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HIGHLIGHTS

® Cobalt silicate hydroxide in hier-
archical hollow nanospheres (CSH)
were synthesized.

® CSH-80 exhibited outstanding cata-
lytic performance and excellent stabi-
lity.

® High cobalt site number and TOF were
achieved in CSH-80@PMS system.

® SO, ~ rather than -OH/!0, domi-
nated the degradation of organic con-
taminants.
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ABSTRACT

A facile dissolution-regrowth strategy was developed in synthesis of hierarchical hollow nanospheres of cobalt
silicate hydroxide (CSH-80) for maximizing cobalt active sites on unit mass basis, which is different from the
conventional supported cobalt catalysts. Due to the unique design and elaborative nanoarchitecture, the cobalt
active center can be homogeneously dispersed into the structured catalyst, achieving the maximum exposure of
the cobalt center for reaction. In activation of peroxymonosulfate (PMS) for degradation of organic con-
taminants, CSH-80 exhibited outstanding catalytic performance, excellent physicochemical stability and long-
term durability, giving 1.9-3.1 folds higher efficiency than that of the conventional supported cobalt catalysts.
The turnover frequency of CSH-80 in organic oxidation was 2.0-3.2 folds higher than that of the conventional
supported cobalt catalysts. The effects of reaction parameters on contaminant degradation were systematically
investigated. The catalytic oxidation mechanism was further elucidated by the quenching tests, electron para-
magnetic resonance and photoluminescence studies. The design concept in this study will provide new oppor-
tunities for future development of high-performance cobalt-based heterogeneous catalysts in environmental
remediation.
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1. Introduction

Advanced oxidation processes (AOPs) are state of the art technolo-
gies for elimination of organic contaminants in wastewater, especially
for the refractory and non-biodegradable pollutants [1-4]. Sulfate ra-
dical (SO4 ~)-based AOPs have attracted increasing attention in recent
years owing to the unique properties of SO, ~, such as a higher redox
potential (2.5-3.1V), longer half-life (30-40pus) and selectivity to
target pollutants compared with hydroxyl radical (*OH) [5-11]. It is
well known that homogeneous catalytic reaction of transition metal
ions with peroxymonosulfate (PMS) is a highly efficient approach to
generate SO, ~, and Co®* ions are the best activators. Additionally,
Co®*/PMS has been revealed to be more efficient than the classical
Fenton system for degradation of organic pollutants [12]. Despite that
the homogeneous catalytic system possesses a superior oxidative ca-
pacity, Co®* ions are very difficult to be recovered for reuse. Hence, the
discharge of cobalt-containing water will lead to an adverse effect on
aquatic environment, which significantly impedes its practical appli-
cations in water treatment.

To avoid the inherent disadvantages of homogeneous catalysis, re-
searchers have developed cobalt-based heterogeneous catalysts.
Various substrate materials have been exploited for immobilization of
active cobalt species [6,13-15]. For example, Zeng et al. synthesized
nanocomposites of yolk-shell Co3;04@metal-organic-frameworks
(MOFs) with a void cavity between the catalytically active Co304 core
and uniform octahedral MOFs shell. Benefiting from its unique nanos-
tructure, the Co304@MOFs nanocomposites exhibited improved cata-
lytic activity and stability in PMS activation for 4-chlorophenol de-
gradation [16]. In another study, a Co(OH), nanoflake-reduced
graphene oxide (rGO) hybrid was synthesized by a one-pot hydro-
thermal method. The as-synthesized nano-hybrids showed a much im-
proved reactivity than sole Co(OH), or rGO [17].

Although cobalt-based heterogeneous catalysts circumvented the
limitations of cobalt ion-based homogenous catalysis, the effective co-
balt site in these heterogeneous catalysts is rather low on unit mass
basis. Generally, cobalt oxides anchored on supported materials are
typically solid nanoparticles (NPs) with an irregular outline whereas
the catalytic reaction occurs only on the surface, leading to a huge
waste of cobalt in the bulk. On the other hand, cobalt oxide NPs tend to
be assembled into the large aggregations due to its high surface energy,
resulting in a significant decrease of the accessible surface area of the
NPs. As a result, further reduction in the cobalt catalytic efficiency was
inevitably suffered. Therefore, rational design and controllable synth-
esis of a supported cobalt catalyst is highly desirable to inherit the high
efficiency of homogeneous catalysis in a heterogeneous system.

The aforementioned issue suggests that an ideal cobalt-based het-
erogeneous catalyst may follow some protocols in regard to the struc-
tural designs. First, the active cobalt center should be homogeneously
dispersed onto the entire structure of the catalyst, behaving like
Co?* ions homogeneously dissolved in water. Secondly, the specific
surface area (SSA) and pore volume of the catalyst should be high in
order to expose the active centers to the maximum level. Thirdly, the
catalyst should have outstanding physicochemical stability. Toward
this, a facile dissolution-regrowth strategy was developed in the present
study for synthesis of cobalt silicate hydroxide (CSH) in hierarchical
hollow nanospheres with ultrathin nanosheets. Owing to its unique
design and elaborative nanoarchitecture, the active cobalt centers were
homogeneously dispersed within the entire materials. The optimal ex-
posure of the cobalt centers can be realized. An as-synthesized CSH-80
exhibited outstanding catalytic activity and excellent stability in acti-
vation of PMS for oxidation of organic contaminants in water. More
importantly, the cobalt catalytic efficiency of CSH-80 is much higher
(1.9-3.1 folds) than that of the conventional supported Co catalysts on
the basis of unit mass. Correspondingly, the turnover frequency (TOF)
of CSH-80 catalyzed RhB oxidation was 2.0-3.2 folds higher than that
of the conventional supported cobalt catalysts.
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2. Experimental section
2.1. Chemicals

The chemicals, 5,5-dimethyl-pyrroline-oxide (DMPO, =97%), tert-
butyl alcohol (TBA, =99%), methanol (=99.9%), benzoic acid (BA,
98%), atrazine (ATZ, 99%), furfuryl alcohol (FFA, 98%), humic acid,
sulfamethoxazole (SMX, analytical standard), and sodium azide (NaNs,
99.5%) were purchased from Sigma-Aldrich. Bisphenol S (BPS, ~98%)
and bisphenol F (BPF, “98%) were purchased from TCI. 2,2,6,6-
Tetramethyl-4-piperidinol (TMP, 99%) was purchased from J&K
Scientific Co. Cobalt(IIl) acetylacetonate (Co(acac)s, 98%), rhodamine
B (RhB, 95%), tetraethyl orthosilicate (TEOS, 98%), peroxymonosulfate
(PMS, =47% KHSOs basis), Co304 NPs (~100nm, 99%), CuO NPs
(~40 nm, 99%), and 4-chlorophenol (4-CP, 99%) were purchased from
Aladdin Co. Other chemicals in analytical grade or better were pur-
chased from Sinopharm Chemical Reagent Co.

2.2. Synthesis of catalysts

SiO, nanospheres were first prepared by the classic Stober method
with minor modifications (Supporting Information). For synthesis of
cobalt silicate hydroxide, a given mass of SiO, nanospheres (20-80 mg)
were dispersed in 70 mL deionized water for 0.5 h. Then, 100 mg of Co
(acac); was added under stirring for 1.0 h. After that, the above sus-
pensions were transferred into a Teflon-lined autoclave, which was
sealed and maintained at 180 °C for 12 h. The obtained precipitate was
collected by centrifugation and washed several times with absolute
ethanol and deionized water. Finally, the synthesized samples were
dried in an oven at 50 °C overnight. For synthesis of other Co-supported
catalysts, a usual dipping-annealing method was employed as shown in
Supporting Information.

2.3. Characterizations

Micro-morphologies of the samples were observed using a JEOL
JEM-1400 transmission electron microscope (TEM). X-ray diffraction
(XRD) patterns were collected from a Bruker D8 X-ray diffractometer
with Cu Ka radiation (A = 0.15418 nm). The Brunauer-Emmett-Teller
(BET) surface area measurements were performed on an ASAP2020
instrument. X-ray photoelectron spectroscopy (XPS) measurements
were performed using a Thermo ESCALAB 250 with Al Ka X-ray ra-
diation (hv = 1486.6 eV). Fourier transform-infrared (FTIR) spectra
were recorded on a Perkin-Elmer Spectrum One B spectrometer. For the
analysis of cobalt of contents, the samples were digested by strong acid
and measured by an inductively coupled plasma-optical emission
spectrometer (ICP-OES, Perkin Elmer, Optima 5300DV).

2.4. Catalytic degradation of contaminants

The catalytic degradation tests were carried out in a 100 mL beaker
at 20 = 2°C. In each run, 5 mg of catalyst was suspended in a 50 mL of
the pH-buffered solutions (pH 7, 10 mM phosphate buffer), containing a
target compound in a given concentration (i.e., [RhB] = 100 mg/L,
[ATZ] = [SMX] = [4-CP = [BPS] = [BPF] = 10 mg/L,

[FFA] = 0.1 mM). Then, PMS (C, = 0.35 mM) was added into the so-
lution to trigger the degradation reaction. At each time interval, the
reaction solution (0.5 mL) was withdrawn, filtered and quenched with
excess pure methanol (1.5 mL). The RhB concentration was determined
at the absorption peak of 554nm on a UV-Vis spectrophotometer
(Hach, DR5000). The concentrations of other organic contaminants
were analyzed using an ACQUITY UHPLC with a BEH C18 column
(1.0 X 50 mm, 1.7 um). Detailed analysis conditions are shown in Table
S1. Residual cobalt concentrations were measured by the ICP-OES
(Perkin Elmer, Optima 5300DV). Electron paramagnetic resonance
spectroscopy (EPR, Bruker A200 spectrometer, Germany) was applied



P. Shao et al.

to in situ investigate the generation of reactive radicals. Hydroxyl ra-
dical reactions were performed as follows: 5mg of the catalyst was
suspended in 50 mL aqueous solution containing 2mM NaOH and
0.5 mM terephthalic acid. Then, PMS was added under stirring. At each
time interval, the fluorescence signals of the solutions were measured
by a fluorescence spectrophotometer (Hitachi, F7000). The excitation
light wavelength used in recording fluorescence spectra was 315 nm.

3. Results and discussion
3.1. Design, synthesis and characterizations of catalysts

Inspired by the homogeneous catalysis, we conceived that the cobalt
sites can serve as the atomic nodes for constructing the bulk structure of
supported Co catalysts. As such, the active cobalt centers can be
homogeneously dispersed into the entire catalysts, which is distinctly
different from other Co-supported catalysts that the aggregated/larger
cobalt oxide NPs randomly distributed on the surface of the supported
materials. To implement above assumption, cobalt silicate hydroxide
(Co3(Siz05)2(0OH),, abbreviated as CSH) was selected as the target co-
balt compound. This is because (1) CSH can be easily fabricated by a
simple hydrothermal reaction; (2) cobalt in the CSH can serve as the
isolated active site to be homogeneously dispersed into the bulk catalyst
at an atomic scale. On the other hand, the architecture of hierarchically
hollow nanospheres assembled by ultrathin nanosheets can be a good
candidate to maximize the exposure of the cobalt site, owing to its high
SSA and excellent structural stability.

Herein, a facile dissolution-regrowth strategy was developed for
controllable synthesis of the CSH (Fig. 1). Monodisperse SiO, nano-
spheres with an average diameter of 118 nm (Figure S1) were used as
silicic precursor and structural template. Cobalt(III) acetylacetonate (Co
(acac)s) was selected as a cobaltic precursor as Co(acac); has a better
adsorption affinity toward SiO, nanospheres and better stability as
compared with inorganic cobalt salts [18]. Under the hydrothermal
conditions, SiO, nanospheres have been slowly dissolved to generate
the silicate anions [18] and Co(acac); molecules were adsorbed on the
SiO, surface, which were decomposed simultaneously to release the
cobalt cations. Then the reaction between the silicate anions and cobalt
cations will initiate. The obtained CSH was deposited on the surface of
SiO, spheres, forming a SiO,@CSH core-shell nanostructure. During the
hydrothermal reaction, morphology evolved from the core-shell
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nanostructure to yolk-shell nanostructure due to the dissolution of SiO»
core and the simultaneous growth of the CSH shell. With further pro-
longation of the reaction time, a unique hierarchical hollow na-
noarchitecture can be finally obtained.

Fig. 2 shows typical TEM images of the as-synthesized CSH with
different dosage of SiO,. When 20 mg SiO, was added, the resulting
CSH is shown as mesoporous nanospheres with an average size of
226 nm (Fig. 2a). With a closer examination, the mesoporous nano-
spheres are compactly assembled by ultrathin nanosheets with an
average thickness of 3nm (Fig. 2e). Interestingly, when SiO, dosage
increased to 40 mg, the mesoporous CSH nanospheres have evolved
into hierarchical hollow CSH nanospheres (Fig. 2b). High magnification
TEM image shows that the thickness of the hollow shell is 29nm
(Fig. 2f). Such obvious morphological evolution may be attributed to
the different reaction kinetics between the dissolution of SiO, and the
regrowth of CSH, which are synchronously controlled by the dosage of
SiO,. As the SiO, dosage was further increased to 60 mg, the unique
hierarchical hollow nanoarchitecture of CSH remains unchanged
(Fig. 2c). But the thickness of the shell has decreased to 20 nm (Fig. 2g).
Moreover, the shell thickness further decreased to 11 nm when the SiO,
dosage reached 80 mg (Fig. 2d and h). The significant mismatches be-
tween the mass ratio of SiO, and Co(acac)s; possibly hindered the
generation of CSH, thus leading to the formation of thicker shells. Be-
sides, two “halo” rings corresponding to the (21 0) and (3 3 0) planes of
CSH (PDF#210871) can be discerned in the selected-area electron
diffraction (SAED) images for all the CSH samples (Fig. 2i-L). These
results indicate that the crystallinity of the CSHs is not high. However,
the lower crystallinity has been reported to possibly improve the ac-
tivity in catalytic degradation [19,20].

The crystallographic phase of CSH was further examined by XRD.
All of the weak reflection peaks in Fig. 3a can be readily indexed to a
pure hexagonal phase (PDF #210871). Two diffraction peaks around at
35° and 60° are attributed to the (21 0) and (3 3 0) planes of CSH, re-
spectively. The relative weak intensities of the diffraction peaks suggest
that the crystallinities of CSHs are poor, which are consistent with these
observations in SAED patterns. XPS full survey spectra (Figure S2) re-
veal that all the as-synthesized CSH samples contain Si, O, and Co
elements with characteristic peaks at binding energies of 101.7 (Si 2p),
530.4 (0O 1), and 780.6 eV (Co 2p), respectively. The Co 2p fine spectra
of the as-synthesized CSH (Fig. 3b) show two main peaks at binding
energies of 780.1 and 796.1 eV, along with two satellite peaks at 785.8

ode — | 5i0,@CSH
4 Deposition Nanostructure
Co(acac); $i0,

Hierarchical Hollow
CSH Nanospheres

Reaction

€

Proceeding

Fig. 1. Schematic illustration of the synthesis of hierarchical hollow CHS nanospheres.
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Fig. 2. Low magnification TEM images of (a) CSH-20, (b) CSH-40, (c) CSH-60 and (d) CSH-80. Scale bars: 500 nm. High magnification TEM images of (e) CSH-20, (f)
CSH-40, (g) CSH-60 and (h) CSH-80. Scale bars: 100 nm. SAED patterns of (i) CSH-20, (j) CSH-40, (k) CSH-60 and (L) CSH-80. Scale bars: 5 1/nm.

and 802.5eV. The positions of these peaks and their separation are
ascribed to Co?* species in Co-O-Si [21]. In addition, the difference in
binding energy of about 6 eV for main and satellite peaks is relatively
lower than that of CoO (9.5 eV) [22], demonstrating the absence of CoO
in the as-synthesized CSH.

The bonding characteristics of functional groups on the as-prepared
CSH were further identified by FTIR (Fig. 3c). The peaks at 3488 and
1628 cm ™! are attributed to the OH bending vibration of adsorbed
molecular water. A sharp smaller peak at 3628 cm ™! is ascribed to the

OH stretching mode of Co talc structure [23]. A peak at 1020 cm ™ is

a Co2p, , , Co2p i : b
CSH-80 s
3 5 CSH-40
g M : :
= CSH-40 | > 780.1 796.1 o
2 g ~_ 892.5 csH.40
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Fig. 3. XRD patterns (a), Co 2p fine XPS spectra (b), FTIR spectra (c) and N, adsorption-desorption isotherms (d) of the samples.
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attributed to the Si-O-Co bond formed by the reaction between silicate
anions and cobalt cations [24]. In addition, there are two signals at 662
and 461 cm ™, which can be assigned to Si-O-Si rocking and Si-O-Co
bending vibrations, respectively [25,26]. Similar to the XPS results, the
characteristic peak at 578 cm ™! corresponding to the Co-O stretching
vibrations of CoO [21] can not be found in the FTIR spectra, further
confirming the absence of CoO in the as-synthesized samples.

Fig. 3d shows that N, adsorption-desorption isotherms of CSH ex-
hibit a typical type H2 of IV isotherm curve that is characteristic feature
of mesoporous structure. Their pore diameters are similar at 3.8 nm.
The calculated SSAs of CSH-20, CSH-40, CSH-60, and CSH-80 are 346,
479, 485, and 492 m?/g, respectively (Table S2). Their corresponding
pore volumes are 0.54, 1.24, 1.42, and 1.63 cm®/g, respectively. Ob-
viously, the morphological evolution from mesoporous nanospheres to
hierarchical hollow nanospheres leads to the significant increases in
SSA and pore volume. A flat increasing tendency can be observed with
the decrease of shell thickness. Moreover, ICP-OES shows that the co-
balt contents of CSH-20, CSH-40, CSH-60 and CSH-80 are 27.6, 28.8,
27.0, and 23.1%, respectively (Table S2).

3.2. Catalytic activity and stability

The catalytic activities of the as-synthesized CSH were preliminarily
evaluated in activation of PMS for degradation of RhB, a typical non-
biodegradable dye pollutant in textile wastewater. Fig. 4a shows that
RhB is barely decomposed by PMS itself. Without PMS, a 22% of RhB
can be eliminated by physical adsorption on CSH-20 (Figure S3). The
adsorption capacity of CSH-20 is slightly lower than that of other CSHs
(26%) due to its lower SSA. When both PMS and CSH-20 were added,
73% of RhB can be degraded within 20 min, indicating that CSH-20 can
activate PMS to generate massive reactive species for RhB degradation.
In contrast, only 28, 21 and 2% of RhB can be degraded by Co(OH),,

Chemical Engineering Journal 359 (2019) 79-87

Co304 NPs and CuO NPs, respectively. Moreover, 78, 83 and 78% of
RhB degradation can be achieved by CSH-40, CSH-60 and CSH-80, re-
spectively, highlighting the excellent performance of CHS in PMS ac-
tivation for pollutant degradation.

Cobalt leaching of the as-synthesized CSH was investigated by ICP-
OES. Fig. 4b shows that the residual cobalt concentration of CSH-20@
PMS system is 0.51 mg/L, lower than the emission standard of in-
dustrial wastewater (1.0 mg/L) based on GB/T 25467-2010 of China.
Interestingly, when the hierarchical hollow CSH-40 nanospheres were
added, the cobalt leaching rapidly declined from 0.51 to 0.24 mg/L.
More importantly, with the decrease of hollow shell thickness from 29
(CSH-40) to 11 nm (CSH-80), the cobalt concentration in the reaction
system further reduced to 0.08 mg/L, which is below the maximum
limits of drinking water (0.1 mg/L) enacted by US EPA [27]. The results
demonstrate that the hierarchical hollow CSH-80 nanospheres with
thinner shells manifest outstanding chemical stability.

To examine the structural stability, CSH-80 was further treated by
mechanical grind. TEM image shows that the micro-morphology of
CSH-80 is barely changed after the grinding (Figure S4). The catalytic
activity of the ground CSH-80 remains unchanged as compared to the
original CSH-80 (Figure S5). The durability of CSH-80 was evaluated by
the cyclic degradation test. Fig. 4c displays that only 5% decrease in
RhB removal efficiency was observed in the 2nd run. Then the removal
efficiencies of RhB were stabilized at around 70% in the 3rd to 5th runs.
This result indicates that the CSH-80 presents an excellent reusability.
However, when the CSH-80 has undergone 10 runs, the removal effi-
ciency of RhB has declined to 48% (Figure S6a). This is attributed to the
collapse of hollow nanostructure and the loss of active cobalt, which are
supported by the results of TEM (Figure S6b) and XPS (Figure S6¢).
Apart from the dye pollutant, six typical organic micro-pollutants in-
cluding SMX, ATZ, 4-CP, FFA, BPS and BPF were employed to further
evaluate the applicability of the CSH-80@PMS oxidative system. Fig. 4d
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Fig. 4. Catalytic degradation of RhB on different catalysts (a); RhB removal efficiency and cobalt leaching concentration with change in the dosage of SiO, (b); RhB
removal in repeated tests with the CSH-80 (c); catalytic degradation of six typical organic contaminants on the CSH-80 (d). Experimental condition: [cata-

lyst] = 0.1 g/L, [RhB] = 100 mg/L, [PMS] = 0.35mM, and pH = 7.
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shows that all the organic micro-pollutants with different molecular
structures can be efficiently decomposed in the CSHs-80@PMS system.
Their degradation efficiency on CSH-80 is significantly higher than
those of Co304 NPs and CuO NPs. Therefore, on the basis of the above-
mentioned experimental results including contaminant degradation,
cobalt leaching, physicochemical stability test, cyclic reuse and ap-
plicability test, it can be determined the hierarchical hollow CSH-80
nanospheres hold a great promise in remediation of wastewater con-
taining diverse organic contaminants.

Further investigations were performed to explore the effect of re-
action parameters on RhB degradation in the CSH-80@PMS system.
Figure S7a shows the influence of initial RhB concentration on RhB
degradation. With the initial RhB concentration increased from 60 to
100 mg/L, the degradation efficiency decreased from 95 to 78%. This
could be attributed to the insufficient reactive radicals generated in the
CSH-80@PMS system. Figure S7b shows that the increase of reaction
temperature in a range of 20-40 °C produced a marginal effect on the
degradation efficiency. The degradation rate was slightly enhanced by
the raised temperature. Based on the Arrhenius equation, the activation
energy of RhB oxidation by CSH-80@PMS was calculated to be 26.3 kJ/
mol, which is much lower than that of other supported Co catalysts
[28-31]. Similar to the previous observations [32,33], neutral or al-
kaline pH conditions are beneficial to the RhB degradation (Figure S7c).
Figure S7d shows that high dosage of CSH-80 can improve the RhB
degradation, because the higher catalyst loading can provide more
active sites, thus facilitating the generation of more ROS for RhB de-
gradation. In the same way, the increase of PMS dosage can also give a
higher degradation rate (Figure S7e). Additionally, a limited inhibition
of RhB oxidation can be observed in the presence of humic acid (a
ubiquitous organic compound in the aquatic environment) with the
concentrations in a range of 0-10 mg/L (Figure S7f). All these results
demonstrate that the CSH-80@PMS system has an excellent adapt-
ability under complicated water matrixes.

Encouraged by the above-mentioned results, actual contaminated
water (Table S3) was employed to examine the practical application of
CSH-80@PMS system. Around 80% of RhB can be degraded by the CSH-
80@PMS system within 20 min (Fig. 5). In comparison, only a limited
degradation of RhB was obtained by the Co304@PMS system (13%) and
CuO@PMS system (16%). These exciting experiments suggest the great
efficiency of the CSH-80@PMS oxidative system for remediation of
actual wastewater.

3.3. Cobalt site efficiency of different Co-based catalysts

To evaluate the cobalt active sites of CSH-80, four typical supported
Co catalysts (i.e., Al,O3@Co, P25@Co, SBA-15@Co and SiO,@Co) have

80
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Fig. 5. Catalytic degradation of RhB in the actual water body. Experimental
conditions: [catalyst] = 0.1 g/L, [RhB] = 100 mg/L, [PMS] = 0.35mM, and
pH=7.
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been synthesized for comparison. TEM images (Figure S8) show that the
cobalt oxide NPs with irregular morphologies are severely aggregated
in Al,O3@Co, P25@Co and SiO,@Co. For SBA-15@Co, the larger co-
balt oxide NPs are randomly dispersed on the surface of SBA-15 (Figure
S8c). The aggregated or/and larger cobalt oxide NPs loaded on the
supported materials can also be observed in previous studies
[6,30,31,34,35]. The ICP-OES measurements indicate that the cobalt
contents of Al,O;@Co, P25@Co, SBA-15@Co and SiO,@Co are 15.4,
15.9, 15.0 and 15.1%, respectively (Table S3). The similar contents of
cobalt in these Co-supported catalysts are attributed to the same
amounts of cobalt precursor in the fabrication processes.

Fig. 6a shows that 78% of RhB can be efficiently degraded in the
CSH-80@PMS reaction system. However, Al,O3@Co, P25@Co, SBA-
15@Co and SiO,@Co exhibited relative low catalytic activities, re-
sulting in 17, 21, 26 and 16% of RhB degradation, respectively, which
are much lower than that of CHS-80. The higher degradation efficiency
achieved by the CSH-80 may be ascribed to its higher cobalt content
(23%). Thus, to exclude the influence of cobalt content and explore the
intrinsic catalytic activity of these Co-based materials, the degradation
efficiencies were further normalized to the cobalt content (Fig. 6b). For
the CSH-80, the normalized value was calculated to be 3.39, which still
is 1.9, 2.5, 3.1 and 3.1 folds higher than that of the SBA-15@Co,
P25@Co, Al,03@Co and SiO,@Co, respectively. In other words,
2.4mol of cobalt in CSH-80 can give rise to the decomposition of
1.0 mol RhB; however, the decomposition of 1.0 mol RhB has required
4.6, 6.0, 7.4 and 7.4mol of cobalt for the SBA-15@Co, P25@Co,
Al,03@Co and SiO,@Co, respectively. This result features the high
cobalt utilization efficiency in the CSH-80 on unit mass basis. Ad-
ditionally, the normalized apparent rate constant of CHS-80 was cal-
culated as 0.22 min~?, which is 4.5, 5.9, 8.8 and 9.2 folds faster than
those of SBA-15@Co, P25@Co, Al,0;@Co and SiO,@Co (Fig. 6¢), re-
spectively, indicating the high catalytic oxidation rate of CSH-80@PMS
system on unit mass basis. The intrinsic activity in the turnover fre-
quency (TOF) per active site was estimated based on the assumption
that every cobalt atom is catalytically active. It can be seen that the TOF
of CHS-80 catalyzed RhB oxidation was calculated as 0.35 x 10 35~ 1,
which is 2.0, 2.6, 3.0 and 3.2 folds higher than that of the SBA-15@Co,
P25@Co, Al,03@Co and SiO,@Co, respectively (Fig. 6d). This result
demonstrated that CHS-80 had intrinsically much better activity than
these conventional Co-based catalysts in activation of PMS for RhB
degradation.

Different from the conventional Co-based catalysts for the overall
efficiency of the materials, the design of CSH-80 aims at maximizing the
cobalt active site in the heterogeneous catalysts. As such, high cobalt
utilization efficiency, catalytic oxidation rate and TOF can be achieved
in the CSH-80@PMS reaction system. To the best of our knowledge, this
is the first time to develop the Co-based catalyst from the point of view
of cobalt utilization efficiency in environmental catalysis, which may
open a new window for designing high-performance Co-based catalysts
toward future applications.

3.4. Catalytic oxidation mechanism

To unveil the contributions of reactive species in RhB degradation,
classical radical quenching experiments were performed. Fig. 7a shows
that the removal efficiency of RhB barely changed when the dosage of
TBA (the scavenger of *OH radicals) [36] increased from O to 70 mM
(the molar ratio of TBA:PMS is 200:1), demonstrating that *OH is not
likely involved in the RhB degradation. When 7 mM methanol (the
scavenger of SO, ~/-OH radicals) [36] was added in the reaction
system, the RhB degradation decreased from 78 to 67% (Fig. 7b). When
the methanol dosage increased to 70 mM, the RhB removal further
declined to 42%. This result indicates that SO,"~ may be the major ROS
responsible for the RhB degradation in CSH-80@PMS system. Fig. 7c
shows that the addition of NaNs, a scavenger of single oxygen (105)
[7,11,36-38], can induce a significant decrease in RhB removal
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efficiency (from 78 to 32%). It should be pointed that the reaction rate Therefore, the decrease of RhB removal induced by the addition of
constant for NaN; with 0, [38] is as high as 1.0 x 10° M~ ! s™!, the NaN; cannot solidly support the significant contribution of 'O, in the
rate constants for the NaN3 with SO,"~ [39] and *OH [40] can reach up RhB degradation.

to 2.52x 10° M~! s7! and 1.2 x 10" M™! s™!, respectively. To further identify the reactive species related to the RhB
80{ qa 80{ b 5
= _B= ~ A= ___—o0—=
2 60- //% ‘:;60- )}/"////v//w
< = > __a—a—4
[ [
S 40 —a— 0.00 mM o % A//A/
$ o 7.00mM % e v 7
S —4—17.5mM T —5—0.00 mM
2 204 —9—70.0 mM 2 201 —o—7.00 mM
o o —4—17.5mM
[ [
0. 0l —v—70.0 mM
0 5 10 15 20 0 5 10 15 20
Time (min) Time (min)
84 ¢ J—
5 /u/
o 604 /
c
[
2 u/o/of_o——o—o——o
£ 40 ;
(]
T
>
2 204 —a—0.00 mM
g ——17.5mM
ol —a—70.0 mM
0 5 10 15 20
Time (min)
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[PMS] = 0.35mM, [TBA] = [Methanol] = [NaN3] = 0-70mM, and pH = 7.
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degradation, in-situ EPR studies have been performed. DMPO was used
as the spin trapping agent for detecting SO, ~ and *OH. A control ex-
periment shows that no radical adducts can be observed in the existence
of PMS alone (Figure S9). However, a clear seven-line spectrum as-
signed to 5,5-dimethyl-2-oxo-pyrroline-1-oxyl (DMPOX) [41] has
emerged in the presence of PMS and CSH-80 within 1 min (Fig. 8a).
With the prolongation of reaction time, the signal of this spectrum
became weak gradually. However, the characteristic signals of DMPO-
SO, ~ and DMPO-*OH do not appear during the whole reaction. Ac-
cording to the previous reports, DMPOX was generally produced by a
secondary oxidation-reduction process in the interaction between
strong oxidative species and DMPO [41,42]. In this reaction system,
DMPOX may originate from the decomposition of the DMPO-SO, ~ and
DMPO--OH adducts [43,44]. This is why the signals of DMPO-SO,4 ~
and DMPO--OH can be barely observed. The photoluminescence (PL)
technology was also used for detection of *OH [45]. Fig. 8b shows that a
fluorescent signal associated with 2-hydroxyterephthalic acid (TAOH,
formed by the reaction of terephthalic acid with -OH radicals) can be
observed and its intensity increases at beginning and begins to decrease
in the last period, similar to that of the DMPOX signal. This result
suggests the presence of *OH radicals in the reaction system, which
could be originated from the reaction between SO, ~ and OH™ .

On the other hand, when TMP (the spin trapping reagent for 10,)
was added, weak triplet EPR spectra corresponding to the oxidized TMP
by 10, can be observed (Fig. 8c) [7,41]. Surprisingly, a stronger and
clearer signal of 0, can also be found in the control experiment (i.e.,
without CSH-80) and its intensities have increased with the prolonged
reaction time (Fig. 8d). However, the control experiment (Fig. 4a)
suggests RhB is barely decomposed by PMS alone. In this regard, we can
infer that a minor amount of '0, may emerge in the reaction system
whereas its contributions to RhB degradation can be neglected.
Therefore, combined with all the evidences from quenching tests, EPR
and PL studjes, it can be concluded that SO, ~, *OH and 'O, exist in the
CSH-80@PMS system whereas SO, ~ plays a substantial role in RhB
degradation.
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4. Conclusions

In summary, hierarchical hollow nanospheres of cobalt silicate hy-
droxide were successfully synthesized by a facile dissolution-regrowth
approach. Owing to its unique design and elaborative nanoarchitecture,
the active cobalt center can be homogeneously dispersed into the entire
structure of the materials for adequate exposure of the cobalt center. In
application of PMS activation and degradation of organic contaminants,
the as-synthesized CSH-80 exhibited outstanding catalytic performance,
excellent physicochemical stability and long-term durability. More
importantly, the cobalt site of CSH-80 was much higher than those of
the conventional Co-based catalysts in activation of PMS for con-
taminant degradation. Correspondingly, the TOF of CSH-80 catalyzed
RhB oxidation was 2.0-3.2 folds higher than that of the supported co-
balt catalysts. We expect that this design philosophy of maximizing
utilization of cobalt will provide new opportunities for the future de-
velopment of high-performance cobalt-based heterogeneous catalysts
for environmental remediation.
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