LERFZMIBHRI AT MY

Hiroshima University Institutional Repository

Organic-Inorganic Hybrid Nanocrystal-based Cryogels with

Title Size- Controlled Mesopores and Macropores
Tarutani, Naoki; Hashimoto, Mana; Ishigaki, Takamasa
Author(s)
.. Langmuir , 37 (9) : 2884 - 2890
Citation
2021-02-12
Issue Date
10.1021/acs. langmuir.0c03112
DOI
Self DOI
https://ir. Llib.hiroshima-u. ac. jp/00052860
URL

. © 2021 American Chemical Society

FQKJht This document is the Accepted Manuscript version of a
Published Work that appeared in final form in Langmuir,
copyright © American Chemical Society after peer review

and technical editing by the publisher. To access the final
edited and published work see https://doi.org/10.1021/

acs. langmuir.0c03112

This is not the published version. Please cite only the
published version. CDMXITHRtERTIEHY £HA. BIHD
BRICIE MRt AR 2 CHEER. CRIA I,

Relation



http://dx.doi.org/10.1021/acs.langmuir.0c03112
https://ir.lib.hiroshima-u.ac.jp/00052860

ﬁ[lil:

Hetmite®a Uity Il oot Riiinsiedy



Organic-inorganic hybrid nanocrystal-based cryogels with size-con-
trolled mesopores and macropores

Naoki Tarutanit+8*, Mana Hashimoto#, Takamasa Ishigaki*$

t Applied Chemistry Program, Graduate School of Advanced Science and Engineering, Hiroshima University, 1-4-1
Kagamiyama, Higashi-Hiroshima, Hiroshima 739-8527, Japan.

¥ Department of Chemical Science and Technology, Faculty of Bioscience and Applied Chemistry, Hosei University, 3-
7-2 Kajino-cho, Koganei, Tokyo 184-8584, Japan.

§ Research Center for Micro-Nano Technology, Hosei University, 3-11-15 Midori-cho, Koganei, Tokyo 184-8584, Japan.

KEYWORD: nanocrystals, organic-inorganic hybrid materials, radical polymerization, porous materials, cryogels

ABSTRACT: Nanocrystal-based processing has attracted significant interest for the fabrication of highly functional materials
with controlled crystallinity and fine porous structures. In this study, we focused on template-free synthesis of nanocrystal-
based materials with size-tailored pores using layered nickel hydroxide intercalated with acrylate anions. Polymerization of
the acrylates encouraged interconnection of the nanocrystals and the formation of homogeneous gel networks. Cryogels after
freeze drying had the pores with the average diameter from 4.8 nm (mesoscale) to 68.9 nm (macroscale). It was found that
the surface characteristics of starting nanocrystals determined phase separation tendency of interconnected species from
reaction media and resultant porous structures. We believe that the present study can enable the design of template-free

nanocrystal-based porous materials.

Introduction

Over the last decades, the synthesis of nanocrystals and
functional control by tuning their chemical composition,
size, shape, and dispersibility have been investigated. Solu-
tion-based techniques have enabled the preparation of a va-
riety of nanocrystals with a range of chemical compositions,
such as metals, metal oxides, metal non-oxides, and metal-
loids.1"¢ For practical use, it is expected to assemble nano-
crystals into materials with specific shapes, such as films,
wires, and monolithic gels.

Bottom-up approaches using nanocrystals as nano-build-
ing blocks have attracted much attention for the design of
nanocrystal-based materials.”® Assembly control of nano-
crystals produces unique secondary and higher-order
structures, which can lead to effective use of the intrinsic
nanocrystal properties and development of their extrinsic
properties. For example, two different crystalline
nanocubes were assembled into a bilayer structure with a
large heterointerface, which displayed novel tandem cata-
lytic properties.? Modification of the nanocrystal surface via
functional organic moleculesleads not only to the formation
of assembled nanocrystal arrays but also the development
of novel materials, such as thermally tunable metamaterials
and acoustic metamaterials.1%1t Assembly control of nano-
crystals and the fabrication of functional materials are top-
ics of intense interest in both the fundamental and applied
sciences.1215

Assembly control and interconnection of nanocrystals in
three dimensions produces highly porous materials without
the need for templates.” This strategy is based on the homo-
geneous destabilization of colloidal nanocrystals triggered
by temperature, solvent polarity, surface ligand deprotec-
tion, and interconnection.1® In the past, gels composed of Ti-
based oxides,7 19 metal chalcogenides,?° metal selenides,?!
and fluoride?? nanocrystals have been reported. Although
considerable research has been carried out, the chemical
compositional versatility of assembly controllable nano-
crystals is still limited. In addition, structural control of the
formed pores has not been achieved, which means that
there remains significant scope for further progress in
nanocrystal-based materials science.

In this study, we focused on layered metal hydroxide
nanocrystals and controlled their assembly to form porous
gels. Layered metal hydroxides are composed of electrostat-
ically bonded metal hydroxide layers and interlayer anion
layers with analogous layered structures with a wide vari-
ety of chemical compositions 23. Owing to the chemical com-
positional versatility, layered metal hydroxides have been
applied in many applications, such as catalysts,?42> adsor-
bents,?627 water oxidation,?$2° and CO2 capture.3%3! There-
fore, the fabrication of layered metal hydroxide nanocrys-
tal-based porous materials is highly desired. Layered metal
hydroxides grow rapidly in the lateral direction,3? which ac-
celerates aggregation and inhibits the formation of stable
colloids. We recently developed synthesis methods to stably
disperse layered metal hydroxide nanocrystals with a size



of ~2 nm.333% The carboxylate anions displayed multiple
functions during nucleation and crystal growth; they coor-
dinated to the metal site, intercalated in layered structure,
and adsorbed on the formed crystals, which improved the
dispersibility and stability of the nanocrystal colloids. Here,
layered nickel hydroxide nanocrystals with acrylate anions
were employed as a model system. Nanocrystal-based po-
rous cryogels were formed as a result of interconnection of
the nanocrystals via polymerization of the acrylate anions.
Systematic investigation using several types of initiator re-
agents and different modified nanocrystals led to the for-
mation of nanocrystal-based cryogels with size-controlled
pores ranging from the meso to macro-scale.

Experimental

Chemicals.

Nickel chloride hexahydrate (NiClz-6H20, 98.0%), acrylic
acid (99%), ethanol (99.5%), propylene oxide (99.0%), po-
tassium persulfate (K2S5:0s), toluene (99.0%), 2,2'-Azo-
bis(isobutyronitrile) (AIBN, 98.0%), 2,2'-Azobis(4-meth-
oxy-2,4-dimethylvaleronitrile) (V-70, 95.0%), 2,2'-Azo-
bis[2-(2-imidazolin-2-yl)propane]disulfate dihydrate (VA-
046B,97.0%), and 2-methyl-2-propanol (99.0%) were used
without further purification. Acrylic acid and propylene ox-
ide were purchased from Sigma-Aldrich Co. AIBN was pur-
chased from Tokyo Chemical Industry Co., Ltd. All other re-
agents were purchased from Wako Pure Chemicals Indus-
tries, Ltd. Ultrapure water of 18.2 MQ-cm resistivity was
used in all experiments.

Preparation of nanocrystal-based porous cryogels us-
ing K2520s initiator.

NiCl2-6H20 (1.25 mmol) and acrylic acid were dissolved
in 2.5 mL of ethanol. Propylene oxide was added to a solu-
tion and stirred for 30 s. The molar ratio of NiClz'6Hz0,
acrylic acid, and propylene oxide was 1:4:15. The resultant
homogenous solutions were left at room temperature for 60
min. The obtained clear solutions were transferred to glass
petri dish (¢ 60 mm) and dried under vacuum conditions.
As-dried powders were redispersed in water with a concen-
tration of 200 g/L. The colloids were bubbled with N2 at 100
mL/min for 10 min to remove dissolved oxygen. Subse-
quently, 0.15 mmol of K2S20s was dissolved in the colloids.
Wet gels were obtained after heat treated the colloids at
60 °C for 2 h. The gels were frozen at -18 °C and freeze-
dried at 30 °C under vacuum conditions (~4 Pa). Freeze-
dried cryogels were washed with water and dried at 40 °C.

Effect of initiator reagent on the formation of nanocrys-
tal-based porous cryogels.

NiCl2-6H20 (15 mmol) and acrylic acid (30 mmol) were
dissolved in 30 mL of ethanol. Propylene oxide (255 mmol)
was added to a solution and stirred for 30 s. The resultant
homogenous solutions were left at room temperature for 60
min. The obtained clear solutions were transferred to a
glass petri dish (¢ 155 mm) and dried under atmospheric
pressure for 20 h. The as-dried powders were redispersed
in ethanol with a concentration of 200 g/L. 0.25 mL of initi-
ator dissolving solutions (AIBN dissolving toluene, V-70 dis-
solving toluene, and VA-046B dissolving methanol) (1.0
mol/L) were added to 1.0 mL of the redispersed nanocrystal
colloids and left at a specific temperature for 12 h (AIBN

system: 65 °C; V-70 system: 30 °C; and VA-046B system:
60 °C). The obtained gels were soaked in 2-methyl-2-propa-
nol for washing. 2-methyl-2-propanol was exchanged with
a fresh solution every hour for a total of eight times. The wet
gels were frozen at 2 °C for 1 night and freeze-dried at room
temperature under vacuum conditions.

Effect of nanocrystal composition on a formation of po-
rous cryogels.

The as-dried nanocrystal powders were prepared using
the same method as in section 2.2 with different nominal
molar ratios of acrylic acid to NiCl2-6H20, Maa/ni (Maa/ni =
0.50-3.00). The as-dried nanocrystal powders were redis-
persed in ethanol with a concentration of 200 g/L. Then,
0.25 mL of V-70 dissolving toluene (1.0 mol/L) was added
to 1.0 mL of the nanocrystal colloids and left at 30 °C for 12
h. The obtained gels were soaked in 2-methyl-2-propanol
for washing. Then, 2-methyl-2-propanol was exchanged
with a fresh solution every hour a total of eight times. The
wet gels were frozen at 2 °C for one night and freeze-dried
at room temperature under vacuum condition.

Characterization.

Fourier transform infrared spectroscopy (IR) spectros-
copy with an attenuated total reflectance attachment
(FT/IR-6600, JASCO Corp., Japan) was used to characterize
the chemical bond state of the samples. Powder X-ray dif-
fraction (XRD) measurements were used to characterize
crystal phase (Cu Ka radiation, SmartLab, Rigaku, Japan). A
field emission scanning electron microscope (SEM; S-8020,
Hitachi, Japan) and transmission electron microscope
(TEM; JEM-2010) were used to observe the nanocrystals
and fine structures. The N2 adsorption-desorption tech-
nique using a Belsorp-18 (MicrotracBEL Corp., Japan) was
employed to characterize the porous structures. Samples
were vacuum dried at 200 °C for 6 h prior to measurements.
The specific surface area was calculated using Brunauer-
Emmett-Teller theory. The pore size distribution was esti-
mated according to the Barrett-Joyner-Halenda (BJH)
method.

Results and discussion

Preparation of nanocrystal-based porous cryogels us-
ing K2S:0s initiator.

Preparation of the nanocrystal colloids was based on a
previously reported method.3334 Alkalinization of the pre-
cursor metal salt solution was triggered by a ring-opening
reaction of propylene oxide.3s The incorporated acrylic acid
in the precursor solution worked as a stabilizer enabling the
formation of layered nickel hydroxide nanocolloids with a
diameter of 3.2+0.6 nm (Fig. S1a and S1b). The as-dried
powders were agglomerate of nanocrystals (Fig. S1c and
1d) and which were successfully redispersed in water (Fig-
ure S2a). The transparent green sols formed opaque wet
gels after heat treatment at 60 °C for 2 h (Figure S2b), sub-
sequently, the wet gels were freeze-dried (Figure S2c and
2d). The obtained monolithic cryogels were shaped as cir-
cular cylinders (diameter: 11.5 mm, height: 7.8 mm) with a
resulting 11% shrinkage.

Figure 1a is the IR spectra of the as-dried powder (before
redispersion) and the cryogel. The band at ~1560 cm~! was
assigned as the asymmetric bending vibration of COO,



v(C0O0)as,%¢ and they were comparable between the as-dried
nanocrystals and the cryogels. The band at ~1640 cm~! was
assigned as the bending mode of the C=C vibration, v(C=C),
and it was not present for the cryogels. This indicates
polymerization of the acrylates was initiated by K2S20s dur-
ing heat treatment, which led to gelation. XRD patterns of
the as-dried powders and cryogels are shown in Figure 1b.
The as-dried powder was assigned as acrylate intercalated
layered nickel hydroxides.3* The lattice spacing of the 00/
plane was 1.19 nm. The cryogel showed comparable XRD
patterns as the as-dried powder, which indicated that
polymerization of the acrylates had little effect on the lay-
ered structure and crystallite size. The lattice spacing of 00/
decreased to 0.93 nm. The decrease of lattice spacing con-
sistent with reported studies,373® which indicated that the
configuration change of the acrylates during polymerization
affected the interlayer distance.
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Figure 1. (a) IR spectra and (b) XRD patterns of the as-dried
nanocrystal powder (black) and cryogel prepared using the
K2S20s initiator (red).

Figure 2 displays an SEM image of the cryogels. Pores of
several micrometers in size can be observed, and the pore
walls were composed of microspheres with smooth sur-
faces. The observed porous structure was analogous to re-
ported porous monolithic gels with phase separated struc-
tures.?® Based on reported layered double hydroxides-
based monoliths with phase separated macropores,*° the
obtained structure was deduced as a spinodal-type phase

separated structure in the later stage. To control the phase
separation tendency, it is necessary to tune dispersibility of
the polymeric species by changing the synthetic parameters,
such as the solvent and temperature. However, the low sol-
ubility of initiator K2S20s in solvents other than water limits
control of phase separation tendency and the subsequent
porous structures. Therefore, alternate initiators were em-
ployed to control porous structures of the nanocrystal-
based gels.

Figure 2. SEM image of cryogel prepared using the K2S20s ini-
tiator. Inset is a magnified image

Effect of initiator reagent on the formation of nanocrys-
tal-based porous cryogels.

The as-dried nanocrystals were redispersed in ethanol in-
stead of water. Initiator dissolving toluene or methanol so-
lutions were mixed and subsequently heat treated at a spe-
cific temperature. AIBN, V-70, and VA-046B were used to in-
itiate polymerization of the acrylates intercalated in, coor-
dinated to, and adsorbed on the layered nickel hydroxide
nanocrystals. Figure S1 shows samples after heat treatment.
There was no significant change in the case of solution heat
treated at 65 °C without the initiator (Figure S3a), which in-
dicates that the dispersibility of the individual nanocrystals
was sufficiently high in ethanol during the heat treatment
process. Soft opaque gels were obtained when AIBN was
used as the initiator (Figure S3b), which was difficult to han-
dle. Opaque gels were also obtained with the V-70 initiator
(Figure S3c), and they were relatively rigid and maintained
amonolithic shape during handling. In contrast with the for-
mer two cases, gelation did not take place when the VA-
046B initiator was employed. The resultant sample was a
dark brown colored solution (Figure S3d). The color change
implied reaction between the nickel species and initiators.

IR spectra are shown in Figure 3. Compared with the
dried powders prepared from the control solution, the ab-
sorbance of the v(C=C) band decreased for the cryogels pre-
pared using the AIBN and V-70 initiators. The IR spectrum
of the powder prepared from the VA-046B-treated solution
was comparable with the dried nanocrystal powder. To
evaluate the progress of the polymerization reaction, the
cumulative area ratio between the v(C=C) and v(COO)as
bands, Ac-c/Acoo, was calculated. The Ac-c/Acoo of samples
prepared using AIBN, V-70, and VA-046B were 2.0x1072,
1.7x10-2, and 6.5x1072, respectively, which were smaller
than or comparable to the sample prepared without



initiator (6.5%x10-2). The degree of the polymerization reac-
tion determined via the Ac=c/Acoo value was in good agree-
ment with the observations (sol-gel transition) discussed
above. XRD patterns of the cryogels showed layered struc-
tures with a small crystallite size (< 3 nm) (Figure S4). The
interlayer distances decreased from 1.18 nm to 1.03 and
1.02 nm when using AIBN and V-70 initiators, respectively.
Thus, the polymerization of the acrylates occurred when
AIBN and V-70 were used as initiators. Considering the han-
dling characteristics of the synthesized gels, V-70 was de-
termined to be an adequate initiator for controlling the pore
structure of the nanocrystal-based gels.

o]

8
0
o]
o
>

VA-046B

Absorbance

V-70

AIBN

Control

1800 1700 1600 1500 1400 1300
Wavenumber / cm™'

Figure 3. IR spectra of powder prepared from the control
nanocrystal colloid, cryogels prepared using AIBN and V-70
initiators, and powder prepared from a solution treated with
the VA-046B initiator.

Effect of nanocrystal composition on the formation of
porous cryogels.

As previously reported,3* acrylates were intercalated in,
coordinated to, and adsorbed on layered hydroxides, which
controlled the dispersibility of nanocrystals. In this study,
the nominal molar ratios of the acrylic acid and NiClz-6H20,
Maa/ni, were changed from 0.50 to 3.00 to control the stabil-
ity of the nanocrystals and the subsequent polymeric spe-
cies. The synthesized nanocrystals were successfully redis-
persed in ethanol with a concentration of 200 g/L when
Maayni 2 1.33. Monolithic wet gels were obtained after heat
treatment. The appearance of the wet gels changed from
transparent to translucent to opaque depending on Maani
(Fig. S5). The SEM images revealed that all the prepared cry-
ogels had porous structures (Fig. S6). For the case of the
transparent (Maa/ni = 1.33 and 1.50) and translucent (Maa/ni
=1.67) gels, numerous mesopores (diameter < 50 nm) were
observed. In addition to mesopores, macropores (diameter
> 50 nm) were also observed in the opaque gels (Maa/ni =
2.00 and 3.00).

N2 adsorption-desorption technique was employed to
characterize porous structure. The isotherms showed type
[l and IV with hysteresis loops (Fig. S7a and S7b). Figure 4a
and S7cshows size distribution of the pores in the cryogels.
The total pore volume increased with increasing Maani,
which indicated that the nanocrystals tended to be packed
more densely in the pore wall matrix, considering that the

gel volumes were comparable in each system (Fig. 6a and
Table S1). It is clear that the majority of the pore size distri-
bution shifted from the macropore to mesopore scale with
decreasing Maa/ni. The average pore diameters were 4.8 nm,
24.5 nm, and 67.6 nm for the cryogels prepared with Maani
=1.33, 1.67, and 3.00, respectively. The volume ratio of the
mesopores and macropores is shown in Fig. 4b. The trans-
parent and translucent gels had mesopores for over 80% of
the relative pore volume, while the values in the opaque gels
were ~60%. The SEM images and N2 adsorption—desorp-
tion results indicated that the change in appearance of the
wet gels from opaque to transparent derived from the de-
creasing pore size.

The IR band area ratio, Ac=c/Acoo, before and after heat
treatment is plotted in Figure 5a. Before heat treatment,
Ac=c/Acoo had comparable values of ~8.0x10-2 irrespective
of Maa/ni. In contrast, Ac-c/Acoo significantly decreased with
increasing Maa/ni after heat treatment. This indicated that
the polymerization degree of the acrylate species was high
at large Maani. Densification of the nanocrystals was as-
sumed to accelerate the polymerization reaction. The XRD
patterns of the cryogels are shown in Fig. S8. All the XRD
patterns were assigned as acrylate/polyacrylate interca-
lated layered nickel hydroxides. The 00! lattice spacing is
shown in Fig. 5b. While the lattice spacings were compara-
ble before and after heat treatment for the case of Maa/ni <
1.67, gels with Maa/ni 2 2.00 showed a significant decrease
in the lattice spacing. This trend was consistent with that of
the polymerization degree deduced from the IR spectra.
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A hypothetical mechanism for pore size change with
Maayni is shown in Figure 6. For the case of Maa/ni < 1.50, the
OH ligands were assumed as the majority on the surface of
nanocrystals. Interconnection of the nanocrystals pro-
ceeded via polymerization of the acrylates, and the formed
interconnected species may be stably dispersed in ethanol
because of its high hydrophilicity. As a result, transparent
gels composed of a thin interconnected network of nano-
crystals with mesopores were obtained. In contrast, acry-
late ligands significantly increased when Maa/ni 2 2.00. Here,
polymerization of the acrylates and interconnection of the
nanocrystals might proceed rapidly. The formed intercon-
nected species will be relatively hydrophobic compared
with Maa/ni < 1.50, which would trigger and accelerate phase
separation. Networks of densely packed nanocrystals leave
macropores, and the resultant gels were opaque. The gels
were rigid because of the thick highly polymerized skele-
tons. Translucent gels were obtained for the case of 1.50 <
Maayni < 2.00 based on an intermediate polymerization and
phase separation tendency.

Surface of nanocrystals

Mesopore

&~ ¢ C-coo_.

_ 00C-C
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Figure 6. Schematic illustration of a formation mechanism for the mesoporous and macroporous cryogels through interconnection

of nanocrystals by polymerization of acrylate.

Conclusion

In this study, nanocrystal-based porous cryogels were
prepared via polymerization of coordinated/interca-
lated/adsorbed acrylate anions. Layered nickel hydroxide
nanocrystals with acrylates were prepared by an epoxide-
mediated alkalinization process. The polymerization of the
acrylates was triggered by radical initiators resulting in in-
terconnected nanocrystals. The nanocrystal networks were
homogeneously distributed, which hindered precipitation
and led to the formation of monolithic gels. Porous cryogels
were obtained after freeze-drying. It was found that the

type of radical initiator affected the robustness of the wet
gels. Systematic change of the surface characteristics of the
nanocrystals enabled tuning of the assembly tendency and
resulting pore size. Depending on the solution philicity of
the nanocrystals, the pore size distribution in the cryogels
gradually shifted from a majority being in the mesoscale to
the macroscale. The pore size control of nanocrystal-based
gels in this study will enable to design the functions of the
materials, such as adsorption, catalytic, electrochemical
properties because macropores will control diffusion of



liquid/ions and mesopores will control number of accessi-
ble active sites.
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