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Abstract: Ordered heterostructures of layered materials where
interlayers with different reactivities strictly alternate in stacks
offer predetermined slippage planes that provide a precise
route for the preparation of bilayer materials. We use this route
for the synthesis of a novel type of reinforced layered silicate
bilayer that is 15% stiffer than the corresponding monolayer.
Furthermore, we will demonstrate that triggering cleavage of
bilayers by osmotic swelling gives access to a generic toolbox
for an asymmetrical modification of the two vis-�-vis standing
basal planes of monolayers. Only two simple steps applying
arbitrary commercial polycations are needed to obtain such
Janus-type monolayers. The generic synthesis route will be
applicable to many other layered compounds capable of
osmotic swelling, rendering this approach interesting for
a variety of materials and applications.

Exfoliation of layered compounds into two-dimensional
nanosheets allows the tuning of phononic,[1] electronic,[2–5]

ferroic,[6] electrochemical,[7] and mechanical properties.[8, 9]

Modulation of these properties is strongly related to the
destruction or limitation of translational symmetry and is thus
dependent on accurate control over the number of layers in
the stacks.[10–12] Mono-, bi-, tri-, and multilayers must con-

sequently be regarded as distinct phases. For example, bilayer
phases of graphene and mica have been shown to have
interesting electronic band structures.[4, 13,14]

Various techniques ranging from epitaxial growth to
mechanical exfoliation, potentially assisted by surface-active
compounds or by rendering the starting material more shear
labile by intercalation reactions, have been shown to yield
two-dimensional (2D) materials. Established techniques,
however, tend to produce broad distributions in the number
of layers.[6, 14–16]

Crystalline heterostructures with 1D-ordered structures
along the stacking direction (also referred to as ordered or
regularly interstratified compounds) are the thermodynamic
equilibrium for many layered compounds intercalated with
two different interlayer species that segregate into distinct
interlayer spaces.[17–19] We recently established a general
synthesis for such crystalline heterostructures composed of
synthetic layered silicates (Figure 1a).[19, 20]

Herein, we prepare ordered heterostructures of layered
silicates where interlayers with different reactivities strictly
alternate in stacks. Such heterostructures offer predetermined
slippage planes that provide a precise, scalable, and quanti-
tative preparation route for desired bilayer materials.[5,21] The

Figure 1. Selective swelling of a crystalline heterostructure (a) with
NH4

+ interlayers (yellow) and hydrated Na+ interlayers (blue) induces
highly selective exfoliation into bilayers (b). After external modification
with a polycation A (red; c), modified bilayers can be cleaved under
basic conditions using, for example, LiOH (d) while the symmetry is
simultaneously broken at this stage. The platelets can be further
modified (green) to form Janus-type platelets (e) with differently
functionalized surfaces.
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novel bilayers are significantly stiffer than monolayers, are at
the same time easily cleavable and can be directly converted
into Janus[22, 23] platelets.

Synthetic sodium fluorohectorite
(Na0.5

inter[Mg2.5Li0.5]
octhSi4itetO10F2) with typical lateral dimen-

sions in the range of several micrometers (median ca.
20 mm)[24] is partially ion-exchanged with ammonium cations
(NH4

+) to yield a crystalline heterostructure (Supporting
Information, Figure S1).

When NH4
+ and Na+ are chosen as the segregated

interlayer cation pair, alternating NH4
+ interlayers are

formed, which do not hydrate, while adjacent Na+ interlayers
readily hydrate (Supporting Information, Figures S1 and S2).

In an intercalation compound of charged host layers,
interlayer cations of different size will always be forced to
segregate into different interlayers with densely packed
structures since this allows for minimizing the average d-
spacing and therefore maximizing the Coulomb energy. The
cation density in a particular type of interlayer does not
necessarily have to match the charge density of the layered
silicate host if a local charge balance is assured by adjusting
the second type of interlayer accordingly.[19, 20] In our case, the
NH4

+ interlayers are significantly above while the Na+

interlayers are below the charge density of the host layers
(Supporting Information, Figure S1). As evidenced by equi-
libration experiments, the formation of ordered heterostruc-
tures is thermodynamically favored.[19, 20]

In deionized water, Na+ interlayers swell osmotically,
which means that at the early swelling states all available
water is drawn into the Na+ interlayers. In the obtained
Wigner crystal phase, the distance between the NH4

+-bridged
bilayers corresponds to the silicate to water ratio (Supporting
Information, Figure S3). By adding increasing amounts of
water, the separation steadily increases (Figure 2) to the point
where the bilayers gain rotational freedom and the layer
separation is consequently no longer determined by the
volume ratio of silicate layer to water.

Osmotic swelling is the most gentle exfoliation method,
and therefore the large platelet diameters are preserved.[25]

Thus, by simply suspending these crystalline heterostructures
in water, bilayers with extremely high aspect ratios up to 8000
are produced with unprecedented precision (Figure 1b;
Supporting Information, Figures S4, S9, S10).

Quantitative and selective bilayer formation is proven by
small angle X-ray scattering (SAXS) studies of the highly
swollen heterostructured sample (Figure 2, gray trace).

The SAXS pattern scales in the low q range as q¢2, which
is typically observed for platelet shaped scattering objects. At
a solid content of 4 wt %, for instance, the bilayers of the
exfoliated heterostructure are uniformly separated to 59 nm.
The first form factor minimum appears around q = 0.26 è¢1,
followed by a second minimum around q = 0.76 è¢1. We use
a very simplified SAXS model of discs with homogeneous
electron density to fit the experimental data (see the
Supporting Information for further details), rendering the
minima somewhat shallow.

The best fit for the SAXS trace is obtained with a bilayer
thickness of 2.1 nm. This value corresponds to the sum of two
silicate layers of 0.85 nm and an interlayer height of 0.4 nm.

Bilayer formation is further confirmed by atomic force
microscopy (AFM) of a sample obtained by drying a highly
diluted, isotropic sol where platelets with a thickness of
2.6 nm are detected (Supporting Information, Figure S4).

Shih et al.[5] were the first to propose a route for the
synthesis of bi- and trilayers of graphene starting with ionic
stage-two and stage-three ICl or IBr intercalates of graphene.
These graphite intercalates are popped by shock expansion,
but they are unable to swell in solvents. Consequently, they
lack an appropriate route for subsequent gentle and highly
selective exfoliation. Moreover, the transformation of bilay-
ers into Janus platelets, as described below, requires a second
quantitative cleavage of bilayers via osmotic swelling.

Our novel silicate bilayers can easily be converted into
monolayers by using bases to deprotonate the NH4

+ cations;
these cations hold the silicate layers together. Treating the
suspension of bilayers with LiOH initially exchanges NH4

+

with Li+. Then, the bilayers are quantitatively cleaved by
osmotic swelling of the resulting Li+ interlayers into singular
silicate layers (Figure 2, black trace). In the SAXS pattern,
the first form factor minimum of the single layer sample shifts
from q = 0.26 è¢1, as observed for the bilayer, to q = 0.73 è¢1

(Figure 2). The best fit for the SAXS trace is obtained with
a single layer thickness of 0.85 nm.

Owing to the collapse of the NH4
+ interlayer, the structure

of the bilayer is comparable to the bonding situation in
potassium-rich micas: the NH4

+ cations inside the collapsed
interlayer space will protrude on both sides into the hexag-
onal cavities of the Kagome-like silicate surface, cross-linking
the two silicate layers encompassing this single interlayer
space in the bilayer (Figure 3c). The bilayer may be regarded

Figure 2. SAXS results of swollen gel samples (4 wt%): pristine bilayer
sample (gray &) and a sample after cleaving with LiOH (black *). The
intensities of the cleaved sample are shifted by a factor of 10 000 to
avoid overlap. The corresponding solid lines are fits with a model of
bilayer discs and single discs (see schemes and Supporting Informa-
tion for further details). The dotted lines mark the position of the first
minima of the form factors for bilayers (gray) and after cleavage to
monolayers by the addition of LiOH (black). The scaling of q for the
low q-range is indicated by a dashed line.
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as a nanosandwich structure; therefore, it is expected to be
stiffer than a single lamella.[26, 27] When comparing the in-
plane moduli of a single layer and a bilayer, the latter is
indeed found to be 15 % stiffer (Figure 3). The in-plane
moduli of a single layer and a bilayer were determined by
a supported metrology using a simple wrinkling technique in
which the observed wavelength is directly related to the in-
plane modulus of the platelet (see Figure S6 and Figure S7
and the more detailed explanation in the Supporting Infor-
mation).[9,26] The in-plane modulus of a single lamellae is
found to be 146� 21 GPa, which is in good agreement with
previous results.[26] The average in-plane modulus of the
bilayer, however, is significantly higher and was determined
to be 171� 16 GPa. Interestingly, the value of the bilayer is
already in the range of the in-plane moduli of bulk mica
(178.5� 1.5 GPa) as determined by conventional meth-
ods.[26, 28, 29]

The base lability of the NH4
+ interlayer allows for the

quantitative conversion of bilayers into Janus-type nano-
platelets. The importance and prospective applications of
Janus particles was first noted by de Gennes.[30] Distinct
chemical and physical properties of the basal surfaces of Janus
platelets offer directionality, allowing complex self-assem-
bly.[23] Many approaches to synthesize inorganic–organic
Janus particles were developed.[31–33] Typically the symmetry
of inorganic particles is broken by immobilization of the
particles at the surface of templates or interfaces followed by
selective modification of one hemisphere of the particle.[34–36]

When starting with the bilayers described herein, break-
ing symmetry is beautifully simple (Figure 1d). Janus charac-
ter can be directly realized by selectively coating the two
surfaces of the monolayers with different polymers: Com-
mercial polyethyleneimine-ethyleneoxide (PEI-EO) and the
dendritic poly(amidoamine) of generation G10 yield mor-
phologically different monolayers that can be distinguished
clearly by AFM imaging. Such Janus platelets are made by
first coating both surfaces of the bilayer by PEI-EO. Then, the

bilayers are cleaved, and the produced Li+-decorated (Fig-
ure 1d) surfaces are “stained” with PAMAM G10 (Fig-
ure 1e), which does not adsorb to the PEI-EO-terminated
surfaces. The irreversible exchange[37] of the Na+ cations and
the uniform coating of both surfaces of the bilayers with PEI-
EO (Figure 1c) was probed by small-angle neutron scattering
(SANS; Supporting Information, Figure S8). The overall
thickness of the modified bilayer increases to 5.8 nm upon
cation exchange with PEI-EO. As expected, after cleavage,
SANS indicates a Janus platelet thickness of 3 nm (Fig-
ure 1d), which corresponds to a 1 nm-thick silicate layer
coated on one side with an approximately 2 nm-thick mono-
layer of PEI-PEO (see the Supporting Information).

As already mentioned, the Li+-decorated surface is
subsequently exchanged by PAMAM G10, which is known
to bind quasi-irreversibly to negatively charged surfaces.[38,39]

The adsorption process follows the random sequential
adsorption (RSA) model and leads to a fractional surface
coverage.[38] For sufficiently large dendrimers (>G5), single
dendrimers can be readily resolved by AFM. Moreover,
PAMAM G10 has a very narrow MW distribution, which
results in nearly identical heights and diameters of the
adsorbed dendrimers. Hence, the surface morphology is
easily distinguishable from the smooth PEI-EO covered
surface (Figure 4a).

AFM samples were prepared by aspiration onto micro-
pore filters (Figure 4a), which produces some degree of
aggregation of individual platelets but suppresses any pre-
ferred orientation of the Janus platelets. The extremely high
aspect ratios always force the platelets into orientations
parallel to the substrate (Figure 4b and c), but the distinct
surfaces are randomly exposed up or down.

The AFM signal corresponding to the adhesion shows two
distinct types of surface morphologies for individual platelets:
one with very high dendrimer coverage and one with
negligible dendrimer coverage (Figure 4d and e). This differ-
ence in adhesion corresponds to the two different surface
types of the Janus platelets: PAMAM or PEI-EO. The
coverage of the platelets with very high dendrimer content
(Figure 4e) resembles the level of dendrimer coverage of the
bilayers that were modified with PAMAM for comparison
(Supporting Information, Figure S9). As expected, dendrimer
adsorption to the negatively charged silicate layers follows the
RSA model.[38] The presence of two distinct surfaces in terms
of dendrimer coverage unequivocally confirms the selective
modification of the platelets in an asymmetric manner and
thus the preparation of Janus-type platelets.

In conclusion, a novel approach for a quantitative, cost-
effective, and robust fabrication of mechanically reinforced
bilayers via osmotic exfoliation of ordered heterostructures is
established. The synthesis route for bilayers will be generally
applicable to other layered compounds capable of osmotic
swelling, such as layered titanates, niobates, or perov-
skites.[40–44] By cleaving bilayers with appropriate reagents,
in this case bases, the symmetry is broken in the simplest way,
giving access to a general method for the synthesis of
asymmetrically modified Janus nanoplatelets with tuneable
functionalities.

Figure 3. Determination of the in-plane bending moduli: Typical AFM
topographical images of wrinkled a) monolayers and b) bilayers on
PDMS substrates. The corresponding height profiles (black bars) are
shown below. The resulting wavelength and in-plane modulus are
obtained by Fourier transformation. c) The structure of a reinforced
bilayer-sandwich. NH4

+ cations (gray *) protrude into the upper and
lower hexagonal cavities of the silicate surface (additional details are
shown in the Supporting Information, Figures S6, S7).
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