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Chapter 1. General introduction
1-1. Nanoporous materials
1-1-1. Characteristics of nanoporous materials

Owing to global warming in recent years, the achievement of carbon neutrality—a state of net-
zero carbon emissions', has emerged as a societal goal. Accordingly, the development of
environmentally friendly technologies and manufacturing processes, such as capturing and fixing
greenhouse gases (e.g., CO,)?, and the construction of a system for producing chemicals (e.g.,
bioplastics)’ and energy (e.g., H> production)* that do not rely on fossil resources, are required.

Nanoporous materials containing nanoscale pores exhibit high surface areas and large pore
volumes. They have been applied to various fields, such as catalysts,’ batteries,® separation
membranes,” and adsorbents (e.g., CO,).* Nanoporous materials support industries in
environmental purification and material production. These materials include zeolite (Figure 1-
1a),’ activated carbon,'® and metal-organic framework (MOF) (Figure 1-1b)."" Studies on the
fabrication of nanoporous materials with the desired pore size and surface structure that affect
material performance have been actively conducted. According to the International Union of Pure
and Applied Chemistry (IUPAC), pores are divided into three types: micropores (<2 nm),
mesopores (2—50 nm), and macropores (>50 nm).'? The functions of nanoporous materials can be
controlled by adjusting the pore size. Microporous materials exhibit molecular sieving properties
and strong adsorption at low-pressure regions because of the overlapping force fields between the
pore walls."> Mesoporous materials possess high substance diffusivity in pores and modified
properties of substances for catalytic and adsorption functions.'*'> Moreover, macroporous
materials have been used to recover relatively large adsorbates, such as viruses.'®

In addition to the selection of the type of nanoporous materials, raw materials, and preparation
conditions, typical examples of the methods for controlling the pore structure include the self-

17,18

assembly strategy and the templated synthesis described below. Designing the molecular

structure of monomers (precursors) and their polymers is also employed to control the pore
structure, including the covalent organic framework (COF, Figure 1-1c)) in organic polymers,"

21,22 :

and MOF-derived carbon® and ordered carbonaceous frameworks?'*? in carbon materials. To date,
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various nanoporous materials have been constructed.

Figure 1-1. Nanoporous materials. a) Zeolite (chabazite), reproduced with permission from
reference 23 (© 2024 The Authors, published by The Royal Society of Chemistry). b) MOF
(zeolitic imidazole framework (ZIF-8)), reproduced with permission from reference 24 (© 2024
The Authors, published by The Royal Society of Chemistry). ¢) COF, reproduced with permission

from reference 19 (© 2020 The Royal Society of Chemistry).

1-1-2. Analysis of nanoporous materials

Different methods have been used to conduct nanostructure analysis, including X-ray
diffraction (XRD), small-angle X-ray scattering, small-angle neutron scattering, transmission
electron spectroscopy (TEM), scanning electron microscopy (SEM), nuclear magnetic resonance
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(NMR), and electron tomography (Figure 1-2). The analysis method was determined based on the
target materials. For example, gas adsorption and mercury intrusion porosimetry were generally
used to analyze the pore structure of nanoporous materials. In addition, gas adsorption was
employed to analyze all micropores, mesopores, and macropores from a few A to several 100 nm.
Pores from large nanopores to 400 um macropores were analyzed using mercury intrusion
porosimetry.” Gas adsorption was used to analyze the materials with micropores and mesopores
for this study. The analysis details are summarized in the IUPAC technical report*® and the review
written by Thommes et al.” In the gas adsorption method, physical adsorption is used to analyze
the pore structure, and an extremely low temperature [boiling point of each substance N (77 K)
or Ar (87 K)] is used for the adsorbed gas.?® In addition, by changing the gas type, various pore
structures and properties (CO- for micropores, H,O for hydrophilicity and hydrophobicity of the
material surface, and Kr for the measurement of samples with a low specific surface area) can be

analyzed.”®

Micropores Mesopores Macropores
(< 2nm) ( 2-50 nm) (> 50 nm)
Gas adsorption
Mercury intrusion
XRD (Bragg's law,
Scherrer equation) Optical microscope
>
Electron microscopy
Neutron and X-ray
scattering
X-ray CT
>
NMR
1 1 1 | [ |
I I I 1 1 I
0.1 nm 1 nm 10 nm 100 nm 1 um 10 um 100 ym 1 mm

Figure 1-2. Characterization methods of the nanostructure of materials (nanoporous materials).

Created using the information of reference 25 and 27.



In pore size analysis, the methods used to obtain the pore size distribution of micropores include
the MP method,”® derived from the slope of the t-plot compared with the adsorption layer
thickness ¢, and the methods obtained from the average potential field inside the pores determined
using the Lennard—Jones potential, including the Horvath and Kawazoe (HK) method for slit-
shaped pores,”” Saito and Foley method for cylindrical pores,* and Cheng and Yang method for
spherical pores.®' In addition, density functional theory (DFT) (non-local-DFT and quenched
solid DFT method)** and molecular simulation (Grand Canonical Monte Carlo simulation)*® have
been proposed for more accurate and extensive analysis of the pore structures.

The Kelvin equation is generally applied to determine the pore size distribution of mesopores.
The modified Kelvin equation for cylindrical pores, which represents the relationship between
the relative pressure at which capillary condensation occurs and the Kelvin radius (1), is provided
26,34

as follows:

_ 2Vpycosé

Ty = W(p%)), (1.1)

where 1}, is the molar volume of the adsorbates condensed in the pores at the measuring
temperature, y represents the surface tension, 6 is the contact angle between the pore walls and
the capillary condensate, R is the gas constant, and T represents the measuring temperature.
The pore radius 7, can be obtained using the thickness t,q of the adsorption layer when

capillary condensation occurs and 7y:

Ty =Tk + taq- (1.2)
The Barrett, Joyner, and Halenda (BJH) method,** which is commonly used to obtain the pore
size distribution of mesopores, is an analysis method based on the Kelvin equation described
above. In addition, the Dollimore and Heal method*® and the Cranston and Inkley method®” are

based on the Kelvin equation.

To analyze the specific surface areas of materials, the Brunauer—Emmett—Teller (BET) method
is widely used. The specific surface areas in the BET method are calculated from the monolayer

capacity as follows:*



as(BET) = ny, - L - 0y /m, (1.3)
where a,(BET) represents the BET-specific area, n,, is the specific monolayer capacity, L is
the Avogadro constant, o0, represents the molecular cross-sectional area, and m is the mass of

the adsorbent. n,, is obtained using the following BET equation:*®

p/po 1 C—
n(l - p/pO) nmC Nm

1
C (p/Po), (1.4)

where n is the specific amount adsorbed at each relative pressure and C is the parameter

exponentially related to the energy of monolayer adsorption.

1-2. Layered materials (nanosheet laminates) and nanosheets

Layered materials have a structure in which nanosheets, characterized by a two-dimensional
structure with a nanoscale thickness, are stacked (Figure 1-3). Graphite and clay are typical
examples of natural materials. Layered materials have a two-dimensional space between the
nanosheets, and materials can be created for the storage and separation of targeted substances by
transporting and storing substances in a two-dimensional space. Graphite has an interlayer
structure suitable for the insertion and extraction of Li ions and is applied to anode materials of
Li-ion batteries.*® In addition, clay has a negatively charged structure and is used as an adsorbent
for metal ions, such as Cs" ions.”” Layered materials have excellent performance as a single
substance. Further, the introduction of other substances between the layers can provide additional
functions. Research on clay has been actively conducted for a long time. Graphene with a two-
dimensional skeleton characterized by one carbon thickness was discovered in 2004.* Since then,
research has been actively conducted on layered materials and nanosheets. In addition to graphite
and negatively charged clay, other layered materials, such as layered double hydroxide, exhibit a
positively charged surface and exchangeable anions,*' and transition metal dichalcogenide (TMD)

composed of transition metal and chalcogen atoms.*



Nanosheet

/

\Two-dimensional

Layered structure nanospace

Figure 1-3. Pattern diagram of layered materials.

Nanosheets prepared by exfoliation of layered materials*® or using the bottom-up method from
a monomer* exhibit different features, such as two-dimensional structures, theoretically large
surface areas, and high aspect ratios. By selecting and designing the composition and structure of
nanosheets, it is possible to synthesize functional materials with excellent electronic, optical,
magnetic, catalytic, and adsorption properties. In addition, two-dimensional nanospaces exist
between the nanosheets. By controlling the properties of nanospaces (e.g., the size and affinity
for target substances), nanoporous materials with various structures, such as high porosity and
controlled pore structures, can be constructed. Research on the synthesis of porous (nanoporous)
materials with nanosheets has utilized various approaches, such as the activation and exfoliation

45,46

of nanosheets through chemical and thermal treatments, pillarization by introducing

4748

substances between nanosheets, and controlling the self-assembly of nanosheets (Figure 1-

4).%



N\

—7

Controlling assembly i /
(network fabrication)

Figure 1-4. Preparation examples of porous (nanoporous) materials using nanosheets (layered

materials).

1-2-1. Graphene oxide (GO)

Graphene, which is obtained by peeling graphite using scotch tape®’ and prepared using the
chemical vapor deposition (CVD) method,” has different characteristics, including excellent
thermal and electrical conductivity, theoretical large surface area, and high strength. GO,
fabricated via the oxidation and exfoliation of graphite, is a two-dimensional material with diverse
oxygen functional groups, such as epoxy, hydroxy, and carboxy groups (Figure 1-5).”' The types
of preparation methods including the Hummers method™® and Brodie method™ change the
characteristics of GO such as the amounts and types of oxygen functional groups.** Given the
presence of the functional groups and n—r interactions, GO has a high specific surface area, high
mechanical strength, and functionalization properties.”> However, GO has some issues, such as a
decrease in porosity caused by stacking and embedding between sheets and a lack of permanent
porosity, especially in the gas phase, due to changes in environmental conditions (e.g., humidity
and pressure).’>*’ To date, robust porous structures derived from GO have been synthesized by

constructing three-dimensional networks through the reduction of GO™’ and the centrifugal
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vacuum evaporation of GO suspensions.®® Given these properties, GO has been used in various

61,62

applications, including catalyst supports and energy storage devices, such as

63,64 65,66 67,68

and adsorbents.

supercapacitors, > gas and virus sensors,

Oxidation

n.n..o.ooooo> HO

0
HO  On

Graphene Oxide

Figure 1-5. Pattern diagram of GO synthesis, reproduced with permission from reference 69 (©

2020 The Royal Society of Chemistry).

1-2-2. Clay

Clay is a natural material with abundant resources, is inexpensive, and has high chemical
stability.”” This material has been applied to various fields, such as adsorbents’" and separation
membranes.

The name differs depending on the structure, including the ratio of the tetrahedral sheets
composed of Si and O atoms and the octahedral sheets composed of Al and O atoms, as well as
the shape. Montmorillonite (2:1 type layer, clay consisting of one octahedral sheet sandwiched
between two tetrahedral sheets, Figure 1-6), kaolinite (1:1 type layer), and halloysite (1:1 type
tube) are some examples of this material.”* As a property of clay, swelling occurs when water
enters the layers of clay, pushing them apart.”* Furthermore, clay possesses a negative charge

owing to the isomorphous substitution of structural cations of higher valence by others with lower
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valence, resulting in exchangeable cations.”””’® By using the electrostatic interaction between the
negative charges in the layers of clay and the positive charges of metal ions and cationic molecules,

metal—clay and organic—inorganic (clay) hybrids can be fabricated by exchanging cations and

intercalating cationic molecules and polymers.”” "’
-~
’ 9
Tetrahedral sheet —|: /
l
Octahedral sheet —| \
\

Tetrahedral sheet —|: =

Exchangeable
cations and water

Figure 1-6. Pattern diagram of clay (montmorillonite). Created using the information of reference

80.

Activation such as chemical treatments with acids [e.g., hydrochloric acid (HCI) and sulfuric
acid (H,SO4)]*' and bases [e.g., sodium hydroxide (NaOH) and potassium hydroxide (KOH)]*
have been performed for a long time to improve the specific surface area and adsorption
characteristics of clay. Materials with different structures were formed by selecting activators.
When metakaolin, prepared by calcining kaolin in which kaolinite is the major mineral component,
is treated with acid (HCI), octahedral Al** cations are removed, and an amorphous silica phase is
formed. In contrast, when treated with a base (KOH), metakaolin dissolves, leading to the

formation of K-F zeolite.®

1-2-3. Graphitic carbon nitride (g-C3N4)
g-C3Ny4, which can be obtained via polymerization by calcining N-rich precursors, such as
melamine and urea, possesses a graphite-like layered structure consisting of C and N.** g-C5Ny

has several advantages, including abundant elemental resources, high chemical and thermal
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stability, and a band structure suitable for photocatalysis.® Therefore, g-C3Ny4 has been applied in

8687 sensors,*® and CO, adsorbents.®

different fields, such as photocatalysts,

g-C3Ny4 materials are classified into triazine-based g-CsNa, heptazine-based g-C;N4, melon-
based g-C3Na, poly(triazine imide), and poly(heptazine imide) (Figure 1-7).”' Since Kroke et al.
reported that heptazine-based g-C;N4 is energetically more favorable than triazine-based g-
C3N4,”? heptazine-based g-C3;Ny has been used in schematic diagrams in many studies. However,
Irvine et al. revealed that melon-based g-CsNy is the main structure of g-C3Na, which was obtained
experimentally using XRD and neutron diffraction in 2015.” Further, NMR and Fourier-
transform infrared spectroscopy (FTIR) have been used to differentiate between triazine-based
and heptazine-based g-C3;N4;”' the research on synthesis methods that control framework
structures of g-C3;N4 and analysis of products has been conducted.”’ Controlling the morphology
of g-C3N4 have also been actively conducted to improve the specific surface area and separate
charge carriers effectively.”” So far, various structures such as nanorod,” nanofiber,” hollow
sphere,”® and nanostructured flower’® have been synthesized.

The synthesis reaction of g-CsN4 and its mechanism have been studied using experimental
methods, such as X-ray analysis and differential scanning calorimetry,”” and calculations
including DFT.”® Samanta and Srivastava et al. reported a synthesis scheme in semi-closed
systems under oxygen-lean conditions to synthesize g-C;Ns (Scheme 1-1).” Moreover, in
precursors such as urea, guanidine hydrochloride, and propargyl amine, g-C3N4 is constructed via
the formation of melamine at lower temperatures (<350 °C), polymeric melem at approximately

400 °C, and carbon nitride network at around 520 °C.>1%
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Figure 1-7. Types of g-C3N4 and its derivatives: a) triazine-based g-C3;N4, b) heptazine-based g-

C3Ny, ¢) melon-based g-C3Ny, d) poly(triazine imide), and e) poly(heptazine imide). Reproduced

with permission from reference 91 (© 2022 The Authors, published by The Royal Society of

Chemistry).
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Scheme 1-1. Synthesis of g-C3N4 via the melem unit using different precursors in semi-closed
systems under oxygen-lean conditions to synthesize g-C3Ny, reproduced with permission from

reference 99 (© 2020 The Royal Society of Chemistry).

NHZ200 N/4235 °C NJ“\‘N sso°c NN 20 °C

~200 °Cy, ~ ~340° | ~520 ° i

/ A | A »|| P %A /]‘}—“ g-C3Ny4
= HNTONT ONH S NN

Propargyl amine 2 2 )I\ //1\ /)\

Urea H>N N. _N._ _NH,
HCI, NH S
Guanidine Hydrochloride N
4
ENH, HS J

JJ\ -082 —
——> JS—i2> -NH,——» —N

NC-
Guanidinium thiocyanate

1-3. Templated synthesis

Templated synthesis is a method of constructing a target material in the space surrounding the
template and subsequently removing the template to transfer the shape and pore structure derived
from the template structure, thus creating a unique and ordered structure (Figure 1-8). Templated

synthesis research has been conducted since approximately the 1980s.'"!
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Final structure

Final structure

O

Final structure

B

Colloidal template

Figure 1-8. Pattern diagram of templated synthesis, reproduced with permission from reference

102 (© 2020 The Royal Society of Chemistry).

Templated synthesis can be categorized into two main types: the soft template method and the
hard template method. The soft template method uses surfactant and polymer micelles as
templates. Mesoporous silica is a typical example of a nanoporous material in which the pore
structure can be controlled using the soft template method. Mesoporous silica is the nanoporous
silica consisting of mesopores constructed using the templated synthesis.'**'* In general, micelles
of surfactants and block polymers are used as templates. Mesoporous silica was first obtained
using alkyltrimethylammonium chloride and layered polysilicate kanemite; the mesoporous silica
had a pore size of 2-4 nm and a high specific surface area of approximately 900 m* g™'.'®®
However, its mesoporous silica did not have such a high degree of regularity in the pore structure.
Subsequently, MCM-41 was developed with uniform pore structures, in which the size can be
tuned from 1.6 nm to 10 nm or more with the selection of surfactants using a liquid crystal

template mechanism.'® Tuning the precursor of silica, type of templates (surfactants), and the

conditions of the synthesis solution, such as solvent and pH, can produce various types of
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mesoporous silicas, including SBA-15,'"” Hiroshima Mesoporous Material-33 (HMM-33),'%® and

Technische Universiteit Delft-1 (TUD-1).!” Furthermore, silica morphology can be controlled

110,111
1,

with various processes and templates into diverse forms, such as spherica microcapsule,'?

film,'" fibrous structure,"® and nanosheet,'>''

which can enhance the performance of drug
delivery, adsorbents, and catalysts.

Conversely, the hard template method is frequently used to synthesize carbon materials.
Noncarbon-based materials, including zeolite, mesoporous silica, and metal oxide particles, are
used as templates in synthesizing carbon materials. Zeolite-templated carbon,"’ ' which
features ordered micropore structure, high surface area, and single-layer graphene framework,

120-122

and mesoporous carbon, with mesopores, can be constructed by forming carbon around the

templates, such as zeolite, silica particles, and mesoporous silica, and subsequently treating with
acids to remove templates.

Furthermore, studies have been conducted on the use of MOFs as sacrificial templates for
metals, metal oxides, porous carbon, and multicomponent composites.'**"'** Various materials,

126-128

such as surfactants, a polycarbonate membrane,'? porous anodic alumina films,'*° carbon

nanotubes, ! carbon spheres,'** ice,'** and solvent phases,'** have been used as structure-directing
agents and templates to synthesize diverse nanostructured materials.
In addition to zero-, one-, and three-dimensional materials, two-dimensional materials and

nanospaces have been actively investigated as templates for various materials. The synthesis of

135-137

silica, silicon,'*® metal,'** metal oxide [even in cupric oxide (Cu0)],'**'** TMD,'*¥

147 and carbon'*® nanosheets with controlled nanosheet size and thickness,

zeolite,'* boron nitride,
unique structure, and superior porosity has been proposed using graphene, GO, and g-C;N4 as
templates (Figure 1-9a). In addition, the construction of zeolites with nanopores resulting from
the removal of polymer-functionalized GO has been reported (Figure 1-9b)."* The construction
of ultrathin amorphous metal oxide nanosheets has also been demonstrated using a lamellar

150

Cux0O-oleate complex as a two-dimensional confined template.”” Nanosheets consisting of

polymers, such as vinyl polymers and polyelectrolytes, have also been synthesized using two-

dimensional nanospaces of the MOF as reaction templates.'*"'*2
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Figure 1-9. a) Synthesis of nanosheets using two-dimensional materials as templates and b)
porosity improvement of materials using nanosheets as the pore sources (created using the

information of reference 149).

In addition to the synthesis of porous (nanoporous) materials and nanosheets, templated
synthesis has also been used to fabricate various materials (e.g., precise structural control of metal
nanoparticles and clusters). Studies have focused on the structure control of synthesized
nanoparticles, metal clusters, and multimetallic subnanoclusters in which numerous metal
elements (2-30 atoms) are alloyed with no phase-segregated state at the atomic level, using
dendrimers—polymer materials characterized by a nearly spherical shape, a three-dimensionally
crowded exterior, and somewhat hollow interior.'*'*" In addition, other macromolecules (e. g,

158

co-poly-N, N-dimethylacrylamide/methacrylic acid/N, N'-methylenebisacrylamide and

hyperbranched polyethyleneimine'*®) have also been studied.
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1-4. Objective and scope of this thesis

As described above, substance formation on two-dimensional materials (e.g., nanosheets)
enables the creation of materials with unique structures and high-performance features, such as
sheet shapes and high porosity. Studies have been conducted on substance formation on two-
dimensional materials across all gas, liquid, and solid phase processes. In terms of the gas phase
process, Ye et al. (2021) reported the synthesis of nanosized ultrathin molybdenum disulfide
(MoS>) on montmorillonite nanosheets using the CVD method.'® Furthermore, substance
formation has been carried out for the liquid phase process using different methods, such as the
sol-gel method">'*® and the solvothermal (hydrothermal) method.'*""'** The diffusivity of
substances in the gas and liquid phases is higher than that in the solid phase;'®' therefore, collisions
and reactions among reactants are easier to occur. The solid-phase process may reduce precursor
movement in the reaction system and suppress reactant aggregation. It does not require separation
and washing processes when no impurities are generated. Substance formation on two-
dimensional materials using a calcination process in the solid phase has been investigated,
including the preparation of graphite film, graphene sheet, N-doped graphene-like carbon
materials using clay,'®*'* the construction of two-dimensional ordered mesoporous carbon thin
layers within the interlayer spaces of MXenes,'® and the formation of metal oxides on clay.'*®
Recently, NiC0,O4 nanosheets were constructed with the calcination of MOF-modified GO.'®’
Even during the author’s doctoral program, relevant studies have been conducted on the synthesis
of CuO nanosheets by calcining Cu?*'-modified GO.'® However, studies about substance
formation on two-dimensional materials using calcination have not explored the underdeveloped
areas, such as several unformed substances and the combinations of templates (e.g., nanosheets
and polymers) and substances to be formed. The development of this research area can enable the
synthesis of nanosheets and nanoporous materials with the desired composition and excellent
structures, such as unique morphology (e.g., ultrathin thickness) and textural properties (e.g., high
specific surface area).

This dissertation summarizes the achievements of developing and controlling the pore and

surface structure of nanoporous materials using substance formation on two-dimensional
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materials via calcination. Three types of two-dimensional materials were used: carbon (GO),
oxide (clay), and polymer (carbon nitride). Each two-dimensional material possesses unique
characteristics. GO exhibits modification properties due to its abundant oxygen functional groups
and can be removed by calcination under an air atmosphere. Clay has high chemical and thermal
stability. In addition, carbon nitride features bottom-up synthesis. Leveraging the unique
characteristics of each two-dimensional material, the author designed a nanoporous material
characterized by an excellent structure, such as high porosity and controlled structures. This study
was divided into two approaches: the synthesis of nanosheets and the modification of substances
on nanosheets (Figure 1-10). In addition, the formation process of the phenomena and material
formation mechanisms induced on two-dimensional materials were examined by investigating
comparative conditions, preparing comparative samples, and using various measurement

techniques.

High temperature

/

Reactant
(sclid phase)

Two-dimensional

/

e.g., hanosheet
© High aspect ratio

O High surface area

© Two-dimensional space
between sheets

materials

X

\ Calcination

s
< -,

© Separation and washing
processes are not necessary.

O Reacted in the solid phase, which is
expected to reduce the precursor
movement compared to the liquid phase

Substance formation

———

2. Surface modification of nanosheet

1. Construction of objective nanosheet \
Nanosheet Calcination
(emplate) B 4
Precursor Objective
nanosheet

Design of nanosheet

Figure 1-10. Research policy in this thesis.
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In Chapter 2, GO was used as a template to control silica formation. Silica nanosheets were

synthesized by modifying a silica monomer on the GO surface and then calcining to
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simultaneously induce the in situ formation of silica on the GO surface and the removal of the
template GO.

A polymer template was used in Chapter 3 to control the formation of CuO, on clay. After the
cationic polymer—Cu®" complex was introduced into the clay, the formation of CuO, and the
removal of the polymer templates were induced by calcination to develop CuO./clay
nanocomposites.

Furthermore, carbon nitride was used as a structural directing agent in Chapter 4 to control the
formation of CuO and SiO, simultaneously. By calcining a mixture of carbon nitride, CuO sources,
and SiO, precursors, the formation of CuO and SiO; and the removal of carbon nitride by Cu

species were induced, and nanoporous CuO-SiO; nanocomposites were synthesized.

Some content in this chapter has been adapted with permission from the following papers:
a) Takeuchi, Y.; Obata, S.; Ohkura, K.; Nishina, Y. In Situ Synthesis of Ultrathin Amorphous
Silica Nanosheet with Large Specific Surface Area on Graphene Oxide. ACS Materials Lett. 2022,
4,2590-2596. (© 2022 American Chemical Society)
https://doi.org/10.1021/acsmaterialslett.2c00805
A direct link to the Published Work: https://pubs.acs.org/articlesonrequest/ AOR-
MRFPEHMAAXFPKAPVPJS4? gl=1*a344dq* ga*MTAzNjE4AMTAyNS4xNzE3MzQ2Njg5*
_ga XP5JV6H8Q6*MTczMzA INDU4Ni4xOS4wLjE3AMzMwNTQ10OD YuNjAuMC4w
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Chapter 2. Material synthesis using GO

ABSTRACT: GO has properties such as modification properties using oxygen functional groups
and removable with calcination in an air atmosphere. Further, two-dimensional materials, such as
GO, were used as the template to fabricate silica nanosheets. In chapter 2, I synthesized materials
by utilizing GO properties and inducing substance formation on GO surfaces and template
removal with calcination. Previously, silica nanosheets with lamellar structure and unique
properties have been synthesized using surfactant and two-dimensional materials (even in GO) as
the template. However, silica nanosheets with ultrathin thicknesses below 2 nm and large specific
surface areas had not been achieved at the time of the publication of this research. Therefore, I
developed the in situ synthesis of ultrathin silica nanosheets using GO functionalized with
alkoxysilanes having amino groups. The synthesized silica nanosheets were about 1 nm thick and

had an amorphous structure and high specific surface areas (e.g., 904 m* g').

2-1. Synthesis of silica nanosheets using GO
2-1-1. Introduction

Inorganic nanomaterials with beneficial properties, such as heat resistance, wear resistance, and
corrosion resistance, have attracted attention because of rapid developments in advanced
materials technologies. Silica, commonly known as silicon dioxide (Si0O»), is a typical example
of an inorganic material used in a wide range of applications because of its chemical stability,
biocompatibility, and tunability of morphology and internal structure. For example, silica
materials with a high concentration of pores and a large specific surface area have been applied
in catalyst support,'? drug delivery,’* gas separation membranes,*° and separators for batteries.’

One widely used preparation method for silica is the sol-gel method.®’ In this process, the
siloxane network is constructed through a hydrolysis/polycondensation reaction. Because the
preparation process is carried out in a liquid at a low temperature, the sol—gel method allows
organic template substances to be introduced into the siloxane network, which makes it possible
to design organic—inorganic hybrid precursors to fabricate functional silica systems.'

So far, surfactants," '* block copolymers,'? and solvent phases generated by phase separation'’
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have been utilized as templates for fabricating porous (nanoporous) silica. In recent years, two-
dimensional materials, such as g-C3N4'*!'” and GO,'®'” have been attracting attention as template
materials for functional silica synthesis. Particularly, GO is a two-dimensional nanocarbon
obtained by oxidizing and exfoliating graphite, showing high specific surface area, high strength,
and modifiable properties using the oxygen functional groups.”’ Previously, silica nanosheets
have been prepared by growing SiO, on the surface of GO.'"™" Despite the demand for
applications such as gas adsorption and catalyst support, amorphous silica nanosheets with
ultrathin thickness (less than 2 nm) and large specific surface area had not been prepared before
the publication of'this research. Therefore, synthesis of ultrathin 1-nm-thick silica nanosheets with
large specific surface areas was conducted utilizing GO and molecular modification.

Several hybrid materials consisting of 3-aminopropyltriethoxysilane (APTES) and GO have
been reported.”' ?* However, no studies had reported the synthesis of silica nanosheets using
APTES in the GO/APTES hybrid as a silica source and then removing the GO template during
silica formation. In the current study, APTES was used as the silica source to create ultrathin
layers of silica between GO interlayers. After modifying the GO surfaces with APTES molecules
(Scheme 2-1a), the in situ synthesis of silica on GO was promoted while the GO template was
removed in the calcination process to prepare ultrathin silica nanosheets (SN) (Scheme 2-1b). The
precursors and SN were characterized by elemental analysis with SEM-energy dispersive
spectroscopy (EDX) and combustion methods, identifying the functional groups and chemical
bonds with FTIR, Raman, and X-ray photoelectron spectroscopy (XPS) spectra, observing
morphology with SEM and atomic force microscopy (AFM), determining the crystallinity with
powder XRD, and measuring the pore structure with N, adsorption—desorption tests at each

fabrication stage.
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Scheme 2-1. Construction of silica nanosheet. a) Preparation of precursor (APTES-GO), and b)

synthesis of silica nanosheet (SN).

a) Preparation of precursor (APTES-GO)

( R=CH,CHj,, H, etc.

(o]
\/O°S'I-OV RO‘

o NH, -
3-aminopropyltriethoxysilane
(APTES)

Graphene Oxide
(GO) APTES-GO

b) Synthesis of silica nanosheet (SN)

Calcination
(550 °C, 6 h, air atmosphere) /
Condensation reaction,
Remove GO
Precursor Silica nanosheet
(APTES-GO) (SN)

2-1-2. Experimental section
2-1-2-1. Chemicals

Graphite was purchased from Bay Carbon Inc, United States of America. APTES and sodium
hydrogen carbonate (NaHCO3) were purchased from Nacalai Tesque, Inc, Japan. Hydrogen
peroxide (H,O,) was obtained from Kanto Chemical Co., Inc, Japan. Triethoxy(propyl)silane
("PrSi(OEt);) was obtained from Tokyo Chemical Industry Co., Ltd, Japan. H,SO4, potassium
permanganate (KMnOs), ethylene glycol, and ethanol (99.5%) were supplied by FUJIFILM Wako
Pure Chemical Corporation, Japan. Solmix (ethanol: 85.5%, n-propyl alcohol: 9.6%, methanol:
4.9%, water: less than 0.2%) was purchased from Japan Alcohol Trading Co., Ltd, Japan.

Deionized water was produced with the pure water production machine made by Millipore.
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2-1-2-2. Preparation of silica nanosheet precursors

First, GO, which is a template of silica nanosheet, was prepared with the modified Hummers
method.”> 100 g of graphite was added to 2.5 L of concentrated H,SO4. 300 g of KMnO4 was
added slowly to the solution in the ice bath with stirring so that the temperature of the mixture did
not exceed 55 °C. Next, the oxidation reaction of graphite was proceeded by stirring at 35 °C for
2 h. Next, 5 L of water was added slowly so that the temperature of the mixture did not exceed
50 °C, followed by 250 mL of H>O, (30% aqueous solution, 250 mL) added to the mixture.
Subsequently, the obtained product was washed with water 10 times by centrifugation, and then
freeze-dried to obtain GO as a powder.

In next step, GO was modified with APTES and heating treatment was conducted to construct
silica and remove GO. After adding 0.2 g of GO and 1 g of APTES to 100 mL of ethylene glycol,
ultrasonic treatment was performed for 60 min to uniformly disperse each compound. After
reacting at room temperature for 24 h, centrifuging, washing with alcohol (Solmix) and water to
remove APTES which was not introduced to GO, and freeze-drying were performed to obtain
APTES-GO, which is the precursor of the silica nanosheet.

To understand the interaction between APTES and GO, a comparative investigation was
conducted using "PrSi(OEt);, which does not have an amino group. In the case of using
"PrSi(OEt);, APTES in the above method was replaced with "PrSi(OEt)s, and NaHCO; was added
to make the solution basic as well as the condition of APTES-GO synthesis. After adding 0.2 g of
GO to 100 mL of ethylene glycol, 1 g of "PrSi(OEt)s;, and 1 g of NaHCO; were added to the
mixture. Subsequently, sonication was performed for 60 min to disperse each compound
uniformly. After reacting at room temperature for 24 h, the product ["PrSi(OEt);-GO] was

obtained by centrifugation, washing with alcohol (Solmix) and water, and freeze-drying.
2-1-2-3. Synthesis of silica nanosheets

The prepared APTES-GO was heated at 550 °C (ramping rate: 5 °C min '), for 6 h, in an air

atmosphere to obtain the silica nanosheets (SN).

-39 -



2-1-2-4. Scale study of silica nanosheet synthesis

After adding 5 g of APTES and 1 g or 5 g of GO to 500 mL of ethylene glycol, sonication was
performed for 60 min to disperse each compound uniformly. After reacting at 25 °C or 40 °C for
24 h, centrifugation, washing with Solmix and water, and freeze-drying were performed. Prepared
each APTES-GO was heated at 550 °C (ramping rate: 5 °C min™"), for 6 h, in an air atmosphere

to obtain SN at each scale.

2-1-2-5. Characterization

Carbon, hydrogen, nitrogen (CHN) elemental analysis (PerkinElmer 24001, USA) was
performed to measure the elemental proportions of each material. The value is the average of the
two measurements. The element ratio (C, O, Si) of the material was determined by SEM (JEOL
JSM-IT100LA, Japan) equipped with EDX spectroscopy. The value is the average of the three
measurements. Functional groups and chemical species in the material were determined by
attenuated total reflection (ATR)-FTIR (SHIMADZU IR Tracer 100, Japan). Diamond was used
as a prism. The measurement range was 500—4000 cm'. The surface chemical states of the
materials were determined through XPS (JEOL JPS-9030, Japan). The path energy was set to 10
eV. The measured sample was coated over the Cu substrate. The binding energy of the Cu 2ps»
peak at 932.7 eV was used as a reference to calibrate the binding energy scale. Thermogravimetric
analysis (TGA) was conducted with thermo gravimetry analyzer (SHIMADZU DTG-60/60H,
Japan). After keeping at 80 °C to remove water attached to materials, the temperature was raised
from 80 to 800 °C (ramping rate: 10 °C/min), and weight loss was calculated from the result of
weight fluctuations. The surface morphology of the sample was observed with SEM (Hitachi
SU9000, Japan). The thickness of the sample was measured with AFM (SHIMADZU SPM-
9700HT, Japan). The samples of GO and APTES-attached GO for AFM measurements were
prepared as follows. The GO solution was coated onto an ozone-treated Si substrate via spin
coating. The substrate was immersed in a solution containing 10 mL of ethylene glycol and 100
mg of APTES at room temperature for 24 h. Subsequently, the Si substrate was washed with

Solmix and dried under vacuum conditions. The sample is called APTES-attached GO. The
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sample of SN for AFM measurement was also prepared with the spin coating method. SN
dispersed in ethanol was coated on an ozone-treated Si substrate. Powder XRD was measured by
X-ray analyzer (Malvern Panalytical, Netherlands) with Cu Ka rays (A = 0.154 nm). The tube
voltage, the current, the 20 range, and the scan speed were 40 kV, 15 mA, 5-40°, and 0.0005°s,
respectively. Porosity was evaluated using BELSORP-max II (MicrotracBEL Corp. Japan).
Adsorption—desorption test was performed using N as the adsorbate at 77 K to obtain the
adsorption—desorption isotherm. The isotherm was analyzed by BET equation to determine the
specific surface area (Sger), and the pore volume (Vi) was estimated from the amount of
adsorbed at relative pressure p/pp = 0.99. The pore size distribution of SN was obtained by

analyzing the adsorption isotherm with HK method.

2-1-3. Results and discussion
2-1-3-1. Evaluation of silica nanosheet precursors

The GO surfaces were modified using APTES, and the interaction between APTES and GO
was investigated by comparative examination using "PrSi(OEt)s;, which has no amino groups.
Table 2-1 shows the results of the CHN elemental analysis. In pristine GO, C and H were
confirmed, but N was not observed. However, in APTES-GO, 3.6 wt% of N derived from APTES
was confirmed. The surface density of APTES was 2.4 molecules nm™ (Scheme 2-2, Table 2-2).
Further, distance between silanol groups was calculated with two models; i.e., a single-layer
model (Figure 2-1a) and double-layer model (Figure 2-1b). In the single-layer model, the distance
between silanol groups was 0.5—0.6 nm, which was too far apart to react and on-sheet formation
of silica was expected. In contrast, the distance between silanol groups in the double-layer model

was 0.1-0.3 nm, where a polycondensation reaction may occur between layers.
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Table 2-1. Elemental ratios of each material obtained from CHN elemental analysis.

GO APTES-GO
C wt% 47.2 45.2
H wt% 23 3.7
N wt% 0.0 3.6

Scheme 2-2. Calculation of modification density.
1. Conversion of elemental ratio from wt% to atom ratio
2. Calculation of carbon ratio derived from GO (Cgo [atom ratio]) following equations below,
assuming that all alkoxy groups of APTES were hydrolyzed.
APTES-GO: Carres-co [atom ratio] = C [atom ratio] — N [atom ratio]x3
3. Calculation of N/Cco [-], which represents the modification degrees of amines, by dividing N
[atom ratio] by each Cgo [atom ratio]
4. Calculation of amine-modification density per unit area
(Damine [molecules nm™])

a) Calculated the amounts of N per 54 carbons (Ncs4)

b) Calculated the surface areas of 19 benzene rings for 54 carbons
(1.93 nm?) with the area on both sides of the benzene ring (0.102 nm?)

) Damine Was calculated by dividing Ncs4 by 1.93 nm?.
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Table 2-2. Element ratios and calculation result of modification degree (N/Cgo) and modification

density (Damine)-
APTES-GO

C [wt%] 45.2

H [wt%] 3.7

N [wt%] 3.6

C [atom ratio] 48.9

H [atom ratio] 47.7

N [atom ratio] 33
Cqo [atom ratio] 39.0
N/Coqo [-] 0.085

Damine [molecules nm™] 2.4
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Figure 2-1. Pattern diagrams of APTES-GO,; a) single-layer model, b) double-layer model.

Next, how APTES bonded to GO were investigated by comparing it with an NH»-free silica
source, "PrSi(OEt);. EDX measurements were performed to confirm the elemental ratio of Si in
GO, APTES-GO, and "PrSi(OEt);-GO (Table 2-3). Accordingly, 2.8 at% of Si derived from
APTES was confirmed in APTES-GO, whereas "PrSi(OEt); did not attach onto GO. Figure 2-2a
shows the results of FTIR, measured to confirm the functional groups in each material. In pristine
GO, the sp* domain (C=C bond, 1620 cm™), epoxy (C-O-C, 1221 cm™"), hydroxy (O-H, 3194,
1044 cm™), and carboxy (C=0, 1722 cm™") groups were confirmed.?**’ In addition to the above
peaks, APTES-GO showed the alkyl-derived C—H stretching (2900-3000 cm™) peak, amine-
derived N-H stretching (3186 cm™"), N-H bending (1522 cm™"), and N-H wagging vibration (687
cm™') peaks®™ and Si-related bonds such as Si-O—C (1100 cm™), Si-OH (903 cm™), and Si—C

(746 cm™).27! These results suggest that an ethoxy group of APTES is partially hydrolyzed and
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Si—OH and Si—O-C coexist. In "PrSi(OEt);-GO, any peaks related to alkyl, Si—-O-C, Si—OH, or
Si—C were not observed, indicating that "PrSi(OEt); was not attached to GO. Figure 2-2b shows
the high resolution XPS spectrum of APTES-GO in the Si 2p region. The Si—O (Si—OR; R= Et,
H, or Si, 102.0 eV) and Si—C (100.5 eV) were confirmed.*** However, the peak derived from

Si0; (e.g., 103.5, 103.7 eV)**** was not observed, suggesting that SiO; (silica) was not formed.

Table 2-3. Elemental ratios obtained by SEM-EDX of GO, APTES-GO, and "PrSi(OEt);-GO,

GO APTES-GO "PrSi(OEt)s-GO
C at% 60.1 63.7 64.7
0 at% 39.9 33.4 35.2
Si at% — 2.8 0.0
a)

Intensity [a.u.]

O-H, Nef G0 u |

— "PrSi(OEt);-GO

— APTES-GO si-o-C "’ si-oH
4000 35;00 3600 25I0[] 2600 1 500 1 060 500
Wavenumber [cm™]

b)
sio APTESéQ?,
= 102.0 eV ; 1P
s, W Si-C
g .+ 100.5eV
c
g
£

106 104 102 100 08 96
Binding Energy [eV]

Figure 2-2. a) FTIR spectra of GO, APTES-GO, and "PrSi(OEt);-GO and b) high resolution XPS
spectrum of APTES-GO at Si 2p region.
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The crystalline structure of each material was analyzed by powder XRD (Figure 2-3). In
pristine GO, the peak corresponding to the interlayer of GO (001) was confirmed at 20 = 10.4°,
indicating the interlayer distance of 0.85 nm. The XRD pattern of APTES-GO showed the peak
at 20 = 7.1°, and thus, the interlayer distance of APTES-GO increased to 1.2 nm. The increased
interlayer distance suggested that APTES was introduced between the GO layers. Moreover, AFM
images and height profiles (Figure 2-4) suggested successful GO surface modification. The
thickness of the pristine GO was ~1.4 nm and that of APTES-attached GO increased to ~2.1 nm,
suggesting that APTES was grafted on the basal plane of GO. Overall, the results suggested that
the GO surface was successfully modified with an APTES layer, which provided the precursor

for silica in the following experiments.

0.85 nm

El
S, GO
P
K7}
o 1.2 nm
<
APTES-GO
5 10 15 20

20 [deq]

Figure 2-3. XRD patterns and layer distances of GO and APTES-GO.
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Figure 2-4. AFM images and height profiles of GO and APTES-attached GO.

2-1-3-2. Characterization of silica nanosheets

The synthesis of SN was conducted by inducing the conversion of APTES to silica on GO and
then incinerating GO by heating in an air atmosphere. TGA was conducted to determine the
calcination temperature of GO. According to the TGA curve of APTES-GO (Figure 2-5a), the
weight decrease derived from the combustion of carbon was confirmed to be >500 °C.*
According to the TGA result and a previous report,'* the heating temperature and time were set
to 550 °C and 6 h, respectively. The change of chemical structure from APTES-GO to SN was
confirmed using FTIR, XPS, and Raman spectra. In the FTIR spectrum of SN (Figure 2-5b), the
GO- and APTES-derived peaks disappeared, while peaks for the Si—O-Si asymmetric stretching
vibration (1051 cm™), Si—O-Si symmetric stretching vibration (795 cm™), and silanol group (Si—

OH, 3242, 961 cm™") were observed.’” The peaks around 1640 cm ™' and 3380 cm™! were attributed
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to the bending vibration and stretching vibration of physisorbed water, respectively.’’ Figure 2-5¢
shows the high resolution XPS spectrum of SN in the Si 2p region. The spectrum was
deconvoluted to SiO, (105.5 eV), Si—O (104.3 eV), and Si-Si-O or Si-C (101.2 eV),’>***¥
indicating that the formation of silica was successful. The binding energies of the SiO» and Si-O
peaks may have been higher than their generally accepted positions because of the charging effect
of silica.*** The Raman spectra of APTES-GO and SN are shown in Figure 2-5d. The G-band
(1580 cm™) and D-band (1350 cm™) derived from GO were observed in APTES-GO. After the
fabrication of SN by calcination at 550 °C, no peaks derived from GO were observed, confirming

the removal of GO. All of these results indicate the synthesis of SiO and removal of GO.

a) b)
100
—~ %
S 80 |
s 5
§ 80 %
g 50 | &
= 40 t S
%, 30 + —APTES-GO E
‘S 20 T
= 10t
0 . . ‘ . . .
80 280 480 680 3500 2500 1500 500
Temperature ['C] Wavenumber [cm~1]
c) d)
Si0, SN, — APTES-GO
— | 1055ev Si2p — | — sN
3 . =1
.ﬂ. Si-0 ©
y 104.3 eV =
& 2
5 . Si-Si~0 or Si-C 5
= / 101.2 eV =
108 106 104 102 100 98 2000 1800 1600 1400 1200 1000
Binding Energy (eV) Wavenumber [cm™7]

Figure 2-5. a) TGA curve of APTES-GO in air, b) FTIR spectrum of SN, c) high resolution XPS

spectrum of SN at Si 2p region, and d) Raman spectra of APTES-GO and SN.
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SEM analysis confirmed that the SN structure was formed predominantly (Figure 2-6),
although portions of the SN were wrinkled and agglomerated (Figure 2-7) due to the partial
agglomeration of APTES-GO (Figure 2-8). AFM measurements of SN (Figure 2-9) revealed that
the sheet thicknesses were 0.8—1.3 nm (n = 10, avg.= 1.1 nm), almost corresponding to the

interlayer distances of GO in APTES-GO (1.2 nm).

Figure 2-6. SEM image of SN.

Figure 2-7. SEM images of a large particle in SN.

Figure 2-8. SEM images of agglomerated APTES-GO.
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Figure 2-9. AFM images and height profiles of SN.

The representative XRD pattern of SN is shown in Figure 2-10. No sharp peak was observed,

suggesting that SN had an amorphous structure.

Intensity [a.u.]

26 [deg]
Figure 2-10. XRD pattern of SN.
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N adsorption—desorption tests were performed to measure the surface areas and pore structures.
The Sger of SN was 904 m* g™', dramatically increasing from APTES-GO (15 m? g"). This result
may be due to the amorphous and porous structure of SN. The N> adsorption isotherm (Figure 2-
11a) revealed the presence of micropores in SN. The pore size distribution obtained using the HK
method (Figure 2-11b) contained several peaks associated with different pore sizes, suggesting
that the silica nanosheets assembled randomly because of the processing and inherent amorphous

structure (Figure 2-10).
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Figure 2-11. a) N, adsorption—desorption isotherms, and b) pore size distribution of SN by

analyzing the N adsorption isotherm with the HK method.

Table 2-4 compares SN obtained in this study with those developed in previous
reports.'*#!1071%417% The thickness of 1 nm is the thinnest among the silica nanosheets synthesized
using a bottom-up method with silica precursors at the time of the publication. After the
publication of this research contents, the synthesis of ultrathin silica nanosheets at the 1 nm level
has been reported.*’”° Compared with them, the synthesized silica nanosheets in this study
possessed both the excellent specific surface area (ca. 900 m* g™') and the ultrathin thickness (ca.

1 nm).
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Table 2-4. Comparative table from the literature of other silica nanosheets.

Specific surface

Template used, Thickness
area Ref.
precursors [nm] .
[m” g |
GO (APTES-GO) 0.8-1.3 (avg.=1.1) 904 This study
GO 8 N.D. 18
41 (GO coated with a
GO 3.7 N.D. .
silica layer)
42 (graphene oxide based
GO, CTAB 28 N.D. »
mesoporous silica sheets)
19 (graphene-based
GO, CTAB 28 930 .
mesoporous silica sheets)
g-C3Ny 6-9, 12-15,17-20 1071, 1061, 1123 16
g-CsNy,
N.D. 464 17
P123
CTAB 3.7 1420 14
Leucine-lysine
_ 2.1 N.D. 43
peptide
PEG-b-PLL 30 N.D. 44
Dendrimer
_ _ N.D. 779 45
polyamidoamine
C16—L—Ala,
50 190 46
P123
PDMAEMA-b-PS 35 71 47
Layered silicate
RUB-18 (preparation 1.3-1.7 53 48
with delamination)
49 (published after this
GO 1.6, 1.5 87, 248 o
content publication)
N 50 (published after this
Brij52 0.9 N.D.

content publication)
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Abbreviations of Table 2-4

*CTAB: Cetyltrimethylammonium bromide

**P123: Symmetric triblock copolymer comprising poly(ethylene oxide) (PEO) and
poly(propylene oxide) (PPO) (PEO-PPO-PEO)

*#*PEG-b-PLL: Diblock copolymer comprising poly(ethylene glycol) and poly-L-lysine

*#*% Cie-L-Ala: N-palmitoyl-L-alanine

*#x*x*PDMAEMA-bH-PS:  Diblock copolymer comprising poly[2-(dimethylamino)ethyl
methacrylate] and polystyrene

***%%% Brij52: Polyethylene glycol hexadecyl ether

*xxkkk4N.D.: No data

2-1-3-3. Evaluation of scale study of silica nanosheet synthesis
The potential for scaling-up the synthesis was investigated using 1 and 5 g of GO. Table 2-5
shows the yield of SN from APTES-GO at each scale. The yields at 0.2 g, 1 g, and 5 g of GO

were almost the same: 21%, 20%, and 21%, respectively.

Table 2-5. Yields of SN from APTES-GO at each scale (GO amount).

Scale Amounts of APTES-GO Amounts of obtained SN Yield
g] [mg] [mg] [“o]
0.2 41.8 8.9 21

1 123.7 25.2 20
5 238.2 48.9 21

Additionally, the N, adsorption—desorption isotherms, Sger and Viow of the materials at each
scale are shown in Figure 2-12 and Table 2-6, and the specific surface areas of SN were >700 m?
g ' under all conditions. The lower Sger obtained at the 5 g scale compared with other scales may

be due to the agglomeration of GO or APTES-GO during the preparation process. AFM images
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and height profiles of SN produced at the 5 g scale (Figure 2-13) revealed that sheets were mainly
formed with thicknesses around 1 nm, similar to the 0.2 g scale. The results indicate that this SN

synthesis method can be scaled up to 5 g batches without reductions in yield or material quality.

500 450

450 { SN, 1 g scale 400 4 SN, 5 g scale
400 1 —e— adsorption 350 1 —e— adsorption
350 - 300

300 A ——desorption ——desorption

250

Volume adsorbed [cm® g~ STP]

Volume adsorbed [cm?®g~! STP]

250 -

200 | 200 -
150 4 150 1
100 1 100 7
50 50 3

0 : : : : 0 : : : :
0 02 04 06 08 1 0 0.2 0.4 0.6 0.8 1
p/po p/po

Figure 2-12. N, adsorption—desorption isotherms of SN at 1g scale and 5 g scale.

Table 2-6. Sger and Viow of SN at each scale.

Scale SBET Viotal
lg] [m” g”'] [em® g”']
0.2 904 0.850

1 922 0.719
5 778 0.644
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Figure 2-13. AFM image and the height profile of SN at 5 g scale.

2-1-4. Conclusion

In summary, ultrathin silica materials, i.e., SN, were synthesized using GO as a template. After
converting APTES between the GO interlayers into silica and removing the GO by combusting
the carbon, the amorphous silica was produced. The SN exhibited thicknesses around 1 nm, which
is the lowest thickness reported for silica nanosheets synthesized using a bottom-up method from
a silica precursor. Furthermore, the synthesized SN had relatively high specific surface areas (904
m? g'). By conducting further evaluation (e.g., thermal and chemical stabilities, dispersibility,
and strength) tests to understand the performance of the material, the synthesized silica nanosheets
can be used as building blocks for the solid electrolyte of batteries, catalyst supports, and gas
adsorbents. Moreover, the key technology of ultrathin silica synthesis, namely surface
functionalization of the GO template, will lead to new fields in two-dimensional material science

by fine-tuning the thickness and agglomeration-free SN.

The content of this section was adapted with permission from the following paper:
Takeuchi, Y.; Obata, S.; Ohkura, K.; Nishina, Y. In Situ Synthesis of Ultrathin Amorphous Silica
Nanosheet with Large Specific Surface Area on Graphene Oxide. ACS Materials Lett. 2022, 4,

2590-2596. (© 2022 American Chemical Society)
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Chapter 3. Material synthesis using clay

ABSTRACT: Clay has high thermal stability. Therefore, I conceived that clay could be used as a
carrier to support the formed materials on the surface during calcination. In addition to this
property, I also utilized the functionality of clay using electrostatic interactions between
negatively charged clay surface and cationic materials, and worked on the formation of metal
oxides on the surface of clay. Metal oxides have the excellent functions including high thermal
stability, electrical properties, catalytic performance, and adsorption properties of acid gases such
as CO; via the acid-base interactions. However, they suffer from low reserves, porosity control,
and low adsorption efficiency per weight compared with lightweight materials including carbon
and silica. To solve these issues, various methods for supporting metal oxides on porous carriers,
such as decomposition—precipitation and impregnation, have been investigated, but controlling
the formation of metal oxide on clay nanosheets remains as a challenge. Herein, a soft-template
method for supporting metal oxide (CuO,) nanoparticles on activated clay nanosheets were
developed. The intercalation of polyethyleneimine (PEI)-Cu®" complexes between the layers of
clay nanosheets followed by calcination to construct CuO, and remove the PEI templates afforded
CuOy/clay nanocomposites. The constructed CuO,/clay nanocomposites had the close porosity to
that of clay. Tuning the Cu?'/PEI ratio in PEI-Cu®" complex allowed to control CuO, states
(loadings, particle sizes, etc.). Tuning of the supporting conditions allowed constructing a

structure suitable for CO; uptake.

3-1. Synthesis of CuO, nanoparticles on clay using a polymer template
3-1-1. Introduction

Metal oxides have excellent durability (thermal stability) compared to organic materials,
electrical properties, catalytic performance, and acid gases (e.g., CO») adsorption sites based on
the acid-base (e.g., Lewis acid—base) interactions, which form stronger bonds with CO> (e.g., a
metal—carbonate bond) than those of physical adsorption.' In addition, metal oxides have the
different properties by changing the metal species (e.g., Ti, Mn, Co, Cu, and Zr).> Utilizing these

functions, metal oxides have applied in a wide variety of fields including battery,® catalyst,”® and
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adsorption.9 However, metal oxides have several issues and drawbacks, including low reserves of
metal elements in transition metal except for Fe, porosity control, and lower adsorption efficiency
per weight than lightweight materials such as carbon and silica. Recently, the research to solve
these issues and drawbacks has focused on supporting metal oxides on porous carriers, which is
expected to alleviate weight issues by reducing the proportion of heavy metals in the adsorbent,
contributing to the construction of metal oxide/porous carrier hybrids with excellent pore
structures.'™"" Metal oxides have been previously supported on nanoporous materials like
activated carbon and mesoporous materials, achieving enhanced performance such as CO»
adsorption property compared to the bare carriers.''*!?

CuO is a p-type semiconductor with lower toxicity compared to Ni and Co species, a band gap
of 1.2-2.1 eV and catalytic properties,'*”' moderate enthalpy in CO, adsorption (AH = —45.5 kJ
mol ") which contributes to decrease of the regeneration temperature (energy) compared to amine
and MgO,"” and it has been employed in diverse applications, such as catalysts for H, evolution'
and NO reduction with CO,'® sensors,'**° adsorbents for CO,,'” and batteries (e.g., anode material
for Li-ion batteries)?' CuO, (and Cu®") species have been also supported on clay, which has
abundant resources, low cost, and high thermal stability, using various methods, such as ion

22 and impregnation methods.*®

exchange,”” deposition-precipitation,” precursor reduction,
Recently, organic polymers have been used to support metals on clay. Utilizing the electrostatic
interaction between the negative charges between the layers of clay and the positive charges of
cationic molecules, organic polymer—inorganic (clay) hybrids can be fabricated by intercalating
cationic monomers or polymers such as aniline,”’ chitosan,*® poly(1-methyl-4-vinylpyridinium),*
and PEI*® Amine groups can interact with the metal ions; previously, utilizing the chitosan or
chitosan-derived carbon, Pd or Co/clay/chitosan or chitosan-derived carbon composites were
developed.’'* PEI, which has a higher proportion of N atoms in the polymer framework than
chitosan, has been also used for developing the metal/clay composites. Cu/PEl/clay and
Au/PEl/clay composites were fabricated by introducing PEI-capped Cu nanoparticles between

clay nanosheets and reducing the gold ions on PEI-intercalated clay, respectively.***> Furthermore,

Wang et al. reported a templated synthesis for supporting metal nanoparticles on a carrier;
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specifically, they fabricated mesoporous alumina functionalized with uniformly dispersed Pt
nanoparticles using a dendrimer template.”® However, studies to support CuO, on clay by
intercalating a cationic polymer and a soft-template method, which is expected to enable the
precise control of the loading and size of CuO, as well as the porosity of the resulting CuO,/clay
architectures, had not progressed.

Herein, the soft-template method for supporting CuO, nanoparticles on activated clay was
developed. PEI-Cu®" complexes were introduced onto the surface and between the layers of clay
nanosheets. Subsequently, the calcination under an air atmosphere was conducted to produce
CuO, and remove the PEI template simultaneously. As a result, nanocomposites consisting of
CuOx and clay nanosheets (hereinafter referred to as CuO,/clay nanocomposites) were developed.
Furthermore, the effects of the PEI-template method and Cu**/PEI ratio in PEI-Cu** complexes
on the composite structure (i.e., porosity, CuOy loading and particle size) were investigated.
Finally, the CuO,/clay nanocomposites were applied to CO; capture, and the impact of using the
soft-template method for constructing the nanocomposites on the adsorption performance was

investigated.

3-1-2. Experimental section
3-1-2-1. Chemicals

Montmorillonite K10 (activated clay, MT), PEI (average molecular weight: 600), and 0.1 mol
L™ NaOH solution were supplied by FUJIFILM Wako Pure Chemical Corporation, Japan.
Copper(Il) acetate monohydrate [Cu(OAc),-H>O] used as copper source was purchased from
Nacalai Tesque Inc., Japan. Distilled water purified using a purification system (RFD240NA,

ADVANTEC) was used as water.

3-1-2-2. Synthesis
CuO./clay nanocomposites were synthesized with soft (PEI)-template method (Scheme 3-1).
PEI (100, 200, 300, and 500 mg) and 1000 mg L' Cu*" solution (100 mL) were mixed, and the

solution was sonicated for 30 min to make the solution homogeneous and prepare PEI-Cu**
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complexes. Subsequently, MT (500 mg) was added to the solution. The mixture was stirred at 500
rpm, 40 °C for 2 h, and filtered with polytetrafluoroethylene (PTFE) membrane (pore size: 0.2
um). The residue was dried at 80 °C for 18 h (the sample name until this process: MT/PEIx-Cu,
x: PEI amount). The dried sample was calcined at 500 °C for 5 h (ramping rate: 5 °C min™') under
an air atmosphere to convert Cu*" ions to CuOy, remove PEI, and obtain the product (MT/PEIx-

Cu 500 °C).

Scheme 3-1. Schematic illustration of the synthesis concept for CuO,/clay nanocomposites using

a soft-template method.
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The comparative sample was prepared without adding PEI. MT (500 mg) was added to 1000
mg L™ Cu*" solution (100 mL). Subsequently, pH of the mixture was adjusted to 5 with 0.1 mol
L' NaOH solution. pH was determined by referring to the paper about Cu** adsorption of clay.’’
The mixture was stirred at 500 rpm, 40 °C for 2 h, and filtered with PTFE membrane (pore size:
0.2 um). The residue was dried at 80 °C for 18 h (the sample name until this process: MT/Cu).
The dried sample was calcined at 500 °C for 5 h (ramping rate: 5 °C min™') under an air

atmosphere to obtain the product (MT/Cu 500 °C).

3-1-2-3. Characterization

Powder XRD was measured using MiniFlex II (Rigaku Corporation, Japan) with
monochromatic X-rays of Cu Ka (A = 0.154 nm) at room temperature. The tube voltage, the
current, 20 range, and step size were 30 kV, 15 mA, 3-45°, and 0.02°, respectively. The chemical

structures were analyzed with FTIR (DegiLab Japan Ltd., Japan, FTS4000MXK). The sample
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was measured with KBr pressed disc method under atmospheric pressure at room temperature,
and the measurement range was 500—4000 cm™'. TGA was conducted with thermogravimetric-
differential thermal analyzer (Rigaku Corporation, Japan, Thermo plus EVO2 TG-DTA8122).
After keeping at 95 °C to remove water attached to materials, the temperature was raised to 800 °C
(ramping rate: 10 °C min™'), and the weight loss was calculated from the result of weight
fluctuations. The overall morphology and element ratio were measured with SEM (KEYENCE
CORPORATION, Japan, VE-9800)-EDX (KEYENCE CORPORATION, Japan, 971863SP). The
SEM images were obtained at an accelerating voltage of 10 kV. The value of element ratio was
the average of ten experiments. The Cu states in the materials were determined through XPS
(JEOL JPS-9030, Japan). The X-ray source was Mg Ka (1253.6 €V). The path energies were 50
eV for wide scans and 10 eV for narrow scans, respectively. The measured sample was coated
over the carbon tape on the substrate. (There is the possibility of the carbon and silicone
contamination.) The charge compensation was achieved using a flood gun. The binding energy of
the C 1s peak at 284.8 ¢V was used as a reference to calibrate the binding energy scale. The
morphology of CuO, on MT was observed with TEM (H-7650, Hitachi, Japan). The TEM
observation was performed at 100 kV. The TEM images of the samples were analyzed using
ImagelJ software (1.52v; National Institutes of Health, Bethesda, MD, USA) to obtain the average
particle sizes of CuQ,. The porosity was evaluated using BELSORP-mini (MicrotracBEL Corp.,
Japan). The adsorption—desorption tests were performed using N, as the adsorbate at 77 K to
obtain the adsorption—desorption isotherms. All samples were evacuated at 110 °C for 6 h before
the measurement. The isotherms were analyzed with the BET equation to determine the Sger, and
the Vior was estimated from the amount of adsorbed at relative pressure p/po = 0.99. The pore

size distribution was obtained by analyzing the adsorption isotherm with the BJH method.
3-1-2-4. CO; adsorption test

CO; uptake was measured using BELSORP-max (MicrotracBEL Corp., Japan). The adsorption

test was performed at 303 K. The sample was evacuated at 110 °C for 12 h before the measurement.
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3-1-3. Results and discussion
3-1-3-1. Synthesis and characterization of CuO,/clay nanocomposites

The CuO,/clay nanocomposites (MT/PEIx-Cu 500 °C) were constructed by intercalating a
PEI-Cu*" complex using a soft-template method as shown in Scheme 3-1. First, the PEI-Cu*"
complex was introduced into MT using the electric interactions between the negative charges of
the clay layers and the positive charges of PEI and Cu®". Representative results obtained using
500 mg of PEI (MT/PEI500-Cu) are presented, and a sample without PEI (MT/Cu) was prepared
for comparative purposes. The successful integration of the components was confirmed using
FTIR, XRD, and TGA. The functional groups were detected with FTIR spectroscopy (Figure 3-
1). In the spectrum of MT, bands derived from MT or adsorbed H,O were observed at 3620 cm™'
(Al-OH), 3443 cm™' (OH or H,0), 1636 cm™' (H,0), 1053 cm ™ (Si—0), 935 cm™' (OH), 797 cm™!
(Si—O stretching of quartz and silica), and 537 cm™' (Al-O-Si deformation).’** In addition to
these bands, a C—H band attributable to acetic acid appeared at around 2900 cm ™' in the spectrum
of MT/Cu (Figure 3-2).*' Meanwhile, the spectrum of MT/PEI500-Cu showed a band due to N—
H or —CH,— at 1462 cm™', which was not detected in the spectra of MT and MT/Cu, suggesting

that PEI was successfully intercalated.***

D
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— MT/PEI500-Cu Si-0-"]

— MT

— MT/PEI5S00-Cu
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Figure 3-1. a) Wide and b) narrow FTIR spectra of MT and MT/PEI5S00-Cu.
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Figure 3-2. FTIR spectrum of MT/Cu.

The structural change upon intercalation was confirmed via powder XRD analysis (Figure 3-
3). In the XRD pattern of MT, a profile corresponding to a basal spacing of 1.0 nm appeared at
8.9°. After introducing Cu?" ions (MT/Cu) and the PEI-Cu®" complex (MT/PEI500-Cu), the basal
spacing (001) profiles were detected at 6.9° (1.3 nm) and 5.5° (1.6 nm), respectively. These
increases in the basal spacing are in accord with the introduction of Cu®" and the PEI-Cu*
complex. The present of multiple peaks derived from the basal spacing was previously reported

for cetyltrimethylammonium cation—adsorbed activated clay.*
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Figure 3-3. XRD patterns of MT, MT/Cu and MT/PEI500-Cu.

The PEI content in MT/PEIx-Cu was determined via TGA measurements (Figure 3-4). MT and
MT/PEI500-Cu underwent a weight loss of 5.0 and 14.4 wt%, respectively, between 100 °C and
800 °C; accordingly, the PEI content in MT/PEIS00-Cu was estimated to be 9.4 wt%. This value
was close to that previously reported for a PEl/bentonite clay composite.***> Upon decreasing the
added amount of PEI and increasing the Cu**/PEI ratio (0.2 wt/wt in MT/PEI500-Cu, 0.3 wt/wt
in MT/PEI300-Cu, 0.5 wt/wt in MT/PEI200-Cu, and 1 wt/wt in MT/PEI100-Cu), the PEI content
in MT/PEIx-Cu tended to decrease (9.4 wt% in MT/PEI500-Cu, 6.5 wt% in MT/PEI300-Cu, 5.6
wt% in MT/PEI200-Cu, and 5.8 wt% in MT/PEI100-Cu; Figure 3-5). In the absence of Cu** (PEI
only), the PEI contents in MT/PEIx (Figure 3-6) were relatively similar for added amounts of PEI
of 100 mg (MT/PEI100, 8.4 wt%) and 500 mg (MT/PEI500, 9.9 wt%). The decreases of the PEI
contents compared to MT/PEIx were 2.6 wt% in MT/PEI100-Cu and 0.5 wt% in MT/PEI500-Cu,
respectively. Several studies reported that charge neutralization plays a major role in PEI

adsorption.’>*® Here, the change in the PEI content in MT/PEIx-Cu may be due to the positive
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charge strength of the PEI-Cu*" complex. Upon increasing the Cu®/PEI ratio, the PEI-Cu*"
complex has more cations (Cu*") per PEI chain, achieving charge neutralization with less amount
of PEI-Cu** complex (Figure 3-7). The FTIR, XRD, and TGA results of MT and MT/PEIx-Cu

suggest the introduction of PEI-Cu** complex.

— 100 - — 100

S S

= 95 = 95 1

5 .. S . 88.5 wt%

T | 85.6 wt%| © |

-'(—':; 85 | —M/PEI500-Cu 0 _g 85 | — MT/PEI300-Cu

S =

< o Cu2*/PEI=0.2, = 897 Cu2*/PEI=0.3,

275 PEl ratio: 9.4 wt% | 2 75 1 PEI ratio: 6.5 wt%

= 70 . . . < 70 . . .
100 300 500 700 100 300 500 700

Temperature [C] Temperature [ C]

— 100 - — 100

= S

c 89.4wt%| § 1 89.2 wt%

g *1 — MT/PEI200-Cu g *1 — MT/PEI00-Cu

2 85 - = 85 -

= 80 - = 50

e Cu?*/PEI=0.5, = Cu?*/PEI=1,

2 751 PEl ratio: 5.6 wt% | -2 751 PEI ratio: 5.8 wt%

= 70 . . ; < 70 ; . .
100 300 500 700 100 300 500 700

Temperature ['C] Temperature ['C]

Figure 3-4. TGA curves of MT and each MT/PEIx-Cu.
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Figure 3-5. Relationship between PEI ratio in MT/PEIx-Cu and PEI amount in adsorption
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Figure 3-6. TGA curves of the sample without adding Cu®* (only PEI 100 mg (MT/PEI100) and

500 mg (MT/PEI500) conditions).
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Figure 3-7. Schematic mechanism of the PEI-Cu*" complex adsorption on MT.

Next, MT/PEIx-Cu and the reference compounds were subjected to calcination at 500 °C to
convert the Cu?” ions to CuO, and remove PEI. The crystalline structure of the obtained products
(MT/PEIx-Cu 500 °C, MT/Cu 500 °C, and MT 500 °C) was analyzed using powder XRD (Figure
3-8). After heating at 500 °C, the basal spacing profiles that appeared at lower angles before
calcination (6.9° in M/Cu and 5.5° in MT/PEIS00-Cu; Figure 3-3) disappeared in the XRD

patterns of the calcined samples, whereas that at 8.8° was still observed.

MT 500 C

MT/Cu 500 ‘C

Intensity [a.u.]

MT/PEI500-Cu
500 ‘C

3 8§ 13 18 23 28 33 38 43
26 [deq]

Figure 3-8. XRD patterns of MT 500 °C, MT/Cu 500 °C, and MT/PEI500-Cu 500 °C.
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In the FTIR spectrum of MT/PEIS00-Cu 500 °C (Figure 3-9), the band derived from PEI (1462
cm ') disappeared. Further, from survey scans of XPS (Figure 3-10), the peak around N 1s in
MT/PEI500-Cu was disappeared after calcination. These changes suggest that the conversion of
Cu species and the PEI removal successfully proceeded. However, the band around 2900 cm™
was remained after calcination; this remained peak might be due to the formation of the carbonate
minerals.”*® Furthermore, while the intensity of AI-OH band (3620 cm™") in MT/PEI500-Cu
500 °C was decreased compared to that in MT/PEIS00-Cu, that intensity in MT 500 °C was

relatively close to that in MT (Figure 3-1, 3-9, and 3-11). This difference suggests that the CuO,

supporting process decreased the AI-OH sites and changed the clay structure.

a) b)
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Figure 3-9. a) Wide and b) narrow FTIR spectra of MT/PEI500-Cu and MT/PEI500-Cu 500 °C.
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Figure 3-10. XPS survey scans for a) MT/PEI500-Cu and b) MT/PEI500-Cu 500 °C.
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Figure 3-11. FTIR spectra of MT 500 °C and MT/Cu 500 °C.

The conversion of Cu species to CuO, was also confirmed by heating pristine Cu(OAc),-H,O
at 500 °C for 5 h under an air atmosphere and recording the XRD pattern of the obtained product,
in which the typical peaks of CuO were detected (Figure 3-12).* In addition, no peaks attributable
to CuOy species (CuO and Cu,0) were confirmed in the XRD patterns of MT/PEIS00-Cu 500 °C
and MT/Cu 500 °C (Figure 3-8), suggesting the highly dispersion of CuO, on the MT carriers or
small ratio of CuO; in each material.*” > The chemical state of Cu species was analyzed using
XPS. The Cu 2p XPS spectra of MT/PEI5S00-Cu and MT/PEI500-Cu 500 °C (Figure 3-13) showed
bands ascribable to Cu 2p3» (929-939 eV) and Cu 2pin (948-958 eV). The shake-up bands
observed in CuO (Cu*") appeared at 944 and 964 eV in the Cu 2p XPS spectrum of MT/PEI500-
Cu 500 °C, suggesting the conversion of the Cu state.”** In MT/PEI500-Cu, no satellite peaks
derived from Cu?* were observed; diamagnetic Cu" compounds do not represent the satellite peaks
in contrast to paramagnetic Cu®" compounds, suggesting that a reduction of Cu** species may be
caused by amine in PEL>**° The spectrum of MT/Cu 500 °C was similar to that of MT/PEI500-

Cu 500 °C (Figure 3-14).
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Figure 3-12. XRD patterns of Cu(OAc),-H,O and Cu(OAc),-H>O 500 °C, which is prepared with

heating Cu(OAc),-H,O at 500 °C for 5 h (ramping rate: 5 °C min™").
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Figure 3-13. High-resolution XPS spectra in the Cu 2p region of Cu(OAc);"H,O 500 °C,

MT/PEI500-Cu, and MT/PEI500-Cu 500 °C.
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Figure 3-14. High-resolution XPS spectra in the Cu 2p region of MT/PEI500-Cu 500 °C and

MT/Cu 500 °C.

The element composition of the materials was analyzed via EDX, and the results are
summarized in Table 3-1. The higher actual Cu/Si values of the CuO,/clay nanocomposites
compared with that of MT 500 °C confirms the introduction of Cu. Corrected Cu/Si values of
MT/Cu 500 °C and MT/PEI500-Cu 500 °C were 0.051 and 0.027 (at%/at%), respectively.
Furthermore, upon altering the PEI amount (Cu*'/PEI ratio), the Cw/Si values of MT/PEI300-Cu
500 °C, MT/PEI200-Cu 500 °C, and MT/PEI100-Cu 500 °C were 0.037, 0.036, and 0.044,
respectively. Hence, the Cu ratio in the CuO,/clay nanocomposites can be tuned by adjusting the

PEI amount.
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Table 3-1. Element ratios of Si, Al, Cu, and Cu/Si value.

Al Si Cu *Cu/Si* **Cu/Si¢
[at%] [at%] [at%] [-] [-]
MT 500 °C 228+33  753+3.4 1.9+0.5 0.025 —
MT/Cu 500 °C 192422  751+2.0 57+0.8 0.076 0.051
MT/PEI100-Cu
200+£19 749+1.8 52+05 0.069 0.044
500 °C
MT/PEI200-Cu
20.8+2.5 74.6+23 4.6+0.6 0.061 0.036
500 °C
M/TPEI300-Cu
20.5+3.7 74.9+3.0 46+0.9 0.062 0.037
500 °C
MT/PEI500-Cu
184+2.8 77.5+2.7 40+0.8 0.052 0.027

500 °C

*The actual value of Cu/Si obtained by dividing the element ratio of Cu by the element ratio of
Si
**The corrected value of Cu/Si obtained by subtracting the Cu/Si* value of MT 500 °C from each

Cu/Si* value of CuO,/clay nanocomposites

The morphology of the samples was observed with SEM and TEM. The SEM images shown
in Figure 3-15 display the overall morphology of the samples. MT 500 °C and MT/PEI500-Cu
500 °C exhibited a plate-like structure without any significant difference between both samples.
Furthermore, the CuOx morphology on MT were observed using TEM. According to the TEM
images (Figure 3-16), the particle size of CuO, in MT/PEI5S00-Cu 500 °C was smaller than that
in MT/PEI100-Cu 500 °C; the CuO, in MT/PEI500-Cu 500 °C was highly dispersed. The average
particle sizes observed on clay with this TEM (n = 5) were 13.7 nm in MT/PEI500-Cu 500 °C
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and 29.4 nm in MT/PEI100-Cu 500 °C, respectively. Further, the large particle (>35 nm) observed
in MT/PEI100-Cu 500 °C were not confirmed in MT/PEI500-Cu 500 °C, suggesting that CuO,
nanoparticles in MT/PEI100-Cu 500 °C had larger size than those of MT/PEIS00-Cu 500 °C. This
particle size and dispersibility differences may be due to the number of Cu** ions per PEI molecule
in PEI-Cu*" complex and introduced amounts of PEI (PEI-Cu*" complex) in MT/PEIx-Cu. As
shown in Table 3-2, the number of Cu®" ions per PEI molecule in MT/PEI100-Cu 500 °C,
MT/PEI200-Cu 500 °C, and MT/PEI5S00-Cu 500 °C was 9.44, 4.72, and 1.89 mol mol™,
respectively. Assuming that the number of Cu®" ions per PEI affects the particle size of the CuO,
the particle size of CuO; on the MT surface might change by altering the Cu®"/PEI ratio. Upon
changing the PEI content introduced as PEI-Cu*" complex in MT/PEIx-Cu, the dispersibility of
CuO; on the MT surface would also change (Figure 3-17). However, in dispersibility, it is

necessary to consider the CuOy falling from MT (Figure 3-18).

Figure 3-15. SEM images of MT 500 °C (a, b) and MT/PEI500-Cu 500 °C (c, d).
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a) MT/PEI500-Cu 500 C j§ b) MT/PEI100-Cu 500 C

Figure 3-16. TEM images of MT/PEI500-Cu 500 °C (a, ¢) and MT/PEI100-Cu 500 °C (b, d).

Table 3-2. Calculation results of Cu** ions per PEI (mol mol™).

Cu®" ions PEI Cu’*" ions per PEI
Entry
[mmol] [mmol] [mol mol‘l]
MT/PEI100-Cu 500 °C 0.167 9.44
MT/PEI200-Cu 500 °C 1.57 0.333 4.72
MT/PEI500-Cu 500 °C 0.833 1.89
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Figure 3-17. Schematic diagram of the CuOx nanoparticles formation on the MT surface upon

changing the Cu®"/PEI ratios.
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MT/PEI100-Cu 500 C
¥

CuO, falling
from MT

Figure 3-18. TEM image of MT/PEI100-Cu 500 °C.

The porous structure was investigated using N, adsorption—desorption tests, and the results are
shown in Figure 3-19. All materials exhibited type IV isotherm, which indicates the present of
mesopores, and hysteresis loops of type H3, which are in accord with the presence of plate-like
particles.’” The Sger and View values are presented in Table 3-3. The Sger and View of MT 500 °C
were similar to those of MT, indicating no major change in porosity upon calcination. After
introduced the CuO,, in MT/Cu 500 °C and MT/PEIx-Cu 500 °C, the Sger and Vi values were
also relatively close to MT and MT 500 °C, suggesting that these CuO, supporting methods
retained the Sger and Vi before supporting. Next, the pore structure was analyzed by
determining the pore size distributions using the BJH method. The pore size distributions of
MT/PEIx-Cu 500 °C were similar (Figure 3-20). MT/PEIx-Cu 500 °C had a pore size distribution
close to MT 500 °C (Figure 3-20). According to the N, adsorption—desorption tests, these methods

of CuO; supporting retained the porous structure of MT and MT 500 °C.
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Figure 3-19. N> adsorption—desorption isotherms of MT, MT 500 °C, MT/PEI100-Cu 500 °C,

MT/PEI200-Cu 500 °C, and MT/Cu 500 °C.
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Figure 3-20. BJH pore size distributions of MT 500 °C, MT/PEI100-Cu 500 °C, MT/PEI200-Cu
500 °C, and MT/PEI500-Cu 500 °C.

Table 3-3. Sger and Vil Of each material.

SBET Viotal
Entry

[m’ g”'] [em® g™’}
MT 240 0.403
MT 500 °C 235 0.412
MT/Cu 500 °C 225 0.377
MT/PEI100-Cu 500 °C 252 0.418
MT/PEI200-Cu 500 °C 244 0.418
MT/PEI500-Cu 500 °C 247 0.451
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This method for supporting metal oxides on clay nanosheets using polymer templates is
expected to be applicable to different metal (Co, Ni, Zn, etc.) species, other polymers capable of

forming complexes with metals, and other porous carriers (e.g., mesoporous silica).

3-1-3-2. CO; adsorption performance

CO; adsorption tests were conducted at 303 K, and the resulting isotherms are shown in Figure
3-21, 3-22, and 3-23. The CO, uptakes at 1 bar of MT/PEI100-Cu 500 °C, MT/PEI200-Cu 500 °C,
and MT/PEI500-Cu 500 °C were 0.330, 0.351, and 0.404 mmol g', respectively (Figure 3-21).
Whereas the CuOx loading was increased, the CO- uptakes of MT/PEIx-Cu 500 °C decreased as
the value of x decreased. The uptake differences were most likely due to the supported state
differences of CuOy in the nanocomposites. The Cu 2p XPS spectra of MT/PEI100-Cu 500 °C
and MT/PEI500-Cu 500 °C (Figure 3-24) were similar, suggesting that CuO, was present in both
nanocomposites in the similar chemical states. The adsorption property of metal nanoparticles for
CO; and CO is known to be changed by the metal nanoparticle size.®®' Furthermore, there is the
paper considering that the dispersibility of metal oxides on the carrier affected the CO; adsorption
characteristics due to the changes of the possible number of CO, adsorption sites.' In Figure 3-
16, the CuOx particle sizes and dispersibilities between MT/PEI100-Cu 500 °C and MT/PEI500-
Cu 500 °C were different; the CuO, nanoparticles in MT/PEIS00-Cu 500 °C were smaller
compared with that in MT/PEI100-Cu 500 °C, and CuO, in MT/PEI500-Cu 500 °C was highly
dispersed in the state of observation. Hence, these particle size and dispersibility changes might
affect the CO, adsorption properties of MT/PEIx-Cu 500 °C. As shown in Figure 3-22, the CO»
uptake of MT/PEIS00-Cu 500 °C was about 13% and 3340% higher than that of MT 500 °C
(0.356 mmol g™) and Cu(OAc),-H,O 500 °C (CuO, 0.012 mmol g™'), respectively. The CO,
uptake increase upon loading CuO, on MT might be due to an increase in the CO, affinity as a
result of the acid—base interaction between CuO, species and CO,, and the porosity improvement
of CuO, species.' This enhancement in the CO, uptake suggests that the present method for
supporting CuO; affords an effective surface and porous structure for CO; capture. In comparison

with MT 500 °C, MT/PEI100-Cu 500 °C and MT/PEI200-Cu 500 °C had the lower CO;
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adsorption capacity; this decrease may be due to the structural change of MT (e.g., the decrease
of AI-OH sites) during CuOx supporting, which confirmed with FTIR spectra (Figure 3-1, 3-9,
and 3-11). Further, the CO, uptake of MT/Cu 500 °C (0.399 mmol g, Figure 3-23) was higher
than that of MT/PEI100-Cu 500 °C (0.330 mmol g™') having a similar CuO, loading, which may
be due to differences in the CuO, particle size and dispersion. Thus, the method for CuO,

supporting affects the CO, adsorption properties of the CuO,/clay nanocomposites.
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Figure 3-21. CO; adsorption isotherms of MT/PEI100-Cu 500 °C, MT/PEI200-Cu 500 °C, and

MT/PEI500-Cu 500 °C.
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Figure 3-22. CO, adsorption isotherms of Cu(OAc),-H,O 500 °C, MT 500 °C, and MT/PEI500-
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Figure 3-23. CO; adsorption isotherm of MT/Cu 500 °C.
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Figure 3-24. High-resolution XPS spectra in the Cu 2p region of MT/PEI100-Cu 500 °C and

MT/PEI500-Cu 500 °C.

3-1-4. Conclusion

In summary, a soft-template method for supporting CuO, on activated clay nanosheets were
developed using PEI as the template. The introduced amount of PEI-Cu*" complex and the CuO,
loading on the clay nanosheets depended on the states of the PEI-Cu®" complex, and charge
neutralization played an important role in intercalating the PEI-Cu?* complexes between the clay
nanosheets. Upon changing the Cu?*/PEI ratio in PEI-Cu*" complex, the CuO, states formed on
activated clay such as partice size can be controlled due to the changes of introduced PEI-Cu**
complex (PEI) amounts and the the number of Cu®" ions per PEI molecule. The CuO, supporting
method developed in the current study provided that constructed CuO./clay nanocomposites
preserved the porosity of clay. Furthermore, the CO, uptake of MT/PEI5S00-Cu 500 °C was higher
than that of MT 500 °C, suggesting that the present method provides a superior surface structure
for CO; adsorption. Thus, this study offers new insights into the fabrication of metal oxide-
supported porous (nanoporous) materials with potential application in diverse fields, such as

adsorption/separation, energy devices, and catalysts. Further development of this research content
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(CuOy formation control), such as precise control of particle size and valence state of CuO,, will
contribute to the development of materials science (e.g., synthesis of high-performance catalytic

materials).

The content of this section was adapted with permission from the following paper:
Takeuchi, Y.; Ohkubo, T. Polymer Template Synthesis of CuO,/Clay Nanocomposites with
Controllable CuO, Formation. ChemistrySelect 2023, 8, €202301644. (© 2023 Wiley-VCH) All
rights reserved, including rights for text and data mining and training of artificial intelligence

technologies or similar technologies.
https://doi.org/10.1002/slct.202301644
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Chapter 4. Material synthesis using carbon nitride

ABSTRACT: In Chapters 2 and 3, the formation of silica (SiO,) and CuOs species was
individually induced. In Chapter 4, carbon nitride was used as the structure-directing agent for
simultaneously controlling SiO, and CuO formation in the development of nanoporous CuO-SiO»
nanocomposites by calcining a mixture of Cu®", polyhedral oligomeric silsesquioxane (POSS),
and carbon nitride to solve CuO problems (e.g., porosity control and low efficiency per weight
relative to light materials). Furthermore, the formation factors of the nanocomposites were
investigated using comparative experiments to understand the roles of Cu**, POSS, and carbon
nitride. During calcination, carbon nitride induced SiO, formation, which supported CuQO; the
effect of Cu species contributed to the removal of carbon nitride. Subsequently, nanoporous CuO—
Si0, nanocomposites were formed, presenting a unique morphology (i.e., a fluffy structure), high
surface area, and narrow optical band gap. First, the silica/g-C3N4 nanocomposite was synthesized
by inducing SiO, formation only, as shown in Section 4-1. Subsequently, in Section 4-2,
nanoporous CuO-SiO; nanocomposites were constructed by adding Cu species to the system

described in Section 4-1.

4-1. Synthesis of silica/g-C3N4 nanocomposite
4-1-1. Introduction

g-C3Ny is synthesized via the pyrolysis of N-rich precursors, such as melamine and urea. g-
C3Ny has a graphitic structure consisting of C and N; it has the advantages of abundant elemental
resources, high thermal stability, biocompatibility, and a suitable band structure as a
photocatalyst.! Research on photocatalysts has been actively conducted by leveraging these
characteristics. However, in applying g-C3N4 to photocatalysts, g-C3N4 has several issues, such
as a low specific surface area and limited (insufficient) visible-light response range.’
Improvement of the catalytic performance, such as CO; reduction® and H, evolution,* requires
synthesizing g-C3N4 with high porosity and a controlled electronic state. Porous (nanoporous) g-
C3N4 has been prepared using various methods, including exfoliation with thermal treatment,’

templated synthesis using silica nanoparticles as templates,® and the fabrication of composites
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with other materials, such as silica nanosheets.’

In addition to the porosity mentioned above, controlling the electronic structure of g-CsN4 by
doping different elements and introducing defects leads to the construction of g-C3;Ns with
excellent surface structure and electronic properties, contributing to performance improvement in
the adsorption/separation and conversion of substances. g-CsN4 can be synthesized using the
bottom-up method from N-rich precursors. Therefore, specific elements and structures can be
introduced by adding compounds with these elements and structures to the synthesis system. In
elemental doping, B and S are introduced using boron oxide® or thiourea.” Furthermore, g-C3N4
with amino/imino moieties and an aromatic structure can be synthesized using organic
compounds with several NH, groups and aromatic compounds with suitable structures (dibromo
aromatic compounds), respectively.'®!" The use of ionic liquids has also been investigated.'?

In this section, a silica/g-C3N4 nanocomposite was synthesized using POSS, whose structure
has Si and O arranged in a cage structure, as a silica source, and quaternary ammonium cations
used for controlling the electronic structure of g-CsN4, in the POSS—quaternary ammonium

complex (PSS) to construct g-C3N4, which has high porosity and excellent electronic properties.

4-1-2. Experimental section
4-1-2-1. Chemicals

Urea was purchased from FUJIFILM Wako Pure Chemical Corporation, Japan.
Octakis(tetramethylammonium) pentacyclo[9.5.1.1*°.17° 17"*]octasiloxane-1,3,5,7,9,11,13,15-
octakis(yloxide)hydrate (PSS, lot MKCL1508) was purchased from Sigma-Aldrich. Distilled
water was produced using a purification system (RFD240NA, ADVANTEC) and was used in all

experiments.

4-1-2-2. Synthesis
Preparation of g-C;N, precursor
Urea (30 g) was placed in a closed alumina box (the length, width, and height of the box were

70, 70, and 50 mm, respectively). It was heated at 400 °C for 2 h (ramping rate: 3 °C min") under
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an air atmosphere. Subsequently, carbon nitride (U400) was obtained by naturally cooling the
resultant product to room temperature.
As a comparative sample, U500 was synthesized by heating urea (30 g) at 500 °C for 2 h

(ramping rate: 3 °C min™") in a closed alumina box and under an air atmosphere.

Synthesis of silica/g-C3;N4 nanocomposite

PSS (500 mg) was added to 100 mL of water, and the mixture was sonicated for 30 min to
disperse PSS. 1 g of U400 was added to the dispersion and sonicated for 30 min to disperse each
material. The obtained dispersion was transferred to a container and heated at 90 °C (ramping
rate: 3 °C min™") for 18 h to evaporate water. After grinding the dried powder at the bottom of the
container, it was transferred to a closed alumina box and calcined at 550 °C for 2 h (ramping rate:
3 °C min™") under an air atmosphere to synthesize the silica/g-C3N4 nanocomposite (U400/PSS
550 °C) (Scheme 4-1).

As a comparative sample, U400 550 °C was synthesized by heating U400 at 550 °C for 2 h

(ramping rate: 3 °C min™') in a closed alumina box and under an air atmosphere.

Scheme 4-1. The synthesis of the silica/g-C3N4 nanocomposite.

g-C3N, precursor 1) Dispersed in water

(U400) 2) Evaporated of Calcjnation -

+ water (90 °C) (550 °C, 2 h) S|I|ca/<_:j—C3N.4
o nanocomposite
Csposfe [ o | (U400/PSS 550 ‘C)
C'?O-I“i_ O ’;,‘ ’ ‘ 3 ’ s

O,,éi?_i '%I"(?O © xi:'o
PSS

4-1-2-3. Characterization

Powder XRD was conducted using a MiniFlex II (Rigaku Corporation, Japan) with
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monochromatic X-rays of Cu Ka (A = 0.154 nm) at room temperature. The tube voltage, current,
20 range, and step size were 30 kV, 15 mA, 5-60°, and 0.02°, respectively. TGA was conducted
using a thermogravimetric-differential thermal analyzer (Rigaku Corporation, Japan, Thermo plus
EVO2 TG-DTAS8122). After maintaining the temperature at 95 °C to remove water attached to
the materials, the temperature was raised to 800 °C (ramping rate: 10 °C min™'), and weight loss
was calculated from the result of weight fluctuations. The elemental states were analyzed using
XPS (JEOL, JPS-9030), and the X-ray source was Mg Ka (1253.6 e¢V). The path energies were
50 eV for wide scans and 10 eV for narrow scans. The measured sample was coated over the
carbon tape on the substrate. (There is a possibility of carbon and silicone contamination.) Charge
compensation was achieved using a flood gun. The binding energy of the C 1s peak at 284.8 eV
was used as a reference to calibrate the binding energy scale. In addition, the porous structure was
evaluated using BELSORP-mini (MicrotracBEL Corp., Japan). N, adsorption—desorption tests
were performed at 77 K to obtain the adsorption—desorption isotherms of the samples. All samples
were evacuated at 150 °C for 3 h before measurements. The isotherms were analyzed using the
BET equation to determine Sper. The pore size distribution was obtained by analyzing the
adsorption isotherms using the BJH method. Ultraviolet-visible (UV—vis) spectra were obtained
using a Jasco V-770 spectrophotometer (Jasco, Japan) employed for UV—vis diffuse reflectance

spectroscopy over a wavelength range of 200-800 nm.

4-1-3. Results and discussion

g-C3N, precursors (U400) were prepared by heating urea at 400 °C. Crystalline structures were
obtained using XRD. The XRD pattern of U400 showed different peaks compared to that of urea,
indicating the conversion of urea (Figure 4-1). The XRD pattern of U400 was similar to that
synthesized in a previous report."* The peak positions were relatively close to those of g-C3Ny
[27.4° (002) and 13.0° (100)],' indicating the construction of the g-C3;N intermediate (e.g.,
melem and carbon nitride). The elemental states of U400 were confirmed using XPS (Figure 4-
2). The XPS survey scan (Figure 4-2a) revealed the presence of C and N derived from carbon

nitride in U400. The C 1s region (Figure 4-2b) showed two peaks derived from adventitious
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hydrocarbons from the XPS instrument, and defect-containing sp’-hybridized carbon atoms
existed in the graphitic domains (284.8 eV) and C-N—C (288.3 eV).!* The peak in the N 1s region
was deconvoluted into three components: neutral imine (398.6 eV), neutral amine (399.3 eV), and
positively charged N species (400.4 eV) (Figure 4-2¢).'® Furthermore, U400 was highly dispersed
in water—the dispersion medium in the process of intermediate preparation—compared with
U500, which was prepared by heating urea at 500 °C for 2 h (Figure 4-3). Consequently, U400

was used in material synthesis.

Urea

— U400

Intensity [a.u.]

-—Jlk L
5 10 15 20 25 30 35 40 45 50 55 60
20 [deq]

Figure 4-1. XRD patterns for urea and U400.
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Figure 4-2. a) XPS survey scan and high-resolution XPS spectra in b) C 1s region and c) N 1s
region for U400.
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Figure 4-3. The dispersibility of U400 and U500 in water after sonication for approximately 5

min.
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Subsequently, the intermediate of the silica/g-C3N4 nanocomposite (U400/PSS 90 °C) was
prepared by mixing U400 and PSS, and the prepared intermediate was calcined to form the
silica/g-C3;N4 nanocomposite (U400/PSS 550 °C). The crystalline structure was analyzed using
XRD (Figure 4-4). In the XRD pattern of U400/PSS 550 °C, the (002) peak was confirmed,'*
indicating the formation of g-C3Ns. XPS spectra were measured to confirm the elemental state of
each sample. Figure 4-5 shows the XPS spectra of the samples after calcination (U400/PSS
550 °C). The XPS survey scan confirmed the elements of C and N derived from g-CsN4 (Figure
4-5a). Similar to U400, the spectrum of the C 1s region (Figure 4-5b) showed two peaks: the
adventitious hydrocarbon and the defect-containing sp*-hybridized carbon atoms (284.8 eV) and
C-N-C (287.9 eV)." In the spectrum in the N 1s region (Figure 4-5c¢), the peak was deconvoluted
to four peaks derived from g-CsN, (C=N—C (398.6 eV), N-(C); (399.5 V), N-H (400.9 eV), and
charging effects (404.1 eV)),">!” indicating that g-C3N4 was synthesized. The XPS spectra in the
Si 2p range of the samples before (U400/PSS 90 °C) and after calcination at 550 °C (U400/PSS
550 °C) were analyzed to confirm SiO, formation, as shown in Figure 4-6. In U400/PSS 90 °C,
the peak position was 102.6 eV, attributed to Si—O.'® However, in U400/PSS 550 °C, the peak
position was shifted toward the higher binding energy side (103.4 eV). As the position around
103.7 eV was attributed to silica (SiO) in an earlier study,'® the formation of silica proceeded
with calcination. In addition, according to the TGA results in U400/PSS 550 °C (Figure 4-7), the

residue ratio at 800 °C (approximate silica ratio) was approximately 32 wt%.
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Figure 4-6. High-resolution XPS spectra in the Si 2p region for U400/PSS 90 °C and U400/PSS

550 °C.
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Figure 4-7. TGA curve for U400/PSS 550 °C.
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N> adsorption—desorption isotherms in U400/PSS 550 °C and U400 550 °C are shown in Figure
4-8. Sgrr were 89 m? g for U400/PSS 550 °C and 39 m* g™ for U400 550 °C, and U400/PSS

550 °C had larger Sger. This increase might result from the introduction of silica.

w
a
o

—— U400/PSS 550 °C, adsorption
—— U400/PSS 550 °C, desorption
—— U400 550 °C, adsorption
—— U400 550 °C, desorption

w
o
(=]

N

[&)]

(=]
1

N
o
o

150

100

Volume adsorbed [cm3(STP) g']
(8]
o

0 02 04 06 0.8 1
p/po

Figure 4-8. N, adsorption—desorption isotherms for U400/PSS 550 °C and U400 550 °C.

The UV—vis absorption spectra of U400 550 °C and U400/PSS 550 °C are shown in Figure 4-
9. The absorption region of U400/PSS 550 °C was shifted to a higher wavelength side compared
to that of U400 550 °C and exhibited a higher visible-light absorption property. The optical band
gaps were calculated using the Tauc approach (Figure 4-10) [F(Rx)hv]" = A (hv — E,), where A4 is
a constant, » is a coefficient (n = 1/2 for the materials with an indirection band gap and n = 2 for
the materials with a direction band gap), / is the Planck constant, v is the photon frequency rate,
E, is the band gap, and F(Rw) is the Kubelka—Munk function.'*' The band gaps were 2.75 eV
for U400 550 °C and 2.49 eV for U400/PSS 550 °C; U400/PSS 550 °C had a narrower band gap
than U400 550 °C. This change might result from the introduction of defective structures (e.g., N
defects)* into the g-C3N4 framework through the influence of quaternary ammonium cations in

PSS.
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Figure 4-9. UV—vis absorption spectra of U400 550 °C and U400/PSS 550 °C.
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Figure 4-10. Optical band gaps of U400 550 °C and U400/PSS 550 °C determined with plots of

[F(Ro0)hv]"? versus photon energy (hv).

4-1-4. Conclusion

In summary, a silica/g-C3N4 nanocomposite was synthesized using POSS as a silica source and
quaternary ammonium cations to control the electronic states of g-C3N4 in PSS. The constructed
silica/g-C3N4 nanocomposite exhibited higher porosity and visible-light absorption characteristics
than g-C3N4 synthesized without adding PSS. The synthesized material is expected to be applied

to adsorbents and photocatalysts.
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4-2. Structure-directing synthesis of nanoporous CuO—Si0O; nanocomposites using carbon
nitride
4-2-1. Introduction

g-C3Nj has a two-dimensional structure composed of hexatomic rings, containing C and N, and
a charged superficial structure;* it is also used as a template for material synthesis. Silica,****
metal oxide (CuO),” TMD,** and carbon®® nanosheets are examples of template-synthesized
substances. Furthermore, composites such as Ni—CeO»,”” Mo,C—carbon,”® VN/nitrogen-doped
carbon,”” and single-atom Fe/nitrogen-rich carbon®® were fabricated using carbon nitride as a
template. However, studies have not investigated the use of carbon nitride to control the
nanocomposite structure in CuO and SiO,, which have elemental abundance, low toxicity, and
high thermal and chemical stability.”'

In this study, nanoporous CuO-SiO, nanocomposites with a high specific surface area and
unique morphologies were developed using a structure-directing synthesis to control CuO and
Si0, formation. POSS, in which Si and O are arranged in a cage structure, and carbon nitride
were used as the SiO, source and the structure-directing agent, respectively. Nanoporous CuO—
SiO, nanocomposites were fabricated by calcining a mixture of Cu**, POSS, and carbon nitride
(Scheme 4-2). The properties of the nanoporous CuO-SiO, nanocomposites (e.g., their
morphology and porosity) were analyzed, and the effects of Cu®*, POSS, and carbon nitride on

the design and structure of the CuO-SiO, nanocomposites were investigated.

4-2-2. Experimental section
4-2-2-1. Chemicals

Urea was obtained from FUJIFILM Wako Pure Chemical Corporation, Japan. PSS (lot
MKCL1508) was purchased from Sigma-Aldrich. Cu(OAc),-H>O was purchased from Nacalai
Tesque Inc., Japan. Distilled water was produced using a purification system (RFD240NA,

ADVANTEC) and was used in all experiments.
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4-2-2-2. Synthesis
Preparation of carbon nitride

Urea (30 g) was placed in a closed alumina box (the length, width, and height of the box were
70, 70, and 50 mm, respectively) and heated at 400 °C for 2 h (ramping rate: 3 °C min™') under
an air atmosphere. Subsequently, carbon nitride (U400) was obtained by naturally cooling the

resultant product to room temperature.

Synthesis of nanoporous CuO-SiO; nanocomposites

I added PSS (250, 500, 1500 mg) and Cu(OAc),-H,O (350, 700, 2100 mg) to water (100 mL),
where the ratio of PSS and Cu(OAc), -H,O was fixed at 1:8 (mol:mol) and PSS was assumed to
contain no H>O. The mixture was sonicated for 30 min. Subsequently, U400 (1 g) was added to
the dispersed water, and the mixture was sonicated for 30 min to disperse each material. The
obtained dispersion was transferred to a container and heated at 90 °C for 18 h (3 °C min™') to
evaporate the water. The dried powder at the bottom of the container was ground. (The
intermediate product name up to this point in the process was U400/PSSx/Cu 90 °C, x: PSS
amount.) U400/PSSx/Cu 90 °C was placed in a closed alumina box and calcined at 550 °C for 2
h (ramping rate: 3 °C min™') under an air atmosphere. As a result, nanoporous CuO-SiO;

nanocomposites (U400/PSSx/Cu 550 °C) were obtained.

Synthesis of comparative samples

Comparative samples were synthesized to investigate the role of each material based on the
amounts of PSS (500 mg) and Cu(OAc),-H>O (700 mg) without adding U400 (the intermediate
product name was PSS/Cu 90 °C, and the final product name was PSS/Cu 550 °C); PSS (the
intermediate product name was U400/Cu 90°C, and the final product name was U400/Cu 550 °C);
and Cu(OAc), H»O (the intermediate product name was U400/PSS 90 °C, the final product name
was U400/PSS 550 °C), respectively. Pristine CuO (Cu(OAc)>-H,O 550 °C) was obtained by
calcining Cu(OAc),-H,O at 550 °C for 2 h (ramping rate: 3 °C min™') under an air atmosphere.

The effect of calcination temperature was investigated using U400/PSS1500/Cu 90 °C.
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U400/PSS1500/Cu 90 °C was placed in a closed alumina box and calcined at 200 °C, 400 °C, and
550 °C (ramping rate: 3 °C min™") under an air atmosphere without maintaining the temperature.
After the samples cooled naturally to room temperature, comparative samples U400/PSS1500/Cu

y °C (0 h) (y: calcination temperature) were obtained.

4-2-2-3. Characterization

Powder XRD was conducted using a MiniFlex II instrument (Rigaku Corporation, Japan) with
monochromatic X-rays of Cu Ka (A =0.154 nm) at room temperature. The tube voltage, current,
20 range, and step size were 30 kV, 15 mA, 5-60°, and 0.02°, respectively. XPS (JEOL JPS-9030,
Japan) was used to analyze the states of C, N, Si, and Cu in the materials. The X-ray source was
Mg Ka (1253.6 eV). The path energies were 50 eV for the wide scans and 10 eV for the narrow
scans. Carbon tape was used to fix the sample to the substrate. (There is a possibility of carbon
and silicone contamination.) Charge compensation was achieved using a flood gun. The binding
energy of the C 1s peak at 284.8 ¢V was employed as a reference to calibrate the binding energy
scale. *Si solid-state NMR (ssNMR) spectra were obtained using an Avance III NMR
spectrometer (Bruker) with an 11.7 T magnet. In addition, this study used an $4 mm NMR sample
rotor for magic angle spinning (MAS) measurements with an 8 kHz rotation. A single-pulse
sequence with a 4.2 us pulse was applied. Sample morphologies were observed using SEM
(Keyence Corporation, Japan, VE-9800), and the SEM images were captured at an accelerating
voltage of 5 kV. EDX (Keyence Corporation, Japan, 971863SP) was used to measure the element
ratios of Si and Cu, and the average of 10 measurements was used as the element ratio. TEM and
annular dark-field scanning transmission electron microscopy (ADF-STEM)-EDX measurements
were conducted using a JEM-ARM200F (JEOL, Japan). The TEM and STEM observations were
performed at 200 kV. The porous structure was examined using a BELSORP-mini (MicrotracBEL
Corp., Japan). N, adsorption—desorption tests were performed at 77 K to obtain the adsorption—
desorption isotherms of the samples. All samples were evacuated at 150 °C for 3 h before
measurements. The isotherms were analyzed using the BET equation to determine Sger of the

samples. Moreover, the adsorption isotherm was analyzed using the BJH method to obtain the
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pore size distribution. UV—vis spectra were obtained using a Jasco V-770 spectrophotometer

(Jasco, Japan) for UV—vis diffuse reflectance spectroscopy over a wavelength of 200—1200 nm.

4-2-2-4. CO, adsorption test
CO; adsorption tests were conducted using BELSORP-max (MicrotracBEL Corp., Japan) at

303 K. The sample was evacuated at 110 °C for 12 h before measurement.

4-2-3. Results and discussion
4-2-3-1. Synthesis and characterization of nanoporous CuO—SiO, nanocomposites

Nanoporous CuO-SiO, nanocomposites (U400/PSSx/Cu 550 °C) were synthesized by
calcining a mixture of Cu®", POSS, and U400 using PSS as the silica source and carbon nitride as

the structure-directing agent (Scheme 4-2).

Scheme 4-2. Construction of nanoporous CuO-SiO, nanocomposites using carbon nitride as a

structure-directing agent.

1. Preparation of Cu2*/POSS mixture (PSS/Cu) in water
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PSS/Cu Nanoporous CuO-SiO, nanocomposites
in water (U400/PSSx/Cu 550 C)

x: PSS amount

First, a mixture of Cu** and POSS (PSS/Cu) was prepared. The PSS/Cu states were confirmed
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by analyzing the crystalline structure of PSS/Cu 90 °C, which was synthesized by drying a
mixture of PSS and Cu(OAc),-H,O in water using XRD. The XRD patterns for PSS/Cu 90 °C are
shown in Figure 4-11 and 4-12. A peak at 20 = 11.5° was detected in PSS/Cu 90 °C, which was
not observed in PSS or Cu(OAc), H,O (Figure 4-11), indicating that structural changes occurred
in PSS and Cu(OAc),-H,O during the mixing or drying process. Second, a mixture of Cu**, POSS,
and U400 (U400/PSSx/Cu 90 °C) was prepared by mixing U400 with Cu®"/POSS-dispersed water
and evaporating water in U400/Cu”**/POSS-containing water. The XRD pattern of
U400/PSS250/Cu 90 °C was similar to that of U400 (Figure 4-12). Although the peak at 20 =9.3°
was confirmed in U400/PSS250/Cu 90°C, it was not detected in U400 or PSS/Cu 90°C (Figure
4-12). Furthermore, peaks, for example, between 14° and 17° and around 25°, which were not
confirmed in U400/PSS250/Cu 90°C or U400/PSS500/Cu 90°C, were observed in
U400/PSS1500/Cu 90°C (Figure 4-13). These facile peaks and pattern changes might result from
structural changes in U400, Cu**, or POSS when they were combined during the fabrication of
U400/PSSx/Cu 90°C and the concentration differences of Cu*/POSS in U400/Cu*/POSS

mixtures.

Cu(OAc),H,0

Intensity [a.u.]

PSS
PSS/Cu 90 'C

5 10 15 20 25 30 35 40 45 50 55
20 [deq]

Figure 4-11. XRD patterns for Cu(OAc),-H>0, PSS, and PSS/Cu 90 °C.
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Figure 4-12. XRD patterns for U400, PSS/Cu 90 °C, and U400/PSS250/Cu 90 °C.
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Figure 4-13. XRD patterns for each U400/PSSx/Cu 90 °C.
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Subsequently, nanoporous CuO-SiO, nanocomposites (U400/PSSx/Cu 550 °C) were
constructed by calcining the obtained intermediates (U400/PSSx/Cu 90 °C) at 550 °C under an
air atmosphere. The CuO and Si0O, formation and removal of carbon nitride were confirmed using
XRD and XPS. According to the XRD patterns of U400/PSSx/Cu 550 °C (Figure 4-14 and 4-15),
the peaks attributed to CuO** were detected, and the patterns were close to that of Cu(OAc),-H,O
550 °C synthesized by heating Cu(OAc),'H,O at 550 °C under an air atmosphere. Accordingly,
CuO was formed by calcining U400/PSSx/Cu 90 °C. The peak intensity at 36° was higher than
that at 39° in U400/PSSx/Cu 550 °C. In addition, the tendency was opposite to Cu(OAc),-H,O
550 °C, indicating that the crystal growth of CuO was directed by carbon nitride, PSS (-derived
Si0,), or both. Furthermore, the widths at the half-maximum intensity of the peaks at 36° were
0.32° in U400/PSS250/Cu 550 °C and 0.29° in Cu(OAc):'H.O 550 °C. Those at 39° in
U400/PSS250/Cu 550 °C and Cu(OAc),-H>O were 0.41° and 0.31°, respectively. A comparison
between U400/PSS250/Cu 550 °C and Cu(OAc),-H,O 550 °C revealed that the widths at 36°
were close. However, the width at 39° in U400/PSS250/Cu 550 °C was wider than that in
Cu(OAc),'H,O 550 °C. According to the Scherrer equation (Dww = KA/Bcosf, where Dpu
represents the length of crystallite in the direction perpendicular to the lattice planes (4kl), K is
the Scherrer constant, 4 is the wavelength of the X-ray, Brepresents the corrected band broadening
after subtraction of equipment broadening, and @ is the half diffraction angle**°), when B
increases, Dy decreases. Accordingly, Dii1,200 in U400/PSS250/Cu 550 °C was smaller than that
in Cu(OAc):-H,O 550 °C. These XRD results indicate that crystal growth in the direction
perpendicular to the (111, 200) planes was suppressed in U400/PSS250(x)/Cu 550 °C compared

with Cu(OAc),'H,0 550 °C.
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Figure 4-14. XRD patterns for U400/PSS250/Cu 90 °C, U400/PSS250/Cu 550 °C, and
Cu(OAc),'H>0 550 °C.
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Figure 4-15. XRD patterns for each U400/PSSx/Cu 550 °C.
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The elemental states of N, Si, and Cu were confirmed using XPS (Figure 4-16 and 4-17a—c).
The survey scans showed that C, N, O, Si, and Cu existed in U400/PSS250/Cu 90 °C and C, O,

Si, and Cu were detected in the U400/PSS250/Cu 550 °C (Figure 4-16).
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Figure 4-16. XPS survey scan for U400/PSS250/Cu 90 °C and U400/PSS250/Cu 550 °C.
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The results of the Cu 2p region (Figure 4-17a) revealed that satellite peaks (940-946 eV and
960-965 eV) derived from Cu®" (CuO) were present in U400/PSS250/Cu 550 °C.** The Auger
parameters were calculated using the Cu 2ps» photoelectron peaks (Figure 4-17a) and the Cu
L3M4sMas Auger peaks (Figure 4-18).>"® The Auger parameters (Table 4-1) in Cu(OAc),-H,O
550 °C (1851.6 eV) and U400/PSS250/Cu 550 °C (1851.8 eV) were close to those of CuO (1851.5
eV) rather than Cu,O (1849.2 eV),*® which supports the XRD results and CuO formation. In
U400/PSS250/Cu 90 °C, the value (1848.5 eV) was close to that of the Cu” compound, such Cu,O
(1849.2 eV), indicating that Cu®" species in Cu(OAc),-H,O may be reduced to Cu" species by the
amino groups in U400. U400 removal was verified using the spectra in the N 1s region (Figure
4-17b). According to the comparison of the spectra between U400/PSS250/Cu 90 °C and
U400/PSS250/Cu 550 °C, although the peak derived from carbon nitride was confirmed in
U400/PSS250/Cu 90 °C, the peak was not detected in U400/PSS250/Cu 550 °C. Accordingly, N
(carbon nitride) was removed during calcination. SiO, formation was analyzed using XPS and
2Si MAS NMR.XPS spectra in the Si 2p region are shown in Figure 4-17c. Si peaks were detected
in U400/PSS250/Cu 90 °C and U400/PSS250/Cu 550 °C. However, the peak positions were
different. Compared with the peak position of U400/PSS250/Cu 90 °C (102.3 eV), the peak
position of U400/PSS250/Cu 550 °C (104.2 eV) shifted to a higher binding energy. Kaur et al.
reported that the peaks at 102.7 eV and 103.7 eV corresponded to Si—O (as well as Si—-O—C) bonds
and SiO,, respectively,'® indicating that SiO, formation was induced by calcination at 550 °C. *’Si
MAS NMR spectrum in U400/PSS250/Cu 550 °C (Figure 4-17d) detected two SiO, components:
a main component at —112 ppm and a shoulder structure at —102 ppm. These components were
assigned to the Q* and Q’ sites of the SiOj structure, respectively.”*° The ratio of Q* and Q* was
estimated to be 4.9:1, indicating that fully condensed sites were abundant and supporting the SiO»

formation.
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Figure 4-17. High-resolution XPS spectra in a) the Cu 2p region for U400/PSS250/Cu 90 °C,

U400/PSS250/Cu 550 °C, and Cu(OAc),-H,O 550 °C; b) the N 1s region; and c) the Si 2p region

for U400/PSS250/Cu 90 °C and U400/PSS250/Cu 550 °C. d) **Si MAS NMR spectrum of

U400/PSS250/Cu 550 °C.
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Figure 4-18. XPS survey scan for U400/PSS250/Cu 90 °C, U400/PSS250/Cu 550 °C, and

Cu(OAc)-H,0 550 °C in the kinetic energy scale.

Table 4-1. Calculated Auger parameters.

Cu 2par

Cu LsMassMas
Auger parameter

photoelectron peak  Auger peak

[eV]
[eV] [eV]
U400/PSS250/Cu 90 °C 933.04 915.44 1848.5
U400/PSS250/Cu 550 °C 934.08 917.70 1851.8
Cu(OAc),'H,0 550 °C 933.59 918.05 1851.6

-119 -



EDX was performed to obtain the Si and Cu ratios, and the results are shown in Tables 4-2, 4-
3, and 4-4. The element ratios of Si and Cu in U400/PSS250/Cu 550 °C, U400/PSS500/Cu 550 °C,
and U400/PSS1500/Cu 550 °C were 46:54, 37:63, 48:52, respectively; the values of
U400/PSSx/Cu 550 °C were relatively close. The experimental yields in U400/PSS250/Cu 550 °C,
U400/PSS500/Cu 550 °C, and U400/PSS1500/Cu 550 °C were 11.7, 19.3, and 30.3%,
respectively. The experimental yields were close to the theoretical CuO and SiO, yields (Table 4-

5), indicating that U400/PSSx/Cu 550 °C mainly contained CuO and SiO».

Table 4-2. The element ratio of Si and Cu in U400/PSS250/Cu 550 °C.

1 2 3 4 5

Si[at%]  43.81 44 .41 38.32 46.58 46.77
Cu [at%] 56.19 55.59 61.68 53.42 53.23
6 7 8 9 10 Average

Si [at%] 46.86 48.01 50.91 45.75 47.33 45.9
Cu [at%] 53.14 51.99 49.09 54.25 52.67 541

Table 4-3. The element ratio of S1 and Cu in U400/PSS500/Cu 550 °C.

1 2 3 4 5

Si[at%]  36.77 38.36 29.14 39.30 44.05
Cu[at%] 63.23 61.64 70.86 60.70 55.95
6 7 8 9 10 Average

Si [at%)] 34.01 30.60 29.61 45.96 45.46 37.3
Cu [at%] 65.99 69.40 70.39 54.04 54.54 62.7
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Table 4-4. The element ratio of Si and Cu in U400/PSS1500/Cu 550 °C.

1 2 3 4 5

Si [at%)] 53.07 48.86 48.00 41.55 44.20
Cu[at%] 46.93 51.14 52.00 58.45 55.80
6 7 8 9 10 Average

Si[at%] 42.88  50.68  53.35 4746  49.10 47.9
Culat%] 5712 4932 4665 5254  50.90 52.1

Table 4-5. Experimental yields of U400/PSSx/Cu 550 °C and theoretical yields of CuO and SiO».

Precursors Products Theoretical
Experimental
(U400/PSSx/Cu  (U400/PSSx/Cu yield of CuO
Product name yield
90 °C) 550 °C) and SiO;
[Yo]
[mg] [mg] [%o]
U400/PSS250/Cu
987 115 11.7 15.5
550 °C
U400/PSS500/Cu
1449 280 19.3 22.5
550 °C
U400/PSS1500/Cu
1705 516 30.3 32.3
550 °C

According to the XRD patterns, XPS spectra, and the element ratios of Si and Cu, the CuO—
SiO> nanocomposites were fabricated via the calcination of U400/Cu*'/POSS mixtures
(U400/PSSx/Cu 90 °C) inducing SiO, and CuO formation and carbon nitride removal.

The morphologies of the CuO-SiO; nanocomposites were analyzed using SEM. The SEM
images of U400/PSSx/Cu 550 °C are shown in Figure 4-19. U400/PSSx/Cu 550 °C had a fluffy
structure. Microstructure and elemental mapping were obtained using TEM and STEM-EDX
measurements (Figure 4-20). TEM and STEM images and EDX elemental mappings in
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U400/PSS250/Cu 550 °C and U400/PSS1500/Cu 550 °C indicate that SiO, had a fluffy structure
and SiO; supported CuO. The preferential formation of fluffy SiO, compared with CuO might
result from the possible number of interactions between carbon nitride (U400) and precursors of
Si0; and CuO (PSS and Cu(OAc),-H>0). PSS had a greater possible number of sites that could
interact with U400 per molecule rather than Cu(OAc),-H>O, indicating that PSS was greatly

influenced by the structure-directing effect of U400.

Figure 4-19. SEM images of U400/PSS250/Cu 550 °C (a, d), U400/PSS500/Cu 550 °C (b, e),

and U400/PSS1500/Cu 550 °C (c, 1).

Figure 4-20. TEM images of U400/PSS250/Cu 550 °C (a) and U400/PSS1500/Cu 550 °C (e).
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STEM images and EDX elemental mappings of U400/PSS250/Cu 550 °C (b—d) and

U400/PSS1500/Cu 550 °C (f-h).

The porosity of the CuO-SiO, nanocomposites was measured using N, adsorption—desorption
tests. The N, adsorption—desorption isotherms are shown in Figure 4-21. The isotherm types of
U400/PSSx/Cu 550 °C were assigned to 1V(a), representing the presence of mesopores.*' In
addition, according to isotherms and pore size distributions obtained using the BJH method
(Figure 4-22), U400/PSSx/Cu 550 °C had a pore structure comprising micropores and small
mesopores (<10 nm). Sger of U400/PSS250/Cu 550 °C, U400/PSS500/Cu 550 °C, and
U400/PSS1500/Cu 550 °C were 157, 153, and 214 m® g, respectively. Sger of
U400/PSS1500/Cu 550 °C was higher than those of U400/PSS250/Cu 550 °C and
U400/PSS500/Cu 550 °C. This change might result from an increase in the concentration of
Cu*"/POSS in the U400/Cu**/POSS mixtures or the structural differences of the U400/Cu**/POSS
mixtures (U400/PSSx/Cu 90 °C) confirmed using XRD (Figure 4-13). Furthermore,
U400/PSSx/Cu 550 °C had higher specific surface areas than Cu(OAc),-H,O 550°C (1 m? g™).
Compared with porous (nanoporous) CuO and CuO-SiO, composites [which contain high Cu or
CuO content (>25 wt%)] in a previous study (Table 4-6)," " the developed U400/PSSx/Cu

550 °C had a relatively higher value of specific surface area.
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Figure 4-21. N, adsorption—desorption isotherms of U400/PSSx/Cu 550 °C and Cu(OAc), H,O

550 °C.
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Figure 4-22. BJH pore size distributions of a) U400/PSS250/Cu 550 °C, b) U400/PSS500/Cu

550 °C, and c¢) U400/PSS1500/Cu 550 °C.
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Table 4-6. Comparative table from the literature on porosity.

Specific surface area

Method Ref.
[m? g']
Wet chemical route using
CuO nanochains polyethylene glycol as a soft 123.1 42
template
CuO nanosheet Hydrothermal method
) ) 75.40, 95.31, 93.87 43
clusters with/without surfactants
CuO hollow
. Carbon spheres used as templates 74.81 44
microspheres
Porous CuO Calcination of MOF 69.57, 89.18 45
. The wet chemical method
CuO ultrathin i ) —
combined with a fast calcination 109.13 46
nanobelts
strategy
Mesoporous CuO
. Hydrothermal route 325 47
dandelion structures
Calcination process via chemical
Porous CuO solution deposition to prepare the 165, 193, 295 48
copper oxalate precursor
CuO/SiO, Solution exchange of wet
. - 158 49
composites silica gel (CuO content: 30 wt%)
Templated synthesis using Cu@C
Hollow CuO@SiO. P ) y gCu@
composite as a hard template (Cu 85 50
spheres
content: 26 wt%)
Nanoporous CuO— Structure-directing synthesis via )
153, 157, 214 This study

SiO; nanocomposites

calcination using carbon nitride
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The optical properties (band gaps) of the nanocomposites were analyzed using UV—vis
absorption spectra. Figure 4-23 shows that U400/PSS500/Cu 550 °C and U400/PSS1500/Cu
550 °C exhibited high visible-light absorption properties and similar spectra. The shapes of the
spectra were close to the shape of Cu(OAc),-H>O 550 °C (pristine CuO). The optical band gaps
were calculated using the Tauc approach (Figure 4-24)."%° The band gaps of U400/PSS500/Cu
550 °C and U400/PSS1500/Cu 550 °C were 1.32 and 1.31 eV, respectively, which were close to
the band gap of Cu(OAc),'H,O 550 °C (1.24 eV). Slight increases in the band gaps of
U400/PSSx/Cu 550 °C might result from the introduction of SiO; or differences in the crystal
growth of CuO. According to the literature (Table 4-7),”'° the band gap values of U400/PSSx/Cu
550 °C were relatively close to those of other CuO composite materials. Given the SEM results,
N adsorption—desorption tests, and UV-vis absorption spectra, nanoporous CuO-SiO;
nanocomposites with unique morphologies (e.g., fluffy structures), high surface areas, and narrow

optical band gaps were constructed.

— 0.8 4
>
5,
o 0.6 4
2 — Cu(OAc),"H,0 550 C
£ 04 \
S "% — U400/PSS1500/Cu 550 'C .
o] ¥
< o
02 4 U400/PSS500/Cu 550 °C
0 T T T T
200 400 600 800 1000 1200

Wavelength [nm]

Figure 4-23. UV—vis absorption spectra of U400/PSS500/Cu 550 °C, U400/PSS1500/Cu 550 °C,

and Cu(OAc),-H»O 550 °C.
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Figure 4-24. Optical band gaps of U400/PSS500/Cu 550 °C, U400/PSS1500/Cu 550 °C, and

Cu(OAc),-H,0 550 °C determined with the plots of [F(Ro0)hv]"? versus photon energy (hv).

Table 4-7. Comparative table from the literature in the band gap.

Band gap
Ref.
[eV]
CuO-ZnO core-shell nanowire 15-1.6 51
CuO@TiO; heterostructure composite 2.35 52
CuO/CuFe,0, nanocomposites 1.37-1.72 53
Core-shell nanoparticles of
. 2.63-4.20 54
Si0,@CuO
CuO-Si0O; monolith 1.33 55
Nanoporous CuO-SiO, )
1.3 This study

nanocomposites
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Given their unique morphologies, high specific surface areas, and narrow band gaps, the
synthesized CuO—-SiO, nanocomposites can be applied to adsorption—separation applications and
used as catalysts. CO, adsorption tests were performed at 303 K, and the isotherms are shown in
Figure 4-25. Compared to the CO, uptake of Cu(OAc),-H,O 550 °C (0.0056 mmol g™"), that of
U400/PSS1500/Cu 550 °C (0.21 mmol g') was enhanced because of the improved porosity,

indicating performance improvement in the application of CO; capture and/or utilization.

0.25
—— U400/PSS1500/Cu 550 'C

0.2 -
—= Cu(OAc),-H,0 550 °C

0.15

0.1

CO, uptake [mmol g']

w8 —————a—4&

0 0.2 0.4 0.6 0.8 1
Pressure [bar]

Figure 4-25. CO; adsorption isotherms of U400/PSS1500/Cu 550 °C and Cu(OAc),-H,O 550 °C.
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4-2-3-2. Elucidation of the formation factors

The formation factors of nanoporous CuO-SiO, nanocomposites were elucidated through
comparative experiments to investigate the roles of Cu®*, POSS, and carbon nitride. First, the SiO,
formation was discussed. The ratio of Si to Cu in the nanoporous CuO-SiO, nanocomposites
(U400/PSSx/Cu 550 °C) was almost 1:1 (Tables 4-2, 4-3, and 4-4). In contrast, PSS/Cu 550 °C,
prepared without adding U400, exhibited a lower Si ratio than U400/PSSx/Cu 550 °C (Table 4-

8), indicating that carbon nitride (U400) suppressed POSS removal and induced SiO» formation.

Table 4-8. The element ratio of Si and Cu in PSS/Cu 550 °C.

1 2 3 4 5
Si [at%] 0 0 0 11.48 7.39
Cu [at%] 100 100 100 88.52 92.61

6 7 8 9 10 Average
Si [at%] 0 0 6.61 10.06 4.77 4.03
Cu [at%] 100 100 93.39 89.94 95.23 95.97

Second, carbon nitride removal was investigated using U400/Cu 550 °C, prepared without
adding PSS, and U400/PSS 550°C, prepared without adding Cu(OAc),-H,O. U400/Cu 550°C
exhibited no peak around 399 eV in the XPS spectra (Figure 4-26a), and the peak derived from
carbon nitride remained in U400/PSS 550 °C (Figure 4-26b). These results reveal that N (carbon

nitride) removal was induced by the effect of Cu species.
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Figure 4-26. High-resolution XPS spectra in the N 1s region for a) U400/Cu 550 °C, b) U400/PSS

550 °C, ¢) U400/PSS500/Cu 550 °C, and d) the background [Cu(OAc),-H>O 550°C].

Third, the factors determining morphology and porosity were examined. The SEM images
revealed that rigid structures were confirmed in PSS/Cu 550 °C, U400/Cu 550 °C, and
Cu(OAc):-H,O 550 °C; however, fluffy structures, which were observed in U400/PSSx/Cu
550 °C, could not be observed (Figure 4-27 and 4-28). Furthermore, in terms of porosity, the N»-
adsorbed volume of U400/Cu 550 °C (Figure 4-29) was extremely smaller than that of
U400/PSSx/Cu 550 °C. Accordingly, the SiO» formation process induced by carbon nitride played

a vital role in the porosity enhancement of U400/PSSx/Cu 550 °C.
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Figure 4-27. SEM images of U400/Cu 550 °C (a, d), PSS/Cu 550 °C (b, e), and U400/PSS500/Cu

550 °C, in which the location was different from Figure 4-19b and 4-19¢ (c, f).

Figure 4-28. SEM images of Cu(OAc),H,O 550 °C.
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Figure 4-29. The N; adsorption isotherm of U400/Cu 550 °C.

According to the results of EDX, SEM, and N, adsorption—desorption tests, nanoporous CuO—
Si0; nanocomposites with a fluffy structure and high surface areas were constructed owing to the
structural control of CuO through the SiO» formation process induced by carbon nitride rather
than the individual effects of U400 and PSS.

Finally, the effects of the calcination temperature were investigated. According to the Cu 2p
region (Figure 4-30a), the sample peak shape [peak position and satellite peaks (940-946 and
960-965 V) derived from Cu®* (CuO)] after calcination at a temperature exceeding 400 °C was
close to that of U400/PSS1500/Cu 550 °C, indicating that CuO was formed between 200 °C and
400 °C. In the N 1s region (Figure 4-30b), the peak derived from carbon nitride completely
disappeared in U400/PSS1500/Cu 550 °C (0 h) after CuO formation. In addition, with an increase
in the calcination temperature, the peak positions in the Si 2p region (Figure 4-30c) gradually
shifted to the higher binding energy side, indicating that SiO, formation gradually occurred while

increasing the temperature and retaining it at 550 °C.
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Figure 4-30. High-resolution XPS spectra in a) the Cu 2p region, b) the N 1s region, and c) the
Si 2p region for U400/PSS1500/Cu 90 °C and the samples obtained by calcining

U400/PSS1500/Cu 90 °C at different conditions.

The results indicate that the proposed formation processes of the fluffy nanoporous CuO-SiO»
nanocomposites can be described as follows:
a) Carbon nitride (U400) suppressed POSS removal and induced SiO, formation, and flufty SiO,
supported CuO.
b) Carbon nitride was removed by the effect of Cu species (e.g., CuO) during calcination, and the

fluffy nanoporous CuO-Si0O, nanocomposites were synthesized.
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This study developed fluffy nanoporous CuO—SiO, nanocomposites by controlling the CuO
and SiO, formation using carbon nitride as a structure-directing agent. Previously, two-
dimensional materials were used as the template for various materials (e.g., SiO, and metal
oxide).”* However, carbon nitride could not control the CuO structure (morphology and
porosity) by itself in this synthesis system; the SiO, formation process induced by carbon nitride
controlled the structure of CuO (-SiO, nanocomposites), and fluffy nanoporous CuO-SiO,
nanocomposites were fabricated. According to this study, the synthesis method using the SiO-
formation process induced by carbon nitride (two-dimensional materials) in the presence of the
precursor may control the structure of the desired materials, which cannot be controlled by two-
dimensional materials alone (although SiO, remains in the product). Furthermore, regarding the
synthesis process, the method used in this study concurrently induced CuO and SiO, formation.
The synthesis method simultaneously forming CuO and SiO, may reduce the number of steps of
substance formation compared to two-step formation processes, such as CuO modification after
the synthesis of porous (nanoporous) silica. This study contributes to the exploration of structural

control and synthesis technology in solid-state materials.

4-2-4. Conclusion

Nanoporous CuO-SiO; nanocomposites with high surface areas and unique morphologies
were developed by calcining a mixture of Cu?*, POSS, and carbon nitride, which was used as a
structure-directing agent to control the structure of the CuO—-SiO, nanocomposites. Carbon nitride
suppressed POSS removal and induced SiO, formation in the nanoporous CuO-SiO;
nanocomposites. The formed SiO, exhibited a fluffy structure that supported CuO. Carbon nitride
was removed by the effect of Cu species (e.g., CuO), and nanoporous CuO-SiO, nanocomposites
were developed. Changing the Cu?"/POSS mixture to the carbon nitride ratio in the
Cu?"/POSS/carbon nitride mixture changed the porosity of the nanoporous CuO-SiO;
nanocomposites. The synthesized nanoporous CuO—SiO; nanocomposites, with narrow optical
band gaps, have potential applications as adsorbents and catalysts. The constructed materials and

the proposed synthesis method may contribute to the development of porous (nanoporous)

-134 -



materials and their applications as adsorbents and catalysts.

The content of this section was adapted with permission from the following paper:
Takeuchi, Y.; Toyoda, Y.; Gotoh, K.; Ohkubo, T. Structure-Directing Synthesis of Porous CuO—
Si0, Nanocomposites Using Carbon Nitride. CrystEngComm 2024, 26, 3044-3053. (© 2024 The
Royal Society of Chemistry)
https://doi.org/10.1039/D4CE00183D
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Chapter 5. Concluding remarks

Nanoporous materials were designed through substance formation on two-dimensional
materials, such as carbon, oxide, and polymers, using calcination and employing these two-
dimensional materials and polymers as templates and structure-directing agents. In addition, the
phenomena induced in the two-dimensional materials and their formation processes were
discussed in the chapters (research content).

Chapter 1 described the introduction of nanoporous materials and two-dimensional materials
[nanosheets (laminates)], evaluation methods for pore structures, templated synthesis, and the
purpose of this study.

In Chapter 2, GO was used as a template to control silica formation. Silica nanosheets were
synthesized by modifying a silica precursor on the GO surface and subsequently calcining to
simultaneously induce in situ silica formation on the GO surface and GO template removal. In
precursor preparation, the presence of amino groups contributed to the modification of the silica
precursors to GO in this preparation system. The synthesized silica nanosheets had excellent
properties, including an ultrathin thickness (approximately 1 nm) and a high specific surface area
(approximately 900 m* g ™).

Chapter 3 used a polymer template (PEI) to control CuQO, formation on activated clay. After
introducing the PEI-Cu®" complex into the clay, CuO, formation and PEI removal were induced
by calcination to form the CuO,/clay nanocomposite. The amount of the PEI-Cu** complex (PEI)
introduced into the clay was changed by changing the Cu*'/PEI ratio, and the introduced amount
of the complex (PEI) decreased as the Cu®"/PEI ratio increased. In addition, changing the Cu*'/PEI
ratio could change the supported amount and size of CuO, on the clay. When the Cu®"/PEI ratio
was small, the formed CuO, nanoparticles tended to be small.

In Chapter 4, carbon nitride was used as a structure-directing agent to simultaneously induce
CuO and silica (SiO) formation. In Section 4-1, the silica/g-C3;N4 nanocomposite, with higher
porosity and wider visible-light adsorption performance than g-C;N4, was constructed by
calcining carbon nitride and PSS [POSS (SiO; precursor) and quaternary ammonium cations] only.

In Section 4-2, CuO and SiO; formation and carbon nitride removal by Cu species were induced
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by calcining a mixture of carbon nitride, Cu**, and POSS (PSS), and nanoporous CuO-SiO,
nanocomposites were synthesized. The SiO, formation process played an important role in the
enhancement of porosity and controlled the morphology of the CuO-SiO, nanocomposites. The
synthesized CuO-SiO, nanocomposites exhibited a high specific surface area and unique
structures (CuO supported on top of fluffy SiO,).

Consequently, the nanoporous materials were synthesized by taking advantage of the
characteristics of each two-dimensional material, including carbon, oxides, and polymers. In
particular, this study demonstrated that the two-dimensional materials which can be removed with
the calcination in an air atmosphere, such as GO, can be used as structure-directing agents and
templates to simultaneously induce substance formation and template removal during calcination,
enabling the synthesis of nanoporous materials with the desired composition. In addition, two-
dimensional materials with thermal stability, such as clay, can be used as carriers for substance
formation during calcination to functionalize the surface structure.

The content of this study can contribute to the construction of nanoporous (nanostructured)
materials and nanocomposites with unique structures, such as those composed of ultrathin sheets,
and the development of nanoporous materials with high porosity and excellent surface structure.
Furthermore, this study focused on silica (SiO,) and CuO; however, there is a possibility that the
proposed synthesis concept can be applied to various other materials as there are precedents.
Although the exploration of the application of the synthesized materials could not be fully

conducted, this study may develop the application of nanoporous materials.
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