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er nanoparticles on nanoscroll-
supported inorganic solid using incompletely
rolled-up kaolinite†

Shingo Machida *

Nanoscroll-supported platy particles were prepared by incomplete rolling-up of kaolinite layers; when the

rolling-up of the kaolinite layer followed by its exfoliation incompletely proceeds, kaolinite nanoscrolls were

found at the edge of kaolinite platy particles. To assess the support property of these nanoscroll-supported

platy particles, when the deposition of Ag nanoparticles was conducted, these nanoparticles were present

on the surface of platy particles and in the tubular interior of nanoscrolls at the edge of platy particles but

absent on the surface of ordinal kaolinites, as revealed by X-ray diffraction, X-ray photoelectron

spectroscopy, and transmission electron microscopy. These results indicated the successful formation

and support property of nanoscroll-supported platy particles.
Introduction

Various elds have widely investigated the fundamental prop-
erties and practical applications of nanotubes and
nanoscrolls.1–18 In addition to their functionalities induced by
components, such as carbon and titania, one-dimensional and
hollow morphology have been utilized to improve the
composite mechanical properties and introduce molecules and
nanoparticles to tubular interiors; concerning the latter use,
nanotubes and nanoscrolls were used as supports.1–10 Layered
compounds comprising stacked ca. 1 nm layers are also
possible llers of composites and supports for molecules and
nanoparticles accommodated into the interlayers, two-
dimensional nanospaces.19–23 This accommodation requires
intercalation, a reaction to insert molecules and ions into the
layers to form intercalation compounds.19–23 Intercalation
reactions can proceed using intercalation compounds as inter-
mediates; thus, multistep reactions can be necessary. However,
some layered compounds exhibit low or no intercalation capa-
bility.23,24 In addition, intercalation with concurrent condensa-
tion reactions between molecules and layers cannot be avoided
upon the conversion of layered compounds into porous solids,
i.e., pillaring.22 Notably, nanotubes can be considered
dangerous from the viewpoint of cancer risks,25 regardless of
scientic evidence. Therefore, nanotubes-supported microm-
eter materials could be promising safety materials for people
other than scientists.
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tion (ESI) available. See DOI:
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In this study, special attention is paid to the preparation of
nanotube-supported platy particles. The exfoliation of layered
compounds can induce the rolling-up of exfoliated layers.14

Kaolinite, a layered clay mineral having the formula of Al2-
Si2O5(OH)4, exhibits the intercalation capability of polar
neutral molecules and salts.14,23,24,26–32 When specic alky-
lammonium salts are intercalated between the layers of
kaolinite, exfoliation and subsequent rolling-up of kaolinite
layers form kaolinite nanoscrolls.14 These reactions partially
proceed depending on the sorts of alkylammonium salts.14,27

Such incomplete proceeding can occur by the deintercalation
of molecules from kaolinite layers.29,30 The partially rolled-up
layers as nanoscrolls are present at the edge of kaolinite
platy particles.29,30 Thus, the incomplete rolling-up of kaolinite
layers is the best method to generate nanoscroll-supported
platy particles. Notably, because the intercalation of specic
alkylammonium salts developed as an efficient method to
exfoliate and roll up kaolinite layers, a method of incomplete
rolling-up of the kaolinite layer has never been utilized for
material design. In a previous study, the partial rolling-up of
kaolinite layers occurred by the deintercalation of octadecyl-
trimethylammonium chloride (C18TAC) from kaolinite layers
upon washing of a kaolinite-C18TAC intercalation compound
(Kaol-C18TAC) with a solvent.29 Therefore, the support ability
of the nanoscroll-supported kaolinite (NS-Kaol) was briey
assessed and compared with the kaolinite. In this trial,
because silver nanoparticles were easily obtained by soaking
spherical silica particles in a silver nitrate (AgNO3) aqueous
solution and subsequent calcination,33 this method is a suit-
able candidate to briey assess the supporting property of NS-
Kaol. Thus, the deposition of silver nanoparticles on the
present specimens was conducted.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Experimental
Materials

The kaolinite used in this study was obtained from the Source
Clays Repository of the Clay Material Society (KGa-1b, i.e., well-
crystallized Georgia Kaolin), which originally contains anatase
as an impurity.34 The XRD prole for this kaolinite is shown in
Fig. S1.† In addition, KGa-1 was light brown in color because of
the presence of Fe as an impurity.34 N-Methylformamide (NMF)
and C18TAC were obtained from TCI. Methanol, ethanol, and
AgNO3 aqueous solution (1 mol L−1) were obtained from Wako
Pure Chem. The AgNO3 aqueous solution was adequately
diluted and used. All chemicals were used without further
purication.
Sample preparation

NS-Kaol was prepared according to the previous study; methoxy-
modied kaolinite (MeO), a organic derivative of kaolinite in
which a portion of hydroxyl groups are substituted to methoxy
groups, was prepared using a kaolinite-NMF intercalation
compound35 as an intermediate, and the intercalation and
subsequent deintercalation of C18TAC were conducted.29

Ethanol was used for washing Kaol-C18TAC for the dein-
tercalation of C18TAC from kaolinite layers.29

NS-Kaol (200 mg) was dispersed in 0.1 or 0.01 mol L−1 AgNO3

aqueous solution. Aer the dispersions were allowed to stand
for a day in the dark, the resulting solids were centrifuged at
4500 rpm for 5min and dried at 80 °C for a day in the dark. Aer
drying, the resulting solids were calcined at 500 °C for 2 h at
a heating rate of 10 °C min−1 to give the specimens denoted as
0.1Ag-NS-K-C and 0.01Ag-NS-K-C. For comparison purposes,
similar procedures were applied to MeO-Kaol using
0.01 mol L−1 AgNO3 aqueous solution to obtain the specimen
denoted as 0.1Ag-MeO-K-C. In addition, the resulting solid
soaked in 0.1 mol L−1 solution was washed with an excess
amount of water before drying and then calcined at 500 °C for
Fig. 1 (A) Photographs of (a) NS-Kaol, (b) NS-K-C, (c) 0.1Ag-NS-K-C, (d)
(B) Absorption spectra of (a) NS-K-C and (b) 0.1Ag-NS-K-C.

© 2023 The Author(s). Published by the Royal Society of Chemistry
2 h to generate the specimen denoted as 0.1Ag-NS-K-Wash-C.
Furthermore, NS-Kaol underwent 500 °C-calcination to give
the specimen denoted as NS-Kaol-C.
Characterization

The presence of Ag nanoparticles in the specimens was char-
acterized using X-ray diffraction (XRD) (XRD-6100, Shimadzu),
X-ray photoelectron spectroscopy (XPS; JPS-9030, JEOL), trans-
mission electron microscopy (TEM), energy-dispersive X-ray
spectroscopy (EDX) mapping, high-angle annular dark eld
(HAADF) images, and secondary electron (SE) images (HF-2200,
Hitachi). The morphology of kaolinite specimens were also
characterized using TEM, SE, and HAADF images. TEM images
were also obtained using a JEM-2100 (JEOL). Before microscopic
analyses, the samples were dispersed in ethanol, and the
dispersions were cast to a copper grid. The surface area of NS-
Kaol was determined from the nitrogen adsorption isotherm
(Belsorp MINI, MicrotracBEL) using the Brunauer–Emmett–
Teller (BET) method.36
Results and discussion

Fig. 1 shows the photographs of the specimens. NS-Kaol was
light brown, although NS-Kaol-C was slightly dark compared
with NS-Kaol (Fig. 1Aa and Ab). In the previous study, alky-
lammonium ions electrostatically interacted with kaolinite
edges with cation-exchange sites; kaolinite layer surfaces
cannot show cation-exchange capability,27 whereas kaolinite
features the intercalation of polar organic molecules and
salts.14,23,24,26–31 In addition, aer the expansion of kaolinite
layers by intercalation, the edge availability to adsorb ions
increased; thus, alkylammonium ions were present at kaolinite
edges even aer the intercalation and subsequent dein-
tercalation of alkylammonium salts.29 Furthermore, methoxy
groups remained aer the intercalation and deintercalation of
alkylammonium salts.29 In this study, NS-Kaol was prepared by
0.01Ag-NS-K-C, (e) 0.1Ag-MeO-Kaol-C, and (f) 0.1Ag-NS-K-Wash-C.

RSC Adv., 2023, 13, 26430–26434 | 26431
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the intercalation and subsequent deintercalation of C18TAC
using MeO-Kaol as an intermediate and then calcined at 500 °C.
Because plateaus were not observed in the TG curves of
kaolinite-alkylammonium salt intercalation compounds and
alkylammonium ion-adsorbed kaolinites,27,29 the thermal
decomposition of organic molecules in kaolinites incompletely
proceeded to remain carbon and display a bit black coloration
of NS-Kaol-C.

Notably, kaolinite dehydroxylation proceeds at 400–600 °C to
form metakaolinite, an amorphous layered aluminosilicate
(Al2O3$2SiO2).31,32,37 Such dehydroxylation does not change the
hexagonal platy particle of kaolinites.37 The calcination of
kaolinite nanoscrolls is similar to that of kaolinites.14 In
previous studies, the expansion of the kaolinite layer induced
a decrease in the starting temperature of kaolinite dehydrox-
ylation.26,27 Depending on the molecules between kaolinite
layers and the degree of kaolinite layer expansion, the degree of
kaolinite amorphization differed.31,32

The coloration of 0.1Ag-NS-K-C and 0.01Ag-NS-K-C were dark
purples, and the coloration of 0.01Ag-NS-K-C was darker than
that of 0.01Ag-NS-K-C (Fig. 1Ac and Ad). The absorption spec-
trum of 0.1Ag-NS-K-C shows a broad absorption peak at around
550 nm, although such absorption is absent in the spectrum of
NS-K-C that shows an increase in the intensity in the range of
400–500 nm attributed to the presence of silicate layers
(Fig. 1B).38 Meanwhile, the XRD patterns of 0.01Ag-NS-K-C and
0.1Ag-NS-K-C show peaks attributed to Ag metal39 and a broad
prole with kaolinite amorphization;31,32 the former Ag peaks
were more intense than the latter (Fig. 2A). In addition, the XPS
spectrum of 0.1Ag-NS-K-C shows peaks at 375.0 and 369.0 eV
attributed to Ad 3d of the Agmetal, which are more intense than
those at 373.5 and 367 eV attributed to Ag+ (Fig. 2B),40–42 indi-
cating that most of the Ag+ ions in 0.1Ag-NS-K were reduced
under the calcination condition. Based on the peak integrals
attributed to Ag 3d (Fig. 2B), Al 2p, and Si 2p of 0.1Ag-NS-K-C
Fig. 2 (A) XRD patterns of (a) 0.01Ag-NS-K-C, (b) 0.1Ag-NS-K-C, and (c)
anatase, respectively. (B) XPS spectrum of 0.1Ag-NS-K-C. Dotted lines a
spectrum.

26432 | RSC Adv., 2023, 13, 26430–26434
(Fig. S2†), the molar ratio of Ag : Al : Si was estimated to be
approximately 0.7 : 1 : 1, and the molar ratio of Al : Si is consis-
tent with the formula of kaolinite (Al2Si2O5(OH)4). Furthermore,
the TEM and HAADF images of 0.1Ag-NS-K-C show ∼50 nm
nanoparticles on hexagonal platy particles and in completely
and incompletely rolled-up nanoscrolls at the edge of the platy
particles (Fig. 3a and c). These nanoparticles are highlighted in
the EDX mapping of Ag, but not in that of O (Fig. 3d and e). In
previous studies, the Ag nanoparticles in the range of 15–55 nm
appeared purple to violet, attributed to plasmonic color.43–46

Therefore, the presence of Ag nanoparticles in NS-Kaol is
evident in this study. Meanwhile, the presence of nanoscrolls at
the edge side of hexagonal platy particles is also evident in the
TEM image of NS-K-C (Fig. 4a). This image is well consistent
with the TEM and SE images of the present study (Fig. 3a and b)
and the SE image of C18TAC-deintercalated kaolinites in
a previous study.29 In addition, the BET surface area of 32 m2

g−1 of NS-Kaol, an incomplete rolled-up kaolinite, was smaller
than that of the kaolinite nanoscrolls prepared by an efficient
rolling upmethod.14,47 Therefore, the formation and the support
ability of nanoscroll-supported kaolinites are evident in this
study.

Nanoparticles are slightly present in the nanoscrolls at their
edges in the TEM image of 0.01Al-NS-K-C (Fig. 4b). In addition,
0.1Ag-MeO-K-C with a small quantity of black coloration
(Fig. 1Ae) cannot show the deposition of nanoparticles based on
the TEM image (Fig. 4c). Furthermore, a slight black coloration
also appeared in 0.1Ag-NS-K-Wash-C. According to the TEM
image of 0.1Ag-NS-K-C (Fig. 3a), aer a specic concentration of
AgNO3 aqueous solution was present in NS-Kaol before drying,
AgNO3 was likely concentrated into mesospaces like nanotubes
and then calcined to form Ag nanoparticles; reections attrib-
uted to AgNO3 (ref. 39) was present in NS-Kaol soaked in AgNO3

aqueous solution before calcination in the XRD pattern (data
not shown). Although Ag nanoparticles are present on the platy
NS-Kaol. Closed circles and triangles indicate reflections due to Ag and
re deconvolutional components and red dashed line is the simulated

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) TEM, (b) SE, and (c) HAADF images, as well as EDX mappings of (d) Ag, (e) O, (f) Al, (g) Si, and (h) Ti of 0.1Ag-NS-K-C.

Fig. 4 TEM images of (a) NS-Kaol, (b) 0.01Ag-NS-Kaol, and (c) 0.1Ag-MeO-K-C.
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particles observed in the TEM images of 0.1- and 0.01Ag-NS-K-C,
these particles are absent on the calcined MeO-Kaol particles
(Fig. 3a, 4b, and 4c). According to the size of Ag particles
observed in the TEM images (Fig. 3a and 4b), the mesospaces
may likely be generated by overlapping incompletely rolled-up
kaolinite layers. Because the kaolinite layer surface does not
show cation-exchange capacity, Ag nanoparticles are likely
physisorbed on kaolinite surfaces. Notably, kaolinite exhibits
an increase in four- and ve-fold Al sites, Lewis acid sites, aer
calcination,31,32,37 and the effect of Lewis acid sites on the
formation and loading amount of Ag nanoparticles, which
strongly relate to the application of Ag nanoparticles,38–40 are
topic of interests in the future studies. In these trials, the
interactions of Ag nanoparticles with inorganic solid surfaces
should be compared. Therefore, a further study is required to
clarify the surface properties24 of nanoscroll-supported kaolin-
ites and the support ability because kaolinites have been used
as catalyst supports.48

Conclusions

In summary, this study demonstrated the formation and the
support the property of nanoscroll-supported platy particles by
© 2023 The Author(s). Published by the Royal Society of Chemistry
focusing on the incomplete rolling-up of kaolinite layers. Given
the successful presence of Ag nanoparticles in the tubular
interior of nanoscrolls at the edge of the kaolinite in this study
and nanoscrolls with varied compositions,1,9–12 the present
results paved the way for the preparation and utilization of
nanoscroll-supported platy particles.
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Ŕıo, J. Mater. Sci., 2022, 57, 2362–2387.

3 V. I. Schroeder, S. Savagatrup, M. He, S. Lin and
T. M. Swager, Chem. Rev., 2019, 119, 599–663.

4 N. M. Nurazzi, M. R. M. Asyraf, A. Khalina, N. Abdullah,
F. A. Sabaruddin, S. H. Kamarudin, S. Ahmad,
A. M. Mahat, C. L. Lee, H. A. Aisyah, M. M. F. Norranhim,
R. A. Ilyas, M. M. Harussani, M. R. Ishak and
S. M. Sapuan, Polymers, 2021, 13, 1047.

5 Y. Lvov, A. Panchal, Y. Fu, R. Fakhrullin, M. Kryuchkova,
S. Batasheva, A. Stavitskaya, A. Glotov and V. Vinokurov,
Langmuir, 2019, 35, 8648–8657.

6 E. Abdullayev and Y. Lvov, J. Nanosci. Nanotechnol., 2011, 11,
10007–10026.

7 E. Ruiz-Hitzky, M. Darder, B. Wicklein, C. Ruiz-Garcia,
R. Martin-Sampedro, G. del Real and P. Aranda, Adv.
Healthcare Mater., 2020, 9, 20000979.

8 W. Ma, O. W. Yah, H. Otsuka and A. Takahara, J. Mater.
Chem., 2012, 22, 11887.

9 M. Serra, R. Arenal and R. Tenne, Nanoscale, 2019, 11, 8073–
8090.

10 R. Uppuluri, A. S. Gupta, A. S. Rosas and T. E. Mallouk,
Chem. Soc. Rev., 2018, 47, 2401–2430.

11 M. Kitano, E. Wada, K. Nakajima, S. Hayashi, S. Miyazaki,
H. Kobayashi and M. Hara, Chem. Mater., 2013, 25, 385–393.

12 Y. Asakura, M. Sugihara, T. Hirohashi, A. Torimoto,
T. Matsumoto, M. Koike, Y. Kuroda, H. Wada,
A. Shimojima and K. Kuroda, Nanoscale, 2019, 11, 12924–
12931.

13 Y. Kuroda, J. Ceram. Soc. Jpn., 2015, 123, 853–861.
14 Y. Kuroda, K. Ito, K. Itabashi and K. Kuroda, Langmuir, 2011,

27, 2028–2035.
15 S. Ghosh, S. S. Acharyya, R. Tiwari, B. Sarkar, R. K. Singha,

C. Pendem, T. Sasaki and R. Bal, ACS Catal., 2014, 4, 2169–
2174.

16 B. Goris, S. Bals, W. Van den Broek, E. Carbó-Argibay,
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