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Fig.1 Schematic diagram of hydrogen production'®

CH,2H,0 —> 4H,+CO,
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Table 1 Preparation method of early transition metal phosphide

Synthetic method

Reaction principle

Elemental combination method
Solid state displacement reaction method
Phosphine reaction method
Organic metal decomposition method

Molten salt electrolysis method

M%+xP"—MP,
MCl,+Na;P—>MP+NaCl
MCL+PH;—>MP+HCI+H,

TICI(PH2C6H| 1 )2—>TiP+PH3+HC1+C6H1 1

MOX+H2—> MP+H20

2 WL SR B A T R

Table 2 Overview of preparation methods of common transition metal phosphides

Synthetic method Advantage

Inferiority

Uniform dispersion

quid oh . h
Liquid phase reaction method Controllable morphology

Simple process

lid ti thod . .
Gas solid reaction metho Without high temperature

Pyrolytic reduction method Large scale production

Relative safety

Electrodeposition method .
Low synthesis temperature

Low cost

Hydrothermal method . .
Simple operation

Expensive raw materials
Toxic gas generation

High cost
Limited production

High temperature and pressure

Uneven deposition
Uncontrollable morphology

Larger size
High temperature and pressure
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Fig. 2 Preparation flow chart, morphology and performance test of liquid phase reaction method and gas solid reaction
method: (a) Liquid phase reaction method™’; (b) Stability test of Fe@FeP/CNT™"; (¢) Gas solid reaction method™';

(d) Hollow sphere structure of CoFe,0 !
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Fig. 3 Preparation process and morphology of pyrolytic reduction method and electrodeposition method: (a) Pyrolysis
reduction method®"; (b) Zif-67, TEM image""; (c) Electrodeposition method®; (d) Ni-Cu-P, SEM image"”!
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Fig. 4 Morphology and catalytic properties of nano materials with specific spatial structure: (a) Tafel plots of Ni;;,Ps hollow

spheres, Ni;,Ps solid spheres and Pt/C[64]; (b) Potential time curve of Nij,Ps hollow sphere structure with current density of 10
mA / cm” after 12 h *; (¢) Calculated free energy of CoPS/CP related to that of standard hydrogen electrode at voltage U=0
V and pH=0'*"); (d) Polarization curves of carbon black, cop and Pt/C in 0.5 mol/L H,SO, at 5 mV/s'*); (e) SEM image, Co,P
nanorods'®”’; (f) TEM image, Co,P nanorods'®”’; (g) SEM image, Co,P nanoflowers®”’; (h) SEM image, Co,P nanoflowers'®”
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Fig. 5 Morphologies and measurements of nano materials with different space sizes: TEM images of Co2P hollow NPs
prepared at OT (a), 2T (b), 4T (c) and 6T (d) magnetic fields””"; (e) STEM-EDX elemental mapping images, CoMoP-600
nanotubes'’”; (f), (g) SEM image, Ni-P/NF (Figure (g) inset: cross-section analysis)"*; (h) XRD pattern of S-NisP, NPA/CP"*l;
(i) SEM image, S-NisP,NPA/CP (Figure inset: high-magnification SEM image) ; (j) HRTEM image, S-NisP, NPA/CP"*!
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Fig. 6 Morphologies and theoretical calculation of nano materials with anionic and cationic vacancy defects: (a) Calculated
free energy of FeP, Mg-FeP and Vc-FeP relative to that of standard hydrogen electrode at voltage U=0 V and pH=0""; (b)
Density of states of FeP, Mg-FeP and Vc-FeP surfaces (Vertical dotted line represents Fermi level)™; (c) TEM image of
NiAl;P nanosheets™; (d) HRTEM image of NiAl;P nanosheets™”; (e), (f) Ni 2p and P 2p spectra of v-Ni;,Ps*"; (g) Electron

distribution (Yellow area indicating electron accumulation while cyan meaning electron depletion)®®'’; (h) Two-dimensional

charge difference isosurface of v-Ni,Ps (Red electron-rich, blue deﬁcient)[su
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Fig. 7 Morphologies and catalytic properties of metal and non-metal doped nano materials: (a) Theoretical calculation of
structures of Fe-CoP, Ni-CoP and Mn-CoP""; (b) XANES spectra at Co K-edge of Co foil, Co;04, CoO, CoP/HPFs,
Fe-CoP/HPFs, Mn-CoP/HPFs and Ni-CoP/HPFs”; (c) XANES spectra at Co L-edge of CoP/HPFs, Fe-CoP/HPFs,
Mn-CoP/HPFs and Ni-CoP/HPFs”"; (d) SEM image, Mn-CoP/Ti (Figure inset: high-magnification SEM image)””; (¢) Mo 3d
spectra of N-MoP/N-CNTs and MoP/CNTs™"; (f) N 1s spectra of N-MoP/N-CNTs, N-CNTs and MoP/CNT"”; (g) SEM
image, N-MoP/N-CNT[gs]; (h) IR-corrected polarization curves of O, Cu-CoP nanowire, O-CoP nanowire and CoP nanowire
electrodes in 1 mol/L KOH electrolyte using Ag/AgCl as reference electrode (RE) and graphite bar as counter electrode
(CE)[98]
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Fig. 8 Morphologies and catalytic properties of conductive composite nano materials: (a) SEM image, FeP NAs/CC (Figure
inset: low-magnification SEM image)®; (b) SAED pattern taken from FeP nanorod”; (c) Polarization curves, CC, GR,
FeP/CC, FeP/GR and Pt/C in 0.5 mol/L H,SO, at 2 mV/s®¥; (d) Schematic illustration for synthesis of MoP-RGO"?); (e) Tafel
slopes of MoP-RGO and Pt/C at different phosphating temperatures obtained in 0.5 mol/L. H,SO, solution at scanning rate of
5 mV/s®”!; (f) Exchange current densities of MoP-RGO at different phosphating temperatures obtained in 0.5 mol/L H,SO,
solution at scanning rate of 5 mV/s¥; (g) Schematic illustration for synthesis, NF-RGO-CNTs-Ni,P-CuP,*;; (h) NF,
NF-RGO-CNTs, NF-RGO-CNTs-Ni,P, NF-RGO-CNTs-Ni,P-CuP, and Ni-Pt/C in 0.5 mol/L H,SO, at 5 mV/s”"; (i) Long-
term stability of Ni-graphene-CNTs-Ni,P-CuP, tested at constant current density of 100 mA/cm®, 200 mA/cm’ and 500

mA/cm?, respectively™®
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Overpotential/mV

Tafel/

Method Catalyzer Feature @10 mAcm?  (mV-dec™) Electrolyte Ref.
Ni-Cu-P Dendrite shape 120 69 1 mol/L KOH [37]

Shape Ru-Ni,P/NiO/NF Petal shape 12 22.6 1 mol/L KOH [58]
design Ni;,Ps Hollow sphere shape 144 46 0.5 mol/L H,SO, [64]
CoPS/CP Sea urchin shape 48 42.6 0.5 mol/L H,SO, [65]

Co,P 0D 131 36 1 mol/L KOH [71]

Dimensional CoMoP 1D 220 136 0.5 mol/L H,SO, [72]
regulation Ni-P/NF 2D 80 50 1 mol/L KOH [73]
S-NisP, NPA/CP 3D 56 43.6 0.5 mol/L H,SO, [74]

MoP MoP 104 50 1 mol/L KOH [76]

Vacancy FeP Fe 65 49 0.5 mol/L H,SO, [79]
defect NiAIP Al 35 38 0.5 mol/L H,SO, [80]
Nij,Ps P 27.17 30.8 1 mol/L KOH [81]

CoP/HTPs Ni 92 71 1 mol/L KOH [94]

Element CoP/Ti Mn 49 55 0.5 mol/L H,SO, [95]
doping MOoP/N-CNTs N 103 42 0.5 mol/L H,SO, [97]
CoP Cu, O 85 62.2 1 mol/L KOH [98]

Fe-CoP/Ti Titanium foil 78 75 1 mol/L KOH [102]

Composite FeP NAs/CC Carbon cloth 58 45 0.5 mol/L H,SO, [103]
material MoP/RGO Graphene 117 62 0.5 mol/L H,SO, [106]
Ni,P-CuP, NF graphene 12 41 0.5 mol/L H,8O,  [107]

nanotubes




3356 o E A SRR 2021 4F11 A
,mﬁﬁ ij& IZT H’]Illﬂfk. )J‘ ﬂﬂ ':F‘ F‘fr ﬁﬁg EI’] {ﬁ{{ U }JA grown on graphene as electrocatalyst for hydrogen evolution
H&4 pH(0~14)%% SN ERRE R A e e, reaction[J]. Rare Metals, 2018, 37(12): 1014—1020.

I, e tIFEREAS pH Piae AR B
HIEYER) TMPs.

3) WeitHr e S AL ERG . B GBI H 25 0%
T, BB TR OO LA R BT IR SRS . B
FEN G0N B AR A0 5] R E i e DL K 22 i B 1)
T [F] 28N B e i SRR R 2 2R

4) %8 TMPs {E5M 437 T il & . BEE i
W, B, eHEHER KR EE, FEAITL
WIAESN I T, il % 0 U < e ik M &
PERERIAE1L .

bEE RS SR E, MEEANTREE,
oV 4 A LE PR K BT SR R R A AE B R
2B B G . BRAEAROR, ARE AT
Hiu B TE B ¥ 8 b DA R R B i NI AR v K
P

REFERENCES

[1] VESBORG P C K, SEGER B, CHORKENDOREFF I. Recent
development in hydrogen evolution reaction catalysts and
their practical implementation[J]. The Journal of Physical
Chemistry Letters, 2015, 6(6): 951-957.

[2] CHUA C K, PUMERA M. Susceptibility of FeS, hydrogen
evolution performance to sulfide poisoning[J]. Electrochemistry
Communications, 2015, 58: 29-32.

B] s, Bt HER, & BRGSO

it *U\EE/‘@%%EMHE’JE)EFnﬁ)E[J] [ 6 R R,
2019, 29(9): 2064—2114.
LIANG Shu-quan, CHENG Yi-bing, FANG Guo-zhao, et al.
Research progress of key materials for energy photoelectric
conversion and large-scale energy storage secondary
batteries[J]. The Chinese Journal of Nonferrous Metals, 2019,
29(9): 2064-2114.

[4] B4, R, FERE, % P-WC/Mnt = 9K E A
EHR ) % S H AR PERE (D). A (R JE 2 iR, 2020,
30(2): 392-400.

HE Ya-wei, WU Shi-zhao, LI Yu-ru, et al. Preparation of
Pt-WC/Mnt  nano-composite and its electrocatalytic
activity[J]. The Chinese Journal of Nonferrous Metals, 2020,

30(2): 392—-400.

[51] GAOH, YUE HH, QIF, et al. Few-layered ReS, nanosheets

(6]

(7]

(8]

(9]

(10]

(11]

[12]

[13]

(14]

[15]

[16]

[17]

XIE W F, LI Z H, SHAO M F, et al. Layered double

hydroxide-based core-shell nanoarrays for efficient
electrochemical water splitting[J]. Frontiers of Chemical
Science and Engineering, 2018, 12(3): 537-554.
ZHENG L L, XIAO X Y, LI Y, et al

of TiO;

Enhanced
photocatalytic
WSz/ g-C3N4

activity nanoparticles using
hybrid as

Metals

Transactions of

2017, 27(5):

co-catalyst[J].
Nonferrous
1117-1126.
DING W L, CAO Y H, LIU H, et al. In situ growth of

Society of China,

NiSe@CogssSe heterointerface structure with electronic
modulation on nickel foam for overall water splitting[J].
Rare Metals, 2021, 40(6): 1373—1382.

Z0U X X, ZHANG Y. Noble metal-free hydrogen evolution
catalysts for water splitting[J]. Chemical Society Reviews,
2015, 44(15): 5148-5180.

TRANCIK J E. Renewable energy: Back the renewables
boom[J]. Nature, 2014, 507(7492): 300—302.

LIU Y R, HU W H, LI X, et al. Facile one-pot synthesis of
Co0S,-MoS,/CNTs as efficient electrocatalyst for hydrogen
evolution reaction[J]. Applied Surface Science, 2016, 384:
51-57.

ZHOU B W, L1 ] W, ZHANG X, et al. Engineering P-doped
Ni3S,-NiS hybrid nanorod arrays for efficient overall water
electrolysis[J]. Journal of Alloys and Compounds, 2021, 862:
158391.

WANG J, XU F, JIN H Y, et al. Non-noble metal-based
carbon composites in hydrogen evolution reaction :
Fundamentals to applications[J]. Advanced Materials, 2017,
29(14): 1605838.

YANG C F, ZHAO R, XIANG H, et al. Ni-activated
transition metal carbides for efficient hydrogen evolution in
acidic and alkaline solutions[J]. Advanced Energy Materials,
2020, 10(37): 2002260.

ZHENG L, ZHANG W, GAO B, et al. One-pot synthesis of
few-layered molybdenum disulfide anchored on N,
S-codoped carbon for enhanced hydrogen generation[J].
Materials Today Energy, 2021, 19: 100600.

JIN H Y, GU Q F, CHEN B, et al. Molten salt-directed
catalytic synthesis of 2D layered transition-metal nitrides for
efficient hydrogen evolution[J]. Chem, 2020, 6(9):
2382-2394.

KIM M, LEE B, JU H, et al. Reducing the barrier energy of



231 B 111

B T

T < R AL T PR AR T U R (R BIT Sk

3357

(18]

[19]

(20]

(21]

(22]

(23]

[24]

[25]

[26]

[27]

(28]

[29]

self-reconstruction for anchored cobalt nanoparticles as
highly active oxygen evolution electrocatalyst[J]. Advanced
Materials, 2019, 31(32): 1901977.

ZHAO X, XUE Z, CHEN W, et al. Eutectic synthesis of
high-entropy metal phosphides for electrocatalytic water
splitting[J]. ChemSusChem, 2020, 13(8): 2038—2042.

SHI Y M, ZHANG B. Recent advances in transition metal
phosphide nanomaterials: Synthesis and applications in
hydrogen evolution reaction[J]. Chemical Society Reviews,
2016, 45(6): 1529-1541.
YUN G N, AHN S J, TAKAGAKI A, et al
Hydrodeoxygenation of y-valerolactone on bimetallic NiMo
phosphide catalysts[J]. Journal of Catalysis, 2017, 353:
141-151.

XUAN Y, QUAN H, SHEN Z, et al. Band-gap and charge
transfer engineering in red phosphorus-based composites for
enhanced visible-light-driven H, evolution[J]. Chemistry—A
European Journal, 2020, 26(10): 2285-2292.

ZHANG S J, SONG L M, WU X Q, et al. Synthesis of
high-dispersed ~ NiCoP/SiO,
performance[J]. Vacuum, 2014, 108: 45—48.

MCENANEY ] M, CROMPTON J C, CALLEJAS J F, et al.

and  hydrodesulfurization

Amorphous molybdenum phosphide nanoparticles for
electrocatalytic hydrogen evolution[J]. Chemistry of Material,
2014, 26(16): 4826—4831.

POPCZUN E J, MCKONE J R, READ C G, et al
Nanostructured nickel phosphide as an electrocatalyst for the
hydrogen evolution reaction[J]. Journal of the American
Chemical Society, 2013, 135(25): 9267-9270.

ZHANG H, HA D H, HOVDEN R, et al. Controlled
synthesis of uniform cobalt phosphide hyperbranched
nanocrystals oxide as a
phosphorus source[J]. Nano Letters, 2011, 11(1): 188—197.

ZHENG X, YUAN S, TIAN Z, et al. One-pot synthesis of

using  tri-n-octylphosphine

hollow nickel phosphide nanoparticles with tunable void
sizes using triphenylphosphine[J]. Materials Letters, 2009,
63(27): 2283-2285.

ZHENG X, YUAN S, TIAN Z, et al. Nickel/nickel
phosphide core-shell structured nanoparticles: Synthesis,
chemical,
Materials, 2009, 21(20): 4839—4845.

WANG J, CHEN H, FU Y, et al. Highly active Ni,P/SiO,

and magnetic architecture[J]. Chemistry of

catalysts phosphorized by triphenylphosphine in liquid phase
for the hydrotreating reactions[J]. Applied Catalysis B:
Environmental, 2014, 160/161: 344—355.

PAN Y, HU W H, LIU D P, et al. Carbon nanotubes

[30]

(31]

(32]

(33]

(34]

[35]

(36]

[37]

[38]

[39]

[40]

decorated with nickel phosphide nanoparticles as efficient
nanohybrid electrocatalysts for the hydrogen evolution
reaction[J]. Journal of Materials Chemistry A, 2015, 3(24):
13087-13094.

LI X, LIU W, ZHANG M, et al. Strong metal-phosphide
interactions in  core-shell geometry for enhanced
electrocatalysis[J]. Nano Letters, 2017, 17(3): 2057-2063.
DU Y, QU H, LIU Y, et al. Bimetallic CoFeP hollow
microspheres as highly efficient bifunctional electrocatalysts
for overall water splitting in alkaline media[J]. Applied
Surface Science, 2019, 465: 816—823.

MA Y Y, WU C X, FENG X J, et al. Highly efficient
hydrogen evolution from seawater by a low-cost and stable
CoMoP@C electrocatalyst superior to Pt/C[J]. Energy &
Environmental Science, 2017, 10(3): 788—798.

LU X F, YU L, LOU X W D. Highly crystalline Ni-doped
FeP/carbon hollow nanorods as all-pH efficient and durable
hydrogen evolving electrocatalysts[J]. Science Advances,
2019, 5(2): eaav6009.

WANG X, NA Z, YIN D, et al. Phytic acid-assisted
formation of hierarchical porous CoP/C nanoboxes for
enhanced lithium storage and hydrogen generation[J]. ACS
Nano, 2018, 12(12): 12238—-12246.

CHENG J, LI T, ULLAH S, et al. Giant magnetocaloric
effect in nanostructured Fe-Co-P amorphous alloys enabled
through pulse electrodeposition[J]. Nanotechnology, 2020,
31(38): 385704.

PEI Y, YANG Y, ZHANG F, et al. Controlled
electrodeposition synthesis of Co-Ni-P film as a flexible and
inexpensive electrode for efficient overall water splitting[J].
ACS Applied Materials 2017, 9(37):
31887-31896.

CAO M, XUE Z, NIU J J, et al. Facile electrodeposition of

& Interfaces,

Ni-Cu-P dendrite nanotube films with enhanced hydrogen
evolution reaction activity and durability[J]. ACS Applied
Materials & Interfaces, 2018, 10(41): 35224-35233.

YANG F, YANG S, NIU Q, et al. Fabrication of a 3D
self-supporting Ni-P/Ni,P/CC composite and its robust
hydrogen evolution reaction properties in alkaline solution[J].
New Journal of Chemistry, 2020, 44(20): 8183—8190.

LIU Y, WANG L, FENG H, et al. Microemulsion-assisted
self-assembly and synthesis of size-controlled porphyrin
nanocrystals  with
evolution[J]. Nano Letters, 2019, 19(4): 2614-2619.
ADESUIJI E T, KHALIL L, VIDEA M, et al. From nano to

enhanced photocatalytic hydrogen

macro: Hierarchical platinum superstructures synthesized



3358

T EA O8RS

20214E 11 A

[41]

(42]

(43]

(44]

(45]

[46]

[47]

(48]

[49]

[50]

[51]

using bicontinuous microemulsion for hydrogen evolution
reaction[J]. Electrochimica Acta, 2020, 354: 136608.

JIANG Y, WANG D, PAN Z, et al. Microemulsion-mediated
hydrothermal synthesis of flower-like MoS, nanomaterials
activities  for  anthracene
hydrogenation[J]. of Chemical
Engineering, 2018, 12(1): 32—42.
MOTOS-PEREZ B, UZIO D, AYMONIER C, et al

with  enhanced catalytic

Frontiers Science and

Preparation of nickel phosphide hydrodesulfurization
catalysts assisted by supercritical carbon dioxide[J]. Chem
Cat Chem, 2015, 7(21): 3441-3444.

TIAN S, LI X, WANG A, et al. Facile preparation of Ni,P
with a sulfur-containing surface layer by low-temperature
reduction of Ni,P,Se¢[J]. Angewandte Chemie International
Edition, 2016, 55(12): 4030—4034.

ZOU X X, WU Y Y, LIU Y P, et al. In situ generation of
bifunctional, efficient Fe-based catalysts from mackinawite
iron sulfide for water splitting[J]. Chem, 2018, 4(5):
1139-1152.

LIU J L, ZHENG Y, WANG Z Y, et al. Free-standing single-
crystalline NiFe-hydroxide nanoflake arrays: A self-activated
and robust electrocatalyst for oxygen evolution[J]. Chemical
Communications, 2018, 54(5): 463—466.

LONG J Y, GONG Y, LIN J H. Metal-organic framework
derived CoySs@CoS@CoO@C nanoparticles as efficient
electro-and photo-catalysts for the
reaction[J]. Journal of Materials Chemistry A, 2017, 5(21):
10495-10509.

JIANG P, LIU Q, SUN X. NiP; nanosheet arrays supported

oxygen evolution

on carbon cloth: An efficient 3D hydrogen evolution cathode
in both acidic and alkaline solutions[J]. Nanoscale, 2014,
6(22): 13440—13445.

ZHANG Y, WANG Y, WANG T T, et al. Heterostructure of
2D CoP nanosheets/1D carbon nanotubes to significantly
boost the alkaline hydrogen evolution[J]. Advanced
Materials Interfaces, 2020, 7(2): 1901302.

ZHANG S C, XIONG T, TANG X F, et al. Engineering
inner-porous  cobalt phosphide nanowire based on
controllable phosphating for efficient hydrogen evolution in
both acidic and alkaline conditions[J]. Applied Surface
Science, 2019, 481(15): 1524-1531.

YU L, MISHRA I K, XIE Y L, et al. Ternary Niyi-nMoaP
nanowire arrays toward efficient and stable hydrogen
evolution electrocatalysis under
Nano Energy, 2018, 53: 492—-500.

ZHENG H Y, HUANG X B, WU Z Y, et al. Controlled

large-current-density[J].

[52]

[53]

[54]

[55]

[56]

[57]

(58]

[59]

[60]

synthesis of 3D flower-like Ni,P composed of mesoporous
nanoplates for overall water splitting[J]. Chemistry—An
Asian Journal, 2017, 12(22): 2956-2961.

HUANG J Y, CHEN M T, ZHANG X W, et al. P-doped 3D
graphene network supporting uniformly vertical MoS;
nanosheets for enhanced hydrogen evolution reaction[J].
International Journal of Hydrogen Energy, 2020, 45(7):
4043-4053.

BACH L G THIM L N, SON N T, et al. Mesoporous gold
nanoparticles supported cobalt nanorods as a free-standing
electrochemical sensor for sensitive hydrogen peroxide
detection[J]. Journal of Electroanalytical Chemistry, 2019,
848: 113359.

QAZI U Y, JAVAID R, TAHIR N, et al. Design of advanced
self-supported electrode by surface modification of copper
foam with transition metals for efficient hydrogen evolution
reaction[J]. International Journal of Hydrogen Energy, 2020,
45(58): 33396—33400.

YOON T, KIM K S. One-step synthesis of CoS-doped
S-Co(OH),@Amorphous MoS,., hybrid catalyst grown on
nickel foam for high-performance electrochemical overall
water splitting[J]. Advanced Functional Materials, 2016,
26(41): 7386—7393.

TIAN J Q, LIU Q, ASIRI A M, et al. Self-supported
nanoporous cobalt phosphide nanowire arrays: An efficient
3D hydrogen-evolving cathode over the wide range of pH
0—14[J]. Journal of the American Chemical Society, 2014,
136(21): 7587-7590.

LIANG Y H, LIU Q, LUO Y L, et al. Zn76C0¢24S/CoS,
nanowires array for efficient electrochemical splitting of
water[J]. Electrochimica Acta, 2016, 190: 360—364.

YANG C, GAO M Y, ZHANG Q B, et al. In-situ activation
of self-supported 3D hierarchically porous Ni3S, films grown
on nanoporous copper as excellent pH-universal
electrocatalysts for hydrogen evolution reaction[J]. Nano
Energy, 2017, 36: 85—94.

CHIA X Y, PUMERA M. Characteristics and performance of
two-dimensional materials for electrocatalysis[J]. Nature
Catalysis, 2018, 1(12): 909-921.

MERE, AEE, THE, 5. ZIF-67 fTAEgrKBE e,
AR AR R[], A 48 5R, 2020, 30(8):
1982—-1989.

YANG Yu-mei, SHI Qian-yu, YU Ya-na, et al. ZIF-67
derived cobalt phosphides nanocatalysts for catalytic

hydrolysis of sodium borohydride to generate hydrogen[J].
The Chinese Journal of Nonferrous Metals, 2020, 30(8):



231 B 111

B T

T < R AL T PR AR T U R (R BIT Sk

3359

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

1982—-1989.

e, b TE 2 UK, SRR R JE AL IR B 48
K AL Z SR A RE R RE A (7] Hh A < Jm AR,
2020, 30(3): 604—611.

CAO Xiao-lan, SUI Sheng, LI Bing. Effects of reducing
agent concentrations on structure and properties of in-situ
deposited platinum nanowires catalytic layer[J]. The Chinese
Journal of Nonferrous Metals, 2020, 30(3): 604—611.
ZHANG H M, WU X Y, CHEN C, et al. Spontaneous
ruthenium doping in hierarchical flower-like Ni,P/NiO
heterostructure nanosheets for superb alkaline hydrogen
evolution[J]. Chemical Engineering Journal, 2021, 417:
128069.

WAN S H, QI J, ZHANG W, et al. Hierarchical Co(OH)F
superstructure built by low-dimensional substructures for
electrocatalytic water oxidation[J]. Advanced Materials,
2017, 29(28): 1700286.

CHANG J FE, LI ST, LI G Q, et al. Monocrystalline Ni;,Ps
hollow spheres with ultrahigh specific surface areas as
advanced electrocatalysts for the hydrogen evolution
reaction[J]. Journal of Materials Chemistry A, 2016, 4(25):
9755-9759.

CHANG J F, OUYANG Y X, GE J J, et al. Cobalt
phosphosulfide in the tetragonal phase: A highly active and
durable catalyst for the hydrogen evolution reaction[J].
Journal of Materials Chemistry A, 2018, 6(26):
12353—-12360.

YANG H, ZHANG Y, HU F, et al. Urchin-like CoP
nanocrystals as hydrogen evolution reaction and oxygen
reduction reaction dual-electrocatalyst with superior
stability[J]. Nano Letters, 2015, 15(11): 7616—7620.

CHEN X, CHENG M, CHEN D, et al. Shape-controlled
synthesis of Co,P nanostructures and their application in
supercapacitors[J]. ACS Applied Materials & Interfaces,
2016, 8(6): 3892—3900.

TAN C, CAO X, WU X J, et al. Recent advances in ultrathin
two-dimensional nanomaterials[J]. Chemical Reviews, 2017,
117(9): 6225-6331.

LIU K H, ZHONG H X, LI S J, et al. Advanced catalysts for
sustainable hydrogen generation and storage via hydrogen
evolution and carbon dioxide/nitrogen reduction reactions[J].
Progress in Materials Science, 2018, 92: 64—111.

WU C, WANG X Y, PEI W L, et al. Tailoring the shape
and size of wet-chemical synthesized FePt nanoparticles by
controlling nucleation and growth with a high magnetic

field[J]. Nanoscale, 2019, 11(32): 15023-15028.

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

(81]

WANG X Y, LIU C H, WU C, et al. Magnetic field assisted
synthesis of Co,P hollow nanoparticles with controllable
shell hydrogen
Electrochimica Acta, 2020, 330: 135191.

LIN Y, LIU M, PAN Y, et al. Porous Co-Mo phosphide

thickness  for evolution reaction[J].

nanotubes: An efficient
evolution[J]. Journal of Materials Science, 2017, 52(17):
10406—10417.

TANG C, ASIRI A M, LUO Y, et al. Electrodeposited Ni-P

electrocatalyst for hydrogen

alloy nanoparticle films for efficiently catalyzing hydrogen-
and oxygen-evolution reactions[J]. ChemNanoMat, 2015,
1(8): 558-561.

CHANG J F, LI K, WU Z J, et al. Sulfur-doped nickel
phosphide nanoplates arrays: A monolithic electrocatalyst for
efficient hydrogen evolution reactions[J]. ACS Applied
Materials & Interfaces, 2018, 10(31): 26303—-26311.

PIM Y, WANG X D, ZHANG D K, et al. A 3D porous WP,
nanosheets@carbon cloth flexible electrode for efficient
electrocatalytic hydrogen evolution[J]. Frontiers of Chemical
Science and Engineering, 2018, 12(3): 425—432.

ZHANG X Y, WU Z Z, WANG D Z. Oxygen-incorporated
defect-rich MoP for highly efficient hydrogen production in
both acidic and alkaline media[J]. Electrochimica Acta, 2018,
281: 540-548.

GAO WK, CHI J Q, WANG Z B, et al. Optimized bimetallic
nickel-iron phosphides with rich defects as enhanced
electrocatalysts for oxygen evolution reaction[J]. Journal of
Colloid and Interface Science, 2019, 537: 11-19.

LINJH, YAN YT, XU T X, et al. Rich P vacancies modulate
Ni,P/CusP interfaced nanosheets for electrocatalytic alkaline
water splitting[J]. Journal of Colloid and Interface Science,
2020, 564: 37-42.

KWONG W L, GRACIA-ESPINO E, LEE C C, et al.
Cationic vacancy defects in iron phosphide: A promising
route toward efficient and stable hydrogen evolution by
electrochemical water splitting[J]. Chem Sus Chem, 2017,
10(22): 4544-4551.

CHENG W R, ZHANG H, ZHAO X, et al. A metal-vacancy-
solid-solution ~ NiAIP  nanowall array  bifunctional
electrocatalyst for all-pH
splitting[J]. Journal of Materials Chemistry A, 2018, 6(20):
9420-9427.

DAUN I J, CHEN S, ORTIiZ-LEDON C A, et al. Phosphorus

exceptional overall water

vacancies that boost electrocatalytic hydrogen evolution by
two orders of magnitude[J]. Angewandte Chemie International

Edition, 2020, 59(21): 8181—-8186.



3360

T EA O8RS

20214E 11 A

(82]

(83]

(84]

(85]

[86]

(87]

(88]

(89]

(90]

(911

[92]

WANG Z K, WANG S Y, MAL X, et al. Water-induced

formation of NiP-Ni;;Ps interfaces with superior

electrocatalytic evolution
reaction[J]. Small, 2021, 17(6): 2006770.

LIN J Hb YAN Y T, LIU T,

activity toward hydrogen

et al. Optimize the
electrocatalytic performances of NiCoP for water splitting by
the synergic effect of S dopant and P wvacancy[J].
International Journal of Hydrogen Energy, 2020, 45(32):
16161-16168.

RAN Z, SHU C, HOU Z, et al. Modulating electronic
structure of honeycomb-like Ni,P/Ni;,Ps heterostructure with
phosphorus vacancies for highly efficient lithium-oxygen
batteries[J]. Chemical Engineering Journal, 2021, 413:
127404.

WANG Y Q, ZHANG J T. Structural engineering of
transition metal-based nanostructured electrocatalysts for
efficient water splitting[J]. Frontiers of Chemical Science
and Engineering, 2018, 12(4): 838—854.

WANG Y, KONG B, ZHAO D Y, et al. Strategies for
developing transition metal phosphides as heterogeneous
electrocatalysts for water splitting[J]. Nano Today, 2017, 15:
26-55.

HUANG X, LIU Z, MILLET M M, et al. In situ atomic-scale
observation of surface-tension-induced structural
transformation of Ag-NiPy core-shell nanocrystals[J]. ACS
Nano, 2018, 12(7): 7197-7205.

WANG X Q, CHEN Y F, YU B, et al. Hierarchically porous
W-doped CoP nanoflake arrays as highly efficient and stable
electrocatalyst for pH-universal hydrogen evolution[J]. Small,
2019, 15(37): 1902613.

AR B 5 < R B VI SR 0 ) 4 K BRG],
L2441, 2020, 37: 2011077.

SUN Xue-liang. Green synthesis and electrocatalysis of
P-rich noble metal phosphides[J]. Journal of the Physical
Chemistry, 2020, 37: 2011077.

WANG J, LI X Z, WEI B, et al. Activating basal planes of
NiPS; for hydrogen evolution by nonmetal heteroatom
doping[J]. Advanced Functional Materials, 2020, 30(12):
1908708.

LIY J, WANG M, LIU S, et al. Preparation and properties of
transition metal nitrides caged in N-doped hollow porous
carbon sphere for oxygen reduction reaction[J]. Transactions
of Nonferrous Metals Society of China, 2021, 31(5):
1427-1438.

XU K, DING H, ZHANG M X,

et al. Regulating

water-reduction kinetics in cobalt phosphide for enhancing

(93]

[94]

[95]

[96]

[97]

(98]

[99]

HER catalytic activity in alkaline solution[J]. Advanced
Materials, 2017, 29(28): 1606980.

FANG Z, PENG L, QIAN Y, et al. Dual tuning of Ni-Co-A
(A=P, Se, O) nanosheets by anion substitution and holey
engineering for efficient hydrogen evolution[J]. Journal of
the American Chemical Society, 2018, 140(15): 5241-5247.
PAN Y, SUN K A, LIN Y, et al. Electronic structure and
d-band center control engineering over M-doped CoP (M=
Ni, Mn,
hydrogen production[J]. Nano Energy, 2019, 56: 411-419.
LIUTT MA X, LIU D N, et al. Mn doping of CoP

Fe) hollow polyhedron frames for boosting

nanosheets array: An efficient electrocatalyst for hydrogen
evolution reaction with enhanced activity at all pH values[J].
ACS Catalysis, 2017, 7(1): 98—102.

ZHANG G, WANG G C, LIU Y, et al. Highly active and
stable catalysts of phytic acid-derivative transition metal
phosphides for full water splitting[J]. Journal of the
American Chemical Society, 2016, 138(44): 14686—14693.
ZHANG J T, SUI R, XUE Y R, et al. Direct synthesis of
parallel doped N-MoP/N-CNT as highly active hydrogen
evolution reaction catalyst[J]. Science China Materials, 2019,
62(5): 690—698.

XU K, SUN Y, SUN Y, et al. Yin-Yang harmony: Metal and
nonmetal dual-doping boosts electrocatalytic activity for
alkaline hydrogen evolution[J]. ACS Energy Letters, 2018,
3(11): 2750-2756.

TIAN G Q, WEI S R, GUO Z T, et al. Hierarchical
NiMoP,-Ni,P with amorphous interface as superior
bifunctional electrocatalysts for overall water splitting[J].

Journal of Materials Science & Technology, 2021, 77:
108-116.

[100] WU C, CAI J J, ZHU Y, et al. Hybrid reduced graphene

oxide nanosheet supported Mn-Ni-Co ternary oxides for
aqueous ACS Applied
Materials & Interfaces, 2017, 9(22): 19114—19123.

asymmetric  supercapacitors[J].

[101] TIAN J Q, LIU Q, CHENG N Y, et al. Self-supported CusP

nanowire arrays as an integrated high-performance
three-dimensional cathode for generating hydrogen from
water[J]. Angewandte Chemie International Edition, 2014,

53(36): 9577-9581.

[102] TANG C, ZHANG R, LU W B, et al. Fe-doped CoP

nanoarray: A monolithic multifunctional catalyst for highly
efficient hydrogen generation[J]. Advanced Materials, 2017,
29(2): 1602441.

[103] LIANG Y H, LIU Q, ASIRI A M, et al. Self-supported FeP

nanorod arrays: A cost-effective 3D hydrogen evolution



3135 11 ) £ 8 & SR BT TR KT SR SR U R 3361

cathode with high catalytic activity[J]. ACS Catalysis, 2014, reactions[J]. Frontiers of Chemical Science and Engineering,
4(11): 4065—40609. 2018, 12(3): 417-424.

[104] TIAN J, LIU Q, LIANG Y, et al. FeP nanoparticles film [106] WU Z X, WANG J, ZHU J, et al. Highly efficient and stable
grown on carbon cloth: An ultrahighly active 3D hydrogen MoP-RGO nanoparticles as electrocatalysts for hydrogen
evolution cathode in both acidic and neutral solutions[J]. evolution[J]. Electrochimica Acta, 2017, 232: 254-261.

ACS Applied Materials & Interfaces, 2014, 6(23): [107] RIYAJUDDIN S, AZMI K, PAHUJA M, et al
20579-20584. Super-hydrophilic  hierarchical ~Ni-foam-graphene-carbon

[I0OSJTONG M M, WANG L, YU P, et al. 3D Network nanotubes-Ni,P-CuP,  nano-architecture = as  efficient
nanostructured NiCoP nanosheets supported on N-doped electrocatalyst for overall water splitting[J]. ACS Nano, 2021,
carbon coated Ni foam as a highly active bifunctional 15(3): 5586—5599.

electrocatalyst for hydrogen and oxygen evolution

Recent progress of transition metal phosphides in hydrogen
evolution reaction of electrolyzed water
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Abstract: In recent years, with the development of society, the consumption of traditional fossil energy has
increased dramatically, and the environmental problems have become increasingly serious. Electrochemical water
decomposition is a practical strategy for converting electric energy into hydrogen fuel. Therefore, in order to
achieve large-scale hydrogen production, it is very important to develop low-cost, resource rich, efficient and stable
electrocatalysts. Transition metal phosphides are widely used in the field of electrocatalytic dilute hydrogen
because of their low price, good conductivity and chemical stability. In this paper, the preparation methods of
transition metal phosphides for electrocatalytic hydrogen evolution were summarized, and the improvement of
hydrogen evolution performance of electrolyzed water from three aspects of morphology design, interface control
and material composite were summarized in detail. The future development trend, opportunities and challenges are
also prospected.
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material composite

Foundation item: Project(21701022) supported by the National Natural Science Foundation of China; Project
(2018QNRCO001) supported by the Young Elite Scientists Sponsorship Program by CAST;
Project(XLYC1807214) supported by the Liaoning Revitalization Talents Program, China;
Project(N2124007-1) supported by the Fundamental Research Funds for the Central
Universities, China

Received date: 2021-05-06; Accepted date: 2021-08-19

Corresponding author: YUAN Shuang; Tel: +86-24-83681171; E-mail: yuans@smm.neu.edu.cn

(i )



