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Abstract

This study investigates nanoclusters loaded on layered inorganic-imidazoline covalently bonded hybrids. To reveal the
existence of nanoclusters, transmission electron microscopy (TEM) and selected-area diffraction (SAD) analyses were
performed. An imidazolyl group bonded covalently with an inorganic layer, which contained Ni** (and not Mg?*) as an
octahedral cation, in the layered hybrids. In this study, the layered hybrids synthesized at 170 and 150 °C are referred to as
Ni-Im,;, and Ni-Im, 5,, respectively. The TEM observations confirmed the presence of nanoclusters of 1-2 nm in diameter
on thin sheets of Ni-Im,;, and Ni-Im,s,. The nanoclusters appeared as dark dots in the bright-field images and were brighter
than the thin sheets in dark-field images. The SAD analyses exhibited halo patterns similar to those of phyllosilicates at the
beginning of the TEM observations. The TEM analyses further revealed that the nanoclusters in both Ni-Im,,, and Ni-Im,5,
grew into Ni nanoparticles (3—5 nm diameter) under TEM. The SAD analyses demonstrated diffraction patterns with a weak
ring with a d-value of 0.20 nm and/or diffraction patterns attributed to Ni exhibiting rings with d-values of 0.20, 0.18, 0.12,
and 0.11 nm after the nanocluster growth. Furthermore, in the case of Ni-Im,5,, drastic growth was observed under TEM,
i.e., the diameters increased to approximately 30 nm.
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1 Introduction

Layered inorganic/organic complexes have been extensively
investigated as potential candidates for novel solid-state
materials with various functionalities and properties (opti-
cal, electrical, magnetic properties, etc.). Many layered inor-
ganic/organic complexes have been prepared by intercalating
organic species into the interlayer spaces of inorganic mate-
rials, such as 2:1 phyllosilicates and layered double hydrox-
ides. The synthesis of layered inorganic—organic hybrids
consisting of inorganic layers covalently bonded with
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organic groups has been reported using one-pot synthesis
[1-15] and post-grafting [16, 17]. In the present study, such
hybrids have been referred to as ‘layered inorganic—organic
covalently bonded hybrids’.

We have previously reported the synthesis of layered inor-
ganic-imidazoline covalently bonded hybrids [18]. In a few
studies, Ni** has been considered as an octahedral cation for
the inorganic layer of such hybrids. Scheme 1 represents the
proposed model of the hybrids with Ni** based on analytical
results [18]. In the proposed model, an imidazolyl group is
located within the interlayer space and bonds to the inor-
ganic layer via a covalent bond.

The X-ray diffraction (XRD) measurements revealed
XRD peaks assigned to nickel (Ni) in the case of the
hybrid (Ni-Im,,,) synthesized at 170 °C; however, such
peaks were not observed for the other hybrid (Ni-Im5,)
synthesized at 150 °C. Elemental analyses revealed a sig-
nificant amount of Ni present in the layered inorganic-imi-
dazoline covalently bonded hybrids. These results suggest
the existence of Ni nanoclusters in Ni-Im, s, indicating the
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Scheme 1 Schematic representation of a and b models proposed in
the previous report [18], a the layered inorganic-imidazoline cova-
lently bonded hybrids and b a layer of the hybrids, ¢ 2: 1 layer of

possibility of directly synthesized layered hybrids loaded
with Ni nanoclusters.

Ni nanoparticles, including nanoclusters, act as mag-
netic materials, sensors, conductive paste [19], internal
electrodes [20], junction materials [21], adsorbents with
high spillover activity for hydrogen [22], catalysts for
hydrogenation of aromatics [23], and H, production [24].
Recently, extensive studies have been reported on the syn-
thesis of Ni nanoparticles using various methods, includ-
ing chemical reduction in aqueous solutions [25, 26] and
chemical vapour deposition [21]. However, many of these
synthesized Ni nanoparticles were larger than 100 nm and
tended to agglomerate among themselves. It is important
to control the particle sizes and prevent the agglomeration
of metals for improved activities. Hence, novel techniques
have been investigated to prepare fine Ni nanoparticles
using solid supports, such as zeolites [23, 27-31], carbon
templates [22, 32, 33], and Al,O; [24]. Interestingly, a few
investigations have successfully achieved the synthesis of
fine Ni nanoparticles and nanoclusters smaller than 5 nm
[22, 27, 28, 30, 31, 34, 35]. Nishihara et al. [22] reported
a high hydrogen chemisorption ability and high hydrogen
spillover activity comparable to those of Pt nanoparticles
for synthesized Ni nanoclusters loaded on zeolite-tem-
plated carbon (ZTC).

Recent studies have investigated the synthesis of Cu, Au,
and Ag nanoparticles by adding layered clay minerals, i.e.,
phyllosilicates [36, 37] and phyllosilicate/organic complexes
[38, 39], as solid supports.
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smectite, and d imidazolyl group. The schemes a and b are modified
form of Scheme 2 of the previous report [18]

The aim of the present study is to reveal the existence of
nanoclusters in Ni-Im,;, and Ni-Im, s, hybrids, indicating
the successful direct synthesis of layered inorganic-imida-
zoline covalently bonded hybrids loaded with nanoclusters.
The transmission electron microscopy (TEM) images (both
bright- and dark-field) and SAD analyses revealed nano-
clusters with diameters of 1-2 nm loaded on thin sheets
of Ni-Im,,, and Ni-Im,s,. Furthermore, for both Ni-Im,,
and Ni-Im 5, the nanoclusters grew to the size of Ni nano-
particles with diameters of 3—-5 nm under TEM. The TEM
analyses revealed a drastic growth of the nanoclusters to Ni
nanoparticles with a diameter of approximately 30 nm in
Ni-Im,5,. The present study has proposed a new method to
synthesize nanoclusters and control the sizes of nanoclusters
and nanoparticles.

2 Experimental

2.1 Synthesis and Characterisation of the Layered
Inorganic-lmidazoline Covalently Bonded
Hybrids

Layered inorganic-imidazoline covalently bonded hybrids
were synthesized as per a previously reported study [18].
Nickel (II) acetate tetrahydrate (Ni(CH,COO),-4H,0) and
triethoxy-3-(2-imidazolin-1-yl)propylsilane (C,;,H,,N,05Si,
abbreviated as ITES [5], Scheme 2) were used in two sepa-
rate reactions, corresponding to temperatures of 170 and
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Scheme 2 Triethoxy-3-(2-imidazolin-1-yl)propylsilane (ITES)

150 °C for 6 days each (see Electronic Supplementary Mate-
rial). The crude products after the reaction were washed with
purified water several times and then freeze-dried. The syn-
thesis methods are described in detail elsewhere [18]. In this
study, the samples separately synthesized at 170 and 150 °C
are denoted as Ni-Im,,, and Ni-Im, 5, respectively.

Ni-Im ;4 and Ni-Im, 5, were characterised by inductively
coupled plasma optical emission spectrometry (ICP-OES),
CHN analysis, thermogravimetric and differential thermal
analysis (TG-DTA), XRD, scanning electron microscopy
(SEM), Fourier transform infrared (FT-IR) spectroscopy,
ultraviolet—visible—near-infrared (UV-VIS-NIR) spec-
troscopy, and fluorescence spectrophotometry, which are
described in detail elsewhere [18].

2.2 TEM Observation

The microstructures of Ni-Im,,, and Ni-Im,5, were exam-
ined using a TEM (JEOL JEM1010), under the settings of
100 kV accelerating voltage and 2—120 pA/cm? illumina-
tion beam current. We observed both bright- and dark-
field images and selected-area diffraction (SAD) patterns.
To prepare the specimens for the TEM observations, each
powder sample of Ni-Im,, and Ni-Im,5, was dispersed in
acetone ((CH;),CO), and a few microliters of each mixture
was dropped on the microgrid using a micropipette. All the
specimens were air-dried before the TEM observations.

3 Results and Discussion

3.1 Structure and Composition of the Layered
Inorganic-lmidazoline Covalently Bonded
Hybrids (Ni-lm,,, and Ni-Im, 5,)

The analytical results have led us to the proposed model of
Ni-Im, 5, as shown in Scheme 1. We have already reported
the analytical results along with the proposed model and
composition details elsewhere [18], excluding the composi-
tion and structure of Ni-Im 4. In this section, we briefly
summarise the proposed models and compositions of
Ni-Im,;, and Ni-Im, 5, which are necessary for understand-
ing the results and discussion in the following sections.

The proposed model is a layered structure comprising
inorganic layers with an imidazolyl group located between
them, wherein the interlayer distances for Ni-Im;, and
Ni-Im, 5, are 1.9 nm and 1.8 nm, respectively. The inorganic
layer and imidazolyl group bond covalently with each other
via a Si—C covalent bond. The inorganic layer refers to the
2:1 phyllosilicate-like layer formed by a cationic octahedral
sheet sandwiched between the two siloxane sheets, wherein
the octahedral cation is Ni>*.

The 2:1 phyllosilicates have layered structures with each
layer consisting of a cation (such as Mg>" and AI’") sheet
sandwiched between the two-dimensional Si tetrahedral
sheets. Each SiO, tetrahedron shares three corners with
the neighbouring tetrahedra to form links and construct the
tetrahedral Si sheets with a hexagonal mesh pattern. Diva-
lent octahedral cations, such as Mg>*, occupy all the cation
sites of the octahedral sheet in the ideal structures of 2:1
trioctahedral phyllosilicates. The layers exhibit negative
charge in many groups of phyllosilicates (e.g., smectite)
due to diadochy isomorphous substitutions. To compensate
for the negative charge, exchangeable cations are interca-
lated between the layers of phyllosilicates. Typical triocta-
hedral smectites are hectorite (M,(Mg;_Li,)Si,0,,(OH),),
stevensite (M,,(Mgs_,)S1,0,¢(OH),), and saponite (M,_,
(Mg (Al Fe),)Si, ,ALO,o(OH),), where M is the monova-
lent exchangeable cation between the layers. These composi-
tions are written for the case of monovalent exchangeable
cations (M). There are vacancies in the octahedral sheet of
stevensite.

The ionic radius of Ni** is 0.069 nm. The ionic radius of
Mg2+ 1s 0.072 nm [40, 41]. A six-coordinated octahedron is
formed with Ni as the central metal. Therefore, we adopted
Ni?* to synthesize layered inorganic-imidazoline hybrids,
wherein Ni** is not available as the main element for the
octahedral cation in the natural phyllosilicates.

The XRD pattern of Ni-Im,,, exhibited the reflection
peaks attributed to nickel metal crystals (d=0.204 and
0.176 nm) in addition to the peaks ascribed to the phyllo-
silicate-like layer (1.9, 0.95, 0.46, 0.26, and 0.155 nm) [18]
(see Electronic Supplementary Material). However, no XRD
peaks attributed to nickel metal crystals were observed in the
XRD pattern of Ni-Im, 5,. Furthermore, the XRD pattern of
Ni-Im, 5, confirmed the peaks ascribed to the phyllosilicate-
like layer, whereas no peaks were attributed to the starting
reagents and by-products such as nickel oxide. The analyti-
cal results (from XRD, FT-IR, etc.) revealed that Ni-Im,,
is a mixture of the layered inorganic-imidazoline covalently
bonded hybrids and Ni metal crystals.

Table 1 lists the mole ratios calculated based on the ele-
mental contents obtained by the ICP-OES and CHN analy-
ses. The molar ratios are given as 3.5:9.1:20.7:63.0:5.4
for Si:Ni:C:H:N corresponding to Ni-Im,5, and
3.5:7.7:16.8:52.7:4.2 for Si:Ni:C:H:N corresponding to
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Table 1 Mole ratios calculated Si Ni C H N C/Si Ni/Si

from the results of elemental

analyses Ni-Im, 5, 3.50 9.11 20.66 63.02 5.36 5.9 2.6
Ni-Im, 4, 3.50 7.73 16.81 52.67 4.15 4.8 2.2

Ni-Im,,,. The weight contents are listed in the Electronic
Supplementary Material (Table S1). Additionally, oxygen
was obtained as a residue.

Considering the proposed model (Scheme 1) and com-
position reported for a layered inorganic-imidazoline cova-
lently bonded hybrid with Mg?* as the octahedral cation
[18], a tentative composition can be given as follows:

(NiZ*

0'94nH20)R3'SSi3_5Ni3OP(OH)q ¢))

where R denotes the imidazolyl group, (2-imidazolin-1-yl)
propyl group (CgH; N,).

The Ni/Si molar ratio is 1.13 in chemical formula (1). In
contrast, the elemental analyses indicated large Ni/Si molar
ratios of 2.2 in Ni-Im,,, and 2.6 in Ni-Im,5,. The molar
ratios of excess Ni to Si were 1.1 and 1.5 for Ni-Im,,, and
Ni-Im 5, respectively. The large molar ratio of Ni/Si was
apparently reasonable at this stage for Ni-Im,,,, as the XRD
measurement confirmed the presence of Ni metal crystals in
Ni-Im4,. Interestingly, the excess amount of Ni suggested
the presence of Ni nanoclusters in Ni-Im,5,. Based on these
analytical results and discussion, the composition calculated
for Ni-Im, 5, can be given as follows:
(Ni§5Nigt,nH,0)Rs 5Si; sNi;0,(OH), 2)
where Ni'F is a single Ni atom in Ni nanoclusters. Although
the samples were washed with H,O several times before
the analyses, the excess Ni within the interlayer space was
not removed by H,O. Another tentative composition of
Ni-Im, 5o, without considering Ni nanoclusters, can be given
as follows:

(Ni358.2H,0)NizR, 4Sip 40,(OH), (3)

Each Si atom would be located far from its nearest neigh-
bouring Si atom with chemical formula (3), as illustrated in
Scheme S1 (see Electronic Supplementary Material), indi-
cating hardly any Si—O-Si network formation in the model
(Scheme S1).

The RSiO; units can be linked for the formation of a con-
tinuous two-dimensional organosiloxane (Scheme 1) with
chemical formula (2), whereas the hexagonal mesh pattern
of the Si tetrahedron is not formed, as discussed in detail in
a previous report [18].

Table S1 lists the elemental contents (in weight per-
cent) of Ni-Im5, and Ni-Im,, (see Electronic Supplemen-
tary Material). Notably, a higher Si content was found in
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Scheme 3 Imidazolylsilyl group

Ni-Im,, than in Ni-Im,s,. The higher Si content suggests
the coexistence of amorphous Si in the Ni-Im,,, specimen.
The molar ratios of C/Si in Ni-Im;, and Ni-Im, 5, are 4.8
and 5.9, respectively, whereas such molar ratio is 6 for
the imidazolylsilyl group, 3-(2-imidazolin-1-yl)propylsi-
lyl group (C4H;N,Si, Scheme 3). These analytical results
indicate the possibility of a part of the imidazolylsilyl group
being decomposed during the synthesis procedure at 170 °C.
It is well known that the background around the d-value of
0.4 nm (around 26 of 20° with CuKa) is observed in the
XRD patterns of samples, including the amorphous phases
consisting mainly of Si, O, and H. However, the background
was not large in the XRD pattern of Ni-Im,, in compari-
son with that of Ni-Im, 5, (see Electronic Supplementary
Material). An amorphous morphology was not observed
for both Ni-Im,,, and Ni-Im, 5, under TEM in this study.
These experimental results indicated that the amount of
amorphous phase would not be much higher in Ni-Im
than in Ni-Im 5.

With the assumption of the partial decomposition of the

imidazolylsilyl group and the analytical results, the composi-
tion of Ni-Im,,, can be calculated as follows:
(Ni§ (Nig?,nH,0)R, 4Si; sNi; 0, (OH), @)
where Ni* corresponds to the total sum of excess Ni atoms
in the Ni nanoclusters and bulk Ni metal crystal. In the
structure of formula (4), a part of Si bonds with three oxy-
gen atoms and forms a covalent bond with one imidazolyl
group, whereas the other part of Si bonds with four oxygen
atoms (Scheme 4). However, all Si atoms bond covalently
with the imidazolyl group in the model structure of Ni-Im, 5,
(Scheme 1).

3.2 TEM Images for Ni-Im,,, and Ni-Im,;,

Figure 1a shows a TEM image of Ni-Im,,,, comprising thin
sheets that overlapped with each other. A stacked morphol-
ogy denoted by an arrow was observed on the edge from
a direction nearly parallel to the stacking direction of the
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Fig. 1 a Transmission electron microscopy (TEM) image and b selected-area diffraction (SAD) pattern for Ni-Im,
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thin sheets. Numerous nanoclusters with small diameters
(1 nm) and without any aggregation were observed on the
thin sheets. We marked some of the nanoclusters with circles
as guides in Fig. 1a. In this study, particles smaller than 3 nm
are referred to as nanoclusters.

It is difficult to observe sub-nanoclusters (particles
smaller than 1 nm) under TEM owing to their small size
and poor structures, even if sub-nanoclusters are present in
the specimen. A sub-nanocluster, assumed as a sphere with
a diameter of 0.5 nm, can barely accommodate 48 Ni atoms
(with a Ni%* ion radius of 0.069 nm [40, 41]) and thus hardly
form an assembly ordered enough to produce TEM images.
In contrast, 380 Ni atoms can exist in a sphere with a diam-
eter of 1 nm, and 3044 Ni atoms can exist in a sphere with
a diameter of 2 nm.

The nanoclusters appeared as dark dots (Fig. 1a). Heavy
atoms produce images with high contrast in TEM observa-
tions, similar to objects with high densities.

The diameters were larger than 5 nm for most reported
Ni nanoparticles loaded on the templates, e.g., zeolites [22,
24, 32, 33]. A few studies have successfully achieved the
synthesis of Ni nanoparticles with diameters of less than
5 nm (2-5 nm) loaded on zeolites [27, 28, 30, 31]. A study
based on the synthesis of Cu nanoparticles in aqueous media
with dispersed synthetic saponite reported nanoparticles
with diameters of 6-24 nm [36, 37]. Saponite is one of the
2:1 trioctahedral phyllosilicates. Thus the diameters of the
nanoclusters in Ni-Im,,, were smaller (approximately 1 nm)
than those of the reported metal nanoparticles.

As shown in Fig. 1b, the electron diffraction pattern
exhibits a halo pattern similar to those of 2:1 trioctahedral

Fig.2 a TEM image and b SAD pattern for Ni-Im 5,

@ Springer

phyllosilicates, with d-values of 0.26 and 0.15 nm corre-
sponding to the inner and outer rings, respectively. The elec-
tron diffraction data were assigned to the 13, 20 (around
0.26 nm) and 06, 33 (around 0.15 nm) bands for 2:1 triocta-
hedral phyllosilicates, e.g., hectorite and stevensite.

The TEM images of other areas on the Ni-Im;, specimen
showed numerous nanoclusters with small diameters without
any aggregations or bulk morphology attributed to bulk Ni
metal crystals, similar to the area in Fig. 1a. Furthermore,
the SAD analyses revealed patterns for the other areas simi-
lar to those of 2:1 trioctahedral phyllosilicates.

Although the XRD pattern exhibited XRD peaks attrib-
uted to Ni metal crystals (see Fig. S1 in the Electronic Sup-
plementary Material), the TEM image and SAD diffraction
pattern attributed to Ni metal crystals was not observed. For
Ni metal crystals, the density is higher and the aspect ratio is
lower in comparison with those of the layered hybrid loaded
with nanoclusters. The bulk Ni metal crystal becomes set-
tled in the liquid mixture of Ni-Im,,, and acetone during
the TEM specimen preparation. The nanoclusters loaded on
the layered inorganic-imidazoline covalently bonded hybrid
would be placed on the TEM grid. A discussion on the SAD
pattern details is presented in the next section.

The TEM image of Ni-Im s, in Fig. 2a shows thin
sheets overlapped with a few other thin sheets. Nano-
clusters with significantly small diameters (1 nm) were
found on the thin sheets of Ni-Im5,, similar to that of
Ni-Im,,,. However, there were less nanoclusters observed
on Ni-Im;s, than on Ni-Im,, Interestingly, the excess
amounts of Ni determined by the elemental analyses
of Ni-Im,5, suggested the presence of sub-nanoclusters

13,20 (4)

0.26 nm

0.15 nm
06, 33
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smaller than 1 nm. Thus, only a fraction of the excess Ni
was observed owing to the small number of atoms and
low crystallinity of the sub-nanoclusters, as previously
described.

The electron diffraction pattern of Ni-Im,s, showed
a halo pattern similar to those of 2:1 trioctahedral phyl-
losilicates, as shown in Fig. 2b, with d-values of 0.26
and 0.15 nm corresponding to the diffraction rings. The
inner ring (d=0.26 nm) is bright at the inside edge and
becomes gradually dimmer towards the outer side of the
diffraction ring. This phenomenon is consistent with the
results of the XRD measurement, which exhibits delta dif-
fraction peaks for phyllosilicates, Ni-Im,, and Ni-Im,,
(see Electronic Supplementary Material).

In this study, we proposed a method for the synthesis of
nanoclusters with a small diameter (approximately 1 nm).
Initially, ITES was slowly added to the aqueous solution
of Ni acetate to synthesize Ni-Im,, and Ni-Im,5,, with
subsequent stirring at room temperature (RT). It is well
known that imidazolines coordinate to heavy metals. The
imidazolyl group of ITES would coordinate to a part of
Ni?* in the mixtures under stirring. The other part of Ni**
needs to be incorporated into the octahedral sheet of the
phyllosilicate-like layer upon reacting with a silanol
group of hydrolysed ITES, an alkoxysilyl group of ITES,
and H,O. These reactions should proceed under stirring
at RT and subsequent heat treatments at 170 °C or 150 °C
for the respective hybrid. The imidazolyl group remained
within the interlayer space of the Ni-Im,,, and Ni-Im |5,
hybrids by maintaining the coordination to Ni**. A part
of the coordinated Ni** within the interlayer space would
compensate for the negative charge of the layer. The other
part of Ni%* forms the Ni nanoclusters (1 nm in diameter)
within the interlayer space (confined two-dimensional
nano-space).

3.3 Growth of the Nanoclusters Under TEM

A series of TEM images was analysed for the changes. Vari-
ous settings with respect to the objective aperture (see Elec-
tronic Supplementary Material) were used in this study to
observe the bright-field and dark-field images, which are
especially important for objectives with the heavy atoms
producing bright images in dark-field images. Indeed, dark-
field images are generally analysed to study lattice defects,
such as dislocations.

The bright-field image of Ni-Im,s, in Fig. 3a shows
aggregated thin sheets and only a small amount of nano-
clusters with a diameter of 1 nm. The dark-field image
(Fig. 3b), following the bright-field image (Fig. 3a), was
studied to analyse the microstructure of Ni-Im,s, with dif-
ferent contrasts.

The second dark-field image (Fig. 3c), taken approxi-
mately 5 min after the first dark-field image (Fig. 3b),
revealed that the nanoclusters grew into larger nanoparti-
cles of 3 nm in diameter (with 5 min having elapsed due to
focus adjustments after Fig. 3b was taken). These changes in
the TEM images suggest that the nanoclusters grown under
TEM were due to the irradiation of the electron beam.

To demonstrate the changes in the microstructures of
Ni-Im,5, under TEM, bright- and dark-field images were
analysed (Fig. 4). The bright-field image (Fig. 4a) showed a
few nanoclusters (2 nm in diameter) on the thin sheets. The
TEM image taken after 1 min revealed that the nanoclusters
grew to nanoparticles (3 nm in diameter) in addition to the
presence of numerous nanoparticles (Fig. 4b). The corre-
sponding SAD pattern was analysed (Fig. 4c) after the TEM
analysis; this pattern showed a weak ring with a d-value of
0.20 nm. Although the d-value for the 111 plane of Ni is
0.2034 nm [42], it would be hasty to assign indices for such
a diffraction pattern exhibiting only one broad ring.

Fig.3 a Bright-field image and b and ¢ dark-field images for Ni-Im 5,
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0.20 nm

Fig.4 aand b Bright-field images, d dark-field image, and ¢ SAD pattern for Ni-Im 5,

Furthermore, the dark-field image (Fig. 4d) examined
under TEM indicated that the nanoparticles further grew to
sizes of 3—-5 nm and were brighter than the thin sheets visible
in the same image. This result suggests that the nanoparticles
in Fig. 4b and d are Ni nanoparticles, as Ni is the heaviest
atom in Ni-Im,s, (heavy atoms exhibit bright features in
dark-field images). There were less bright spots in the dark-
field image (Fig. 4d) than the dark spots in the bright-field
image (Fig. 4b). The SAD pattern (Fig. 4c) showed a dif-
fraction ring, which is produced for crystals with disordered
orientations. The dark-field image (Fig. 4d) exhibited bright
spots corresponding to Ni nanoparticles with the crystal ori-
entation matching with a part of the objective aperture set.

The SAD pattern of Ni-Im, 5, (Fig. 4c) exhibiting only
one broad and weak ring indicates that the crystallinity of
the nanoparticles would be low and the amount of nanopar-
ticles would not be sufficient to produce diffraction rings
of stronger intensity, even after the TEM observations. The
(111) diffraction is the strongest among the diffractions of
a Ni metal crystal [42]. The other diffractions of a Ni metal
crystal would be too weak to appear in the SAD pattern
(Fig. 4c) of Ni-Im, 5, even after the TEM observation.

The SAD pattern did not show any diffraction rings
attributed to the 2:1 phyllosilicate-like structure (Fig. 4c).
The results (Fig. 4b, c¢) indicated a broken phyllosilicate-
like structure with the remaining morphology of the thin
sheets during the TEM observation. This breakage could be
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the reason for recognition of significantly weak diffraction
ring in the SAD pattern (Fig. 4c). In contrast, the SAD pat-
terns of Ni-Im,,, and Ni-Im 5, at the beginning of the TEM
observations did not exhibit any diffraction rings or spots
corresponding to Ni metal crystals (Figs. 1b, 2b). However,
they exhibited broad diffraction rings attributed to the 2:1
phyllosilicate-like layer. We hardly recognised the very weak
rings because of the background due to the 2:1 phyllosili-
cate-like layer, even if the SAD analysis may have produced
a very weak ring similar to that in Fig. 4c. Considering the
description of the above SAD patterns, another interpreta-
tion suggests that the SAD patterns (Figs. 1b, 2b) would
indicate amorphous nanoclusters.

It is important to note that we cannot observe the micro-
structure under TEM before the irradiation from the electron
beam, even at the first observation.

A series of images was studied to observe changes in
the microstructure of Ni-Im,,, under TEM (Fig. 5). The
nanoclusters of 2 nm in diameter were seen on the thin
sheets at the first observation, as shown in the bright-field
image (Fig. 5a). The SAD pattern exhibited broad rings
with d-values of 0.26 and 0.15 nm (Fig. 5b), similar to
those of 2:1 trioctahedral phyllosilicates. Several obser-
vations were carried out in series involving a bright-field
observation (Fig. 5c), SAD analysis (Fig. 5d), and a dark-
field observation (Fig. 5e). The nanoclusters grew slightly
from 2 nm (Fig. 5a) to 3 nm in size (Fig. 5c, e). The SAD
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0.26 nm 13,20 (A)
0.15nm 06, 33

0.26 nm 13, 20 (A)
0.15nm 06, 33

200c

311c  220¢

Fig.5 aand c Bright-field images, e dark-field image, and b, d and f SAD patterns for Ni-Im,,

analysis showed halo pattern (Fig. 5d) similar to those
of 2:1 trioctahedral phyllosilicates. Then we observed the
dark-field image (Fig. 5e). Next, SAD analysis was per-
formed, demonstrating a diffraction pattern attributed to
Ni (Fig. 5f). Several d-values of 0.20 (the strongest and
innermost ring), 0.18 (a weak ring), 0.12, and 0.10 nm was
corresponding to the inner to outer rings. The ring assign-
ments are shown in Fig. 5f.

Nanoparticles that are 3-4.5 nm in diameter were
observed in another area of the same specimen of Ni-Im,,
as shown in Fig. 6a (a bright-field image) and Fig. 6b (a
dark-field image). Furthermore, the SAD pattern (Fig. 6¢)
showed a very weak ring with a d-value of 0.20 nm.

Drastic growth was observed on Ni-Im,5,, as shown in
Fig. 7. A few nanoclusters with a diameter of 2 nm on the
thin sheets were observed at the beginning of the TEM
observation of this area, as shown in Fig. 7a (see Elec-
tronic Supplementary Material for an enlarged image of
Fig. 7a). At this stage, the SAD analysis revealed a pattern
similar to that of 2:1 trioctahedral phyllosilicates (Fig. 7b).
After the first TEM observation, the nanoparticles grew
drastically to 30 nm (diameter) in 10 min (Fig. 7c). The
SAD pattern (Fig. 7d) taken after this drastic growth indi-
cated the diffraction assigned to each plane of Ni, which
confirmed that the grown nanoparticles were Ni nanopar-
ticles. The diffraction spots were also seen overlapping
with the diffraction rings, indicating the disordered crystal

orientations of each nanoparticle. Such a drastic growth
was observed only in the case of Ni-Im, s,

Figure 8 presents the changes of Ni-Im,5, under TEM
with increasing illumination beam current. Initially, the SAD
pattern (Fig. 8b) revealed broad diffraction rings attributed
to the 2:1 phyllosilicate-like layer. Next, the TEM image
(Fig. 8a) taken under a low illumination beam current of
approximately 2 pA/cm? exhibited only a few nanoclusters
smaller than 2 nm on the thin sheets at the beginning of
the TEM observation of this area. A series of TEM images
(Fig. 8c) examined under increasing illumination beam cur-
rent (31-60 pA/cm?) indicated only slight growth. How-
ever, when the illumination beam current was increased to
120 pA/cm?, the nanoclusters grew drastically to sizes of
10-20 nm in diameter (Fig. 8d). Subsequently, the observed
SAD pattern (Fig. 8e) exhibited the diffraction rings
assigned to Ni.

At the beginning of the growth of the nanoclusters under
TEM (e.g., as shown in Fig. 5a—c), the nanoclusters would
incorporate Ni in the sub-nanoclusters (smaller than 1 nm)
and/or the interlayer cation, Ni**. There were three types of
Ni species: nanoparticles (including nanoclusters and sub-
nanoclusters), Ni** within the interlayer space, and Ni** in
the octahedral sheet in the proposed models (Scheme 1 and/
or 4 and chemical compositions 2 and/or 4). The interlayer
cation (Ni*) would compensate for the negative charge of
the layer consisting of the phyllosilicate-like layer bonded

@ Springer
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Fig.6 a Bright-field image, b dark-field image, and ¢ SAD pattern for Ni-Im;;,

covalently with the imidazolyl group in a manner similar to
2:1 phyllosilicates. The SAD pattern showed the diffraction
rings attributed to the 2:1 phyllosilicate-like layer after the
beginning stage of the growth.

After further growth (Figs. 5c—e, 4a, b), the TEM images
revealed that the thin sheets remained in the structure
(Figs. 4b, 5e), in contrast to the SAD patterns, which did
not exhibit any diffraction attributed to a structure similar
to 2:1 phyllosilicates (Figs. 4c, 5f). This implies that the
growing nanoclusters would take Ni** from the cation octa-
hedral sheet and the interlayer space for their growth. This
withdrawal of a part of Ni2* from the cation octahedral sheet
and/or the interlayer space would cause a broken structure

@ Springer

(the long-range periodic structure with ordered atomic
arrangements) of the 2:1 phyllosilicate-like layer without
disturbing the morphology of the thin sheets (Figs. 4b, Se).
Another interpretation of the results could be that the Ni in
the nanoclusters and/or sub-nanoclusters would be reduced
during the growth of Ni nanoparticles. The electrons could
transfer from the phyllosilicate-like layer and/or imidazolyl
group to the growing nanoclusters. The electrons could then
reduce the growing particles. This reduction by the trans-
ferred electron could be the reason for the SAD patterns
attributed to Ni after the growth. Simultaneously, the with-
drawal of electrons could cause the decomposition of the
phyllosilicate-like structure.
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Fig.7 aand ¢ TEM images and b and d SAD patterns for Ni-Im 5,

4 Conclusion

The TEM analyses revealed that nanoclusters with diameters
of 1-2 nm were loaded on Ni-Im,, and Ni-Im,s,. The results
indicate the direct synthesis of layered inorganic-imidazo-
line covalently bonded hybrids loaded with nanoclusters.
For Ni-Im,,, and Ni-Im,5,, we observed that the nanoclus-
ters grew to Ni nanoparticles of 3—5 nm in diameter under
TEM. For Ni-Im, 5, the TEM observations revealed further
drastic growth to larger Ni nanoparticles with a diameter of
30 nm under TEM. Nanoclusters and Ni nanoparticles with
small sizes have the potential to exhibit high efficiencies as
adsorbents, sensors, junction materials, conductive paste,
internal electrodes, magnetic materials, and catalysts for

311c  220c

111
C N

decomposing toxic organic compounds and for H, produc-
tion. There is an imidazolyl group in addition to the nano-
clusters present within the interlayer spaces of Ni-Im,,, and
Ni-Im, 5,. Therefore, the interlayer space can easily interca-
late organic compounds and would allow the coexistence of
toxic organic compounds and the nanoclusters. The catalysts
can then act with high efficiency when they coexist with the
targeted organic compounds within such a confined nano-
space. This study reports, for the first time, the growth of
nanoclusters and Ni nanoparticles under TEM and the direct
synthesis of layered compounds loaded with nanoclusters.
The results suggest the possibility of controlling the size of
nanoclusters and Ni nanoparticles and fabricating patterned
films, circuits, etc., by electron beam irradiation.

@ Springer
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Fig.8 a, ¢ and d TEM images and b and e SAD patterns for Ni-Im, s, with increasing beam current densities: a and b 2, ¢ 60, and d and e 120
pA/cm?
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