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In most cases, 2D materials are based on 
layered crystals, a well-known material class 
consisting of strongly bonded atomic layers 
(or monolayers) which are stacked on top of 
each other, interacting via weak (usually van 
der Waals) interlayer forces.[2] Well-known 
examples of layered crystals are graphite 
and transition metal dichalcogenides.[1–3] 
Generally, 2D materials consist of one or 
more stacked monolayers and can be fabri-
cated by bottom-up methods such as chem-
ical synthesis,[10] or vapor growth,[11–13,14]  
as well as top-down methods which are  
generally referred to as exfoliation.[4,5,15–17]

In bottom up-methods, small mole-
cular building blocks undergo chemical 
reactions to grow 2D materials in solu-
tions[10,18] or on substrates.[11–13,14] For sub-
strate growth, chemical vapor deposition 
(CVD),[11,12,19] pulse laser-deposition,[13,19,20] 
metal–organic chemical vapor deposi-
tion (MOCVD),[11,21] and molecular beam  
epitaxy[12,14] are common methods.

However, top-down exfoliation is most relevant here and 
refers to the separation of 2D (or quasi-2D) fragments, often 
called nanosheets, from a layered crystal. Exfoliation is gener-
ally thought to be enabled by the highly anisotropic bonding 
scheme associated with layered materials where the weak 
interlayer interactions facilitate the removal of layers from the 
parent crystal.[4–6,15,16,22–28] The earliest exfoliation process was 
micro-mechanical-cleavage[1,7,29] which although useful was not 
scalable.[30]

To achieve large-scale exfoliation, several scalable top-down 
exfoliation methods have been developed. Although it is  
possible to do large-scale exfoliation in a dry environment, for 
example by solid phase ball milling,[31] most large-scale exfolia-
tion is done in liquids. Of these, liquid-phase exfoliation (LPE) 
is possibly the most widely used top-down method to pro-
duce nanosheets from various layered materials.[4–6,15–17,22–28] 
LPE involves injecting energy into appropriate liquids to 
induce fragmentation and delamination of atomic layers from 
their bulk layered counterparts.[32] Energy is most commonly  
inputted into the dispersion via ultrasonication,[33] although 
other methods such as microfluidization,[34] wet ball milling,[35] 
high shear mixing,[36] homogenization,[6,16,37,38] or wet-jet 
milling,[33,35,39,40] have been used. This method has been 
used in the exfoliation of a wide variety of layered materials 
such as graphite, h-BN, black phosphorus, MoO2, Ni(OH)2, 
TMDs, GeS, SnP3, etc.[6,15,23,25,33,36,41–47] The liquid dispersions  
produced by LPE can have concentrations exceeding 1  g L−1 

For nearly 15 years, researchers have been using liquid-phase exfoliation 
(LPE) to produce 2D nanosheets from layered crystals. This has yielded mul-
tiple 2D materials in a solution-processable form whose utility has been dem-
onstrated in multiple applications. It was believed that the exfoliation of such 
materials is enabled by the very large bonding anisotropy of layered materials 
where the strength of intralayer chemical bonds is very much larger than that 
of interlayer van der Waals bonds. However, over the last five years, a number 
of papers have raised questions about our understanding of exfoliation by 
describing the LPE of nonlayered materials. These results are extremely 
surprising because, as no van der Waals gap is present to provide an easily 
cleaved direction, the exfoliation of such compounds requires the breaking 
of only chemical bonds. Here the progress in this unexpected new research 
area is examined. The structure and properties of nanoplatelets produced by 
LPE of nonlayered materials are reviewed. A number of unexplained trends 
are found, not least the preponderance of isotropic materials that have been 
exfoliated to give high-aspect-ratio nanoplatelets. Finally, the applications 
potential of this new class of 2D materials are considered.

1. Introduction

In the broadest sense, 2D materials are a form of matter 
defined by geometry, such that they display 1D (i.e., the thick-
ness) that is extremely thin, sometimes atomically thin, while 
the other two dimensions display lateral sizes which are much 
larger than the thickness. Research into 2D materials became 
widespread following the discovery and initial characteriza-
tion of graphene in 2004 and gradually grew to encompass a 
wide range of 2D materials.[1–7] These materials have gener-
ated much excitement in the research community due to their 
combination of unusual properties,[8] and exciting potential for 
applications.[9]
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and contain nanosheets with a broad distribution of lateral size 
and thickness.[25,47] For example, for MoS2 the lateral size has 
been reported to vary from 40–400 nm with a thickness range 
of 1–10 atomic layers.[48] The distribution of the dimensions is 
linked to nanosheet mechanics; therefore, the range of size and 
thickness is different for different layered materials.[49,50] It is 
worth noting that LPE is distinct from other liquid exfoliation 
methods such as graphene-oxide-based exfoliation as it involved 
no chemical modification of the material before, during, or 
after exfoliation.

A significant advantage of solution-based exfoliation 
methods is that the as-produced dispersions can easily be  
converted to inks which can be readily printed on various  
substrates for applications in electronics,[51] energy generation 
and storage,[42,46,52] sensing,[53,54] and biomedicine.[55]

It is probably fair to say that most researchers initially 
expected LPE to be strongly limited to layered materials due to 
the relative ease with which weak interlayer interactions can be 
broken. However, the work of the Gogotsi group on MXenes[56] 
showed that 3D nonlayered crystals could be chemically  
converted to layered crystals which can then be exfoliated using 
LPE. This work has spawned a field which is based on the exfoli-
ation of MAX phases, that is transition metal carbides or nitrides 
with the general formula, Mn+1AXn (n = 1–3),[56–60] where, M is 
an early transition metal (Ti, V, Cr, etc.), A is group 13 or 14 ele-
ments (Al, Si, etc.), and X is either carbon or nitrogen.[57,60,61] The 
MAX phases can be chemically modified by selectively etching 
the A atoms,[59,61,62] resulting in a layered structure of MX slabs 
held together by weak residual forces,[57,59,61–63] the so-called 
MXenes.[57,59,62] These weak forces can then be easily broken by 
LPE to produce individual nanosheets due to high mechanical 
anisotropy in the MXenes.[57,62]

Although it is essentially a two-step process (etching followed 
by exfoliation), the production of MXenes can be considered as 
a type of LPE because at the moment of exfoliation the mate-
rial is a layered crystal consisting of well-defined layers bonded 
by weak interlayer interactions. However, the case of MXenes 
is thought-provoking: could nonlayered crystals which display 
strong bonding in all three directions and no van der Waals gap 
be directly exfoliated into nanosheets using LPE (i.e., cutting 
out the etching step)?

In fact, the answer turned out to be yes. In 2017, a paper 
by Guan et  al.[64] demonstrated that monoclinic tungsten tri-
oxide (α-WO3) crystals can be exfoliated into nanoplatelets by 
the LPE process. Here, we use the term nanoplatelets to refer 
to the 2D-fragments produced from the LPE of nonlayered 
compounds whereas we use nanosheets to refer to 2D objects  
produced by the exfoliation of layered compounds. Unlike 
MoO3, WO3 is a nonlayered, non-van der Waals (NL-NvdW) 
material that displays strong bonding in all three dimensions. 
To our knowledge, this is the first example of LPE of such a 
3D-crystal leading to the production of nanoplatelets. At roughly 
the same time, another paper by Tai et al.[65] demonstrated the 
production of nanoplatelets from LPE of olivine type LiFePO4, 
and spinel-type LiMn2O4. We want to emphasize here that both 
these crystals are strongly bonded and nonlayered. Although 
2D-nonlayered nanoplatelets have been synthesized in the past 
by using different chemical routes,[66,67] but this direct LPE using 
a nonlayered 3D-compound as a starting material is surprising.

This result was followed by the successful LPE of various 
other nonlayered strongly bonded crystals[68–86] into nano-
platelets: β-boron,[86–90] α-Fe2O3,[68] MnTe,[71] Si,[73,78] PbS,[75] 
FeS2,[79,81,82] α-Ge,[77,84,91] Sn,[83] B4C,[85] etc. These developments 
have raised many questions regarding the mechanism of the 
LPE process and the properties of the nonlayered 3D-strongly 
bonded materials which allow exfoliation by LPE by using them 
directly as starting materials.

As described by several authors,[32,92,93] LPE of layered mate-
rials involves breaking a combination of weak interlayer and 
strong intralayer bonds. Indeed, it is the significant difference 
in the strength of intra- versus intersheet bonds that leads 
to the relatively large aspect ratios of exfoliated nanosheets 
which range from ≈100 to <10.[49,50] However, as nonlayered 
3D-crystals are strongly bonded in all directions, the only pro-
cess that can lead to exfoliation is the rupturing of chemical 
bonds. This raises several questions: why does LPE of non
layered 3D-crystals lead to nanoplatelets, as evidenced by recent 
publications, and not 3D or quasi-0D nanoparticles? Can all 
3D-strongly bonded nonlayered crystals be exfoliated by LPE 
resulting in nanoplatelets? If not, what are the selection cri-
teria? What energy input and solvent vehicles are most appro-
priate? These questions must be answered if we want to fully 
utilize the potential for new nanomaterials discovery offered by 
the ability to directly exfoliate nonlayered 3D-crystals.

Several comprehensive reviews on LPE of layered materials 
have been published in the literature.[5,16,32,45,48,53,94] Here, our 
goal is to present an overview and perspective on the use of the 
LPE process for NL-NvdW 3D-bonded crystals for the produc-
tion of nanoplatelets. The manuscript consists of a very brief 
description of the general LPE process, followed by a detailed 
survey of most of the 3D-bonded NL-NvdW crystals that have 
been directly exfoliated into nanoplatelets by LPE. These 
3D-crystals considered in this study are further divided into  
anisotropic and isotropic, based on the bonding scheme.  
Furthermore, the structure and aspect-ratio of obtained nano-
platelets, as well as cleavage plane directions and liquid media 
used in LPE, are discussed. We have also briefly discussed the 
applications of these materials and given our view on the chal-
lenges and prospects. We anticipate that this manuscript will 
provide inspiration for the synthesis of other novel NL-NvdW 
nanoplatelets, possibly leading to novel applications. In addi-
tion, we hope it will encourage readers to answer the ques-
tions listed above in order to further our understanding of this  
interesting topic.

2. A Brief Introduction to Liquid-Phase 
Exfoliation (LPE)
The liquid-phase exfoliation method was originally developed to 
produce graphene in large quantities in 2008.[16,43] It is based on 
the principle that conversion of a layered crystal to large quanti-
ties of nanosheets in liquids requires two stages: the breaking 
of bonds to separate the nanosheets from the crystal and stabili-
zation of the resultant nanosheets against reaggregation.

In order to separate the nanosheets from the parent crystal, 
it is necessary to pump energy into the exfoliation liquid. 
Although this can be done in a range of ways, including for 
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example heating reflow exfoliation[95] and microwave exfolia-
tion,[96] LPE can be divided into the following major categories:

2.1. Sonication

There are two types of sonication: bath sonication and probe 
sonication. In bath sonication, ultrasonic waves through the 
water induce pressure oscillations which in turn result in the 
growth and collapse of microbubbles resulting in powerful 
shockwaves and locally high shear rates.[48,97] This sonicated 
power is transferred to the vial placed in the bath, containing 
the 2D-material in liquid media. Whereas, in probe sonication, 
a sharp tip (probe) is placed directly within the liquid media in 
a vial. Fragmentation and delamination result in the production 
of nanosheets in both processes,[32,48] but the power in probe 
sonication is often larger than a bath partly because the power 
supply given by the probe is larger as compared to a bath. In 
addition, the probe is in direct contact with the sample, while 
in the bath, the sample is spatially separated from the energy 
source.

2.2. Shear Exfoliation

Here, the material is exfoliated by exposure to shear forces in 
a suitable liquid media. Usually, the shear is applied in a tur-
bulent system, leading to very high local shear rates.[24] The 
collision of particles can cause fragmentation while the shear 
forces cause slide off of nanosheets from the parent crystal. It 
is mainly executed by either using a high-shear mixer[36] or by 
microfluidization,[98] homogenization,[38] and wet-jet milling.[39]

2.3. Cryo-Mediated Sonication

In this somewhat less common process, liquid nitrogen is used 
during or prior to the sonication process to induce cracks in 
the bulk structure.[99] It can be of two types: crystals are pre-
treated in liquid nitrogen prior to sonication in a liquid media, 
or the crystals suspended in the liquid media are frozen first by 
using liquid nitrogen followed by a sonication process. Either 
way, such low temperatures result in cracks in the bulk mate-
rial, which along with sonication, results in the production of 
nanosheets.[99]

It must be emphasized that the removal of nanosheets from 
a layered crystal requires the breaking of both weak-interlayer 
bonds and strong intralayer bonds. Recent work[32,49] has shown 
that experimental data on the distribution of nanosheet sizes 
in dispersions produced by LPE can be explained under the 
assumption that equal energy goes into breaking weak-inter-
layer bonds as is used to break strong intralayer bonds. As a 
result, the achieved nanosheet aspect ratio (ratio of lateral size 
to thickness) is strongly related to the ratio of intra- to interlayer 
bonding strengths.[49]

Stabilization is generally achieved either by careful choice of 
the solvent in which the exfoliation is performed or by adding 
stabilizing additives to the exfoliating solvent. It has been shown, 
both experimentally and theoretically, that the most effective 

solvents for stabilization are those with the same surface energy 
as the nanosheets to be stabilized.[6,36,43,100] Probably the most 
commonly used solvent is N-methyl-2-pyrrolidone,[6,16] although 
many other organic solvents such as N,N-dimethylformamide 
(DMF), ortho-dichlorobenzene, and N-cyclohexyl-2-pyrrolidone 
have suitable surface energies.[6,23,27] However, many surface-
energy matched solvents have high boiling points and are toxic 
which makes them unattractive. To address this, the Zhang 
group has used a mixture of two low-boiling point solvents 
ethanol/water and demonstrated that the mixture has surface 
energy close to NMP, and successfully achieved exfoliation of 
MoS2 and WS2.[101] Alternatively, it is possible to exfoliate in 
NMP and then solvent-exchange to more benign solvents such 
as isopropanol.[4,102] Similar to solvent exfoliation, LPE has been 
achieved in ionic liquids such as 1-butyl-3-methylimidazolium 
bis(trifluoromethylsulfonyl) imide ([Bmim][Tf2N] or 1-hexyl-
3-methylimidazolium hexafluorophosphate (HMIM).[103]

Additives have also been employed in the LPE procedure to 
achieve stable dispersions in environmentally benign solvents 
such as aqueous solutions of surfactants such as sodium deoxy-
cholate (DOC), sodium dodecyl sulfate (SDS), poly (sodium 
4-styrenesulfonate) (PSS), etc.,[28,104] or polymer solutions 
such as poly(vinyl chloride) (PVC), poly(methyl methacrylate) 
(PMMA), ethyl cellulose, etc.[23,27,105]

In terms of stabilizing additives, it is very common to use 
surfactants or polymers to add a stabilizing coating to the 
nanosheet preventing aggregation either via electrostatic[106] 
or steric stabilization,[107] respectively. Surfactant stabilization 
has been used to disperse a range of nanosheet types.[108] One 
significant advantage of using surfactants is that they facilitate 
the fabrication of aqueous dispersions allowing all the inherent 
advantages of using water as a solvent. For example, large-scale 
exfoliation is generally performed in water using surfactants.[36] 
Although additives result in enhanced dispersibility and stability, 
it is difficult to completely remove them to obtain the pristine 
form of nanosheets after exfoliation.[28,48] This can lead to some 
problems when fabricating materials for some applications.

3. LPE of Nonlayered Non-van-der-Waals 
(NL-NvdW) Compounds
3.1. Recent Trends from the Literature

Figure 1A shows the number of publications reported on 
the production of nanoplatelets from NL-NvdW 3D-bonded  
crystals by the LPE method as a function of publication year. 
The first use of LPE beyond layered materials occurred in 2017 
with the exfoliation of tungsten trioxide (α-WO3) into nano-
platelets,[64] followed by the exfoliation of lithium manganese 
oxide (LiMn2O4), and lithium iron phosphate (LiFePO4) in the 
same year.[65] Subsequently, new publications appeared each 
year as shown in Figure 1A.

One important factor which should determine whether exfo-
liation yields 2D-nanoplatelets is the anisotropy of bonding. 
It has been proposed that the aspect-ratio of 2D nanosheets 
is related to the bonding anisotropy which can be repre-
sented by surface energy anisotropy.[49] The surface energy (γ) 
determines the equilibrium shape of the many nanoparticles 
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Figure 1.  Progress in the use of LPE process to produce nanoplatelets from NL-NvdW materials. A) Number of publications reported on the use of 
LPE process in exfoliation of NL-NvdW crystals versus year of publication. B) An exhaustive list of all NL-NvdW crystals exfoliated by LPE by different 
research groups until 2021. The graph is divided on type of LPE process used in exfoliation versus the publication year. The crystals were divided with 
respect to the variation in the value of surface energies (γ) as anisotropic (represented by triangle symbol) and isotropic (represented by circles). The 
crystals for which the information on γ is unknown is represented by the square symbol. The same material exfoliated by different research groups is 
represented with the same symbol but with a different color scheme. C) Histogram representing the number of mechanical anisotropic, isotropic, and 
unknown crystals exfoliated by LPE. The different color/pattern among each stack represents different crystal lattice system. Boron carbide B4C is not 
included in (C), because it has icosahedral crystal structure.

and mesoscopic crystals as it is a measure of the surface excess 
free energy per unit area of a particular crystal facet.[109,110] 
Since it relates to the strength of the atomic bonds and atomic 
densities of a particular atomic plane, its value is different for 
different facets.[109–111] The higher the γ value for a particular 
facet, the less easily it is anticipated to cleave, and the easiest 
facet to cleave is the one with a minimum value of γ.[111] For 
a perfect isotropic crystal, the value of γ for all facets should 
ideally be similar.[110] However, many crystals are somewhat 
anisotropic such that the variation in the value of γ can be used 
as a general measure of anisotropy.[110] To our knowledge, there 
is no well-defined criterion that determines whether a crystal 
is isotropic or anisotropic. Therefore, for the purposes of this 
work, we propose that anisotropic crystals are those where the 
most strongly bonded atomic plane has surface energy which 
is at least a factor of three greater than that of the most weakly 
bonded plane. Thus, we define a factor, χ = γmax/γmin  which is 
>3 for anisotropic crystals and ≤3 for isotropic crystals (refer to 
Table S1, Supporting Information, for γ values).

Based on this definition, we plot a graph showing all 
exfoliated NL-NvdW crystals classified by the exfoliation method 
used in LPE, and the crystal type (isotropic or anisotropic based 
on χ) as shown in Figure  1B. Anisotropic and isotropic crys-
tals are represented by triangles and circle symbols respectively 
while, for crystals for which γ values are unknown, a square 
symbol is used to represent the crystal.

Based on the predictions of ref. [49] liquid exfoliation of crys-
tals with intrinsic bonding anisotropy might be expected to 
yield quasi-2D nanosheets, similarly to layered materials, while 
isotropic crystals should not. However, based on our analysis of 
χ, we found only 4 materials out of 23 different NL-NvdW crys-
tals exfoliated by LPE which possess some intrinsic mechanical 
anisotropy. Surprisingly, 11 NL-NvdW crystals were isotropic 

(refer to Table S1, Supporting Information), with the remaining 
8 of unknown anisotropy. As observed in Figure 1B, the earliest 
example of LPE of NL-NvdW compounds was for a crystal 
with intrinsic mechanical anisotropy, α-WO3.[64] However, very 
quickly LPE of many isotropic crystals such as LiMn2O4,[65]  
α-Fe2O3,[68] SiC,[76] Si,[73,78] Mg,[74] α-Ge,[77,84,91] Sn,[83] etc. was 
demonstrated. We feel that this preponderance of isotropic 
materials exfoliated by LPE is very unexpected and raises ques-
tions about the nature of the exfoliation mechanism.

Also, as it can be seen in Figure  1B, bath sonication is the 
most common type of LPE procedure adopted by research 
groups. It has been used in the exfoliation of a list of materials 
such as α-WO3,[64] β-B,[88,112] α-Fe2O3,[68] FeTiO3,[69] FeCr2O4,[70] 
MnTe,[71] Si,[73] α-FeO(OH),[75] PbS,[75] CaCO3,[75] FeS2,[82] TiC,[113] 
WC,[113] and α-B.[114] One point to note here is that this list 
includes all the four anisotropic crystals: α-WO3,[64] FeS2,[82] 
TiC,[113] and WC,[113] (see Table S1, Supporting Information).

On the other hand, most of the highly isotropic crystals  
(χ  ≈ 1–1.6) such as Ti,[72] Mg,[74] Ge,[77] Sn,[83] and SiC[76] were 
either exfoliated using cryogenic assisted exfoliation or by 
incorporating probe sonication during the process. Cryogenic 
exfoliation is performed at very low temperatures by using 
liquid nitrogen during the sonication process.[74,76,83] It may be 
that the generation of cracks during the cryo-treatment is an 
important factor in the exfoliation of isotropic NL-NvdW mate-
rials while the high energy densities associated with probe  
sonication may be important.

The least common process used is shear exfoliation. This 
has only been reported by two groups: Tai et al.[65] in the exfo-
liation of LiMn2O4, and LiFePO4, and by Gibaja et al.[84] in the  
exfoliation of α-Ge. In fact, as shear exfoliation is a relatively 
low energy process,[36] it is perhaps surprising that it can be 
used to exfoliate isotropic NL-NvdW materials at all.
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Certain crystals such β-B,[86–90,112,115–118] FeS2,[79,82] Si,[73,78] and 
Ge[77,84] have been exfoliated by various research groups using 
multiple methods of LPE. This has resulted in different yields 
and dimensions of the exfoliated products as discussed in the 
next sections.

Figure  1C shows a histogram depicting that more isotropic 
crystals are exfoliated to date as compared to the anisotropic ones 
among the classification. Even if all the unknown materials turned 
out to be anisotropic, isotropic materials would still make up 
roughly half of the total cohort. The histogram further gives infor-
mation onto the type of the crystal lattice structure of different 
materials considered in this review, representing most of the 
materials exfoliated so far possess cubic crystal lattice structure.

Based on the electronic properties we have also observed 
that most of the material exfoliated are semiconductors, 
such as α-WO3,[64,119] LiMn2O4,[65,120] β-B,[121,122] α-Fe2O3,[68,123] 
FeCr2O4,[70,124] FeTiO3,[69,125] MnTe,[71] PbS,[75,126] α-FeO(OH),[127] 
SiC,[76] B4C,[128] FeS2,[79,123] Ge,[129] Si,[129] TiC,[130] and WC.[131] 
This is very important because all these materials are funda-
mentally different, as semiconductors such as silicon, germa-
nium, etc. have highly directional bonds,[132] whereas metallic 
crystals such as magnesium, titanium, etc. have the highest 
isotropy due to the presence of directionless metallic bond 
between the atoms.[133]

3.2. Lattice Structure

The lattice structure of NL-NvdW crystals is distinct from 
layered materials due to the presence of strong bonds in all 
the three-directions. To exfoliate nonlayered materials, the 
strong bonds must be broken. Figure 2 shows some impor-
tant examples of NL-NvdW materials exfoliated by LPE which 
are arranged in the order of year of publication. The atomic 
arrangement of atoms in the crystal lattice structure, trans-
mission electron microscopy (TEM) images of the exfoliated 
products, and high-resolution TEM (HRTEM) or scanning 
transmission electron microscopy (STEM) images are shown 
for each example in Figure 2.

In 2017, α-WO3 was exfoliated using commercial source 
powder as the starting material.[64] As shown in Figure  2, it 
has a monoclinic lattice structure belonging to the P21/n space 
group.[64] The exfoliated products were characterized with TEM 
which confirmed its 2D-morphology, and HRTEM images  
displaying two sets of lattice fringes with d-spacing of 0.36 
and 0.38  nm, which is assigned to the (200) and (020) planes 
of monoclinic α-WO3, confirmed its structure.[64] During the 
same time, exfoliation of Li-storing materials such as LiMn2O4 
was also reported.[65] In this case, the starting material was syn-
thesized, and characterized by X-ray diffraction (XRD) prior to 
exfoliation.[65] XRD confirmed the spinel structure of LiMn2O4 
belonging to the Fd3m space group (cubic lattice structure).[65] 
After exfoliation, TEM studies showed the exfoliated products  
consist of several layers, and the HRTEM image showed  
lattice fringes with a spacing of 0.47 nm, which is assigned to 
the (003) plane of the spinel crystal structure of LiMn2O4.[65]

The first mono-elemental NL-NvdW material, β-boron was 
also exfoliated in 2018.[86] Boron forms complicated crystal 
structures based on icosahedral B12 clusters.[86,121] These clusters 

link into rigid frameworks, and forms four stable phases at 
ambient conditions: α-rhombohedral boron, β-rhombohedral 
boron, γ-orthorhombic boron, and β-tetragonal boron.[121,134] 
β-rhombohedral boron (β-B) is the most common and stable 
phase, which has been used by many research groups as the 
starting material in the exfoliation to produce nanoplate-
lets.[86–90,112,115–118] The TEM image of the exfoliated product 
shows nanoplatelets, and fringe spacing of 0.504 nm in HRTEM 
image was assigned to the (104) plane of the β-rhombohedral 
boron structure.[86]

In the same year, for the first time, exfoliation using a nat-
ural mineral ore of NL-NvdW compound as a starting mate-
rial is used in LPE as demonstrated by the Ajayan group.[68] 
Hematite mineral (α-Fe2O3) was used in the exfoliation.[68] It 
has a rhombohedral crystal system, R3c space group.[68] The 
TEM images showed the presence of 2D-hematene, and the 
STEM image showed the atomic structure in the [001] orienta-
tion of the flake.[68] This work is then followed by the exfolia-
tion of many other minerals such as chromite,[70] ilmenite,[69]  
goethite,[75] galena,[75] calcite,[75] and pyrite.[81,82]

Titanium is the first early transition metal to be exfoliated in 
2019.[72] Commercial source α-Ti powder with hexagonal crystal 
structure was used in the exfoliation.[72] Nanoplatelets of lateral 
dimensions of 50–100 nm were observed in TEM images, and 
lattice spacing of 0.24 and 0.26  nm is found in the HRTEM 
image.[72] Alkaline-earth metal, magnesium is also exfoliated 
around the same time.[74] The crystal structure of bulk Mg is 
hexagonal.[74] The TEM image showed its successful exfoliation, 
although it was observed that the produced nanoplatelets were 
oxidized,[74] but the bulk of the platelets are mainly composed of 
metallic Mg as confirmed by the HRTEM image showing the 
hexagonal lattice structure of magnesium atoms in the platelets 
as shown in Figure 2.[74]

In 2020, the first NL-NvdW TMD, FeS2 is exfoliated by 
us.[79] We used a commercially sourced powder with a cubic 
crystal lattice structure as a starting material in the exfoliation 
experiment. It is confirmed by TEM images, that the exfoli-
ated products have 2D-morphology.[79] The STEM image from 
a 2D-platelet showed lattice spacing of 0.31 and 0.19  nm, 
assigned to the (111) and (220) miller index of the cubic crystal 
lattice structure of FeS2.[79]

Around the same time, silicon, a group 14 semiconductor 
with cubic crystal lattice structure was exfoliated using com-
mercial sourced silicon powder.[78] TEM images showed the 
2D-nature of the exfoliated product, and HRTEM showed  
lattice spacing of 0.19  nm, assigned to the (111) planes of the 
cubic crystal lattice structure of silicon.[78] We want to mention 
here that the first claims of silicon exfoliation were published 
in 2019[73] but no structural analysis was done by the authors.[73] 
Other group 14 elements were also exfoliated afterward[77,83,84] 
such as germanium,[77,84] and tin[83] as shown in Figure 2. Both 
have cubic crystal lattice structures and the exfoliated products 
showed 2D-nature with the crystal structure of bulk as con-
firmed with STEM in case of Ge[84] and HRTEM in Sn plate-
lets.[83] Even transition metal carbides, such as TiC, which is 
known for their extreme hardness were also successfully exfo-
liated by LPE, and structurally characterized by TEM which  
confirmed the 2D-morphology and bulk cubic lattice structure 
of the exfoliated platelets is confirmed with HRTEM.[113]
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Figure 2.  Examples of the NL-NvdW materials exfoliated by LPE process. The materials are arranged in the order of year of publication. The name of the 
material, its lattice structure, and year of the publication are mentioned in column 1. The arrangement of atoms in the crystal lattice is shown in column 2.  
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The projection vector of all the atomic models is [001]. The TEM-image of the exfoliated products are shown in column 3, and the corresponding 
HRTEM, or STEM images are shown in column 4. Monoclinic α-WO3 is the first NL-NvdW crystal to be exfoliated. Reproduced with permission.[64] 
Copyright 2017, Wiley-VCH. This is followed by LPE of cathode materials for the batteries, for example, LiMn2O4. Reproduced with permission.[65] 
Copyright 2017, Wiley-VCH. β-Boron with rhombohedral crystal lattice structure is the first mono-elemental NL-NvdW material to be exfoliated in 2018. 
Reproduced with permission.[86] Copyright 2018, American Chemical Society. This is followed by hematite, first NL-NvdW crystal to be exfoliated using 
its mineral ore in 2018. Reproduced with permission.[68] Copyright 2018, The Authors, published by Springer Nature. In 2019, first transition metal 
titanium is exfoliated, Reproduced with permission.[72] Copyright 2019, American Chemical Society. This is followed by exfoliation of alkali-earth metal, 
magnesium. Reproduced with permission.[74] Copyright 2019, Wiley-VCH. In 2020, first NL-NvdW disulfide, FeS2 is exfoliated. Reproduced with permis-
sion.[79] Copyright 2020, American Chemical Society. In the same year, group 14 semiconductor, silicon is exfoliated. Reproduced with permission.[78] 
Copyright 2020, American Chemical Society. This is followed by other members of group 14 elements, exfoliation of germanium and tin. Germanium: 
Reproduced with permission.[84] Copyright 2021, Wiley-VCH. Tin: Reproduced under the terms of the CC-BY Creative Commons Attribution 4.0 Inter-
national license (https://creativecommons.org/licenses/by/4.0).[83] Copyright 2021, The Authors, published by Springer Nature. Lastly, first transition 
metal carbide such as TiC is exfoliated in 2021. Reproduced with permission.[113] Copyright 2021, Wiley-VCH. In the above, only the TEM and HRTEM/
STEM images in columns 3 and 4 are reproduced from the respective quoted references.

All these different examples indeed prove that nanoplate-
lets can be produced from exfoliation of a range of different 
NL-NvdW materials, with distinct lattice structures, and show 
that the resultant crystal structure of the exfoliated nanoplate-
lets is similar to its bulk structure. But the important question 
which is not addressed here is: how 2D are these nanoplatelets? 
TEM is a high-throughput technique that provides informa-
tion about the lateral size of nanoplatelets such as length and 
width. But unfortunately, TEM is not usually able to provide 
information about nanoplatelet thickness. However, atomic 
force microscopy (AFM) measurements can be used to obtain 

statistical data on the nanoplatelet thickness distribution. Such 
measurements are crucial to truly assess the nanoplatelet 
geometry and identify how 2D these nanoplatelets really are as 
discussed in the next section.

3.3. Quantification of the 2D-Nature of the Nanoplatelets

When 2D materials are produced by any liquid exfoliation 
process, it is critically important to measure the dimensions 
of the resultant nanosheets or nanoplatelets. Knowledge of the 

Figure 2.  Continued.
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nanosheet length, width, and thickness has previously proved 
important for both understanding the exfoliation mechanism[49] 
as well as quantifying the performance of nanosheets in appli-
cations.[135] This is particularly important with the LPE of non-
layered compounds, especially those with isotropic bonding 
schemes. This is because the ability to exfoliate such materials 
is somewhat unexpected, putting the onus on the researcher to 
unambiguously prove the 2D nature of the resultant particles.

The best way to measure the dimensions of ensembles of 
nanosheets or nanoplatelets is via statistical AFM.[48,49] However, 
this process can be more challenging than is often appreciated. 
For example, with liquid exfoliated layered materials, it is well 
established that AFM measures an apparent nanosheet thick-
ness with an internal calibration required to establish the real 
thickness.[48,136,137] In addition, if a dispersion has a very broad 
distribution, AFM analysis can be affected by an observational 
bias, either due to limited scan size of the AFM or failure to 
measure a representative sample within the ensemble. This 
problem can be minimized by first size-selecting the disper-
sion,[137] and then performing AFM on various fractions.[48] In 
addition, as we have described earlier,[48] for AFM data to be 
reliable it is very important to analyze at least 100–150 indi-
vidual nanosheets to obtain good population histograms. If the 
imaging and counting are unbiased, the histogram is generally  
close to a log-normal distribution. It is also important to 
avoid counting those aggregates that appear to have formed 
during drying. Once this is achieved, statistical analysis can be 
performed—for example, the average nanosheet length, width, 
and thickness can be extracted with acceptable errors.[48]

Moreover, extreme care must be taken to ensure that the 2D 
objects in the AFM images which are being analyzed are actually  
nanosheets and not artifacts, for example, patches of dried  
solvent or surfactant. Readers would be surprised to know how 
often papers purporting to show AFM images of high aspect-ratio 
nanosheets are actually reporting solvent or surfactant patches. 
The easiest way to avoid this is to measure length histograms by 
using both TEM and AFM and check that they are similar (within 
the difference expected due to tip convolution effects). Alternatively 

correlating AFM with scanning of Raman (or sometimes PL) 
spectra can confirm the identity of the observed 2D objects.

To quantify the 2D-nature, it is important to measure the 
nanosheet aspect ratio, α, which is usually defined as the ratio 
of nanosheet length (measured as the largest lateral dimension), 
L, to thickness, t: α  =  L/t . Ideally, α is measured by AFM on a 
platelet-by-platelet basis allowing it to be represented in various 
ways. By definition, for a platelet, L > t, that is, α > 1 with larger 
values of α indicating greater 2D-character. Depending on the 
material, nanosheets obtained from LPE of layered materials 
typically show lengths between 20 to 1000 nm and thicknesses 
between 0.35 to 20 nm.[49] In general, the highest mean aspect 
ratios observed for layered nanosheets produced by LPE are  
≈50 (for graphene) with layered hydroxides displaying aspect 
ratios as low as ≈5, with aspect ratio directly linked to bonding 
anisotropy.[49] Given the limited anisotropy associated with 
NL-NvdW materials, one would expect the observed aspect 
ratios to be at the lower end of this range.

We have made a list of NL-NvdW materials (shown in 
Table 1) for which a reasonably large sample set (>50) of plate-
lets was analyzed by AFM. Unfortunately, there are relatively 
few materials for which such a complete set of analyses is done. 
We have also given information in Table 1 about the method of 
LPE, liquid-media, and centrifuge speed used by the researchers 
in the experiments, as all these parameters affect the aspect-
ratio of the platelets. As observed in Table 1, centrifugation was 
employed by all of them to size separate the exfoliated plate-
lets in the as-obtained dispersion. However, in different papers 
the centrifuge speeds were quoted in different units; revolution 
per minute (rpm), and in relative centrifugal force (g). It is very 
important to note that rpm is not an appropriate unit to report 
as a given rpm produces different g-force in different centrifuge 
setups. Therefore, we want to emphasize here, that only the 
units given in g-force can be compared to each other. We have 
also estimated the <L> by taking the square root of the average 
area of platelets for which the <L> is not given in the publi-
cations.[85,86] This helps us to estimate the approximate mean 
value of <α> by taking the ratio of <L>/<t>.

Table 1.  List of materials for which a finite sample size of nanoplatelets was analyzed with AFM. The list shows the name of the materials (column 1), 
method used in LPE (column 2), the type of liquid media used (column 3), number of nanoplatelets counted by AFM (column 4), centrifuge-speed 
used to size select the platelets (column 5), average length obtained by AFM (<L>, column 6), average thickness obtained by AFM(<t>, column 7), 
aspect-ratio (<α> = <L>/<t>, column 8), and the respective reference (column 9). The units of centrifuge speed are in 103 revolutions per minute 
(krpm) or 103-g-force (kg).

Materials Method Liquid-media Sample size Centrifuge speed <L> [nm] <t> [nm] α Ref.

FeS2 Probe sonication NMP 100
100
100
100

0.025–0.22 kg
0.22–0.63 kg
0.63–1.24 kg
1.24–2.06 kg

234 ± 9
177 ± 4
137 ± 6
80 ± 3

59 ± 3.5
43 ± 1.4
31 ± 2
18 ± 1

3.9
4.1
4.4
4.4

[79]

B4C Probe sonication IPA 169 5 kg 127 31.4 4 [85]

β-B Probe sonication IPA
DMF

180
180

≥5 krpm
≥5 krpm

44
140

4.7
1.8

9
77

[86]

α-WO3 Bath sonication BSA in water, pH 4 100
100

2–5 krpm
≥5 krpm

–
–

2.5
1.7

–
–

[64]

α-Ge Shear exfoliation IPA:water (4:1) ≈57 ≥3 krpm 1500 18.5 81 [84]

β-B Solvothermal-
assisted probe

Acetone 200 ≥6 krpm 5050 3.5 1442 [115]
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Figure 3.  Atomic force microscopy images and comparison of the aspect ratio. A) AFM images of the LPE produced nanoplatelets of FeS2, β-B, B4C, 
and α-Ge. The name of the materials is mentioned in the respective AFM images. Image for FeS2: Reproduced with permission.[79] Copyright 2020, 
American Chemical Society. Image for β-B: Reproduced with permission.[115] Copyright 2020, Royal Society of Chemistry. Image for B4C: Reproduced 
with permission.[85] Copyright 2021, Royal Society of Chemistry. Image for α-Ge: Reproduced with permission.[84] Copyright 2021, Wiley-VCH. B) Plot 
of the aspect ratio (defined as the ratio of average length to average thickness) versus average thickness. Each data point represents a different  
NL-NvdW material. The triangular symbols represent the nanoplatelets obtained from exfoliation of mechanical anisotropic compounds, and the 
circular symbol represents the nanoplatelets obtained from LPE of isotropic compounds. The shaded region in the plot shows the range of the 
aspect-ratio of nanosheets obtained from the LPE of most of the layered materials.

To analyze Table 1, we have prepared Figure 3 which shows 
AFM images of exfoliated nanoplatelets from an anisotropic 
crystal, FeS2,[79] and isotropic crystals, β-B,[115] B4C,[85] and  
α-Ge,[84] as well as a graph of the estimated value of <α> plotted 
versus <t>. The examples given in Figure 3A were specifically 
chosen for two main reasons: the platelets have a well-defined 
sharp edge in the AFM image and a reasonably high number 
of platelets were analyzed by the AFM with a complete set of 
analyses on <L> and <t> done by the researchers.[79,84,85,115] For 
FeS2, the AFM image shown in Figure 3A is of the largest size 
fraction. As it can be observed, the length of the platelets varied 
from 400 to 200  nm. Whereas for β-boron, the length of the 
platelet shown in the image is ≈6  µm. For B4C, the length of 
the platelets varies from 500 to 100  nm, and for Ge-platelets  
L  ≈ 12.5  µm. One point to note here is that while FeS2 is the 
only anisotropic compound among all these 4 examples, it is 
the one with the smallest nanosheet length.

Figure  3B shows the variation of <α> versus <t> only for 
the materials for which a reasonably large (>50) data set has 
been analyzed as listed in Table  1. Each different data point 
symbol represents a different publication and the compounds 
are divided as anisotropic (represented by triangular symbols) 
and isotropic (represented by circular symbols). As shown in 
Figure 3B, α > 1 for all the materials, indicating a non-0D (and 
non-3D) nature. For the anisotropic material, FeS2, <α>  ≈ 4, 
is consistent with the lower end of the aspect-ratio-scale for  
layered materials. This low aspect ratio is expected due to 

small but non-zero bonding anisotropy in FeS2 compared to 
layered materials. What is unexpected is that FeS2 has the 
lowest aspect ratio in this study with several platelets exfoli-
ated from isotropic NL-NvdW materials displaying a higher 
aspect ratio.

Although the isotropic compound B4C also displayed a 
low aspect-ratio, <α>  ≈ 4, several papers described platelets 
derived from isotropic materials with higher values of <α>. For 
example, nanoplatelets of Ge displayed high aspect ratio values 
of <α> ≈ 80. For context, this value is higher than that for LPE 
graphene which tends to display aspect ratios of ≈50.[49]

Another example is β-boron as shown in Figure 3. Although 
it has been exfoliated by many research groups,[86–90,112,115–118] 
unfortunately only two papers[86,115] have counted a reason-
ably large number of platelets and did the statistical anal-
ysis to estimate the aspect-ratio as shown in Figure  3B.  
Li et al.[86] exfoliated β-B in two different solvents, DMF and 
IPA by probe sonication, and all other parameters were kept 
constant in the experiment (see Table  1), but estimated <α> 
of the platelets obtained by using DMF solvent is significantly 
large (<α> = 77) as compared to the platelets obtained by using 
IPA solvent (<α> = 9) as shown in Figure 3B. Zhang et al.[115] 
has used solvothermal treated β-B as a starting material in LPE 
to accomplish exfoliation by probe sonication in acetone. As 
it can be seen in Figure  3B, this has resulted in a very high 
aspect-ratio of 1440. The platelets however have well-defined 
edges, as shown in the AFM image of β-B in Figure 3A. This 

Adv. Mater. 2022, 2202164



www.advmat.dewww.advancedsciencenews.com

2202164  (10 of 20) © 2022 The Authors. Advanced Materials published by Wiley-VCH GmbH

unexpected high aspect-ratio can be attributed to the introduc-
tion of solvothermal process prior to the probe sonication.

We have also observed that a few other research groups[68,75] 
have reported the statistical analysis by AFM, without giving 
the number of platelets counted. Examples include papers 
describing LPE by bath sonication in DMF solvent of naturally  
existing minerals such as hematite (α-Fe2O3),[68] goethite 
(α-FeO(OH)),[75] and calcite (CaCO3).[75] The estimated <α> is 
significantly higher (αhematite ≈ 3000, αCaCO3 ≈ 1000, αFeO(OH) ≈ 470).  
However, without knowing the sample size, one cannot have 
confidence in the accuracy of the statistical analysis. As such we 
have not included this data in Figure 3B.

The reports described above of high-aspect-ratio platelets 
produced by LPE of low-anisotropy starting materials are both 
surprising and puzzling. While these reports may be sugges-
tive of previously unidentified exfoliation mechanisms, we 
must also face the possibility that some of the AFM reported 
in the literature is not accurate. While AFM has been used for 
some time to determine the thickness of the 2D-platelets, care 
has to be taken in analyzing the data. Even for 2D nanosheets 
exfoliated from layered materials (which have very distinct 
shapes characterized by sharp edges and well-defined steps and  
terraces) analysis of AFM images can be extremely challenging. 
As mentioned above, this can be due to solvent residues and 
impurities or due to commonly observed scanning artifacts 
that can often be mistaken as nanosheets.[138] For nanoplatelets  
produced by LPE of NL-NvdW materials, this is even more of 
an issue due to the less well-defined morphology.

We emphasize that it is extremely important to accurately 
measure the aspect ratio of liquid exfoliated nanosheets,  
particularly those prepared from nonlayered and especially 
isotropic nonlayered materials. If high aspect-ratio platelets 
can be produced by LPE of low-anisotropy materials, then 
this could mean that the models of exfoliation expressed 
previously[32,49] are incorrect. Alternatively, it could be evidence 
of some additional factors, for example, crack formation during 
cryo-treatments or some sort of flow effects during LPE, which 
favor the formation of quasi-2D particles. Either way, defini-
tive aspect-ratio measurements are critically important, as they 
could lead to new mechanistic insights. However, given the 
pitfalls associated with AFM listed above, we believe that AFM 
measurements alone cannot be relied upon when reporting 
surprising results such as high platelet aspect ratios. In these 
situations, corroborating evidence, such as the correlation of 
the L-distribution with that measured by TEM or by correlating 
images with those obtained from scanning Raman spectro
scopy, are absolutely essential.

Finally, it is worth considering if all of the nanoplatelets pro-
duced by LPE of NL-NvdW materials can actually be considered 
as 2D. There are a number of factors to consider. A commonly 
used definition of 2D (or quasi-2D) materials is that they are 
thin enough that confinement effects result in physical proper-
ties that differ from the bulk. This is unlikely to be the case 
for those nanoplatelets that have thicknesses of order tens of 
nanometers. However, even thicker objects can be “quasi-2D-
like” if their aspect ratio is large enough to yield a platelet-like 
geometry. This is why we use the broad term “nanoplatelets”. 
However, it is clear from Figure  3B that exfoliation of some  
NL-NvdW materials (i.e., FeS2, B4C) yields nano-objects with 

thickness >10 nm and aspect ratios as low as 4. It is reasonable 
to ask whether such objects can be referred to as quasi-2D 
objects or even nanoplatelets or whether they are in fact nano
particles. To the authors knowledge there is no agreed criterion 
was to the borderline between a particle and a platelet. One 
might set an arbitrary aspect ratio above which objects are plate-
lets. However, this will be subjective—what does one consider 
a platelet? Is an iPhone (α  ≈ 20) platelet-like? Or a textbook 
(Atkins, “Physics Chemistry” has α ≈ 7)? We suggest platelets 
are those objects with aspect ratio above 5–10. However, it will 
be necessary for the community to come to some consensus on 
this issue.

3.4. Cleavage Behavior and Basal Plane

In crystalline materials, cleavage is defined as a fracture along a 
definite plane in the lattice structure, which results in an atomi-
cally smooth surface.[139] It is quantified by the cleavage energy 
which is closely related to the surface energy.[140] In layered 
materials, cleavage parallel to the atomic layers is the most 
favorable due to the low energy required to break the weak 
interlayer forces. The lower the cleavage energy, the thinner 
we expect the platelets to be. Alternatively, the strong in-plane 
chemical bonds require a lot of energy to fracture during exfoli-
ation. Therefore, the stronger the in-plane bonds are, the larger 
we expect the lateral dimensions of the nanosheets to be (large 
nanosheets require less chemical bonds to be broken to create 
edges).[49,50] In other words, for higher anisotropy between the 
in-plane and out-of-plane bond strength, we expect an increased 
nanosheet aspect ratio.[49,50]

Since layered materials have high anisotropy, cleavage 
predominately occurs parallel to the basal plane direction.[32] 
However, if a layered material with strong in-plane-bonding has 
out-of-plane bonding via forces (e.g., electrostatic in the case of 
metal borides[141]) which are stronger than vdW forces, then the 
cleavage energy is increased and the mechanical anisotropy is 
reduced. Such materials are relatively more difficult to cleave, 
leading to thicker platelets with a lower aspect ratio.[141] Impor-
tantly, in the case of NL-NvdW crystals, bonding is strong in all 
three directions meaning there is no plane which is very easily 
cleaved. So, for cleavage to happen, rupturing of chemical bonds 
must take place. Then, by analogy with nanoparticles, we would 
imagine the probability of cleavage along a given atomic plane 
during exfoliation to be smaller for planes with larger cleavage 
or surface energies. This is the basis of the Wulff construction 
used to determine the equilibrium shape of nanoparticles.[142] 
Because of this, a number of papers[143,144] have used theoretical 
approaches to identify crystals with low-cleavage-energy planes 
with the idea that such materials might be candidates for exfo-
liation. For example, Friedrich et al. studied nonlayered binary 
and ternary metal oxides and found considerable variation in 
cleavage energy with some materials containing planes with 
cleavage energy approaching that of graphite. In cases where 
exfoliation leads to platelets, we expect the large area facets to 
consist of atomic planes with low cleavage or surface energy 
while the edge facets should consist of atomic planes with high 
cleavage or surface energy. In line with the model of Backes et 
al.,[49] the platelet aspect ratio should be roughly proportional to 
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Figure 4.  Examples of the possible cleavage planes in bulk NL-NvdW crystals. A) Bulk crystal structure of hematite crystal (α-Fe2O3) and it’s two 
possible crystallographic cleavage planes (001) and (010). The lateral and top view of the monolayers obtained by these two possible cleavage planes 
is also shown. The red and yellow color represent the O and Fe atoms respectively. B) STEM images from LPE produced hematene platelets showed 
basal plane in [001], and [010] orientation (left column) and molecular dynamic simulated planar view of the [001] and [010] orientation (right column). 
A,B) Reproduced with permission.[68] Copyright 2018, The Authors, published by Springer Nature. C) Crystal structure of α-Ge, and it’s three possible 
crystallographic cleavage planes (110), (111), and (112). The top and lateral view of the monolayer obtained from each possible cleavage plane is also 
shown. D) STEM images obtained from the nanoplatelets of Ge (left column), and models of the respective crystallographic planes (right column). 
C,D) Reproduced with permission.[84] Copyright 2021, Wiley-VCH.

the ratio of the (higher) edge facet surface energy to the (lower) 
large area facet surface energy.

However, it is worth noting that this picture is somewhat 
complicated by the effects of structural relaxation of the platelet 
surfaces after exfoliation. Using computational studies on a 
range of materials extracted from databases, Friedrich et al.[144] 
showed that the details of the surface reconstruction coupled 
with the oxidation states of the ions on the nanosheet surfaces 

determine the overall cost of exfoliation. Critically, for 2D-plate-
lets exfoliated from NL-NvdW crystals, this energy cost appears 
to differ from that predicted solely from surface or cleavage 
energies. This means that the most preferable cleavage direc-
tion may not be that associated with the lowest surface energy 
when the cleavage results in a very thin nanosheet.

Balan et al.[68] demonstrated exfoliation of bulk hematite  
into 2D-hematene platelets (Figure 4A).[68] Experimentally, 
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Figure 5.  List of solvents used in the LPE of different NL-NvdW com-
pounds. The solvents are arranged in the order of the most to least used 
(left to right). Black solid circles are used as a symbol to represent the 
solvent used in LPE, whereas the fractional volume percentages of the 
solvent are represented with incomplete solid circles. For example, for SiC, 
a 1:1 mixture of 2-propanol: water was used as a liquid media to achieve 
LPE. Tungsten oxide (α-WO3) is not included in the list of materials as 
it was exfoliated in aqueous solution of acidic bovine serum albumin.[64]

using STEM imaging on a single atomic layer of hematene,  
the authors observed two basal planes, (001) and (010) as shown 
in Figure 4B. The atomic arrangement of atoms in the STEM 
images matches well with the molecular dynamic simulated 
atomic structure of the orientation as shown in Figure  4B.[68] 
However, these results are based on a single hematene 
nanosheet. It is impossible to rule out the possibility that 
there may be other nanoplatelets in the dispersion which may 
have different basal planes. However, this data does show that 

cleavage along (001) and (010) planes is possible, consistent 
with them being relatively low surface energy planes.

Another example is the Ge crystal shown in Figure  4C. 
Gibaja et al.[84] has used density functional theory (DFT) to  
simulate the surface energies of the miller indices (100), (110), 
(111), and (112). The results showed that the reconstructed (100) 
surface plane is the lowest in energy with a small difference  
over the reconstructed (110) surface, and unreconstructed 
(111) and (112) surface.[84] Therefore, they predict that there are 
three possible basal planes in 2D-Ge as shown in Figure 3C.[84] 
Experimentally, using STEM imaging, they have observed 
three basal planes of nanoplatelets of Ge, (111), (110), and (112) 
as shown in Figure  4D, consistent with the idea that cleavage 
preferentially occurs along low surface energy planes.[84] The 
authors also mentioned (110) is the most common basal plane, 
however, the size of the sample set is not given.[84]

Guo et al.[85] showed the presence of six different basal 
planes (300), (1200), (0150), (060), (411), and (221) in nanoplate-
lets obtained by the exfoliation of isotropic B4C. The authors 
also mentioned a sample size of over 30 flakes has been ana-
lyzed by HRTEM imaging. However, the statistical analysis on 
this data set is not given. Their density functional theory (DFT)  
simulations did not show a significant difference in the values 
of binding energies of different orientations, indicated that 
many planes are energetically favorable.

Furthermore, Yadav et al.[70] showed 2D-chromiteen nano-
platelets produced by LPE of chromite possess multiple basal 
planes (111), (222), and (533). Similarly, Liu et al.[75] demon-
strated the presence of more than one basal plane in different 
nanoplatelets, such as for α-FeO(OH): (001) and (111), for PbS: 
(001) and (111), and for CaCO3: (104), (1014), (1010), (1120) and 
(1011). Also, Wang et al.[78] demonstrated that LPE produced 
silicon nanoplatelets have (111) orientation.

We believe basal plane analysis by imaging a single, or fewer 
nanoplatelets by using HRTEM, or STEM techniques can be 
misleading as it may represent only a minority subpopula-
tion and shows only what is possible not what is probable. We 
believe a thorough statistical analysis using reasonably large 
sample sets to obtain a good estimate of the most dominant 
basal plane is the best approach, although we accept it is a 
challenging and time-consuming approach.

3.5. Solvents and Surface Passivation

One of the most common types of LPE of layered materials 
involves sonication in a stabilizing solvent.[5,6,16,26,41,46,145] Good 
solvents are usually distinguished by their surface energy, 
although Hildebrand, and Hansen solubility parameters, are 
also used.[6,101,146,147] For layered materials, an ideal solvent is 
one whose surface energy is matched to that of the basal plane 
of the exfoliated nanosheet.[6,43,100] Such matching is thought to 
minimize the exfoliation energy.[6,101,146,147]

For layered materials, we tend to focus on the vdW inter-
action of the solvent molecules with the basal plane of the 
nanosheet rather than any interaction of solvents with the 
nanosheet edge.[147] This is simply because the large aspect 
ratio of most layered material nanosheets means the edges 
can effectively be ignored. However, it is worth noting that, 
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for nanosheets produced from exfoliation of layered materials, 
while the basal plane is chemically inert owing to its vdW struc-
ture, chemically active dangling bonds are present at the edges 
due to the breaking of covalent bonds during the exfoliation 
process. It has been shown that during exfoliation directly in 
a solvent in ambient conditions, the reactive dangling bonds 
at edges undergo passivation via oxidation by the redox-active 
species produced by the sonolysis of the solvent.[32,92,148]

This passivation is very important in the LPE of NL-NvdW 
materials because such materials have no inert basal plane. 
On exfoliation of NL-NvdW compounds the entire surface 
(i.e., both large area and edge facets) of the as-produced nano-
platelets consists of dangling bonds and so is chemically active 
and will be passivated. The chemical nature of the groups 
which passivate the surface of nanoplatelets plays a crucial role 
in determining the stability of the suspension because they 
will determine the nature of the interfacial interaction with the 
solvent.

Thus, the question of what an ideal solvent for LPE of 
NL-NvdW compounds is probably closely related to the details 
of the reaction of the solvent with the unpassivated platelet 
surface and subsequent interaction with the passivated platelet 
surface. Here we will discuss what solvents have been used to 
date in the exfoliation of NL-NvdW materials.
Figure 5 shows a list of all the solvents corresponding to 

different materials used by researchers to achieve successful 
LPE. The solvents are arranged in the order of most to least 
used. As observed in Figure 5, N,N-dimethylformamide (DMF) 
is the most common solvent used by the researchers. The 
crystals exfoliated by this solvent were α-Fe2O3,[68] FeTiO3,[69] 
FeCr2O4,[70] MnTe,[71] β-B,[86,112,118] α-B,[114] α-FeO(OH),[75] 
CaCO3,[75] PbS,[75] FeS2,[82] TiC,[113] WC,[113] Si,[73,78] and B4C.[85] In 
fact, if we correlate this result with Figure  1B, DMF has been 
mostly used in bath sonication LPE process for α-Fe2O3,[68] 
FeTiO3,[69] FeCr2O4,[70] MnTe,[71] β-B,[112] α-B,[114] α-FeO(OH),[75] 
CaCO3,[75] PbS,[75] FeS2,[82] TiC,[113] and WC.[113]

Sonolysis of solvents due to the chemical effects of ultra-
sound has been studied in the past. The violent collapse of 
acoustic cavitation bubbles during bath sonication produces 
high temperature, pressure, and shear rates locally, resulting in 
sonolysis of the solvent and the production of radicals.[32,92,148,149] 
These radicals, which originate from the solvent itself, may play 
a significant role in the passivation of the platelet surface.

For LPE produced platelets from NL-NvdW materials, 
we believe prolonged bath sonication with DMF as a liquid 
medium in ambient probably have resulted in the passivation 
of the surface by oxygen (O) or hydroxide (OH) radicals 
which aids in exfoliation. Other solvents have also been used 
by authors as shown in Figure  5 such as 2-propanol (IPA), 
IPA/water mixture, N-methyl-2-pyrrolidone (NMP), ethanol, 
etc. All these solvents contain water molecules and dissolved 
oxygen which can probably surface oxidize the dangling bonds 
of nanoplatelets.

As shown by us,[79] LPE produced nanoplatelets of FeS2 in 
NMP were surface passivated by the oxides, hydroxides, and 
the ketone group of NMP residues as confirmed by Fourier 
transform infrared spectroscopy (FT-IR) measurements. Wang 
et  al.[78] has also shown the existence of SiOH and SiO in 
the exfoliated nanoplatelets of silicon produced by LPE in 
various solvents by FT-IR measurements. Even the 2D-platelets 

of boron produced by the Zhang group in IPA solvent by a 
combination of probe and bath sonication showed the presence 
of stretching vibrations corresponding to OH, BO, BH, 
CO, and BOB in FT-IR spectroscopy measurements.[89] 
Gibaja et  al.[84] has also confirmed the presence of GeO and 
GeH functional groups on the surface of LPE produced Ge 
platelets.

NL-NvdW nanosheets likely display rich surface chemistry 
because the presence of multiple sonication-induced radicals 
leads to a range of functional groups passivating the surface. 
Because these groups originate from the solvent itself, they 
are of course compatible with the solvent leading to a strong 
platelet-solvent interfacial interaction which aids in stabilizing 
the dispersions. Thus, the ideal solvent is probably one that 
readily passivates the surface of as-produced nanoplatelets. 
However, more detailed studies in this regard are required to be 
sure of the role of solvent in the LPE process.

As described in ref. [79] quantitative information on the 
functional group density energy can be achieved by performing 
energy-dispersive X-ray spectroscopy (EDX) in the TEM on a 
platelet by platelet basis. This means using EDX to measure 
elemental compositions on a number (usually >30) of individual 
flakes, while simultaneously measuring the flake dimensions. 
In the first instance, this technique gives statistical platelet  
stoichiometry data which allows the researcher to confirm the 
composition of the exfoliated materials. However, it can also be 
used to confirm that elements (such as oxygen) associated with 
the functional groups that are present on the platelet surface  
and even to estimate the surface density. As described in  
ref. [79] for FeS2 platelets, the surface is oxidized by groups 
containing O atoms. EDX was then used to measure the atomic 
ratio, O/Fe, as a function of platelet size, L. A simple model was 
used to predict that if the oxygen atoms were associated with 
the platelet surface, then O/Fe ∝ 1/L consistent with the experi-
mental data. Fitting this equation to the O/Fe versus L gave an 
estimate of the functional group density which turned out to be 
similar to the expected dangling bond density.

Above, we have discussed the passivation of dangling-bond-
rich surfaces by reaction with solvent molecules. To date this 
process has been uncontrolled and unintentional and has 
presumably been determined by combination of the solvent 
used, the nature of the surface to be passivated and the exfo-
liation conditions. However, one could envisage controlling the 
reaction between the freshly cleaved surface and the supporting 
liquid to yield predetermined functional groups leading to an 
activated interface. This might be achieved by adding reactive 
species to the solvent during exfoliation which are intended to 
react with newly created dangling bonds on the surface. The 
resultant functional groups could be designed to influence the 
surface properties of the nanoplatelet. This might allow one 
to control parameters such as the adsorption characteristics,  
catalytic activity, or electrical properties (via doping) of the 
nanomaterial. Such in-situ surface activation could become a 
very powerful tool to enhance the properties of nanoplatelets.

3.6. Exfoliation Yield

LPE of layered compounds generally results in relatively high 
yields due to the ease with which weak forces can be broken. 
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Figure 6.  A detailed chart showing the demonstrated applications of LPE produced nanoplatelets of different NL-NvdW materials. See Table S3, Sup-
porting Information, for references to all the materials shown here.

The Ferrari group has showed the yield of graphene and 
nano-graphite reached 100% under high shear rate 108 s−1 by 
using microfluidic processor.[98] However, in case of NL-NvdW 
compounds, we intuitively expect the yield to be lower as the 
exfoliation demands high-energy to break the strong bonds. 
Nevertheless, it is important to measure this parameter in 
order to scale up the production rate from technological appli-
cability. Unfortunately, we found very few papers which have 
reported the exfoliation yield. As reported by us,[79] the yield for 
the production of FeS2 nanoplatelets in NMP solvent by probe 
sonication was 3–3.5%. Similar range ≈4% was also reported 
by Wang et  al.[118] in the production of β-B platelets by probe 
sonication in 2-butanol. But surprisingly Lin et al.[116] achieved 
a reasonable high yield of 20% for β-B platelets by probe soni-
cation in NMP solvent but the LPE was performed at very low 
temperature of −20 to −25 °C.[116] A similar yield of ≈20% was 
also reported by Fan et al.[88] for β-B platelets in benzyl-benzoate 
solvent by bath sonication. Although the data set is small, these 
examples indeed shows that the yield varies between different 
solvents, as well as, between different types of LPE. In the short 
term, yield can be improved by the recycling of unexfoliated 
sediment material.[36] However, in the long term, improve-
ments in yield will require a better understanding of the exfo-
liation mechanism. We note that LPE experimental details on 

all NL-NvdW compounds considered in this review are given in 
Table S2, Supporting Information.

4. Applications of Nanoplatelets

LPE-produced nanoplatelet inks offer a wide spectrum of appli-
cations in different fields such as energy storage and conversion 
(e.g., batteries, supercapacitors, catalysis, etc.), optoelectronics 
(e.g., saturable absorbers, photodetector, etc.) and in biomedical 
applications (e.g., bioimaging and cancer theranostics) as shown 
in Figure 6. Depending upon the area of application, distinct 
properties offered by these novel nanoplatelets are preferred. 
Here we had briefly discussed selected examples from the litera-
ture in each field on how these nanoplatelets are favorable for 
each respective application (see Table S3, Supporting Informa-
tion, for references to all the materials given in Figure 6).

4.1. Energy Storage and Conversion

The 2D-geometry of nonlayered nanoplatelets offers significant 
advantages over its 3D-lattices as these nanoplatelets can display 
large structural distortions, possess high density of surface 
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dangling bonds and unsaturated surface atoms. These makes 
them perfect candidates in catalysis due to their high surface 
chemical activity.[67] Therefore, nanoplatelets of Si,[78] β-B,[88] 
α-WO3,[64] α-Fe2O3,[68] MnTe,[71] and FeTiO3

[69] had shown good 
catalytic performance as demonstrated by several researchers.

Also, due to the ultrathin nature of the nanoplatelets, they 
offer fast interfacial charge transfer resulting in lower recombi-
nation rates and enhanced carrier mobility, making them good 
candidates in photo and electrocatalysis. As shown by Wang 
et al.[78] LPE-produced silicon nanoplatelets etched with hydro-
fluoric acid showed photocatalytic hydrogen productivity at the 
rate of 220 µmol h−1 g−1.[78] Further, Ajayan group demonstrated 
that composites of LPE produced nanoplatelets of MnTe,[71] 
FeTiO3,[69] and α-Fe2O3,[68] mixed with titania nanotubes showed 
photoelectrochemical water splitting under visible light.

In addition, these nanoplatelets show better electrochemical 
and rate performance due to short solid state diffusion time 
for ions which is very important for Li-ion batteries. Therefore, 
LPE produced nanoplatelets of numerous compounds has 
shown impressive results as active electrodes materials for 
high-performance lithium-ion batteries.[65,79,81,116] For example, 
Tai et al.[65] have shown the rate-performance and cyclic stability 
in LiMn2O4 and LiFePO4 was improved significantly when 
nanoplatelets were used instead of bulk 3D-material, due to 
reduced solid-state diffusion lengths.[65] We have also shown 
that the Li-storing anodes fabricated from nanoplatelets of FeS2 
mixed with carbon nanotubes display near-theoretical capacities 
of ≈1000 mAh g−1.[79,81] Lin et al.[116] have used LPE-produced 
β-B nanoplatelets as polysulfide immobilizers and electro
catalyst in LiS batteries, achieving high stability and very good 
rate-performance, reporting a specific capacity of 721 mAh g−1 
at high charge/discharge current.[116]

Furthermore, owing to their high-specific surface area, con-
ductivity, and good thermal and chemical stability, NL-NvdW 
nanoplatelets have also shown potential as a supercapacitor 
electrode materials.[76,86,114] For example, the electrochemical 
performance of α-B platelets mixed with PANI showed a 
specific capacitance of 960 F g−1 with capacitive retention of 
95% after 1000 cycles.[114] Li et al.[86] used LPE-produced nano
platelets of β-B to produce supercapacitor electrodes com-
bining outstanding energy density of 46.1 Wh kg−1 with a power 
density of 478.5 W kg−1, as well as excellent cyclic stability.[86]

4.2. Optoelectronics

LPE-produced NL-NvdW nanoplatelets have been shown 
to display interesting nonlinear optical properties with 
researchers demonstrating applications as saturable absorbers 
and photodetectors due to their ultrafast carrier response, and 
broadband absorption in the nanoplatelets. For example, Ma 
et al.[117] showed that LPE-produced nanoplatelets of β-B had 
excellent broadband nonlinear optical properties in ultrafast 
laser photonics.[117] The β-B platelets served as an optical switch 
due to their saturable absorber properties and produced ultra-
short pulses with duration <700 fs in the near to mid-infrared 
for ultrafast mode-locking applications.[117] The Zhang group[113] 
has shown that the nanoplatelets of TiC are excellent saturable 
absorbers and have large modulation depths and low saturation 

intensities across the infrared.[113] Zhou et al.[91] has shown LPE-
produced platelets of Ge have excellent broadband nonlinear 
optical properties. All these examples indeed demonstrate that 
new materials could have significant potential in photonic 
technologies.[73,91,113,117]

Moreover, LPE-produced nanoplatelets of β-B have also 
shown excellent optoelectronic performance as a self-powered 
photodetector due to its semiconducting bandgap.[150] The 
as-synthesized nanoplatelets were used in photoelectrochemical 
(PEC) and field-effect transistor (FET) type photodetectors.[150] 
The PEC device photoresponsivity was as high as 92 µA W−1 
in the UV region, whereas the FET device showed a tunable 
photoresponsivity of 175–280 µA W−1 for 405 nm irradiation.[150]

4.3. Biomedical

Nanoplatelets of some nonlayered compounds such as  
β-B,[87,89,90] Ti,[72] Ge,[77] and Sn[83] possess good biocompatibility 
and offer low cytotoxicity,[72,77,83,87,89,90] which makes them inter-
esting candidates in the field of biomedical applications in areas 
such as in bioimaging and in cancer theranostics.[72,77,83,87,89,90] 
For example, Ma et al.[89] demonstrated that the LPE-produced 
β-B platelets showed blue fluorescence with a quantum yield 
of 10.6% which is used to successfully image the cervical 
cancer cell line HeLa and hepatocarcinoma cell line Huh-7.[89] 
Due to the planar geometry of the nanoplatelets, it offers high 
drug-loading capacity which is favorable for application in 
cancer chemotherapy. Further, the ultrathin thickness of these  
biocompatible nanoplatelets enables them to respond to 
external stimuli such as pH and light. Thus, these nanoplatelets  
are of great interest for various optical therapies such as photo
thermal therapy and photodynamic therapy. For example,  
Williams et al.[90] developed a multifunctional nanoplatform 
based on LPE-produced β-B nanoplatelets, for synergistic 
chemotherapy and low-temperature photothermal therapy.[90] 
The researchers demonstrated that β-B platelets functional-
ized with peptide cRGD, co-carrying the chemotherapeutic 
drug doxorubicin, and the heat shock protein inhibitor 17AAG, 
responds well to acidic pH and NIR laser irradiation to release 
the drug and kill cancer cells, and inhibit tumor growth at low 
temperatures.[90] These examples demonstrate that LPE-pro-
duced 2D-nanoplatelets of biocompatible materials have the 
potential in advancing the field of oncology.[72,77,83,87,89,90]

5. Summary and Outlook

Here, we have reviewed the growing field of liquid-phase exfo-
liation of nonlayered compounds. After first summarizing the 
LPE of layered compounds, we surveyed recent developments in 
LPE of nonlayered compounds. We examined different aspects 
of this field including the lattice structure of exfoliable non-
layered materials and the details of the cleavage plane as well 
as characterization of the resultant platelets. We discussed the 
solvents used and the surface passivation of the nanosheets and 
finally examined the potential applications of such materials. 
We have tried to correlate results across different materials to 
bring a deeper understanding of the topic.
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In layered materials, there has been significant experimental 
work on LPE over the last decade leading to rapid progress. 
By comparison, research on the LPE of nonlayered materials 
is still in its infancy. Nevertheless, it is already clear that this 
area shows great promise and will lead to a multitude of new 
2D-nanoplatelets with interesting and useful properties. How-
ever, there are a number of challenges to be addressed as well 
as significant questions that remain to be answered before this 
field can flourish.

Perhaps most important will be to develop an understanding 
of the mechanism for the exfoliation of nonlayered materials. 
For some anisotropic nonlayered materials such as FeS2, it 
appears as if the exfoliation mechanism is similar to that 
which applies to layered materials. However, the exfoliation of 
isotropic materials such as silicon cannot be understood within 
this framework. It will be crucial to identify whether one broad 
overarching mechanism is at work or do different mechanisms 
apply for different materials? In addition, it will be impor-
tant to determine if the exfoliation mechanism is predomi-
nantly limited by intrinsic factors such as cleavage energies or 
extrinsic factors such as cryo-induced crack formation or flow 
phenomena which might favor the exfoliation of platelets over 
particles. Such mechanistic understanding will enable advances 
in other areas as indicated below.

Insights into exfoliation mechanisms should cast light on 
the particularly puzzling question of why isotropic materials 
such as silicon can be exfoliated by LPE to yield platelets. This 
is very unexpected as the cleavage energies of all atomic planes 
in silicon crystals lie within a relatively narrow range. Consid-
erations associated with the Wulff construction would lead one 
to expect isotropic silicon to form particles rather than platelets 
under liquid exfoliation.[151] That platelets have been produced 
by multiple research teams implies that a more complicated 
exfoliation mechanism is at work. Equally surprising is the fact 
that isotropic materials such as germanium and boron not only 
produce nanoplatelets under exfoliation but yield platelets that 
can be very thin and have aspect ratios of up to 1000. These 
are degrees of thinness and aspect ratio that are not found for 
liquid exfoliated layered materials. Importantly, mechanistic 
understanding may yield insights into the factors limiting 
aspect ratio allowing us to control platelet dimensions in a way 
that has been hitherto impossible.

Mechanistic understanding should help us to answer another 
important question: what criteria determine which nonlayered 
compounds can undergo exfoliation and which cannot? Ini-
tially, the answer to this question may have seemed obvious: 
anisotropic bonding schemes facilitate exfoliation in the same 
way as occurs for layered materials. However, the demonstra-
tion that isotropic materials could be exfoliated into high aspect 
ratio platelets showed us that we do not understand this topic 
well enough to answer this question.

In addition to answering these questions, there are a multi-
tude of other challenges which must be addressed. The most 
basic is to improve the efficiency of the exfoliation process both 
in terms of yield, production rate and energy cost. In addition, 
it would be interesting to control the cleavage behavior such 
that we were no longer limited to low surface energy basal 
planes to the point where we could specify the nature of the 
basal surface. Furthermore, it will be important to gain control 

of the passivation of the newly cleaved surfaces to allow us to 
control the surface activity of the nanoplatelets and adapt their 
properties toward new applications. The ability to produce new 
materials, fine tune the surface chemistry and dimensions of 
the nanoplatelets will open up a host of new applications that 
have not previously been possible.

Despite the breadth of questions to be answered and prob-
lems to be solved, we predict that this research area will 
continue to grow, driven by the promise of a wide range of new 
2D materials, displaying a host of exciting properties. Given 
the substantial success and broad versatility of LPE as applied 
to layered materials, we believe the ability to exfoliate nonlay-
ered materials will significantly broaden the scope and range 
of (quasi)-2D materials that can be mass-produced via this 
facile and versatile top-town process. Although it has generated 
as many questions as answers, this recent progression of LPE 
from layered to nonlayered is very exciting and has ignited a 
new research direction that is worthy of deep exploration.
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