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Increasing demand for hydrogen energy has boosted the exploration of inexpensive and effective cata-
lysts. Transition metal phosphides (TMPs) have been proven as excellent catalysts for the hydrogen evol-
ution reaction (HER). Very recently, the search for TMP-based catalysts has being mainly directed at
enhanced electrocatalytic performance. Hence, a concluded guideline for enhancing HER activity is
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highly desired. In this mini review, we briefly summarize the most recent and instructive developments in
the design of TMP-based catalysts with enhanced electrocatalysis for hydrogen evolution from compo-
sition and structure engineering strategies. These strategies and perspectives are also meaningful for
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1. Introduction

The increasing global energy crisis and accompanying environ-
mental issues are motivating scientists to search for eco-friendly
and sustainable energy sources to substitute conventional fossil
fuels."” Hydrogen, as an abundant and clean energy source, is
advocated as a promising future energy source candidate.’ At
present, the steam reforming of fossil fuels still remains the
dominant route to the large-scale production of hydrogen.
Nevertheless, this process aggravates the consumption of fossil
fuels and thus results in a large amount of CO, emission.””
Thence, the economical and renewable route to producing hydro-
gen appeals more research interest.® One potential sustainable
way to accomplish this is electrochemical water splitting.”*°

The hydrogen evolution reaction (HER) is the cathodic half-
cell reaction of water splitting. It has been extensively studied
by virtue of its advantages such as using water as the reactant,
considerable hydrogen generation efficiency and no emission
of greenhouse gases."'™* As described by eqn (1) and (2), this
reaction realizes the production of hydrogen gas through the
reduction of protons and water molecules.

In acidic media:

2H" (aq) +2e~ — Hy(g) (1)
In alkaline media:

2H,0 + 2e~ — H,(g) + 20H (aq) (2)
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designing other inexpensive and high-performance catalysts.

Generally, the HER process proceeds by a multistep
pathway with two possible mechanisms in acidic media."*"®
The guiding mechanism in the HER can be theoretically
revealed by the Tafel slope value. In the first step, an electron
is transferred to the catalyst surface to form an intermediate
adsorbed hydrogen atom. This process is called the discharge
reaction or Volmer reaction:

H' (aq) + e~ — Hads (3)
The Tafel slope for this reaction can be indicated as:
b,y = 2.303RT/aF (4)

where R is the ideal gas constant, T is the absolute tempera-
ture, a is the symmetry coefficient with a value of 0.5 and F is
the Faraday constant.

The subsequent step proceeds through two different routes
to evolve the H, molecule. One possible route is that an
adsorbed hydrogen atom combines with a second electron and
another proton to form a H, molecule, which is known as the
electrochemical desorption reaction or Heyrovsky reaction:

Hags +H' (aq) +e — Ha(g) (5)
And its Tafel slope can be indicated as:
by = 2.303RT/(1 + a)F (6)

Another possibility is the recombination of two adsorbed
hydrogen atoms on the catalyst surface via the Tafel reaction,
also known as the chemical desorption step:

Hags + Hags — HZ(g) (7)
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And its Tafel slope can be indicated as:
byr = 2.303RT/2F (8)

The deduced Tafel slope values of the above reactions at
25 °C are 118 mV dec™', 39 mV dec™" and 29 mV dec™" for b v,
byu and b, 1, respectively. When a catalyst is used for the
acidic HER with a measured Tafel slope value of 29 mV dec™,
this result suggests that the electrochemical desorption step is
the rate-limiting step, and this catalytic process tends to follow
the Volmer-Tafel mechanism.

In practice, the standard reduction potential of the HER is
defined as E° = 0 V vs. normal hydrogen electrode at pH =
0.'7'® However, electrochemical reactions need to overcome
the kinetic energy barrier like many chemical reactions. Thus,
the assistance of catalysts is essential to make the HER more
energy-efficient. Overpotential is regarded as a key factor to
evaluate the performance of catalysts.

Currently, platinum (Pt) is considered to be the best HER
catalyst with a minimum overpotential, but the limited storage
and expensive price hinder its widespread use. As stated
above, it is highly desirable to develop non-noble metal cata-
lysts. Transition metal phosphides (TMPs) emerge as typical
representatives of highly active and inexpensive HER catalysts,
and several TMPs have been proven as promising catalysts for
HER, including CoP,""™™* Ni,P**?® MoP,>*° Cu,P,*°
FeP*'? and NisP,.** Liu et al. predicted that Ni,P was a decent
HER catalyst by density functional theory (DFT) calculations in
2005.%* The first experimental report on TMP catalysts for
hydrogen evolution was published by the Zhang group in
2013.%° FeP porous nanosheets were synthesized through the
anion exchange reaction of inorganic-organic hybrid Fe;gS,;s—
TETAH nanosheets with P ions and showed impressive cata-
lytic activity with a low overpotential and small Tafel slope
value in 0.5 M H,SO, (Fig. 1A-C). Subsequently, the counts of
published studies on TMPs for the HER continued increas-
ing. Sun and coworkers reported that the different TMP
nanoarrays grew on three-dimensional substrates with
enhanced catalytic activity for the HER.''*%313¢37 por
example, the CoP nanowire array was fabricated and pre-
sented an outstanding HER performance at all pH values
(Fig. 1D).'' These groundbreaking studies open up the
golden era of TMPs, making them promising and efficient
HER catalysts. Very recently, the research interest for
TMP-based catalysts has been mainly directed at enhanced
electrocatalytic performance. There still exist many strategies
to further improve their HER activity, however, there is cur-
rently no guideline for systematically improving their electro-
catalytic activity.

In this mini review, we briefly summarize the most recent
and instructive developments in the design of TMP-based cat-
alysts with enhanced catalytic activity for the HER and
present a selected summary of their HER performance
(Table 1). These strategies and perspectives are also meaning-
ful for designing other inexpensive and high-performance
catalysts.
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Fig. 1 (A) Scanning electron microscopy (SEM) image and (B) trans-
mission electron microscopy (TEM) image of the FeP nanosheets. (C)
Scheme illustrating the synthesis of the porous FeP nanosheets through
the anion exchange reaction of the inorganic—organic hybrid Fe;gS,5—
TETAH nanosheets with P ions. Reproduced with permission from ref.
35, Copyright 2013 Royal Society of Chemistry. (D) Schematic illustration
of CoP nanowires array for the HER. Reproduced with permission from
ref. 11, Copyright 2014 The American Chemical Society.

2. Composition engineering for
enhancing HER performance

Introducing elements into TMPs has been reported as an
effective approach to improve the catalytic activity of catalysts
by means of tuning the electronic structure and optimizing
the adsorption energy of intermediates.*® Composition engin-
eering can be divided into metallic element doping, non-
metallic element doping and hybridization with other
compositions.

2.1. Metallic element doping

Doping TMPs with metallic elements (such as Zn, Co, Fe, Mn,
Al and Mo) is a customary way to enhance their catalytic
activity.>*™** Wu et al. successfully doped Mo into CoP nano-
arrays and explored its origin by density functional theory (DFT)
calculations.® The Mo-doped CoP was synthesized by a metal
organic frame (MOF)-derived route and the resulting catalyst
demanded an overpotential of 40 mV to reach 10 mA cm™,
120 mV less than that for CoP/CC (Fig. 2A-D). The DFT calcu-
lations indicated that the reason for the enhanced intrinsic
catalytic activity might be the energy barrier lowered through
Mo doping (Fig. 2E). The Chen group developed Mn-doped
Ni,P nanasheets as an efficient catalyst for enhanced HER at

This journal is © The Royal Society of Chemistry 2018
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Table 1 Selected summary of the HER performance of some recent TMP-based catalysts
Overpotential
(mv)

Catalyst Substrate Electrolyte N0 20 Tafel slope (mV dec™) Ref.
Al-Ni,P Ti mesh 1.0 M KOH 129 98 39
Mo-CoP Carbon cloth 1.0 M KOH 40 65 40
Mn-Ni,P Carbon cloth 1.0 M KOH 97 61 42
ZNg.04C0¢.96P Ti mesh 0.5 M H,SO, 39 46 43
N-CoP Carbon cloth 0.5 M H,SO, 42 41.2 45
MOP|S Ti foil 0.5 M H,S0, 64 78 50 47
Ni,P-CoP Carbon cloth 0.5 M H,SO, 85 40 49
FeP/Ni,P Ni foam 1.0 M KOH 14 24.2 50
CuzP-CoP Carbon cloth 0.5 M H,SO, 59 58 51
Ni-Co-P HNBs Ni foam 1.0 M KOH 107 46 52
Multishelled Ni,P Glassy carbon 1.0 M KOH 98 86.4 57
Ni(OH)z—FeZP Ti mesh 1.0 M KOH 76 105 62
CeO,-CuzP Ni foam 1.0 M KOH 148 132 64
PANI/CoP HNWs Carbon fibers 0.5 M H,SO, 57 82 34.5 66
Fe-CoP Ti foil 1.0 M KOH 78 75 67
P-Fe,N/rGO Glassy carbon 0.5 M H,SO, 64.8 48.7 68
P-Ag@NC Glassy carbon 0.5 M H,SO, 78 107 69
np-CoP; Ti mesh 1.0 M KOH 76 45 70
CoP/CeO, Ti mesh 1.0 M KOH 43 45 71
MOoP/CNTs Glassy carbon 0.5 M H,SO, 41 51.6 72
HI-CoP/CNT Glassy carbon 0.5 M H,SO, 73 54.6 73
P-Mo,C@C Glassy carbon 0.5 M H,SO, 89 42 74
CoP, Carbon cloth 0.5 M H,SO, 56 86 67 75
porous Ni,P Glassy carbon 1.0 M KOH 168 63 76
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Fig. 2 Schematic fabrication process of the MOF-derived route and the
resulting microstructures for hollow Mo-CoP nanoarrays. (A) Co-MOF
arrays. (B) Mo-Co LDH. (C) Mo-CoP nanoarrays. (D) Polarization curves
of Pt/C, Coz04, CoP and Mo-CoP in 1.0 M KOH. (E) HER free energy dia-
grams of the P- and Co-sites on pristine and Mo-doped CoP (111) sur-
faces. Reproduced with permission from ref. 40, Copyright 2018 Elsevier
Ltd.

This journal is © The Royal Society of Chemistry 2018

all pH values.*> The X-ray powder diffraction (XRD) analysis
indicated the successful doping of Mn. The as-prepared Mn-
Ni,P possessed lower thermo-neutral hydrogen adsorption free
energy, thus enhancing the HER activity of Ni,P. Tuning the
electronic structure is another reason for enhanced catalytic
activity by metallic element doping. Recently, our group found
that the HER activity of Ni,P can be enhanced by Al doping.
The changes in the electronic structure were confirmed by
X-ray photoelectron spectroscopy (XPS) analysis, and they pro-
moted the enhancement of catalytic performance.*’

2.2. Non-metallic element doping

Non-metallic element doping is also accessible to enhance the
HER activity of TMPs. Zhou et al. prepared a N-doped CoP cata-
lyst grown on carbon cloth (CC).*> A hydrothermal route was
first employed to coat the Co(OH)F precursor onto the carbon
cloth and then the precursor was phosphated in two gases of
pure Ar or Ar/NHj3;, yielding CoP/CC or N-CoP/CC, respectively
(Fig. 3A). As revealed by the SEM image (Fig. 3B) and XRD pat-
terns (Fig. 3C), the N-CoP catalyst was obtained. To afford a
current density of 10 mA cm > in 0.5 M H,SO,, N-CoP/CC
needed an overpotential of 42 mV, which was lower than that
of CoP/CC (85 mV, Fig. 3D). The Tafel slope of N-CoP/CC
(41.2 mV dec™!) was also lower than that of CoP/CC (50.5
mV dec '), indicating the enhanced intrinsic catalytic activity
(Fig. 3E). The authors claimed that the N-doping could modu-
late the electronic structure of orthorhombic CoP and tune the
H adsorption on the CoP surface (Fig. 3F). The adsorption

Nanoscale, 2018, 10, 21617-21624 | 21619
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Fig. 3 (A) Schematic fabrication process of CoP and N-CoP on carbon
cloth. (B) SEM image of N-CoP/CC. (C) XRD patterns of the as-prepared
samples. (D) Polarization curves of Pt/C, CC, CoP and N-CoP in 0.5 M
H,SO,. (E) Tafel plots of Pt/C, CoP and N-CoP in 0.5 M H,SO,. (F) Free
energy diagram for hydrogen (H*) adsorption at the Co—Co bridge site
on several low-index planes of CoP with and without N doping.
Reproduced with permission from ref. 45, Copyright 2018 Wiley-VCH.

energy was tuned close to be thermo-neutral and significantly
reduced the overpotential of the HER. Besides this, other non-
metallic elements (such as S, P and Se) also proved as efficient
dopants for enhancing HER catalytic activity.*®™*® The reasons
for the high catalytic activity of the doped materials are eluci-
dated by means of experimental verification and DFT calcu-
lations, and tuning the electronic structure and adsorption
energy are suggested reasons.

2.3. Hybridization with other compositions

Hybrid materials are prepared by hybridizing two different
compositions by the straightforward strategies (such as the
hydrothermal method, chemical vapor deposition method and
electrochemical deposition method). Generally, the hybrid
catalyst showed more efficient activity due to the strong syner-
gistic effect between the different compositions and the
enhanced mass transportation ability.”® The Li group and co-
workers developed a Ni,P-CoP hybrid nanosheet array through
an electrochemical deposition route as the efficient cathode
for hydrogen evolution.*® The resulting Ni,P-CoP hybrid cata-
lyst presented enhanced HER activity compared to Ni,P and
CoP. The authors confirmed the presence of strong electron
interactions and synergistic effects between Ni,P and CoP by
XPS analysis. These two points are important for enhancing
catalytic performance. Yu et al. prepared a FeP/Ni,P hybrid
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Fig. 4 (A) Polarization curves of Pt/C, Ni,P and FeP/Ni,P in 1.0 M KOH.
(B) Double-layer capacitance measurements for determining electro-
chemically active surface areas of Ni,P and FeP/Ni,P electrodes. (C) FeP
(001) on NiP (100), side view. (D) Free energy diagram of AGy, the
hydrogen adsorption free energy at pH = 14 on the FeP/Ni,P catalyst in
comparison with Ni;P and benchmark Pt catalysts. Reproduced with
permission from ref. 50, Copyright 2018 Nature Publishing Group.

catalyst by the chemical vapor deposition method.’® The
elemental mapping showed that Fe, Ni and P elements were
evenly distributed throughout the whole catalyst surface. The
FeP/Ni,P hybrid catalyst possessed Pt-like hydrogen evolution
catalytic performance in 1.0 M KOH (Fig. 4A). The double layer
capacitance (Cq;) of FeP/Ni,P (907.8 mF cm™>) was bigger than
that of pure Ni,P (203.8 mF cm™?, Fig. 4B), indicating a more
rough surface of FeP/Ni,P. Furthermore, the authors hypoth-
esized that the as-synthesized FeP nanoparticles along with
Ni,P preferentially exposed the most active facets as those of
the bulk FeP (001) crystals, and DFT calculations indicated
that the FeP (001) crystals contributed to the high activity
(Fig. 4C and D). A similar structure of CuzP-CoP directly grown
on CC via low-temperature phosphidation was reported by our
group, and the CuzP-CoP hybrid catalyst also showed
enhanced HER activity in 0.5 M H,SO, due to the synergistic
effects between CusP and CoP.’" So it is attractive to explore
other doping elements or compositions for higher HER activity
and further explain the reasons for enhanced catalytic activity.

3. Structure engineering for
enhancing HER performance

In addition to the element doping mentioned above, structure
engineering is also a considerable strategy to enhance the HER
performance of catalysts. Here, we take a look at three aspects:
hollow structures, nanoarray structures and heterostructures.

3.1. Hollow structures

The fabrication of hollow TMP catalysts is also an efficient
strategy to improve the intrinsic catalytic activity. Hollow struc-
tures bring many benefits to catalysts, such as the large

This journal is © The Royal Society of Chemistry 2018
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exposed surface and abundant mass diffusion pathways.’>">°
Recently, the Lou group and co-workers designed Ag-incorpor-
ated Ni-Co-P hollow nanobricks (HNBs) by a template-assisted
strategy.”® The hollow structure can be viewed from SEM and
TEM images (Fig. 5A-H). The as-prepared Ni-Co-P HNBs
exhibited significantly enhanced HER catalytic performance in
comparison with the Ni-Co-P nanosheets in 1.0 M KOH
(Fig. 5I). The Tafel slope of Ni-Co-P HNBs (46 mV dec™ ") was
also lower than that of Ni-Co-P nanosheets (53 mV dec™"),
indicating the enhanced intrinsic catalytic activity (Fig. 3H).
The hollow structure in nanobricks facilitated free infiltration
of the electrolyte and the mass transport, therefore improving
the catalytic performance. Sun et al. reported hollow Ni,P
microspheres as an active catalyst for hydrogen evolution.®”
The as-prepared catalyst showed enhanced catalytic perform-
ance, and the large exposed surface offered more active sites,
thus facilitating the reaction. All these examples indicate that
the electrochemical active surface area can be increased by
constructing a hollow structure, thus further improving the
HER performance.>?3%35°8
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Fig. 5 (A and B) FESEM, (C) TEM, (D) HRTEM, and (E) STEM images of

the hierarchical Ni-Co—P HNBs fabricated by a template-assisted strat-
egy. Elemental mapping images of (F) Ni, (G) Co, and (H) P for the single
Ni—-Co—-P HNB in (E). (I) Polarization curves and (J) Tafel plots of the
hierarchical Ni-Co—P HNBs and Ni-Co—P nanosheets for HER in 1.0 M
KOH. Reproduced with permission from ref. 52, Copyright 2018 Royal
Society of Chemistry.
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3.2. Nanoarray structures

In recent years, self-supported nanoarrays are becoming more
and more popular in electrocatalysts research studies.'*%3"*>
Nanoarrays usually include nanowires, nanosheets, nanorods,
etc. These nanoarrays can always exhibit much better catalytic
performance compared to planar ones. The large and rough
surface area increases the contact area between the catalyst
and the electrolyte, and thus effectively enhances the catalytic
performance. Tian et al. reported the topotactic fabrication of
self-supported CuzP nanowire arrays on Cu foam (CF).*°
Fig. 6A presents the SEM image of Cu(OH),/CF, the nanowire
nature was maintained after phosphating (Fig. 6B and C).
CuzP nanowire arrays showed enhanced HER activity com-
pared to CusP microparticles in 0.5 M H,SO, due to the large
Cq1 and surface area (Fig. 6D). A FeP nanowire array was syn-
thesized from its hydroxide precursor through low-temperature
phosphidation.>" Fig. 6E-G shows SEM images of the FeP
nanowire array. The obtained catalyst possessed superior HER
performance due to the large contact area between the catalyst
and the electrolyte (Fig. 6H). Generally, the use of self-sup-
ported nanoarray catalysts can greatly increase the current
density at the same overpotential.

3.3. Heterostructures

The construction of heterostructures has been demonstrated
as an efficient method to enhance the HER performance,
because the accompanying interface effect makes the (hydrox-
ide) oxide behave as water dissociation promoters in metal
catalysts.”>** Wang et al. developed a CeO,-Cu,P nanosheet
array grown on Ni foam with enhanced catalytic activity for
alkaline hydrogen evolution.®* DFT calculations revealed that
the CeO,-Cu;P interface promoted the water dissociation and
resulted in a more thermo-neutral hydrogen adsorption free

Potential (V vs. RHE)
08 08 04 02 00

Potential (V vs. RHE)

ST
—— FeP NATTi :

(iR correction)
----- FeP NATTI /

05 04 03 02 01 00
Potential (V vs. RHE)

Fig. 6 (A) SEM image of Cu(OH),/CF. (B and C) SEM images of CuzP/CF.
(D) Polarization curves of CF, CuszP nanowires/CF and CuzP microparti-
cles/CF in 0.5 M H,S0, at a scan rate of 2 mV s™%. (E-G) SEM images of
FeP/Ti. (H) Polarization curves of Ti and FeP nanowires/Ti in 0.5 M
H,SO, at a scan rate of 2 mV s™*. Reproduced with permission from ref.
30 and 31, Copyright 2014 Wiley-VCH.
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Fig. 7 (A) Schematic illustration of the structure of PANI/CoP HNWs-

CFs. (B) HRTEM image of PANI NDs/CoP HNWs. (C, D) Polarization
curves of PANI/CoP HNWs-CFs, PANI NDs-CFs, CoP NWs-CFs, CFs, Pt
metal (loading: 4.5 mg cm~2) and 20 wt% Pt/C (loading: 0.012 mg cm™2)
in 0.5 M H,SO4. (E) Free energy profile of H adsorption on the different
catalysts. (F) Scheme of HER improvement by capturing the H* in the
hydronium ions to form the protonated amine groups on PANI/CoP
HNWSs. Reproduced with permission from ref. 66, Copyright 2018
American Chemical Society.

energy, thus, the catalytic activity was improved by interface
engineering. Under acidic conditions, the positive charge
density of H' can be reduced by the coordinated water mole-
cules in hydronium ions,* resulting in a low overpotential of
the HER on catalysts. The Li group reported polyaniline (PANI)
nanodot-decorated CoP hybrid nanowires grown on carbon
fibers (PANI/CoP HNWSs-CFs, as illustrated in Fig. 7A and B,
which presented Pt-like HER activity in 0.5 M H,SO, (Fig. 7C
and D).*® The amine groups in PANI can easily capture the H"
in the hydronium ions and thus increase the concentration of
H' on the surface of the catalyst. As a result, the PANI/CoP
hybrids showed impressive HER activity. The DFT calculations
suggested that PANI/CoP hybrids could optimize H adsorption
to improve their performance (Fig. 7E and F).

4. Conclusions and perspectives

In conclusion, this mini review briefly summarizes the most
recent and instructive developments in the design of TMP-
based catalysts with enhanced HER activity. These strategies
are highlighted from two aspects, the composition engineering
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and the structure engineering. From recent studies, it has
been clearly confirmed that the above-mentioned strategies are
useful for optimizing the intrinsic activity of catalysts. In the
section on composition engineering, we summarized the cata-
Iytic performance changes caused by element doping and
hybridization with other compositions. Regarding structure
engineering, we point out that the excellent catalytic perform-
ance benefits from the optimized H adsorption, the large
exposed surface and abundant mass diffusion pathways. The
strategies mentioned above are not only useful for enhancing
the catalytic activity of TMP-based catalysts, but meaningful
for designing other
catalysts.

In addition, TMPs have been proven to be effective catalysts
for the HER, but the real mechanism of the HER still deserves
much exploration. The current work mainly focuses on charac-
terizing the morphology and electrochemical performance and
thus the mechanism is not sufficiently understood. More
attention should be paid to exploring the mechanism of TMPs
in the catalytic reaction process. On one hand, the combi-
nation of works with modern advanced characterization tech-
niques can guarantee the accuracy of the analysis. On the
other hand, taking full advantage of DFT calculations can help
us gain insight into the catalytic mechanism. Furthermore,
TMP-based catalysts also arouse research interest towards
many other fields of energy conversion and storage, such as
batteries. In the immediate future, we anticipate that TMP-
based catalysts can be used in actual industrial production to
solve energy problems.

inexpensive and high-performance
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