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Mn203@MnsOg shows better catalytic performance than other S(IV) activators
S(1V) is activated by Mn2Os@MnsO2, generating SO3™, SOs™, SO4™, and "OH radicals
Experiments show phenol is mainly removed by *OH, and partially by SO4™ and SOs™

At an initial solution pH of 3.0-7.0, stable degradation of phenol is achieved

Low toxicity and high S(1V) activation ability of Mn2,Os@Mns0O; affords a green method
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Abstract

Less-toxic, cost-effective, stable, and highly efficient catalysts for sodium sulfite (S(IV))
activation are required to degrade organic pollutants from wastewater. Herein, we report the facile
thermal synthesis of Mn,O:@MnsOg that activates S(IV) more efficiently than other Mn and
transition-metal oxides. Mn2Os@MnsOg exhibits good performance and long-term stability for
eliminating various contaminants from aqueous media, including phenol, bisphenol A,
nitrobenzene, 2,4-dichlorophenol, and acetaminophen. Its high performance is attributed to its
multivalency, unique architecture, surface hydroxyl groups (-OH), and high surface area. X-ray
diffractometry and high-resolution transmission electron microscopy revealed that
Mn203@MnsOg comprises well-combined cubic Mn20s and monoclinic MnsOg crystalline
structures, whereas electron paramagnetic resonance spectroscopy and scavenging tests showed
that SOs™, SO4™, and "OH radicals are generated during S(I1V) activation, with SO3™ as a precursor.
The mixed-valence state provides effective and favorable electron transfer via Mn redox cycling
(Mn(IT)«»> Mn(11I) <> Mn(IV)), improving the S(IV) activation performance and catalytic activity.
Mn2O3@Mns0g/S(IV) system shows stable performance in the 3.0-7.0 pH range. Density
functional theory calculations confirmed the higher catalytic activity as indicated by high —OH
adsorption energy and significant inter-charge transformation. This study provides new insights
and strategies for the activation of S(1V) using less-toxic metal oxides as catalysts and broadens
the scope of heterogeneous Mn-based catalysts and S(IV) chemistry in real-world applications,

particularly for the treatment of wastewater.

Keywords: Transition-metal oxide; Sulfite activation; Advanced oxidation; Organic pollutant;

Reactive oxygen species

1. Introduction
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Over the past few decades, contaminated wastewater has been released into the environment from
various sources, such as industry, hospitals, and daily-life activities, negatively impacting the
ecosystem and human health [1,2]. For example, phenol and chlorinated phenol compounds have
been reported as priority contaminants for elimination owing to their low biodegradability and
high toxicity [3]. However, conventional treatments are inadequate for the elimination of such
organic pollutants, thus exhibiting a sluggish removal performance. Thus, the development of
environmental-friendly, cost-effective, and highly efficient methods is essential for the elimination

of organic pollutants from wastewater matrices.

Advanced oxidation processes (AOPSs) are a promising option for wastewater treatment because
they can be used to degrade refractory organic pollutants through reactions with highly active
radicals. In this regard, persulfate has been used to combat organic contaminants through
production of SO~ [4,5]. However, due to several limitations, such as high cost, inherent toxicity,
and residue retention, the use of persulfate systems may cause secondary environmental pollution
[6-8]. Novel sodium sulfite (S(IV))-based AOPs have drawn extensive attention owing to their
low cost and environmental-friendly nature. Furthermore, the stability of S(IV) is considerably
higher than that of persulfate [6,9]. Moreover, S(IV) is already present in many industrial
operations; in addition to being a common reducing agent, it is produced during exhaust gas
desulfurization and is present in industrial wastewater as a waste product (pollutant) [10-12]. It
can be converted into radicals by metal-based catalysis for the degradation of organic pollutants.
For instance, the radicals produced by a Fe(VI)-S(IV) system can degrade phenol and other
organic pollutants [13]. In addition, a Mn(VI1)-S(IV) system can efficiently eliminate 71% of

arsanilic acid [10]. Various transition-metal oxides, including Cr(\VI) [14], Fe(ll/111) [15,16], and
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Ni(ll) [6], can be used to activate S(IV) and, thus, produce radicals for the degradation of organic

compounds.

In the past few years, Co used as a heterogeneous catalyst and its composites with S(1VV) have been
analyzed for contaminant degradation owing to their efficient generation of radicals [9,11,12].
Nevertheless, the application of Co-based catalysts for S(IV) or persulfate activation leads to
problems related to toxicity [9,17]. As previously reported by our group, Co-based heterogeneous
catalysts exhibit excellent catalytic activities for phenol degradation; however, the leaching of Co
ions cannot be completely controlled [18]. Fe-based heterogeneous catalysts have also been
considered; however, they demonstrate sluggish catalytic performance for S(IV) activation for the
generation of radicals [9]. Moreover, Fe-based catalysts produce sludge during wastewater
treatment; consequently, their application in AOPs is restricted [2]. Therefore, less-toxic, cost-

effective, stable, and more efficient catalysts are crucial for S(IV) activation.

Mn oxides exist in high amounts in soil, are competitively priced, and have low environmental
biotoxicities. They are present in three main valence states (Mn?*, Mn3*, and Mn*"), facilitating
their application in catalysis [19-21]. The corresponding redox cycle is closely related to the
transfer of electrons among the Mn species. Both a-Mn2Os@a-MnO2-500 nanocomposite [22] and
egg-shaped core/shell a-Mn203@a-MnO; catalyst [23] showed excellent redox properties due to
their multivalent states. Furthermore, they showed outstanding catalytic performance for persulfate
activation toward radical production. MnO2, Mn203, and Mn3O4 catalysts have been widely used
in persulfate systems for the degradation of organic contaminants. They demonstrate different
catalytic performances for persulfate activation to generate reactive oxygen species (ROS) [22,24].
The catalytic performance of Mn-based catalysts depends on the (multi)valence state, surface area,

presence of surface —OH groups, and surface morphology [25,26].
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The surface morphology of an Mn oxide can significantly enhance its performance. For example,
spheres with hollow, yolk/shell, or core/shell nanostructures that contain a yolk, shell, and/or void
space are novel and important nanomorphologies [27,28]. As nanoreactors for catalysis,
nanomaterials with such morphologies and porous shells exhibit unique advantages. They exhibit
a high degradation performance because both the core/yolk and shell surfaces are exposed, with
reactive small molecules passing through the porous shell, providing numerous catalytic sites [27—
29]. Unfortunately, many such heterogeneous catalysts have limitations such as high cost, complex
synthetic procedures, and low chemical stability during wastewater treatment [30]. Thus, the
development of less-toxic solid-based catalysts with stable and high performance for S(IV)

activation and a facile synthetic procedure is urgently required.

Herein, the catalytic degradation performance of Mn.O3@Mns0s, a-MnO2, Mn203z, Mnz0s,
MnsOs, and other transition-metal oxides, such as Co0z04, CuO, and Fe;Os, toward phenol
degradation were extensively examined in the S(IV) system. This study aims to (i) synthesize an
efficient catalyst by a facile route, evaluate the catalytic efficiencies of transition-metal oxides,
and consequently develop an efficient heterogeneous catalyst for the S(IV) system; (ii) test the
broad spectrum of Mn,Os@MnsOs/S(IV) systems for the degradation of various organic
pollutants; (iii) explore the influence of radical species on the catalytic degradation performance
of Mn,Os@MnsOg; and (iv) investigate the catalytic performance and cyclability of
Mn.Oz@Mns0g at different pH. To the best of our knowledge, this is the first study on the use of
monometallic oxides as heterogeneous catalysts with significant potential for the degradation of

organic pollutants via S(IV) activation.

2. Materials and methods

2.1. Chemicals



112

113

114

115

116

117

118

119

120

121

122

123

124

125

126

127

128

129

130

131

132

Manganese carbonate (>99.0%), anhydrous sodium sulfite (97.0%), sodium nitrite (99.0%),
potassium permanganate (99.5%), maleic acid (>99.0%), sodium hydroxide (>96.0%), sulfuric
acid (95.0-98.0%), sodium sulfate (=99.0%), humic acid (HA) (>90%), ethanol (>97.7%), tert-
butyl alcohol (>99.0%), phenol (99.0%), 2,4-dichlorophenol (99.0%), bisphenol A (99.0%),
acetaminophen (98%), aniline (>99.0%), and 5,5-dimethyl-1-pyrroline-N-oxide (97.0%) were
purchased from Aladdin industrial corporation and Sinopharm Chemical Reagent Co., Ltd., China.

Nitrobenzene (99.0%) was purchased from Shanghai Lingfeng Chemical Reagent Co., Ltd.
2.2. Synthesis of transition-metal oxide catalysts
2.2.1. Synthesis of Mn,0O3@Mns0g, Mn203, and Mn304

Commercial MnCO3 was calcined at 500, 700, and 900 °C (heating rate: 3 °C mint) for 2 h to

obtain Mn20s@MnsOg, Mn203, and Mnz0s4, respectively [31].
2.2.2. Synthesis of Mns0g

To prepare MnsOg, a y-MnOOH precursor was first synthesized by a hydrothermal method as
follows: KMnOg (0.79 g) was added to water (47 mL) and ethanol (EtOH; 3 mL) in a beaker, with
the total volume maintained at 50 mL. The beaker was then transferred to a steel autoclave and
sealed. Then, it was held at 140 °C for 24 h. The obtained product was separated by filtration and
repeatedly washed with water. Finally, it was dried overnight at 80 °C in an oven. The y-MnOOH
precursor was then calcined at 400 °C (heating rate: 1 °C min™?) for 2 h under nitrogen flow to
produce Mn3O4 that was subsequently calcined at 410 °C (heating rate: 4 °C min?) for 2 h in air

to obtain MnsOg [32].

2.3. Catalyst characterization
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The various transition metal-based catalysts were characterized by several analytical techniques.
The crystallinities and crystal structures of the catalysts were determined by X-ray diffraction
(XRD; B.V. Empyrean, PANalytical) using radiation with a wavelength (X) of 1.5405 A. Scanning
electron microscopy (SEM; FEI Nova Nano) and transmission electron microscopy (TEM; Tecnai
G20 American) were used to investigate the surface morphologies of the catalysts. Brunauer—
Emmett-Teller (BET) analysis was performed to determine the surface areas of the various
catalysts. Compositions and valence states of the catalysts were determined by X-ray photoelectron

spectroscopy (XPS; GENESIS, EDAX, USA).
2.4. Experimental procedures
2.4.1. Degradation experiments of organic compounds

Degradation experiments were initiated by placing a 50 uM organic contaminant solution (20 mL)
in a conical flask and adding a catalyst (0.004 g) and 0.7 mM S(IV) at 30 °C. The temperature of
the reaction solution was adjusted using a water bath, and magnetic stirring was performed at >200
rpm. Every 30 min, 0.5 mL samples were withdrawn from the reaction solution, and the amounts
of organic pollutants they contained were evaluated. Ethanol (EtOH) and tert-butyl alcohol (TBA)
were utilized for scavenging experiments. Other parameters such as the pH, content of anions (CI -,
S04%7, NOs, and CO3?"), and humic acid (HA) addition were also studied. Furthermore, cycling
tests were conducted to investigate the cyclability of Mn2Os@MnsOg. At the end of each cycle,
the catalyst was removed from the solution through the filtration process, repeatedly washed with
water, held at 100 °C in an oven for 12 h, and then used in the next run under similar experimental

conditions.

2.4.2. Sample analysis
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Every 30 min, the reaction solution (0.5 mL) was passed through a syringe filter (0.45 um), and
phenol concentration was analyzed by high-performance liquid chromatography (HPLC) (Elite
3100, China) using a C18-type column (4.6 x 75 mm, 3.5 pm). The following mobile phases at A
= 270 nm were used for the various contaminants: water and methanol (40:60, v/v) for phenol;
water and acetonitrile (40:60, v/v) for bisphenol A (BPA); and water and acetonitrile (50:50, v/v)
for nitrobenzene (NB). For acetaminophen (ACE), water and acetonitrile (85:15, v/v) were used
as the mobile phase at A = 254 nm. For 2,4-dichlorophenol (DCP), a mixture of water and
acetonitrile (30:70, v/v) was employed as the mobile phase at A = 210 nm. For all of the tested
mobile phases, the flow rate was 1 mL min~t. Total organic carbon (TOC) measurements were
conducted to examine the TOC contents of the samples. Initially, 2 mL was withdrawn from the
reaction solution, added to a NaNO> solution (0.3 M, 2 mL) for quenching, and then its TOC was
verified [33]. For the curve fitting of the phenol elimination rate in the S(IV) system, a pseudo-

first-order equation (equation (1)) was used [34,35]:
Ct —_
In (C—O) = —kqt, 1)

where Co and C; represent the phenol concentration before the reaction and at reaction time

t, respectively, and ki is a rate constant.
2.5. Detection of radicals

Electron paramagnetic resonance (EPR) spectroscopy was performed to detect the radicals present
in the reaction solution. A spin-trapping reagent 5,5-dimethyl-1-pyrroline-N-oxide (DMPO) was
introduced to the reaction solution, and then the sample was examined using an EPR spectrometer.

The experiments were performed under the following conditions: temperature = 30 °C; power =
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10-30 mW; sweep width = 100 G; modulation frequency = 100 GHz; and microwave frequency

=9.90 GHz.

2.6. Computational methodology

Density functional theory (DFT) simulations were performed on Quantum-ATK [36] and the
results were analyzed using VESTA and Virtual NanoLab Version 2019.3 software. To validate
and confirm the efficiencies of our experimentally observed catalysts, DFT calculations were
performed to investigate the effect of oxygen vacancies (Ov) on the interaction between —OH and

Mn203, MnsOs, and Mn2.O3@MnsOs. The detailed procedure is provided in Text S2.

3. Results and discussion

3.1. Characterization of Mn203@MnsOs and other transition-metal oxides

The XRD patterns of a-MnO2, MnzO4, MNO, Co304, CuO, and Fe03 are shown in Fig. S1, and
are in accordance with those reported previously [37,38]. In the XRD pattern of MnsQOg, the main
diffraction peaks were obtained at the 26 angles of 18.08°, 21.62°, 24.68°, 28.65°, 31.78°, 36.24°,
36.94°, 38.84°, 39.24°, 43.43°, 48.30°, 49.59°, 58.58°, and 66.49° (Fig. 1); this indicates that
MnsOsg has a characteristic monoclinic structure with the C2/m space group (PDF # 39-1218) [32].
Furthermore, in the XRD pattern of Mn.Og, diffraction peaks were obtained at the 26 angles of
23.15°, 32.97°, 38.23°, 45.17°, 49.34°, 55.18°, and 65.08° (Fig. 1), implying that Mn2O3 has a
cubic structure with the 1a3 space group (PDF # 41-1442) [39]. The XRD pattern of
Mn203@Mns0sg exhibited well-defined diffraction peaks of the combined MnsOg and Mn2O3
phases (Fig. 1); no peaks of other Mn oxides were detected, suggesting the successful generation
of Mn20Os@MnsOg. This type of material with multivalent states and combined crystal structures

demonstrates efficient catalytic performance [23,40], as discussed herein.
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Figs. 2 and S2 show the surface structures of the various samples determined by SEM. The a-
MnO:> particles were in the form of nanorods with various lengths (55-202 nm) and widths (31—
68 nm) (Fig. S2a and b). Nanorods were also observed for MnsOg, with the lengths of

approximately 1-12 um and widths of 40-470 nm (Figs. 2a—2c).

Mn2Oz@Mns0g, which was formed by calcining MnCOs at 500 °C, contained spheres and
yolk/shell structures, with the former primarily being non-uniform with an average diameter of 1.2
um, as indicated by the histogram shown in Fig. S3 and the SEM results in Figs. 2d-2f, and Fig.
S2(c-f). Moreover, the yolk and shell were composed of small particles with the diameters of 28—
78 nm and agglomerated particles of different sizes. The broken shell of Mn2Os@MnsOg clearly
showed a void space between the yolk and shell that will provide additional active sites that are
beneficial for catalysis [27,28] (Figs. 2f and S2(c—f)). To further confirm the morphology of
Mn2O3@Mns0g, high-resolution transmission electron microscopy (HRTEM) was conducted
(Figs. 3a—3b and S4(a and b). The HRTEM images of Mn2Os@MnsOg were in accordance with
the SEM results, as shown in Figs. S4(a and b). Moreover, the interplanar spacings on the surfaces
of the Mn,Os@MnsOg particles were measured as 0.49 and 0.27 nm, corresponding to the
MnsQOg(200) and Mn203(222) planes, respectively (Figs. 3a and 3b). The insets in Figs. 3a and 3b
depict the 2D fast Fourier transforms of the Mn>Os@MnsOg particle that are consistent with those
of the (200) plane of monoclinic MnsOg and the (222) plane of cubic a-Mn2Os. These results
appropriately agree with the abovementioned XRD results (Fig. 1). Thus, the HRTEM results
confirmed that Mn2Os@MnsOg consists of spheres and yolk/shell structures and coexisting

monoclinic MnsOg and cubic Mn2O3 crystal structures.

The Mn203 and Mn304 samples formed by calcining MnCOz at 700 and 900 °C, respectively, were

also examined by SEM. Unlike Mn20s@MnsOs, which was formed by calcining MnCQO3z at 500

10
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°C, spherical particles were not observed for Mn>Ogz, and only nanoparticles with different shapes
and sizes ranging from 45 to 175 nm were formed (Figs. 2g—2i). When the calcining temperature
was further increased to 900 °C, the resultant Mn3O4 particles had various shapes and significantly
larger sizes (0.65-1.30 um) (Fig. S2(h—i)) than those of Mn2Os@MnsOg. This observation
indicated that the particle size of the material increased with increasing calcination temperature.
Overall, the abovementioned unique architecture is crucial for achieving a high content of active

sites that enhances S(1V) activation and chemical reactions toward the desired target.

3.2. Oxidation of organic pollutants on catalysts

Under identical conditions, the various metal oxides showed different catalytic performance for
the degradation of several organic compounds in the presence of S(IV) (Fig. 4). Phenol did not
degrade in the presence of S(IV) (0.7 mM) alone within 180 min at 30 °C (Fig. 4a); this
demonstrated that the production of ROS from S(1V) could not occur in the absence of a catalyst.
When a-MnO2, Mn203, Mn304, and MnsOg were separately introduced as catalysts into the S(IV)
system, 21%, 41%, 17%, and 30% of phenol, respectively, was degraded within 180 min.
Similarly, when Mn2Os@MnsOg was introduced into the S(IV) system, 91% of phenol was
degraded (Fig. 4a), implying that Mn.Os@MnsOg had a higher activity for phenol degradation
than the other S(1V) activators under similar conditions. Clearly, Mn.Oz@Mns0g showed a higher
phenol degradation efficiency than heterogeneous a-MnOz, Mn203, Mnz04, and MnsOs. The
efficient catalytic performance of Mn.Oz@MnsOg can be attributed to its multivalent states, unique
architecture, surface hydroxyl groups (—-OH), and large surface area (these features are similar to
those reported previously [27,29,39-41]), leading to the generation of more ROS with

Mn2Oz@Mns0Og than with the other S(1V) activators.
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The phenol degradation curves of the different catalysts were fitted by the pseudo-first-order
kinetic model (Fig. S5) [25,34]. The ki values of all the catalysts are listed in Table 1.
Mn,03@MnsOs showed the highest ki value of 0.0167 min~%, whereas Mn3O4 showed a ki value
of 0.0014 min~t. Moreover, Mn,O3;@MnsOs showed superior catalytic performance compared to
that of the other S(IV) activators, including the transition-metal oxides CuO, Co0304, and Fe203
(Fig. 4b). A filtered solution of Mn.O3@MnsOg was used for catalytic S(1V) activation (Fig. S6).
The results indicated that the catalytic activity did not arise from ions; instead, it originated from
Mn2Oz@Mns0s itself due to its intrinsic features [42]. We also noticed that other pollutants could
be effectively removed by the Mn.O3@MnsO0s/S(1V) system. For example, 100%, 98%, 82%, and
53% of BPA, ACE, DCP, and NB, respectively, were degraded by the Mn2Osz@MnsOs/S(1V)
system under identical conditions (Fig. 4c). This observation suggests that several organic
pollutants can be removed by the Mn.O:@MnsOs/S(IV) system, which is significant for

wastewater treatment.
3.2.1. Cycling tests and stable performance of Mn2O3@Mns0s

For an efficient catalytic system, cyclability and stability are two of the most important qualities.
For many heterogeneous catalysts, the catalytic performance decreases upon their repeated use in
cycling tests [24,33]. For the present system, four successive cycling tests were conducted to
determine the cyclability of Mn2Os@MnsOg for the removal of phenol (Fig. 4d). Within 180 min,
phenol elimination decreased slightly by the second cycle, whereas phenol degradation decreased
from 91% to 86% and 80% by the third and fourth cycle, respectively, corresponding to excellent
cycling performance. These results were also supported by the XRD results, which showed that all
the major XRD peaks were retained after the reaction (Fig. S7); this indicates the good stability of

the Mn,O3@Mns0s structure. The SEM image of the surface morphology of Mn2Oz@MnsOs after

12
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the reaction is shown in Fig. S2g. The surface of the Mn>Os@MnsOg sample subjected to cycling
consisted of spherical particles that were also observed for the fresh Mn.O3;@MnsO0g sample. This
demonstrates that during the cycling tests, the surface morphology of the catalyst did not change.
To summarize, these findings indicate that Mn2Os@MnsOg exhibits significant stability and

reusability for S(1V) activation to degrade phenol.
3.3. Mechanism of S(1V)-based AOPs
3.3.1. Detection of reactive radicals

S(IV) can be activated by metal-based catalysts to generate radicals [9-11]. Herein, to explain the
activation mechanism of the Mn,Oz@MnsOsg/S(IV) system, we initially performed quenching
experiments using different scavengers to determine the ROS in the reaction solution and those
participating in the reaction. Fig. 5a depicts the radical-scavenging effects of EtOH, TBA, and
aniline. SO4~ and "OH radicals are quenched by EtOH because it possesses a high reaction rate
constants (k) for both SO+~ (k=1.6 x 10’ M s ) and "OH (k=1.9 x 10° M ts™1) [6,12]. However,
EtOH does not have a strong quenching effect on SOs™ due to the lower k value (k <1 x 10° M
s 1) [43]. The removal of phenol decreased from 91% to 62% when 100 mM of EtOH was added
to the Mn20s@Mns0g/S(1V) system, and to 37% when 500 mM of EtOH was added. TBA is
commonly used as a scavenger for ‘OH (k = 6.0 x 108 Mt s™!) [6,44]. When TBA was introduced
into the Mn2.O3@Mns0sg/S(1V) system, the degradation of phenol decreased from 91% to 75%
(100 mM TBA) and 49% (500 mM TBA). These results indicate that the Mn2Os@MnsO0s/S(1V)
system generates both SO4™ and "OH radicals, which is consistent with previous reports that S(1V)
produces SO4™ and "OH in the presence of a catalyst [9,12,44]. Furthermore, because the results
of the scavenging experiments with EtOH and TBA were somewhat similar, it is likely that SO4™

rapidly transferred to "OH in this system.
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The presence of "OH radicals was further verified by using the selective scavenger COs? (see
Section 3.8.3) and the chemical probe NB. NB has a high k value for "OH (k =3.9 x 10° M 1s™?)
and does not directly react with SO4™ [42,45], making it an appropriate chemical probe for
confirming the production of ‘OH. Nearly 53% of NB was removed by the Mn>O3@MnsOg/S(1V)
system (Fig. 4c), suggesting that "OH radicals are the major species responsible for the elimination
of contaminants. However, because phenol degradation still occurred to some extent when a large
amount (500 mM) of EtOH or TBA was added, active oxygen species other than SOs" and "OH
must be involved in the degradation of phenol. Therefore, aniline was used as an active scavenger
for SOs™ [43]. With the addition of only 5 mM of aniline, the degradation of phenol decreased
from 91% to 10% in the Mn2O3@MnsOg/S(1V) system. Notably, this is very similar to the extent
of phenol oxidation by Mn2Os@MnsOg alone (9.0%) (Fig. 12b), indicating that SOs™ played a key
role in the degradation of phenol in this system. Because almost no phenol was degraded in the

presence of aniline alone, we propose that SOs™ acts as a precursor for the production of SO4™.

EPR spectroscopy measurements were conducted using DMPO as a spin-trapping agent to further
confirm the participation of the SO3™, SO4™, and "OH radicals (Figs. 5b and 5c). In the absence of
a catalyst, the EPR spectrum did not contain signals corresponding to SOz, whereas when
Mn2O3@Mns0g was introduced into the S(IV) system, a strong signal was detected for a DMPO-
SOs3 adduct after 2 min (Fig. 5b); the EPR spectrum was in agreement with those reported in the
literature [44,46]. Furthermore, six lines corresponding to DMPO-SO4 adducts (Fig. 5b) [46] and
four lines corresponding to DMPO-OH adducts (after 30 min) were observed in the EPR spectrum
of the Mn2Oz@Mns0g/S(1V) system (Fig. 5¢) [44]. Note that DMPO cannot trap SOs™ to provide
an observable signal, even if SOs™ is present in the reaction solution. However, SOz is readily

oxidized to SOs™ in the presence of dissolved oxygen (see equation (6); k = 2.5 x 10° M1 s%).
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The role of SOs™ was verified by investigating the phenol degradation in a Mn.O3@MnsO0s/S(1V)—
N2 system, in which SO3™ cannot oxidize to SOs™ due to the inert conditions. Negligible phenol
degradation occurred, as shown in Fig. S8, demonstrating that SOs™ contributes to phenol

degradation. This also confirms that the oxidation of phenol by SO3™ is negligible.

These results imply that S(IV) is activated in the presence of Mn,O3;@Mns0s to generate SO3™,
which then acts as a precursor for the production of SOs™ and then SO4™". The SO4™ radical species
react with "OH/H>0 to generate "OH radicals, which are the primary components involved in the

degradation of phenol along with SOs™™ and SO4™.
3.4. H2-TPR analysis

To understand the reduction/oxidation behaviors of the catalysts, the H> temperature-programmed
reduction (H2-TPR) profiles of the Mn,Oz@Mns0s, Mn203, and MnsOg catalysts between 50 and
800 °C are shown in Fig. 6a. The H>-TPR profiles contain reduction peaks at 301.5 and 403.6 °C
for Mn203@Mns0s, 385.5 and 463.7 °C for Mn20s3, and 290.5 and 409.7 °C for MnsOs. The lower
and higher temperature peaks were ascribed to the reduction of each catalyst to Mn3Os, and of
Mn304 to MnO, respectively. Indeed, XRD patterns of the reduced samples proved the existence
of MnO, as shown in Fig. S9. Notably, the present construct of the Mn2Os@MnsQOg structure is of
multivalent Mn ions in MnsOg (compositional formula of Mn,!", Mn3'VOg [47]), along with Mn2Os
(which contains Mn'"). Thus, the H,-TPR results can be explained by the fact that MnsOs contains
Mn'", which is reduced at a lower temperature than Mn'" [48,49], whereas the second peak of
Mn.Oz@Mns0g was lower than that of the other two samples. This confirmed that the catalyst
underwent a Mn(IV) — Mn(III) — Mn(II) transition, which is favorable for the redox cycle of the

Mn species within the catalyst.
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3.5. Electrochemical test

The different Mn-based catalysts showed different catalytic performance for the degradation of
phenol, as shown in Fig. 4a. To elucidate the differences among the catalysts, it is important to
study their redox properties. Efficient catalytic performance is also related to the electrochemical
behavior because the catalytic reaction to generate ROS involves the transfer of electrons between

the catalyst and S(1V).

To verify the charge transfer behavior and redox mechanism of Mn,Oz;@MnsQOs, cyclic
voltammetry (CV), linear sweep voltammetry (LSV), and electrochemical impedance
spectroscopy (EIS) analyses were conducted on the Mn,O;@Mns0s, Mn2O3z, and MnsOg
electrodes in a mixed solution of NaxSO4 (0.1 M) and S(IV) (0.7 mM). Fig. 6b shows clear cathodic
and anodic peaks corresponding to the oxidation and reduction of the Mn species, which are typical
processes in the catalytic reactions on the surface of Mn-based catalysts [40,50]. In the CV curves,
the Mn203@Mns0Og electrode produced remarkable oxidation and reduction potential peaks that
were more intense than those produced by the Mn20O3 and MnsOg electrodes. This indicates that
the Mn species is important for S(IV) activation, which facilitates fast electron transfer in
Mn2O3@Mns0s. The current densities of the Mn20Oz@MnsOg, Mn203, and MnsOg samples were
calculated from their LSV curves (Fig. 6¢). Mn2Oz@Mns0Og had a higher current density than that
of Mn2O3 and MnsQg, indicating that the charge transfer ability was considerably enhanced with
the addition of Mn2Os@MnsOg [51]; thus, the electron transfer with S(IV) was enhanced. In the
high-frequency region of the EIS Nyquist plot (Fig. 6d), Mn.Os@MnsOg produced a smaller
semicircle than Mn2Oz and MnsQOsg, indicating efficient charge transfer within the catalyst. The
outstanding conductivity and multivalence of the Mn.Oz@MnsOs yolk/shell structure can enhance

the electron transfer in the Mn2Os@MnsOg/S(1V) system. Thus, Mn203@MnsOg promotes
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electron transfer for efficient S(IV) activation, which can accelerate the elimination of organic
pollutants. Overall, compared to the other catalysts, Mn,O3@MnsOg preserved greater redox

potential and provided faster electron circulation, which is beneficial for efficient S(IV) activation.
3.6. Plausible S(IV) activation and radical formation pathways

To explore the roles of the surface activation mechanism and chemical composition of
Mn.Oz@Mns0g on the activation of S(1V) toward the production of SOs™, SO4™, and "OH, XPS
was performed before and after the reactions of the samples (Figs. 7a—d and S10). Before catalytic
oxidation, Mn peaks appeared at 640.7, 642.0, and 643.8 eV after peak fitting in the 2ps/ core
region, which were ascribed to Mn(l1), Mn(l11), and Mn(1V), respectively [52]. After the reaction,
the proportion of Mn(l1) increased from 16.1% to 23.0%, whereas the proportions of Mn(l11) and
Mn(1V) decreased from 44.4% to 39.8% and 39.5% to 37.2%, respectively (Figs. 7a and 7b). This
indicates that the Mn(Il) <> Mn(IIT) < Mn(IV) redox cycle occurred among the Mn species present
during S(IV) activation. The Mn species in the heterogeneous catalyst served as an electron

transfer agent for S(1V) activation [6,9] and thus generated oxysulfur radicals.

Figs. 7c and 7d show the O 1s spectra of Mn20Os@MnsOg before and after the reaction,
respectively. In the XPS spectra of O(l), O(ll), and O(ll), three peaks were observed at 529.7,
531.4, and 533.5 eV, corresponding to lattice O (O*7), —OH groups, and adsorbed H-O,
respectively [40]. After the oxidation of Mn,O3;@MnsQOs, the relative intensities of the O?~ and
adsorbed H2O peaks increased from 53.6% to 66.2% and 9.8% to 12.3%, respectively, whereas
that of the —OH group peak decreased from 36.6% to 21.5%. This result implies that the O species
participated in the catalytic reaction and facilitated S(IV) activation via complexation/bond
formation. Furthermore, the —OH groups in the catalyst offered active sites for bond formation

with S(1V) [9]. Figs. 7c—7f show that Mn.Oz@Mns0g had the highest percentage of —OH groups
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on its surface (36.6% vs. 28.7% for Mn2Oz and 16.7% for MnsOs). Thus, this catalyst facilitated
fast electron transfer among the Mn species (Mn(II) <» Mn(III) «» Mn(IV)) and provided a large

number of active sites (—OH groups) for S(IV) activation.

The plausible mechanism for S(IV) activation by Mn,Os@MnsOg is as follows. Initially, a
Mn(11/111/1V)-OH complex was generated due to the physical adsorption of H,O molecules on the
Mn20s@MnsOg  surface [6,9,25]. Subsequently, S(IV) formed a complex/bond with
Mn(H/111/1V)-SOs™ via the —OH groups [6,9], allowing electron transfer between the catalyst and
S(1V) in the solution. The Mn(lI/111/1V)—SO3~ bonds were broken by another SOz~ ion, producing
SOs" according to equations (2) and (3). The electron transfer between Mn,Oz@MnsOg and S(1V)
was verified by the corrosion current of 4.8 x 10° A in the Tafel curves (Fig. S11). This provides
strong evidence for S(IV) activation by electron transfer from Mn2Os@MnsOg. The CV curves for
the Mn203@MnsOg/S(1V) system showed two reduction peaks at 0.07 and 1.00 V, corresponding
to the reduction of Mn' to Mn'"" and Mn'"" to Mn", respectively. In contrast, two oxidation peaks
were detected at 0.80 and —0.19 V corresponding to the oxidation of Mn'' to Mn'"" and Mn'"" to
Mn'"v, respectively. Thus, the electron transfer from S(1V) to Mn' and Mn'"" led to the generation
of Mn"" and Mn"| respectively. Meanwhile, SOs"~ was also generated in the solution. The Mn
species within the catalyst, such as Mn'' and Mn"", were oxidized by dissolved oxygen (equations
(4) and (5)) or other oxygen species to Mn'!"and Mn'V, respectively. This indicates that the Mn(I1)
< Mn(IlT) <> Mn(IV) redox cycle was established in the S(IV) system. SOs™ was generated by
the oxidation of SO3™ via dissolved oxygen according to equation (6). Meanwhile, SO4™ was
produced by the reaction of SOs™~ with SOz~ (equation (7)) and by the internal electron transfer
of SOs™ (equation (8)) [43]. The produced SO.~ then reacted with SO3?>" to generate SO3™

(equation (9)), and "OH was produced by the reaction of SO+~ with "OH/H20 (equations (10) and
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(11)). This indicates that the Mn2Oz:@MnsOg/S(IV) system involved cyclic oxysulfur radical
formation (SOs™, SOs™, and SO4™) as shown in Fig. 8. The multivalent Mn species in the
Mn2Oz@Mns0g yolk/shell structure along with monoclinic MnsOg and cubic MnOs maintained
the redox cycle and facilitated electron transfer; thus, the catalyst demonstrated effective catalytic
performance. Overall, an appropriate combination of catalytic features was generated on
Mn2Oz@Mns0g, which facilitated S(1V) activation to produce a large number of radicals for

contaminant degradation.

=Mn(I/III/TV)-OH + SOz>~ — =Mn(II/II/IV)- SO3~ + "OH (2)
=Mn(I/III/IV)-SOs™ + SO3z>~ — =Mn(I/II/IV)- SO3™ + SOz~ (3)
=Mn(1I) + [O] + H* — =Mn(III) + OH (4)

=Mn(11I) + [O] + H* — =Mn(IV) + "OH ®)

SOz~ + 0, — SOs5™ (6)

SOs™ + S0z>” — SO4> + S04~ (7

SOs5™ + S0s5™ — Oz + 2S04~ (8)

S04~ + S03> — SO4% + SO3™ (9)

SO4~ + OH — SO4* + *OH (10)

S04~ + H20 — S04 + +OH + H* (11)

3.7. Density functional theory (DFT) calculations

To compare and validate our experimental data, DFT studies were performed using 2D slab

models of Mn203(001), MnsO0g(100), and Mn203@Mns0g(100). Both pristine and 2% oxygen-
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deficient surfaces of these species were considered, and the catalytic efficiency was predicted in
the form of adsorption energy based on the interaction with —OH groups. The per-OH adsorption
energy over the pristine and oxygen-deficient surfaces of Mn2Oz, MnsOg, and Mn203@MnsOg

were calculated using equation (12) and the values are listed in Table S2.

AEad = Esurface@OH - (EOH + Esurface) (12)

where AEaq is the adsorption energy, Esurface IS the energy of the clean surface, Eon is the total free
energy of OH, and Esurface@on 1S the energy of the optimized OH-slab complex. The optimized
structures of Mn203, MnsOg, and Mn.O:@MnsOsg and their 2% oxygen-deficient species are
shown in Figs. 9, S13, and S14. The interaction between O of —OH and the surface Mn atoms is
also shown. The —OH groups interact with Mn atoms and form strong O—Mn bonds on the 2%

oxygen-deficient surfaces, while they only weakly bond with the pristine surfaces.

Comparative analyses of the data in Table S2 indicate that —OH adsorption should be more
favorable on oxygen-deficient surfaces than their pristine counterparts. Indeed, the highest
adsorption energy was observed for the Oy-Mn2Oz@Mns0g(100)-OH surface (approximately
—5.51 eV). This statement strongly corroborates our experimental results and confirms the
significant finding that the presence of surface —OH groups enhances the catalytic efficiency of
the Mn20Os@MnsOg heterostructure. This strong interaction energy is caused by strong bonding
between the O of the —OH group and the surface metal atoms, as can be visualized from the ELF
map in Fig. 10. The ELF maps of Mn203(001), MnsOg(100), O.-Mn203(001), and Oy-

Mns0sg(100), with and without —OH interaction, are shown in Figs. S15 and S16.

The —OH adsorption on the Mn,O3@Mns0g(100) surface is further enhanced by significant inter-

charge transfer, as shown in the EDD images in Fig. S17. The contours of the electron cloud
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density of Mn.Os@Mns0g(100) are prominently changed due to the change in the oxidation state
of the Mn atoms, as clearly highlighted by the red shaded area in the EDD image of Ov-
Mn203@Mns0g(100) (Fig. S17). The 2D plot of EDD along the c-axes of Mn2O3@Mns0g(100),
Ov-Mn20:@Mns0g(100), and their OH-interacted systems are shown in Figs. 11a and 12b,
respectively. It is found that upon interaction with the —OH group, the change in EDD of the Oy-
Mn20s@Mns0g(100) species is higher than that of the Mn2Oz@Mns0g(100) species, as can be
observed from Figs. 11a and 12b. In these figures, the yellow and green areas denote electron
accumulation and electron donation, respectively. A significant amount of inter-charge exchange
occurred within the Oy-Mn203@Mns0g(100) system, which is responsible for the adsorption of

more —OH groups and efficient catalytic ability.

The DFT calculations indicated that the adsorption energy of —-OH on the O.-
Mn2Oz@Mns0g(100) surface was about twice that on the pristine Mn20Os and MnsOg surfaces.
Consequently, more —OH groups will adsorb to the Oy-Mn2O3@Mns0g(100) surface. The
stronger the adsorption energy, the higher the catalytic activity. Finally, the oxygen-deficient Oy-
Mn203@Mns0g(100) system has a lower work function (4.74 eV) than that of the pristine
Mn2Oz@Mns0g(100) system (4.79 eV), as shown in Figs. 11c and 11d. The lower the work
function of a catalyst, the higher the electron transformation and catalytic activity. Thus, it was
concluded that the Mn2Os@MnsOg catalyst provides more —OH groups, which act as active sites
for S(IV) activation, and a higher electron transfer. Consequently, Mn2Os@MnsQOg is highly

suited to efficient catalysis.

3.8. Effects of reaction conditions on the degradation of phenol

3.8.1. Effect of the initial pH of the reaction solution
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The preliminary pH of the reaction solution plays a vital role in the degradation of organic
pollutants in aqueous media. Metal-based catalysts, such as NiFe>Os and CoFe2Oa, reportedly
exhibit sluggish catalytic performance in sulfite systems at a low or neutral pH [6,9]. Experiments
were conducted at the preliminary pH values of 3.0, 4.0, 5.0, 6.0, 7.0, 9.0, and 10.0 to investigate
the effect of pH on the removal of phenol by the Mn.O3:@Mns0s/S(1V) system (Fig. 12a). The
primary pH of the reaction solution was adjusted to the target pH using NaOH and H>SO; after the
addition of S(1V). The Mn20Oz@Mns0s/S(IV) system exhibited almost 100% phenol degradation
within 60 and 150 min at the pH values of 3.0 and 4.0, respectively, whereas 91.0%, 82.0%, and
77.0% of phenol was removed within 180 min at the pH values of 5.0, 6.0, and 7.0, respectively.
When the initial pH of the reaction solution was increased to 9.0 and 10.0, the phenol degradation
rate decreased rapidly to 18% and 15% within 180 min, respectively. This observation indicates
that the removal of phenol by the Mn2Os@MnsOg/S(1V) system under the low-acidic and neutral
pH conditions was higher than that under the alkaline conditions. Further experiments were
conducted to examine the performance of Mn2Os@MnsOg alone for phenol removal at various pH
values under identical conditions. Nearly 99% of phenol was eliminated by Mn,O3;@MnsOgalone
within 90 min at pH = 3.0, whereas only 23% and 9% of phenol was eliminated within 180 min at
pH = 4.0 and 5.0, respectively, and less than 6% of phenol was removed within 180 min at pH =
6.0-10.0 (Fig. 12b). The phenol degradation capability of Mn,Os@MnsOs alone can be attributed
to the oxidation of phenol via the Mn species in Mn2Os@MnsQg, which is consistent with a
previous report [34]. Furthermore, we noted that the phenol oxidation process by Mn2Oz@MnsOg
alone was very slow at pH 5 compared to that at pH 3, suggesting that in the Mn,Oz@MnsOs/S(1V)
system, almost all the phenol degradation at pH 5.0-7.0 occurred through the radical process (Figs.

4a and 12a).
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The zero-point charge (ZPC) of Mn2Oz3@MnsO2 was calculated to be approximately 3.4 (Fig. 12c).
The Mn20O3@MnsOg surface was positively charged when pH < pHzy, whereas it was negatively
charged when pH > pHzp [40,53]. The pKa value of S(1V) is 7.2 [43]. This finding indicates that
when the pH was below 3.4, Mn,O3@MnsOg was positively charged, which increased the reaction
rate with negatively charged S(IV) (SOs2) and accelerated the activation of S(IV). This increased
the degradation of phenol. This phenomenon is in agreement with the previous studies on the
activation of persulfate by Mn-based catalysts [40,53] and implies that an increase in the
electrostatic repulsion force may decrease the interactions between Mn.Oz@MnsO2 and S(1V),
thereby hindering the phenol degradation. Furthermore, at high pH values of 9.0 and 10.0 that are
close to the pKa value of phenol (10.0), almost all of the pollutants were deprotonated and
negatively charged; consequently, the interaction between phenol and the catalyst was reduced,

accounting for the suppressed phenol degradation.
3.8.2. Influence of Mn20O3@Mns0g dosage and S(1V) concentration

Figs. 13a and b show the effects of Mn,Os@MnsOs dosage and S(IV) concentration on the
degradation of phenol. When 0.2 or 0.3 g L ™! Mn,Os@MnsOs was used, 91% and 98% of phenol,
respectively, were removed in 180 min; in contrast, when 0.1 g L Mn203@MnsOs was employed,
68% of phenol was eliminated within 180 min (Fig. 13a). This result demonstrates that the number
of active sites increases with the Mn,Oz@MnsOg dosage because of the substantial activation of
S(IV) [11,24]. S(IV) in various concentrations was used in the presence of Mn2Os@Mns0s to
analyze the influence of S(IV) concentration on the degradation of phenol (Fig. 13b). S(IV) in
concentrations ranging from 0.2 to 0.7 mM led to significantly high eliminations of phenol.

However, a further increase in S(IV) concentration to 1 mM caused the removal of phenol to
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decrease, as compared to that observed with 0.7 mM. This observation indicates that excessive

S(1V) quenches the ROS and reduces the phenol removal rate [6].
3.8.3. Effect of anions and HA

The contents of various anions in the Mn20s@MnsOs/S(IV) system, including COs%, CI~, NO3,
and SO4 (5 mM), were determined to investigate their influence and interaction, as shown in Fig.
13c. Inorganic anions commonly exist in aqueous media and can act as scavengers for radical-
based oxidation. In addition, they often reduce the degradation performance of AOPs. For instance,
SO4and *OH radicals can be scavenged by CO3*~ with the rate constants, k, of 6.1 x 108 and 3 x
108 Mt s7%, respectively, generating less reactive «CO3™ radicals (equations (13) and (14)) [54,55].
In the present study, when CO3%~ was introduced into the Mn,0s@MnsOs/S(1V) system at pH =
5, the degradation rate of phenol decreased from 91% to 34%. This implies that the SO4™ and/or
*OH radicals were scavenged by COs*". Therefore, *OH was dominant in the S(IV) system, and
the addition of CO3*" decreased the degradation rate of phenol. In the presence of CI-, the phenol
elimination rate decreased from 91% to 64%, demonstrating some SO4™ and/or *OH radical
scavenging was performed by CI™. It has been reported that SO4™ and *OH react with CI~ with the
reaction rate constants, k, of 3.2 x 108 and 4.2 x 10° Mt s, respectively, generating *Cl radicals
(Eoc-cl, 12cr-y = 2.40 V), as shown in equations (15) and (16) [54,56]. As a result, the presence of
CI™ may decrease the phenol degradation rate. Similarly, when NO3~ was added to the reaction
solution, the phenol degradation rate decreased from 91% to 72%, suggesting that a reaction
occurred between the SO4™ and/or *OH radicals and NO3™ to produce less reactive NOz" radicals
(equations (17) and (18)) [54]. When SO4>~ was introduced into the same system, the degradation
rate of phenol decreased slightly (91% to 83%), indicating that this anion had lesser effect on the

degradation of phenol. Thus, several anions have negative effects on the phenol degradation
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efficiency. This suggests that the Mn2Os@MnsOg/S(1V) system produces various radicals, which
can react with anions and generate less reactive species, and ultimately deteriorate the phenol
degradation performance. Further degradation experiments were conducted at pH =5 to study the
performance of the Mn.O3@MnsOs/S(IV) system in the presence of HA to investigate the
influence of natural organic matter. As shown in Fig. 13d, as the amount of HA increased from O
to 10 mg L, the elimination rate of phenol decreased from 91% to 70% within 180 min. This
decrease in the removal rate of phenol with a large addition of HA may be related to the scavenging

ability of HA, which created competition for the radicals with the target compound [55].

CO3> + S04~ — CO3"™ +S04%" (13)
COs* ++OH — CO3" + OH~ (14)
CI™ + S04~ — SO4* + <Cl (15)
Cl"++OH — OH ++Cl (16)
NOs; + SOs~ — SO+ + NOg’ (17)
NOs + *OH — OH + NO3’ (18)

3.9. Mineralization

The mineralization of phenol in the Mn,O:@MnsOg/S(1V) system was studied to investigate the
TOC levels in the sample. Around 32% TOC removal was observed when 91% of phenol was
degraded within 180 mins (Fig. S18). Most metal-based or composite catalysts cause slight
mineralization of the organic contaminants in the S(IV) system [16,57]. However, the
Mn2Oz@Mns0g/S(IV) system not only showed efficient degradation of phenol in water but also
the removal of generated intermediates during the reaction, which could be very favorable for

wastewater treatment. The efficient mineralization of organic pollutants in the
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Mn2Oz@Mns0g/S(IV) system may be attributed to the high content of *OH radicals, as shown in
Fig. 5a. The oxidation of almost any compound occurs through *OH radicals, which are excellent
for their non-selectivity toward the substrate. Consequently, «OH radicals contribute to efficient
mineralization [57]. In contrast, SO4™ radicals are excellent for their strong selectivity toward a
target compound [58,59]. They can generate recalcitrant products during the degradation process,
which cannot be further degraded by SO4 /SOs™ [57]. Thus, the combined effect of SO4™ and
*OH radicals provides efficient mineralization of phenol, which is significant for the removal of

contaminants as well as generated intermediates in aqueous media.

4. Conclusions

Herein, the catalytic performance of Mn2,Oz@Mns0g, a-MnO2, Mn203, Mn304, MnsQOg, and other
transition-metal oxides (CuO, Co30s4, and Fe20O3) toward phenol degradation were investigated in

a S(IV) system. The following conclusions were drawn from the results of this study:

e  Mn203@MnsOg can be more facilely synthesized than other Mn oxides and shows better
catalytic performance than other S(IV) activators, which is attributed to its unique
architecture, multivalent states, surface hydroxyl groups (-OH), and large surface area. The
efficient redox conversion of Mn species (Mn(Il) <>Mn(Ill) &-Mn(IV)) is promoted by
Mn203@MnsOg during the catalytic reaction.

e DFT simulations reveal that Oy-Mn203@Mns0g(100) has a higher catalytic activity than
that of Mn>O3 and MnsQOgas as indicated by a strong —OH adsorption energy and significant
inter-charge transformation.

e Various experiments suggested that S(IV) is activated by Mn.Oz@Mns0g that generates
SOs3™, SOs™, SO4™, and "OH radicals, with SO3z™ acting as the precursor for the production

of other radicals.
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Radical-scavenging experiments confirmed that phenol is mainly removed by "OH and is
partially removed by SO4™ and SOs™ radicals.

At an initial solution pH of 3.0-7.0, the best degradation of phenol is achieved, whereas
the phenol degradation rate decreases at higher pH. The phenol elimination performance
of Mn.O3@Mns0g varies depending on the presence of other inorganic anions, whereas
TOC degradation is efficient in the S(IV) system.

Due to the low toxicity of Mn,Os@MnsOg and its high S(IV) activation ability, our method
can be considered a green approach for environmental remediation as compared to the

conventional methods.
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821 Table 1 Pseudo first order rate constant and BET values for various catalysts.

Rate constant Phenol removal

2
Entry Catalyst (min‘t) (%) BET (m</g)
1 Mn.0s@MnsOs  0.0167 91 45.0
2 a-MnO» 0.0017 21 224
3 Mn203 0.0040 41 32.0
4 MnsOa 0.0014 17 21.0
5 MnsOs 0.0025 30 11.0
822
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827  Fig. 6. (a) H2-TPR profiles of the Mn203@MnsOg, Mn203, and MnsOs catalysts, (b) CVs obtained
828  on Mn20s@Mns0g, Mn203, and Mns0g as electrodes in a mixed solution of NaxSO4 (0.1 M) and

829  S(IV) (0.7 mM). Scan rate= 100 mV s, (c) LSV curves and (d) EIS Nyquist plots.
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832  Fig. 7. (a and b) XPS spectra of Mn 2p fresh and used catalyst for the Mn2Os@MnsQOg. (¢ and d)
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838  Fig. 8. A possible overall sulfite activation mechanism on Mn2Oz@MnsOg catalyst for pollutants

839  degradation.

41



",1.'" *‘:’ e N ' ~‘|\‘\\‘ ‘ )
_4’. .:\‘ I‘ ‘ \\ ,.
K /80\) ‘7 ‘\\
‘. “_,...,. j
”l N .A s
_‘A““\h "_ [

.b '4:‘
"

840

841  Fig. 9. Optimized relaxed structures of (a) Mn2O3@Mns0g(100), (b) Mn203@Mns0g(100)-OH,
842  (c) Ov-Mn203@Mns0sg(100), and (d) Ov-Mn203@Mns0g(100)-OH. The adsorbed —OH groups
843  are shown with red broken circles and the Mn2Os and MnsOg parts are also clearly shown in

844  Figures b and d.
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849  Fig. 10. ELF of (a)Mn20O:@Mns0g(100) and (c) its oxygen-deficient, (b, d) form along with —

850  OH interacted species
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