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Composition-controlled synthesis of Ni,_,Co,P
nanocrystals as bifunctional catalysts for water
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and Shouhua Feng*

Ni>_,Co,P (0 = x = 2) nanocrystals (NCs) with good control of composition are synthesized by a facile

economical approach. Low-cost air-stable triphenylphosphine is used as phosphorus source and NaBH,

is added to facilitate the reaction, which helps to carry out the reaction at relatively low temperature

(250 °C). By modulating the Ni/Co precursor ratios, the composition of Ni, ,Co,P NCs can be tuned

over the whole range. A comprehensive study of the key role of NaBH4 on the metal phosphide NCs

formation reveals that

NaBH,4

can efficiently activate the triphenylphosphine, lowering the

thermodynamic barrier for the P-C bond broken and thus reducing the reaction temperature. As-

prepared Ni,_,Co,P NCs show Ni/Co-composition dependent catalytic performance on both hydrogen

evolution reaction (HER) and oxygen evolution reaction (OER). In particular, OER catalytic activities

follow the volcano relationship due to the synergistic effect. The Ni; oCo 0P NCs exhibit the highest OER
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catalytic activity with the overpotential of 0.34 V at a current density of 10 mA cm™

2, among the top tier

of water oxidation catalysts. In addition to providing a new green low-cost route to composition
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1. Introduction

Electrochemical water splitting offers a promising strategy for
renewable energy storage.! The two half reactions of water
splitting, the hydrogen evolution reaction (HER) and the oxygen
evolution reaction (OER), both require high performance elec-
trocatalysts to facilitate. The development of efficient and low-
cost electrocatalysts is highly desirable.** While significant
advance has been made in this area, the currently prevalent
strategies often result in incompatible integration of catalyzing
both HER and OER in the same electrolyte.>” Only a few cata-
lysts have been reported to be capable of catalyzing both HER
and OER in the same media.*"* The development of bifunc-
tional HER and OER catalysts is attractive for water splitting
device since it has advantages of simplifying the electrolyzer
system and lowing the overall cost.

Transition metal phosphides have been extensively studied
as low cost highly active catalysts for HER in the last few
years.'"™ Especially, some binary phosphides, such as CoP,
Ni,P, have been found to be active catalysts for both HER and
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controllable synthesis of ternary phosphides, this work also contributes to fundamental guideline on
rational design of low-cost high-efficient catalysts for water splitting.

OER recently.>'**** Hu et al. report the bifunctional catalytic
properties of Ni,P for water splitting in alkaline conditions.
The activity for OER comes from the core-shell Ni,P/NiO,
assembly generated in situ under catalytic conditions. Analo-
gous behavior is reported by Sun et al. for hierarchically porous
urchin-like Ni,P superstructures anchored on nickel foam.* Li
and co-workers show that a kind of hollow polyhedral cobalt
phosphide is efficient bifunctional electrocatalysts for HER and
OER.* Yoo et al. have observed the in situ transformation of
hydrogen-evolving CoP nanoparticles toward efficient oxygen
evolution catalysts.” While binary phosphides for bifunctional
electrocatalysts have been explored, further improvement of the
catalytic performances might be expected on the ternary phos-
phides due to the synergistic effect. By a combined experi-
mental-theoretical approach, Jaramillo et al find that the
catalytic performances of transition metal phosphides for HER
follow a volcano relationship.** They synthesized several
mixtures of Co and Fe phosphides alloys and confirm that
Fe, 5C0o 5P exhibit the highest HER activity. Sun and co-worker
have also reported that sea urchin-like (Feg 54C0g 46),P is more
efficient than either Co,P or Fe,P for OER.*” Although these
studies point the potential of ternary phosphides as more active
catalysts, synergistic effect on bifunctional electrocatalyst has
not been reported. Systematically study of composition depen-
dent catalytic performance for water splitting is limited. The
lack of synthetic methods that enable controllable tuning the

This journal is © The Royal Society of Chemistry 2017
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composition in a wide range impedes the clear understanding
of the trends in intrinsic activities.

Various methods have been attempted to synthesize transi-
tion metal phosphides NCs, such as solvothermal synthesis, the
reduction of phosphates and phosphinates, and microwave
synthesis.?*** Whereas, these methods are complicated, and it
is difficult to realize the component controllable synthesis of
ternary phosphides NCs. Solution phase decomposition of
a metal precursor in the presence of trioctylphosphine is the
most promising method due to its excellent ability to control
the size, shape, and composition.**** However, the high price
and instability of trioctylphosphine (TOP) as well as high
temperatures (=320 °C) needed for phosphidation limited the
applications. Alternative and simpler methods are desirable to
prepare component controllable ternary phosphides nano-
particles for a structure-activity study and further potential
applications.

In this work, a green novel one-pot protocol to synthesize
phase-pure component controllable Ni, ,Co,P NCs (0 < x < 2)
is developed. Low-cost air-stable triphenylphosphine (PPhs;) is
used as phosphorus source and certain amounts of NaBH, are
added to facilitate the reaction, which helps to carry out the
reaction at relatively low temperature (250 °C). The composition
of the Ni,_,Co,P NCs can be tuned across the x range from 0 to 2
by modulating the molar ratio of the Ni/Co precursors. A
comprehensive study of the key role of NaBH, on the metal
phosphide NCs formation and growth is conducted. Composi-
tion dependent catalytic performance on both HER and OER is
investigated and synergistic effect on the OER catalyst is found.
In addition to providing a new green low-cost route to compo-
sition controllable synthesis of ternary phosphides, this work
also contributes to fundamental guideline on rational design of
improved catalysts for water splitting. This low temperature,
facile and economical route to composition controllable
multicomponent metal phosphides is expected to have broad
applicability.

2. Experimental section
2.1 Materials

Triphenylphosphine (PPh;, 99%) and oleylamine (OAm, 80—
90%) were obtained from Aladdin. Hexane (analytical reagent),
2-propanol (analytical reagent), and NaBH, (96%) were
purchased from Sinopharm Chemical Reagent Co., Ltd. Ethanol
(analytical reagent), nickel(un) acetate tetrahydrate (Ni(OAc),-
-4H,0, 98%), and cobalt(un) acetate tetrahydrate (Co(OAc),-
-4H,0, 98%) were obtained from Beijing chemical works. All
chemicals were used as received without further purification.

2.2 Synthesis of Ni, ,Co,P nanoparticle (0 < x < 2)

In a typical synthesis process, 0.5 mmol Ni(OAc),-4H,O (0.1245
), 0.5 mmol Co(OAc),-4H,0 (0.1249 g), 3 mmol NaBH, (0.1135
2) and 2 mmol PPh; (0.5246 g) were loaded to a 100 mL three-
neck flask attached with a Schlenk line. Then, 15 mL oleyl-
amine were added. The mixed solution was degassed at 110 °C
for 30 min with stirring and purged with argon three times. The
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temperature is then rapidly raised to 250 °C and held at 250 °C
for 2 h with continuous vigorous stirring. After the mixture was
cooled to room temperature, 5 mL of hexane and 25 mL of
ethanol were added, and the mixture was sonicated for 5 min to
remove all the free ligands and the unreacted precursors. The
solution was centrifuged at 8000 rpm for 5 min. The upper layer
liquid was decanted, and the isolated solid was dispersed in
hexane and reprecipitated by adding ethanol. The centrifuga-
tion and precipitation procedure was repeated three times and
the final products were redispersed in hexane or dried under
vacuum for further measurements.

2.3 Characterization

X-ray power diffraction (XRD) patterns were recorded on
a Rigaku D/Max 2500 V/PC X-ray diffractometer with graphite
monochromated Cu Ko radiation (A = 0.1518 nm). Trans-
mission electron microscopy (TEM) and high-resolution trans-
mission electron microscopy (HRTEM) images were taken with
a FEI Tecnai G2 S-Twin F20 with an accelerating voltage of 200
kv. The sample for TEM analysis was prepared by placing a drop
of the nanocrystals hexane solution on a carbon-coated copper
grid and letting it dry in air. The compositions of the as-
prepared Ni, ,Co,P nanocrystals were determined quasi-
quantitatively by a Helios NanoLab 6001 from FEI Company,
at an acceleration voltage of 20 kV. X-ray photoelectron spec-
troscopy (XPS) was carried out with Thermo ESCALab 250
analyzer operating at constant analyzer energy mode.

2.4 Electrochemical measurements

Before the electrochemical measurements, the samples were
annealed in flowing H, (5%)/Ar (95%) at 450 °C for 30 min to
remove the organic ligands that capped the surface of the
Ni, ,Co,P nanocrystals. The as-prepared catalysts (5 mg),
Vulcan carbon black (VB, 1 mg) and Nafion solution (80 uL, 5
wt%) were dissolved in 0.5 mL 2-propanol and sonicated for
30 min to form a slurry. Then 20 pL of the slurry was loaded
onto the surface of a glassy carbon electrode (GCE, 5 mm in
diameter) and the electrode was dried at room temperature. The
electrochemical measurements were carried out using a CHI
750D electrochemical workstation (CH Instruments, Inc.,
Shanghai) in a standard three-electrode setup. A saturated
calomel electrode (SCE) was used as reference electrode and a Pt
electrode as counter electrode. The electrocatalytic activities of
the samples towards both HER and OER were examined by
obtaining polarization curves using linear sweep voltammetry
(LSV) with a scan rate of 10 mV s~ at room temperature in 1.0 M
KOH solution (pH ~ 13.6). There were several IR drops applied
for compensation and no stirring were used for the linear sweep
voltammetry. All the potentials reported in this paper were
converted to the reversible hydrogen electrode (RHE).

3. Result and discussion
3.1 Synthesis of Ni,_,Co,P nanoparticles

Solution thermal decomposition of metal-phosphine complexes
is the most commonly used method to prepared metal

RSC Adv., 2017, 7, 7906-7913 | 7907
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Schemel Formation pathways for the as-prepared Ni,_,Co,P NCs (a)
with and (b) without the addition of NaBH4.

phosphide NCs. Formation of metal phosphide NCs generally
goes through a metal phase to metal phosphide transformation
(Scheme 1b).*” Due to the strong binding of P-C bond, high
temperature (=320 °C) is need for the broken of P-C bond and
formation of metal-P bond.*” Here in our ternary Ni, ,Co,P
nanoparticle synthesis, the needed reaction temperature can
significantly decreased to 250 °C by adding certain amount of
NaBH,. Commercially available, low-coat, air-stable triphenyl-
phosphine (PPh;) was used as phosphorus source and Ni(OAc),
and Co(OAc), were the metal precursors. With simply change the
Ni/Co precursor ratios, composition tuning Ni, ,Co,P nano-
particles were obtained.

The role of NaBH, on synthesis of Ni, ,Co,P nanoparticles.
With the adding of 3 mmol NaBH,, phase-pure Ni,P NCs were
obtained after the reaction at 250 °C for 2 h (Fig. 1), while
mixture of Ni and Ni;,P; NCs were found for the reaction
without NaBH, (Fig. S1, ESIt). These results indicate that
NaBH, is significantly important to carry out the reaction at
relatively low temperature. Without the addition of NaBHy, it
was observed that the solution color changed from green to
black at 230 °C, indicating that the Ni precursor was reduced to
Ni phase by oleylamine.*®* When NaBH, was adding, the color
changed appeared while the temperature was just 170 °C. It

Ni,P PDF 03-0953

. 250 °C/2h
D Do

Intensity (a.u.)

40 50 60 70 80
26 (degree)

Fig.1 The XRD patterns Ni P nanoparticles isolated from the reaction
at different temperatures.
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seems like that the role of NaBH, was to promote the reduced Ni
precursor to Ni phase. To understand the reaction machine,
intermediate particles were isolated from the reaction at
different temperature. As showed in Fig. S2t and Scheme 1b,
without the addition of NaBH,, the nanoparticles go through
the Ni precursor -Ni-Ni-P complex - Ni;,P5-Ni,P procedure,
consist with the reports.***** When NaBH, was adding, the
formation of metal nanoparticles was not found (Fig. 1 and
S31). Amorphous Ni-P intermediates were found until the
temperature up to 250 °C. It is noteworthy that all the Ni/P ratios
of the Ni-P intermediates were consist with the final phase-pure
Ni,P NCs (Fig. S3, ESIt). These results suggest that NaBH, does
not act as the reducing agent for the transformation of Ni
precursor to Ni phase.

Previous study on the Ni-P system revealed that when the P/
Ni precursor ratio was excessed to 10, formation of metal NC
intermediates were not found and the amorphous Ni-P inter-
mediates lead to the formation of solid metal phosphide NCs.**
In our experience, the P/Ni precursor ratio was keep at 2.
Therefore, we speculate that with the addition of NaBH,, the
triphenylphosphine is reacted with NaBH, firstly. The electrons
are transferred from the H™ atoms to the P atoms of triphe-
nylphosphine, leading to P atoms more negative-charged. The
negative-charged P would potentially bond with metal atoms,
resulting in the formation of amorphous Ni-P intermediates.
The adding of NaBH, has efficiently activated the triphenyl-
phosphine, lowering the thermodynamic barrier for the P-M
bond formation and P-C broken. Thus, the reaction tempera-
ture for the synthesis of phase-pure metal phosphide NCs can
significantly reduce from 330 °C to 250 °C.*®* This low-
temperature, facile and economical route to composition
controllable multicomponent metal phosphides is expected to
have broad applicability.

Crystal structure, morphology and surface chemistry of
Ni, ,Co,P nanoparticles. The compositions of the resulting
Ni, ,Co,P NCs were determined by energy-dispersive X-ray
spectroscopy (Fig. S4, ESIT). The Co : Ni: P mole ratios in the
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Fig. 2 The XRD patterns of the as-prepared Ni,_,Co,P NCs.
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products are in close agreement with the ratios of the precur-
sors. This indicates that the reactivity of the relative precursors
was balanced and the successful formation of compositionally
tunable Ni,_,Co,P NCs was achieved.

Fig. 2 shows the XRD patterns of the as-prepared Ni,_,Co,P
NCs. As for Ni,P and Ni; 5Coo 5P, phases crystallize in the
hexagonal Fe,P structure-type, and all observed XRD peaks are
consistent with a JCPDS reference pattern for Ni,P (card no. 03-
0953). For Ni, ,Co,P NCs with x = 1, the XRD patterns for the
ternary phosphide phases are similar to that of a JCPDS refer-
ence pattern for orthorhombic Co,P (card no. 32-0306). No
impurity, such as metal oxide and metal species, is detected by
XRD. For the nickel-rich composition, a broad peak near 26 =
55° is observed, which is corresponding to the overlapping
reflections of (300) and (211) planes due to the small size of the
particles. As the ratio of Co/Ni increased, two peaks that shift
away from each other are appeared, indicating the crystal

View Article Online
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structure transformation of the as-prepared ternary phosphide
NCs. All the XRD patterns of the as-prepared Ni, ,Co,P NCs are
consistent with the result by Brock' group,* indicate that the
developed protocol is successfully to synthesize Ni, ,Co,P NCs
over the whole range.

The morphology and particle size of the as-prepared Ni,_,-
Co,P NCs are analyzed by TEM (Fig. 3). The particles sizes are in
the range of 3-11 nm, in consistent with the result from XRD.
High-resolution TEM images of the as-prepared Ni,_,Co,P NCs
are shown as insets in each TEM image. The clear lattice fringes
for the whole nanocrystals shown in all compositions indicate
that these nanoparticles are well crystalline. The EDS, XRD and
TEM results indicate that the developed protocol is ideal to
synthesize Ni,_,Co,P NCs with good control of composition.

The surface chemistry of as-prepared Ni, ,Co,P NCs is
investigated by XPS. Fig. 4 shows the detailed XPS spectra of
relevant elements with the binding energies. In Fig. 4a, two

Fig. 3 TEM images for Ni,_,Co,P nanoparticles (a) Ni>P; (b) Ni; 5C0oq sP; (c) NiCoP; (d) Nig5Co4 sP; (e) Co,P. The insets illustrate HRTEM images

for each composition showing lattice fringes.

This journal is © The Royal Society of Chemistry 2017
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Fig. 4 XPS spectra of as-prepared Ni,_,Co,P NCs with different
compositions.

characteristic peaks around 853.0-853.5 €V and 870.4-871.2 eV
are attributed to Ni 2p3,, and 2p,,, energy levels, respectively,
corresponding to Ni’* in the Ni-P compound.”® Another two
peaks around 856.0-857.2 eV and 874.2-874.8 eV as well as the
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satellitic peak at 879.1 eV are assigned to oxidized Ni species.
Similarly, for Co element, the Co 2p;, and Co 2p,,, peaks
around 781.7-782.9 eV and 792.6-798.2 eV as well as the satel-
litic peak at 803.5 eV can be correlated to the presence of
oxidized Co species.* The peaks around 778.3-779.3 eV corre-
spond to the Co 2pj, energy level of Co-P species. For P
element, the binding energies around 129.1-129.7 eV are
ascribed to the P 2p3/, and 2p,, doublet of phosphide, while the
peaks around 132.7-133.5 eV are correlated to the positive-
valence P binding with O species.”” The appeared oxidize
species play great important roles for OER catalysis. The surface
compositions of as-prepared Ni, ,Co,P NCs are also evaluated
by XPS (Table S1, ESIf). The surface Co/Ni ratios are slightly
larger than those measured by EDS, while the P/(Co + Ni) ratios
determined by XPS are in the range 2-4, indicating that the
surfaces are Co and P rich.

3.2 Composition dependent catalytic performance for water
splitting

OER activities of as-prepared Ni, ,Co,P NCs. The electro-
catalytic OER performances of as-obtained Ni, ,Co,P NCs are
tested by steady-state linear sweep voltammetry (LSV) in basic
solutions. Fig. 5a shows the polarization curves of Ni, ,Co,P
NCs with different Co/Ni ratios in 1.0 M KOH. Due to the
presence of the oxidation peaks (Ni*'/Ni**, Co®'/C0*"),%* the
onset potential for the as-prepared catalysts is illegible. As
shown in Fig. 5a, Co/Ni composition dependent OER catalysis of
Ni,_,Co,P NCs is observed and Ni, ,Co; (P NCs show the best
catalytic performances due to the synergistic effect. Fig. 5b
shows that at current density of 20 mA cm ™2, the potentials first
decrease and then increase with the Co percentage improve.
Fig. 5c shows that the current densities of as-prepared Ni, ,-
Co,P NCs catalysts at n = 400 mV follow a volcano relationship.
The overpotential, defined as which the current density reaches
10 mA cm 2, is commonly used as a figure of merit OER catalyst.
For as-prepared Ni, Co, (P NCs, the overpotential at a current
density of 10 mA cm ™2 is 0.34 V, which places the Ni, ,Co; (P
NCs catalyst among the top tier of water oxidation catalysts. The
volcano trend of catalytic activity was also reflected in the Tafel
slopes. As shown in Fig. 5d, the Tafel slopes decrease first and
then increase with the Co/Ni ratios. The Ni; (Co; (P NCs show
the lowest Tafel slopes, implying the most favorable OER cata-
Iytic reaction kinetics due to synergistic effect. The integration
of two or more metals in a heterogeneous catalyst may induce
the presence of multiple valences of the cations with more
complex electronic structure and higher electrical conductivity,
helps to lower the thermodynamic barrier of a proton-coupled
electron pre-equilibrium while facilitating O-O bond forma-
tion, thus leading to enhanced catalytic activity. The synergistic
effect to reduce the overpotential and Tafel slope has opened
a new approach to tune and optimize the electrocatalysis of
water oxidize.

HER activities of as-prepared Ni, ,Co,P NCs. Beside the
outstanding OER activities, the Ni, ,Co,P NCs catalysts are
highly active towards HER. Fig. 6 shows the polarization curves
of as-prepared Ni,_,Co,P NCs with different compositions. To

This journal is © The Royal Society of Chemistry 2017
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Fig. 6 The polarization curves of as-prepared Ni,_,CoP NCs with
different compositions in 0.5 M H,SO,4 for HER.

achieve a current density of 20 mA cm >, an overpotential (1) of
just 184 mV is required for Co,P, whereas Ni,P, Ni; 5C0, 5P,
NiCoP, and Ni, sCo, 5P require 294, 252, 212, and 202 mV,
respectively. It is obvious that the presence of Co is very helpful
for lowering the overpotentials. In order to investigate the
kinetics of HER electrochemical reaction, Tafel plots for all the
catalysts near the onset of substantial cathodic current are
measured. Fig. 7 shows the corresponding Tafel plots of
Ni, ,Co,P NCs with different Co/Ni ratios. According to the
Tafel equation (n = a + b log j, where b is the Tafel slope and j is
the current density), the Tafel slopes for Co,P, Nij5Co, 5P,

This journal is © The Royal Society of Chemistry 2017

NiCoP, Ni, sCo, 5P, and Ni,P are 55, 59, 63, 93, and 99 mV dec *,
respectively. The observed Tafel slopes indicates that the HER
reaction took place via a Volmer-Heyrovsky mechanism, which
the electrochemical desorption of H,gs and H' to form hydrogen
is the rate limiting step. Generally, a lower slope value indicates
more favorable electrochemical reaction kinetic.®> The Tafel
slopes of Ni, ,Co,P NCs are decreasing with the increasing of
Co/Ni ratios, suggesting that the Co ions have stronger electron-
donating ability than Ni ions and are more favorable for the
H-H bond formation. With increased the Co/Ni ratios, the

0.40
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Fig.7 Tafel plots of Ni,_,Co,P NCs with different Co/Ni ratios in 0.5 M
H,SO4 for HER.
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activity toward HER is improved, indicating that Co ions act as
more favorable hydride acceptor centers than Ni ions in HER
catalyze.

In addition to the acidic, the Ni, ,Co,P NCs also have
favorable HER activities in basic media. The representative
polarization curves and Tafel plots of Ni, ,Co,P NCs with
different Co/Ni ratios in 1.0 M KOH are shown in Fig. S5.1 The
overpotential at a current density of mA cm™> for Co,P,
Niy 5Co4 5P, NiCoP, Ni; 5Co, 5P, and Ni,P are 209, 254, 314, 333,
and 378 mV, respectively. The HER performance of Ni, ,Co,P in
basic media also strongly depends on Co/Ni ratios and the
addition of Co significantly enhances the catalytic perfor-
mances of Ni,P. The HER catalytic performances of Co,P and
Ni,P in both acidic and basic media are comparable with those
previously reported non-noble-metal HER electrocatalysts,****”
demonstrating that the developed protocol is successful to
synthesize transition metal phosphides NCs with superior water
splitting activity.

4. Conclusion

A facile economical route to synthesize Ni, ,Co,P NCs with
good control of composition is developed. By modulating the
Ni/Co precursor ratios, the composition of the resultant NCs
could be tuned over the whole range, from Ni,P to Co,P. A
comprehensive study of the key role of NaBH, on the metal
phosphide NCs formation reveals that NaBH, can efficiently
activate the triphenylphosphine, lowering the thermodynamic
barrier for the P-C bond broken and significantly reducing the
reaction temperature. The HER catalytic performance of
Ni,_,Co,P in both acidic and basic media are found to be
strongly depends on Co/Ni ratios and the addition of Co
significantly enhances the catalytic performance. While for OER
catalysis, the as-prepared Ni, ,Co,P NCs follow a volcano trend
and Ni; (Co, oP NCs exhibit the highest OER catalytic activity
with the overpotential of 0.34 V at a current density of 10 mA
cm 2. The developed method to prepare component control-
lable ternary phosphides nanoparticles shines light to the
structure-activity study for water splitting catalysts.
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