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The synthetic hydrous layered silicate ilerite was quantitatively
converted into microporous nanoscrolls (NS). Delamination of
ilerite that was ion-exchanged for N-Methyl-D-glucaminium
(Meg+), through one-dimensional (1D) dissolution initially yields
lamellar liquid crystalline (nematic) suspensions. Subsequent
protonation with acetic acid of tangling Si-O� to silanol groups
reduces the pH-dependent charge of the basal surfaces.
Complete NS formation is then triggered by diluting the
nematic suspension below 0.05 wt%. As scrolling commonly
has been attributed to hydrophobic interaction of organic

counterions, Meg+ was replaced by lithium ions but this
showed no detrimental effect on the scrolling efficiency. The
resulting NS have a typical length of 2–4 μm that corresponds
well with typical diameters of the parent nanosheets. Ar-
physisorption isotherms showed a bimodal micropore size with
maxima around 0.8 and 1.9 nm. We attribute the first to the
tubular hollow inner diameter of the NS and the latter to
wedgelike interparticle porosity. The material showed a large
specific surface area of 226 m2g� 1.

Introduction

The field of nanoscrolls (NS) started attracting wide attention
over 20 years ago when they were first described for oxidic 2D-
materials such as titanate-,,[1,2] niobate-,,[3,4] tantalate-[5] and
MnO2

[6]-NS. Several mechanisms for the rolling of the nano-
sheets have been proposed. Natural minerals that form NS or
tubular structures have also been known for a long time, like
for halloysite, imogolite, or chrysotile. Chrysotile (white asbes-
tos) for instance comes in scrolls and scrolling was attributed to
the size-mismatch between the tetrahedral and octahedral layer
of the 1 :1 layered silicate.[7] More recently the class of scrolled
materials was further expanded to transition metal dichalkoge-
nide-NS. For the latter, NS, however, have to be produced by
high-cost and low-yield techniques like chemical vapor
deposition.[8]

NS have a variety of promising characteristics (for example
band structure, surface to volume ratio) for electronic,[9]

optoelectronic,[10] gas sensing[11] and catalytic applications,[1,3,12]

or can be used as fibrous filler materials in nanocomposites
because of their high Young’s modulus.[13] A controllable,
quantitative colloidal route for producing NS under mild
conditions with upscaling potential requires utter delamination,
which in turn requires a spontaneous process like 1D
dissolution of layered materials.[14] Due to the covalent nature
of the layers in two dimensions thermodynamically driven
dissolution of the ionic crystal – i.e. separation of the layers –
can only take place along the stacking direction. Delamination
then must be followed by triggering quantitative scrolling by
adjusting conditions in the nanosheet suspension appropri-
ately.

Scrolling of more rigid phyllosilicate nanosheets with a 2 :1
layer structure (synthetic hectorites) has only recently been
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observed. Following the adsorption of hydrophobic cationic
dyes curling and partial scrolling was observed and the scrolling
yield could be improved by increasing the hydrophobicity of
the dye.[15]

Potential explanations for the rolling of initially symmetric
nanosheets include an asymmetric adsorption of counterions at
opposing basal surfaces of individual nanosheets, structural
fluctuations that break the symmetry[16] and local inhomogene-
ities due to interlayer water.[5] For many of the materials rolling
was not complete, and unpredictable. Also, drying has been
proposed to induce scrolling for MoS2 nanosheets prepared by
chemical vapor deposition after subsequent wetting.[17] In a
more general approach, Sasaki et. al. showed for a variety of
nanosheets, that changing the ionic strength could induce
scrolling and the proposed driving factor was the self-stacking
of nanosheets by back-folding, creating NS.[6] The yield of
nanosheets that could be transformed into NS this way was
relatively low with 10%–20%.

For the synthetic hydrous layered silicate ilerite the
formation of NS could be observed by ion-exchange with
dioctadecyldimethylammonium followed by a solvothermal
treatment for 1 day in heptane without prior delamination.[18]

However, the yield was low as the authors outlined. Ion-
exchange with an excess alkyl ammonium salt led to intersali-
nation and it was hypothesized that during solvothermal
treatment the excess of intercalated salt is extracted one-sided
exerting a steric pressure in the still intersalinated interlayers.

Recently, a gentle and utter delamination route has been
established for ilerite, producing solely monolayer
nanosheets.[19] By ion-exchange of the pristine Na+ with the
highly basic and bulky protonated amino sugar megluminium
(N-Methyl-D-glucaminium (Meg+)) spontaneous 1D dissolution
yielded defect-free, high aspect nanosheets. Because of the
large diameter of nanosheets (�4 μm) at high concentration
nematic suspension of fully delaminated nanosheets are initially
obtained. Atomic force microscopy images of some nanosheets
showed, however, a tendency to roll up at the edges.[19] In this
work we therefore sought appropriate conditions that trigger
complete scrolling of ilerite nanosheets.

Results and Discussion

Ilerite is a hydrous layered silicate with silica tetrahedrons as
the primary building unit. The layers are constructed by Q3- and
Q4-tetrahedrons in a 1 :1 ratio. The secondary building units
(SBU) are star-shaped [54] cages that form long rows in one
dimension (Figure 1A). They in turn are connected to two
neighbouring rows to form a 2D network. The resulting layer
group p�4m2 has a rotary inversion axis along its normal and
therefore no structure-inherent strain or dipole moment
exists.[20]

The in-plane connectivity of only one Si-O-Si bond connect-
ing the rows results in a high cross-plane flexibility as compared
to other silicates or transition metal dichalcogenides.[21] Con-
sequently, dynamic distortions should be facile and may break

the layer symmetry. This makes ilerite nanosheets the perfect
model for investigating scrolling behavior.

In crystalline ilerite, two mirrored layers are stacked on top
of each other, so that the tips of the [54] cages face each other
(Figure 1B). In the hollow space between the tip channels are
formed. These channels are occupied by Na+-ions, which are
octahedrally coordinated by water. Looking at the structure of
the complete unit cell the symmetry of the nanosheets
becomes obvious (Figure S1A). The octahedrons are edge-
linked forming long chains along the channels. The surface
charge of ilerite sheets originates from deprotonated silanol
groups of Q3 tetrahedrons which are residing on the tip of the
[54]-cages. The charge is therefore directly pH-depended and
under the highly basic conditions of the synthesis (pH�12) half
of the silanol groups are deprotonated. When crystalline ilerite
is protonated by acid the tips and channels collapse into each
other, resulting in a substantially reduced d-spacing of 7.4 Å,[22]

while the thickness of a monolayer can be estimated from the
crystal structure to be approximately 9 Å. This is also the d-
spacing to be expected for protonated sheets that are
turbostratically stacked, where the surface corrugations of
neighboring layers do not match and where therefore no
collapse into the channels of neighbouring sheets takes place.

As mentioned above ilerite may be fully delaminated into
monolayer nanosheets by 1D dissolution. For that process to
take place the interlayer sodium ions must be exchanged by
the bulky organocation Meg+. The resulting suspension of
nanosheets forms a nematic suspension, where the sheets are
co-facially aligned due to their high aspect ratio and the
distance of the nanosheets is large and uniform because of
electrostatic repulsion. It is important to note that scrolling
does not occur during delamination at concentrations of above
1 wt% that was previously used to cast barrier films.[19]

This can be demonstrated by small angle X-ray scattering
(SAXS), where a scaling of q� 2 (q<0.1 Å� 1) results from the 2D
character of the nanosheets (Figure 4A(i)). The oscillations at
intermediate q are attributed to interference of neighbouring
ilerite sheets and correspond to d-spacings of ~18 nm.

When Meg+ suspensions were diluted to 0.01 wt% in order
to cast individualized nanosheets on substrates for character-
ization we frequently observed NS in scanning electron micro-
scopy (SEM, Figure 2).

Figure 1. (A) [54]-unit built from SiO4-tetrahedrons (grey) forming
the SBU of ilerite. (B) Two mirrored sheets in the Na-ilerite structure
with Na(H2O)6-octahedrons (orange) occupying the channel in the
interlayer space.
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As the samples for electron microscopy needed to be dried
and since for MoS2 it was reported that drying might trigger
scrolling,[17] we sought to check the suspensions directly. First
suspensions were cast on a lacey carbon grid and then shock-
frozen by liquid ethane. Imaging these samples by cryogenic
transmission electron microscopy (CryoTEM) confirms that NS
are the dominating species already in dilute suspensions and
that scrolling was not triggered later on during the drying
process.

The NS themselves have a typical length between 2–4 μm
and an outer diameter of 40 nm (Figure 3), resulting in an
aspect ratio of 50–100. The length corresponds well with the
diameter of the pristine square-shaped crystals (Figure S1B). At
the tip of the NS, the multiple scrolled layers are stacked on top
of each other suggesting the rolling happens along the sides of
the square crystals rather than along the diagonal. From that
can be concluded that intact nanosheets were rolled.

As several authors suggested for other NS materials that
hydrophobicity of counter-cations may play a crucial role for
rolling, we replaced Meg+ by Li+. For this the nanosheet
suspension (0.1 wt%, pH=9) was washed three times with LiCl
(0.05 M) followed by concentrating the suspensions by centrifu-
gation. The remaining organic content was below 0.5 wt%,

compared to 16 wt% of the pristine Meg+-ilerite as determined
by elemental analysis (Table S1). The ion-exchanged suspen-
sions were then characterized by SAXS, and static light
scattering (SLS). Finally, films (from a 1 wt% suspension) were
cast on glass slides and the basal spacing was determined after
drying by X-ray-diffraction (XRD) in Bragg-Brentano geometry.
For Li+-ilerite suspensions at high concentrations, the q� 2 slope
was retained, as it is expected for platelets with a nanosheet-
distance of ~15 nm. Oscillations due to interference in the
nematic phase are less pronounced in case of Li+-ilerite,
indicating smaller ordered domains (Figure 4A(ii)).

Dried films showed a d-spacing of 11.3 Å for the Li+-ilerite
that is substantially less than the 14.6 Å for Meg+-ilerite
(Figure 4B). This basal spacing is similar to crystalline Na+-ilerite
with a d-spacing of 11.1 Å.[20] The appearance of a 002 peak for
the Li+-exchanged ilerite films indicates a uniform basal spacing
in the restacked monodomain films.

As already indicated by the nematic nature of the
suspensions, ion-exchange did not trigger any significant
aggregation as indicated also by SLS that showed a monomodal
particle size distribution, which resembles that of the parent
Meg+-ilerite suspension (Figure S2). After successful ion ex-
change, the suspension was diluted (<0.05 wt%) and drop
casted on a Si wafer (Figure 4C). Nanoscrolls can be observed,
therefore Meg+ as bulky organo-cation appears not to be the
essential driving force in NS formation. Nor does a hygroscopic
Li+ cation hamper scrolling in highly dilute suspensions.

As long as the charge density is kept high by maintaining a
pH of 9 in the suspension, scrolling can only be trigered by
dilution and never is complete as inidcated by the SAXS
patterns (Figure S3) that will be discussed in some detail later.

Figure 2. SEM image of a dried 0.01 wt% Meg+-ilerite suspension
with aggregates of NS.

Figure 3. CryoTEM images of a highly diluted, shock-frozen Meg+-
ilerite suspension. (A) Wide array of NS in the frozen film. Residual
dark spots and lines with beads are from the lacey carbon film
support or from ice contamination. (B) Detailed image of NS.

Figure 4. (A) SAXS intensity of a Meg+-ilerite ((i), 3.47 wt%), Li+-
ilerite ((ii), 3.84 wt%) and the theoretical intensity of an isotropic
suspension of nanosheets ((iii), radius 2.0�0.3 μm, thickness
9.3�0.3 Å). (B) XRD of dried Meg+-Ilerite (red) and a Li-ilerite
suspension (black). (C) SEM picture of a dried<0.05 wt% Li+-ilerite
suspension.
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Next, the influence of the charge density on the scrolling
behaviour was investigated. For this, the pH was adjusted to
pH 3 by repeated washing with 0.01 M acetate solution,
followed by washing with water to remove any organic remains.
Given a pKa�4.5 for a typical Q3 silanol group, quantitative
protonation should be achieved during this process.[23] A gel
was obtained by this proton exchange. Elemental analysis
indicated that within experimental error Meg+ was completely
replaced (Tab. S1). The drop of the zetapotential from 40.7�0.7
to 33.4�1.1 mV corroborates a significant drop of the surface
charge density of the nanosheets with protonation.

SAXS measurements after protonation indicate, that a
structural change in the sample has taken place. This is shown
by the absence of oscillations and by the steeper slope
(Figure S3A). The change in slope hints to a more complex
morphology. In contrast to the parent Meg+-ilerite suspension,
it could not be fitted by nematically ordered nanosheets, the
slope hints to a more tubular structure as can be deduced in
the comparison with the theoretical pattern for a suspension of
hollow cylinders (Figure S3B).

The SAXS results are corroborated by SEM imaging for a
diluted (0.5 wt%) protonated suspension, revealing fully rolled
nanosheets (Figure 5A).

To probe the hollow nature of the NS, physisorption
isotherms applying Ar were recorded, followed by BET analysis.
A type II isotherm with a H4 hysteresis[24] was observed with a
substantial micropore volume (30 cm3g� 1 with pore sizes<

15 nm). The pore size distribution is rather broad with a
maximum at 0.8 nm (Figure S4), which we attribute to the inner
hollow diameter of the tube. Additionally, mesoporosity was
observed, which we attribute to wedgelike pores generated
between individual NS in NS-aggregates. The specific surface
area calculated is 226 m2g� 1 (Figure 5B), a value similar to
surface areas that have been reported for titanate-NS.[25]

A dried powder of the NS suspension showed a quite sharp
basal spacing 9.3 Å, which corresponds well to the d-spacing
for turbostratic protonated ilerite (Figure S5).[26]

As mentioned before, Meg+-ilerite belongs to a still small
group of layered compounds that show spontaneous 1 D
dissolution. Upon adding water to the crystalline powder
lamellar liquid crystalline hydrogels are obtained. Moreover, the
large diameter of the nanosheets and the high charge density
holds the individual nanosheets in a coplanar orientation
resulting in nematic phases even at high dilutions. With a
typical diameter of 4 μm, the separation of nanosheets in the
nematic phase would have to be increased to more than 1 μm
corresponding to some 10� 4 wt% before the nanosheets gain
the flexibility to bend sufficiently to initiate scrolling.[27] At
higher concentrations scrolling is simply hampered by steric
restrictions. Moreover, the considerable negative zeta potential
(40.7�0.7 mV for Meg+-ilerite, pH 9) impedes scrolling in
addition to steric restrictions as the distance to the adjacent
nanosheet is reduced by scrolling against electrostatic repul-
sion. Given these aspects, it is obvious that scrolling requires
considerable dilution of the suspensions to the limit where the
nanosheet separation is large enough to ease the steric and
electrostatic restrictions. Given the same separation/dilution, a
lower charge density will foster scrolling. This is seen when
comparing SAXS data for Meg+-ilerite and a protonated
suspension that have been diluted to the same extent before
reconcentration, needed for the SAXS experiments. As expected
only the protonated system shows a significant deviation from
the q� 2 slope (Figure S3C), indicating that protonated NS are
clearly more susceptible to scrolling. Meg+-ilerite suspensions
show some scrolling but the process is not complete as
indicated by the q� 2 slope. SEM and TEM micrographs are
misleading as scrolls are easy to be spotted but 1 nm thin
nanosheets escape unnoticed.

Scrolling of the ilerite layers in the protonated suspension
induces major changes for the 29Si MAS NMR spectra (Figure 5C
and Figure S7). Compared to the flat layers for Meg+-ilerite, a
pronounced shift of the Q3 signal by about 1.5 ppm was
observed, while the chemical shifts for the Q4 units essentially
do not change. Simultaneously, the Q3/Q4 intensity ratio within
the CP spectra, acquired for the dried suspensions (Figure 5C),
changes markedly. For protonated ilerite, the Q3 signals are
favoured and roughly 2.3 times larger. This corresponds to
protonation rate of the Q3 units that is higher by roughly 70%
compared to Meg+-ilerite, in turn reducing the layer charge by
the same amount. Additionally, the line widths for the 29Si NMR
spectra collected for the suspensions (Figure S7A) differ signifi-
cantly. Meg+-ilerite features sharp resonances for both the Q3

and Q4 units demonstrating a fast solvent exchange at the
ilerite surfaces probably combined with a residual mobility of

Figure 5. (A) SEM picture of a dried 0.5 wt% protonated suspension.
(B) Adsorption isotherm of a dried sample of protonated suspen-
sion showing micro- and mesoporosity. (C) 29Si CP NMR MAS
spectra of dried protonated (green) and Meg+-ilerite (red)
suspensions (0.5 wt%).
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the ilerite layers. In contrast, the NS in the protonated
suspension lead to resonances that are 4 times broader
suggesting a higher rigidity of the ilerite surfaces in the scrolled
state.

Even in the dilute state scrolling will require to somehow
break the symmetry and differentiate between inner and outer
basal surface of the scrolled multilayer wall. For nanosheets
with a centrosymmetric structure the symmetry break might be
accomplished by an unbalanced distribution of counterions.
The degree of unbalance required might be varying for the
different types of nanosheets for which scrolling has been
observed. In particular, the cross-plane stiffness is expected to
have a large impact. The more force needed for bending a
particular nanosheet, the stronger has the symmetry to be
broken. In this respect, ilerite nanosheets as compared to for
instance 2 :1 layered silicates like hectorite, are expected to be
rather soft and easy bendable. If by bending of the layers, the
acidity of the silanolgroups is affected, protons might quickly
follow the differentiated acidity of inner and outer basal
surfaces.

Alternative reasons might be transient fluctuations of
flexible nanosheets with organocations that offer a significant
potential for van der Waals energy or hydrogen bonding when
approaching each other during initial bending of the nanosheet
edges. These forces between cations located on an inner and
an outer surface of the same nanosheet might trigger a kind of
restacking into a 1D crystal. The multiwalled NS then show
basal spacings that correspond with ordinary intercalation
compounds where these organocations are intercalated be-
tween coplanar monolayers. In this line for Meg+-ilerite NS a d-
spacing of 12.3 Å was observed (Figure S6) as compared to
14.6 Å for the intercalation compound. The distinct self-
interaction strength might explain why scrolling for Meg+

-ilerite is incomplete while for protonated ilerite it is complete.

Conclusion

Spontaneous scrolling appears to be a common phenomenon,
if not the general rule for flexible (monolayer) nanosheets once
separated to large distances where steric and electrostatic
restrictions for scrolling are lifted. As a general trend, scrolling
seems to be fostered by low charge densities and counter ions
that attract each other through van der Waals interactions and/
or hydrogen bonding once inner and outer surfaces of a bent
nanosheet approach each other through back bending.

For ilerite with a quite flexible layer structure NS can be
obtained quantitatively simply by protonation followed by
dilution to<0.01 wt%. This renders ilerite NS a promising low-
cost tubular and microporous nanomaterial that might be
applied as catalyst support or as 1D filler in composite
materials. The silanolgroups accessible at the outer and inner
diameter, moreover, allow further functionalization via silylation
chemistry.

Experimental Section

Experimental SectionSynthesis of ilerite

Ilerite has been synthesized according to the literature.[23] NaOH-
pellets (�98%, Sigma-Aldrich), colloidal SiO2 (30 wt%, Köstrosol
1030 KD), and double-distilled water were mixed under vigorous
stirring resulting in a Na2O:SiO2:H2O molar ratio of 1 :4 : 37. The
synthesis was carried out in a teflon-lined steel autoclave at 100 °C
for 21 d. The product was washed with distilled water and dried at
40 °C.

Meglumin-exchange

The meglumin exchange was performed by subsequent washing
procedures with 1 M meglumine solution, adjusted to pH 9 with
concentrated HCl. The resulting slurry was washed with double-
distilled water until a transparent gel of 2 wt% was obtained.[19]

Protonation of a nematic suspension

For protonation 1 ml of gel was washed 3 times with 0.01 M acetic
acid (99.9%, VWR Chemicals) for 1 h, followed by washing in
double-distilled water 2 times for 1 h to remove residual meglumi-
nium and excess acetic acid. After drying at 80 °C typically 10 mg
powder are obtained (~90% yield in silica content).

Li+-exchange of a nematic suspension

For the Li+-exchange of the suspension, 1 ml of the gel was washed
with 0.05 M LiCl-solution 3 times for 1 h followed by washing in
double-distilled water 2 times for 1 h.

X-ray diffraction

Textured samples were measured in Bragg-Brentano geometry on a
PANalytical Empyrean diffractometer with a Cu Kα1 radiation
equipped with a PixCel1D-Medipix3 detector.

Small-angle X-ray scattering

SAXS data were measured using a “Double Ganesha AIR” (SAXSLAB/
Xenocs). The X-ray source of this laboratory-based system is a
rotating copper anode (MicroMax 007HF, Rigaku Corporation,
Japan). The data were recorded by a position-sensitive detector
(PILATUS 300 K, Dectris). The suspensions were measured in 1-mm
glass capillaries. The circularly averaged data are normalized to the
incident beam, sample thickness, and measurement time. Back-
ground subtraction was performed by using the SAXS pattern of a
water-filled capillary for the suspensions.

For further evaluation the software Scatter (Version 2.5)[28] or
SasView (Version 4.2.2).[29]

Cryogenic transmission electron microscopy

CryoTEM measurements were performed on a JEOL JEM 2200FS
operating at 200 kV. Images were recorded with a CMOS OneView
camera (Gatan, US). For cryo preparation, freshly prepared samples
were diluted to 0.01 wt% and vortexed for 30 s. A Cu grid with a
lacey carbon film (200 mesh, Plano GmbH, Germany) was glow-
discharged prior the deposition of 4 μL of the solution at 5 °C and
100% humidity. Subsequently, the grid was blotted with filter
paper and plunge-freezed in liquid ethane using a Leica EM GP
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plunge freezer (Leica, Germany). After preparation, the grid was
stored in liquid nitrogen, transferred, and imaged at temperatures
below � 170 °C.

Scanning electron microscopy

Scanning electron microscope images were recorded on a Zeiss
1530.

Elemental analysis

An Elementar Unicube equipped with a combustion tube filled with
tungsten (VI) oxide granules was used at a combustion temperature
of 1050 °C.

Argon physisorption measurements

Argon physisorption isotherms were recorded using a Quantach-
rome Autosorb 1 at Ar(l) temperature (87.35 K). The Autosorb 1 was
equipped with the CryoSync cryostat (Quantachrome). The samples
were dried for 24 h at 80 °C in high vacuum before measuring. The
data were analyzed using the ASiQwin software package (Version
3.0). Pore sizes and volumes were derived using NLDFT based on
spherical/cylindrical pore models for zeolite/silica materials.

Zeta-potential measurements

Zeta-potential was measured with a Malvern Zetasizer Nano ZS.

29Si NMR MAS

All samples were measured with a spectrometer Bruker Avance III
400 (Magnetic Field 9.4 T) in a 3.2 mm MAS triple resonance probe
(Bruker) at a spinning speed of 10.0 kHz. To obtain the 29Si CP NMR
MAS spectra a ramped cross-polarization experiment was used,
where the nutation frequency on the proton channel was varied
linearly by 50%. The corresponding nutation frequency on the 29Si
channel and the contact time were adjusted to 50 kHz and 8 ms,
respectively. The 29Si NMR MAS spectra were acquired using a
quantitative onepulse – experiment with a 90° pulse length of 3.8
μs. The recycle delays were set to 600 s for the powder samples
and 5 s/60 s for the gels. For both techniques proton broadband
decoupling was applied during acquisition using a spinal-64
sequence with a nutation frequency=70 kHz. The 29Si spectra are
referenced indirectly with respect to tetramethylsilane (TMS).
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