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A B S T R A C T

We investigated the effect of Zn2+ treatment on the exfoliation of layered silicate magadiite, as a model system,
to better understand the role of zinc in surfactant-free zeolite exfoliation. Samples of magadiite and ball-milled
magadiite were exfoliated via treatment with aqueous Zn(NO3)2 solution, and the resulting materials were
characterized via powder X-ray diffraction, nitrogen physisorption, high-angle annular dark-field scanning
transmission electron microscopy, and infrared spectroscopy. Zn2+ treatment of magadiite increases its external
surface area by 40%, while Zn2+ treatment of ball-milled magadiite increases its external surface area by 109%.
Acid-washing removes Zn(O)x(OH)y colloids and further increases external surface area, leading to a total sur-
face area increase of 150% for magadiite after Zn2+ treatment and acid-washing, and 182% for ball-milled
magadiite after Zn2+ treatment and acid-washing, by exposing surface area that was not accessible after Zn2+

treatment due to pore blocking. We propose a mechanism of exfoliation to account for these surface-area in-
creases, which involves the Zn(O)x(OH)y colloids growing and forcing layers apart selectively at the grain
boundaries. Ball milling not only makes existing grain boundaries more accessible, but it also creates new grain
boundaries, resulting in more efficient exfoliation.

1. We are pleased to be making a contribution in honor of
professor Roth for this special issue which honors him

Dr. Roth is well-known through the patent literature initially. The
laboratories of Mobil in New Jersey, USA were the world leaders in
zeolite discovery and conversion to commercial applications when Dr.
Roth was there. Some key areas which we followed with keen interest
were the development of mesoporous materials through the use of
surfactant molecule as capable of bringing local order to silicates. This
was a totally unforeseen discovery and launched a very vigorous re-
search activity around the world. The materials in themselves, as de-
veloped by Mobil, and later other groups, allowed for whole new pos-
sibilities in separations and catalysis, capturing a molecular range in
between zeolites and amorphous materials. To date, these materials
continue to be used and developed, more than 20 years later. For his
contributions in this area Dr. Roth was part of the team given the Breck
Award by the International Zeolite Association, its highest honor.

Additionally, Dr. Roth also became one of the world's experts on a
very interesting and important class of zeolite materials. These were the

materials created around the MWW structure, which workers at Mobil
came to recognize as a complex 3-dimensional structure which crys-
tallizes with repeated layered segments. These segments could be ex-
panded, swelled and pulled apart to create a variety of catalysts with
important novel features [1,2]. One of the unexpected outcomes was
the creation of shape-selective sites for catalysis which nonetheless lie
on an external surface of a material. This provides the best of both
worlds in that one now has catalytic selectivity and much improved
diffusivity. Dr. Roth in recent years, along with Mobil colleague Dou-
glas Dorset, published the most important (and widely used) review in
describing the various types of zeolites which have been found which
exhibit this structure conversion opportunity [3,4].

Most recently Dr. Roth has been part of the team of Professor Cejka
and Morris in developing some very exciting new zeolite chemistry.
This would be the chemistry described as “Assembly- Disassembly-
Reassemble-Organization” (termed “ADOR”), where certain zeolite
structures provide the opportunity to be “disassembled” using chemical
methods, and then a variety of techniques were invented as to how to
take the components and reconnect them to produce new zeolite
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structures never seen before. So here one has a totally new metho-
dology for creating new zeolite structures. Along with the invention of
new structures comes the opportunity for brand new zeolites to find
commercial niches for the benefit of process applications. Indeed, we
would say an important part of the recent zeolite technology has been
to find new materials which excel in the catalysis for managing waste
and potential pollutants which come with industrial activities; this is
certainly one of our great new frontiers and challenges [5,6].

If one looks over this suite of technological advances that we have
mentioned in the field of zeolite materials and catalysis, it is interesting
to note that Dr. Roth appears to be where the breakthroughs occur! This
tells one about his keen observations on experimental materials and
what could be created next. It also is representative of his depth in
materials synthesis, then characterization, and finally applications. His
involvement has led to a number of commercial realizations from the
discoveries made.

2. Introduction

A practical approach for increasing accessible surface area of
layered functional materials, including graphene [7], clay [8], and
layered zeolite precursors [9–12], is to delaminate these layers, thereby
producing a house-of-cards assembly of thin sheets arranged in a dis-
ordered fashion [9,11,13–18]. While strictly speaking delamination
(having its root in clay materials) is the taking apart of a layered pre-
cursor into individual single layers, within the context of zeolites [19],
where delamination is always observed with exfoliation (i.e. thin stacks
of several layers – not single sheets), delamination of zeolites typically
refers to increasing the external surface area of zeolite catalysts by a
combination of delamination and exfoliation, a definition we adhere to
here. This enables the conversion of bulky substrates that are otherwise
unable to access catalytic sites within zeolitic micropores [20]. Zeolite
delamination is a complementary method to other approaches such as
synthesis of small colloidal zeolite particles [21–23], multilamellar
materials [24], extra-large pore zeolites [25,26], single-unit cell zeolite
nanosheets [27–29], hierarchically nano-porous zeolite-like materials
[30,31], and self-pillared zeolite nanosheets [32]. While a variety of
methods exist for zeolite delamination, nearly all of them rely on or-
ganic surfactants and sonication, both of which are expensive; in par-
ticular sonication is difficult to scale up in a cost-effective manner.

Recently, three notable reports described the synthesis of high ex-
ternal-surface area zeolites via surfactant- and sonication-free ap-
proaches that rely on Zn(NO3)2 [33,34]. Inayat et al. successfully syn-
thesized layer-like Faujasite zeolite during hydrothermal synthesis in
the presence of Zn(NO3)2 (Si:Zn=11.4 in the zeolite-synthesis gel),
which led to a decreased micropore volume compared to a conventional
Faujasite control sample [34]. Separately, Ouyang et al. reported the
delamination of MWW-based borosilicate layered zeolite precursor

ERB-1(P) after treatment with Zn(NO3)2 [33], resulting in external-
surface-area-increases of a factor of ∼2.5, without damaging the in-
tralayer order. The delaminated ERB-1, named DZ-1, was also de-
boronated by zinc treatment, allowing the insertion of a series of Lewis-
acid heteroatoms into framework vacancies previously occupied by
boron. These reinserted heteroatoms, such as Ti4+ and Sn4+, were
found to be isolated framework cations that were catalytically active for
the Baeyer-Villiger oxidation reaction [35]. Recently, Okrut et al. re-
ported the surfactant- and sonication-free delamination of zeolite pre-
cursor B-SSZ-70(P) using Zn(NO3)2 in combination with tetra-
butylammonium fluoride, which yields delaminated zeolite DZ-2 [10].
Like its predecessor DZ-1, DZ-2 allows the insertion of Lewis-acid het-
eroatoms into its framework, with Ti-DZ-2 being a highly active, se-
lective, and stable olefin epoxidation catalyst when using organic hy-
droperoxides as oxidants [10].

The goal of this manuscript is to shed further light on the role of zinc
in the delamination of a layered precursor material, such as B-SSZ-
70(P) and ERB-1(P), from the perspective of such materials being non-
covalent assemblies of building blocks, i.e., zeolite sheets that are not
covalently crosslinked in the precursor materials and instead are ter-
minated by SiO-Na+ or SiO−(organic cation)+ functionality between
the zeolite sheets [36]. We use crystalline layered silicate magadiite as a
simple yet relevant model of a more complex layered zeolite precursor
material such as crystalline borosilicate B-SSZ-70(P) and ERB-1(P).
Magadiite is a sodium silicate mineral with a layered structure con-
sisting of negatively charged silicate layers and balancing sodium ca-
tions between the layers, which are separated by an interlayer spacing
of 13.5 Å [37]. Fig. 1 shows a model of the magadiite structure, which
consists of layers of 6-membered rings in the boat conformation, pairs
of which are capped with siloxane functionality that resemble an “A”
frame both above and below the 6-membered ring sheets. Atop the “A”
frame capping groups are silanol Q3 sites – the only silanols present in
magadiite, resulting in a Q4/Q3 ratio of 2 [37]. Surfactants have been
successfully intercalated between layers in magadiite, including those
based on CTAB and alkylpyridinium [38,39]. It has also been delami-
nated at high pH using TPAOH to synthesize a material that was judged
to be up to 60% delaminated [40,41], however, to the best of our
knowledge, magadiite has not been previously delaminated under mild
conditions of near-neutral pH, as we perform here.

Based on prior reports of an interface formed between zinc oxide
nanoparticles and magadiite layers [42], we formulated a hypothesis on
how Zn2+ could play a role in magadiite delamination under near-
neutral conditions, which is shown in Fig. 2. Our hypothesis involves
the formation of an interface between Zn(O)x(OH)y colloidal particles
and magadiite specifically at grain boundaries, as those regions of the
layered material are the most accessible for Zn(O)x(OH)y colloidal
particles to easily intercalate into. Such grain boundaries have been
previously demonstrated to be general occurrences also within zeolite

Fig. 1. Model structure of magadiite. The sheets of 6-member rings along the b-c plane are highlighted using dark bold bonds. The 5-membered rings can be seen in
the side views of the b-c plane.
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particles, where they have been invoked to play an important role in
catalysis and have been elegantly characterized by electron tomography
[43]. In addition, studies involving metal nanoparticles nucleated and
grown in zeolites can demonstrate discrete lines observable by STEM
and TEM microscopy of the formed metal nanoparticles. Such lines
could be consistent with grain boundaries acting as preferential nu-
cleation sites [44,45]. Our hypothesis further involves a growing Zn
(O)x(OH)y colloidal particle at this interface acting as the equivalent of
a mechanical nanoscale wedge, presumably driven by the repulsion of
charge at the surface of the Zn(O)x(OH)y colloids [46], which forces
adjacent layers apart as these colloids grow, as represented schemati-
cally on the left side of Fig. 2.

The goal of this manuscript is to investigate whether there is ex-
perimental evidence to support the mechanism of delamination sche-
matically depicted in Fig. 2, i.e. formation and growth of Zn(O)x(OH)y
colloids within grain boundaries of the magadiite silicate when treating
layered magadiite with Zn(NO3)2 in aqueous solution. Our motivation
in investigating this for the particular case of magadiite is that, if
plausible, such a mechanism could also apply to the delamination of
other crystalline layered inorganic-oxide materials. To test the role of
grain boundaries as nucleation sites for Zn(O)x(OH)y colloidal particle
growth, we designed a comparative analysis of magadiite delamination
with and without prior ball milling. The ball milling serves as a per-
turbation that is envisioned to (i) make existing grain boundaries in
magadiite more accessible while also (ii) possibly creating new ones, as
represented in Fig. 2. Thus, our approach is to compare Zn2+-promoted
magadiite delamination in the ball-milled material with the same

material except in the absence of ball milling. If grain boundaries play a
significant role, then the greater accessibility of grain boundaries in
ball-milled magadiite should result in a more open structure after zinc
treatment relative to a material treated with Zn2+ without ball milling.
In addition, we expect to observe a greater degree of delamination and
surface area enhancement after zinc removal, in the final delaminated
material, for the magadiite that underwent prior ball milling before zinc
treatment. The extent of delamination at crucial junctures along the
delamination path is characterized via measurement of the BET and
external surface area of magadiite, TEM (transmission electron micro-
scopy) and HAADF-STEM (high-angle annular dark-field scanning
transmission electron microscopy). We also used FTIR (Fourier trans-
form infrared) spectroscopy and H-D isotopic exchange of silanols in
magadiite to probe for pore blocking at intermediate stages, prior to Zn
(O)x(OH)y colloid removal via acid treatment.

3. Experimental

Magadiite was synthesized as described in literature [39]: 1.23 g
NaOH were dissolved in 30mL water and mixed with 18.5 g of colloidal
silica in water (40 wt % silica). The mixture was transferred into 50mL
Teflon liners and heated in an autoclave at 150 °C for 8 days. Powder X-
ray diffraction (XRD) on a Siemens D5000 diffractometer confirmed the
formation of magadiite. Our Zn treatment protocol of magadiite follows
that of Ozawa et al. [42]: 20mL of a 0.5 M Zn(NO3)2 solution was
added to 0.6 g of magadiite, and the mixture was stirred for 48 h at
25 °C, followed by filtration and washing with water. A separate sample

Fig. 2. Schematic representation of the proposed
effect of Zn2+ treatment followed by acid-washing
on magadiite (a–c) and ball-milled magadiite (d–f).
(a) Layered silicate magadiite possesses narrow grain
boundaries, preferably between layers. (b) Zn
(O)x(OH)y colloids grow at the silicate surface at the
grain boundaries upon Zn(NO₃)₂ treatment and force
magadiite layers apart. The same Zn(O)x(OH)y col-
loids block the pores that are formed through layer
separation. (c) Upon acid-washing, the Zn particles
are removed and liberated external surface area is
exposed. (d) Ball-milling of magadiite opens existing
grain boundaries and creates new ones. (e) Zn-
treatment of ball-milled Magadiite leads to layer se-
paration. The resulting external surface area is im-
mediately accessible via new grain boundaries. (f)
Upon acid-washing, only little additional surface
area becomes exposed.
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of magadiite was ball-milled at 300 rpm for 20min using a planetary
mill type Pulverisette 5/4 by FRITSCH, prior to Zn2+ treatment. Fol-
lowing Zn2+ treatment, selected samples were acid washed by stirring
200mg of sample in 10mL of a 2M aqueous HNO3 solution at 135 °C
for 16 h. Samples for nitrogen physisorption were calcined at 350 °C for
12 h (sufficient to remove surface-bound water) and measured on an
ASAP 2020 apparatus by Micromeritics. Transmission electron micro-
scopy (TEM) and high-angle annular dark-field scanning transmission
electron microscopy (HAADF-STEM) were performed on a FEI Tecnai
F20 operated at 200 kV. Samples suitable for TEM and HAADF-STEM
were prepared on Lacey carbon on copper grids. Transmission Fourier-
transform infrared spectra were acquired for self-supported wafers in an
in-situ flow cell (In-situ Research Instruments, Inc., South Bend, IN),
while the pellet remained under He flow (50mLmin−1) and heated to
200 °C; materials were treated in-situ with gas-phase D2O by addition of
0.1 mL of D2O through a septum into the heated He flow lines, followed
by purging in pure He.

4. Results and discussion

4.1. Characterization of magadiite and the effect of its treatment with Zn
(NO3)2

The structure of magadiite was characterized via powder X-ray
diffraction (PXRD), and this data is shown in Fig. 3. Based on published
data [37], all of the observed peaks in the XRD pattern are assignable to
sodium magadiite. Nitrogen physisorption data of the calcined maga-
diite demonstrate a lack of uptake at low pressures (below P/Po of 0.2),

suggesting a lack of micropores in calcined magadiite (Figs. S1 of
Supplementary Information and S2). This is supported by a micropore
volume of this material of nearly zero, as calculated with the t-plot
method (Table 1). Calcined magadiite has an external surface area of
10m2/g. HAADF-STEM and TEM images of magadiite in Fig. 5 reveal
the layered nature of this material, showing highly symmetrical stacked
sheets along the z-axis, which are in the micrometer range. These sheets
are arranged in a parallel fashion and packed densely, allowing little
pore space between layers, beyond that nominal distance required for
non-covalent interaction between sheets.

We treated magadiite in a 0.5M aqueous Zn(NO3)2 solution for
48 h at 25 °C, conditions that facilitate the formation of zinc-containing
colloidal species on the magadiite surface, which upon heating forms
ZnO nanoparticles [42]. We characterized the resulting material by
elemental analysis, nitrogen physisorption, powder X-ray diffraction,
TEM, HAADF-STEM, and FTIR spectroscopy. Upon addition of maga-
diite to a 0.5M aqueous Zn(NO3)2 solution, the pH of the solution in-
creased immediately from 4.5 to 5.3 and subsequently decreased to 4.7
within 1 h. Within 48 h, the pH slightly dropped to 4.3. Data from TEM
and HAADF-STEM images in Fig. 5 show the layered structure of ma-
gadiite intact after Zn2+ treatment, with a small fraction of layers se-
parated and the aforementioned colloids on the external magadiite
surface, observable as dark spots. Experiments to identify the chemical
composition of the colloids via FTIR spectroscopy show that these
colloids do not comprise Zn(x+y)/2(OH)x(NO3)y, because the strong
characteristic nitrate band at 1350 cm−1 is absent in our material (see
inset in Fig. 6c and Fig. S7, Supporting Information) [47]. Knowing that
these colloids form ZnO particles upon heating [42], we invoke the
formation of Zn(O)x(OH)y colloids and explain the stability of the
precipitated Zn(O)x(OH)y particles at pH 4.3 to be a consequence of
their reduced solubility in confined spaces of grain boundaries, a gen-
eral effect that has been previously observed [48,49]. The external
surface area of Zn-treated magadiite was measured to be 14m2/g,
which corresponds to a 40% increase, relative to the calcined magadiite
without Zn(NO3)2 treatment. PXRD data in Fig. 3 show that the peak at
5.67° shifted to 6.38° and became broader and lower in intensity upon
Zn(NO3)2 treatment, indicating loss of long-range order along the di-
rection perpendicular to the stacking of the layers. The observed de-
crease in the d-spacing is presumably a consequence of a single Zn2+

Fig. 3. Powder XRD pattern of the materials indicated above each pattern.
Sharp peaks indicate that magadiite is crystalline and that ball milling of ma-
gadiite has no effect on its crystallinity. Zn treatment leads to a decrease of peak
intensity for both magadiite and the ball-milled magadiite.

Fig. 4. External surface area of magadiite materials before and after various
treatments.
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Table 1
Summary of textural properties and Na/Zn content for various samples.

Material BET surface area (m2/g) External surface area (m2/g) Micropore Volume (mL/g) Na-content (wt%) Zn-content (wt%)

As-made magadiite 16 10 <0.01 4.15 0
Zn treated magadiite 33 14 0.01 < 0.02 5.99
Ball-milled magadiite 21 11 0.01 4.15 0
Ball-milled/Zn-treated magadiite 42 23 0.01 N/A 4.72

Fig. 5. HAADF-STEM (dark background) and TEM (bright background) images of various materials.
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that intercalates between non-delaminated magadiite layers and com-
pletely exchanges with two Na+ there, thereby reducing the magadiite
interlayer distance. This is supported by elemental analysis and FTIR
spectroscopy of magadiite and Zn2+-treated magadiite: While maga-
diite has a Na-content of 4.2 wt%, virtually none of it remains after
Zn2+-treatment (0.02 wt% Na), whereas the Zn2+-treated magadiite
contains 5.99 wt% zinc. Consistent with this, FTIR spectroscopy of
magadiite after Zn2+-treatment shows the disappearance of its intense,
broad feature spanning the region between 3400 cm−1 and 2500 cm−1

in Fig. 6b, which has previously been assigned to OH species in inter-
action with interlayer NaOH (Fig. 6a) [44]. We underscore that while
we are indeed growing Zn-containing colloids in grain boundaries
(Fig. 2), which would be expected to locally increase interlayer spacing,
this effect is not detected via powder X-ray diffraction because of dis-
order in the areas where the Zn-containing colloids are located and
because these areas are a much smaller fraction of the material com-
pared to all of the interlayer regions mentioned above. Because of the
mild pH under which Zn treatment occurs, we exclude dissolution and/
or amorphization of the magadiite material as a reason for both the
observed peak intensity decrease in the PXRD pattern as well as the
observed surface-area increase. We further exclude exchange of Na+ for
H+, because the measured pH range from 4.3 to 5.5 is not sufficient for
such an exchange (see Supporting Information and Fig. S4). Although
the Zn-content of magadiite after aqueous Zn(NO3)2 treatment was
measured to be 5.99 wt%, no diffraction peaks for bulk ZnO were ob-
served, which further supports TEM data, which showed the formation
of small (< 5 nm) colloids in the form of dark spots on the magadiite
surface. Altogether, the data above show that the textural properties of
magadiite change upon treatment with Zn(NO3)2, including an increase
in external surface area. A significant amount of Zn remains within this
material (5.99 wt%), corresponding to material B in Fig. 2, as a result of
both Zn2+ intercalation as well as nucleation and growth of small Zn
(O)x(OH)y colloids in between magadiite layers.

Upon acid-washing, the surface area of Zn-treated magadiite in-
creases further, to an external surface area of 25m2/g, corresponding to
a total external surface area increase of 150%, relative to the calcined
magadiite without Zn(NO3)2 treatment. This increase in surface area is
also reflected in HAADF-STEM images, which show a dramatic change
from the mostly intact magadiite layers of the material before acid
washing, to delaminated layers after acid-washing, as shown in Fig. 5.
These images of the delaminated layers are similar in their open na-
noscale morphology to STEM images of delaminated borosilicate zeo-
lites synthesized via Zn2+ treatment, such as DZ-1 (delaminated ERB-
1(P)) and DZ-2 (delaminated B-SSZ-70(P)) [10,33]. According to ele-
mental analysis, virtually all Zn2+ has been removed from the sample
after acid-washing (< 0.02wt% Zn).

4.2. Characterization of magadiite and the effect of its treatment with Zn
(NO3)2 by infrared spectroscopy

Magadiite samples before and after treatment with Zn(NO3)2 were
studied by FTIR spectroscopy to understand changes to surface struc-
ture of the silicate layers with results shown in Fig. 6. The bottom FTIR
spectrum in Fig. 6a corresponds to magadiite, heated to 200 °C under a
flow of dry helium to remove weakly bound water. Several distinct
bands are evident in this spectrum, corresponding to stretching vibra-
tions of different OH species [50]. Stretching vibrations at 3741 cm−1

coincide with frequencies observed for free isolated silanols on the
surface of amorphous silica [51,52]; their relatively weak contribution
suggests that they correspond to silanols on the terminating surface of
magadiite crystallites, which are a minority species relative to con-
tributions from interlayer OH groups. We therefore assign the band at
3741 cm−1 to free isolated silanols on the terminating surface of ma-
gadiite crystallites. Bands red shifted from these free silanols at
3741 cm−1, the first of which is observed at 3717 cm−1, correspond to
silanols perturbed by H-bonding, by analogy to assignments on amor-
phous silica [51,52]. Broad and intense features are also observed at
3610 cm−1 and 3510 cm−1, corresponding to other H-bonded silanols
species [50]; it should be noted that features in this spectral region may
also arise from strongly bound inter-layer water [53], which may not
have been fully removed by treatment at 200 °C [50]. An intense, broad
feature spanning the region between 3400 cm−1 and 2500 cm−1 is also
evident and has previously been assigned to OH species in interaction
with interlayer NaOH [50].

The bottom infrared spectrum in Fig. 6b corresponds to magadiite
after treatment with Zn(NO3)2, measured at the same conditions as
magadiite. The same characteristic OH species that were observed for
magadiite are present here, with stretching vibrations at 3741 cm−1,
3717 cm−1, 3610 cm−1 and 3510 cm−1. Notably, however, the broad
feature in the region between 3400 cm−1 and 2500 cm−1, associated
with interlayer NaOH species [50], is absent, confirming that Zn(NO3)2
treatment results in the full exchange and removal of any Na+ species
from magadiite throughout the bulk of the magadiite silicate. Another
remarkable feature of the infrared spectrum of magadiite after Zn
(NO3)2 treatment is the absence of bands that indicate the presence of
nitrate groups in the region at ∼1350 cm−1 (Fig. 6c; for a reference
FTIR spectrum of Zn(OH)(NO3) see Supporting Information Fig. S7)
[47]. Altogether, these data show that (i) the structure of magadiite
layers does not change upon treatment with Zn(NO3)2, (ii) Zn2+ cations
intercalate and replace all interlayer Na+ cations, and (iii) the zinc
colloids that are visible in TEM images do not contain NO3

− anions.
Next, in order to assess the accessibility of surface SiOH groups of

magadiite before and after Zn-treatment, we use deuteration, a

Fig. 6. Transmission Fourier-transform infrared
spectra for (A) magadiite and (B) Zn-treated maga-
diite. Spectra labelled ‘H’ correspond to a self-sup-
ported wafer of the material under He flow
(50mLmin−1) at 473 K; spectra labelled ‘D’ to the
same wafer after treatment with gas-phase D2O
under He flow at 473 K for 10min, following purging
with pure He for 20min at 473 K. Inset (C) shows the
absence of a NO3

−-band at 1350 cm−1 in Zn(NO3)2-
treated magadiite and a band attributed to silica in
the vicinity of 1250 cm−1 [55].
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commonly used method for this purpose, as the exchange of D+ in D2O
for H+ in surface OH groups occurs readily and can be monitored by
infrared spectroscopy [51]. Top infrared spectra in Fig. 6 show the ef-
fects of in situ D2O treatment on the respective magadiite samples. For
magadiite in Fig. 6a, deuteration shifts all infrared bands to lower
frequencies, with the expected = 1.35ν

νOH
OD [54], indicating quantita-

tive exchange of D for H. A faint feature remains non-exchanged at
∼3620 cm−1, presumably due to a small number of silanols in-
accessible in cages within defective magadiite layers.

This full accessibility of OH groups to D2O in magadiite is in stark
contrast to the behaviour observed for magadiite after treatment with
Zn(NO3)2 (top spectrum in Fig. 6b). Upon deuteration of the Zn(NO3)2-
treated magadiite, features in the OD stretching region appear in the
same frequency range as observed for magadiite, indicating exchange of
H+ for D+ in this sample. However, significant intensity remains in the
OH region (3000–3700 cm−1), demonstrating that a significant fraction
of OH species are not being deuterated and must be inaccessible to D2O.
This lack of accessibility of D2O to OH in the material treated with Zn
(NO3)2 is in direct contrast to the full accessibility observed for maga-
diite before treatment with Zn(NO3)2. This further suggests that some
regions of the silicate surface of the magadiite layer after Zn treatment
are now blocked and inaccessible. These inaccessible regions are lo-
cated between silicate layers, because free terminal silanols with
stretching vibrations at 3741 cm−1, which are located at the external
surface, fully exchange with D2O in the Zn-treated material, with a the
expected = 1.35ν

νOH
OD . This is fully consistent with the intercalation of

Zn2+ and growth of ZnOx(OH)y particles (vide infra), which may par-
tially block regions of inter-layer space. We can exclude the presence of
Zn-bound OH groups in Zn(NO3)2-treated magadiite, as Zn(OH) groups
are fully condensed at a temperature of 200 °C – the temperature at
which FTIR spectra were recorded [47].

The blockage observed upon D2O treatment of Zn2+-treated ma-
gadiite is consistent with the difference observed in external surface
area increase when magadiite is treated with Zn2+ (40% additional
surface area) and when it is Zn2+ treated and subsequently acid-washed
(150% additional surface area). Zn(O)x(OH)y colloidal particles pre-
sumably block pore entrances in magadiite and prevent both D2O access
(observed lack of OH-OD exchange via infrared spectroscopy) and N2

access (only 40% external surface area measured via N2-physisorption
compared to 150% when Zn(O)x(OH)y is removed). Acid-washing dis-
solves Zn(O)x(OH)y particles and renders the previously blocked ex-
ternal surface area accessible.

4.3. Effect of ball-milling on magadiite and its treatment with Zn(NO3)2

To further test our hypothesis that a growth of nanosized Zn
(O)x(OH)y colloids on the magadiite grain boundaries causes separation
and delamination of the magadiite sheets, we attempted to increase the
accessibility of existing grain boundaries as well as create new ones via
ball milling (i.e. mechanically mixing magadiite in a planetary mill). If
our hypothesis is correct, then these two effects will allow for additional
sheet separation and for additional creation of external surface area
during Zn treatment, though other effects could also be at play, such as
increased reactive surface area due to sheet breakage also facilitating
delamination, separate from this hypothesis.

We first characterized ball-milled magadiite to determine possible
effects of ball-milling on its textural properties. The same positions of
the peaks as well as their relative intensities in the X-ray diffraction
data of Fig. 3 demonstrates that ball-milling had little effect on the
structure of magadiite. However, for ball-milled magadiite, non-basal
reflection intensities in the 2theta range of 25°–30° are slightly lower
than those of as-made magadiite (see Fig. S5), which indicates that
intra-layer long-range order decreases during ball-milling, in line with
observed TEM images (Fig. 5) that show “sheet breaking”, which we
surmise occurs along with creation of new grain-boundaries within
layers. N2 physisorption data in Fig. 4 and Figs. S1 and S2 (Supporting

Information) show an external surface area of 11m2/g for ball-milled
magadiite, which is similar to the external surface area measured for
magadiite prior to ball milling. Consistent with the small differences
between magadiite before and after ball milling, TEM and HAADF-
STEM images in Fig. 5 show similarity in that both samples consist of a
layered structure, with TEM images of ball-milled magadiite showing
clear signs of sheet-breaking. In summary, ball-milling does not sig-
nificantly affect external surface area (i.e. does not delaminate maga-
diite on its own) and does not affect long-range order, as measured by
physisorption and PXRD, respectively; however, it does lead to a
slightly decrease of the crystallite (or particle) size, as measured via
transmission electron microscopy in Fig. 5.

Next, in order to delaminate the ball-milled magadiite, we treated it
with Zn(NO3)2 solution in the same fashion as above. PXRD data in
Fig. 3 show a similar change of XRD pattern after Zn(NO3)2 treatment
as reported above for magadiite without ball milling. The peak at 5.67°
shifted to 6.38° and became broader and lower in intensity, showing
loss of long-range order along the stacking direction of the layers. The
amount of zinc incorporated in the ball milled sample is 4.72 wt%,
which is lower than that of the zinc-treated magadiite without ball-
milling (5.99 wt % Zn). This result can be interpreted on the basis of
confinement-induced precipitation, which could dramatically reduce
the precipitation of salt (in our case a Zn(O)x(OH)y species) in less
confined spaces, after ball milling [48]. Physisorption data show an
external surface area of 23m2/g, corresponding to an external surface
area increase of 109%, relative to the ball milled calcined magadiite
without Zn(NO3)2 treatment. TEM and HAADF-STEM images show that
magadiite, after ball-milling and Zn(NO3)2 treatment, is significantly
different from the ball-milled magadiite shown in Fig. 5. The Zn-treated
material in Fig. 5 shows disordered arrangements of magadiite layers
with signs of delamination. Additional HAADF-STEM images of ball-
milled and Zn2+-treated magadiite shown in Fig. S3 also show the
presence of nanoparticles, which have a distinctly different appearance
than that of magadiite. These particles presumably consist of Zn
(O)x(OH)y colloids.

Next, we acid-washed the magadiite that was ball-milled prior to Zn
treatment. The resulting material showed an increase of external sur-
face area to 31m2/g from 23m2/g before acid washing, corresponding
to a total external surface area increase of 182%, relative to the ball-
milled and calcined magadiite without Zn(NO3)2 treatment and acid
washing (11m2/g). This increase in surface area is also reflected in
HAADF-STEM images shown in Fig. 5, which show mostly delaminated
layers after acid-washing, similar in nanoscale morphology to delami-
nated layers in the material without prior ball milling. Altogether, these
data show that Zn-treatment of ball-milled magadiite followed by acid-
washing creates a delaminated material with increased external surface
area. However, in stark contrast to Zn-treated magadiite without ball-
milling, which underwent delamination according to HAADF-STEM
only after acid-washing, not after Zn-treatment alone, the delaminated
nature of ball-milled magadiite is already visible in HAADF-STEM
images after Zn-treatment, prior to acid-washing (corresponding to
material E in Fig. 2).

4.4. A comparison of the effect of Zn-treatment and acid-washing on
magadiite and ball-milled magadiite

Zn2+ treatment of magadiite creates 40% additional external sur-
face area, while Zn2+ treatment of ball-milled magadiite creates 109%
additional external surface area. The increased change in relative ex-
ternal surface area for the sample that underwent ball milling can be
explained as follows: ball milling may either create new grain bound-
aries within the magadiite or it may increase the accessibility of existing
grain boundaries, or possibly both. The former involves the creation of
new grain boundaries that Zn(O)x(OH)y can penetrate and wedge apart
magadiite layers from. The latter involves a greater degree of maga-
diite-layer separation, even in the presence of Zn(O)x(OH)y colloids
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(i.e., before Zn removal via acid washing).
To investigate the possibility of ball-milling creating new grain

boundaries, we examine the increase in external surface area following
acid washing (i.e. Zn(O)x(OH)y colloid removal). Zn2+ treatment and
acid washing of magadiite leads to an increase in external surface area
of 150% for magadiite and 182% for ball-milled magadiite. If ball
milling did not synthesize new grain boundaries, our expectation would
be that after Zn treatment and acid washing, both materials would be
delaminated to the same extent This is because a combination of Zn
treatment and acid washing would be expected to equally delaminate
all grain boundaries in magadiite that are present prior to ball milling.
Therefore, based on the greater increase in surface area after acid
washing for the ball-milled sample (182% vs 150% for non-ball-milled
sample), we conclude that ball milling modestly increases the number
of grain boundaries. The extent of grain-boundary increase between the
two samples would be estimated at (182–150)/150= 21%.

Next, we examine evidence related to whether ball milling increases
the accessibility of existing grain boundaries, by comparing the external
surface areas of magadiite and ball-milled magadiite after Zn2+ treat-
ment, prior to acid washing. Zn2+ treatment of magadiite creates 40%
additional external surface area, while Zn2+ treatment of ball-milled
magadiite creates 109% additional external surface area. In principle,
the difference in magnitude between these two numbers – spanning a
factor of 2.7-fold – could be the result of ball milling either increasing
the accessibility of existing grain boundaries or creating new accessible
grain boundaries. However, the extent to which ball milling creates new
grain boundaries is modest (21%, vide supra) and smaller than the
difference between 109% and 40%, for the two comparative samples
before acid washing. We therefore infer that the major role of ball
milling is to increase accessibility of existing grain boundaries rather
than to create new ones. Part of this enhanced accessibility could in-
clude sheet breakage.

These roles of ball milling are reflected schematically in Fig. 2. Zn2+

treatment of magadiite prior to ball milling results in Zn(O)x(OH)y
colloid infiltration but only a small increase in external surface area
prior to acid washing. Inaccessibility of surface area after Zn treatment,
detected by FTIR spectroscopy and N2 physisorption, indeed suggests
that Zn(O)x(OH)y colloidal particles block access to the newly created
external surface area within the narrow grain boundaries. TEM and
HAADF-STEM images in Fig. 5 support this, as these images show that
the Zn2+-treated magadiite appears to be intact but separated by darks
spots, presumably Zn(O)x(OH)y colloids. In contrast, the more acces-
sible grain boundaries in ball-milled magadiite, Zn2+ treatment allow
the growth of larger Zn(O)x(OH)y colloids that act efficiently as wedges
to separate layers, consistent with TEM and HAADF-STEM data in Fig. 5
and Fig. S2, which show the delaminated nature of ball-milled and
Zn2+-treated magadiite as well as presence of Zn(O)x(OH)y colloids; the
latter are now large enough to be visualized for the sample after ball
milling.

5. Conclusion

Zn(NO3)2 treatment delaminates both magadiite and ball-milled
magadiite, resulting in 150% and 182% more external surface area
relative to magadiite, respectively, after acid washing. An analysis of
extent of external surface synthesized relative to magadiite points to the
following effects of ball milling on magadiite delamination:

1. Ball milling creates some new grain boundaries, which result in the
enhanced external surface area of the ball-milled versus the non-
ball-milled sample after Zn2+-treatment followed by acid washing.

2. Ball milling of magadiite leads to a more open structure of existing
grain boundaries, resulting in a greater relative increase in external
surface area of magadiite after Zn(NO3)2 treatment.

All of these conclusions point to a mechanism of Zn2+-facilitated

magadiite delamination, which may involve Zn(O)x(OH)y colloids nu-
cleating and growing in grain boundaries of the magadiite material,
where they act as wedges to force magadiite layers apart, as shown in
Fig. 2. The percentage of increase in external surface area resulting
from delamination of magadiite silicate followed by acid-washing
(150%) is comparable to that for the borosilicate DZ-1 (147%), made
from layered zeolite precursor ERB-1(P), via a similar delamination
procedure, involving simultaneous Zn(NO3)2 and HNO3 acid treatment
[33]. These data from magadiite delamination may shed light on the
role of Zn2+ in zeolite delamination via Zn2+ treatment, which could
also proceed through formation of Zn(O)x(OH)y colloids, which nu-
cleate and grow in grain boundaries of the borosilicate zeolites.
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