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We present a systematic study on the ionic permeability and protective ability of silica shells with different

aging degrees by using the acid etching of silica-coated iron oxide nanoparticles as the model reaction.

Contradictory to common impressions, we found that the ionic permeability of silica shells increased

rather than decreased with the increasing aging degree. This trend may be explained by the chemical

nature of the sol–gel silica shell that affects the wettability and, thereby, the transportation of water

molecules and hydrated ions. Our study provides novel insights into the protective ability of sol–gel

derived silica, which enables us to design thin but low-permeability shells for the stability of inner

nanoparticles under harsh conditions without scarifying the performance of core–shell nanostructures.
1. Introduction

Owing to their high specic surface areas, nanoparticles exhibit
higher chemical reactivity, but lower stability than their bulk
counterparts.1–8 Increasing the stability of nanoparticles, particu-
larly under harsh conditions, is crucial for their widespread
applications in different areas such as catalysis, photonics, envi-
ronmental remediation, biomedicine, energy conversion and
storage.9–17 For example, functionalized magnetite-based nano-
particles have been utilized as magnetically recyclable adsorbents
for the removal of heavy metal ions from acidic waste water.18–20

Nevertheless, they oen suffer from the corrosion of iron oxide in
acidic environments, leading to the decreased recycling efficiency
through magnetic separation and the unwanted loss of adsor-
bents. In this context, surface coating with a layer of sol–gel silica
to construct core–shell structures has been used as a general
method to improve the stability of the inner nanoparticles.21–28 For
example, Tong et al. reported the use of poly(1-vinylimidazole)-
graed Fe3O4@SiO2 particles with improved stability as reusable
adsorbents for the removal of Hg2+ in waste water.25

The protective ability of silica shells depends on their
permeability to species that attack the inner nanoparticles.
Therefore, it is usually necessary to decrease the shell
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permeability in the core–shell nanostructures for more effective
stabilization under harsh conditions. Conventionally, this
requires increasing the thickness of silica shells, which oen
leads to a decreased level of performance of the inner nano-
particles.29–32 For instance, Dravid et al. reported that the
magnetic resonance imaging (MRI) performance of Fe3O4@SiOx

particles decreased with the increase of the silica shell thick-
ness.30 Chu et al. found that the photoluminescence of silica-
coated lanthanide complexes weakened when increasing the
shell thickness.31 The use of thick shells also increases the
overall particle size and, thus, greatly limits the bio-related
applications of silica-coated nanoparticles.16,33–35 Therefore, it
is of emerging interest to design thin but low-permeability silica
shells towards the stabilization of nanoparticles.

Herein we present a systematic study on the protective ability of
silica shells with different aging degrees by using the acid etching
of silica-coated iron oxide nanoparticles as themodel reaction. Our
study provides substantial evidences that the permeability of silica
shells strongly depends on their aging degrees. Surprisingly we
observed that less aged silica shells exhibit lower ionic perme-
ability, and thus better protective ability. This may be explained by
the contrast in the wettability between silica shells with different
aging degrees. Our study provides novel insights into the protective
ability of sol–gel derived silica. This knowledge enables us to
design thin but low-permeability shells for the stability of inner
nanoparticles under harsh conditions without sacricing the
performance of core–shell nanostructures.
2. Experimental section
2.1. Materials

All the chemicals were used as received without further puri-
cation. Polyvinylpyrrolidone (PVP,Mw ¼ 360 000), monosodium
RSC Adv., 2018, 8, 38499–38505 | 38499
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dihydrogen orthophosphate (NaH2PO4, reagent grade) were
obtained from Vetec. Ferric chloride hexahydrate (FeCl3$6H2O,
reagent grade) and PSSMA [poly(4-styrenesulfonic acid-co-
maleic acid) sodium salt] were purchased from Sigma Aldrich.
Sodium acetate anhydrous (99%), ethylene glycol (99.5%), tet-
raethyl orthosilicate (TEOS, >96%), ammonium hydroxide
solution (NH3$H2O, 28 wt%), ethanol (GR, $99.8%) and
hydrochloric acid (36–38%, analytical reagent) were purchased
from Energy chemical, J&K scientic, TCI, Macklin, Sinopharm
Chemical Reagent Co., Ltd and Enox, respectively. Milli-Q water
(Millipore, 18.2 MU cm at 25 �C) was used in all experiments.

2.2. Characterization

Transmission electron microscopy (TEM) images were obtained
with an FEI-Tecnai F20 (200 kV) transmission electron micro-
scope. The particle size distribution of different samples was
counted via Nano Measurement (at least 100 particles were
included for each sample). Fourier transform infrared (FTIR)
spectra were obtained with an FTIR spectrometer (Spectrum
One, PerkinElmer) using a standard KBr pellet technique. The
Brunauer–Emmett–Teller (BET) data were collected from
a Micromeritics ASAP 2020 HD88. The Fe content of different
samples was measured by an inductively coupled plasma source
mass spectrometer (ICP-MS) (Aurora M90, Jenoptik). The
magnetic properties were measured using a vibrating sample
magnetometer (VSM) in the physical property measurement
system (PPMS, Quantum Design).

2.3. Synthesis of Fe3O4 colloidal nanocrystal clusters (CNCs)

Fe3O4 CNCs were synthesized according to a reported recipe.36

Under magnetic stirring, 7.5 g of PSSMA was dissolved in
ethylene glycol (300mL) to form a clear solution, followed by the
addition of FeCl3$6H2O (8.1 g) and sodium acetate (22.5 g). The
obtained homogeneous red brown solution was then sealed in
a Teon-lined stainless-steel autoclave and heated at 200 �C for
10 hours. When cooled down, the dark precipitates were iso-
lated by a magnet and washed 6 times with Milli-Q water and
ethanol alternately, and nally dispersed in ethanol to form
a suspension with a concentration of 10 mg mL�1.

2.4. Synthesis of a-Fe2O3 ellipsoidal particles

Ellipsoidal a-Fe2O3 particles were synthesized according to
a reported recipe.37 1.3 g of Fe2Cl3$6H2O, 80 mL of NaH2PO4

solution (0.1 mg mL�1), and 400 mL of Milli-Q water were mixed
together under sonication. The mixture was then kept in an
oven at 100 �C for 48 hours. The product was collected by
centrifugation and washed with Milli-Q water several times,
which was nally dispersed in certain amount of Milli-Q water
to form a suspension with a concentration of 10 mgmL. 5 mL of
the suspension was diluted by 25 mL of Milli-Q water, followed
by the addition of 5 mL of PVP aqueous solution (Mw: 360 000,
0.04 g mL�1). The mixture was then stirred overnight. The PVP
modied a-Fe3O4 particles was collected by centrifugation at
11 000 rpm for 30 min. The supernatant was discarded and the
precipitate was redispersed in certain amount of ethanol to
form a suspension with a concentration of 10 mg mL�1.
38500 | RSC Adv., 2018, 8, 38499–38505
2.5. SiO2 coating

The Fe3O4 CNCs and PVP-modied a-Fe2O3 nanoparticles were
then coated with a thin layer of silica via a modied sol–gel
method.38 Briey, 20 mL of the Fe3O4 CNCs or a-Fe2O3

suspension was diluted by 60 mL of ethanol, followed by the
addition of 12 mL of Milli-Q water. The mixture was then
sonicated for 30minutes. 10mL of ammonium hydroxide (28%)
aqueous solution and a certain amount of TEOS (500 mL for
CNCs; 700 mL for a-Fe2O3) were added into the suspension
sequentially. The reaction container was then transferred to
a shaking bed, sampled aer a certain period. The products
were obtained by centrifugation and washed twice with ethanol.
Finally, they were dispersed in ethanol with a concentration of
10 mg mL�1.
2.6. Acid etching

5 mL of the suspension of Fe3O4@SiO2 particles (with different
sol–gel reaction times) was centrifuged at 13 000 rpm for 6 min.
The precipitate was redispersed in 10 mL of 1 M HCl. The
reaction container was then transferred to a shaking bed
(400 rpm, 20 �C), sampled aer a certain time. The sample was
centrifuged immediately at 13 000 rpm for 6 min. The Fe
content of the supernatant was detected via Inductively coupled
plasma source mass spectrometer (ICP-MS). Part of the
precipitate was redispersed in ethanol for TEM characterization
and the remains was dried (100 �C, 3 h, in an oven) for
magnetism analysis. 2.5 mL of the suspension of a-Fe2O3@SiO2

(with different sol–gel reaction time) was centrifuged at
11 000 rpm for 10 min. The supernatant was discarded and the
precipitate was redispersed in 15 mL of 8.33 M HCl. The reac-
tion container was then transferred to a shaking bed (400 rpm,
30 �C), sampled aer 1.5 h. The sample was centrifuged
immediately at 13 000 rpm for 6 min. The supernatant was kept
for content analysis of Fe via ICP-MS. The precipitation was re-
dispersed in ethanol for TEM characterization.
2.7. Cycling stability of Fe3O4 in adsorption of Cu2+

The Fe3O4@SiO2 particles were rst functionalized with amino
groups according to a reported recipe.39 N1-(3-Trimethox-
ysilylpropyl) diethylenetriamine (0.5 mL) and N,N-diisopropy-
lethylamine (0.1 mL) were added to the mixture of Fe3O4@SiO2

nanoparticles (100 mg) and ethanol (40 mL). Aer stirring for
12 h, the amino-modied nanoparticles were collected by
centrifugation, cleaned with ethanol for several times, and
dispersed in water. The cycling stability of Fe3O4 cores in the
adsorption of Cu2+ was then tested. In a typical adsorption–
desorption cycle, 100 mg of the amino-modied particles were
mixed with 5 mL of aqueous Cu2+ solution (0.005 M, pH ¼ 5),
followed by magnetic stirring for 1.5 h. Aer the adsorption, the
magnetic particles were collected from the dispersion through
magnetic separation. For the desorption of Cu2+, the recovered
particles were then redispersed in 5 mL of 1 M HCl, followed by
magnetic stirring for 1.5 h. Finally, the magnetic particles were
collected through magnetic separation and cleaned with water
to removes all copper ions and regenerate the adsorption sites.
This journal is © The Royal Society of Chemistry 2018
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Fig. 1 TEM image of (a) Fe3O4 CNCs, (b) CNCs@SiO2 particles with the
sol–gel reaction time of 2 hours (sample S2 h), and (c) CNCs@SiO2

particles with the sol–gel reaction time of 7 hours (sample S7 h). Scale
bars are 200 nm. (d) Photograph of the supernatants of different
etched samples.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

5 
N

ov
em

be
r 

20
18

. D
ow

nl
oa

de
d 

on
 3

/3
0/

20
26

 2
:1

6:
30

 A
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 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
3. Results and discussion

Stöber method has been proven as an effective route to coat
nanoparticles with silica shells.40,41 The sol–gel process involves
the hydrolysis and condensation of a silane precursor (e.g. tet-
raethyl orthosilicate).42 Base catalysts (e.g. ammonium
hydroxide) will accelerate the hydrolysis of the Si–OR (R ¼
CH2CH3 for TEOS) groups to form silanol groups (Si–OH). The
further condensation of these silanol bonds will lead to the
formation of Si–O–Si groups. However, the hydrolysis and
condensation are imperfect, and unhydrolysed Si–OR and
uncondensed Si–OH groups exist inside newly formed silica
shells.43–45 Therefore, sol–gel silica colloids contain three func-
tional groups: Si–O–Si, Si–OH and Si–OR. The amounts of Si-OR
groups and Si–O–Si groups determine the hydrolysis and
condensation degrees, respectively. As the sol–gel reaction time
(aging time) prolongs, the hydrolysis and condensation degrees
(or aging degree) increase for silica shells.41 Our hypothesis is
that the aging degree of silica shells may inuence the ionic
permeability and, thereby, protective ability.

To verify our hypothesis, an acid etching experiment was
conducted on Fe3O4@SiO2 nanoparticles to investigate the
relationship between the aging time and the permeability of
silica shells. Fe3O4 CNCs particles with an average diameter of
113 nmwere prepared and encapsulated with a thin layer of sol–
gel silica. Fig. 1a shows the transmission electron microscopy
(TEM) image of the Fe3O4 particles, denoted as CNC. We also
prepared two Fe3O4@SiO2 samples with the sol–gel reaction
time of 2 hours and 7 hours (denoted as S2 h and S7 h),
respectively. As shown in Fig. 1b and c, both samples have the
same average shell thickness of 20 nm. Thus, the inuence of
the shell thickness on the permeability can be neglected.

The same amount of CNCs, S2 h and S7 h were etched by HCl
(1 M) for 6 hours. The samples were centrifuged immediately
aer the etching. Fig. 1d shows the digital photos of the
supernatants of the etched samples (denoted as CNC6h, S2 h-6 h,
and S7 h-6 h, corresponding to the original samples CNCs, S2 h

and S7 h, respectively). The etching of Fe3O4 was directly evi-
denced by the yellow colour of the supernatants. The superna-
tant of CNC6h appeared the darkest while the colour is the
lightest for S2 h-6 h. ICP-MS results conrmed the decrease of the
Fe content in the supernatants from CNC6h to S7 h-6 h, and then
to S2 h-6 h (Fig. S1†). These results suggest the etching rate of
Fe3O4 is the fastest for CNCs without the silica protection. More
importantly, the etching rate increased from S2 h-6 h to S7 h-6 h,
suggesting the shell permeability was different for the two
samples. Since the two samples were made of the same CNCs
cores with the same thickness of silica shells, it is most likely
that the difference in the permeability could be attributed to the
aging degree of silica shells.

Fourier transform infrared spectroscopy (FT-IR) was used to
investigate the aging degrees of silica shells in S2 h and S7 h.
Fig. 2a and b depicts the normalized FT-IR spectra of sample S2
h and S7 h, respectively. The difference in the hydrolysis and
condensation degrees between the two samples was revealed
from the peak intensity at 2980 cm�1 and 1050 cm�1, which
This journal is © The Royal Society of Chemistry 2018
could be assigned to the Si–O–R and Si–O–Si groups, respec-
tively.46,47 To better compare their aging degrees, we performed
a quantitative calculation similar to our previous study.41 The
peak area ratio of the Si–O–R group (2980 cm�1) to the sum of
Si–O–Si (1050 cm�1) and Si–OH (960 cm�1) groups, R1, was used
to compare the relative hydrolysis degree. The peak area ratio of
the sum of Si–O–R and Si–OH groups to the Si–O–Si group, R2,
was used to compare the relative condensation degree. The
values of R1 and R2 of the two samples were listed in Table 1.
Both R1 and R2 decreased from S2 h to S7 h, conrming a higher
aging degree for S7 h with a longer sol–gel reaction time.41 These
results suggest that the permeability of silica shells increases
with the aging degree, which seems controversial to the
common impression that more condensed gels are less
permeable.

To thoroughly investigate the dependence of permeability on
the aging degree of silica shells, we further prepared a set of
Fe3O4@SiO2 particles with similar thicknesses but different
aging degrees (Fig. 3). The sol–gel reaction time of these
Fig. 2 Normalized FTIR spectra of (a) S2 h and (b) S7 h.

RSC Adv., 2018, 8, 38499–38505 | 38501
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Table 1 The comparison of the IR peak areas corresponding to
different functional groups for different samples

Sample ta (h) R1
b R2

c

S2 h 2 0.3678 0.5003
S7 h 7 0.2548 0.3094

a The initial sol–gel reaction time for silica coating. b The peak area ratio
of the Si–O–R group (2980 cm�1) to the sum of Si–O–Si (1050 cm�1) and
Si–OH (960 cm�1) groups. The lower of this ratio, the higher the
hydrolysis degree. c The peak area ratio of the sum of Si–O–R and Si–
OH groups to the Si–O–Si group. The lower of this ratio, the higher
the condensation degree.
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samples (denoted as S1 h, S3 h, S6 h, S12 h, and S24 h, respectively)
was varied between 1 hour, 3 hours, 6 hours, 12 hours, and 24
hours. As the sol–gel reaction time prolongs, the aging degree
increases continuously from S1 h to S24 h.41 The core–shell
structure remains intact regardless of the aging time (Fig. 3a–e).
As shown in Fig. 3f, the shell thickness was almost the same
between this set of samples, which is benecial for investigating
the effect of aging degree on the permeability of silica shells.
Fig. 3 TEM image of CNCs@SiO2 particles with the sol–gel reaction
time of (a) 1 hour (sample S1 h), (b) 3 hours (sample S3 h), (d) 6 hours
(sample S6 h), (d) 12 hours (sample S12 h), and (e) 24 hours (sample S24 h).
Scale bars are 200 nm. (f) Distributions of the shell thickness for
different samples.

38502 | RSC Adv., 2018, 8, 38499–38505
This set of ve samples were etched by HCl (1 M) for 3 hours,
followed by immediate centrifugation. Fig. 4a–e shows the TEM
images of the precipitates from different etched samples. The
amount of residual Fe3O4 in the precipitates was found to
continuously decrease from S1 h-3 h to S24 h-3 h, suggesting the
increase of the etching rate with higher aging degrees of silica
shells. This trend was further conrmed by the gradual increase
of the Fe content in the supernatants from S1 h-3 h to S24 h-3 h

(Fig. 4f). These results prove that silica shells become more
permeable to HCl and less protective when increasing the aging
degree.

Such discrepancy in the protective ability was even more
signicant if we extended the etching time to 10 hours. A similar
trend in the amount of remaining Fe3O4 was found in the
etched samples (Fig. S2a–e†). The difference in the Fe content of
the supernatant is muchmore pronounced between S1 h-10 h and
any of the other four etched samples (Fig. S2f†). These results
further demonstrate that the protective ability of silica shells is
strongly dependent on their aging degrees.

The higher etching rate of Fe3O4 for samples with more aged
silica shells was also evidenced by the magnetization
measurements. Fig. 5a shows the hysteresis loops of the above-
Fig. 4 TEM images of the precipitates from different etched samples:
(a) S1 h-3 h, (b) S3 h-3 h, (c) S6 h-3 h, (d) S12 h-3 h, and (e) S24 h-3 h. Scale bars
are 200 nm. (f) Fe contents in the supernatants of different etched
samples.

This journal is © The Royal Society of Chemistry 2018
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mentioned ve samples before etching. All samples were
superparamagnetic at room temperature with negligible coer-
cive forces (Hc) and remanent magnetizations (Mr). The satu-
ration magnetizations were almost the same for this set of ve
samples. The slight difference resulted from the small variance
in the shell thickness. Aer the 10 hour etching, we observed an
obvious and continuous drop in the saturation magnetization
(Ms) from S1 h-10 h to S24 h-10 h (Fig. 5b and c). This trend is
consistent with the fact that more amounts of Fe3O4 were
etched away for samples with more aged silica shells.
Fig. 5 (a) The magnetic hysteresis loops of S1 h, S3 h, S6 h, S12 h, and S24
h at room temperature. (b) The magnetic hysteresis loops of precipi-
tates of S1 h-10 h, S3 h-10 h, S6 h-10 h, S12 h-10 h, and S24 h-10 h at room
temperature. (c) Relative drop of the saturation magnetization after
etching.

This journal is © The Royal Society of Chemistry 2018
As shown above, we found that silica shells with higher aging
degrees are more permeable to ions. One plausible explanation
for this observed trend is that the wettability of silica shells is
affected by their aging degrees. Compared with the Si–OC2H5

group, the Si–OH group exhibits stronger hydrogen bonding
ability with water and is, thus, more hydrophilic. The presence
of more hydrophobic Si–OC2H5 groups in less aged silica shells,
as conrmed by FT-IR studies, hinders the transportation of
water molecules and hydrated ions (such as H+, Fe2+ and Fe3+).
In contrast, the ionic permeability is greatly improved for more
aged silica shells with a lower number of Si–OC2H5 groups but
a higher concentration of hydrophilic Si–OH groups. One may
propose another possibility that the aging process may create
pores that serve as the ionic channels.32 However, no micro-
pores or mesopores were found in either S1 h or S24 h from the
Brunauer–Emmett–Teller (BET) measurements (Fig. S3†). It is
most likely that the contrast in the wettability accounts for the
observed trend. While further studies are necessary to fully
elucidate the mechanism, the present study clearly demon-
strates that the protective ability of silica shells can be chemi-
cally tuned by simply varying the aging degree.

Besides Fe3O4 CNCs, we further studied the etching of silica-
coated a-Fe2O3 nanoparticles in an attempt to justify the
versatility of the aging degree effect. Ellipsoidal a-Fe2O3 nano-
particles were coated with a thin layer of silica to prepare two a-
Fe2O3@SiO2 samples with the same shell thickness (Fig. S4a
and b†). The sol–gel reaction time was varied between 1 hour
and 24 hours. Aer being treated in HCl under the same
conditions, more a-Fe2O3 were etched away for the 24 hour
sample (Fig. S4c–f†). These results again suggest that silica
shells with higher aging degree exhibit higher ionic perme-
ability regardless of the core composition and particle shape.

Thanks to the improved understanding of the aging degree
effect, it is now possible to rationally tune the protective ability
of silica shells without changing the thickness, e.g. simply by
adjusting the sol–gel reaction time. Finally, we demonstrate the
use of thin but low-permeability shells to improve the cycling
stability of iron oxide nanoparticles when used in the removal of
metal ions. Notably, the desorption of metal ions is usually
carried out under strongly acidic conditions (e.g. 1 M HCl). This
raises the concern on the etching of iron oxide and the decrease
of the recycling efficiency of nanoparticles through magnetic
separation. Two samples S1 h and S24 were functionalized with
amino groups. The modied samples (denoted as S1 h–NH2 and
S24 h–NH2, respectively) were then used as the adsorbents in the
removal of Cu2+. Magnetic separation was used for the recov-
ering and cleaning of the particles. In the rst cycle, both
magnetic nanoparticles could be quickly separated from the
dispersion within 60 seconds (Fig. 6a and b inset). TEM images
revealed that the core–shell structures remained intact aer the
rst cycle (Fig. 6a and b). However, the difference between the
two samples appeared gradually during the cycling tests. For
example, in the 8th cycle, no obvious drop in the separation
efficiency was found for S1 h–NH2 (Fig. 6c inset). This is
consistent with the preservation of the Fe3O4 cores aer 8 cycles
(Fig. 6c). In contrast, severe etching of Fe3O4 occurred for S24 h–

NH2 (Fig. 6d). Consequently, the magnetic separation process
RSC Adv., 2018, 8, 38499–38505 | 38503
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Fig. 6 TEM image of (a) S1 h–NH2, (b) S24 h–NH2, (c) S1 h–NH2 after 8
cycles of Cu2+ removal experiments, and (d) S2 4h–NH2 after 8 cycles
of Cu2+ removal experiments. Scale bars are 200 nm. The inset in each
image shows the corresponding samples dispersed in water after
magnetic separation for 60 s.
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became much slower, leading to unwanted losses of adsorbents
(Fig. 6d inset). It is believed that these thin but low-permeability
silica shells can also stabilize nanoparticles with different
compositions and functionalities, facilitating their applications
in different areas.
4. Conclusions

In summary, we have systematically studied the effect of the
aging degree on the ionic permeability of silica shells. Contra-
dictory to common impressions, we found that the ionic
permeability of silica shells increased rather than decreased
with the increasing aging degree. This trend may be explained
by the chemical nature of the silica shell that affects the
wettability, and thereby the transportation of water molecules
and hydrated ions. More importantly, our study provides
a feasible and effective way for chemically improving the
protective ability of silica shells by simply controlling the sol–
gel reaction time, which does not rely on the increase of the
shell thickness that usually scaries the performance of nano-
particles. Such insights into the protective ability of sol–gel
derived silica would facilitate the practical implementation of
silica-coated nanoparticles in the eld of environmental reme-
diation, demonstrated by a model experiment for repetitive Cu
ion removal from water, as well as other potential applications
in photonics, catalysis, and biomedicine.
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