCs in 1 mol L

−1
KOH: (a) LSVs; (b) Tafel plots; (c) Nyquist plots; and (d) the determined double-layer capacitance (Cdl) values.
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P-Co1.2Ni0.6Fe1.2 NCs, P-Co1.8Fe1.2 NCs, P-Ni1.8Fe1.2 NCs,
Co0.9Ni0.9Fe1.2 NCs, Co1.8Fe1.2 NCs, Ni1.8Fe1.2 NCs, Co1.2-
Ni0.6Fe1.2 NCs, and Co0.6Ni1.2Fe1.2 NCs were calculated to
be 1,510, 854.3, 603.3, 566.3, 351.2, 258.2, 240.9, 128.1,
97.7, 78.9 μF cm

−2
, respectively. The larger Cdl of

P-Co0.9Ni0.9Fe1.2 NCs demonstrates that abundant elec-
trochemically active sites are exposed for enhanced OER.

In addition, the BET specific surface area of the pre-
pared P-Co0.9Ni0.9Fe1.2 NCs was determined from nitro-
gen adsorption and desorption isotherms. As shown in
Fig. S10a and S10b, the prepared P-Co0.9Ni0.9Fe1.2 NCs
exhibit a large specific surface area of 310.7 m

2
g
−1

as well
as an average pore size of 3.1 nm. These results also in-
dicate that the P-Co0.9Ni0.9Fe1.2 NCs with a large BET
specific surface area and a mesopore-rich surface expose
more electrochemical effective active sites, thus accel-
erating electron transfer and promoting the penetration
of electrolyte to enhance HER and OER.

The long-term stability of the prepared P-Co0.9Ni0.9Fe1.2

NCs for HER and OER was characterized in 1.0 mol L
−1

KOH electrolyte (Figs S11 and S12). Polarization curves
of the P-Co0.9Ni0.9Fe1.2 NCs before and after 1,000 con-
tinuous CV cycles for the HER and the OER at a scan rate
of 100 mV s

−1
are shown in Figs S11a and S12a, respec-

tively. After the CV scanning, an insignificant change in
current density in the polarization curves is observed,

indicating substantial durability of the electrocatalyst for
HER and OER. Correspondingly, chronoamperometry
tests were conducted for 12 h to further evaluate the long-
term stability of the prepared P-Co0.9Ni0.9Fe1.2 NCs for
HER and OER. As shown in Figs S11b and S12b, the
prepared P-Co0.9Ni0.9Fe1.2 NCs are extremely stable over
12 h, exhibiting a negligible current loss for both HER
and OER, thereby confirming the excellent durability of
this catalyst. In addition, a comparison of the SEM
(Fig. S13) and XPS (Fig. S14) data before and after the
chronoamperometry stability test reveals that the
P-Co0.9Ni0.9Fe1.2 NCs after the stability polarization test
retain their cubic morphology with the valence of each
element unchanged in HER and OER.

On the basis of the aforementioned analyses, the
P-Co0.9Ni0.9Fe1.2 NCs exhibit favorable catalytic perfor-
mance for both HER and OER in 1.0 mol L

−1
KOH

electrolyte. Therefore, the P-Co0.9Ni0.9Fe1.2 NCs assembled
as both cathodic and anodic catalysts were prepared to
investigate the activities for overall water splitting. As
expected, the prepared electrolyzer exhibits a smaller
overpotential of 1.52 V to reach a current density of
10 mA cm

−2
(Fig. 7a), which indicates that the P-Co0.9-

Ni0.9Fe1.2 NCs are effective electrocatalysts for overall
water splitting. The XRD pattern of the P-Co0.9Ni0.9Fe1.2

NCs before and after the catalytic performance test for

Figure 6 OER electrochemical performances of the P-Ni1.8Fe1.2 NCs, P-Co1.8Fe1.2 NCs, P-Co0.9Ni0.9Fe1.2 NCs, P-Co1.2Ni0.6Fe1.2 NCs, and
P-Co0.6Ni1.2Fe1.2 NCs in 1.0 mol L

−1
KOH. (a) LSVs; (b) Tafel plots; (c) Nyquist plots; and (d) the determined double-layer capacitance (Cdl).
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overall water splitting (Fig. S15) demonstrates that the
dominant diffraction peaks of P-Co0.9Ni0.9Fe1.2 NCs do
not change after the overall water splitting test, indicating
that the crystalline structure and composition of the
P-Co0.9Ni0.9Fe1.2 NCs are retained after the overall water
splitting reaction. In addition, the SEM images of the
P-Co0.9Ni0.9Fe1.2 NCs after the catalytic performance test
for overall water splitting (Fig. S16) show that the
P-Co0.9Ni0.9Fe1.2 NCs maintain the morphology of the NC
structure with negligible etching of the edges after the
overall water splitting test and the NCs still provide a
large surface area for further catalytic reaction [58]. The
chronoamperometry test at a voltage of 0.45 V (vs. SCE)
for overall water splitting has also been investigated
(Fig. 7b). The result shows that the prepared electrolyzer
can maintain a nearly constant current density for 12 h,
demonstrating remarkable stability of the P-Co0.9Ni0.9Fe1.2

NCs.
The excellent electrochemical performance of the

P-Co0.9Ni0.9Fe1.2 NCs for overall water splitting is attrib-
uted to the following aspects: (1) the synergistic effect
among different metal ions, P, and C improves the in-
trinsic activities for both HER and OER; (2) the well-
dispersed cubic structures with a rough surface and rich
defect concentration can expose rich active sites and en-
sure sufficient contact between the electrolyte and the
P-Co0.9Ni0.9Fe1.2 NCs; (3) the C-doping can optimize the
electronic structure of P, Fe, Co, and Ni and improve the
conductivity of the P-Co0.9Ni0.9Fe1.2 NCs for HER and
OER.

CONCLUSIONS
In summary, ternary P-Co0.9Ni0.9Fe1.2 NCs based on PBA
possess obvious advantages, including enhanced intrinsic
activity and the rich defects on the rough surface, sug-
gesting excellent performance for overall water splitting.

The electrochemical measurements confirm that the op-
timized P-Co0.9Ni0.9Fe1.2 NCs show prominent catalytic
activities and remarkable durability for HER and OER.
This work provides a promising strategy to design mul-
timetal phosphides with rich defects as excellent electro-
catalysts for overall water splitting.
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原位构筑表面缺陷的碳掺杂型三元钴镍铁磷化物
纳米立方体用于高效全水分解
高文坤1

, 杨敏1
, 迟京起1

, 张鑫宇1
, 谢静宜1

, 郭宝玉1
, 王磊2

,
柴永明1

, 董斌1*

摘要 本文以三元金属钴-镍-铁普鲁士蓝结构纳米立方体(Co0.9-

Ni0.9Fe1.2 NCs)为前驱体, 通过简单气相磷化处理, 得到优化比例的
P-Co0.9Ni0.9Fe1.2纳米立方体磷化物, 其具有高本征活性、导电性和
高缺陷密度的特点. SEM和TEM结果表明, 碳掺杂型P-Co0.9Ni0.9-

Fe1.2保持了纳米立方体的结构, 其粗糙的表面结构意味着丰富的缺
陷位, 暴露更多真实活性位. 三元金属普鲁士蓝前驱体的磷化处理
不仅提供了碳掺杂, 而且原位构筑了立方体表面缺陷位. 碳掺杂降
低了电荷传输的阻抗, 优化了电子传输速率. 三元金属离子之间的
协同作用以及丰富的缺陷活性位有效提高了电催化的性能 .

P-Co 0 . 9 Ni 0 . 9 Fe 1 . 2拥有极其高的HER和OER催化活性 , 仅需要
−200.7 mV(HER)和273.1 mV(OER)过电位就可以达到10 mA cm

−2

的电流密度. 其全水分解仅需1.52 V就可以达到10 mA cm
−2的电流

密度.此外,本文还对催化剂的稳定性进行了测试.本工作为设计高
效过渡金属基双功能电解水催化剂提供了一种简便方法.
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