
Chinese Chemical Letters 34 (2023) 107119

Contents lists available at ScienceDirect

Chinese Chemical Letters

journal homepage: www.elsevier.com/locate/cclet

Phase engineering two-dimensional nanostructures for electrocatalytic

hydrogen evolution reaction

Zhongshui Li a, Yang Yuea, Junchen Penga, Zhimin Luob,∗

a College of Chemistry & Materials Science, Fujian Normal University, Fuzhou 350007, China
b Key Laboratory for Organic Electronics and Information Displays & Jiangsu Key Laboratory for Biosensors, Institute of Advanced Materials (IAM), Jiangsu

National Synergetic Innovation Center for Advanced Materials (SICAM), Nanjing University of Posts and Telecommunications, Nanjing 210023, China

a r t i c l e i n f o

Article history:

Received 15 November 2021

Revised 19 December 2021

Accepted 7 January 2022

Available online 13 January 2022

Keywords:

Two-dimensional nanomaterials

Phase engineering

Hydrogen evolution reaction

Electrocatalysis

Transition metal dichalcogenides

Metal thiophosphates

2D noble metal nanomaterials

a b s t r a c t

Hydrogen (H2) is considered to be a promising substitute for fossil fuels. Two-dimensional (2D) nanoma-

terials have exhibited an efficient electrocatalytic capacity to catalyze hydrogen evolution reaction (HER).

Particularly, phase engineering of 2D nanomaterials is opening a novel research direction to endow 2D

nanostructures with fascinating properties for deep applications in catalyzing HER. In this review, we

briefly summarize the research progress and present the current challenges on phase engineering of 2D

nanomaterials for their applications in electrocatalytic HER. Our summary will be of significance to pro-

vide fundamental understanding for designing novel 2D nanomaterials with unconventional phases to

electrochemically catalyze HER.

© 2022 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

1. Introduction

The continuous consumption of fossil fuels has given rise to the

serious energy and environmental crises, which severely hindered

the sustainable development of mankind [1–3]. In the past few

decades, great progress has been made in sustainable and clean

energy, such as hydrogen, solar and biomass energy [4–7]. Hydro-

gen (H2), as a clean, economical and renewable energy source, has

a highest energy density (142MJ/kg) among all chemical fuels and

is considered a promising substitute for fossil fuels [8–13]. In in-

dustry, H2 is mainly produced through the steam-reforming reac-

tion under harsh conditions, resulting in the emission of green-

house gasses and pollutants [8,14-17]. Electrochemical hydrogen

evolution reaction (HER) is one of sustainable and promising ways

to produce hydrogen on a large scale, in which electrocatalysts are

the key factor to reduce electrochemical reaction activation energy

for HER [4,18-23].

The electrocatalytic HER process on the surface of electrodes

includes three separate steps: the adsorption of hydrogen ions

(the Volmer step), the formation of hydrogen molecules (the Hey-

rovsky or the Tafel step), and the desorption of the generated

H2 [14,24]. Depending on the protons deriving from the different
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medium, the two-electron transfer reaction of HER follows the dif-

ferent pathways. In acidic medium, an adsorbed hydrogen atom

(H∗) is formed in the Volmer step, when a proton (H+) adsorbed

on an electrocatalytic active site (∗) is coupled with an electron

(e−), and the process is assigned as H+ (aq)+ ∗ + e− →H∗ (ads)

[24,25]. The subsequent production of H2 takes place via either

the chemical combination of two surface adsorbed hydrogen atoms

or the direct bonding of a hydrated proton, a transferred elec-

tron and an adsorbed hydrogen atom [24,26]. The former one is

known as the Tafel reaction step [H∗ (ads)+H∗ (ads]→H2 (gas)],

and the latter one is called the Heyrovsky reaction step [H+

(aq)+ e− +H∗ (ads)→H2 (gas)] [24,27]. As for an alkaline medium,

the Volmer and the Heyrovsky reactions are presented as H2O+ ∗
+ e− →H∗ (ads)+OH− and H2O+ e− +H∗ (ads)→H2 (gas)+OH−,
respectively [14,24]. The third step is the desorption of the gen-

erated H2 (gas) molecules from the surface of electrocatalyts. It

should be noted that the adoption of electrocatalysts for HER is

in favor of improving the energy-conversion efficiency, particularly

harvesting a higher current density at a lower overpotential.

Two-dimensional (2D) nanomaterials, such as transition metal

dichalcogenides (TMDs), metal thiophosphates (MTPs), and 2D no-

ble metal nanomaterials, generally possess a sheet-like structure

with a thickness of a single or few atomic layers [25,28-36]. Due to

their atomic thickness, high anisotropy and electron confinement

in two dimensions, 2D nanomaterials possess strikingly fascinating

physicochemical properties and attract tremendous research inter-
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Fig. 1. Overview of this review.

ests especially for electrochemical HER [35,37-44]. Currently, more

and more novel graphene-analogous 2D materials have been ex-

plored as efficient electrocatalysts for HER, because they can pro-

vide moderate binding between the active sites (∗) and adsorbed

H atoms in the intermediate H∗ (ads), to facilitate the HER pro-

cess. Although some exciting achievements in electrochemical HER

of 2D nanomaterials have been obtained, challenges on designing

and synthesizing highly efficient electrocatalysts for HER still exist

[36,37,45-48]. Precisely controlling the compositions, thicknesses,

crystal phases, vacancies and surface properties of 2D nanomateri-

als is important to unveil the correlations between their structural

features and catalytic properties [34,49-52]. Fortunately, phase en-

gineering has been considered as a fantastic and effective strategy

to adjust the intrinsic physicochemical properties of 2D nanomate-

rials and realize the precise preparation of highly efficient electro-

catalysts [24,26,53-55]. The intriguing structures and properties of

2D nanomaterials deriving from phase engineering of 2D nanoma-

terials open new places in the applications of electrochemical HER

[14,26,27,56-58]. Therefore, it is necessary to summarize recent ad-

vances on the phase engineering of 2D nanomaterials-based cata-

lysts and their applications in electrocatalytic hydrogen evolution.

Herein, this mini review is focused on the phase engineer-

ing control on TMDs (MoS2, non-MoS2 TMDs, and TMDs hybrids),

MTPs and 2D noble metal nanostructures (Au-based and non-Au

based) for electrocatalytic HER (Fig. 1). The challenges and per-

spectives on the application of phase engineering 2D nanomate-

rials in electrocatalytic HER are also presented.

2. TMDs

2.1. MoS2

TMDs, one of the typical graphene-analogous 2D materials, have

attracted considerable attention in recent years because of their

unique properties and promising applications in electrochemical

energy storage and conversion [13,15,59-62]. However, the limited

number of active sites as well as blocked ion and mass transport

severely impair their electrochemical performance. A common fea-

ture of these materials lies in their tunable functional properties

that closely correlate to their shape and composition, especially

to their crystal phases [20,63-65]. Therefore, phase engineering of

Fig. 2. Three crystal structures of monolayer TMDs. The top and bottom schematics

show cross-sectional views and basal plane views, respectively. In all three phases, a

layer of transition metal atoms (M, gray atoms) is sandwiched between two chalco-

genide layers (X, red atoms). Reproduced with permission [73]. Copyright 2016,

Springer Nature.

nanomaterials can be an effective strategy to tune the promising

properties of TMDs for electrocatalyzing HER [26,53,66-68]. Molyb-

denum (Mo)-based compounds generally exhibit superior electro-

catalysis towards HER [69–72], especially, MoS2 is the typical rep-

resentative of this family [12,73-80]. Fig. 2 illustrates the most

well-known three crystal phases of MoS2, including 2H, 1T and 1T′
phase [15,24,63,73,81]. These three crystal phases present a lamel-

lar structure with one layer of Mo sandwiched between two layers

of S. Hexagonal 2H phase with S atom in trigonal prismatic coordi-

nation (D3h) around Mo atom exhibits a good stability. Metallic 1T

phase is a one-layer stack in the tetragonal symmetry with octa-

hedral coordination (D3d) [82]. Distorted 1T phase with Mo atoms

bonded in the form of zigzag chains is called 1T′ phase [24,73].

Conversion among three phases could take place with geometric

rotations [24,55]. The HER active sites of 2H-MoS2 locate at sulfur

edges with the zigzag or armchair distribution, however, the inert

basal plane and the semiconducting feature of 2H MoS2 limit their

HER performance. By contrast, as for 1T/1T′-MoS2, both their edges

and basal planes are electrocatalytically active. Particularly, the

metallic characteristic and larger surface area of 2D 1T/1T′-MoS2
ensure the fast transfer of electrons and the large abundance of

active sites, respectively. Thereby, 1T/1T′ TMDs have been regarded

as promising alternatives to Pt for industry-level HER [24,26,53,83].

Currently, a straightforward way to improve the catalytic prop-

erties is to transform 2H phase TMDs into metallic 1T or 1T′ phase
TMDs via phase engineering of nanomaterials [59,84]. For exam-

ple, Lukowski et al. reported that metallic 1T-MoS2 could greatly

improve the HER catalytic performance. They firstly synthesized

2H phase flower-like MoS2 nanostructures with a high density of

exposed edges directly on graphite substrates via a simple chemi-

cal vapor deposition (CVD) method with molybdenum (V) chloride

and sulfur powder as precursors. After that, they converted the

multilayered semiconductive 2H-MoS2 nanostructures into metallic

1T-MoS2 by simply soaking them in n–butyl lithium solution. It is

found that 1T-MoS2 exhibited facile electrode kinetics and low-loss

electrical transport with a Tafel slope of 43mV/dec. Importantly,

the catalytic performance of 1T-MoS2 nanosheets was stable and

there was a less than 15% decay of electrocatalytic current den-

sity after 1000 cycles [85]. Park et al. adopted a scalable method to

synthesize 1T phase MoS2 via the molten-metal-assisted intercala-

tion (MMI) approach, in which highly reactive molten potassium

metal can intercalate into the MoS2 interlayers to induce an effi-

cient phase transition from the 2H to 1T crystal phase. Due to the

high purity and stability of 1T phase, 1T-MoS2 (MMI) gave a higher

electrocatalytic performance for HER than 2H-MoS2 [20]. 1T′ phase
which is different from the 2H and 1T structures presents dif-

ferent types of chalcogen atoms in the crystal space in terms of

the positions, so the highly asymmetric 1T′ phase TMDs may re-

2



Z. Li, Y. Yue, J. Peng et al. Chinese Chemical Letters 34 (2023) 107119

Fig. 3. Phase-dependent HER measurements in electrochemical microcells. (a)

Schematic of fabricating three types of electrochemical microcell (EM-1, EM-2 and

EM-3). (b) Electrochemical set-up for electrocatalytic HER measurements on elec-

trochemical microcells. (c) Photograph of electrochemical set-up for electrocatalytic

HER measurements on electrochemical microcells. (d) Polarization curves obtained

with EM-1, EM-2 and EM-3. Inset: optical microscope image of EM-1. Scale bar,

20 μm. (e) Tafel plots obtained from the polarization curves in (d). Reproduced with

permission [86]. Copyright 2018, Springer Nature.

sult in different types of anionic vacancies. The vacancy can fur-

ther induce the enhancement of catalytic performance and is in

favor of exploiting its potential catalytic capacity. For instance, Yu

et al. presented a facile method for crystal phase-controlled syn-

thesis of 1T′-MoX2 crystals with the lateral size up to hundreds of

micrometers. It is revealed that 1T′-MoS2 crystals featured a dis-

torted octahedral coordination structure and were convertible to

2H-MoS2 following thermal annealing or laser irradiation. Electro-

chemical microcells with 1T′ or 2H-MoS2 as the working electrode

were fabricated (EM-1, EM-2 and EM-3). Compared to 2H-MoS2,

1T′-MoS2 (EM-1) showed higher efficiency for electrochemical HER

with an onset overpotential of only 65mV and a current density

of 607mA/cm2 at an overpotential of 400mV (vs. RHE) (Fig. 3). It

is found that good HER performance of 1T′-MoS2 originated from

its higher catalytic activity on the basal plane, better charge trans-

port ability and higher anionic vacancies [86]. Since the surface

energy in 1T/1T′ phase is relatively high, it is difficult to prepare

MoS2 with a pure unconventional phase. So it is necessary to tune

the balance between 1T/1T′ unconventional phase and 2H pristine

phase. For example, Zhang et al. reported an efficient hydrothermal

route to prepare 1T/2H-MoS2 catalysts using ionic liquid (n–butyl

pyridinium bromide, [BPy]Br) as a structure-directing agent, where

the large steric hindrance of [BPy]Br and mutual π stacking inter-

action induced phase transition of MoS2 from 2H to 1T phase. By

adding a suitable amount of [BPy]Br in the reaction system, the

percentage of 1T phase in 1T/2H-MoS2 was increased, which can

expose more active sites on its basal planes/edges as well as fa-

cilitate charge transfer for HER. 1T/2H-MoS2 with 1T percentage

of 91.9% exhibited a significantly enhanced HER activity as com-

pared to MoS2 synthesized without the aid of [BPy]Br [67]. Wang

et al. adopted a hydrothermal method with the addition of am-

monium bicarbonate to realize the fabrication in-situ of the 1T

phase of MoS2, in which ammonium bicarbonate was decomposed

into small molecules and ions as guests (including NH4
+, H2O and

Fig. 4. (a) SEM, (b) TEM and (c, d) HRTEM images of prepared 1T/2H-MoS2, and

(e, f) HRTEM images of the region enclosed by red square of (d). Reproduced with

permission [87]. Copyright 2017, Royal Society of Chemistry.

CO2). These guests were inserted into the lamellar structures of

MoS2 to induce the formation of multiphasic 1T/2H-MoS2 (Fig. 4).

The existence of 1T phase provided more active sites and bet-

ter conductivity for HER, resulting in a superior HER performance

with a small Tafel slope of 46mV/dec. The integration with 2H

phase was beneficial for stabilization of metastable 1T phase, en-

suring excellent durability of 1T/2H-MoS2 [87]. Engineering crys-

tal phase of MoS2 to activate its basal planes/edges and simul-

taneously improve its electronic conductivity is another effective

strategy for enhancing HER activity. For example, He et al. adopted

Au-quantum-dots (QDs)-assisted vapor-phase growth to fabricate

wafer-size atomically thin TMD films (MoS2, etc.) with sub-10nm

grains which demonstrated an ultra-high-density grain boundaries

(GBs) (up to ∼1012 cm−2). Experimental evidence as well as phase-

field simulations indicated that the Au QDs regulated the forma-

tion of the TMD grains, resulting in enhanced electronic conduc-

tivity. This kind of MoS2 nanograin film exhibited a superior HER

performance with an onset potential of 25mV and a Tafel slope

of 54mV/dec, indicating a good intrinsic activation of GB-rich 2D

basal plane [88].

2.2. Non-MoS2 TMDs

Besides MoS2, other TMDs such as MoSe2, MoSSe, MoTe2, ReS2,

ReSSe, ReSe2, SnS2, are also widely studied [16,30,89,90]. Many

non-MoS2 TMDs also held great potentials and attracted more at-

tention as a promising HER electrocatalyst due to their high ac-

tivity and good chemical stability [91]. For example, Tan et al.

combined the ball milling and chemical Li-intercalation to realize

the large-scale production of water-dispersed and high-percentage

1T phase TMD nanodots with high-density exposed active edge

sites, including WS2, MoSe2, and MoSSe, etc. The prepared non-

MoS2 TMD nanodots exhibited much enhanced electrochemical

HER activities in acid medium as compared to their corresponding

nanosheets. Due to alloying effect and Se vacancy, MoSSe nanodots

exhibited better HER performance than MoS2 nanodots, yielding

a low overpotential of −140mV at current density of 10mA/cm2

and a Tafel slope of 40mV/dec [89]. By combining chemical va-

por transport (CVT) and chemical Li-intercalation method, Lai et

al. realized the large-scale production of water-dispersed and in-

3



Z. Li, Y. Yue, J. Peng et al. Chinese Chemical Letters 34 (2023) 107119

Fig. 5. Schematic diagram of the synthetic procedure and characterizations of ReSSe NDs. (a) Simulated structure of ReSSe and schematic diagram of the synthetic process

of ReSSe NDs. (b) Low-magnification TEM image of the prepared ReSSe NDs. Inset: Size distribution of ReSSe NDs. (c) HRTEM image of the prepared ReSSe NDs. (d) HRTEM

image of individual ReSSe NDs. (e) HAADF-STEM image of a single ReSSe nanodot showing typical 1T′ structure overlapped with the simulated structure. (f) EDS spectra of

the prepared ReSSe NDs obtained under TEM mode. (g) UV−vis spectrum of the diluted solution of ReSSe NDs. Inset: Photograph of the ReSSe ND solution. (h) AFM image

of the prepared ReSSe NDs. (i) Statistical analysis of the height of 110 ReSSe NDs measured from AFM images. Reproduced with permission [92]. Copyright 2018, American

Chemical Society.

herent 1T′ phase ReS2xSe2(1–x) nanodendrites (NDs) (Fig. 5). Due

to their intrinsic distorted 1T′ structure, alloying effect, and un-

saturated coordinated Re sites, the obtained ReSSe NDs exhibited

superior HER performance with a low overpotential of 84mV at a

current density of 10mA/cm2 and a Tafel slope of 50.1mV/dec [92].

Li et al. presented a facile method to synthesize high-quality WTe2
nanoribbons crystals with 1T′ phase, in which WO3-x nanoribbons

was prepared through a hydrothermal method and then WO3-x

nanoribbons was tellurized in a CVD system. They found that

highly crystallined 1T′-WTe2 nanoribbons can be prepared on a

large scale by using above two-step method and the resultant

morphology of WTe2 crystal can be tuned by regulating the first

step. Electrochemical tests showed that WTe2 nanoribbons exhib-

ited lower overpotential and better HER performance than other

tungsten-based sulfide and selenide (WS2, WSe2) nanoribbons.

WTe2 nanoribbons exhibited a Tafel slope of 57mV/dec, which was

about 2 and 4 times smaller than that for 2H-WS2 nanoribbons

(135mV/dec) and 2H-WSe2 nanoribbons (213mV/dec), respectively.

Its high HER performance was attributed to the high conductivity

of semi-metallic 1T′ phase-stable WTe2 nanoribbons, with one or

two order higher charge-transfer rate than normally semiconduct-

ing 2H-stable WS2 and WSe2 nanoribbons [93]. Shape engineering

also plays a crucial role in modulating physicochemical property

of TMDs. For example, Shao et al. adopted a controllable growth

method to synthesize the uniform monolayer 1T-SnS2 through a

CVD process on SiO2/Si substrate. The Sn source became a key

factor in controlling morphologies with different fractal dimen-

sions. Especially, potassium halides were preferable for obtaining

1T phase SnS2 rather than sodium halides. Density functional the-

ory (DFT) calculations further indicated that potassium ions can ef-

fectively promote the uniform growth of 2D 1T phase SnS2 by re-

ducing the surface migration barrier of SnS2 cluster and enhancing

the SnS2 adhesion force with substrate. Different morphologies of

SnS2 flakes with fractal dimensions from 1.01 to 1.81 can be pre-

cisely controlled and synthesized by adjusting reaction tempera-

ture, flow rate, and precursor stoichiometric ratio (Fig. 6). Espe-

cially, more branched SnS2 with higher fractal dimension can pro-

vide more active sites for HER in comparison with SnS2 of other

morphologies [94].

2.3. TMDs hybrids

Multicomponent hybrid nanostructures have tunable and syn-

ergistic properties due to the electronic transfer and interaction

among multiple components [61,95-99]. Design and construction

of TMDs heterostructures is an effective strategy to improve their

electrocatalytic properties. For instance, Rahul et al. fabricated the

heterostructures of MoSe2/WSe2 nanosheets through a facile liquid

exfoliation method in which the assistance of H2O2 paved the way

for easy exfoliation of bulk MoSe2 into the porous structure. As-

obtained hybrid nanosheets were highly suitable for HER as pre-

requisite of plenty of pores and irregular lateral edges. The signifi-

cant improvement in edge/basal ratio was expected to enhance the

active catalytic site density on MoSe2/WSe2, indicating that com-

bination of porosity and heterostructures were useful in reducing

the working overpotential [96]. Zhou et al. proposed a strategy to

grow ternary molybdenum sulfoselenide MoS2(1-x)Se2x with verti-

cally aligned layers on a 3D porous nickel diselenide (NiSe2) scaf-

fold, which toked advantage of the merits of highly conductive

support, double-gyroid structures and synergistic effects between

two different catalysts (Fig. 7). Experimental results and quantum

mechanics DFT calculation showed that these MoS2(1-x)Se2x/NiSe2
hybrid catalysts exhibited an outstanding catalytic performance su-

perior to that of the widely reported layered TMDs catalysts (es-

pecially MoS2, WS2 and so on). As-obtained catalysts were very

effective in catalyzing hydrogen production by engineering metal

dichalcogenides and pyrites into 3D hybrid architectures that pos-

sessed high surface area and abundant active edge sites [100].

The combination of TMDs with other electroactive components

provides another way to overcome the sluggish HER kinetics pro-

cess of TMDs-based electrocatalyts. For instance, Zhang et al. real-

ized the growth of MoS2 nanosheets on carbon paper (CP) via a

4
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Fig. 6. Preparation of 2D SnS2 flakes with different morphologies. (a) CVD setup for synthesis of monolayer SnS2. (b) Typical optical image of monolayer SnS2. Scale bar:

30 μm. (c) AFM topography images of different thickness SnS2 with multiple morphologies. Scale bar: 5 μm. These numbers of inset represent the fractal dimension. (d) Crystal

structure schematic diagram of 1T-SnS2 in different sectional views. Sn and S atoms are colored in blue and orange, respectively. (e) HAADF-STEM image of monolayer SnS2.

Inset: corresponding SAED pattern. (f) Intensity profile of the atomic-layer SnS2 from (e) with yellow dotted line. Reproduced with permission [94]. Copyright 2019, American

Chemical Society.

Fig. 7. The schematic diagram and morphology characterizations. (a) The proce-

dures for growing ternary MoS2(1- x)Se2x on porous NiSe2 foam. (b, c) Typical SEM

images showing the surface roughness of the NiSe2 foam grown at 600 °C from

commercial Ni foam. (d, e) Typical SEM images showing the morphologies of

ternary MoS2(1-x)Se2x distributed on porous NiSe2 foam grown at 500 °C. (b, d) Scale
bar, 50 μm. (c, e) Scale bar, 1 μm. Reproduced with permission [100]. Copyright

2016, Springer Nature.

hydrothermal method followed by the electrodeposition of amor-

phous CoNi(OH)2 nanosheets, to form a 2D MoS2–CoNi(OH)2 hy-

drid. A synergistic effect deriving from the combination of MoS2
and amorphous CoNi(OH)2 facilitated HER kinetics and promoted

hydrogen evolution process. Particularly, the free energy for atomic

hydrogen adsorption at MoS2 can be apparently reduced after

electrodeposition of amorphous CoNi(OH)2. 2D MoS2–CoNi(OH)2
presented a superior electrocatalytic performance towards HER in

0.1mol/L KOH with a low overpotential of 178mV at a current den-

sity of 10mA/cm2 and Tafel slope of 60.9mV/dec. The current den-

sity of MoS2–CoNi(OH)2 nanocomposite for HER at the overpoten-

tial of more than 0.190V was even higher than that of the commer-

cial Pt/C catalyst [101]. Vikraman et al. adopted one-pot method to

engineer the novel hybrid using a molybdenum carbide (Mo2C) to

insert MoSe2 matrix. Microscopic analyses clearly suggested that

Mo2C embedded MoSe2 hybrid nanoarray was formed, and the ob-

tained nanoarray was composed of nanosized spherical grains with

plenty of active sites. Improved surface area and highly conductive

nature were obviously confirmed for the MoSe2−Mo2C hybrid. The

low overpotential (73mV at 10mA/cm2) with a small Tafel slope

(51mV/dec) and a higher current density of 0.982mA/cm2 were

achieved by MoSe2−Mo2C hybrid nanoarrays for HER [95].

Currently, phase engineering has been as an effective method to

tune the phase conversion and electrocatalytic properties of TMDs,

the 1T phase and 1T′ phase present obviously enhanced electrocat-

alytic performances towards HER, due to their fast transfer of elec-

trons and the large abundance of active sites. However, the types

of TMDs with unconventional phase and the synthesis strategies

are very limited (mainly focused on 1T-phase or 1T′-phase), which

is desirable to explore more and more TMDs with stable uncon-

ventional phase. Furthermore, how to enhance the purity of the

unconventional phase or to engineer the hybrid heterostructures

with perfect contact is another key challenge.

3. Metal thiophosphate compounds

As another kind of newly developed 2D materials, metal thio-

phosphates (MTPs) have attracted much attention due to their

fascinating structure and tunable properties. Layered MTPs are

5
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Fig. 8. Crystal structure of layered Pd3P2S8 and the result of its electrochemical lithiation. (a) Atomic structure of three-layer building blocks of Pd3P2S8 along the a axis.

(b) Coordination polyhedra of Pd3P2S8 viewed along the c axis. The sulfur atoms with different sites are labelled as S(a) (atoms at the apical position) and S(s) (atoms at

the side position). The coordination circumstance of palladium with four equivalent sulfur atoms and the coordination circumstance of phosphorus with two types of P–S

bonds are indicated. (c) Schematic illustration of the preparation of Li-PPS NDs from layered bulk Pd3P2S8 crystals using the electrochemical lithiation method. (d) TEM and

(e) high-resolution TEM images of Li-PPS NDs. Insets: a morphology sketch of Li-PPS ND (d) and a photo of Li-PPS NDs in water (e). D, diameter; H, height. (f) AFM image

of Li-PPS NDs. (g) Height profile along the black line in f. (h) Statistical analysis of the sizes of 150 Li-PPS NDs measured by TEM, in which 2.3 nm is the mean size and

0.6 nm is the standard deviation (s.d.). (i) Statistical analysis of the heights of 150 Li-PPS NDs measured by AFM, in which 1.1 nm is the mean thickness and 0.4 nm is the s.d.

The curves in h and i were obtained by fitting the date using a Gaussian function, and 68% of values drawn from the distribution are within one s.d. away from the mean.

Reproduced with permission [105]. Copyright 2018, Springer Nature.

slightly different from TMDs due to their ternary structures in

which transition metal is encapsulated by both sulfur and phos-

phorus atoms (a general structure of MPS3, M= transition metal).

The simultaneous presence of sulfur and phosphorous takes a syn-

ergistic effect on the surface electronic structure of center metal

atoms, which has an impact on the catalytic activity. Recently,

MTPs have drawn considerable interests in applications for elec-

torcatalytic HER [102,103]. Similar to other ultrathin 2D materials,

fewer-layer MTPs nanosheets are considered to have extra electro-

catalytic properties rather than the corresponding bulk form [104–

106]. How to realize the fewer-layer form and the phase conver-

sion of bulk MTPs is a key factor for their practical applications

in HER. For instance, ternary palladium thiophosphate (Pd3P2S8)

is a layered compound with an interlocked layered structure and

waved Pd–P–S layers, however, due to its unremarkable properties,

there has been no report on the exploration of Pd3P2S8 for practi-

cal applications. Zhang et al. reported the amorphization of layered

Pd3P2S8 to prepare amorphous ultrasmall lithium-incorporated

palladium phosphosulfide (Li-PPS) nanodots (NDs) through a con-

trollable electrochemical lithiation process. As-obtained Li-PPS NDs

possessed abundant vacancies as well as doping lithium in the Pd–

P–S frameworks (Fig. 8). Such amorphization process can activate

the non-electroactive Pd3P2S8 for electrocatalytic HER. Amorphous

Li-PPS NDs exhibited high HER activity and outstanding long-term

stability. The activation of electrocatalytic activity of Pd3P2S8 was

attributed to its morphology and structure changes induced by

lithiation process [105]. Wu et al. adopted a similar lithium inter-

calation method to synthesize Pd3P2S8 with only few layers un-

der mild sonication. Benefiting from the decreased dimension, 2D

palladium thiophosphate nanosheets exhibited increased photo-

response intensity and photo-electron catalytic activity for both

HER and OER in various pH mediums, demonstrating the superior

stability in structure and chemical compositions during real appli-

cation [107]. In order to avoid the low intrinsic conductivity and

slow HER kinetics of bulk FePS3, Yu et al. adopted a new amine-

assisted exfoliation method to obtain few-layer nanosheets with

tunable electrical conductivity. They regulated the crystallinity and

structure of FePS3 by the reaction temperature. When the reaction

temperature was increased, the ratio of Fe3+/Fe2+ increased and

more sulfur atoms escaped from the structure in FePS3 nanosheets,

leading to the amorphization and more defects of sulfur to improve

the intrinsic electrical conductivity of the as-exfoliated nanosheets.

The combined effect of mixed valence and crystallinity resulted

in superior HER performance, and a decrease of the overpoten-

tial of 147mV and a drop of the Tafel slope from 139mV/dec to

94mV/dec were achieved [108].

Combining two different metal cations together to fabricate the

novel MTPs hybrid is a promising strategy to enhance electrocat-

alytic properties for HER due to its better electrical conductivity

and richer redox reactions [109–111]. For example, Wang et al. re-

ported that cobalt doping of FePS3 promoted intrinsic active sites

for efficient HER. Enlightened by the theoretical calculations that

Co dopants improved H affinity on P sites and electrical conductiv-

ity, they synthesized a series of Fe1−xCoxPS3 (x=0, 0.05, 0.1, 0.15,

0.2, 0.25) catalysts. It is shown that 15% Co doping greatly reduced

the overpotential by 166mV, and the Tafel slope decreased from
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Fig. 9. (a) From left to right: the HF etching and exfoliation of Ti3C2Tx nanosheets, and the schematic illustration of TMLDHs assemble on Ti3C2Tx surface. The enlarged

view indicating the hydrogen bond interaction between –F groups on Ti3C2Tx and –OH groups from TMLDH. (b) SEM image and (c) TEM image of the NiPS3@MXene

nanosheets. (d) HRTEM of the NiPS3@MXene nanosheets. Insets show the SAED pattern. (e, f) TEM images of the Ni0.7Fe0.3PS3@MXene nanosheets. (g) The HRTEM of the

Ni0.7Fe0.3PS3@MXene nanosheets. Reproduced with permission [118]. Copyright 2018, Wiley-VCH.

170mV/dec to 80mV/dec [112]. Song et al. demonstrated highly ef-

ficient water splitting in alkaline solution using quarternary mixed

nickel iron phosphosulfide (Ni1−xFexPS3) nanosheets (NSs). With

tuned electronic structure and improved electrical conductivity in-

duced by mixing appropriate amount of Fe into NiPS3, Ni0.9Fe0.1PS3
NSs displayed excellent HER activity (an overpotential of 72mV at

the current density of −10mA/cm2 and a Tafel slope of 73mV/dec)

[113]. Similarly, Tang et al. reported the rational tuning of surface

electronic structure of FePS3 nanosheets by anchoring atomically

dispersed metal atom. Theoretical calculations predicted that the

strong electronic coupling effect in single-atom Ni-FePS3 facilitated

electron aggregation from Fe atom to the nearby Ni-S bond, and

enhanced the electron-transfer of Ni and S sites. It can balance the

oxygen species adsorption capacity, and reinforce water adsorp-

tion and dissociation process to accelerate OER and HER. Interest-

ingly, the electrochemical tests proved that the optimal Ni-FePS3
NSs exhibited outstanding electrochemical water-splitting activi-

ties, delivering an overpotential of 287mV at the current density

of 10mA/cm2 and a Tafel slope of 41.1mV/dec for OER, as well as

219mV decrease in overpotential at 10mA/cm2 for HER [114].

Incorporating conductive supports could further enhance elec-

tron and mass transfer as well as structural stability of MTPs dur-

ing catalyzing HER [115,116]. For instance, Liang et al. performed

the calculations with DFT to design the mosaic structured CoNiPS3
nanosheets. They presented a scalable and flexible strategy to pre-

pare single crystalline CoNiPS3 incorporated with N-doped car-

bon (CoNiPS3/C) nanosheets (∼16nm thickness), which was fur-

ther processed into the mosaic structured CoNiPS3/C nanosheets.

The mosaic CoNiPS3/C nanosheets showed an average thickness

of ∼6nm and a lateral size of ∼130nm. Coupled with intrinsic

electronic benefits and external structural advantages, the mosaic

CoNiPS3/C nanosheets were as an efficient bifunctional electro-

catalyst for HER/OER in 1.0mol/L KOH, with low overpotentials

of 140mV for HER and 262mV for OER at 30mA/cm2, respec-

tively, and with Tafel slopes of 60mV/dec for HER and 56mV/dec

for OER, respectively. It should be noted the mosaic CoNiPS3/C

nanosheets showed much better electrocatalytic stability due to

the existence of carbon support [117]. Du et al. also presented

a nickel-based bimetal phosphorus trisulfde (Ni1−xFexPS3, sim-

plified as NFPS) mosaic that decorated on the surface of MX-

ene nanosheets (NFPS@MXene). The nanohybrids were synthesized

through a facile self-assemble process of transition metal layered

double hydroxide (TMLDH) on MXene surface, followed by a low

temperature in situ solid-state reaction step. Based on the struc-

ture analysis, the nanomosaic morphology of NFPS might be at-

tributed to that the lattice stress generated during the solid state

reaction process resulted in the in-situ fragmentation of NFPS

from original TMLDHs nanosheets (Fig. 9). By tuning the Ni:Fe

ratio, NFPS@MXene nanohybrids exhibited excellent activities as

electrocatalysts for overall water splitting. The surface functional

groups of MXene may interact with the MTPs to form hybrid struc-

tures and affect their surface electronic structure, which enhanced

the electrocatalytic activity. Particularly, the Ni0.9Fe0.1PS3@MXene

showed low overpotential for the hydrogen evolution reaction

(HER) in 1mol/L KOH solution [118].

Although MTPs display great potential in catalyzing HER, vari-

ous fundamental problems remain unsolved. The tuning process of

MTPs conductivity is not well explained at present, and how to im-

prove its intrinsic conductivity is a key factor to further exploit its

potential properties for catalyzing HER. The successful exfoliation

of less-layer MTPs has not been well conducted, particularly, the

electrical conductivity of MTPs is closely related with fewer-layer

structure. So the synthesis, structure, properties and application of

MTPs should be deeply explored in the future.

7
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Fig. 10. Atomic models of different crystal phases and crystal phase-based heterostructures of Au nanomaterials: (a) fcc; (b) 2H; (c) 4H; (d) bcc; (e) bct; (f) bco; (g) 4H/fcc

heterophase; (h) fcc/H/fcc heterophase. Reproduced with permission [119]. Copyright 2020, American Chemical Society.

4. 2D noble metal nanomaterials

4.1. Au-based nanosheets

2D noble metal nanomaterials with unique phases have exhib-

ited interesting structural and chemical properties which are dis-

tinctive from their bulk counterparts and expand their applications

for energy conversion and catalysis [27,28,119,120]. Controlling

crystal structures through phase engineering to prepare 2D noble

metal nanomaterials with unconventional phases is highly desir-

able due to their unique electrocatalytic properties [51,52,121-123].

In the past years, various methods have been developed to synthe-

size different Au nanostructures, including nanorods, nanoplates,

nanowires, nanoribbons and nanopolyhedra. However, the vast ma-

jority of reported Au nanomaterials are traditional face-centered

cubic (fcc) phase, which exhibits a characteristic packing sequence

of “ABC” in the close-packed [111]f direction (Fig. 10a). Fortu-

nately, phase engineering has provided a significant and efficient

approach to modulate physicochemical properties of Au nanoma-

terials [51,52,124,125]. With the development of synthetic tech-

niques, 2H (hexagonal close-packed), 4H (hexagonal close-packed),

bcc (body centered cubic), bct (bodycentered tetragonal) and bco

(body-centered orthorhombic) phase Au nanomaterials have been

synthesized (Figs. 10b−f). In addition, unique Au nanostructures

with heterophases, such as 4H/fcc and fcc−2H−fcc (Figs. 10g and

h) were also synthesized, which can be viewed as the assem-

bly of different phases. Recent studies have confirmed that crys-

tal phase was significantly related with electrochemical properties

of Au nanomaterials [126,127]. For instance, Fan et al. used a col-

loidal synthesis method to synthesize hexagonal 4H Au nanorib-

bon (NRB). It was observed that 4H phase of Au NRBs can be

transformed to fcc phase through ligand exchange under ambi-

ent conditions. The simulated and observed electron energy-loss

spectroscopy (EELS) on a single Au NRB demonstrated that the

optical response of 4H Au NRB was quite different to that of fcc

Au NRB [50]. They also successfully synthesized a novel class of

noble multimetallic nanomaterials, i.e., 4H/fcc Au@PdAg, Au@PtAg,

and Au@PtPdAg core−shell NRBs by galvanic reaction method (Fig.

11a). 4H/fcc Au@PdAg NRBs as a novel electrocatalyst for HER, ex-

hibited excellent catalytic performance close to that of commer-

cial Pt black [128]. Furthermore, they firstly prepared 2D square-

like Au nanosheets with an unconventional 2H/fcc heterophase,

and used them as templates to grow one-dimensional (1D) Rh

nanorods. By tuning reaction conditions, they prepared three types

Fig. 11. (a) 4H/fcc Au@PdAg, Au@PtAg, and Au@PtPdAg core−shell NRBs were syn-

thesized from 4H/fcc bimetallic Au@Ag core−shell NRBs via galvanic reaction of

Ag with Pd(NO3)2, Pt(NO3)2, and a mixture of Pt(NO3)2 and Pd(NO3)2 (from right

to left), respectively. Reproduced with permission [128]. Copyright 2016, American

Chemical Society. (b) Construction of three types of 1D/2D Rh−Au heterostructures

by using 2H/fcc heterophase Au nanosheets as templates. Reproduced with permis-

sion [125]. Copyright 2021, American Chemical Society.

of 1D/2D Rh−Au heterostructures as illustrated in Fig. 11b. In the

type A heterostructure, Rh nanorods only grew on the fcc defects

including stacking faults and/or twin boundaries (denoted as fcc-

SF/T) and 2H phases in two 2H/fcc edges of the Au nanosheet (Fig.

11b). In the type B heterostructure, Rh nanorods grew on the fcc-

SF/T and 2H phases in two 2H/fcc edges and two 2H/fcc basal

planes of the Au nanosheet (Fig. 11b). In the type C heterostruc-

ture, Rh nanorods grew on four edges and two basal planes of the

Au nanosheet (Fig. 11b). The anisotropic morphologies and coher-

ent interfaces in type C resulted in the formation of a continuous

network, favoring the enhanced electrochemically active surface

8
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Fig. 12. (a) Proposed formation mechanism for crystalline facet-directed step-by-step in-the-plane epitaxial growth of Gen-7 PtNDs selectively along the (111) crystallographic

orientation. (b) Schematics and corresponding TEM images of 2D inorganic PtNDs at different generations. Reproduced with permission [134]. Copyright 2019, American

Chemical Society.

areas and oriented transport of electrons, so the type C het-

erostructure showed a promising performance toward electro-

chemical HER in acidic media [125]. Similarly, Lu et al. used 4H/fcc

Au nanowires (NWs) as seeds to epitaxially grow Ru and Rh

nanorods (NRs), and realized epitaxial growth of Ru nanorods on

the 4H phase and fcc-twin boundary in Au nanowires. The resul-

tant Ru NRs could also serve as nucleation sites for further growth

of Rh NRs to form Au–Ru–Rh hybrid NWs. The controlled over-

growth relied on highly active 4H and fcc-twin structures in the

4H/fcc Au NWs. 4H/fcc Au–Ru NWs as electrocatalysts for HER in

alkaline media gave a high turnover frequency (TOF) of 0.31 H2 s−1

at 50mV overpotential [129].

4.2. Non Au-based 2D noble metal nanomaterials

Electrocatalytic properties of non Au-based 2D crystalline metal

nanomaterials can be also modulated by their phase engineer-

ing [130–133]. For instance, inspirited by the synthesis of 4H

Au nanoribbons and 4H/fcc Au nanorods with crystal-phase het-

erostructure, Lu et al. reported the synthesis of hierarchical 4H/fcc

Ru nanotubes (NTs) through the seeded growth followed by se-

lective chemical etching. Hierarchical 4H/fcc Ru NTs containing ul-

trathin Ru shells (5–9 atomic layers) and tiny Ru nanorods (NRs)

with the length of 4.2±1.1 nm and diameter of 2.2±0.5 nm verti-

cally on the surface of Ru shells can be obtained. The hierarchi-

cal 4H/fcc Ru NTs showed a higher exchange current density of

1.81mA/cm2 as well as lower overpotential of 23mV at 10mA/cm2

than 4H/fcc Au-Ru NWs, commercial Pt/C and Ru/C [57]. Xu et al.

presented 2D ultrathin single-crystalline platinum NDs through a

surfactant-directed solution-phase synthesis under ambient condi-

tions. The long-chain amphiphilic surfactant with quaternary am-

monium and carboxyl functional heads was used as a structure-

directing template, and halide counterion of Br− acted as facet-

capping agent. This combination was the key factor to kineti-

cally control in-the-plane epitaxial growth of metal nanocrystals

along selectively exposed crystalline facets (Fig. 12a). Step-by-step

growth of PtNDs was well controlled by systematically tuning the

concentrations and feed ratios of surfactant template and metal

precursor as well as reduction kinetics. The generation of ultrathin

PtNDs was readily tuned in the range from Gen 0 (core, 2 nm) to

∼Gen 25 (∼500nm) and even to >Gen 50 (>1000nm) in which

the average length of one generation was about 20nm as illus-

trated in Fig. 12. Since 2D single crystalline Pt ND nanostructures

exposed more catalytically active sites and thus kinetically facili-

tated mass/electron transfers during electrocatalysis, PtNDs exhib-

ited superior electrocatalytic performance in HER [134]. The ex-

ploiting of Pt-based bimetals with unconventional crystal phases is

also a promising approach for developing noble metal-based nano-

materials with enhanced or new functionalities. For instance, Cao

et al. have synthesized Ni-rich Pt–Ni alloy nano-multipods in the

unusual hcp (hexagonal close-packed) phase. The building blocks

of the multipods were highly concaved hexagonal prisms assem-

bled by six nanosheets (about 2.5 nm in thickness) with exposed

high energy facets, which endowed nano-multipods with a large

surface area. Control studies exhibited that formaldehyde in the

growth solution played the pivotal role in formation of the unique

hcp structure. Particularly, the formation of excavated polyhedral

morphology was attributed to the preferential deposition of Pt

atom on the edge of the solid branch of hcp Pt–Ni alloy, followed

by the diffusion of face-sited Ni atoms to the edges. The hcp Pt–

Ni excavated nano-multipods exhibited superior catalytic property

towards HER in alkaline electrolyte. The overpotential was 65mV

at a current density of 10mA/cm2, and the mass current density

reached 3.03mA/mgPt at −70mV vs. RHE [135].

9
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2D noble metal nanomaterials with unconventional phases

demonstrate superior catalytic performances over the common fcc

counterparts in catalyzing HER, however, the formation mechanism

of unconventional phases and the relation between phase changing

and catalytic properties are yet not clear, which is necessary to be

deeply discussed with the aid of novel characterization and com-

plex theoretical calculation. It should be noted that the discovered

unconventional phases on noble metals are quite limited, particu-

larly, the unconventional phases originating from the other noble

metal (such as Pd, Ag, Rh) are very scarce, which is urgent for fur-

ther exploration.

5. Challenges and perspectives

In summary, the recent development of phase engineering of

two-dimensional nanomaterials for applications in electrocatalytic

HER is summarized. Although considerable progress on their syn-

thesis and application for HER has been made, there are still many

challenges in the controlled synthesis, fundamental understanding

and electrocatalytic applications. Firstly, phase engineering-derived

2D nanomaterials are difficult to obtain due to high surface energy

in 2D morphology and unconventional phase, so the types and the

facile and scale-up strategies for 2D nanomaterials are very lim-

ited. Especially, it is very challenging to synthesize 2D nanomate-

rials with a pure unconventional phase to fully release their cat-

alytic capacity. Secondly, the fundamental insight toward the for-

mation and stabilization of unconventional phases still remains un-

clear. More and more in situ techniques should be used to monitor

the formation process of unconventional phases. Particularly, the

theoretical calculation and simulation are urgently required to un-

derstand the formation and stabilization mechanisms of unconven-

tional phases. Thirdly, the relationship between phase and property

of 2D nanomaterials is still unclear. More and more novel 2D nano-

materials with different size, thickness, shapes and crystal phases

are expected to be synthesized to discover phase-dependent prop-

erties. Especially, how to realize rational design of well-defined

nanostructures through phase engineering technology is also chal-

lengeable, which may be in favor of qualitatively discovering the

correlations between structural features and properties. Last but

not least, there are still many challenges related with the practi-

cal application of these materials toward HER. Particularly, some

novel unconventional phases may be not stable for their practical

applications under strong acid and strong alkali. So one of the most

urgent challenges is to explore simple but reliable methods to sta-

bilize phase engineering-derived 2D nanomaterials during practical

application.

The rapid development of artificial intelligence, advanced ma-

terial characterization technique and complex theoretical calcula-

tion will provide a huge opportunity for the researchers to pre-

dict more new unconventional phases. So it is anticipated that

many more intriguing unconventional phases will be discovered

and the scalable production of highly stable new phases will be

realized in the future, and their deeper application in industrial

HER is an unavoidable tendency. How to comprehensively and

systematically access the electrocatalytic performances of phase

engineering-derived 2D nanomaterials in the practical application

is a key factor, which will promote the wider replacement of Pt-

based catalysts with unconventional phases-based catalysts in the

industry of H2 generation.
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