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In this paper, disordered mesoporous silica loaded with ultrasmall-sized and highly dispersed CuO
nanoparticles was obtained by an alkali-free strategy. Pre-prepared copper bromoacetate (CuBA) and (3-
aminopropyltriethoxysilane (APTES) were selected as reactants, which can be covalently connected with
each other for the formation of functional hybrid precursors. Simultaneously, the protonated amino
group with the ability to promote the hydrolysis of silane was generated, avoiding any additional catalyst.
The covalent introduction of copper salt by chemical bonding promised the molecular-level dispersion
of copper ions, favouring the in situ generation of ultrasmall-sized and highly dispersed CuO
nanoparticles in the silica matrix. The average diameter of this obtained composited silica material is
around 700 nm, and CuO nanoparticles with an average diameter of ~3 nm were uniformly dispersed in
the silica matrix. Typically, disordered mesopores were obtained under the thermolysis of organic chains
in the hybrid silica matrix; the BET surface area is 77 m? g~ and the pore diameter is about 2.5 nm. The
catalytic property was investigated and the results show that this obtained CuO@mSiO, material has
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Introduction

Chemical catalysis is one of the common methods in the field of
wastewater treatment due to its high efficiency and wide appli-
cability."® For example, the discharge of dyeing wastewater has
caused serious environmental problems all over the world
because of the stable molecular structure of dyes, which makes it
difficult to carry out biochemical treatment.* Chemical catalysis
can easily damage the molecular structure, turning refractory
substances into small molecules. The key for achieving chemical
catalysis is the preparation and selection of appropriate cata-
lysts. Metal or metal oxide nanoparticles (mNPs) are considered
to be excellent catalysts due to their high activity and selec-
tivity.>® Among them, precious metals such as silver, gold, and
platinum have been widely investigated, and quite a number of
studies report that such metals have fascinating catalytic
performance.'*** However, the high price of precious metals also
greatly limits the possibility of their practical application. In the
case of finding highly efficient catalysts for wastewater treat-
ment, the biggest challenge is to reduce the usage of noble
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good catalytic performance in the reduction of organic dye with NaBH, as the reducing agent.

metals or replace them with inexpensive materials. Earth-
abundant transition metals such as copper, iron, and cobalt
with unfilled d-orbitals always show activation ability, which
make them good candidates for replacing these noble metals.
Much effort has been devoted to synthesize inexpensive metal
nanoparticles (mNPs) with various sizes and morphologies.***®
In order to maintain the activity and integrity of mNPs, they are
always compounded with carrier materials such as silica, carbon,
and polymers. Silica with mesopores is regard as a good
substrate due to its high stability, nontoxicity, large specific
surface are, and designability.”” In general, mesoporous silica
(mSiO,) can be synthesized by the hydrolysis and condensation
of silicon alkoxides in the presence of acid or alkali catalyst and
structure-directing agents.'*?° However, in the case of con-
structing mesoporous silica composited with mNPs, the biggest
challenge is to construct mesoporous silica loaded with high-
content, ultrasmall-sized and highly dispersed active mNPs, on
which the property of composited silica materials is strongly
dependent.*** For instance, the coating and impregnation
methods are two common methods for the preparation of mNPs/
mSiO, nanocomposites.>*** However, the size and dispersion of
mNPs are difficult to control in the coating method because the
pre-synthesized mNPs can no longer change, while in the
impregnation method, the content of mNPs is unsatisfactory,
which may severely limit the application of such materials.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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If the mNPs can be generated in situ in mesoporous silica, it
may favour the formation of mesoporous silica loaded with high-
content and highly dispersed mNPs. The key point for imple-
menting this strategy is the introduction of the metal ion
precursor (such as metal salts) into the silica matrix. For the sake
of non-destructively introducing metal salts into the silica
matrix, neutral or near-neutral conditions are necessary. Herein,
we present an alkali-free strategy to prepare the CuO@msSiO,
nanocomposite. CuO was chosen as the functional nanoparticle
material due to its extensive application. For example, Zhang
et al. reported novel hollow CuO microspheres with open
nanoholes composed of numerous small CuO crystalline grains,
which have excellent photocatalytic activity in the degradation of
methyl orange;”” Wang et al. fabricated the lithiophilic CuO-
based nanocomposite that can effectively inhibit the growth of
Li dendrites and volume expansion during cycling;*® Nandi et al.
reported a composited CuO/mSiO, structure that has good
catalytic performance in the syntheses of symmetrical dis-
elenides.” Organic copper salt was connected on silicon alkox-
ides by covalent bonding, leading to the formation of
a multifunctional precursor containing copper ions and silanol
groups. Most importantly, protonated amino groups that can
promote the hydrolysis and condensation of silanol groups to
form Si-O-Si networks were generated synchronously,* avoiding
any additional acid-base catalyst as well as ensuring that the
copper ions can be well protected. Covalent introduction can
afford a molecular-level dispersion of copper ions; after thermal
treatment, CuO NPs can be generated in situ, and the disordered
mesopores can be formed by the pyrolysis of cetyl-
trimethylammonium bromide and the organic carbon chains.

Experimental
Materials

(3-Aminopropyl)triethoxysilane (APTES, =99%), bromoacetic
acid (HBA, =99%), cetyltrimethylammonium bromide (CTAB)
and polyvinylpyrrolidone (PVP, M,, = 58 000) were purchased
from Macklin Corporation (Shanghai, China). Basic cupric
carbonate (Cu,(OH),CO3, 99.9%) and absolute ethanol (EtOH,
=99.7%) were purchased from Sinopharm Chemical Reagent
Co., Ltd (Shanghai, China). Water used in the experiments was
deionized with a resistivity of 18.2 MQ cm ™. All the reagents
were used as obtained without further purification.

Preparation of copper salt

Copper salt was obtained using HBA and Cu,(OH),CO; as
reagents. Typically, HBA (0.1 mol, 13.89 g) and Cu,(OH),CO3
(0.05 mol, 11.05 g) were mixed in 100 mL deionized water under
stirring at 60 °C; after reacting for 24 h, the mixture was filtered
and the filtered liquor was subjected to vacuum-rotary evapo-
ration at 50 °C to remove the water and unreacted HBA. Finally,
the blue powder was collected (named as CuBA).

Preparation of the CuO@mSiO, nanocomposite

PVP and CTAB were chosen as structure-directing agents.
Typically, PVP (0.5 g) and CTAB (0.25 g) were dissolved in 18 mL
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absolute ethanol, and APTES (2.4 mL, 10 mmol) was then
rapidly injected into the ethanol solution under vigorous stir-
ring. After 2 min, the as-obtained CuBA powder (0.447 g, 0.025
mmol) was dissolved in 18 mL absolute ethanol and 1 mL
deionized water, and then added to the ethanol solution con-
taining PVP, CTAB and APTES. The whole process was subjected
to magnetic stirring at 60 °C for 4 h. After that, the resultant
solution was kept undisturbed at room temperature (20 °C)
overnight. The deposits were collected after centrifugation,
washed with ethanol several times and transferred to an oven at
60 °C to dry (named as CuBA@SiO,). Finally, the deposits were
calcined at 600 °C for 2 h to obtain the CuO@mSiO,
nanocomposite.

Catalytic performance testing

The catalytic property of the CuO@mSiO, composite was tested
by studying the change in the intensity at the maximum
absorbance wavelength (A,.x) of methylene blue (MB) dye.
Typically, the CuO@mSiO, composite (2 mg) was homoge-
neously dispersed in a 2.5 mL MB dye solution (0.01 mg mL "),
followed by the rapid injection of 0.5 mL NaBH, solution
(0.5 mg mL™"). In the recycling study, the catalysts were sepa-
rated from the solution by centrifugation after the reduction
reaction was completely finished. After washing with water
twice, the catalyst was used in the next reaction run. The
procedure was repeated 6 times.

Characterization

Fourier-transform infrared (FT-IR) spectra were recorded using
a KBr carrier containing the powder sample using an ENSOR
spectrometer. A JSM-7610FPlus scanning electron microscope
(SEM) with a primary electron energy of 15 kv was employed to
examine the surface morphologies of the products. TEM images
were obtained using an FEI Tecnai G2F30 transmission electron
microscope with an accelerating voltage of 200 kV. X-ray
diffraction (XRD) data were collected with a Rigaku D/Max-
2500 X-ray diffractometer using a Cu target radiation source.
Ultraviolet-visible (UV-vis) spectra were acquired at room
temperature using a SHIMADZU 3100 UV-vis-near-IR spectro-
photometer. X-ray photoelectron spectra (XPS) were collected
using a VG ESCALAB MKII with Al Ko excitation (1361 eV).
Binding energy calibration was based on the C 1s spectrum at
284.6 eV. Inductively coupled plasma (ICP) atomic emission
spectroscopy measurements were performed on an Optima
7000 DV.

Results and discussion

Scheme 1 shows the synthetic pathway for the preparation of
the CuO@mSiO, nanocomposite. A nucleophilic substitution
reaction took place when APTES was mixed with CuBA because
there is an electron-rich amino group on APTES and an electron-
deficient o-C on the CuBA molecule. This nucleophilic substi-
tution reaction not only resulted in the covalent linkage of
copper ions and silanol groups but also simultaneously gener-
ated the protonated amino group; thus, the sol-gel process can
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Scheme 1 Synthetic pathway for the preparation of the CuO@mSiO,
nanocomposite.

occur spontaneously under alkali-free conditions, allowing the
intact introduction of copper salts. Moreover, the covalent bond
between copper salts and APTES can make it possible to achieve
the molecular-level dispersion of copper ions in the silica
matrix, which is key for the formation of ultrasmall and highly
dispersed CuO nanoparticles. Finally, copper salts were trans-
ferred into CuO nanoparticles in situ under thermal treatment;
meanwhile, the alkyl chains were decomposed to form the
mesopores.

The pre-synthesized CuBA was characterized by FT-IR. The
strong peaks shown at 1613, 1407, 707 and 570 cm™ " (Fig. S1,
ESIt) can be assigned to the antisymmetric stretching vibration,
symmetric stretching vibration and deformation vibration of
the carboxylate groups and the stretching vibration of the C-Br
groups, respectively, indicating that CuBA was successfully ob-
tained. Fig. 1 shows the FT-IR spectrum of the hybrid
CuBA@SiO, materials, wherein the presence of all the charac-
teristic absorption peaks of CuBA demonstrated that the
organic copper salt was well-protected during the sol-gel
process and embedded in Si-O-Si networks. A strong peak at
1134 cm ™' can be clearly observed, which can be assigned to the
secondary amine group, indicating that the nucleophilic
substitution reaction indeed occurred. The peaks at 1094 and
924 cm ™! can be ascribed to the antisymmetric and symmetric
stretching vibrations of the organic Si-O-Si networks, respec-
tively. The three adjacent peaks located at 788, 750 and
698 cm™ ' are typical of Si-C stretching, confirming that the
organic chains are covalently bound on the Si-O-Si networks.
Finally, the hybrid CuBA@SiO, material was converted to the
CuO@mSiO, nanocomposite by thermal treatment. The peaks
located at 1100 and 802 cm ™' (Fig. S2, ESIT) are ascribed to the
antisymmetric stretching vibration and symmetric stretching
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Fig. 1 FT-IR spectrum of the CuBA@SiO, material.

vibration of amorphous Si-O-Si, respectively, which can be
explained by the fact that organosilicon transformed into
amorphous silica materials.

The microstructure of the pre-obtained CuBA@SiO, material
was analysed by SEM and TEM. Fig. 2(A) shows that CuBA@SiO,
has a spherical morphology with an average diameter of
~900 nm. Fig. 2(B) shows a typical TEM image of the
CuBA@SiO, nanocomposite; a compact and homogeneous
interior structure can be observed, showing that the organic
copper salt was dispersed in the whole silica matrix, which is
promising for generating a high content of CuO NPs. Fig. 2(C)
shows the EDS spectra of the as-obtained material with infor-
mation on the elements of C, O, Cu, Br and Si, which also
provides the evidence that CuBA has been well-protected.
Further analysis of the spatial distribution of elements has
been performed by EDX elemental mapping and line-scanning;
the results are shown in Fig. 2(D-K), which illustrate that all the
elements are homogeneously dispersed in the silica matrix,
allowing the preparation of silica material loaded with highly
dispersed CuO nanoparticles.

The CuO@mSiO, nanocomposite was obtained by the
pyrolysis of the hybrid CuBA@SiO, material. The

Fig. 2 SEM image (A),

TEM image (B),
elemental mapping (D-G) and EDX line-scan images (H-K) of the
CuBA@SIiO, material.

EDS spectrum (C), EDX

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 SEM image (A), TEM image (B), magnified TEM image (C),
HRTEM image (D), EDS spectrum (E), HADDF image (F) and EDX
elemental mapping (G-1) of the CuO@mSiO, material.

e = —
== r 1) 550 il
- I ‘ ‘ |
~ = (022)
| | 004) (-222) |
»\ *ll‘
|
| ﬂ Ull m I
11
= A ) s fw““‘ ‘MWF T
< |
&= 62 64 66 68 70 72 74 76 78 80 82!
z e —
‘2
= -~ -
< = & o
- — > w
= = oo~
N S r.
MF | ‘ '
1 1 1 1 1

10 20 30 40 50 60 70 80 90
20 /°

Fig. 4 XRD pattern of CuO@mSiO, material.

microstructure of the CuO@mSiO, nanocomposite is shown in
Fig. 3. From Fig. 3(A), we can see that the average diameter of
CuO@mSiO, is reduced to ~700 nm, mainly because of the
high proportion of organic ingredients in the organic-inorganic
hybrid CuBA®@SiO, material. However, the spherical
morphology shows no significant change in the process of
calcination, which reveals the good mechanical property and
stability of the hybrid silica material. The typical TEM image
shown in Fig. 3(B) presents a uniform interior structure. The
magnified TEM image shown in Fig. 3(C) gives the additional

© 2022 The Author(s). Published by the Royal Society of Chemistry
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information that CuO NPs with an average diameter of ~3 nm
(inset in Fig. 3(C) shows the statistics of the size distribution)
are uniformly dispersed in the whole silica matrix. For more
evidence of the generation of CuO NPs, Fig. 3(D) shows the
high-resolution TEM image with an enlarged selected part,
which presented a clear crystalline lattice with an interplanar
spacing of 0.232 nm, corresponding to the (111) lattice of CuO
crystals (JCPDS no. 80-1916). The EDS spectrum (Fig. 3(E))
presents the remaining elements of O, Si and Cu after thermal
treatment. Fig. 3(G-I) present the EDX elemental mapping
images of the CuO@mSiO, material, giving further information
on the well-dispersed CuO NPs.

Further information about the obtained CuO@mSiO,
material was acquired by XRD. As shown in Fig. 4, a dispersive
characteristic peak is presented at 26 = 22.8°, which can be
assigned to the amorphous silica matrix. The diffraction peaks
at 20 = 32.5°, 35.5°, 38.6°, 48.6°, 53.5°, 58.3°, 61.4°, 65.8°, 66°,
68°, 72.3°, 74.9° and 75.1° (magnified inset image) can be
indexed to the (110), (—111), (111), (—202), (020), (202), (—113),
(022), (—311), (220), (311), (004) and (—222) planes of the CuO
crystal, respectively, with the cell parameters of a = 4.692, b =
3.428, ¢ = 5.317 and # = 99.546 (JCPDS no. 80-1916). The result
of XRD illustrates that CuO NPs with high crystallinity were
generated in situ in the silica matrix, which also agrees with the
TEM data.

Fig. 5 shows the N, adsorption-desorption isotherm of the as-
obtained CuO@mSiO, nanocomposite. A typical type IV isotherm
with a type H4 hysteresis loop, which indicates a composited
silica material with disordered vermiculate pores, was obtained.**
The BET surface area is 77 m”> g~ ' and the pore diameter is about
2.5 nm. CuBA was covalently linked with APTES, and there are
several alkyl chains distributed in the silica matrix when the sol-
gel process occurred. Moreover, the use of CTAB provides more
organic placeholders. During the thermolysis of the hybrid
CuBA@SiO, material, the alkyl chains were carbonized via
chemical decomposition and were confined as vesicles in the
silica matrix, which were converted into mesopores.
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Fig. 5 N, adsorption—desorption isotherm of the as-obtained
CuO@mSiO, material; the inset shows the pore diameter distribution
of the CuO@mSiO, material.
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In this paper, the catalytic activity of the obtained
CuO@mSiO, nanocomposite was estimated by employing the
reduction of MB dye with NaBH, as a reductant. Fig. 6(A) shows
the UV-vis spectra of MB dye in the presence and absence of
CuO@mSiO,. Curve (a) is the spectrum of the original MB dye
with An.c at 664 nm. Curve (b) shows the spectrum of the
mixture of MB dye and NaBH, reductant after 12 h, showing
that the intensity at A,ax decayed and the value was found to be
32.8%. Curve (c) is the spectrum of the mixture of the MB dye
and the NaBH, reductant in the presence of CuO@mSiO,; the
intensity at Agn.x almost decreased to zero within 1 min,
demonstrating the excellent catalytic activity in the reduction of
organic dye.

In order to monitor the reaction rate of the MB dye solution
with NaBH, and the CuO@mSiO, material, we had to reduce
the amount of CuO@mSIiO, to 0.1 mg. Fig. 6(B) shows the UV-
vis spectra of the MB dye at different times in the presence of
0.1 mg CuO@mSiO, nanocatalyst. The rate constant K was
determined using a linear plot of In(C,/C,) and reaction time ¢
(C; and C, are the MB dye concentrations at time ¢ and 0,

2.0
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without catalyst for 12h
L5 with catalyst for 1 min
3
g
£
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Fig.6 (A) UV-vis spectra of the original MB solution; the mixture of MB

and NaBH, solution after 12 h; and the mixture of MB and NaBH,4
solution after 1 min in the presence of 2 mg CuO@mSiO, nano-
composite. (B) UV-vis spectra of MB and NaBH4 in the presence of
0.1 mg CuO@mSiO, nanocomposite at different times; the inset
shows the rate constant (k) estimated using the slopes of the straight
lines of In(C¢/Cp) vs. reaction time.
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Cycle

Fig. 7 The degradation rate of each cycle of MB solution in the
presence of 2 mg CuO@mSiO, catalyst in 1 min.

respectively, measured from the relative intensity of the
respective absorbance 4, and A,). The constant K was calculated
from the equation In(C,/C,,) = Kt, and the slope of the linear fit
result was 0.134 min~". To further compare our result with the
reported values, the catalytic activity K’ was calculated (K’ = K/
Mcuo, Where Mc, is the total mass of the CuO NPs measured by
ICP measurements, and the value is 12.8%). The K’ of the ob-
tained CuO@mSiO, nanocomposite is 174.4 s~ g~ ', which is
higher than that of some reported noble metal catalysts®*™” (for
detailed comparative information, see Table S1, ESIt).

The reusability of CuO@mSiO, was also tested. The intensity
at Amax of the MB dye was immediately measured after the
reaction with 2 mg catalyst for 1 min in each cycle. As shown in
Fig. 7, the degradation of MB dye could still reach up to 90%
even after 6 cycles. The main reason is because the loss of the
catalyst could not be avoided during the processes of collection
and washing, which inevitably affects the catalytic activity.

Conclusions

In conclusion, we present an alkali-free strategy for preparing
spherical silica with disordered mesopore-loaded ultrasmall-
sized, highly dispersed and high-content CuO NPs. The ob-
tained nanocomposite has excellent catalytic activity in the
reduction of organic dye. Compared with the traditional
pathway that requires extreme pH conditions and a multistep
process for constructing mesoporous silica loaded with metal or
metal oxide nanoparticles, this route is facile and efficient.
However, more efforts must be devoted to the synthesis of
highly ordered mesoporous silica loaded with high-content and
highly dispersed functional nanoparticles under this presented
route, which may provide the possibility for the practical
application of mesoporous silicon materials.
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