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1. Introduction

Material properties on the nanoscale can be different from the 
bulk. For instance, bulk gold is a shiny yellow metal, while gold 
nanoparticles can have a range of colors from wine red to deep 
blue depending on the shape and size.[1] Materials that are inert 
in the bulk form become catalytically active at the nanoscale[2] 
due to the electronic structure being modulated by quantum 
size effects. Most of these fascinating properties have roots in 
quantum and surface phenomena.[3]

For 2D materials, additional unique properties arise from 
extreme anisotropy. Layered materials usually come in the form 
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of stacked nanosheets (tactoids), where 
the diameter of the nanosheet stacks 
may easily be in the range of hundreds of 
nanometers to micrometers wide, while 
the thickness of individual nanosheets is 
only a couple of nanometers.[4] This anisot-
ropy of the individual nanosheets results 
in an enormous surface-to-volume ratio[5] 
and a pronounced directional dependency 
of properties such as moduli.[6]

Almost 20 years have passed since the 
groundbreaking work of Novoselov and 
Geim on the extraordinary properties of 
monolayer graphene that sparked a broad 
interest for 2D materials.[7] By now, hun-
dreds of 2D materials have been isolated 
and studied.[8] 2D materials have found an 
application in catalysis,[3,9] electronics,[10] 
sensors,[11] the biomedical field,[12] and 

others.[13] Yet, an effective and universal approach to delaminate 
and produce 2D materials with monodisperse thickness on large 
or even industrial scale is still lacking.

The full story of delaminated materials starts much earlier in 
science history. The first 2D materials known to humanity were 
most likely clay and what is now called graphene oxide.[14] Upon 
immersion into water,[14a,15] selected clay minerals could dis-
perse homogeneously, forming a viscous suspension consisting 
of nanometer-thick clay sheets. The roots of this phenomenon 
were thoroughly studied in the 1960s where the phenomenon 
was labeled “osmotic swelling.”[14a,16] While this historic term 
suggests that the process is related to osmotic pressure, we 
will show that the initial phases of repulsive osmotic delamina-
tion rather have to do with the dissolution of ionic crystals. By 
means of the reported repulsive osmotic swelling, clay tactoids 
separate into individual single-layer nanosheets at distances of 
hundreds of nanometers.[17] The process is spontaneous,[17–18] 
thus requiring no additional energy input to completely delami-
nate the pristine layered material. Osmotic swelling allow maxi-
mizing the yield, obtaining the nanosheets with the strictly 
monolayer thickness and unique mesophase with the liquid 
crystalline state of the nanosheets. If only every 2D material 
could be prepared similarly!

Several reviews have focused on shear force driven liquid 
phase exfoliation of various 2D materials[19] and therefore we 
disregard this process in this review. Liquid phase exfoliation 
may currently be regarded the state of the art process for exfo-
liation despite its reliance on brute force procedures like high-
power ultrasonification. In this review, we will rather strictly 
focus on purely thermodynamically driven and therefore 
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spontaneous delamination processes that consequently require 
no input of shear force at all. These unfortunately are cur-
rently regarded a niche process mainly known in the lay sci-
ence community. Historically it was referred to by “osmotic 
swelling.” As we elaborate on later this process, however, in 
its initial steps has nothing to do with osmotic pressure but 
rather resembles dissolution of ionic solids in solvents. For 
layered ionic materials, the dissolution obviously is limited to 
the stacking direction of the nanosheets and therefore we sug-
gest labeling it 1D dissolution. Calling it differently from liquid 
phase exfoliation hopefully will help on the long run to clearly 
realize the fundamental differences between the two protocols 
to manufacture nanosheets. We will stress the key features of 
the osmotic swelling process rendering it a rather broadly appli-
cable delamination method. Moreover, we will highlight some 
applications that are enabled by the unique features of osmoti-
cally swollen nanosheet suspensions.

2. 1D Dissolution

2.1. Mechanism and Driving Forces

The distinct feature of 2D materials is the inherent anisotropy 
of chemical bonding. In two dimensions, it possesses strong, 
partially covalent bonding. In order to build a layered crystal, 
there are weaker, yet still cohesive, noncovalent interactions 
in the third (stacking) direction, yielding stacks of nanosheets 
(Figure 1). In van der Waals crystals, the cohesive interactions 
are considerably weaker[20] than those in ionic layered solids 
that are held together by Coulomb attraction (Figure 1).[21] This 
Columbic attraction can, however, be reversed to repulsion, 
which is the essence of osmotic swelling and 1D dissolution.

Due to the weak interactions in the stacking direction of lay-
ered materials, they can be modified by soft, intracrystalline 
reactions that are topotactic in nature, meaning that the perio-
dicity in the stacking direction is changed (d-spacing or basal 
spacing), while the 2D structure of the nanosheets remains 
unaltered (Table  1). For instance, with anionic layers that are 
of focus here, upon ion exchange with bulky cations, their 
d-spacing increases and thus weakens the cohesive interaction. 
Alternatively, by solvation of interlayer ions, which is referred to 
as crystalline swelling, the d-spacing may also be enlarged and 
the shear lability may consequently be increased.[22]

Contrary to osmotic swelling, crystalline swelling refers to a 
distinct phase transition with defined stoichiometry. As a func-
tion of the type of interlayer ion and the activity of the swelling 
agent (e.g., water vapor defined by relative humidity), solvent 
is incorporated into the interlayer space in discrete steps (e.g., 
one-, two-, or three-layer hydrate in hectorites).[23] Swelling and 
de-swelling in the crystalline swelling regime is connected to 
a hysteresis as expected for a first order phase transition.[23] If 
the basal surfaces carry functional groups, for instance silanol 
groups as with zeolites, molecules might be covalently, and 
therefore irreversibly, attached. Such grafting reactions also 
force an increase of the d-spacing (Table 1).

Most importantly, as long as the individual nanosheets in 
the layered crystal are cohesively stacked, the top-down process 
applied to obtain exfoliated materials requires energy input 
as thermodynamically required. The state-of-the-art and well-
established way of exfoliating such cohesively stacked layered 
crystals is the so-called liquid phase exfoliation[21] where (strong) 
shear forces exerted on suspensions are capable of thinning the 
pristine stacks all the way down to individual nanosheets.[24]

Please note that while the separation of stacks into 
nanosheets is referred to in the literature as exfoliation or 
delamination, often as interchangeable synonyms, here we 
strictly follow the definition proposed by Gardolinski and 
Lagaly[25] for clay minerals: “Exfoliation is defined as the 
decomposition of large aggregates (booklets) into smaller parti-
cles; delamination denotes the process of separation of the indi-
vidual layers of the particles.” In this line, liquid phase exfolia-
tion should be regarded as incapable of achieving delamination.

General terminology relating to 2D materials is diverse 
within the field, as several different scientific communities with 
distinct backgrounds, ranging from silicate chemists, colloidal 
chemists, mineralogists, zeolite chemists, physicists, crystallog-
raphers, and theoreticians take an interest in these materials. 
Everyone uses different terminology to refer to layered com-
pounds and nanosheets derived thereof. In order to clarify the 
terminology, we propose the following terms in order to estab-
lish a common ground: 

– Tactoid: a stack of layers; since individual layers are stacked 
with frequent faults or even in a completely random way, 
these stacks of layers lack a strict crystallographic phase rela-
tionships and consequently should not be referred to as crys-
tals, but as tactoids.

– Intercalation: Incorporation of atoms, ions, or molecules into 
a layered host structure. It is a topotactic reaction with the 
2D structure where the layers remain essentially unchanged, 
while the inserted material is present between the layers. 

Figure 1. Types of layered compounds and relative strength of cohesive 
interactions holding together the nanosheets in the stack.
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Intercalation commonly involves ion exchange or solvation 
reactions.

– Interlayer refers to the region between the two adjacent layers 
in a tactoid.

– (Intracrystalline) swelling involves an increase in the basal 
spacing of a layered compound to accommodate H2O or oth-
er solvent or gaseous molecules within the interlayer.

– Exfoliation: slicing of tactoids into thinner stacks with multi-
modal thickness distributions

– Delamination: exfoliation of a layered material to the level of 
individual, single-layer nanosheets; a state in which transla-
tional symmetry along the stacking direction is completely 
destroyed.

Most commonly, the excess energy required to overcome 
cohesion forces is provided by high power ultrasonication (First 
line Table 2). This brute force method mechanically break weak 
van der Waals bonds but does not provide control over the 
thickness distribution of the resulting materials. Liquid phase 
exfoliation produces dispersions of 2D materials consisting 
of single, double, and multilayer nanosheets.[8b,21,26] It is also 
energy-intensive, difficult to scale,[27] and often offers only a 
modest yield of nanosheets. Needless to say, the excess energy 
requirement also causes breaking of the nanosheets, yielding 
aspect ratios far from the potential maximum given by the 
inherent diameter of the pristine layered material.[28] Moreover, 
collapse of the cavities produced by ultrasonication produces 
very high local temperatures and potentially produces radicals 
that might be capable of chemically modifying the surface of 
the nanosheets produced this way.[29]

Contrary to this, a handful of ionic-layered compounds show 
the long-known[33] but rare phenomenon of so-called osmotic 
swelling. For this class of materials like layered transition metal 
oxides, layered antimony phosphates, graphene oxide, layered 
zeolites, or smectites, and thermodynamically driven (i.e., spon-
taneous) method for delamination exists: repulsive osmotic 
swelling, or more appropriately called “one-dimensional dissolu-
tion” (1D dissolution). This is a thermodynamically allowed pro-
cess based on repulsive interactions between charged nanosheets. 
It produces a complete delamination with 100% yield and forms 
colloidally stable suspensions consisting only of individual 
nanosheets. Moreover, the gentle nature of this process allows 
preservation of the aspect ratio inherent to the starting material 
and does not introduce additional defects into the nanosheet 
structure (fourth line Table  2). Comparison of common exfolia-
tion method and 1D dissolution are given in Table 2.

In this line, delamination by osmotic swelling resembles 
the dissolution of salts (Figure 2a). When an ionic crystal like 
sodium chloride is immersed into water, we are not surprised 
when it starts to dissolve. Water molecules solvate ionic con-
stituents at the surface and separate them into solvated ions 
(Figure  2b). Strong electrostatic attraction between positively 
and negatively charged ions must be overcome by the inter-
action with the solvent molecules (Figure  2c). Dissolution is 
partially driven by the enthalpy of solvation. Additionally, the 
entropy increases during the dissolution process and may allow 
for the dissolving of crystals even with endothermic enthalpy of 
dissolution. Overall, dissolution is a thermodynamically driven 
process (exergonic) with all enthalpic and entropic contribu-
tions involved overriding the lattice energy.

Table 1. Topotactic intracrystalline reactions (e.g., intercalation:, e.g., grafting, ion-exchange, swelling) that increase the basal spacing and thus 
decrease the cohesive energy in the stack.

Type of reaction Grafting Ion-exchange Swelling

Crystalline 1D dissolution

Reversibility Irreversible Reversible Reversible Reversible

Bonding type Covalent Ionic interaction, noncovalent Stepwise noncovalent Quasicontinuous noncovalent

Type of interactions of adjacent nanosheets Cohesive Cohesive Cohesive Repulsive

Table 2. Comparison of advantages and disadvantages of different exfoliation methods and 1D dissolution.

Exfoliation method Type of materials accessiblea) Advantages Disadvantages

Mechanical[26b,27,30] 2 D van der Waals crystals like graphene, 
boron nitride, black phosphorous, metal 

dichalcogenides

Suitable for most 2D materials, simple 
equipment, easy to use, universal

Low yield, high energy input, low aspect 
ratio, defects and functional groups may be 

introduced, broad thickness distribution

Hydrothermal[31] Materials that show crystalline swelling, potentially 
after redox-modification rendering the materials 
more shear labile: metal dichalcogenides, metal 

hydroxides, metal oxides, MXenes

Moderate yield, narrow lateral size distribution Defects may be introduced, requires special 
equipment, nonuniversal.

Electrochemical[32] As above, crystalline swelling is, however, 
triggerd by redox modification by an external 

field: graphene, black posphoreous, metal 
dichalcogenides, MXenes, metal oxides

High yield, narrow thickness distribution. 2D materials must be electrically conductive, 
requires high quality crystals, requires 

electrochemical equipment

1D dissolution Silicates, zeolites perovskites, acids. oxides Strictly monolayers, qantitative yield, direct 
formation of electrostatically stabilised liquid 

crystalline phase, no surfactants required

Limited to ionic layered solids, requires special 
protocol for every material, nonuniversal.

a)All materials referred here are of layered morphology
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Repulsive osmotic swelling is a fundamentally similar pro-
cess to the dissolution of salts, but limited to 1D due to the 
layered compounds’ anisotropic nature (Figure 2d). In order to 
be spontaneous, the solvent has to overcome the adhesive inter-
action between the interlayer ions and charged nanosheets. At 
low activity, solvent molecules initially solvate the interlayer 
ions in discrete steps (Figure  2e) and increase the separation 
distance of nanosheets. To demonstrate the essential ingre-
dients of 1D dissolution, we will focus on the swelling of 2:1 
layered silicates (clay minerals) with water in the following. 
The initial swelling of clay minerals occurs in discrete steps 
and is referred to as crystalline swelling, as previously men-
tioned (Figure  2e and Figure 3).[16e] Once the clay tactoids are 
immersed into water, the activity of the swelling agent is thus 
greatly increased, and the uptake of solvent molecules might 
continue beyond the limits of crystalline swelling. If this 
increases beyond a critical threshold of separation, the inter-
action between adjacent nanosheets in the stack is no longer 
attractive but rather becomes repulsive. The nanosheets sepa-
rate themselves to equal distances (Figure 2f) much larger than 

what is found in the crystalline swelling regime (Figure 3). For 
1D dissolution to be triggered, the interlayer cations must leave 
the symmetrical position in the middle of the interlayer space 
and segregate into the Helmholtz-layers belonging to one of the 
two adjacent clay layers formerly circumscribing the interlayer 
space. This process requires monovalent interlayer ions and is 
fostered by the translational entropy contribution of interlayer 
species (ions and solvent molecules). As a result, overlapping 
diffuse double layers electrostatically repel adjacent clay layers 
in the stack (Figure 4).[17] The separation of nanosheets at this 
point is h/Φ, where h is the thickness of individual nanosheets 
and Φ the volume content of clay in the aqueous suspension. 

Figure 2. Schematic of the dissolution of a 3D crystalline salt and the 
1D dissolution of a layered material. Crystalline salt. a) Upon immersion 
in water it starts to readily dissolve. b) Until complete dissolution with 
formation of c). A homogeneous solution of ions. Ionic layered solid. 
d) Upon immersion into solvent, solvent molecules start to solvate the 
interlayer ions e) and upon reaching of the critical threshold separation 
1D dissolution into a nematic liquid crystalline suspension takes place f).

Figure 3. Schematic illustration of the transition of crystalline swelling to 
delamination via 1D dissolution as a function of water activity.

Figure 4. Histogram of the z-distribution of Na+ (black bars) and water 
molecules (“Ow”, yellow bars) in the interlayer space of hectorite already 
swollen beyond the threshold separation as obtained by molecular 
dynamic simulation (NVT, 300 K). Red bars represent the plane of basal 
oxygen atoms of the tetrahedral layers. The five blue gaussians are the 
deconvoluted peaks of the Na+ locations. Reproduced with permission.[17] 
Copyright 2016, American Chemical Society.
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This means that all available solvent molecules are incorpo-
rated between the nanosheets, giving a maximum separation 
distance, which indicates a repulsive interaction. If the separa-
tion as a function of clay volume fraction holds the h/Φ rela-
tionship for a given clay, this is sound experimental evidence 
for its complete delamination by spontaneous 1D dissolution.

At this point, the nanosheets remain parallel to each other 
and are not able to rotate because of the mush smaller sepa-
ration between them relative to the diameter of individual 
nanosheets. This point also reflects the formation of a uniform, 
nematic liquid crystalline suspension as the single phase. The 
onset of 1D dissolution at the threshold separation of 2D ionic 
crystals therefore corresponds to a phase transition from a 
crystalline swollen phase with discrete d-spacing that corre-
sponds to the molecular dimensions of its interlayer species to 
a nematic liquid crystal with its separation determined by the 
volume fraction of dispersed clay in a quasicontinuous manner. 
The yield of delamination is 100% since it is a thermodynami-
cally driven, spontaneous phase transition. Moreover, delamina-
tion does not necessarily produce an isotropic suspension. Only 
with appreciable nanosheet diameter will anisotropic liquid 
crystals be observed. Even at low volume fractions (<1  vol%), 
birefringent nematic suspensions are expected for fully delami-
nated 2D crystals, as high aspect ratio blocks free rotation of 
nanosheets.

2.2. How to Trigger Delamination by 1D Dissolution

Most materials require exchange with selected interlayer ions 
to trigger the phase transition from crystalline swelling to 
1D dissolution. Synthetic Na-hectorite clay is exceptional inas-
much as the solvation enthalpy of the interlayer cation is already 
high enough to take the separation beyond the threshold where 
repulsive 1D dissolution sets in.[17] However, it only takes a 
slight increase of the layer charge from x  = 0.5 (hectorite) to 
x  =  0.7 (vermiculite-type, [Na0.5]inter[Mg2.5Li0.5]oct[Si4]tetO10F2 
and [Na0.7]inter[Mg2.3Li0.7]oct[Si4]tetO10F2, respectively) and the 
increased Columbic interactions between charged nanosheets 
and interlayer ions are too strong to reach the threshold with 
only the hydration of interlayer cations. In this case, the 
threshold separation can nevertheless be reached with the help 
of a steric pressure exerted by bulky interlayer cations.[18]

1D dissolution is a complex process, where numerous pro-
cesses occur simultaneously. We adopt a (over-) simplified 
scheme frequently used to describe dissolution of an ionic 
crystal by separating the total process into individual steps: We 
start with unsolvated ionic layered tactoids being dispersed in 
solvent (Figure  5a). To separate solvent molecules an infinite 
distance away from charged nanosheets and interlayer ions 
(Figure 5c), two steps are required both being endergonic. First, 
the nanosheets and interlayer ions must be separated from each 
other (cohesion energy) (Figure  5b). Second, intermolecular 
interactions of solvent molecules must be broken (Figure  5c). 
These two unfavorable steps are compensated by the solva-
tion energy of both interlayer ions and the basal surfaces of 
nanosheets. If the solvation energies are larger, the 2D  ionic 
tactoid is spontaneously dissolved in the stacking direction 
(1D dissolution, Figure 5e). However, if the solvation energies 

are smaller we will end up with a crystalline swollen, ionic 
layered solid tactoid, where its interlayer cations are solvated 
(Figure  5d). The entropy of the 1D dissolved state is higher 
than that of the crystalline swollen state dispersed in excess sol-
vent. 1D dissolution can be made favorable by increasing the 
temperature.[34] The cohesion energy may be lowered by either 
reducing the layer charge or by exchange with bulky ions since 
the leading term of cohesion is Columbic in nature. The layer 
charge density of nanosheets is therefore one key for 1D dis-
solution. As a general rule of thumb, the more highly charged 
the solids are, the more difficult it is to delaminate due to 
stronger electrostatic attraction. For example, 1D dissolution 
in water is possible for low-charged 2:1 layered silicates with a 
charge density of <2.3 charges nm−2 and Na+ as the interlayer 
cation (e.g., synthetic hectorite[17] or certain natural, purified 
montmorillonites[14a]). Charge densities >2.3 charges nm−2 pre-
vent 1D dissolution due to excessive electrostatic attraction.[18a] 
In 2:1 layered silicates like hectorite or montmorillonite that 
carry no acidic groups at the basal surface, the layer charge can 
be lowered by the so-called Hofmann–Klemen[35] effect, where 
small interlayer cations migrate into empty octahedral sites of 
the 2:1-layer.[36] In layered crystalline silicic acids and in the 
zeolites that carry silanol groups at the basal surfaces, the pH 
of the dispersion modifies the charge density via the degree of 
protonation of these acidic groups. The same applies to layered 
metal oxides that carry acidic groups at the basal surface like 
titanates of lepidocrite type or niobates of layered Ruddlesden–
Popper type oxidic perovskites.[37]

As previously described, cohesion can be significantly 
reduced by increasing the d-spacing, particularly through 

Figure 5. Thermodynamic scheme of 1D dissolution a). Ionic layered 
tacoid immersed into solvent. b) Increase of free energy upon separa-
tion of the nanosheets denoted as energy of cohesion. c) Increase of 
free energy upon breaking of the interaction between solvent molecules 
denoted as energy of intermolecular interactions. d) Decrease of free 
energy upon solvation of ionic layered crystal with solvent molecules, 
leading to crystalline swollen ionic layered crystal. e) Decrease of free 
energy upon 1D dissolution.
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exchange with bulky ions, where bulky means that the charge 
density of the interlayer ion (equivalent area) is lower than 
the charge density of the nanosheets.[38] For such combina-
tions, charge compensation forces the interlayer ions to push 
the nanosheets further apart increasing the interlayer height 
and thus weakening cohesion (Figure  6a). A similar expan-
sion of interlayer height may be obtained by complexation of 
inorganic interlayer cations. Needless to say, ion exchange will 
also significantly modify the solvation energy. Bulky ions with 
low solvation energy will not favor 1D dissolution.[18] Suitable 
cations offering sufficient bulkiness and high solvation energy 
that have been successfully applied to delaminate by 1D disso-
lution are listed in Table 3 together with their charge equiva-
lent areas.

Applying available crystallographic data together with the 
structural compositions, the charge density of various ionic 
layered compounds was calculated and also listed in Table  3. 
Please note that some of the cations listed in Table 3 represent 
buffer systems.[39] If these are used in combination with lay-
ered compounds that carry acidic groups at the basal surface, 
the charge density of the layers will be modified according to 

the effective pH in the suspension. In Table 3, we assumed a 
degree of protonation derived from the structural formula as 
obtained at pH of synthesis. Moreover, the pH for quaternary 
amines may be altered by additionally adding a base.

The organic base has a decisive impact on the swelling pro-
cess and can affect the morphology and properties of the final 
nanosheet suspension. For example, layered titanates inter-
calated with 2-(dimethylamino)ethanol (DMAE) produced a 
stable and reversible 100-fold expansion within the interlayer 
gallery.[40]

In contrast to the small Li+ and Na+ ions, the organic ions 
mentioned have charge equivalent areas that systematically 
exceed the charge equivalent areas of the layered compounds. 
In other words, organic cations capable of triggering 1D dis-
solution have charge equivalent areas larger than the charge 
density of the layered compound. For the rather low charged 
H0.13 inter MnIII/IVO2 (1.8 charge nm−2), the sterically demanding 
TBA (1.1 charge nm−2) is needed to trigger 1D dissolution. For 
more highly charged layer compounds, several significantly 
smaller organocations are known to trigger 1D dissolution. 
Hinter Ca2Nb3O10 (6.7 charge nm−2), for example undergoes 1D 
dissolution with the much smaller TMA (3.4 charge nm−2) as 
the interlayer ion (Table 3).

The subtle interplay between effective pH of the suspen-
sion, charge density, and steric pressure triggering 1D dissolu-
tion can best be illustrated with the recently published example 
of delamination of Ilerite (Na8[Si32O64(OH)8]·32 H2O),  
also known as NaRUB-18 or octosilicate.[49] As for 2D zeo-
lites, the 50% deprotonated sodium form, derived from 
the crystalline silicic acid, contains acidic OH-groups that 
are exposed at the basal surfaces of the layers giving a layer 
charge that will consequently alter the pH (Table  3). Thus, 
ion exchange at a certain pH, where Ilerite is stable, while the 
amine applied as counter cation is protonated, can be used 
to examine the influence of the pH on the layer charge and 
the resulting swelling/dissolution behavior. With decreasing 
pH, silanol groups become increasingly protonated resulting 
in a lowering of the layer charge density. For correlating the 
layer charge density with pH and swelling/dissolution ten-
dency, charge equivalent areas for Ilerite basal surfaces were 
calculated. The calculated charge equivalent areas at pH 7, 
8, 9, and 10 of Ilerite (1.12, 1.37, 1.43, and 1.54 charge nm−2, 
respectively) decrease by 27%. To trigger delamination by 1D 
dissolution, the charge equivalent area of the interlayer cation 
should be larger than that of the layered material. To meet this 
criterion, a bulky cation is needed that remains protonated a 
higher pH values. Megluminium (charge equivalent area: 1.30 
charge nm−2) was found to be appropriate, particularly as this 
amino-sugar also offers strong hydrogen bonding to water 
serving as a swelling agent, which allows for a high solvation 
energy. For meglumine-ilerite at pH of 7, 8, 9, and 10 the ratio 
of charge equivalent areas of meglumine to Ilerite is 0.87, 
1.06, 1.09, and 1.18, respectively, suggesting that steric pres-
sure will be exerted at a pH above 7. As the solvation energy 
for this cation is also sufficient, delamination into nanosheets 
by 1D dissolution could indeed be observed at pH > 8. (refer-
ence ilerite paper in press) The onset of the phase transition 
into the nematic liquid crystalline phase as a function of pH,  
along with the accompanying delamination and the separation 

Figure 6. a) Approaches that help to push layered materials above the 
threshold separation and thus triggering 1D dissolution. b) SAXS curves 
of Ilerite suspensions recorded at different pH values.

Adv. Mater. Technol. 2023, 8, 2200553
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of nanosheets to large distances, can easily be followed by 
small angle X-ray scattering (SAXS). With megluminium as 
counter-ion and in the pH range 8–10, spontaneous 1D dis-
solution results in a nematic phase with separation of adja-
cent nanosheets >13  nm, while at pH of 7, only a crystalline 
swollen suspension of ilerite in excess water was obtained. 
For gels of meglumine-ilerite at pH 8, 9, and 10 with concen-
trations of 6.3, 7.0, and 2.8 wt%, respectively, a rational 00l 
series in the SAXS pattern with a periodicity of 12.8, 17.4, and 
24.2 nm, respectively, was observed (Figure 6b).

The solvation energy of interlayer ions that is concomi-
tantly modified with steric pressure can best be illustrated by 
comparing the behavior of Na-hectorite exchanged with dif-
ferent alkali cations ([Alk0.5]inter[Mg2.5Li0.5]oct[Si4]tetO10F2). With 
Alk+ being of high hydration enthalpy, Li+ or Na+ (519 and 
409  kJ  mol−1, respectively), 1D dissolution is observed. With 
Alk+ being K+, Ru+, or Cs+ (322 kJ mol−1 and lower),[50] rather 
gives crystalline swollen suspensions (Figures 3 and 5e).

The solvation energy can, of course, also be decisively modi-
fied by changing the dispersion medium. The most impor-
tant solvent parameters for triggering 1D dissolution seem to 
be dielectric constant, dipole moment, and the ability to form 
hydrogen bonding.[38,51] Until recently, only water and aqueous 
solvent mixtures had been established for 1D dissolution. By 
optimization of the solvent combination, the content of water 

could be reduced down to 3 vol%.[51a] In order to finally realize 
1D dissolution in completely water-free media, complexation 
of interlayer cations proved necessary. Upon complexation of 
the interlayer cation in synthetic Na-hectorite by crown ethers, 
which have a high complex building constant with Na+, 1D dis-
solution could successfully be extended for the first time into 
organic solvents, namely highly polar solvents like propylene 
carbonate, ethylene carbonate, glycerol carbonate, methyl for-
mamide, methyl acetamide.[38]

The mastery of spontaneous delamination by 1D disso-
lution lies in finding the appropriate balance between the 
charge of the layered material, the properties of the interlayer 
ion (solvation energy, equivalent area), and the properties of 
the solvent.

2.3. Assets of Delamination via 1D Dissolution

1D dissolution is restricted to ionic layered solids including 
ionic transition metal oxides (Ti, Mn, Co, and other ),[37c,52] 
layered antimony phosphates,[53] graphene oxide,[54] layered 
zeolites,[55] layered silicates,[14a,16a–c,23,56] specially treated dichal-
cogenites,[57] Ruddlesden–Popper perovskites,[58] layered-double 
hydroxides,[59] and beidellite and nontronites,[60] but the list 
steadily increasing (Table 4).

Table 3. Some 1D dissolved combinations of organo-cations (Cation) and layered compounds: To trigger repulsive osmotic swelling, the cation must 
be intercalated into the respective layered compound by cation exchange. The cations are TBA, DMAE, C4 (n-butylammonium), C3 (n-propylammo-
nium), and TMA. In the case of hydroxonium-intercalated layer compounds, the cation exchange is carried out by the corresponding tertiary amines 
as the base, or for quaternary ammonium ions by their hydroxide salts as the base.

Cation Name/chemical formula (before cation exchange)a) Charge density [charges nm−2] Charge density of layered  
compoundb) [charges nm−2]

Ratioc)

1 TBA Birnessite[41]

H0.13
inter MnO2

1.1 1.8 1.6

2 TBA Calciumniobate[42]

Hinter Ca2Nb3O10

1.1 6.7 6.0

3 TBA Lepidocrite type Titanate[37b,43]

H0.8
inter Ti1.2Fe0.8O4

1.1 7.1 6.4

4 TBA α-Zirconiumphosphate[44]

Zr(Hinter PO4)
1.1 8.3 7.5

5 DMAE Calciumniobate[42]

Hinter Ca2Nb3O10

2.6 6.7 2.5

6 DMAE Lepidocrite type Titanate[37b]

H0.8
inter Ti1.2Fe0.8O4

2.6 7.1 2.7

7 C4 Vermiculite[45]

Na,Mgx=0.64
inter [Mg2.36Fe0.48Al0.16]oct <Si2.72Al1.28 >tetrO10(OH)2

2.6 2.6 1.0

8 C3 Caliumhexaniobate[46]

K4
inter Nb6O17

3.2 7.1 2.2

9 TMA Calciumniobate[42]

Hinter Ca2Nb3O10

3.4 6.7 1.9

10 TBA MCM-56[47]

1xSiO2:0.04xAl2O3:0.093xNa2O:0.3xHMI:16 H2O
1.1 1.4 1.3

11 Meglumine Ilerite
Na8[Si32O64(OH)8]·32 H2O (pH 10)

1.5 1.3 1.2

a)The maximum projected area of the cations (calculation: Chemicalize.com[48]) was taken as the charge equivalent area. The charge equivalent areas for C4 and C3 were 
taken from literature[37a]; b)Calculated for the given compositions and the quoted structural 2D dimensions. For compounds with acidic groups the degree of protona-
tion was assumed as represented by the structural formula obtained at the pH of synthesis. Charge density of vermiculite was calculated by a formula given in literature:  
24 Å2/ x[18a]; c)Ratio of charge density of layered compound and counter cation used for 1D dissolution.

Adv. Mater. Technol. 2023, 8, 2200553
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The biggest assets of 1D dissolution is derived from the ther-
modynamically allowed, exergonic nature of the spontaneous, 
repulsive process (Figure 7). As a consequence, 

1. The material (ideally) is delaminated completely into indi-
vidual, single-layer nanosheets, thus providing the necessary 
atomic efficiency for a sustainable application of 2D materials.

2. Being repulsive in nature, 1D dissolution is the softest de-
lamination method, allowing for preservation of the aspect 
ratio of the pristine material and enhanced anisotropy, which 
is one of the key qualities of interest for 2D materials. For in-
stance, the titanate nanosheets delaminated by 1D dissolution 
showed a lateral size of 5 µm and monolayer thickness,[37a] 
while the same material exfoliated via liquid phase exfoliation 
following ion exchange to increase shear lability resulted in 
substantial smaller lateral dimensions of roughly 1 µm and a 
mean thickness of 75 nm.[61] As only mild conditions are re-
quired, the process is energy efficient and does not introduce 
additional defects to the structure of nanosheets. This ren-
ders them most appropriate for advanced applications that 
require high purity and defect-free structures.

3. The repulsive nature automatically leads to an electrostati-
cally stabilized suspension. With appreciable diameters of 

>100  nm, even dilute suspensions of >1 vol% yield liquid 
crystalline phases. Nematic liquid crystals offer an enormous 
opportunity to manipulate the orientation and morphology 
of the material with various external fields to hold the na-
nosheets coplanar within domains. The statistically oriented 
individual domains can easily be oriented into monodomains 
by electrostatic,[62] magnetic,[63] or simple shear forces.[64]

3. Application

3.1. Barrier Coatings

Various products ranging from food to pharmaceutical to (opto-)
electronic devices require protection from various gases.[65] For 
instance, reactions with oxygen spoil food products and pro-
mote corrosion in metals, while water vapour reacts with the 
components of electronic devices. To mitigate the effect of gas 
molecules, various protective coatings have been applied.[66] 
One of the most efficient barrier coatings are nanocomposites 
based on impermeable, 2D nanosheets.[67]

To establish a severe tortuous path that retards permea-
tion, which is the mechanism responsible for the outstanding 

Table 4. Nanosheet characteristics of layered compounds mentioned in the text.

Compound Group Basal planes Porosity of nanosheets Source of nanosheet charge Special features

Birnessite
H0.13

inter MnO2

Hydrous manganese 
dioxide

Acidic Impermeable Deprotonation Semiconducting, redox active

Calciumniobate[39]

Hinter Ca2Nb3O10

Ruddlesden–Popper 
perovskites

Inert Impermeable Isomorphous substitution Semiconducting, photocatalytic, 
dielectric

Lepidocrite type Titanate
H0.8

inter Ti1.2Fe0.8O4

Transition metal 
oxides

Inert Impermeable Isomorphous substitution Semiconductine, 
photocatalytic,ferromagnetic

α-Zirconiumphosphate
Zr(Hinter PO4)

Layered acid Acidic Impermeable Deprotonation Solid-state ion conductive

Na-Hectorite
[Na0.5]inter[Mg2.5Li0.5]oct[Si4]tetO10F2

2:1 clay Inert Impermeable Isomorphous substitution in 
octahedral or tetrahedral layer

Insulating, high aspect ratio

Ilerite
Na8[Si32O64(OH)8]·32 H2O

Na-silicate Acidic Microporous Deprotonation Insulating, well-defined 
nanoporosity

Vermiculite
Na,Mgx=0.64

inter[Mg2.36Fe0.48Al0.16]oct 
<Si2.72Al1.28 >tetrO10(OH)2

2:1 clay Inert Impermeable Isomorphous substitution in 
octahedral layer

Insulating, high temperature 
resistant, Fenton's reagent

Caliumhexaniobate
K4

inter Nb6O17

Ruddlesden–Popper 
perovskites

Inert Impermeable Isomorphous substitution Dielectric, photocatalitic

layered antimony phosphates
H3 inter Sb3P2O14

layered acid Acidic Impermeable Deprotonation Insulating, ion-conductive

MCM-56, 1xSiO2:0.04xAl2O3:0.093xNa2O:

0.3xHMI:16 H2O layered zeolites Acidic Microporous Isomorphous substitution in 
tetrahedral layer

Insulating, well-defined 
nanoporosity

Graphene oxide
CxHyOz

Carbon based Acidic Microporous Deprotonation Insulating, high degree of 
functionality

Beidellite
(Na,Ca0.5)0.3Al2(Si,Al)4O10(OH)2

·4H2O

2:1 clay Inert Impermeable Isomorphous substitution in 
octahedral or tetrahedral layer

Insulating, high temperature 
resistant

Nontronite
(CaO0.5,Na)0.3Fe3+

2(Si,Al)4O10(OH)2

·nH2O

2:1 clay Inert Impermeable Isomorphous substitution in 
octahedral or tetrahedral layer

Insulating, high temperature 
resistant, fenton's reagent

Adv. Mater. Technol. 2023, 8, 2200553
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performance of nanocomposite barriers, three main parameters 
are important: orientation of the filler within a polymer matrix, 
the volume fraction of impermeable filler, and most importantly, 
the filler aspect ratio.[67a] 1D dissolution maximizes the values for 
all three of these parameters. Aspect ratio is maximized due to 
soft delamination, allowing for the creation of nanosheets with 
an aspect ratio up to 20 000.[23] High aspect ratio also fosters 
orientation of the nanosheets parallel to a planar substrate by 
anchoring the nanosheets to the surface.[68] The liquid crystalline 
nature allows processing the nanocomposite from the liquid sus-
pension phase via common industrial methods including spray 
coating, doctor blading, roll-to-roll or slot die coating.[69] The mild 
shear forces exerted in these processes are fully sufficient for 
orienting the nanosheets parallel to the substrate and achieving 
the perfect orientation (texture) parallel to the substrate.[64] The 
solution processability allows for nanocomposites with very high 
volume fractions of filler simply by varying the ratio between 
polymer and filler in the suspension. Nanocomposites with 
record filler contents of 91 wt%[6a] can be routinely prepared with 
this approach. For selected polymer matrices like polyethylen-
glycol, polyvinylalcohol, and polyvinylpyrollidone,[6,69a,70] even 
monodomain coatings (Bragg stacks) with periodic arrangement 
of filler and polymer chains are obtained. These Bragg stacks are 
transparent and allow for characterisation by Brillouin light scat-
tering and thermal conductivity.[6]

Other more commonly applied nanosheets for composites 
like laponite or montmorillonite have insufficient diameters 
to meet high barrier demands in applications like optoelec-
tronics or sensitive food due to their low intrinsic aspect ratio. 
Higher aspect ratio synthetic[50] or natural clays (reference ver-
miculite paper submitted) can be accessed by 1D dissolution to 
produce suitable coatings with much higher barrier compared 
to composites of common nanosheets. For example, synthetic 
hectorite composite coatings outperform montmorillonite by 
almost 20 times.[22a,71]

High barrier composite coatings of synthetic hectorite 
delaminated by 1D dissolution can be prepared with various 

commercial polymers to achieve transparent and flexible coat-
ings with oxygen transmission rate (OTR) and water vapor 
transmission rate (WVTR) values as high as 10−2 cm3 m−2 
day−1 bar−1 and <0.05  g m−2 day−1 at 50% relative humidity 
(RH), respectively,[69b] making them suitable for optoelec-
tronic applications. Biodegradable barrier coatings represent 
a great challenge as many biodegradable polymers inherently 
have very high permeability, particularly at elevated RH. In 
this context, thin hectorite-chitosan coatings are capable of 
reducing the OTR of a poly(lactic acid) (PLA) substrate from 
874.2 cm3 m−2 day−1 bar−1 to 0.08 cm3 m−2 day−1 bar−1.[72] 
Although these barrier coatings are water-born, surprisingly 
low OTR and WVTR at 90% RH for a coating of 0.42  µm 
was achieved (0.11 cm3 m−2 day−1 bar−1 and 0.18  g m−2 day−1, 
respectively).[69a,73] In particular, delaminated natural vermicu-
lite clays as obtained by 1D dissolution offer great potential 
for improving the barrier properties of bio-sourced, sustain-
able, and biodegradable foils to the level required for ambi-
tious food packaging applications. Nanocomposite coatings 
of degradable polyesters on water-soluble cellulose substrates 
exhibited OTR and WVTR of 1.42  cm3  m−2  day−1  atm−1 and 
1.17 g m−2 day−1  atm−1, respectively, which outperforms high-
end, nondegradable poly(vinylidene dichloride) foils. Ver-
miculite could potentially be the key to simultaneously miti-
gating the two major drawbacks associated with biodegradable 
plastics, i.e., price and poor properties, fostering their wider 
implementation and thus contributing to addressing the ubiq-
uitous microplastic challenge (reference vermiculite paper 
submitted).

Moreover, the tortuous path approach slows down diffu-
sion of even the most mobile gases, i.e., helium and hydrogen, 
which is highly relevant for containers needed in the hydrogen 
economy.[74] Corrosion resistance is also improved by the 2D 
nanosheets created through 1D dissolution using the transition 
metal oxides[75] or natural vermiculites.[76]

3.2. Hydrogels

Hydrogels are vital materials for soft robotics and biomedical 
research. They consist of a cross-linked polymer network that 
swells in water while maintaining a defined morphology. 
Similar to tissues in the human body, hydrogels consist 
mostly of water.[77] The mechanical properties of hydrogels 
are close to that of real human tissues, promoting their com-
patibility.[78] Different tissues have different mechanical prop-
erties, which means there exists no single universal gel that 
is suitable for every application. One of the effective ways to 
increase the mechanical properties of hydrogels is reinforce-
ment with fillers, i.e., nanocomposite hydrogels.[79] In this 
context, nanosheets obtained by 1D dissolution have great 
potential.

Electrostatic repulsion between nanosheets in the nematic 
liquid crystalline phase increases the homogeneity of polymer 
network, which may boost the mechanical performance of the 
nanocomposite hydrogel, in addition to the direct reinforce-
ment provided by the mechanically strong filler.[79a]

Anisotropic soft materials are ubiquitous in nature but it 
is challenging to fabricate them.[80] The anisotropic properties 

Figure 7. Key features of 1D dissolution. A nematic liquid crystalline 
phase is obtained with uniform separation of coplanar nanosheets, com-
plete delamination with 100% yield of single nanosheets in a soft dissolu-
tion, allowing to preserve the aspect ratio inherent to the diameter of the 
pristine layered crystal.

Adv. Mater. Technol. 2023, 8, 2200553
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of nematic suspensions of nanosheets can easily be translated 
into anisotropic nanocomposite hydrogels through macro-
scopic alignment of nanosheets via external fields. The first 
hydrogel of this type was prepared from a 2D nanosheet sus-
pension produced from 1D dissolution of a layered titanate.[81] 
Similar to articular cartilage, negatively charged nanosheets 
induce an unusual mechanical behaviour of the material. 
While it is easily deformed under shearing, it resists com-
pression. Anisotropic properties could be enhanced even 
further by decreasing the number of ionic contaminants and 
choosing an appropriate polymer matrix with interior permit-
tivity to boost the anisotropic ratio up to 85.[82] The addition 
of gold nanoparticles to this nanosheet hydrogel allows for 
local heating, which in turn can trigger controlled locomotion, 
mimicking the peristaltic movement of worms.[83] A combi-
nation of this nanosheet suspension with polymer matrices 
with a lower critical solution temperature like poly(N-iso-
propylacrylamide), allows for fabrication of nanocomposite 
hydrogel actuators. These hydrogels showed the largest and 
fastest deformation known without substantial water uptake 
and release, and can be programmed to proceed unidirection-
ally through internal conversion of isotropic energy into a 
directional mechanical motion.[84]

The polycrystalline domains of nematic phase of Na-hec-
torite can easily be oriented, even into complex patterns, by 
applying electric field patterns created by distributed electrodes 
(Figure 8a). This property allows for mimicking the anisotropic 
properties of muscles. To achieve oriented nanocomposite 
structures, nematic suspensions were mixed with N-isopro-
pylacrylamide monomers and the domains were oriented by 
patterned electric fields during polymerization.[62a] This way, a 
nanocomposite hydrogel is obtained that exhibits muscle-like 
behavior with programmable deformations. The electric field 
patterns may be realized by either multiple point electrodes[62c] 
(Figure 8b) or by multistep electrode[62b] assisted orientation of 
the nanosheets (Figure 8c).

3.3. Materials for Optics and Electronics

2D materials have unique electronic and optical properties 
owning to the 2D confinement of electrons in the nanosheet 
lattice. The full range of electronic structure types are available 
with materials ranging from semimetals[85] to semiconductors[37c] 
to insulators[23] with large bandgap, enabling a wide selection of 
potential novel applications. 1D dissolution additionally offers 
the solution-based processability facilitating easy production 
of printable electronics, while the metal–oxide–semiconductor 
interfaces may resemble structures similar to what is required 
of conventional integrated circuits. These features, in principle, 
allows unlimited possibilities to apply toward an improved per-
formance of optoelectronic devices.

Compared to conventional van der Waals crystals, nanosheets 
obtained by 1D dissolution may furthermore be combined with 
charged molecules like cationic dyes or nanoparticles to add 
additional functionality while preserving the liquid crystalline 
phase and thus, processibility. As hydrophobic cationic dyes 
strongly adsorb to the nanosheet surface, ion exchange is lim-
ited to a few percent of the exchange capacity to avoid floccula-
tion of the electrostatically stabilized nematic phase.[86] Alterna-
tively, such dyes may be sandwiched between two nanosheets, 
while these double stacks undergo 1D dissolution into a 
nematic phase (Figure 9). Confining the dye molecules between 
two nanosheets forces the molecules into a preferred orienta-
tion, which leads to directional emission properties when cast 
into films.[87] Moreover, the sandwich shows increased thermal 
stability and increased emission lifetime.[88]

As with dyes, colloidal objects could also be sandwiched 
between two nanosheets in a double stack. With magnetic nan-
oparticles, ferronematic liquid crystalline phases are obtained 
that may be oriented even by very weak magnetic fields of 5 
mT. Moreover, the magnetic properties can be tuned indepen-
dently of the material chemistry simply by varying the ratio 
between nanoparticles and nanosheets.[63a]

Figure 8. Methods for preparation of anisotropic gels using nanosheets obtained from 1D dissolution. a) Electrode assisted fabrication. Reproduced 
with permission.[62c] Copyright 2020, Springer Nature. b) Multiple point electrodes. Reproduced with permission.[62c] Copyright 2020, Wiley-VCH 
GmbH. c) Multistep electrode assisted fabrication. Reproduced with permission.[62a] Copyright 2021, Wiley-VCH GmbH.
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3.4. Photonic Crystals for Structural Coloration

As the interaction of nanosheets in the nematic phase is 
of repulsive Coulomb type, the separation can be readily 
increased into the range of visible light wavelengths by 
adding appropriate amounts of dispersion medium forming 
a photonic crystal. A photonic crystal is an optical nano-
structure in which the refractive index changes periodically 
resulting in a photonic bandgap according to the Bragg–Snell 
law.[89] Periodicity can reach the micrometer scale without 
losing the coplanar arrangement of nanosheets in domains. 
Moreover, monodomain suspensions may be obtained by ori-
entation of the nanosheets in electromagnetic fields. Struc-
tural coloration was already demonstrated for niobates,[90] 
titanates[63b] (Figure 10a), and clays[91] (Figure 10b). Unlike tra-
ditional structural colors, this mesophase is dynamic and can 
be tuned by numerous stimuli like pH,[63b] temperature,[63b] 
ionic strength of solution,[91a] or adsorption of a polymer.[92] 
This unique liquid mesophase can be solidified by applying a 
hydrogel matrix and the resulting nanocomposites are capable 
of a chromomechanical response.[93]

When this unique mesophase is structured into a single 
domain Bragg stack, the separation between nanosheets is gov-
erned by the balance between electrostatic repulsion and van 
der Waals interactions. Upon changing this balance by injecting 
a NaCl-solution or gaseous CO2, the electrostatic repulsion 
could be modulated enabling the photonic phase to undergo 
a coherent motion that can be used for long-range directional 
transport of microparticles.[94]

3.5. Superion Conducting Channels

At a high concentration of nematic phases, the slits between the 
adjacent nanosheets impose a severe confinement onto solvated 
counter ions. This confinement, in conjunction with the 

reduced dimensionality, may trigger unexpected properties.[7e,95] 
By spray coating onto a substrate, self-standing nanosheet films 
may be prepared and by controlling the content of dispersion 
medium, films with defined 1D periodicity are obtained. The 
solvent filled slits between nanosheets represent nanochannels 
for the counter ions.[96] The nanofluidic transport of ions con-
fined in such nanoscale channels having a separation range of 
1–100 nm causes significant differences in the ion conductivity 
compared to bulk solutions (Figure 11).[97] If the dimensions of 
the channel approach the Debye length, 2D superionic trans-
port enables ionic conductivities to increase by several orders 
of magnitude compared to the bulk.[96,97b,98] Not surprisingly 
given the anisotropy of these films, the conductivities are mul-
tiple orders of magnitude higher in-plane compared to cross-
plane.[95a] A variety of ions can be effectively channelled (e.g., 
H+, Li+, Na+, K+, Ca2+, Al3+, OH−).[95a,97b,99] At the same time, 
the individual transport properties can be tailored by choice of 
the respective 2D material constituting the channels. The sur-
face characteristics of the channel mainly govern the transport 
properties.[100] Properties like charge, charge density, channel 
size, and individual interactions between the nanosheets and 
the transported ions come into play. The surface charge of 
the channels will effectively repel the co-ions, while allowing 
only the counter ions to move though the slits.[101] While con-
ventional methods employing lithography or sacrificial agents 
are time-consuming and offer limited possibilities to tailor the 
nature of the channels, the wide variety of 2D materials and 
versatility of the 1D dissolution approach enables tailoring of 
each of these properties individually. Superionic transport in 
reconstructed channels has been demonstrated for a variety of 
2D materials, including GO[97b] (H+, K+, Ca2+), vermiculite[96] 
(H+), LDHs[95a] (OH−), boron nitride[101a] (H+, K+, Na+), and 
MXenes[99c] (H+, Na+, K+, Al3+ ).

The possibility of manufacturing high-performance ion 
conductors/electrolytes from 2D building blocks enables a 
myriad of applications in sensing, gas separation, fuel cells, 

Figure 9. Synthetic procedure for the encapsulation of [Cu(dbbp)2]+ into Na+-hecorite. a) Crystalline swelling in 75 vol% acetonitrile. b) Partial exchange 
of Na+ layers by [Cu(dbbp)2]+ layers with the formation of ordered heterostructures (at a cationic exchange ratio of 22% CEC), and c) complete delami-
nation of double-stacks encapsulating the hydrophobic [Cu(dbbp)2]+ ions between two silicate layers. Reproduced with permission.[88] Copyright 2021, 
Wiley-VCH GmbH.

Adv. Mater. Technol. 2023, 8, 2200553

 2365709x, 2023, 3, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adm

t.202200553 by U
niversitaet B

ayreuth, W
iley O

nline L
ibrary on [18/07/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



www.advancedsciencenews.com www.advmattechnol.de

2200553 (12 of 17) © 2022 The Authors. Advanced Materials Technologies published by Wiley-VCH GmbH

water electrolysis, and battery materials. For instance, films of 
2D materials can act as H+/OH− conductors in the case of fuel 
cells,[95a,98] or aid the ionic filtration[100] and recovery of valu-
able ions.

4. Summary and Outlook

What has historically been named osmotic swelling early as 
1930 from work with graphite oxide presents a highly attrac-
tive approach for the delamination of layered materials. As we 

illustrate in this review, the process actually resembles the dis-
solution of ionic crystals that is, by the 2D nature of the pris-
tine layered material, restricted to the stacking direction of the 
nanosheets in the tactoid. Therefore, we suggest to rename it to 
1D dissolution instead of osmotic swelling. As 1D dissolution 
is a thermodynamically driven, spontaneous process, it affords 
some advantages over the more common liquid phase exfolia-
tion that rely on brute force shearing. 1D dissolution offers an 
attractive method for the delamination of layered compounds 
as it maximizes aspect ratio of nanosheets, does not introduce 
defects during delamination, is atom and energy efficient, and 

Figure 10. Structural coloration by a nanosheet nematic phase. a) Structural coloration from titanate nanosheets and general principle of color forma-
tion. Scale bar 5 mm. Reproduced with permission.[63b] Copyright 2016, Springer Nature. b) Structural coloration from clay nanosheets.

Figure 11. Schematic illustration of superionic conduction in the slit confinement of nematic liquid crystals.
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promotes self-assembly as it tends to produce nematic liquid 
crystalline phases. A fundamental understanding of the under-
lying processes involved in 1D dissolution will eventually 
render it generally applicable for different material types and 
thus offers great potential for new applications.

Unfortunately, 1D dissolution is limited to ionic-layered 
solids. As many van der Waals crystals like graphite or dichal-
cogenides can easily be charged by their redox-activity, they 
might nevertheless be accessible to 1D dissolution in this stage. 
The dispersion medium must, of course, be stable at the redox 
potential of the oxidized or reduced layered compound, which 
might pose a severe restriction.
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