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recyclable nanocatalysts for the catalytic reduction
of 4-nitrophenol†
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and Mei Zhanb

Bifunctional oligomers with both reducing and stabilizing functionalities were prepared and successfully

applied to the preparation of silver colloids of around 2 nm size without employing a strong stabilizer

such as S and P, which was quite difficult to achieve. Transmission electron microscopy (TEM) and

dynamic light scattering (DLS) were performed to determine the morphology and particle size of the Ag

colloids. UV-vis spectroscopy and X-ray absorption spectroscopy (XAS) were implemented to investigate

the oxidation state of the Ag colloids. Synthesis parameters such as the density control of the ligating

functionalities, the propinquity of the reducing and stabilizing groups, the extent of ligand stabilization

and the reducing rates were found to have important effects on the formation and stabilization of Ag

colloids. The as-synthesized Ag colloids were very stable even after being deposited on silica; then, they

were subjected to calcination to get rid of the organics, which afforded Ag NPs (1.9–3.5 nm) on silica

with narrow size distribution. These Ag NPs performed excellently in catalytic 4-nitrophenol reduction

with conversion of up to 98% within 10 min. Furthermore, the Ag nanoparticles were quite stable and

exhibited excellent reusability for seven successive reaction cycles without obvious decay. The

straightforward synthesis of the ultra-small and stable Ag NPs has the potential for applications in the

synthesis of other supported late transition metals.
Introduction

Nanoparticles of noble metals, especially metal nanoparticles in
the quantum-size domain, have attracted tremendous attention
due to their extensive applications in electronics, optics, catal-
ysis, and biomedical and environmental elds.1–3 Silver nano-
particles have been widely studied due to their attractive
spectrum of physical properties and their signicant potential
for selective activity in a very wide range of applications
including antimicrobial agents, wastewater purication, elec-
tronics, and biological sensing and imaging.4–9

Among these applications, the employment of silver NPs in
sewage treatment is of great signicance due to the intrinsic
electronic properties and particular catalytic performance. For
example, 4-nitrophenol (4-NP) is one of the most toxic pollut-
ants that exists widely in both industrial and agriculture
l Media Technology, Xi'an University of
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effluents such as petrochemicals and pharmaceuticals.10 It is
listed as a “priority pollutant” since it can hardly be removed by
natural degradation and is genotoxic and carcinogenic to
animals and humans.11,12 The catalytic reduction of 4-NP over
noble-metal NPs has been demonstrated to be an efficient and
eco-friendly procedure for producing 4-aminophenol (4-AP),
which is an important intermediate for ne chemicals such as
synthetic dyes, pharmaceuticals and pesticides.10,13 Therefore,
the reduction of 4-NP to 4-AP was chosen as a model reaction to
quantitatively evaluate the catalytic properties and consider
pollutant treatment and green regeneration.14,15

The intrinsic properties of catalytic silver nanoparticles are
predominantly determined by their size, shape, structure,
composition and crystallinity. However, silver NPs are thermo-
dynamically unstable and are inclined to agglomerate to mini-
mize the surface energy, resulting in a signicant decrease in
catalytic activity. Colloidal silver particles of less than 2 nm size
have shown many extraordinary properties since their size is
fairly close to the Fermi wavelength. It has been demonstrated
that there exists a strong size effect on the catalytic performance
in this range.16–19 Jiang20 investigated the catalytic oxidation of
CO on the Ag38 cluster supported by graphdiyne and provided
intensive understanding of its high activity originating from the
RSC Adv., 2019, 9, 31013–31020 | 31013
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intrinsic activity of the Ag38 cluster. Zamborini and co-workers
addressed the size-dependent electrochemical oxidation of
silver nanoparticles as a function of particle size.21 In view of the
strong correlation between stability, particle size and catalytic
properties, great efforts have been made to design strategies to
prepare small silver colloids, especially those less than 2 nm in
size.

The concept of stabilizing silver nanoparticles is one of the
potential strategies for conquering the aggregation problem. In
most cases, stabilized nanoparticles are coordinated with
strong surfactants to prevent agglomeration and they might
show specic surface properties;22 therefore, the selection of
a stabilizer is crucial. Assuming that the stabilizer interacts
weakly with Ag, the Ag atoms will migrate to form large Ag
particles. Likewise, if the stabilizer interacts strongly with Ag, it
could alter the surface nature of the particles so as to affect the
catalytic performance signicantly. Ideally, it is desirable to
develop synthetic strategies to synthesize silver nanoparticles,
which provide exibility for functionalizing the nanoparticles
according to the need. Many reports have shown that bifunc-
tional stabilizers have been applied successfully in many cases
such as polyoxometalates,23 dithiocarboxylates,24 dithiocarba-
mates,25 mercaptosuccinic acid,26 2-mercaptopropionic acid,27

mercaptocarbonyl compounds28 and ethylenediamine tetraa-
cetate.29 As for the bifunctional stabilizers, one functional group
is ligated to the silver particle, and the other one offers
a charged layer that can stabilize the particles and prevent them
from aggregating by charge–charge repulsion. Ultimately, we
would like to synthesize stable silver particles with high cata-
lytic activity, but there are two crucial problems worth consid-
ering. First, both sulfur and phosphorus have strong chemical
interactions with Ag, which can inuence the chemical prop-
erties of the surface atoms. Thus, the activation of silver catalyst
oen need harsh treatment to remove the stabilizer which will
lead to notable coarsening of the silver particles. Second, it is
accepted that residual S or P can poison the Ag catalysts in the
presence of stable sulfates or phosphates.30,31 Thus, there is
a strong potential to identify bifunctional stabilizers that on the
one hand interact more weakly with Ag as compared with S and
P and on the other hand can ligate and stabilize silver nano-
particles with narrow size distribution.

Herein, bifunctional SiHx–NHy–PMHS oligomers were
synthesized and used to successfully prepare stable and
uniform silver colloids smaller than 2 nm without using
a strong stabilizer such as S and P, which is known to be difficult
to accomplish. Signicantly, by designing both reducing and
stabilizing groups in a single oligomer, their interactions with
the silver precursor and the proximity of the functional groups
could be manipulated, so that the reduction and nucleation
processes of silver nanoparticles could be controlled at the
atomic level as well as in the subsequent stabilization process.
We designed and synthesized a functionalized oligomer as
a stabilizer containing two types of groups for the fabrication of
colloidal Ag with the size of around 2 nm. The –SiH groups
functioned as the reducing agent, the –NH groups were coor-
dinated to the surface Ag atoms, and the particles were stabi-
lized from agglomeration. Besides, the ratio of the two ligands
31014 | RSC Adv., 2019, 9, 31013–31020
could be adjusted by a hydrolytic process. Furthermore, another
transition metal could be incorporated into the resulting
colloids, which could be potentially used to design and
synthesize binary noble catalysts. Subsequently, the preparation
process was monitored by recording the NMR spectra in solu-
tion, and we obtained deep insights into the synthesis param-
eters that determined the morphology of silver colloids. We
conrmed the essential proximal location of the –NH groups
and the reducing SiH ligand; we also established that the
density of the ligating groups, the proximity of the ligating and
reducing groups and the rates of reduction have a strong effect
on the particle sizes of silver colloids. The as-synthesized Ag
colloids were very stable even aer being deposited on silica;
subsequently, they were calcined to burn the organics in He and
O3 atmospheres, which afforded Ag NPs (1.9–3.5 nm) on silica
with narrow size distribution. Finally, the reduction of 4-nitro-
phenol to 4-aminophenol with excess NaBH4 was employed as
a probe reaction to screen the activities of these AgNPs. The
reaction kinetics were investigated by monitoring the time-
dependent conversion of 4-nitrophenol in the system. More-
over, these catalysts could be recycled for seven successive
cycles without obvious decay, indicating that this is a promising
method for fabricating stable silver catalysts for 4-nitrophenol
treatment in large-scale processes. This novel and facile method
provides potential applications for the design of heterogeneous
catalysts and can furnish grounds for fundamental catalysis
research.
Experimental
Materials

All the reagents and solvents were purchased from commercial
companies and were used as received without further purica-
tion. Poly(methylhydro)siloxanes (PMHS I, 1700–3200 g mol�1),
palladium hydroxide on carbon (30 wt% loading), silver acetate
(99.0%), 4-nitrophenol ($99.0%), sodium borohydride
($99.0%), toluene (anhydrous, 99.8%), tetrahydrofuran
(99.9%), ethyl ether ($99.0%), calcium sulfate (drierite, 8
mesh), triethylsilane (99%) were purchased from Sigma-
Aldrich. N-Methyl-aza-2,2,4-trimethylsilacyclopentane was
purchased from Gelest. Celite and sodium sulfate ($99.0%)
were purchased from EMD Chemicals. Experiments referring to
compounds II and III were performed under N2 protection
either in an N2 glovebox or using a Schlenk line.
Synthesis of bifunctional oligomer SiHx–NHy–PMHS

Scheme 1 shows the steps in the synthesis of the bifunctional
amino hydrosiloxane SiHx–NHy–PMHS. First, 0.64 mL PMHS I
containing 10 mmol SiH groups was added to a Schlenk ask
that was preloaded with 20 mL THF. Quantitative H2O (90 mg,
180 mg, 300 mg) was added to partially or totally oxidize the
–SiH groups to –SiOH groups in the presence of Pearlman's
catalyst to form SiHx–SiOHy–PMHS (II or III). The reaction was
monitored by the H2 evolution. Once the H2 evolution ceased,
the remaining mixture was dried thoroughly with sodium
sulfate. Column chromatography was performed to remove the
This journal is © The Royal Society of Chemistry 2019
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Scheme 1 Synthesis of the bifunctional SiHx–NHy–PMHS oligomer for
Ag colloid preparation.
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Pearlman's catalyst, in which sandwiched Celite and Drierite
were layered using diethyl ether as the eluent. Aer that, the
–SiOH groups of synthesized II or III were quantitatively reacted
with evaporation to generate the desired SiHx–NHy–PMHS
oligomer IV or N-methyl-aza-2,2,4-trimethylsilacyclopentane
under N2 protection. The mixture was stirred for around
30min followed by the addition of solvent V. The as-synthesized
compounds were characterized with NMR spectra; they are
shown in Fig. S1 and S2.† 1H NMR (400 MHz, CDCl3) d 0–0.015
(–Si(CH3)3, –Si(CH3)2, –SiHCH3, –SiCH3); 0.38 (–SiCH2); 0.63
(–SiCH2); 0.84 (–NH); 0.92 (CH3CH–); 1.80 (CH3CH–); overlapped
2.43 (–NHCH2, –NHCH3); 4.8(SiH–); 7.26 (CDCl3).

13C NMR (100
MHz, CDCl3) d�2.64 (–Si(CH3)3); 1.09 (–SiCH3); 1.37 (–Si(CH3)2);
20.96 (CH3CH–); 24.55 (–SiCH2); 29.09 (CH3CH–); 36.58
(–NHCH3); 61.64 (–NHCH2); 77.00 (CDCl3).

29Si NMR (80 MHz,
CDCl3) d �66.91 (–SiCH3); �36.60 (–SiHCH3); 6.32 (–Si(CH3)3);
7.97 (–Si(CH3)2).
Synthesis of silver colloids with as-synthesized bifunctional
oligomer

Synthesis of amine-functionalized silver colloids. Quantitative
SiHx–NHy–PMHS was dissolved in THF solution in an ice bath.
Then, aliquots of 6 mMAgNO3 solution inmethanol were added
to the vial. In these experiments, the amounts of oligomer and
AgNO3 added were calculated with respect to the –SiH or –NH
group. When –SiH was not an internal portion of the oligomer,
a mild reductant, triethylsilane, was introduced into the system.
Different ratios of SiH/NH/Ag were examined, which are shown
in Table 1. The total amount of the mixture was maintained at
Table 1 Average Ag particle size in different preparations

Sample H2O addeda(mg) Amine and silane carrier

Synthesis s

[Olig]c (mM

A 0 PMHS I 0.8
B 90 SiH–NH–PMHS V 1.6
C 180 Et3SiH + NH–PMHS IV 0.8
D 300 Et3SiH + NH–PMHS IV 0.8
E 90 SiH–NH–PMHS V 1.6

a Quantitative H2O was added to partially or totally oxidize SiH to silanols i
on an average of 38 siloxane units per oligomer. d Calculated using the ex

This journal is © The Royal Society of Chemistry 2019
10 mL and the silver concentration was maintained at 3 mM
nally. The reaction was kept for one hour at 0 �C. Silica-
supported silver nanoparticles were made by graing Ag
colloids onto Cabosil-L90 immersed in THF and then calcined
in He and O3/O2 atmospheres in sequence at 150 �C.

Sample characterization

NMR spectra were collected with an Agilent DD2 spectrometer
and the data were processed with MNova 9.0 soware. The
morphologies of Ag colloids were examined using the TEM
model on a JEOL 2100-F transmission electron microscope.
High angle annular dark-eld STEM images were obtained with
a eld emission gun at 200 kV. Particle size distribution was
analyzed by counting more than 300 particles based on the
images. Dynamic light scattering spectra were obtained with
Brookhaven BI9000, which could measure the hydrodynamic
diameters of the Ag colloids. A Thermo ESCALAB 250Xi
instrument was used to collect X-ray photoelectron spectra. It
was equipped with an electron ood gun using Al Ka radiation
(1486.6 eV). An HP8452 diode array spectrophotometer was
used to acquire the UV-vis absorption spectra. Beamline 5-BMD
was used to obtain X-ray absorption spectra in the uorescence
mode. The data were collected at a temperature of about 25 K,
using a helium cryostat, in order to reduce the Debye–Waller
effects. Silver foil and silver nitrate were applied as the stan-
dards. Demeter was used to analyze the XAS data.

Catalytic test of the as-synthesized catalysts

The reduction of 4-NP with excess NaBH4 solution was used as
a model reaction to quantitatively evaluate the catalytic activity
of the silver nanocatalysts. The reaction kinetics did not depend
on the concentration of the NaBH4 solution. Once NaBH4 was
added to the 4-NP solution, the color immediately changed
from light yellow to yellow-green due to the formation of 4-
nitrophenolate ions in the solution. Then, the yellow-green
color gradually faded over time aer introducing silver nano-
catalysts due to the conversion of 4-NP to 4-AP. The reduction
process was monitored by UV-vis spectra collected at different
time intervals.

Typically, 40 mLmixed aqueous solution containing 3 mM 4-
NP and 100mMNaBH4 was prepared. Then, the Ag nanocatalyst
(containing 0.005 mmol Ag) was added to the reaction with
continuous stirring to form a suspension at room temperature.
olution conditionsb

Ag colloid diametere (nm)) [Amine]d(mM) Ag/SiH T (�C)

— 1 : 10 0 10.5 � 3.3
30 1 : 10 0 1.2 � 0.4
30 1 : 3 0 2.5 � 0.9
30 1 : 10 0 3.6 � 1.5
30 1 : 10 25 5.4 � 1.94

n the presence of Pearlman's catalyst. b N/Ag atomic ratio was 10. c Based
tent of conversion of SiH to amino units. e Based on 300 particles.

RSC Adv., 2019, 9, 31013–31020 | 31015
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At appropriate time intervals, an aliquot of the reaction mixture
was taken out with a syringe and ltered with membrane lters.
The UV-vis absorption spectrum of the ltrate was recorded
immediately. The reaction rate was measured based on the
absorbance intensity of the 4-nitrophenolate ion peak at 400 nm
as a function of time.

When studying the recycling of the active catalyst Ag/SiO2-1
system, the solution obtained aer the reaction was ltered
with amembrane lter and the solid was washed with deionized
water for several times. Aer that, the recovered catalyst was
dried in the oven at 80 �C for the next run under the same
conditions.
Results and discussion
Interaction of AgNO3 with the bifunctional oligomer SiHx–

NHy–PMHS

The resonances of the protons of the Ag colloid and the cor-
responding oligomers are shown in Fig. 1. The two protons of
NH–CH2– were diastereotopic and appeared as broad and
multiplet peaks together with the NH–CH3 resonance at
around 2.3–2.4 ppm. Based on the integrated areas of NH–,
NH–CH2– and NH–CH3, we inferred that the integration
accounted for the majority of the protons associated with the
amine groups in the oligomer. The existence of the –SiH
groups in oligomer IV resulted in the immediate reduction of
Ag(I) aer mixing with the Ag precursor. The following
remarkable changes were observed and the resonance shied
from d 0.85 to 2.5 ppm (Fig. 1A and B). The overlapping NH–

CH2– and NH–CH3 peaks now separated into two peaks:
a relatively broader one at d 2.38 ppm and a sharper one at
d 2.48 ppm in the resonance peaks of NH–, NH–CH2– and NH–

CH3. The NH– peak was at 2.48 ppm. However, the addition of
Et3SiH in oligomer V gave rise to the reduction of Ag(I) aer
mixing with the Ag precursor and obvious variations in the
peaks of NH–, NH–CH2– and NH–CH3. The NH– resonance
Fig. 1 1H NMR spectra of Ag colloid samples after the addition of
AgNO3 to SiHx–NHy–PMHS IV and V. (A–D) Correspond to SiHx–NHy–
PMHS IV, Ag-IV, V and Ag-V.

31016 | RSC Adv., 2019, 9, 31013–31020
shied from d 0.85 to 1.25 ppm (Fig. 1C and D). A new broad
peak that appeared at 2.9 ppm (Fig. 1D) could be assigned to
NH–CH2– and NH–CH3 of oligomer IV, which coordinated to
Ag(I). The overall prominent shis demonstrated that the
structure was altered in oligomers IV and V. We inferred that
Ag(I) was reduced by SiH and the formed compound could
easily react with a neighboring NH– group in the form of a new
silazane bond accompanied by the protonation of another
amine group.32 The proposed equations are listed below.
These structural modications gave rise to the observed
spectroscopic shis and essentially reected the conforma-
tional changes in the oligomer.

–NHR + AgNO3 ¼ Ag(NHR)NO3 (1)

2(NHR)AgINO3 + 2R3SiH ¼ 2NHRAg0 + 2R3Si(NO3) + H2 (2)

R3Si(NO3) + 2NHR2 ¼ R3SiNR2 + R2(NH2)
+(NO3)

� (3)

Characterization of silver colloids synthesized with
bifunctional oligomers

The TEM images of samples A to E are shown in Fig. 2. Not
surprisingly, sample A showed large non-uniform Ag agglom-
erates larger than 10 nm. This is not difficult to understand
since this sample was prepared without amine ligands on the
backbone of the oligomer, which demonstrated that amine
ligands are imperative to stabilize small Ag colloids. For sample
B, the predominant Ag particles were around 1.2 nm in diam-
eter, while for samples C and D, the Ag particles were around
2.5–3.6 nm in diameter. For sample B, it was observed that the
particle size of the Ag colloids (Table 1) was smaller (compared
with those for C and D) and the uniformity was much higher.
The difference was that the sample B was prepared with
a bifunctional oligomer possessing internal reducing (–SiH)
groups and ligating (amine) groups. However, samples C and D
were synthesized with oligomers containing amine groups only,
and the external reducing –SiH groups were added in the
Fig. 2 TEM images of Ag colloid. (a–e) Correspond to sample A to E in
Table 1.

This journal is © The Royal Society of Chemistry 2019
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Fig. 4 UV-visible spectra of Ag colloid. (a–c) Correspond to samples
B–D in Table 1.
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process. It can be deduced that the inuence of the proximity of
the silane and amine groups on the morphology of Ag colloids
might be important; the more proximal the reducing groups
and ligating groups, the smaller the silver particle size and
distribution. More importantly, using a relatively lower
concentration of triethylsilane as the external reducing agent
resulted in much smaller particles of Ag colloids (compared
with samples C and D). A lower concentration of the reductant
probably led to a much slower reduction rate of the reaction.
This allowed the amine groups to coordinate with Ag atoms
more effectively to prevent Ag from agglomeration to some
degree. This demonstrated that the reduction rate was quite
important for controlling the morphology of Ag colloids. This
result was consistent with the outcomes that the Ag colloids
made at 0 �C were much smaller and more narrowly distributed
than the samples made at 25 �C (compared with samples B and
E). It was easy to understand that either the mobility of the Ag
atoms or the reduction rate of the reaction was expected to be
much slower at a relatively lower temperature, which could
generate smaller Ag colloids.

Apart from the TEM images, another measurement was also
obtained to characterize the Ag colloids. Dynamic light scat-
tering can provide information about the hydrodynamic diam-
eters of the obtained colloids. The data are shown in Fig. 3; the
data indicated that the average particle sizes of the colloids were
11.7, 1.9, 3.4, 3.9, and 6.1 nm for samples A–E, respectively,
which exhibited the same trend as that observed in the TEM
images. The data provided by dynamic light scattering reected
the particle size of the entire colloid in addition to that of the
sole Ag particles. In other words, actually, the Ag particles were
embedded in a shell of the functionalized oligomer. It was not
surprising that the particle sizes determined by DLS were
somewhat larger than those derived from the TEM images since
the data from TEM represented the individual Ag particle size
rather than that of the whole colloid.

UV-visible spectroscopy was performed as well to charac-
terize the Ag colloids. As shown in Fig. 4, no distinct absorption
peaks appear for the polymer shell in the visible region, while
Ag colloids under a different preparation process exhibit a wide
absorption band in the visible light region centered around
400–420 nm. This is the characteristic absorption for the
surface plasmon resonance (SPR) peaks of Ag NPs.33–36 For the
Fig. 3 DLS data for the Ag colloids. (a–e) Correspond to samples A to
E in Table 1.

This journal is © The Royal Society of Chemistry 2019
sample B (spectrum a), the SPR peak at approximately 400 nm
was the widest, indicating that the silver nanostructures were
the smallest. The obvious red shi in the absorption band of Ag
NPs (from a to c) indicated that the particle size gradually
increased, causing the SPR peaks to narrow and increase in
intensity.37 These observations were consistent with the trends
determined by TEM.

Ag XANES was performed to investigate the oxidation states
of Ag by the intensity of a white line at the edge energy. Fig. 5
shows the XANES spectra of the silver colloids with the standard
silver foil and silver nitrate. The silver nitrate absorption edge
appeared at higher energy than that of the silver foil due to the
oxidation state of Ag+. Since the Ag atom in silver nitrate lost
a “d” electron, the “1s” orbital electrons were deshielded from
the nucleus; therefore, their binding energy increased.38 The
spectra obtained from samples B to D were very similar, and
their absorption edges appeared at the same energy as that of
the silver foil. No intense white line characteristic of AgNO3 was
observed. This information conrmed that the samples were
completely reduced and that silver existed as Ag(0), which
agreed well with the UV-vis results.
Fig. 5 Normalized absorption spectra at the Ag K-edge. From top to
bottom, silver nitrate, sample B, sample C, sample D, silver foil (Ag0),
respectively.
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Fig. 7 STEM images of Ag/SiO2. (a–d) Correspond to Ag/SiO2-1, Ag/
SiO2-2, Ag/SiO2-3, Ag/SiO2-4. Scale bar is 20 nm.
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Characterization of silica-supported Ag nanoparticles

The Ag colloid with the smallest particle size and the narrowest
distribution (sample B) was prepared to synthesize supported
Ag/SiO2 nanoparticles. The colloidal particles were deposited
onto silylated silica and calcined in He and O3/O2 at 150 �C,
which could burn and get rid of all the organics and thus
convert siloxane into SiO2.39 Among the samples, the Ag load-
ings were 1 wt%, 2 wt%, 3 wt%, and 4 wt%; the samples were
denoted as Ag/SiO2-1, Ag/SiO2-2, Ag/SiO2-3, and Ag/SiO2-4,
respectively.

XPS analysis was conducted to further elucidate the surface
composition of the silica-supported Ag nanoparticles. For all
the Ag/SiO2 samples, there was no detectable Cl, N or S by XPS in
any of the samples. The peaks with binding energies of 282.7,
530.3, 100.7 and 366.3 eV were attributed to C 1s, O 1s, Si 2p and
Ag 3d, respectively, indicating the presence of the C, O, Si and
Ag elements in the samples (Fig. S3†). Higher-resolution spectra
were obtained to investigate the electronic states of the
elements. In the spectrum of Ag 3d in Fig. 6, two peaks centered
at 368.2 and 374.2 eV with a spin–orbit separation of 6 eV can be
assigned to Ag 3d5/2 and Ag 3d3/2, respectively. These results
further veried that only metallic Ag oxidation states were
present in the supported Ag samples.40 Furthermore, the
intensity of Ag 3d increased with the increase in Ag loading,
which was consistent with the results of our experiments.

The STEM images of Ag/SiO2-1, Ag/SiO2-2, Ag/SiO2-3, and Ag/
SiO2-4 are shown in Fig. 7. The particle size of the Ag colloid
used for the preparation of catalysts was 1.2� 0.4 nm, as shown
in Fig. 2. The Ag particle sizes of the catalysts gradually
increased from 1.9 nm to 3.5 nm as the silver loading increased
from 1 wt% to 4 wt%. The reason was that the Ag particles in
these samples were surrounded by siloxane oligomers and the
silver loading increased as the organics increased. We had to
remove the organics aer the thermal treatment to achieve the
Si–O–Si cluster around the Ag nanoparticles so as to prevent the
Ag particles from agglomerating to some degree. During calci-
nation, the organics served as the fuel to cause local heating.
The initial growth of Ag clusters probably occurred within the
same Ag-PMHS particle. With more organics being burnt and
more overheating, collisions between particles occurred, where
Fig. 6 XPS spectra of Ag 3d: (a–d) correspond to Ag/SiO2-1, Ag/SiO2-
2, Ag/SiO2-3, Ag/SiO2-4.

31018 | RSC Adv., 2019, 9, 31013–31020
interparticle exchange of Ag particles took place and this
enabled their subsequent agglomeration. It can be concluded
that the Ag particles prepared in this method were highly
dispersed and were relatively stable under thermal conditions.
Catalytic performance of Ag/SiO2 nanoparticles

The catalytic reduction of 4-NP in the presence of NaBH4 was
chosen as a model reaction to quantitatively evaluate the cata-
lytic activity of the prepared Ag/SiO2 samples. Although the
reaction is thermodynamically favorable, it can hardly be trig-
gered without catalysts. It has been widely applied to evaluate
the catalytic activities of various metallic NPs.41,42 The reaction
can be monitored in real-time by UV-vis absorption spectros-
copy. The 4-NP solution exhibited a strong absorption peak at
317 nm in neutral or acidic conditions. Upon the addition of the
NaBH4 solution, the characteristic peak of 4-NP immediately
shied from 317 to 400 nm (Fig. 8a), accompanied with a color
change from light yellow to yellow-green due to the formation of
the 4-nitrophenolate ions.43,44 Notably, there was no change in
the maximum absorption over time even aer the superuous
addition of the NaBH4 solution. The reduction of 4-NP did not
occur without the use of Ag NPs as the catalysts. Aer the Ag/
SiO2-1 nanoparticles were added, the characteristic absorption
peak of the 4-nitrophenolate ions at 400 nm gradually decayed,
while a new peak at 295 nm, ascribed to the only product 4-AP,
appeared (Fig. 8b). Meanwhile, the color of the 4-nitrophenolate
ions gradually diminished within 10 min.

The concentration of NaBH4 was supposed to remain
constant during the entire reaction period. Owing to the excess
amount of NaBH4 in this reaction, pseudo-rst-order kinetics
based on 4-NP can be employed to calculate the reaction rate.45

The linear relationship between ln(C0/C) and the reaction time
This journal is © The Royal Society of Chemistry 2019
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Fig. 8 The catalytic performance of the assembled Ag/SiO2 NPs
towards the reduction of 4-NP. (a) UV-vis spectra of the 4-NP solution
after the addition of NaBH4; (b) time-dependent UV-vis spectra of the
reaction with Ag/SiO2-1; (c) reaction rate plots using Ag/SiO2 with
different Ag loadings and different values of C0, where C0 is the initial
concentration of 4-NP and C is the concentration of 4-NP at
a particular time; catalyst dosage is 50 mg; (d) conversion efficiency of
4-NP for 7 successive reaction cycles.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

1 
O

ct
ob

er
 2

01
9.

 D
ow

nl
oa

de
d 

on
 1

1/
7/

20
25

 2
:2

2:
24

 P
M

. 
 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-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
was observed with different Ag loadings (Fig. 8c), which further
conrmed the applicability of the pseudo-rst-order kinetics.
The rst-order rate constants of Ag/SiO2-1, Ag/SiO2-2, and Ag/
SiO2-3 were calculated to be 0.361 min�1, 0.455 min�1, and
0.69 min�1, respectively. This value of k was relatively higher
than those reported in the literature using different supported
Ag NPs prepared through different experimental protocols.46

The electron transfer from the BH4
� ions to the 4-nitro-

phenolate ions occurred via the surface of the metal nano-
particles.47 A higher Ag loading meant more Ag-active surfaces,
thus favoring the reaction.

Apart from the activity and kinetics, the stability and reus-
ability of the as-prepared Ag catalyst were further examined. It
was demonstrated that the catalytic performance of the as-
synthesized supported Ag NPs was considerably stable without
any obvious decay even aer seven successive experimental runs
(Fig. 8d). The preeminent catalytic performance and reusability
could be due to the quite small and highly dispersed Ag NPs
anchored on the silica support. The comparison of the TEM
images and XPS spectra before and aer seven recycles is shown
in ESI (Fig. S4 and S5†). A comparison of the sample before and
aer the catalytic evaluation was made. It was observed that
there was no obvious increase either in the structure or the
properties of the reused catalyst. This indicated that the as-
synthesized Ag/SiO2 catalyst was stable and did not agglom-
erate considerably during the catalytic performance evaluation.
Conclusions

In summary, we developed a practical and simple strategy that
did not require strong stabilizers (S and P) to synthesize silver
colloids. The preparation process was controlled by function-
alized siloxane oligomers that played dual roles in
This journal is © The Royal Society of Chemistry 2019
encapsulation with both ligating functionalities (–NH) and
reducing functionalities (–SiH). This strategy was successfully
employed to mediate the variation in silver colloids even those
smaller than 2 nm. The variation of the ratios of the functional
groups permitted us to dene relevant synthesis parameters, for
instance, the proximity of silane and amine, the extent of
stabilization of the bifunctional ligands and the reaction rates
of Ag reduction, which could determine the morphology of the
resulting Ag colloids. The Ag colloids obtained by this method
were very stable even aer being deposited on silica and went
through He and O3/O2 calcination to get rid of the organics.
Efficient assembly and high-density dispersion of Ag particles
ranging from 1.9 to 3.5 nm with narrow size distribution were
achieved on the surface of silica. They exhibited a high perfor-
mance in the catalytic reduction of 4-NP to 4-AP with conversion
of 98% within 10 min in the presence of NaBH4. Furthermore,
the Ag nanoparticles were quite stable and exhibited excellent
reusability for seven successive reaction cycles without obvious
decay. Because the principles applied in this synthesis are
general, the synthetic route can be applicable to synthesize
many other late transition metal colloids with controllable
morphology. Therefore, it can provide many promising appli-
cations in other elds such as in sensors, catalysis and anti-
bacterial studies.
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