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Structure-directing synthesis of porous CuO–SiO2

nanocomposites using carbon nitride†

Yuki Takeuchi,a Yasuhiro Toyoda,b Kazuma Gotohb and Takahiro Ohkubo *a

Structure-directing synthesis, such as by the template method, allows us to control the porous structure

and morphological properties of solid-state materials. Traditionally, molecules and zero-, one-, and three-

dimensional materials have been used as structure-directing agents and templates. Recently, two-

dimensional materials (e.g., graphene oxide and graphitic carbon nitride) have been investigated for their

use in the synthesis of nanostructured materials. In this study, we used carbon nitride as the structure-

directing agent for controlling SiO2 and cupric oxide (CuO) formation in the development of porous CuO–

SiO2 nanocomposites via the calcination of a mixture of Cu2+, polyhedral oligomeric silsesquioxane (POSS),

and carbon nitride to solve the problems with CuO (e.g., porosity control and low efficiency per weight

relative to light materials). Further, we investigated the formation factors of the nanocomposites using

comparative experiments to understand the roles of Cu2+, POSS, and carbon nitride. During calcination,

carbon nitride induced the formation of SiO2, which supported CuO; the effect of Cu species removed

carbon nitride. Subsequently, porous CuO–SiO2 nanocomposites were constructed. The constructed CuO–

SiO2 nanocomposites presented a unique morphology (i.e., a fluffy structure), high surface area, and narrow

optical band gap. The demonstrated method may pave the way for the design of CuO composite materials

and the development of their application as adsorbents and catalysts.

Introduction

Transition metal oxides (TMOs) have long been studied for
their unique electronic properties (i.e., various chemical
valence states and band structures (conductivities)) and
morphological characteristics.1 Among them, cupric oxide
(CuO) is a p-type semiconductor with a band gap of 1.2–2.1
eV and catalytic properties.2–4 It has been employed in diverse
applications, such as catalysts for H2 evolution3 and NO
reduction with CO,5 sensors,6,7 adsorbents for CO2,

8 and
batteries (e.g., anode material for Li-ion batteries).9 However,
TMOs suffer from low abundance (except for Fe), porosity
control, and low efficiency per weight compared to materials
comprising light elements, such as carbon and silica. To date,
various fabrication techniques (e.g., sol–gel,10 pillaring,11 and
combustion methods12) have been investigated, as well as the
construction of composites with light materials (e.g., activated
carbon13 and mesoporous silica14), for use in the fabrication
of TMOs and their composites to achieve excellent porosity,

to design targeted morphologies, and to reduce the use of
transition metals.

To control the porosity and morphology of the resulting
materials, structure-directing synthesis such as the template
method has been extensively studied in various solid-state
materials, including mesoporous silica14–17 and zeolite-
templated carbon.18,19 Mesoporous silica, which has aligned
and size-controlled mesopores, was synthesized using
surfactants (used as pore sources).14–17 Zeolite-templated
carbon was synthesized using zeolite as the template, and it
displayed an ordered micropore structure, a high surface
area, and a single-layer graphene framework.18,19

Furthermore, nanostructured CuO was synthesized using a
surfactant,12,20 a polycarbonate membrane,21 porous anodic
alumina films,22 carbon nanotubes,23 carbon spheres,24 and
Cu-based metal–organic frameworks25 as structure-directing
agents and templates.

In addition to zero-, one-, and three-dimensional
materials, two-dimensional materials have recently been
actively investigated as templates. The synthesis of silica,
silicon, metal, metal oxide (even CuO), transition metal
dichalcogenide, and carbon nanosheets with controlled
nanosheet size and thickness, unique structures, and
superior porosity using graphene oxide and graphitic carbon
nitride (g-C3N4) as templates has been proposed,26–36 and the
construction of zeolites with nanopores generated by
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polymer-functionalized graphene oxide removal was
reported.37 Furthermore, the construction of ultrathin
amorphous metal oxide nanosheets using a lamellar Cu2O–
oleate complex as a two-dimensional confining template has
been demonstrated.38 Furthermore, composites such as Ni/
CeO2,

39 Mo2C–carbon,
40 VN/nitrogen-doped carbon,41 and

single-atom Fe/nitrogen-rich carbon42 were also fabricated
using carbon nitride as a template. However, studies have
not progressed on the use of carbon nitride to control the
nanocomposite structure in CuO and SiO2, which have
elemental abundance, low toxicity, and high thermal and
chemical stability.27

In this study, porous CuO–SiO2 nanocomposites having a
high specific surface area and unique morphologies were
developed using a structure-directing synthesis to control the
formation of CuO and SiO2. Polyhedral oligomeric
silsesquioxane (POSS), in which Si and O are arranged in a
cage structure, and carbon nitride were used as the SiO2

source and the structure-directing agent, respectively. We
fabricated porous CuO–SiO2 nanocomposites via the
calcination of a mixture of Cu2+, POSS, and carbon nitride
(Scheme 1). We analyzed the properties of the porous CuO–

SiO2 nanocomposites (e.g., their morphology and porosity),
and we investigated the effects of Cu2+, POSS, and carbon
nitride on the design and structure of the CuO–SiO2

nanocomposites.

Experimental procedure
Materials

Urea was purchased from FUJIFILM Wako Pure Chemical
Corporation, Japan. Octakis(tetramethylammonium) penta-
cyclo[9.5.1.13,9.15,15.17,13]octasiloxane-1,3,5,7,9,11,13,15-octakis-
(yloxide)hydrate (PSS, lot MKCL1508) was purchased from
Sigma-Aldrich. Copper(II) acetate monohydrate (Cu(OAc)2·H2O)
was purchased from Nacalai Tesque Inc., Japan. Distilled water
was produced using a purification system (RFD240NA,
ADVANTEC) and was used in all the experiments.

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−1) in an air atmosphere. Subsequently, carbon nitride
(U400) was obtained by naturally cooling the resultant
product to room temperature.

Synthesis of porous CuO–SiO2 nanocomposites

We added PSS (250, 500, 1500 mg) and Cu(OAc)2·H2O (350,
700, 2100 mg) to water (100 mL), where the ratio of PSS and
Cu(OAc)2·H2O was fixed at 1 : 8 (mol :mol) and PSS was
assumed to contain no H2O, and we sonicated the mixture
for 30 min. Next, we added U400 (1 g) to the dispersed water
and sonicated the mixture for 30 min to disperse each
material. Subsequently, we transferred the obtained
dispersion to a container and heated it at 90 °C for 18 h (3
°C min−1) to evaporate the water. We then ground the dried
powder at the bottom of the container (the intermediate
product name up to this point in the process was U400/PSSx/
Cu 90 °C, x: PSS amount). We placed U400/PSSx/Cu 90 °C in a
closed alumina box and calcined it at 550 °C for 2 h (ramping
rate: 3 °C min−1) in an air atmosphere. From this, we obtained
porous CuO–SiO2 nanocomposites (U400/PSSx/Cu 550 °C).

Synthesis of comparative samples

We synthesized comparative samples to investigate the role
of each material based on the amounts of PSS (500 mg) and
Cu(OAc)2·H2O (700 mg) without adding U400 (the
intermediate product name was PSS/Cu 90 °C; the final
product name was PSS/Cu 550 °C), PSS (the intermediate
product name was U400/Cu 90 °C; the final product name
was U400/Cu 550 °C), and Cu(OAc)2·H2O (the intermediate
product name was U400/PSS 90 °C; the final product name
was U400/PSS 550 °C), respectively. We obtained pristine CuO
(Cu(OAc)2·H2O 550 °C) via the calcination of Cu(OAc)2·H2O at
550 °C for 2 h (ramping rate: 3 °C min−1) in an air
atmosphere.

We investigated the effect of calcination temperature
using U400/PSS1500/Cu 90 °C. 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−1) in an air
atmosphere without keeping the temperature. After the
samples cooled naturally to room temperature, we obtained
the comparative samples U400/PSS1500/Cu y °C (0 h) (y:
calcination temperature).

Characterization

We carried out powder X-ray diffraction (XRD) using a MiniFlex
II instrument (Rigaku Corporation, Japan) with monochromatic
X-rays of Cu Kα (λ = 0.154 nm) at room temperature. The tube
voltage, current, 2θ range, and step size were 30 kV, 15 mA, 5–
60°, and 0.02°, respectively. We analyzed the states of C, N, Si,
and Cu in the materials using X-ray photoelectron spectroscopy

Scheme 1 Construction of porous CuO–SiO2 nanocomposites using
carbon nitride as the structure-directing agent.

CrystEngComm Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
M

ay
 2

02
4.

 D
ow

nl
oa

de
d 

on
 1

0/
17

/2
02

5 
9:

16
:5

4 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/D4CE00183D


3046 | CrystEngComm, 2024, 26, 3044–3053 This journal is © The Royal Society of Chemistry 2024

(XPS, JEOL JPS-9030, Japan). The X-ray source was Mg Kα
(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
eV was used as a reference to calibrate the binding energy scale.
We obtained 29Si solid-state nuclear magnetic resonance
(ssNMR) spectra using an Avance III NMR spectrometer (Bruker)
with an 11.7 T magnet. We used a ϕ4 mm NMR sample rotor
for magic angle spinning (MAS) measurements with an 8 kHz
rotation. A single-pulse sequence with a 4.2 μs pulse was
applied. We observed the morphologies of the samples by
scanning electron microscopy (SEM, Keyence Corporation,
Japan, VE-9800), and we captured the SEM images at an
accelerating voltage of 5 kV. We measured the element ratios of
Si and Cu using energy-dispersive X-ray spectroscopy (EDX,
Keyence Corporation, Japan, 971863SP) and we used the average
of ten measurements as the element ratio. We took
transmission electron microscopy (TEM) and annular dark field
scanning transmission electron microscopy (ADF-STEM)-EDX
measurements using a JEM-ARM200F (JEOL, Japan). The TEM
and STEM observations were performed at 200 kV. Using a
BELSORP-mini instrument (MicrotracBEL Corp., Japan), we
evaluated the porous structure. We performed N2 adsorption–
desorption tests at 77 K to obtain the adsorption–desorption
isotherms of the samples. All the samples were evacuated at 150
°C for 3 h before the measurements. We analyzed the isotherms
using the Brunauer–Emmett–Teller (BET) equation to determine
the specific surface area of the samples. We analyzed the
adsorption isotherm using the Barrett, Joyner, and Halenda
(BJH) method to obtain the pore size distribution. We obtained
ultraviolet-visible (UV-vis) spectra using a Jasco V-770
spectrophotometer (Jasco, Japan) for UV-vis diffuse reflectance
spectroscopy over a wavelength range of 200–1200nm.

CO2 adsorption test

We conducted CO2 adsorption tests using a BELSORP-max
(MicrotracBEL Corp., Japan) at 303 K. The sample was
evacuated at 110 °C for 12 h before measurement.

Results and discussion
Synthesis of porous CuO–SiO2 nanocomposites

We synthesized porous CuO–SiO2 nanocomposites (U400/
PSSx/Cu 550 °C) by calcining a mixture of Cu2+, POSS, and
U400 using the POSS–tetramethylammonium complex (PSS)
as the SiO2 source and carbon nitride as the structure-
directing agent. First, we prepared U400 by heating urea at
400 °C. The crystalline structures were analyzed with XRD.
The peaks observed in the XRD pattern of U400 were
different from those of urea, which suggests the conversion
of urea (Fig. S1†). The XRD pattern of U400 was similar to
that previously reported.43 Its peak positions were relatively
close to those of g-C3N4 (27.4° (002) and 13.0° (100)),44 which
suggests that the g-C3N4 intermediate (carbon nitride) was

constructed. We confirmed the element states of U400 using
XPS (Fig. S2†). The XPS survey scan (Fig. S2a†) showed the
presence of C and N derived from carbon nitride in U400. In
the C 1s region (Fig. S2b†), there were two peaks derived
from the adventitious hydrocarbon of the XPS instrument
itself and defect-containing sp2-hybridized carbon atoms in
the graphitic domains (284.8 eV) and C–N–C (288.3 eV).45 The
peak in the N 1s region was deconvoluted to three
components: neutral imine (398.6 eV), neutral amine (399.3
eV), and positively charged N species (400.4 eV) (Fig. S2c†).46

Second, we prepared a mixture of Cu2+ and POSS (PSS/Cu).
We confirmed the PSS/Cu states by analyzing the crystalline
structure of PSS/Cu 90 °C, which was synthesized by drying
the mixture of PSS and Cu(OAc)2·H2O in water, using XRD.
The XRD pattern for PSS/Cu 90 °C is shown in Fig. 1 and S3.†
In PSS/Cu 90 °C, we detected a peak at 2θ = 11.5°, which was
not found in PSS or Cu(OAc)2·H2O (Fig. S3†); this suggests
that structural changes in PSS and Cu(OAc)2·H2O occurred
during the mixing or drying process. Third, we prepared a
mixture of Cu2+, POSS, and U400 (U400/PSSx/Cu 90 °C) by
mixing U400 with Cu2+/POSS-dispersed water and evaporating
water in the U400/Cu2+/POSS-containing water. The XRD
pattern of U400/PSS250/Cu 90 °C was similar to that of U400
(Fig. 1). However, the peak at 2θ = 9.3° was confirmed in
U400/PSS250/Cu 90 °C which was not found in U400 or PSS/
Cu 90 °C (Fig. 1). Further, in U400/PSS1500/Cu 90 °C, peaks
such as between 14° and 17° as well as around 25°, which
were not confirmed in U400/PSS250/Cu 90 °C and U400/
PSS500/Cu 90 °C, were observed (Fig. S4†). These facile peaks
and changes of patterns might have been due to the
structural changes in U400, Cu2+, or POSS when they were
combined during the fabrication of U400/PSSx/Cu 90 °C and
the concentration differences of Cu2+/POSS in the U400/Cu2+/
POSS mixtures.

Next, we constructed porous CuO–SiO2 nanocomposites
(U400/PSSx/Cu 550 °C) via the calcination of the obtained
intermediates (U400/PSSx/Cu 90 °C) at 550 °C in an air

Fig. 1 XRD patterns for U400, PSS/Cu 90 °C, and U400/PSS250/Cu
90 °C.
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atmosphere. The formation of CuO and SiO2, and the
removal of carbon nitride were confirmed by XRD and XPS.
According to the XRD patterns of U400/PSSx/Cu 550 °C
(Fig. 2a and S5†), peaks that were attributed to CuO47 were
detected, and the XRD patterns were similar to that of
Cu(OAc)2·H2O 550 °C, which was synthesized via the heating
of Cu(OAc)2·H2O at 550 °C in an air atmosphere. This pattern
similarity suggests that CuO was formed by calcining U400/
PSSx/Cu 90 °C. The intensity of the peak at 36° was higher
than that at 39° in U400/PSSx/Cu 550 °C; the tendency of
intensities was opposite to that of Cu(OAc)2·H2O 550 °C,
which suggests that the crystal growth of CuO was directed
by carbon nitride and/or PSS(-derived SiO2). Furthermore, the
widths at half-maximum intensity of the peaks at 36° were
0.32° in U400/PSS250/Cu 550 °C and 0.29° in Cu(OAc)2·H2O
550 °C; those at 39° in U400/PSS250/Cu 550 °C and
Cu(OAc)2·H2O were 0.41 and 0.31°, respectively (Table S1†).
In comparing U400/PSS250/Cu 550 °C with Cu(OAc)2·H2O 550
°C, we observed that the widths at 36° were similar; however,
the width at 39° in U400/PSS250/Cu 550 °C was wider than
that in Cu(OAc)2·H2O 550 °C. According to the Scherrer
equation (Dhkl = Kλ/B cos θ, where Dhkl is the length of the
crystallite in the direction perpendicular to the lattice planes

(hkl), K is the Scherrer constant, λ is the wavelength of the X-
rays, B is the corrected band broadening after the subtraction
of the equipment broadening, and θ is half the diffraction
angle48–50), when B increases, Dhkl decreases, which indicates
that D111,200 in U400/PSS250/Cu 550 °C was smaller than that
in Cu(OAc)2·H2O 550 °C. These XRD results suggest that the
crystal growth in the direction perpendicular to the (111, 200)
planes was suppressed in U400/PSS250(x)/Cu 550 °C relative
to that in Cu(OAc)2·H2O 550 °C. We confirmed the element
states using XPS (Fig. 2b and c and S6–S8†). The survey scans
showed that C, N, O, Si, and Cu were detected in U400/
PSS250/Cu 90 °C and that C, O, Si, and Cu were detected in
U400/PSS250/Cu 550 °C (Fig. S6†). The results of the Cu 2p
region (Fig. 2b) showed that satellite peaks (940–946 eV and
960–965 eV) derived from Cu2+ (CuO) were present in U400/
PSS250/Cu 550 °C.51 The Auger parameters were calculated
using the Cu 2p3/2 photoelectron peaks (Fig. 2b) and Cu
L3M4,5M4,5 Auger peaks (Fig. S7†).52,53 The Auger parameters
(Table S2†) for Cu(OAc)2·H2O 550 °C (1851.6 eV) and for
U400/PSS250/Cu 550 °C (1851.8 eV) were close to that for
CuO (1851.5 eV) but not to that for Cu2O (1849.2 eV),53 which
supports the XRD results and CuO formation. We verified
carbon nitride removal using the spectra in the N 1s region

Fig. 2 a) XRD patterns for U400/PSS250/Cu 90 °C, U400/PSS250/Cu 550 °C, and Cu(OAc)2·H2O 550 °C. High-resolution XPS spectra for b) the
Cu 2p region for U400/PSS250/Cu 90 °C, U400/PSS250/Cu 550 °C, and Cu(OAc)2·H2O 550 °C and c) the N 1s region for U400/PSS250/Cu 90 °C
and U400/PSS250/Cu 550 °C. d) 29Si MAS NMR spectrum for U400/PSS250/Cu 550 °C.
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(Fig. 2c). The comparison between the spectra for U400/
PSS250/Cu 90 °C and those for U400/PSS250/Cu 550 °C
showed that although the peak derived from carbon nitride
was confirmed in U400/PSS250/Cu 90 °C, this peak was not
detected in U400/PSS250/Cu 550 °C, which suggests that the
N (carbon nitride) removal occurred during calcination. We
analyzed SiO2 formation using 29Si MAS NMR and XPS. Two
SiO2 components were observed in the 29Si MAS NMR
spectrum for U400/PSS250/Cu 550 °C (Fig. 2d): a main
component at −112 ppm and a shoulder structure at −102
ppm, which were assigned to the Q4 and Q3 sites of the SiO4

structure, respectively.54,55 The Q4 and Q3 ratio was estimated
to be 4.9 : 1, which suggests that fully condensed sites were
abundant; this would support SiO2 formation. The XPS
spectra in the Si 2p region are shown in Fig. S8.† Si peaks
were detected for both U400/PSS250/Cu 90 °C and U400/
PSS250/Cu 550 °C; however, their 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) was 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 (and Si–O–C) bonds and SiO2,
respectively,56 which suggests that SiO2 formation was
induced by calcination at 550 °C for 2 h. We performed EDX
to obtain the Si and Cu ratios, and we present the results in
Tables S3–S5.† The Si and Cu element ratios in U400/PSS250/
Cu 550 °C, U400/PSS500/Cu 550 °C, and U400/PSS1500/Cu
550 °C were 46 : 54, 37 : 63, and 48 : 52, respectively; the values
of U400/PSSx/Cu 550 °C were relatively close. The
experimental yields of 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 similar to
the theoretical yields of CuO and SiO2 (Table S6†), which
suggests that U400/PSSx/Cu 550 °C mainly contained CuO

and SiO2. According to the XRD patterns, XPS spectra, and
the Si and Cu element ratios, the CuO–SiO2 nanocomposites
were fabricated via the calcination of U400/Cu2+/POSS
mixtures (U400/PSSx/Cu 90 °C), thereby inducing the
formation of SiO2 and CuO as well as carbon nitride removal.

We analyzed the morphologies of the CuO–SiO2

nanocomposites via SEM. The SEM images of U400/PSSx/Cu
550 °C are shown in Fig. 3. U400/PSSx/Cu 550 °C had a fluffy
structure. We obtained the microstructure and elemental
mapping using TEM and STEM-EDX measurements (Fig. 4).
The TEM and STEM images and EDX elemental mappings for
U400/PSS250/Cu 550 °C and U400/PSS1500/Cu 550 °C suggest
that the SiO2 had a fluffy structure and that the SiO2

supported CuO. The preferential formation of fluffy SiO2

might have been due to a possible number of interactions
between carbon nitride and the precursors of SiO2 and CuO
(PSS and Cu(OAc)2·H2O). It is presumed that POSS in PSS had
a greater number of interactions with U400 per molecule
than did Cu(OAc)2·H2O, which suggests that PSS was greatly
influenced by the structure-directing effect of U400.

We measured the porosity of the CuO–SiO2

nanocomposites using N2 adsorption–desorption tests, and
we show the N2 adsorption–desorption isotherms in Fig. 5a
and S9.† The isotherm types for U400/PSSx/Cu 550 °C were
assigned to type IV(a), which represents the presence of
mesopores.57 In addition, according to the isotherms and
pore size distributions we obtained using the BJH method
(Fig. S10†), U400/PSSx/Cu 550 °C had a pore structure
comprising micropores and small mesopores (<10 nm). The
specific surface areas (SBET) of U400/PSS250/Cu 550 °C, U400/
PSS500/Cu 550 °C, and U400/PSS1500/Cu 550 °C were 157,
153, and 214 m2 g−1, respectively (Table S7†). The SBET of
U400/PSS1500/Cu 550 °C was higher than those of U400/
PSS250/Cu 550 °C and U400/PSS500/Cu 550 °C. This

Fig. 3 SEM images of U400/PSS250/Cu 550 °C (a and d), U400/PSS500/Cu 550 °C (b and e), and U400/PSS1500/Cu 550 °C (c and f).
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difference in SBET might have been due to the increase in the
concentration of Cu2+/POSS in the U400/Cu2+/POSS mixtures

or to the structural differences in the U400/Cu2+/POSS
mixtures (U400/PSSx/Cu 90 °C), as confirmed by XRD (Fig.
S4†). Furthermore, U400/PSSx/Cu 550 °C had a higher
specific surface area than did Cu(OAc)2·H2O 550 °C (1
m2 g−1). Compared with porous CuO and CuO–SiO2

composites in previous research (which have shown high Cu
and CuO contents (>25 wt%)) (Table S8†),20,24,25,58–63 the
developed U400/PSSx/Cu 550 °C had a relatively higher
specific surface area.

We analyzed the optical properties (band gaps) of the
nanocomposites using UV-vis absorption spectra. As shown
in Fig. 5b, U400/PSS500/Cu 550 °C and U400/PSS1500/Cu
550 °C had high visible-light absorption and similar spectra;
the shapes of their spectra were similar to those of
Cu(OAc)2·H2O 550 °C (pristine CuO). We calculated the optical
band gaps using the Tauc approach (Fig. S11†), [F(R∞)hν]n = A
(hν − Eg), where A is a constant, n is a coefficient (n = 1/2 for
the materials with an indirect band gap; n = 2 for the
materials with a direct band gap), h is the Planck constant, ν
is the photon frequency rate, Eg is the band gap, and F(R∞) is
the Kubelka–Munk function.64,65 The band gaps of U400/
PSS500/Cu 550 °C and U400/PSS1500/Cu 550 °C were 1.32 eV
and 1.31 eV, respectively, which were close to that of
Cu(OAc)2·H2O 550 °C (1.24 eV). The slight increases in the
band gaps in U400/PSSx/Cu 550 °C might have been due to
the introduction of SiO2 or to differences in the crystal growth
of CuO. Owing to the results of SEM, the N2 adsorption–
desorption tests, and the UV-is absorption spectra, we
constructed porous CuO–SiO2 nanocomposites having unique
morphologies (e.g., fluffy structures), high surface areas, and
narrow optical band gaps. According to the literature (Table
S9†),66–70 the band gap values of U400/PSSx/Cu 550 °C were
close to those of other CuO composite materials.

Fig. 4 TEM images of U400/PSS250/Cu 550 °C (a) and U400/PSS1500/Cu 550 °C (e). STEM images and EDX elemental mappings of U400/
PSS250/Cu 550 °C (b–d) and U400/PSS1500/Cu 550 °C (f–h).

Fig. 5 a) N2 adsorption–desorption isotherms and b) UV-vis absorption
spectra of U400/PSS500/Cu 550 °C, U400/PSS1500/Cu 550 °C, and
Cu(OAc)2·H2O 550 °C.
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The synthesized CuO–SiO2 nanocomposites can be used
in adsorption–separation applications and as catalysts
because of their unique morphologies, high specific surface
areas, and narrow band gaps. We performed CO2 adsorption
tests at 303 K. The isotherms are shown in Fig. 6. Compared
with the CO2 uptake of Cu(OAc)2·H2O 550 °C (0.0056
mmol g−1), that of U400/PSS1500/Cu 550 °C (0.21 mmol g−1)
was enhanced, which was due to the improved porosity,
suggesting improved performance in applications for CO2

capture and/or utilization.

Elucidation of the formation factors

We elucidated the formation factors of porous CuO–SiO2

nanocomposites using comparative experiments to
investigate the roles of Cu2+, POSS, and carbon nitride.
Here, we first discuss SiO2 formation. The Si and Cu ratios
in porous CuO–SiO2 nanocomposites (U400/PSSx/Cu 550 °C)
were almost 1 : 1 (Tables S3–S5†). However, PSS/Cu 550 °C,
which was prepared without adding U400, had a lower Si
ratio than did U400/PSSx/Cu 550 °C (Table S10†); this
difference suggests that carbon nitride suppressed the
removal of POSS and induced SiO2 formation. Second, we
investigated the removal of carbon nitride using U400/Cu
550 °C, which was prepared without adding PSS, and U400/
PSS 550 °C, which was prepared without adding
Cu(OAc)2·H2O. U400/Cu 550 °C did not show a peak around
399 eV (Fig. S12a†), and the peak derived from carbon
nitride remained for U400/PSS 550 °C (Fig. S12b†). These
results suggest that the Cu species induced the removal of
N (carbon nitride). Third, we examined the factors
determining morphology and porosity. From the SEM
images, rigid structures were confirmed in PSS/Cu 550 °C,
U400/Cu 550 °C, and Cu(OAc)2·H2O 550 °C, whereas fluffy
structures, which were observed in U400/PSSx/Cu 550 °C,
were not observed (Fig. 7 and S13†). Furthermore, in terms
of porosity, the N2-adsorbed volume of U400/Cu 550 °C (Fig.
S14†) was extremely small compared with that of U400/

PSSx/Cu 550 °C, which suggests that the SiO2 formation
process induced by carbon nitride played an important role
in the enhancement of the porosity in U400/PSSx/Cu 550
°C. According to the results of the EDX, SEM, and N2

adsorption–desorption tests, porous CuO–SiO2

nanocomposites having a fluffy structure and high surface
areas were constructed owing to the formation process of
SiO2, which supported CuO, induced by carbon nitride
rather than by the individual effects of U400 and PSS.
Finally, we investigated the effects of calcination
temperature. According to the Cu 2p region (Fig. S15a†), the
peak shape (peak position and satellite peaks (940–946 eV
and 960–965 eV) derived from Cu2+ (CuO)) for the samples
after calcination at temperatures greater than 400 °C was
similar to that of U400/PSS1500/Cu 550 °C, which suggests
that CuO was formed between 200 °C and 400 °C. In the N
1s region (Fig. S15b†), the peak derived from carbon nitride
disappeared completely in U400/PSS1500/Cu 550 °C (0 h)
after CuO was formed. In addition, as the calcination
temperature increased, the peak positions in the Si 2p
region (Fig. S15c†) gradually shifted toward a higher
binding energy, which suggests that SiO2 formation
occurred gradually while the temperature rose to and
stabilized at 550 °C. According to these results, the
proposed formation processes of fluffy porous CuO–SiO2

nanocomposites can be described as follows:
a) Carbon nitride suppressed the removal of POSS and

induced SiO2 formation, and the fluffy SiO2 supported CuO.
b) Carbon nitride was removed by the effect of Cu species

(e.g., CuO) during calcination, and fluffy porous CuO–SiO2

nanocomposites were synthesized.
In this study, fluffy porous CuO–SiO2 nanocomposites

were developed by controlling CuO and SiO2 formation using
carbon nitride as the structure-directing agent. Two-
dimensional materials have previously been used as
templates for various materials (e.g., SiO2 and metal
oxide).27,28,31–33 However, with the method used in this study,
carbon nitride was not able to control the CuO structure
(morphology and porosity) by itself; the SiO2 formation
process induced by carbon nitride controlled the structure of
CuO by supporting it with formed SiO2, and fluffy porous
CuO–SiO2 nanocomposites were fabricated. This study
suggests that the synthesis method that uses the SiO2

formation process induced by carbon nitride (two-
dimensional materials) in the presence of a precursor may
control the structure of materials that cannot be controlled
by two-dimensional materials alone (although the SiO2

remains in the product). Further, in the synthesis process,
the method in this study concurrently induced the CuO and
SiO2 formation. The synthesis method simultaneously
forming CuO and SiO2 may be possible to reduce the number
of steps of substance formation compared to the two-step
formation processes such as modification of CuO after the
synthesis of porous silica. This study contributes to the
exploration of structural control and synthesis technology in
solid-state materials.

Fig. 6 CO2 adsorption isotherms of U400/PSS1500/Cu 550 °C and
Cu(OAc)2·H2O 550 °C.
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Conclusions

We developed porous CuO–SiO2 nanocomposites having high
surface areas and unique morphologies by calcining a
mixture of Cu2+, POSS, and carbon nitride, which was used
as a structure-directing agent to control the structure of the
CuO–SiO2 nanocomposites. Carbon nitride suppressed POSS
removal and induced SiO2 formation in the porous CuO–SiO2

nanocomposites, and the formed SiO2 had a fluffy structure
and supported CuO. Carbon nitride was removed by the
effect of Cu species (e.g., CuO), and porous CuO–SiO2

nanocomposites were developed. Changing the Cu2+/POSS
mixture to carbon nitride ratio in the Cu2+/POSS/carbon
nitride mixture changed the porosity of the porous CuO–SiO2

nanocomposites. The synthesized porous CuO–SiO2

nanocomposites with narrow optical band gaps have
potential for application as adsorbents and catalysts. The
constructed materials and the proposed synthesis method
may contribute to the development of porous materials and
their applications as adsorbents and catalysts.
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