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Different crystal forms of MnO, exhibit not only diverse morphology and structure but also disparate
performance. In view of this, we demonstrate a facile anion-assisted hydrothermal process to synthesize
one-dimensional magnetic a- and f-MnO, nanostructures via altering the anions readily. The magnetic o-

10 and f-MnO, nanostructures show excellent ability to remove organic pollutants compared to traditional
adsorbents, which may be attributed to the crystal lattice oxygen and surface hydroxyl groups as well as
the amount of surface Mn () and Mn (-). Furthermore, ease of recycle and the stability test proved that
the f-MnO, is stable of performance for the degradation of methylene blue (MB), indicating the potential
application in environment pollution purification.

can be used as catalysts, absorbents, and electrode materials,
is 1. Introduction etc.?? ».MnO, shows better electrical properties than
commercial manganese dioxide in rechargeable Li-MnO, cells, it
so served as a promising and valuable candidate for cathode
materials.*” The physical and chemical properties of MnO, are
significantly affected not only by the surface area, morphology
and crystallographic structure, but also the synthetic route. To
date, varieties of synthesis methods have been devoted to the
preparation of MnO, nanostructures, for example, sol-gel
pyrolysis,”” refluxing methods," and hydrothermal methods,™
etc. However, most of these methods suffered from unavoidable
disadvantages demanding harsh experimental conditions and/or
complicated procedure, such as high temperature, high pressure,
0 and long reaction time.
Herein, we present a feasible and facile synthetic route to
fabricate one-dimensional a- and fS-MnO, nanostructures with
magnetic properties by anion-assisted method. It requires neither

In the past decade, the design and fabrication of nanomaterials
with specific structures, excellent performance, and defined
composition have garnered numerous scientific and technological
interests due to their intensive and wide applications in the
catalysis,'") supercapacitors,””! adsorbents,”*! and photodetection,™
etc. Recently, nanomaterials with different morphologies and
polymorphs have been successfully synthesized, such as zero-
dimensional (0D) nanoparticles, one-dimensional (1D) nanorods,
nanowires, nanobelts and nanotubes, two-dimensional (2D)
nanosheets and  three-dimensional ~ (3D)  mesoporous
nanostructures.”® Among them, 1D nanomaterials have drawn
the interests of many researchers owning to their unique chemical
and physical properties such as large surface area and high aspect
ratio,!”) high charge-discharge rates and short diffusion path
% lengths for ions.'"'?) Up to now, many researches and efforts
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have been directly put on the synthesis of 1D nanomaterials for
multiple applications like solar cells,'"* optelectronics,!'¥
electromechanical nanoscale devices, " gas sensor devices,!'"
photocatalysis,!''® and Li-ion batteries,”'” it has been aware of
35 that 1D nanomaterials with well morphology, crystalline phase
and performance is especially crucial for theoretical investigation
and practical applications.?*2!]

As a typical transition-metal oxide, manganese oxide
(MnO,) has attracted considerable interests not only on account
of its applications in electrochemical capacitor materials,'**! water
treatment,”™! and catalyst,**! but also its structural flexibility in
space dimensions which can be prepared into different
nanostructures. It is well-known that MnO, possess a huge
structural flexibility and exists in a quantity of crystallographic
4s forms, such as a-, -, y-, J-, and e-type, which depends on the
ways [MnOg] octahedral united.””” Among them, a- and f-MnO,

A

long time nor complex process or unique equipments. It is worth
noting that the morphology and crystalline structure can be easily
tuned by adjusting the different anions of raw materials. The
magnetic a- and f-MnO, nanostructures show superior
degradation properties compared to conventional adsorbents and
can be recycled easily in water treatment application, which may
be ascribed to the lattice oxygen and surface hydroxyl groups as
well as the amount of surface Mn () and Mn (). Moreover, the
ease of recycle and high stability of /~-MnO, in the degradation of
MB dyes make it an alternative candidate for water treatment
applications.

s 2. Experimental Section

2.1 Chemicals

This journal is © The Royal Society of Chemistry [year]
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All chemical reagents were analytical grade and were used
directly without any further purification. Manganese acetate
(Mn(Ac),*4H,0), manganese sulphate (MnSO,*H,0), manganese
chloride (MnCl,*4H,0), potassium permanganate (KMnOy,),

s Commercial manganese dioxide (MnQ,), active carbon, hydrogen
peroxide (30% H,0,) and methylene blue (MB, C,;cH;3CIN;S)
were all purchased from Sinopharm Chemical Reagent Co., Ltd
(Shanghai, China).

10 2.2 Synthesis of 1D a- and #-MnO, Nanostructures

Analytical grade Mn(Ac),*4H,0, MnSO,4°H,0, MnCl,*4H,0 and
KMnO, were used as received. In a typical procedure, 1.5 mmol
Mn(Ac),*4H,0 was dissolved in 20 mL distilled water to form a
homogeneous and transparent solution with constant stirring.
15 Then, 1.0 mmol KMnO, was added into the above solution,
stirred for 30 min at room temperature to get a mixed solution.
The solution was then subjected to hydrothermal treatment at
160 C for 6 h in a stainless steel autoclave of 25 mL capacity
with an inner Teflon liner. Upon completion of the reaction, the
20 autoclave was cooled to room temperature and the precipitates
were repeatedly washed with distilled water several times to
remove the H" and other impurities. The products were then dried
at 70 C in air overnight. The sample was designated as M1 (a-
MnO,). For comparison, M2 (a-MnQO,) and M3 ($-MnO,) were
2s synthesised by substituted MnSO,*H,0O and MnCl,*4H,0 for
Mn(Ac),*4H,0. The proposed chemical process between
potassium permanganate and different manganese salts can be
concluded as the following redox reactions and the synthesis
process of a- and S-MnO, nanostructures was described as
30 Scheme 1.

3Mn(Ac), + 2KMnO, + 2H,0 - 5¢-MnO, + 2KAc + 4HAc (1)

3MnSO, + 2KMnO, + 2H,0 - 5a-MnO, + K,S0, + 2H,S0, (2)
(3)

3MnCl, + 2KMnO, + 2H,0 - 54-MnO, + 2KCl + 4HC1

e WA — p——a— . e |

distilied water S e O, S = T — 7
<€ stirring 30 min i Weoceh \'\;\3 I

transparent solution hydrothermal process B-MnO,

35 Scheme 1 Schematic representation of the synthesis process of a- and j-
MnOz.

2.3 Characterization

Powder X-ray diffraction (XRD) measurements were conducted
on a PANalytical, PW3040/60 diffractometer  with
40 monochromatized Cu Ko radiation (4 = 0.15418 nm). The surface
morphology of samples was examined using a scanning electron
microscopy (SEM, JEOL JSM-7001F) equipped with an energy-
dispersive spectroscopy (EDS) device and transmission electron
microscopy (TEM, JEM2010-HR). Surface electronic states and
s compositions of the products were analyzed by X-ray
photoelectron spectroscopy (XPS, ESCALab250). All binding
energies were calibrated using the contaminant carbon (C 1s =
284.6 eV) as the reference, and Laser micro-Raman spectrometry

(Renishaw inVia) was applied to record the Raman Spectra using

so a visible laser excitation of 514.5 nm at room temperature. The
magnetic properties were studied by measuring hysteresis loops
at low (5 K) and room temperature (300 K) using a quantum
design MPMS-XL7 superconducting quantum interference device
(SQUID) and a vibrating sample magnetometer (VSM) from

ss Oxford Instruments, respectively. The Brunauer-Emmett-Teller
(BET) specific surface area of the adsorbents was conducted on
an ASAP 2020 instrument (USA).

2.4 Water treatment Experiments

o In the experiments, the original solution was prepared by adding
20.0 mg of the as-prepared MnO, to 100.0 mL of 20.0 mg/L
methylene blue (MB, a common cationic dye) aqueous solution
under constant magnetic stirring at room temperature, then 2.0
mL H,0, (30%) was added into the suspension. After a given

es time, about 5.0 mL of the suspension was taken for the following
analysis after centrifugation, and the UV-vis spectrometer (UV,
Shimadzu UV-3150) was used to measure the MB concentration
remaining in the solutions. The changes of absorptions at 668 nm
were applied to identify the concentrations of MB. In order to

70 investigate whether the H,0, play a primary role during the
degradation process, that is, oxide and decompose the MB dyes
or just a probe for the degradation, the experiment without adding
the as-prepared MnO, was served as contrastive task.

3. Results and Discussion
75 3.1 XRD analysis

The phases of the MnO, samples were identified by XRD and the
typical XRD patterns are presented in Fig. 1. For a-MnO, (M1
and M2), the products were synthesized by raw materials of
Mn(Ac),*4H,0 and MnSO4*H,O can be indexed to the tetragonal

0 0-MnO, crystalline phase (JCPDS no. 44-0141) with lattice
parameters a = 9.78 A, b =9.78 A and ¢ = 2.86 A. For -MnO,
(M3), the product was synthesized by raw materials of
MnCl,+4H,0 can be indexed to the tetragonal f-MnO, crystalline
phase (JCPDS no. 24-0735) with lattice parameters a = 4.40 A, b

ss = 4.40 A and ¢ = 2.87 A. All products exhibit a single phase since
no peaks of any impurity phases could be detected from this
pattern. Furthermore, the intense and sharp peaks indicate that the
product is highly crystallized.

5
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90 Fig. 1 XRD patterns of the as-synthesized magnetic MnO,: M1 (a-MnO,),
M2 (a-MnO,) and M3 (5-MnO,).
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Fig. 2 (a,b) Panoramic and magnified SEM images, (c) TEM image, and
(d) HRTEM image of a-MnO, (M1).

s Fig. 3 (a) SEM image (inset is the higher magnification), (b) TEM images,
(c) HRTEM image, and (d) SAED pattern of a-MnO, (M2).

Fig. 4 (a) SEM image (inset is the higher magnification), (b) TEM images,
(c,d) HRTEM images, and the inset is the corresponding SAED pattern of
10 f~-MnO, (M3).

3.2 Morphology and microstructure analysis

In order to examine the morphology and microstructure of the as-
prepared a-MnO, (M1), scanning electron microscopy (SEM)
and transmission electron microscopy (TEM) images are
15 presented in Fig. 2. Panoramic and magnified SEM images (Fig.
2a-b) reveal the composition of uniform crossed 1D nanorods
with average diameter of about 20 nm and length of several
micrometers. Fig. 2c¢ displays the TEM image of one a-MnO,
nanorod, and Fig. 2d shows the corresponding high-resolution
20 transmission electron microscopy (HRTEM) image to explore the
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crystallinity of the products. It can be obviously observed that the
inter-planar distance of fringes parallel to the rod axis is 0.32 nm,
which is consistent with the (310) plane of a-MnO,.

The morphology and microstructure of the a-MnO, (M2)
were also investigated. Compared with M1, M2 shows some
changes in morphology even though their crystal forms are the
same, which may be caused by different anions in manganese
salts. Fig. 3a-b exhibits panoramic and magnified SEM images of
M2. It can be clearly observed that the ultrathin nanowire with
average diameter of about 40 nm and length of several
micrometers intersected with each other to construct a nest-liked
structure. The same results were also obtained in TEM
characterization, as illustrated in Fig. 3b, the nanowires have
diameters of about 40 nm, which matches the SEM analysis well.
To further investigate the microstructure of the products,
HRTEM and select area electron diffraction (SAED) patterns
were provided in Fig. 3c-d. The apparent lattice spacing of about
0.31 nm between adjacent lattice agrees well in the inter-planar
distance for (310) plane of a-MnQ, and the corresponding SAED
pattern suggests the single-crystalline nature of the nanowire.

Similar to the investigation of a-MnO,, the analysis of
microstructure was applied to f-MnO, (M3) and the morphology
has obvious variation. The SEM image in Fig. 4a exhibits the
smooth surface of the as-prepared nanogrooves. From the
magnified SEM image (Fig. 4a, inset), it can be clearly observed
that the nanogroove has two grooves on both sides of it. TEM and
HRTEM images provide more information on the groove-like
nanostructures. TEM images (Fig. 4b-c) reveal the nanogrooves
have average diameters of about 100 nm, which is wider than
those of M1 and M2. Fig. 4d gives the HRTEM image taken from
a single nanogroove, the lattice spacing of 0.24 nm and 0.22 nm
with the cross angle of about 60° are considered to be the (101)
and (200) planes of f-MnO,. Moreover, the SAED pattern in Fig.
4d indicates the nanogroove is a single crystal.

3.3 Raman spectroscopy analysis

Raman scattering spectroscopy is considered to be useful
alternative and supplementary information to XRD for the
characterizations of materials structure. Herein, Raman
spectroscopy of the products was measured to analyze the local
structure of MnO,. As shown in Fig. 5, the Raman spectrum of a-
MnO, (M1) shows four main peaks at 183, 385, 574, and 627 cm’
!, and three weak peaks at 330, 513, and 750 cm™.**** By
replacing the anion SO,* with Ac ions resulted in a-MnO, (M2),
the Raman spectrum shows four main peaks at 183, 385, 572, and
644 cm’!, and three weak ones at 331, 518, and 756 cm™' as
well.®** It is worth noting that all the a-MnO, type materials
reported possess two diagnostic peaks at high-frequency region,
about 574 and 634 cm™ *>*% the former bands are attributed to
the M-O stretching vibration in the basal plane of [MnOg] sheet,
while the latter bands are related to the symmetric stretching
vibration M-O of [MnQg] groups.®”! For f-MnO, (M3), which
was prepared by using anionic Cl” anions, the Raman spectrum
shows a sharp and intense peak at 654 cm™', which suggests that
the rutile-structure has an interstitial space containing narrow
one-dimensional (1x1) channels, the band is
acknowledged as the symmetric stretching vibration Mn-O of the

Raman
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Fig. 5 (a) Raman spectra of M1 (a¢-MnO,), M2 (a-MnO,) and M3 (8-
MnO,), respectively.
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hysteresis loops of M1 (a-MnO,), M2 (a-MnO,) and M3 ($-MnOy).

[MnOg] groups.”® Meanwhile, two weak peaks at 753 and
535cm™ are observed for f-MnO, which match fairly well to the
10 previous reports.”)

3.4 Magnetic properties investigation

Up to now, only a few studies reported the magnetic properties of
MnO, nanostructures. The original ferromagnetism of the as-
1s prepared MnO, was also investigated here. Fig. 6 shows the
remnant magnetization versus applied coercivity field (M, vs H,)
curves of the as-prepared MnO, acquired at two representative

~
o

75

temperatures of 5 K and 300 K (inset: enlarged view at low
fields). At 5 K, the coercivity field (H,) of a-MnO, (M1 and M2)
is 844.82 and 1555.36 Oe, and the corresponding remnant
magnetization (M,) is 4.48x10” and 1.69x10° emu/g,
respectively. The hysteresis loop reveals a weak ferromagnetic
behaviour at low temperature.m] At 300 K, nearly linear M, - H,
curves were observed for M1 and M2, indicating that a
paramagnetic state exists in this temperature. The weak
ferromagnetism of a-MnO, nanostructures at low temperature
may be attributed to the charge separation of Mn*" and Mn*" and
the different phenomena between the two temperatures are in
agreement with previous reports that synthesized a-MnO,
nanostructures through hydrothermal method.*"! As for -MnO,
(M3), no hysteresis loop at either 5 or 300 K was observed,
indicating the magnetic state remains unchanged in the
temperature range, the results reveal paramagnetic behaviour of
the -MnO,, and there was not an anti-ferromagnetic transition in
the temperature dependent experiment. From the above, the S-
MnO, (M3) is easier to be recycled in practical application than
M1 and M2, such as it can be absorbed from the solution by using
magnet.

3.5 Degradation of MB solution

As is reported, transition metal oxides have been found to exhibit
superior degradation properties for waste water treatment[*>*]
As a typical transition metal oxide, MnO, has attracted wide and
enthusiastic focus due to its superior adsorptive properties in the
application of water treatment for organic dyes. Herein, MB
degradation experiments were performed to study the catalytic
oxidation ability of the as-prepared a- and f-MnO, nanostructures
by choosing H,0, as an additive to induce a probe reaction.***”
As comparison trials, commercial MnO, and active carbon were
selected to detect the remove capacity of MB species,
respectively.***”! In addition, the adsorption experiments without
introduction of H,0, (as-prepared MnO, + MB) were conducted.

The degradation rates at different reaction time are shown in
Fig. 7a. The degree of degradation was calculated by C/C,,
where C, is the concentration of that at different intervals during
the degradation and Cy is the initial concentration of the MB
solution. It could be seen that there is no change in the
concentration of MB solution in absence of adsorbent, but
obvious degradation occurred after adding the adsorbent.
Moreover, the inset of Fig. 7a exhibits the adsorption efficiency
of the experiments without introduction of H,O, (as-prepared
MnO, + MB), from which can be seen that the adsorption effect
is negligible, indicating the adsorption is not the dominating
process in the degradation of MB. As the reaction proceeded, the
degradation rates of M1, M2 and M3 achieved at 75.40 %, 46.82
% and 93.24 % after 2.5 h, respectively. Remarkably, the as-
prepared a- and p-MnO, have significant advantages in
degradation ability compared with the traditional adsorbents
commercial MnO, and active carbon in the purification of waste
water. Furthermore, the as-prepared MnO, exhibits the similar or
even higher degradation performances compared to some
previous reports,”>**** and it can be concluded that the
adsorbents prepared in this work may serve as the candidate for
the purification of sewage.

Furthermore, the reaction kinetics of the MB degradation

Page 4 of 9
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Fig. 7 (a) Degradation rates of MB (100 mL, 20 mg/L) on (a) MB + H,0,,
(b) M2 (a-MnO») + MB, (c) M1 (a-MnO,) + MB, (d) M3 ($-MnO,) +
MB, (e) commercial MnO, + MB + H,0,, (f) Active carbon + MB + H,0,
(g) M2 (a-MnO,) + MB + H,0,, (h) M1 (a-MnO») + MB + H,0, and (i)
M3 (-MnO,) + MB + H,0,; And (b) plot of In(Cy/C,) versus degradation
time.

were also investigated in Fig. 7b, the degradation data were
analyzed with the pseudo-first-order model, In (Cy/C}) = kt, where
Cy is the initial concentration of MB solution, C; is the
concentration of that at different intervals during the degradation,
and k is the reaction rate constant (min™'). The rate constants
calculated from the data plotted were listed in Table S17. It is
very obvious that the MB degradation rate constant of f-MnO,
(M3) is significantly higher than other adsorbents.

Fig. 8 shows the time-dependent degradation spectra of the
MB solution degraded by the A-MnO, (M3), and the
characteristic adsorption of MB at 615 nm and around 665 nm
were selected for monitoring the degradation process. It is clearly
observed that the three adsorption peaks vanished after 10 min of
reaction time, and the intensity decrease gradually with the time
elapse. Moreover, an evident blue shift took place for the
characteristic peak, which implies the degradation of MB
molecules and the possible formation of new species.*”!

3.6 Recycling stability test

It is well-known that the stability of the adsorbent during the
degradation process is vitally important for its practical
application. Herein, the f-MnO, (M3) was chose as a candidate
for the examination of stability. Herein, the f-MnO, (M3)
nanogrooves containing MB dye were collected by magnet and
regenerated by combustion at 300 °C in air for 4 h. As shown in

MinPs %5 #5595 B "5 - p
0 90 120 1

——0min

——10 min
—— 30 min
—— 60 min
———90 min
——120 min
——150 min

Absorbance (a.u.)

T T T T
600 650 700 750

T
550

Wavelength (nm)

Fig. 8 Adsorption spectra of a solution of MB (100 mL, 20 mg/L) in the
35 presence of f-MnO, (M3) at different intervals, the inset shows photos of
degradation of MB with time by f-MnO, (M3).
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Fig. 9 Recycling test of the f-MnO, (M3) for degradation of MB solution.

Fig. 9, the recycled adsorbents could retain nearly the same
degradation performance in the second, third and fourth
circulations, which suggests that the f-MnO, (M3) is high
stability and promising for practical application. In addition, the
XRD pattern and SEM image after fourth circulation were
provided in Fig. S11 and Fig. S2f, further demonstrating the
stability in the degradation process.

4

3

4

o

3.7 The final products of degradation

To further confirm the decomposition of MB molecules and

formation of other species, the ESI-MS analysis was conducted
so on the solution extracted from the system after 2.5 h, as presented
in Fig. S3t. The peaks at m/z = 105 and 187 amu are corresponds
to the N-methylene amine and 2H-benzo-[b][1,4]thiazin-7-amine,
respectively. The peaks at m/z = 136 and 182 amu are
corresponds to other smaller molecular fragments, which suggests
the decomposition of the aromatic ring occurred on MB
molecule.*! Besides, there are no peaks for the intermediates
such as azure B (270 amu), azure A (256 amu), azure C (242 amu)
and thionin (228 amu) to be found, indicating the MB dye is
completely degraded into small molecules.’” The peak appearing
at m/z = 316 amu demonstrates that two hydroxyl groups was
coupled with the aromatic ring, indicating the residual MB in
solution,"? which can be verified by the degradation efficiency in
Fig. 8 and the peak at m/z = 284 for methylene blue cations.
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Fig. 10 (a) Mn 2p and (b) O 1s spectra of M1 (a-MnO,), M2 (a-MnO,)
and M3 (8-MnO,), respectively.

Table 1 Mn 2p and O 1s binding energies and related parameters

Mn
Mn (III) Mn (IV) O, 0,
Adsorbents (sat.)
eV % eV % eV eV % eV %

Ml
(a-MnO,) 642.16 45.19 643.27 54.81 641.10 529.80 76.54 531.27 23.46

M2
(a-MnO,) 642.3239.02 643.35 60.98 641.11 530.0575.88 531.56 24.12

M3

(B-Mn0,) 641.98 51.46 643.26 48.54 529.5777.91 531.33 22.09

Mn (III) (%, peak area) = Mn (III)/[Mn (II) + Mn (IV)] X 100.
Mn (IV) (%, peak area) = Mn (IV)/[Mn (III) + Mn (IV)] X 100.
O, (%, peak area) = O,/(O; + O,) X 100.

0O, (%, peak area) = O,/(0; + O,) x 100.

3.8 The effect factors of degradation efficiency

The different degradation efficiency among three adsorbents may
be caused by the following aspects: the difference of XPS and
isoelectric point. The typical X-ray photoelectron spectroscopy
(XPS) survey spectra (in Fig. S47) exhibits the products are
composed of Mn, C and O elements, suggesting the formation of
manganese dioxide. In general, the XPS spectrum of Mn 2p;,can
be divided into Mn (), Mn (1) and sometimes includes a little
satellite peak due to the small distinction between the binding
energy values of Mn () and Mn (-).">** According to the peak
synthesis procedure, the peak splitting results and related
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parameters are presented in Fig. 10 and Table 1. The peaks at
641.98 ~ 642.32 eV and 643.26 ~ 643.35 eV were attributed to
Mn (m) and Mn (w), respectively. The O Is spectrum with two
peaks centered at low binding energy (529.57 ~ 530.05) was
assigned to the crystal lattice oxygen of [MnOg] octahedral
(denoted O,), and the high binding energy (531.27 ~ 531.56) was
ascribed to the adsorbed oxygen and surface hydroxyl groups
(denoted O,). The crystal lattice oxygen and surface hydroxyl
groups as well as the amount of surface Mn () and Mn () play
significant roles in the catalytic oxidation process.

Herein, MnO, adsorbs H,O, H,0, and MB molecules, it also
transfer electrons between different state values. H,O molecules
were adsorbed on the surface of MnO, to produce surface
hydroxyl groups. Subsequently, the surface hydroxyl groups
decreased in the presence of cationic groups (R-S*) of MB, which
was caused by the electrostatic attraction. Electrons were
transferred from the surface Mn (1) to H,O, to create the free
radical species, then to react with MB or recombine to form
oxygen. Meanwhile, the Mn (-) converted to Mn () to maintain
the electrostatic balance of MnO, in the reaction between H,O,
and MB, the obtained electrons of Mn () were transferred from
the lattice oxygen thus inducing the generation of oxygen
vacancies, which finally resulted in the increase of oxygen
surface adsorption ability and accelerated the degradation of MB.
Afterwards, the oxygen vacancies on the surface of MnO, were
quickly and readily replenished by H,0, in the system. In this
adsorption and oxidation process, a cycling of Mn ()g,s = Mn
(V)surt = Mn (m)g,,¢ Was completed. Electrons from the surface
Mn (m) induced H,0, to decompose to free radical species which
led to the MB degradation, and the oxidation of lattice oxygen
promoted the reversion of Mn (v) to Mn (m). From the above
analysis, we can explain the different degradation efficiency for
three adsorbents reasonably. f-MnO, (M3) has the maximum
percentage composition of Mn (i), which provide the maximum
electrons for H,O, to produce the free radical species to react
with MB or recombine to form oxygen. At the same time, the
maximum percentage composition of O; in f-MnO, (M3) provide
the maximum electrons for Mn (©) to convert to Mn (1) to
maintain the electrostatic balance and the maximum oxygen
vacancies which finally resulted in the increase of oxygen surface
adsorption ability and accelerated the degradation of MB.
Therefore, the degradation efficiency for MB complied with the

following orders: M3 ($-MnO,) > M1 (a-MnO,) > M2 (a-MnO).

Generally, MnO, in nearly neutral system (pH > pH,,.) are
abundant in hydroxyl groups on the surface,’*" which was also
confirmed in our study. As showed in Fig. S5, the pH of the zero
point of charge of M1, M2 and M3 is 4.97, 543 and 4.81,
respectively, and the pH of MB solution contained 2 mL H,0, is
about 7, indicating the negatively charged surface of the as-
prepared MnO,, which resulted in the effective adsorption of MB
due to the electrostatic attraction. Furthermore, the M3 ($-MnO,)
has the smallest pH,,. of 4.81, indicating the most hydroxyl
groups on the surface and the highest adsorption efficiency. To
confirm whether the specific surface area has played significant
role in the degradation process, the Brunauer-Emmett-Teller
(BET) specific surface area of the three adsorbents was
investigated via N, adsorption-desorption test. As presented in
Fig. S67, the BET specific surface area of M1, M2 and M3 was
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calculated to be 29.82, 29.57 and 3.88 m*/g, respectively. It is
dramatic that the f-MnO, (M3) displays the highest degradation
efficiency while exhibits the smallest specific surface area, the
M1 and M3 show different degradation efficiency but have the
similar specific surface area. Therefore, the results definitely
revealed that the specific surface area has the negligible influence
in the degradation process, and the degradation efficiency could
be mainly attributed to the oxygen vacancies and surface
hydroxyl groups as well as the amount of surface Mn (1) and Mn
(0) in the process.

3.9 The possible mechanism of degradation

The possible degradation mechanism was presented. As the
results shown in Fig. 7a, it can be seen that when H,0, was added
individually to the MB solution, there is no decrease of the
concentration of MB, indicating that no degradation occurred.
Since the MnO, and H,0, were mixed together in the MB
solution, apparent degradation of MB took place, especially for -
MnO, (M3), which was consistent with the previous report.**>>
According to the work of Yu ez al.®®, the degradation mechanism
can be elucidated as four steps, as described in Fig. 11. H,0, was
adsorbed on the surface of the MnO, (step 1). Subsequently, the
H,0, was decomposed into free radical species, such as *HO,,
*0;, et al. (step 2). Adsorbed dyes were mineralized to form CO,,
H,0 or other small species owning to high oxidative ability of the
free radical species (step 3). This is a pathway that free radical
species are consumed, another is that the free radical species
recombination to form O, (step 4), but the O, is unable to oxide
the dye molecules, which was proven in our experiments because
there are oxygen produced and the concentration of MB solution
retained invariable in absence of adsorbents. On the contrary, lots
of oxygen produced and the concentration of MB solution
decreased acutely in the presence of adsorbents. In the end, the
produced small species released from the surface of the adsorbent
thus to make it reutilized, which matches well with the results of
the stability test.

“z
«QH ++OH, J 4
[ yiim |

A2
MU= free radical species

\, "B imolecuies

ViB moiecuies

| cr | PEETI
S A oo radical soec (@) {LOH02)

LA Semly CO, + H,0 + ...
C1H1sCIN,S

Fig. 11 Proposed mechanism of f-MnO, (M3) in the degradation process
of MB dyes in the presence of H,O,.

Conclusions

In summary, one-dimensional a- and f-MnO, nanostructures with
highly crystallized and magnetic properties have been
successfully synthesized through a novel hydrothermal approach
with different manganese salts. The magnetic o- and f-MnO,
show superior degradation performance compared to traditional
adsorbents, which may be attributed to the lattice oxygen and
surface hydroxyl groups as well as the amount of surface Mn (1))
and Mn (1). In addition, ease of recycle and high stability in water
treatment for removing organic pollutants of the as-prepared S-
MnO, demonstrates the promising application in environment

100

105

110

pollution treatment.
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The as-prepared MnO;, especially for the B-MnO;, exhibits
superior degradation ability compared to the conventional
adsorbents.
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