SCIENCE CHINA
Chemistry

+ ARTICLES -

Crystal Phase Control in Two-Dimensional Materials

Jialiang Wang !, Yang Wei', Hai Li!", Xiao Huang'* & Hua Zhang®"

! Institute of Advanced Materials (IAM), Nanjing Tech University (NanjingTech), 30 South Puzhu Road, Nanjing 211816, P.R. China

2 Center for Programmable Materials, School of Materials Science and Engineering, Nanyang Technological University, 50 Nanyang Avenue,
Singapore 639798, Singapore

Received ***; accepted ***; published online ***

It is the nature of crystals to exist in different polymorphs. The recent emergence of two-dimensional (2D) materials has
evoked the discovery of a number of new crystal phases that are different from their bulk structures at ambient conditions,
and revealed novel structure-dependent properties, which deserve in-depth understanding and further exploration. In this
contribution, we review the recent development of crystal phase control in 2D materials, including group VI transition
metal dichalcogenides (TMDs), group VA metal chalcogenides and noble metals. For each group of materials, we begin
with introducing the various existing crystal phases and their structure-related properties, followed by a detailed discussion
on factors that influence these crystal structures and thus the possible strategies for phase control. Finally, after summa-
rizing the whole paper, we present the challenges and opportunities in this research direction.
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1 Introduction

Two-dimensional (2D) materials, such as graphene [1-3] and
transition metal dichalcogenides (TMDs),[4-8] have at-
tracted great attention due to their novel properties and func-
tions arising at the reduced dimensions, which may poten-
tially lead to the advancement of future electronics, optoelec-
tronics and energy-related systems.[9-11] Meanwhile, other
inorganic 2D materials such as group IVA metal chalcogeni-
des (IVAMCs) and noble metals have also received consid-
erable attention due to their attractive electronic, optoelec-
tronic, catalytic and electrocatalytic properties.[12-20]

A common feature of these materials lies in their tunable
functional properties that closely correlate to not only their
size, shape and composition, but also in particular, their crys-
tal phases.[21, 22] A solid material existing in more than one
crystalline structure, also termed as polymorphism, has been
observed in TMDs (e.g. TiS», MoS,, WTe,, TaSe; and NbS»),
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IVAMCs (e.g. SnS and SnS»), III-V semiconducting com-
pounds (e.g. GaAs and InAs) and noble metals (e.g. Ru, Au,
Ag and Rh).[23] For example, group VI TMDs (VITMDs)
nanosheets, such as MoS, and WS,, exist in either the hexag-
onal phase (2H) or the trigonal phase (1T), which exhibit the
semiconducting or metallic properties, respectively.[4, 5]
Some other TMDs, typically group IV (IVITMDs, e.g. TiS»)
and group V TMDs (VTMDs, e.g. TaS,, TaSe,, NbSe») have
been also found to exhibit in 2H or 1T phase, exhibiting
novel superconductivity (SC) or charge density wave (CDW)
phases at low temperatures.[24, 25] Similarly, a number of
phases including hexagonal, trigonal, orthorhombic and cu-
bic structures have been identified in layered IVAMC:s (e.g.
SnS; and SnS), which show phase-dependent electronic band
structure and dopant type.[14, 22, 26, 27] As for 2D noble
metal nanostructures (e.g. Au and Rh), cubic, hexagonal and
tetragonal crystal phases have been revealed, amongst which,
those thermodynamically less favored phases show unusual
optical properties and outstanding catalytic properties.[17,
19, 28, 29] Moreover, an artificial polymorph of graphene
was achieved via a recently developed transfer technique,
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which exhibited unusual superconductivity.[30]

Because of the ultrathin nature of 2D materials, their
structures are extremely sensitive to surface defects,[31, 32]
chemical absorption [33, 34] and electric charges[35, 36].
Therefore, in addition to conventional strategies for phase
transition such as thermal annealing [37, 38] and applying
high pressure,[39, 40] other approaches such as ionic or
atomic doping,[41-44] charging,[27, 45] and ligand ex-
change [29, 46] have been recently demonstrated to achieve
effective crystal phase control in 2D materials.

In this contribution, we provide an overview of repre-
sentative strategies for the crystal phase control of the afore-
mentioned 2D nanomaterials, including TMDs, IVAMCs and
2D noble metals.

2 Transition Metal Dichalcogenides (TMDs)

Over the past years, single- to few-layer TMDs have demon-
strated a number of interesting and important features, such
as tunable band gaps,[9, 37, 47] strong spin—orbit cou-
pling,[48-50] high catalytic/electrocatalytic activities, [S1-53]
and good mechanical strength,[54-56] which make them ap-
pealing for both fundamental studies and practical applica-
tions.[4-8]

TMDs have a general chemical formula of MX,, where
M is a transition metal (such as Ti, V, Nb, Mo, Hf, Ta and W)
and X stands for S, Se or Te. Each layer exhibits a “sandwich”
type of structure (X-M-X) in which the transition metal (M)
is covalently bonded with two chalcogens (X).[5] Adjacent
layers are further bound by weak van der Waals forces which
can be feasibly overcome to enable the exfoliation and isola-
tion of single- to few-layered nanosheets.[57] TMDs exist in
several structural polytypes (Figure 1), typically involving
the trigonal prismatic (1H) or octahedral (1T) coordina-
tion.[5, 58] With the varied stacking sequence of 1H layers,
the hexagonal 2H (i.e. 2H, and 2Hy) and rhombohedral 3R
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phases can be achieved, which include two and three X-M-X
primary 1H layers, respectively (Figure 1b-d). Besides, two
kinds of distorted 1T phase, namely the 1T’ and T4 phase,
have also been observed, exhibiting the monoclinic (space
group P2;/m) (Figure 1f) and orthorhombic (space group
Pnm?2,) (Figure 1g) structures. The thermodynamically sta-
ble structure for most VITMDs is usually in the 2Hy, phase,
whereas VITMDs are inclined to the 2H, phase.[58] An ex-
ception is WTe,, whose stable bulk phase at room tempera-
ture is the orthorhombic T4 phase.[59, 60]

TMDs exhibit diverse kinds of electronic characters, in-
cluding metallic, semimetallic, semiconducting and super-
conducting behavior, which are highly dependent on their
crystal phases. For most VITMDs, while the 2H-phased
structures are semiconducting, the 1T(1T’, Tq)-phased ones
are metal-like.[4, 5, 35, 60-62] Importantly, the semiconduct-
ing-phased nanosheets such as MoS, have shown large on/off
ratios and high carrier mobilities for field effect transistors
(FETs),[63, 64] whereas the metallic counterparts have been
recently found to be highly active towards the hydrogen evo-
lution reaction (HER)[51-53, 65]. Moreover, low resistance
contacts have been realized by creating 1T(1T’)-2H (metal-
semiconductor) phase-heterostructures.[66, 67] In addition,
the phase-dependent CDW phases at low temperatures have
been demonstrated in VIMDs, including TaS,, TaSe,, and
NbSe».[24] Very recently, an unprecedented polymorph of
TaS, with an increased CDW transition temperature was re-
vealed by exfoliating a bulk 2H, TaS, crystal into ultrathin
flakes.[68] Therefore, reliable strategies that can realize
phase transition on a large scale are of particular scientific
and practical interest.

To date, many methods have been developed to realize
crystal-phase controlled preparation of TMDs. In this section,
strategies including ion intercalation,[41, 42, 53, 69-72]
charging,[45] alloying/doping,[43, 44, 73] defect engineer-
ing,[32, 66, 74, 75] strain engineering,[40, 61, 76, 77] elec-
trostatic gating,[35, 36] and thermal activation[37, 38, 78]
will be discussed.
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Figure 1 Structural models of transition metal dichalcogenides (TMDs) in their (a) 1H, (b) 2Ha, (c) 2Hb (d) 3R, (e) 1T, (f) 1T’ and (g) Ta
phases, where blue spheres represent metals and yellow spheres represent chalcogens. In (a,e,f,g), the top part shows the planar view of a
single layer, and the bottom part shows the side view of single or few stacked layers. (b,c,d) Side view of stacked layers.

2.1 lon intercalation

TMDs together with other layered materials were found to be
chemically intercalatable with a number of alkali metal rea-
gents, such as n-butyllithium and metal naphthalenide (metal
= Li, Na and K).[79-82] Intercalation of cations can expand
the gap between adjacent TMD layers and thus weaken the
van der Waals interaction to enable their isolation via subse-
quent agitation. The Li-intercalated compounds can also be
obtained with our previously developed electrochemical
lithiation method, which can be implemented at milder con-
ditions compared to the chemical intercalation method.[41,
69] As shown in Figure 2a, TMD bulk crystals are typically
coated on a metal foil (e.g. Cu) and assembled in a Li ion
battery cell as the cathode, and a piece of Li foil used as the
anode. After discharging, the obtained LixMX, compounds
are immersed and sonicated in water/ethanol to obtain the ex-
foliated TMD nanosheets.

For both chemical and electrochemical lithium intercala-
tion, the original 2H TMDs have been found to partially
transform to the 1T and distorted 1T’ phase.[52, 67, 83]
Structural changes in these intercalated compounds in fact
have been observed since as early as 1980s.[84-87] With the
advancing of electron microscopy techniques, microstruc-
tures of these crystal phases can be studied more directly. For
example, Eda and co-workers prepared crystal phase hetero-
structures of MoS, via Li-intercalation.[83] Under the Cs-
corrected scanning transmission electron microscopy (STEM)
imaging, three phases were identified, including the 2H, 1T
and 1T’ phase consisting of zig-zag chains (Figure 2b-d). The

mechanism behind the 2H-to-1T(1T’) phase transition was
then investigated theoretically by several groups.[88-91] In
the case of MoS; and WS;, electrons transferred from the al-
kali metals ( e.g. Li, Na, K etc.) during intercalation could
cause an increase in the electron density of the d-orbital of
the transition metal, inducing the destabilization of the pris-
tine 2H phase and its transition to the metallic 1T or distorted
1T’ phase.[92-94]

As an alternative to the post-growth intercalation-induced
phase transition, Yu et al. recently reported the direct prepa-
ration of micrometer-sized 1T’-MoX, (X =S, Se) (Figure 2e-
f) via the sulfurization of potassium molybdate (KMoO4). [72]
The high purity 1T’-phase was confirmed by STEM, X-ray
diffraction (XRD), and X-ray photoelectron spectroscopy
(XPS) analyses (Figure 2g-h). The formation and stabiliza-
tion of the 1T’ phase can be attributed to the presence of po-
tassium counterions that may increase the electron density of
Mo.

Since electron doping is the main cause to the formation
of the 1T(1T’) phase, doping agents other than alkali metals
such as ammonium containing precursors [42, 70] and hydra-
zine hydrate [71] have also been used for the in-situ prepara-
tion of 1T (1T”) TMDs. For example, Liu et al. reported the
synthesis of 1T (1T”) phased WS, ultrathin nanoribbons (N-
WS;) via a direct hydrothermal reaction between
(NH4)10W12041.xH>0 and thiourea.[42] In combine with the-
oretical calculations, they suggested that about 0.75 electrons
per NHy4 were transferred to WS, resulting in the formation
of WS, -NH4" ionic complex. With a similar approach, we
recently directly synthesized alloyed Mo;—xWxS, nanosheets
with tunable 1T(1T’)/2H phase ratios.[70]
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Figure 2 (a) Scheme of the electrochemical lithium intercalation process to produce 2D nanosheets from the layered bulk material. Reproduced with permission
from ref. [41]. Copyright 2012, John Wiley & Sons, Inc. (b-d) High resolution STEM images of (b) 2H, (c) 1T, and (d) 1T’ phases. The blue and yellow balls
in image b and c indicate the position of Mo and S atoms. Reproduced with permission from ref. [83]. Copyright 2012, American Chemical Society. (e)
Scanning electron microscopy (SEM) image of the prepared 1T’-MoS, crystals. (f) STEM image of a single-layer 1T°-MoS, nanosheet. The asymmetric
distribution of atoms is clearly shown. Inset: corresponding FFT diffraction. (g) Magnified XRD patterns of the (002) peaks of 1T°- and 2H- MoS; crystals,
from the red dashed area in g. (h) XPS Mo 3d spectra of 1T’-MoS, crystals and 2H-MoS, crystals obtained by annealing 1T’-MoS, crystals. Reproduced with

permission from ref. [72]. Copyright 2018, Nature Publishing Group.

2.2 Alloying/doping

Considering the composition-dependence of crystal phases,
alloying between TMDs with dissimilar crystal structures
is expected to realize phase transitions.[44, 73] Due to the
fact that WTe, is a special case in VITMDs that its thermo-
dynamic stable structure is the Tq phase[60], WTe; has been
chosen to study the alloying induced phase transitions. For
instance, Rhodes et al. prepared Mo <WxTe; alloys with
chemical vapor transport (CVT) method and created a sim-
plified phase diagram for the alloying system.[44] It can be
seen that the semimetallic orthorhombic phase (Tq) is pre-
ferred over the 2H phase for W concentrations (x.) larger
than 0.08 (Figure 3a-¢). Similarly, Yu et al. reported the
CVT growth of WSe(1.Teax (x =0-1) and observed a grad-
ual transition from the 2H to T4 structure with increasing x
value, specifically, x = 0-0.4 for 2H structure, x = 0.5 and
0.6 for mixed 2H and T4 structures, and x = 0.7-1.0 for Tq4
structure (Figure 31).[73]

As for VTMDs, Luo et al. reported the synthesis of
TaSe;«Tex (0<x<:2) crystals with 2H, 3R, 1T, and mono-
clinic phases (Figure 3g).[95] They found that only a small
concentration of Te doping (x = 0.02) could lead to 2H-to-
3R transition. Interestingly, at 0.1 <x << 0.35, the 3R-
TaSe>—«Tex showed the coexistence of superconductivity
and a CDW phase at above 0.4 K. At higher Te substitutions
(1.8<x<:2), TaSe» xTex becomes the metallic monoclinic
polymorph.

Apart from alloying, doping with elements from differ-
ent groups with larger atomic disparity could also cause the

phase transitions in TMDs.[43, 88] Some previous reports
showed that MoS, would take the 3R phase when minority
Mo atoms were substituted by elements like Re or Nb.[96]
Besides the 2H-to-3R phase transition, a recent study
showed that substitutional Re doping in 2H-phased WS,
nanotubes could induce their partial transformation to the
1T phase.[88] More recently, Kochat et al. [43] reported the
chemical vapor deposition (CVD) growth of Re-doped
MoSe; and found that increasing Re concentration stabi-
lized the 1T’ phase. This was further supported by DFT cal-
culations that substitution of each Mo with a Re could lead
to the addition of an extra electron which destabilized the
2H phase to transform to the 1T’ phase.
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Figure 3 (a) Scanning tunneling microscopy (STM) image of a
Mo, W,Te; single crystal with x = 0.07, showing a clear hexagonal pat-
tern as expected for the 2H-phase. (b) Magnification of a local area where
one can detect a Te vacancy. (¢) STM image of a Mo, \W,Te, single crys-
tal with x = 0.13, showing a pattern of parallel chains as expected for the
orthorhombic phase. (d) Magnification of a local region revealing the in-
trachain structure and illustrating the crystallographic positions of transi-
tion metal (black dots) and Te (yellow dots) atoms, respectively. (¢) Bulk
phase-diagram of the Mo, \W,Te, series based on the array of experi-
mental techniques. Reproduced with permission from ref. [44]. Copyright
2016, John Wiley & Sons, Inc. (f) Atomic resolution STEM characteriza-
tion of WSey(1«Tea (x = 0-1) alloyed monolayers with different Te con-
centration. Reproduced with permission from ref. [73]. Copyright 2017,
John Wiley & Sons, Inc. (g) The composition stability ranges of the 2H,
3R, IT, and monoclinic MX, forms in TaSe, ,Tey and the dependence of
T, on x. The TaX; coordination polyhedra are highlighted. Single-phase
regions are shown in pink, and multiple-phase regions are shown in blue.
Reproduced with permission from ref. [95]. Copyright 2015, National
Academy of Sciences of the United States of America.

2.3 Defect engineering

Defects in TMDs, typically metal and chalcogen vacancies,
can induce profound modification of their chemical, struc-
tural and electronic properties.[31, 32, 66, 74] As a typical
example of defect engineering-assisted phase control, Zhou
et al. [75] found that Te vacancies were created during the
growth of MoTe, when insufficient Te source was provided
to react with M0Qs3.[66] This led to the formation of 1T’
MoTe; instead of 2H MoTe; (Figure 4a).

Alternatively, post-growth defect engineering can be
implemented to control the phase of TMDs. Up to date,
several high-energy sources including electron-beam,[74]
laser [66] and Ar plasma [32] have been used to generate
local structural distortions or atomic defects in TMDs. For
example, Cho et al. realized a heterophase homojunction
between semiconducting 2H and metallic 1T' phase by us-
ing laser irradiation to form an ohmic contact in the MoTe;
transistor (Figure 4b-f).[66] Theoretical calculations re-
vealed that the phase transition might originate from the Te
vacancies at an elevated temperature, and the 1T’ phase be-
came more stable than the 2H phase when the Te monova-
cancy concentration was above 3% (Figure 4g).
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Figure 4 (a) A schematic illustration of the growth process for 1T’ and 2H MoTe, using Mo and MoOs as precursors. Reproduced with permission from ref.
[75]. Copyright 2016, John Wiley & Sons, Inc. (b) Schematic representation of the laser-irradiation process. (c) Atomic image of a monolayer of 2H-MoTe,.
Bright spheres are Te atoms with hexagonal symmetry. (d) Atomic Te vacancies created artificially. Te single vacancy and divacancy are visible and marked
by 1 and 2, respectively. (e) Filtered high-resolution image near a Te vacancy showing the splitting of the Te atoms. (f) Atomic resolution image of a Te
divacancy defect. (g) The energy differences between the 2H and 1T’ phases as a function of the Te vacancy concentration from the DFT calculation. Repro-
duced with permission from ref. [66]. Copyright 2015, American Association for the Advancement of Science.

2.4 Strain engineering

Crystal lattices under strain can be contracted or dilated, lead-
ing to the change of relative atomic positions and thus the
modification of crystal phases. Duerloo et al. theoretically
demonstrated the possibility of using mechanical defor-
mation to thermodynamically induce phase transition of
VITMDs.[61] It was shown that for most VITMDs, equibi-
axial tensile strains of 10—15% were required to achieve the
transition from the semiconducting to the metallic phase.[61,
97] As an exception, MoTe; can be transformed under a min-
imal tensile strain of only 0.3—3% at room temperature. This
is likely due to the fact that the energy difference between
2H- and 1T’-MoTe; was approximately only 40 meV based
on first-principles calculations, which was much smaller than
that of other TMDs.[61]

Experimentally, strain has been created in TMDs based on
the lattice mismatch between epitaxial films and substrates,
by bending of films on flexible substrates, and by applying
pressure with an atomic force microscope (AFM) tip or a di-
amond anvil cell (DAC).[40, 61, 76, 77] For instance, Nayak
et al. investigated the effect of pressure on the electronic, vi-
brational, optical and structural properties of multilayered
MoS,, and found that the multilayered 2H MoS; transformed
to an intermediate state (IS) at ~10 GPa and then to the me-
tallic phase at > 19 GPa (Figure 5a-b).[40] First-principle cal-
culations suggested that the high pressure could cause a re-
duction in the interlayer spacing and an enhanced S-S inter-
action, which led to the overlap of the valance and conduc-
tion bands (Figure 5c-d).
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Figure 5 (a) A 3D illustration of multilayered MoS; in a DAC pressure me-
dium for compression experiments. (b) Pressure-dependent electrical resis-
tivity of MoS,. Three characteristic regions have been identified: semicon-
ducting (SC), intermediate state (IS) and metallic regions. Inset: theoreti-
cally calculated pressure-dependent electrical resistivity. (¢) Theoretical cal-
culation of the pressure-dependent band gap of multilayered MoS,. (d) The-
oretical band structure of multilayered MoS, under hydrostatic pressure of
23.8 GPa. VBM and CBM are shown by red lines. Reproduced with permis-
sion from ref. [40]. Copyright 2014, Nature Publishing Group.
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2.5 Electrostatic gating

Li et al. pointed out based on DFT calculations, that the
reversible 2H-to-1T’ phase transition in monolayer TMDs,
including MoTe,, MoS, and TaSe;, could be induced by
electrostatic gating through change of carrier density and
electron chemical potential.[35] This was later realized
experimentally by Wang et al., who demonstrated the 2H-to-
1T’ phase transition in monolayer MoTe; placed as the
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channel in an ionic liquid-gated field effect transistor (FET)
(Figure 6a-d).[36] Reversible phase transition was
demonstrated by increasing or decreasing the gate voltage
(Figure 6¢). Markedly, such phase transition occurred
simultaneously across the whole MoTe, monolayer and the
crystal orientation was perfectly preserved (Figure 6d).
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Figure 6 (a, b) Schematics and measurement configuration of a MoTe,
monolayer field-effect transistor. (c) Gate-dependent Raman intensity ratios.
The ratio F=1T"(A,)/[2H(A,’)+1T’(Ay)] (y-axis) shows hysteresis under an
electrical field scan, with a loop width as large as 1.8 V. The black and red
curves show increasing and decreasing gate voltage, respectively. (d) SHG
intensity from the same monolayer sample as a function of crystal angle. The
initial 2H phase at 0 V shows a typical sixfold pattern (black squares
connected by a black line). Reproduced with permission from ref. [36].
Copyright 2017, Nature Publishing Group.

2.6 Stability of metastable phases

In the above sections, a number of growth and post-growth
methods have been employed to obtain metastable phases of
TMDs. When sufficient energy is provided, these metastable
structures would be converted back to their thermodynamic
stable structures, such as through thermal annealing [37, 62]
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and infrared (IR) laser-induced heating.[38, 78] For example,
the thermally driven transformation of 1T/1T” MoS; back to
the 2H phase was studied using in situ Raman spectroscopy
by Guo et al.[78] An activation energy of 400 + 60 meV (38
+ 6 kJ/mol) was calculated for the phase transition based on
the temperature dependence of the transformation rate fitted
to an Arrhenius expression. Importantly, this analysis
revealed that the 1T/1T’ phased MoS; has a half-life of about
10 days at room temperature and about only 5 h at 400 K.

Surface functionalization of TMDs in metastable phases
has recently been demonstrated to improve their stability.[33,
34] For example, Voiry et al. used organic halides or I» to
covalently or non-covalently functionalize the electron-rich
metallic 1T TMDs, respectively, both leading to the
quenching of their negative charges and thus the improved
stability (Figure 7a).[33] In addition, it is worth noting that
after functionalization, while the lattice structure of the 1T
phase remained unchanged, its electronic property is
remarkably altered from metallic to semiconducting, giving
rise to a strong and tunable photoluminescence (Figure 7b-c).

Unfortunately, the improved stability is usually at the
expense of surface chemical/electrochemical activities. Very
recently, Benson et al. systematically investigated the
correlation between the electron donating strength of the
surface ligands and the surface energetics, electron transfer
resistance, and the HER catalytic activity of thus-
functionalized 1T-MoS; nanosheets (Figure 7d-¢).[34] They
found that although 1T-MoS, could be substantially
stabilized by covalent surface functionalization, its HER
catalytic activity was greatly suppressed due to appreciable
reduction in its electron density. More evidently, the loss of
HER activity became severer when the 1T-MoS, was
functionalized by ligands with higher electron withdrawing
ability.
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Figure 7 (a) Schematic of functionalization scheme. (Row 1) The 2H phase of TMDs is converted to the 1T phase via lithiation using butyllithium (BuLi), and
the 1T phase is negatively charged. n- indicates the excess charges carried by the exfoliated 1T-phase nanosheets. (Row 2) The nanosheets are functionalized
using 2-iodoacetamide or iodomethane (R-I) solution. (Row 3) The charge on the nanosheets can also be quenched by reacting with iodine, with no covalent
functionalization. (b) Photoluminescence spectra obtained from single-layer MoS, grown by CVD (2H phase), from the metallic 1T phase and from the func-
tionalized 1T phase. (c) Modulation of photoluminescence peak intensity with increasing amount of functionalization: blue, 0% Fct; green, ~5% Fct; orange,
~10% Fct; purple, ~20% Fct; red, ~30% Fct. Photoluminescence peaks are normalized to the Raman peak of silicon at 520 cm™'. Reproduced with permission
from ref. [33]. Copyright 2014, Nature Publishing Group. (d) Schematic of the various functional groups on 1T MoS. (e) Linear sweep voltammograms (LSV)
for glassy carbon electrodes deposited with functionalized, 1T, and bulk (2H) MoS,. Reproduced with permission from ref. [34]. Copyright 2018, American

Chemical Society.
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3 Layered group-1VA metal chalcogenides

As an important sub-group of 2D layered materials, group-
IVA metal chalcogenides (IVAMCs, metal = Ge, Sn; chalco-
gen =S, Se, Te) have aroused intensive research interest due
to their attractive electronic and optoelectronic properties,
combined with earth abundancy, low cost, and environmental
friendliness.[12-16]

According to the metal/chalcogen stoichiometric ratio,
IVAMC:s take either the formula of MX (e.g. GeS, GeSe, SnS,
SnSe, SnTe,) or MX; (e.g. GeS,, GeSe,, SnS», SnSe).[22]
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Hexagonal, trigonal, orthorhombic and monoclinic crystal
structures have been identified in IVAMCs.[27, 98-102] Tak-
ing SnS as an example, it exists in two polymorphous crystal
phases, namely orthorhombic (space group Pnma) and cubic
phase (space group Cmem) (Figure 8).[101] Differently, SnS»
can crystallize into the trigonal or hexagonal structure in
which one monolayer of Sn atoms are sandwiched by two
layers of S atoms, and similar to TMDs, depending on the
type of Sn-S coordination as well as the stacking sequence of
the adjacent S-Sn-S layers, 1T, 2H, and 4H polytypes of SnS,
have been reported.[26, 27, 98, 99]
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Figure 8 Structural models of layered orthorhombic (a) and cubic (b) phased IVAMCs. The left, middle and right columns show the 3D-view, side view and
top planar view, respectively.

Although unlike TMDs, IVAMCs are semiconductors re-
gardless of their phases, their semiconducting properties, in
terms of bandgaps and dopant type, vary distinctively with
crystal phases.[12-15, 26, 27, 103-108] For example, SnS is
a p-type semiconductor with narrow direct and indirect band
gaps of 1.3 and 1.07 eV, respectively, resulting in a high ab-
sorption coefficient in the near-infrared spectral range for
photodetectors, solar cells, photothermal therapy and so
on.[103, 104] Importantly, its puckered in-plane structure
gives rise to highly anisotropic optical and electronic proper-
ties.[105, 106] In sharp contrast, SnS, is an n-type semicon-
ductor and possesses a symmetric in-plane structure and thus
isotropic optical properties with an indirect bandgap of ~2.2-
2.7eV.[26, 27] SnS; nanosheets or nanoplates have exhibited
high-mobility with large on—off ratios for field-effect transis-
tors (FETs) [26], fast photo-response for photodetectors [15,
108] and large theoretical specific capacity for metal-ion bat-
teries[12, 109, 110].

Therefore, it is essential to control the crystal phases of
IVAMC:s for further broadening their applications. Various
methods such as mechanical exfoliation [26], vapor-transport

deposition (VTD) [100, 102, 111], and wet chemical synthe-
sis [13, 112] have been employed for the preparation of
monolayer or few-layer IVAMCs. In the following para-
graphs, we will discuss the factors that control the crystal
phase of the IVAMCs during or after growth, especially
through the change of temperature [14, 113-115], using re-
ducing agent [27] and e-beam irradiation[116].

3.1 Thermal effect

Temperature is always a deterministic factor affecting crys-
tallization of materials. Taking SnS; as an example, previous
reports suggested that low-temperature (e.g. < 600°C) syn-
thesis is beneficial to the formation of the 2H-polytype, while
intermediate temperatures favor the 18R phase and high tem-
peratures above 800 °C lead to 4H-SnS,.[99, 117] As for
SnSe, which exhibits the low temperature orthorhombic
phase and high temperature cubic phase[14, 118-120], Zhao
et al. demonstrated the reversible phase transition between
them by heating the sample from room temperature to
~800 K and then cooling it back to room temperature (Figure
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Figure 9 (a) Main panel, high-resolution transmission electron microscopy
(HRTEM) image of single-crystal SnSe (scale bar, 2 nm). Bottom inset, cor-
responding diffraction pattern along the [011] zone axis; top inset, the line
profile (distance is plotted in A, y axis) along the dotted line AB in the main
panel showing the d spacing of (100). (b) Simulated crystal structures of the
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phase at room temperature (RT; Pnma) and at high temperature (HT; Cmcm),
viewing along the [211] and [121] directions; planes (1-1-1), (-101) and (0-
11) are marked by blue lines. (c) Diffraction patterns obtained at different
temperatures. B, zone axis. There is a difference in measured angle between
(1-1-1) and (0-11) of about 2.6° between room and elevated temperatures.
Reproduced with permission from ref. [14]. Copyright 2014, Nature Pub-
lishing Group.

In addition, transition between MX and MX; can also be
realized via temperature control. Fernandes et al. found that
selenization of magnetron sputtered Sn at 300-470 °C fa-
vored the growth of hexagonal-phased SnSe», and at higher
temperatures of ~530-570 °C, orthorhombic SnSe became
the major product.[113] Similarly, Huang et al. reported the
synthesis of diverse shaped and phased SnSex by controlling
the substrate temperature in a CVD process.[114] As shown
in Figure 10a-j, on the substrate near the high temperature
zone, square-shaped orthorhombic SnSe nanosheets were ob-
tained, and those on the substrate with lower temperatures,
hexagonal, truncated triangular and triangular nanoplates in
the hexagonal phase were synthesized. This phenomenon
was attributed to the fact that, at higher temperatures, ad-
sorbed Se atoms were likely desorbed more quickly into the
carrier gas, which led to the formation of SnSe instead of
SnSe.

Besides controlling the growth temperature, post-growth
thermal annealing can cause phase transitions as well. For
example, Zhou et al. heat-treated SnS; in Ar atmosphere and
achieved SnS structures due to the depletion of S by partial
sublimation and dissociation of SnS,.[115] Importantly, by
taking the advantage of the thermal induced phase transition,
Tian et al. recently reported the creation of in-plane p—n het-
erostructures by selectively thermal conversion of SnSe; to
SnSe in vacuum.[121] The junction between the hexagonal
SnSe; and orthorhombic SnSe formed atomically sharp inter-
face, as confirmed by scanning tunneling spectroscopy (STM)
measurement. Notably, SnSe, was found to be heavily n-
doped due to Se vacancies and interstitial Sn, whereas SnSe
was p-doped due to Sn vacancies and interstitial Se.
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Figure 10 (a, b) The experimental setting and various nanosheets grown on SiO,/Si substrates. (a) The schematic of the experimental setups. (b) The temper-
ature gradient in the furnace. The middle of the second heating zone is defined as the origin. (¢, d, e and f) The optical images of the as-grown nanosheets.
Scale bar: 30 um. (g, h, i and j) The corresponding SEM images of NSs. Scale bar: ¢, 0.5 pm; e, g and i, 2 um. Reproduced with permission from ref. [114].

Copyright 2015, The Royal Society of Chemistry.

3.2 Reducing environment

Given the fact that the oxidation state of Sn in SnS is +2,
smaller than that in SnS, (+4), preferred growth of SnS may
be achieved in a reducing environment. Recently, Ahn et al.
reported the controllable CVD growth of hexagonal SnS, or
orthorhombic SnS by altering the ratio of H,/N» gas, which
carried S vapor to react with SnO» on substrate (Figure 11a-
) [27]. It was found that rectangular SnS crystals were ob-
tained when the Ho/N; ratio was larger than 0.4. Below that,
the products became irregularly shaped. When no H; was in-
troduced, hexagonal phased SnS, crystals in the triangular
shape were obtained.

3.3 E-beam irradiation

It has been suggested that e-beam irradiation during trans-
mission electron microscopy (TEM) analysis can cause a lo-
cal temperature rise to ~500 °C. Recently, Sutter et al. re-
ported electron-beam induced vacancy formation and transi-
tion of trigonal (1T) phased SnS; to orthorhombic SnS [116].
Few-layer SnS; was found to first transform to a Sn,S3 inter-
mediate and then to SnS (Figure 12a-f). It is worth noting that
the appearance of Sn,S; intermediate caused rotational rea-

lignment of atoms and resulted in the tilted (21° off-axis) SnS.

For ultrathin SnS; (< 3 layers), the Sn,S;3 intermediate was
not observed, leading to the formation of c-axis oriented SnS.

Similar to SnS», SnSe; also underwent e-beam induced phase
transition to SnSe, but without the formation of any Sn,Ses
intermediate. This observation was supported by phase dia-
grams previously created by Sharma et al.[122], which indi-
cated that while Sn»S; can exist under thermal equilibrium,
Sn,Se; can not.
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Figure 11 Growth schematics and representative optical microscope images
of (a) hexagonal 2D SnS; in N, and (b) orthorhombic 2D SnS in N,—H,.
Raman spectra of (¢) SnS, 2D crystals and (d) SnS 2D crystals of various
thickness. Insets: atomic force microscope images. HRTEM images of (e) a
SnS; crystal and (f) a SnS crystal. The corresponding FFT-diffraction pat-
terns of the insets clearly show the hexagonal and orthorhombic lattices. Re-
produced with permission from ref. [27]. Copyright 2015, American Chem-
ical Society.

SnS & SnS,

Figure 12 Evolution of few-layer SnS, under electron-beam irradiation. (a)
HRTEM image of a thin area in a SnS; flake. (b) HRTEM image of the same
flake after 200 keV electron-beam exposure at room temperature for 12 min.
(c) TEM image of the flake after 200 keV electron-beam exposure at 300 °C
for 36 min. (d) Electron diffraction pattern showing the SnS, crystal structure
along [001] zone axis. (e) Diffraction pattern showing a superposition of the
original SnS, reflections and additional reflections that can be indexed to the
orthorhombic a-SnS crystal structure. (f) Diffraction pattern indexed to sin-
gle crystalline orthorhombic a-SnS crystal structure along the [011] zone
axis. Scale bars of panels a and ¢ insets: 1 nm. Reproduced with permission
from ref. [116]. Copyright 2016, American Chemical Society.

4 Noble metals

The progress made in graphene and 2D layered inorganic
semiconductors has provoked research in other 2D systems.
For example, noble metals in the 2D form have exhibited
structural and chemical properties distinctive from their bulk
counterparts, and found a wide range of applications such as
energy conversion, surface enhanced Raman scattering, bio-
sensing, photothermal therapy and catalysis.[17, 19, 20, 28,
29, 123-126]

The thermodynamically stable phases vary for different
noble metals.[21] While Au, Ag, Pd, Pt, Rh and Ir normally
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crystalize in the highly symmetric fcc structure, other metals,
typically Ru and Os, prefer the hcp structure (Figure 13a). In
addition to the commonly observed phases, i.e. fcc and hep-
2H, other phases including hep-4H and face-centered tetrag-
onal (fct) have also been identified in noble metals.[28, 29,
127] The fcc, 2H and 4H phases all belong to the close-
packed systems, and only differ in the stacking sequence of
the close-packed planes (Figure 13b).

As known, the functional properties of noble metal
nanostructures can be tuned by their size [128], shape [129,
130], composition [131, 132] and crystal phase [127, 133,
134]. For instance, a thin film of 4H Ag showed over 100
times larger in-plane resistivity and much stronger visible-
light absorption compared with that of the common fcc Ag
films.[133] hcp Ru nanoparticles (NPs) are more active to
catalyze CO oxidation than fcc Ru NPs with the similar
size.[134] FePt NPs exhibited a property transition from su-
perparamagnetic to strongly ferromagnetic when they under-
went a transformation from fcc to an unusual fct struc-
ture.[127] Therefore, controlling the crystal structure of no-
ble metals and understanding the mechanisms behind phase
control are of paramount importance.

In the following context, we will discuss the effect of
thickness,[28, 29, 135] surface ligands,[19, 29, 46, 136]
metal coating [46, 137, 138] as well as pressure [39, 139] on
the crystal phase of 2D noble metals.

a vill

Ru Rh Pd Ag
hcp fcc fcc fcc

Os Ir Pt Au
hcp fcc fcc fcc
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“ & & P
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Figure 13 (a) Crystal phase periodic table for noble metals. (b) Structural
models for fcc, 2H and 4H phases for noble metals. The left, middle and
right columns show the unit cell 3-D view, close-packed plane top-view, and
side-view showing the packing sequence of close-packed planes, respec-
tively.



2 Zhang et al.

4.1 Size effect

Both theoretical and experimental investigations have
showed that when one of the dimensions of a crystal is re-
duced to the nanoscale, its surface energy can dominate the
total systemic energy and unusual crystals phases that are ab-
sent or metastable in the bulk form may be revealed.[128, 140,
141]
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Figure 14 (a) TEM image of ~ 2.4-nm thick AuSSs on a GO surface. (b)
HRTEM image of a small region of a typical AuSS oriented normal to [110];.
Reproduced with permission from ref. [28]. Copyright 2011, Nature Pub-
lishing Group. (c¢) TEM image of a typical AuSP synthesized on GO. (d, e)
HRTEM images of the areas designated in (c). Insets in (d, ¢): Fast Fourier
transform (FFT) generated selected area electron diffraction (SAED) pat-
terns of the corresponding HRTEM images in (d, ¢). Reproduced with per-
mission from ref. [135]. Copyright 2011, John Wiley & Sons, Inc. (f) 2H
structure and stacking faults were observed at the reaction time of 4 h. (g)
4H structure appeared at the reaction time of 8 h. Inset: the corresponding
FFT pattern of the marked 4H domain in g. (h) the 4H structure were ob-
tained at the reaction time of 12 h. Inset: the corresponding FFT pattern of
the HRTEM image shown in h. Reproduced with permission from ref. [29].
Copyright 2015, Nature Publishing Group.

This is elaborated in our previous reports on the synthesis
of 2H phased ultrathin Au square sheets (AuSSs) and 4H
phased Au nanoribbons (NRBs).[28, 29, 135] In the case of
2H AuSSs[28], they were synthesized from heating a mixture
solution containing graphene oxide sheets, HAuCls, oleyla-
mine, hexane and ethanol at 55 °C. The AuSSs exhibited an
edge length of 200-500 nm and a thickness of only ~2.4 nm,
corresponding to ~16 Au atomic layers (Figure 14a-b). De-
tailed TEM analyses proved that the AuSSs were pure hcp
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structures. Importantly, by prolonging the growth time, when
the thickness of an AuSS increased from ~2.4 to ~6 nm, fcc
domains began to appear. Alternatively, the thickness of the
hcp AuSSs could also be increased through a secondary
growth of Au on them.[135] The obtained Au square-like
plates demonstrated the alternating hcp/fce structure in their
center region with a thickness of ~ 5 nm and a pure fcc struc-
ture in their 7.3 nm-thick edge areas (Figure 14c-e), revealing
a thickness-dependent structural property.

By introducing 1,2-dichloropropane to the growth solu-
tion containing HAuCly, oleylamine and hexane, our group
prepared ultrathin Au nanoribbons (NRBs) with an unprece-
dentedly observed 4H structure for Au.[46] The time-depend-
ent characterization of intermediate products showed that ul-
trathin Au nanowires (Au NWs) with a diameter of 1.4-2.0
nm were formed first at the reaction time of 4 h, and showed
short-range 2H structural domains along with many stacking
faults (Figure 14f). As the reaction proceeded to 8 h, these Au
NWs grew into ribbon-like nanostructures with a width of
2.8-5.8 nm (Figure 14g), and at this stage, hexagonal 4H do-
mains already existed. The final Au NRBs with widths of
8.0-20.0 nm showed the 4H phase over their entire structures
after 12 h of reaction (Figure 14h). The fact that the 2H struc-
ture gradually evolved to the 4H structure with increasing
ribbon width suggests that the 4H Au is relatively more stable
compared with the 2H Au. This agrees with previous theoret-
ical calculations that 4H Au processes larger cohesive energy
per atom than the 2H counterpart.[142]

Very recently, we also prepared ultrathin Ru nanoblades
with an intergrown fcc/hep structure by using Cu salt as a co-
reduction and sacrificial reagent.[143] The Ru nanoblades
with a thickness of ~2 nm showed basal planes normal to the
close-packing [111]¢ or [001]; directions, suggesting a faulty
stacking of the two phases. Control experiments further indi-
cated that by annealing the ultrathin Ru nanoblades, they
transformed into larger nanoparticles showing exclusively
the thermodynamically stable hcp structure.

4.2 Ligand effect

Because the surface energy of an ultrathin nanostructure may
dominate its total systemic energy, surface ligands are ex-
pected to exert crucial effects on its chemical and structural
stability.[128, 144] In fact, the effect of size usually comes
hand-in-hand with the effect of surface functionalization.
Very recently, Li et al. solvothermaly synthesized unusual
hep Rh nanosheets which were about 500-600 in edge length
(Figure 15a-c).[19] Extended X-ray absorption fine structure
(EXAFS) analysis of the nanosheets indicated that the Rh at-
oms possessed a small coordination number of ~6.4, suggest-
ing that they were single atomic layers. Theoretical calcula-
tions suggested that these single layer nanosheets were likely
stabilized by the surface adsorbed polyvinylpyrrolidone
(PVP) molecules which considerably decreased the surface
energy of Rh from 0.126 to 0.071 eV A2, Evidently, without
presence of PVP, Rh nanosheets were aggregated. In addition,
CO molecules, which were produced via decomposition of
formaldehyde in the growth solution at elevated temperatures,
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were suggested to strongly interact and stabilize the Rh
nanosheets. The use of CO as stabilizing agent has been
demonstrated previously in the synthesis of ultrathin Pd
nanosheets by Huang and coworkers.[17] In another report,
by reducing Pt(acac), and Bi(NE); with oleylamine in the
presence of NH4Br, Hou et al. obtained colloidal of polycrys-
talline hcp BiPt nanoplates.[136] The BiPt nanoplates
showed a lateral size of ~42 nm and a thickness of ~6 nm.
Importantly, the Br~ ions were suggested to adsorb on the
(101) planes of PtBi, preventing the nanostructures from
growing along the [101] direction, and thus forming the ani-
sotropic nanoplates. Besides, halide ions such as Cl" or I" ex-
cept for F~ were found to exert the simi}ar effect.
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Figure 15 (a) High-magnification TEM images of hcp Rh nanosheets. (b)
Aberration-corrected HRTEM image of hep Rh nanosheets. Inset: thecorre-
sponding filtered HRTEM image using the crystallographic method. (c) A
typical SAED pattern of hcp Rh nanosheets. Reproduced with permission
from ref. [19]. Copyright 2014, Nature Publishing Group. (d) A typical TEM
image of an Au NRB after the ligand exchange. (e-f) HRTEM images taken
from the edge and end of the marked region in d, respectively (g) Schematic
illustration of the ligand exchange induced phase transformation of 4H Au
NRBs. Reproduced with permission from ref. [29]. Copyright 2015, Nature
Publishing Group.

Because of the crucial effects of surface ligands, ligand
exchange has been explored in order to control the crystal
phase of ultrathin Au structures. For example, the aforemen-
tioned AuSSs were originally capped with oleylamine mole-
cules from their synthetic solution. We found that if the
oleylamine was replaced with thiols (e.g. octadecanethiol,
ODT), which bond more strongly with Au surfaces by form-
ing Au-S bonds, the hcp AuSSs were transformed to the pure
fcc AuSSs with a [100] orientation showing the typical
square lattice pattern.[46] Interestingly, this phase transition
caused a thickness increase and lateral size reduction in
AuSSs, due to the enlarged lattice spacing from the initial
daion = 1.5 A to the final dooyr = 2.0 A if the number of
atomic layers was kept consistent during the transition. It is
worth noting that a sufficiently high concentration of ODT
molecules in the solution is needed to ensure a rapid and com-
plete exchange of oleylamine with ODT (= 20mM), and thus
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a uniform phase transformation over the entire structure of
the hep AuSS. Otherwise, poorly crystallized Au nanostruc-
tures with irregular shapes were obtained, probably due to
non-uniform ligand exchange induced in-plane strain. The
thiols that can induce phase transformation of AuSSs are not
limited to ODTs, but other thiols regardless of the lengths of
n-alkane chains (3<n<18), the functional groups (carboxylic
acid, hydroxide or benzene), and the number of thiol groups
(monothiol or dithiol), can also be used.

Similarly, by applying ligand exchange, transformation of
the 4H Au NRBs to the fcc NRBs was also realized.[46] The
TEM images of the resulting fcc NRBs and the transfor-
mation schemes are shown in Figure 15d-g. From the scheme
we can see that, the transition of 4H-to-fcc transition can be
described as the flattening of the (1-10)4n planes. This obser-
vation agrees with previous findings that thiols (or sulfur-
containing molecules) can bond with surface Au atoms and
induce their reconstruction to generate a metal layer with
higher coordination number.[145, 146]

4.3 Metal coating

The surface properties of metal structures could be signifi-
cantly altered by epitaxially depositing a different
metal.[147-149] Note that this strategy has recently been ap-
plied to realize various bimetallic nanomaterials with con-
trollable crystal phases, e.g. hep/fec or fcc Au@Ag square
sheets,[46] fcc Au@M (M = Pt, Pd) rhombic nanoplates,[137]
4H/fcc Au@M NRBs (M = Ag, Pd, Pt),[46] as well as 4H/fcc
Au@ M (M =Ir, Rh, Os, Ru and Cu).[138]

Taking hcp AuSSs as an example, depositing Ag on its
surface can result in two different types of phase transfor-
mation depending on the kind of reducing agent used for Ag
reduction.[46] In the case of using reducing agents such as L-
ascorbic acid or NaBH4, the pure hcp AuSSs were trans-
formed to the pure (100),-oriented fcc Au@Ag core-shell
square sheets based on TEM, HRTEM, SAED and energy
dispersive X-ray spectrometry (EDS) analyses (Figure 16a-
d). This kind of transition proceeds via the flattening of
the (110),y planes, which assembles that of ligand ex-
change induced phase transition mentioned above. In contrast,
when oleylamine was used to reduce Ag, hcp AuSSs were
grown into the (110)n/(101)oriented hep/fec mixed Au@Ag
nanosheets (Figure 16f-i). This type of phase transformation
proceeds via the change of packing sequence of closed-
packed planes, similar to the martensitic transition, leading
to an intergrowth of hcp and fcc domains.[28, 135] Im-
portantly, it was also found that the mixed hcp/fcc Au@Ag
square sheets could be obtained by using octylamine (a pri-
mary amine), whereas the reduction with dioctylamine (a
secondary amine) led to the formation of pure fcc (100)s-ori-
ented Au@Ag nanosheets. These experimental results sug-
gested that primary amines may favor the formation of hcp-
containing structures.[150, 151]

Interestingly, unlike coating hcp AuSSs with Ag, which
resulted in either the (100)s-oriented or (110)/(101)s-oriented
hcp/fee mixed Au@Ag nanosheets, coating AuSSs with Pt
and Pd led to the production of fcc Au@Pt and Au@Pd core—
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shell thombic nanoplates with high density of twins and
stacking faults (Figure 16j-n).[137] This difference might be
due to the larger lattice mismatch between Pt or Pd and Au
(~5.8%), compared to that between Ag and Au (~0.2%). Note
that a small amount of fcc (100)soriented Au@Pt or Au@Pd
square nanoplates (< 10% yield) was also obtained in the fi-
nal products.

In addition to hcp AuSSs, 4H Au NRBs have also been
used to prepare bimetallic structures, namely 4H/fcc Au@M
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(M=Ag, Pt, Pd as well as Ir, Rh, Os, Ru and Cu) struc-
tures.[29, 138] However, a complete phase transition from
4H to fce structures was not observed in these attempts, and
mixed 4H/fcc Au@M NRBs were mostly obtained, indicat-
ing that 4H Au nanostructures are relatively more stable than
that of hep (2H) phase. This was also reflected from our pre-
vious findings that 2H Au nanosheets or nanowires were
more easily destroyed under e-beam irradiation compared to
4H nanoribbons.[28, 152]

Figure 16 (a) Bright-field TEM image of typical fcc Au@Ag square sheets on GO sheets. (b and ¢) SAED patterns taken along the [100]¢ (b) and [310]¢ (c)
zone axes of an fcc Au@Ag square sheet. (d) A typical HRTEM image of fcc Au@Ag square sheet. (e) Aberration-corrected high-angle annular dark-field
scanning transmission electron microscopy (HAADF-STEM) image and the corresponding overlapped STEM-EDS elemental mapping (Au: red color; Ag:
green color) showing the cross-section of a typical fcc Au@Ag square sheet. (f) Bright-field TEM image of typical hep/fcc Au@Ag square sheets on GO sheets.
(g) SAED pattern and (h) HRTEM image of a representative hep/fcc Au@Ag square sheet. (i) Aberration-corrected HAADF-STEM image of the cross-section
of an hep/fec Au@Ag square sheet collected along the [001],/[111]¢ zone axes. Inset: the corresponding FFT pattern of the HAADF-STEM image shown in
(i). Reproduced with permission from ref. [46]. Copyright 2015, Nature Publishing Group. (j) TEM image, (k) SAED pattern and (1) HRTEM image of a typical
fcc Au@Pt rhombic nanoplate. Inset in (1): the corresponding FFT pattern of the HRTEM image shown in (1). (m) TEM image and (n) the corresponding SAED
pattern of a typical fcc Au@Pd rhombic nanoplate. Reproduced with permission from ref. [137]. Copyright 2015, John Wiley & Sons, Inc.

4.4 High pressure

High pressure has enabled phase transition in many materials
such as TMDs [40, 153], GaAs [154] and BiTel [155, 156].
Normally, bulk crystals of noble metals show good tolerance
towards moderate pressures, largely due to their highly sym-
metric and close-packed crystalline structures. For instance,
submillimeter fcc crystals of Ag, Au, Pt, Pd, and Cu are stable
when subjected to pressure up to 91.8, 182, 304, 77.4, and
188 GPa, respectively, at room temperature.[157, 158] How-
ever, nanostructured noble metals are more prone to pressure
induced structural change.[39, 139, 159] For example, Sun et
al. reported the preparation of Ag nanplates based on a gal-
vanic reaction between a heavily doped n-type GaAs wafer
and AgNO; aqueous solution. The nanoplates exhibited mul-
tiple hep twin planes in the dominating fcc structure [39]. Un-

der increasing pressure up to 1.03 GPa, the hcp domains as-
sociated with the twin planes disappeared to give a pure fcc
structure as evidenced in the XRD pattern (Figure 17a). Dur-
ing this process, the Ag nanoplates were broken into smaller
domains (typically < 50 nm), resulting in the loss of the mul-
tiple twin planes (Figure 17b). The fractured Ag nanocrystals
further transformed to fct structures as the pressure was fur-
ther increased up to 12 GPa.
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Figure 17 (a) XRD patterns of the as-grown Ag nanoplates on the wafer
obtained during compression with small steps. (b) XRD patterns obtained
with large steps. Reproduced with permission from ref. [39]. Copyright 2011,
John Wiley & Sons, Inc.

i

5 Conclusions

In summary, we have discussed the recent development of
strategies used for the crystal-phase controlled growth or
post-growth treatment of 2D TMDs, VIAMDS and noble
metals. For TMDs, their phase transition can be realized via
ion intercalation, alloying/doping, electron injection, electro-
static gating, defect engineering, strain engineering and so on.
In contrast, the crystal-phase control of IVAMCs has been
mostly relying on thermal methods. Although solid-state
phase diagrams can guide the variation of temperature, other
factors such as growth substrate, use of reducing agent,
amount of and ratio between reactants could also affect the
final products. Defects such as chalcogen vacancies could be
created via thermal treatment as well as e-beam irradiation,
leading to the stoichiometric transition from MX; to MX. As
for 2D noble metals, in addition to conventional strategies
involving high energies, such as high pressure and high tem-
perature treatment, exchange of surface ligands and second-
ary growth of similar metals can be easily implemented to
induce phase transitions at milder conditions.

In spite of the progress made in this research direction,
challenges remain to be resolved. Stability is one of the most
important issues, as the metastable crystal structures might
revert back to the thermodynamically stable ones under the
influence of high temperature or other external perturbations.
Although surface functionalization can modify their surface
energy and improve stability, it severely sacrifices their func-
tional performances, especially in applications that require
surface activity. As another issue, currently, the phase control
in most TMDs relies on post-growth strategies. Although the
scalable and controlled synthesis of 1T’-MoS(Se), has been
reported recently [72], the development of direct phase-con-
trolled synthesis methods for other materials needs continu-
ous efforts. Very differently, for 2D noble metals, their un-
common phases have only been realized via direct growth
under specific synthesis conditions. In other words, transfor-
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mation from their thermodynamic stable structures to meta-
stable ones has not been achieved via post-growth methods.
Nevertheless, reversible transition of spherical Pd nanoparti-
cles from crystalline to amorphous state has been observed
previously via ligand exchange between trioctylphosphine
and oleylamine.[151] This suggests the possibility of achiev-
ing the reversible phase transition in 2D noble metals, which
requires further investigations.

Furthermore, although polymorphism has been observed
in other nanostructures such as semiconducting III-V com-
pounds (e.g. InAs, GaAs) and II-VI compounds (e.g. ZnS,
CdSe),[160, 161] few reports have been on the 2D form of
these materials as well as their phase controlled syntheses,
which are interesting to be explored in future.

Lastly, it is interesting that unusual phased noble metals
can be used as substrates to guide the epitaxial growth of
other metals to achieve unusual crystal structures that cannot
be achieved by other means.[162-165] Such strategy may be
extended to TMDs and other layered materials. More im-
portantly, epitaxial growth between different low-dimen-
sional material systems may provide opportunities to further
expand the map of crystal phases.
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