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Manganese oxides supported on mesoporous titanium oxides were synthesized via a sol-gel route using
block copolymer self-assembly. The oxides were characterized by X-ray diffraction, infrared spectro-
scopy, thermal analyses, nitrogen adsorption/desorption, electron microscopy and electronic paramag-
netic resonance. A mesoporous anatase containing amorphous manganese oxide particles could be
obtained with a 0.2 Mn:Ti molar ratio. At higher manganese loading (0.5 Mn:Ti molar ratio), segregation
of crystalline manganese oxide occurred. The influence of block copolymer and manganese salt on the
oxide structure was discussed. The evolution of the textural and structural characteristics of the

materials upon hydrothermal treatment was also investigated.

1. Introduction

The development of active and stable solid catalysts for oxidation
reactions in water at relatively high temperature and pressure is
an important challenge, especially in the field of water treatment.
As mesoporous oxides have a high specific surface area, high porous
volume and pore size about 10 nm, they may have many advantages
for the diffusion of molecules to be converted and so increase their
interaction with the catalyst surface. Titania, used as a support, has
been reported as stable under the reaction conditions of interest.
Furthermore, transition metal oxides, including manganese oxide
with many degrees of oxidation (+2, +3, +4, +7) were demon-
strated to have interesting oxidation properties [1-5].

Manganese oxides have been extensively studied as catalysts in
gas phase oxidation reactions [2,6-15] as well as in some selective
reduction reactions [16-22]. They are also good candidates as
catalysts in water treatment applications [23-25]. These oxides
were evaluated in the catalytic wet air oxidation reaction when the
elimination of organic pollutants occurs in the liquid phase using
oxygen as the oxidant [3,26-31]. Another important application for
manganese oxides is as electrode materials [32]. However, in this
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article we focus our attention on the one pot synthesis of manga-
nese oxides supported on mesoporous titania.

Manganese oxides are conventionally obtained either by oxida-
tion of manganese(II) salts by KMnO,4 or by reduction of KMnO4 by
organic reagents [4]. Such oxides are often very porous but
demonstrate limited thermal stability under the reaction condi-
tions of interest. New synthetic methods have been developed for
the elaboration of better nano-structured manganese oxides. One
approach to synthesize nano-structured manganese oxides is the
block copolymer self-assembly method, which has often been
implemented with the objective of producing mesoporous oxides.
This methodology is used to obtain oxides with high specific
surface areas and well-defined porous structures. In fact, block
copolymers form micelles with a hydrophobic core (consisting of
polypropylene oxide chains) and a hydrophilic shell (consisting of
polyethylene oxide chains). Single oxides may crystallize around
these micelle assemblies. The polymer elimination leads to an
oxide with a high mesoporosity. Using such a process, MnO, can
be obtained with a specific surface area around 200 m?g~!
[13,33-42]. A mesoporous titania could also be easily prepared
using the same procedure [43]. However, among the studies
devoted to the elaboration of binary Mn-Ti oxides [44-50], very
few reported the use of the self-assembly method [44]. Solid
solutions of Mn in anatase were often reported [49-52], but binary
oxides such as Mn,TiO4 and MnTiO3 were also observed at high
temperature [51-53]. For such bimetallic systems, the relative



localization of the two components is always a matter of discus-
sion. Stoichiometric binary oxides, solid solutions or mixtures of
simple oxides are obtained. From the catalytic application point of
view, the accessibility of the active phase is the key point.

In this paper, we describe the synthesis of mixed manganese
and titanium oxides using the self-assembly process with a poly-
ethylene oxide-polypropylene oxide block copolymer. Our atten-
tion focuses on the influence on the material structure of (i) the
presence of the block copolymer and (ii) the nature of the
manganese salt used as the precursor. Block copolymers have
been shown to form complexes with metal cations [54-56].
Manganese oxide could be introduced either inside the titania
walls or at the titania surface by choosing a good manganese
precursor having more or less affinity either with the polymer
and/or with the titania sol.

2. Experimental
2.1. Synthesis of the materials

The titania gels were prepared following the method described
by Ismail et al. [57]. Ti(OBu)4 (3.4 g, 10~2 mol) in ethanol (25 mL)
was mixed with 1.6 g of Pluronic®™ F-127, a polyethylene oxide-
polypropylene oxide—polyethylene oxide (PEO;9g—PPO79-PEOps—
herein referred to as P) block polymer, 2.3 mL of acetic acid and
0.74 mL of hydrochloric acid (37 wt%). Manganese was incorpo-
rated in the titania sol in various proportions using MnCl,, 4H,0 or
Mn(acetylacetonate), (referred to as Mn(acac),). The Mn:Ti molar
ratio was fixed at 0.2 or 0.5. Colourless sols were rapidly obtained
when the MnCl,, 4H,0 salt was used, while a yellow sol formed
more slowly with Mn(acac),. The sols were slowly evaporated
until formation of a gel. The samples were thermally treated at
450 °C for 5 h (temperature ramp of 1 °C min~ '), and black powders
were obtained. Finally, in order to assess their hydrothermal stability,
the samples (80 mg) were put inside a 250 mL autoclave at 200 °C
for 24 h. Brown powders were systematically obtained after such
hydrothermal treatment.

In the TM,,P, samples, the subscripts x, y, z and h refer to the
following:

— x indicates the nature of the manganese salt (Cl for
MnCl, - 4H,0 and A for Mn(acac),). x is omitted when the solid
did not contain manganese.

— y indicates the theoretical Mn:Ti molar ratio. y is 0 when the
solid did not contain any manganese.

— z indicates the amount of block copolymer introduced in the
preparation ((0) 0g, (1) 0.8 g, (2) 1.6 g, (3) 3.2 g). z is omitted
whenever the solid contained a 1.6 g polymer proportion.

— Finally, if the sample had been hydrothermally treated, an h is
introduced at the end of the sample reference (e.g. TM,,P-h).

2.2. Characterization

X-ray diffraction (XRD) patterns were recorded on a PANalytical
Xpert Pro diffractometer equipped with a monochromator, using
CuKo radiation (1.54 A). The sample texture was also analyzed via
nitrogen adsorption/desorption using a Sorptomatic 1990 (CE
Instruments, Milan, Italy). Prior to analysis, the samples were
degassed under vacuum at 70 °C for 4 h.

The specific surface area was determined using the Brunauer-
Emmett-Teller (BET) method. The average pore size (dmean) and
the mesoporous volume were calculated from the adsorption
curve of the isotherm using the Barrett-Joyner-Halenda (BJH)

method. FTIR spectra were recorded on a SAFAS instrument using
KBr pellets.

Thermogravimetric analyses with a simultaneous differential
thermal analysis signal were performed on a TGA/SDTA Mettler
Toledo 851 apparatus. The sample (20 mg) was introduced in an
aluminum crucible and the temperature was increased to 500 °C at
10 °C min~'. Air was used as the reactive gas (50 mL min~!). For
TM,o.2P and TMxg P, the temperature was increased to 1200 °C at
20 °C min~!. Relatively broad signals were obtained due to the
high heating rate.

DSC analyses were performed on a DSC1 Mettler-Toledo appa-
ratus. The solid to be analyzed (ca. 10 mg) was placed in a 40 pL
aluminum pan, with a pierced lid and sealed before introduction
into the DSC cell. Each analysis consisted of two steps. First, the
temperature was increased to 500 °C (10 °C min~') before cooling
down to room temperature. Then, air was used as the reactive gas
(30 mL min~!). Additional DSC experiments were also performed
up to 700 °C (20 °Cmin~') on the TM,,P samples. SEM images
were acquired on an S800 Hitachi microscope operated at 15 kV.

TEM images were obtained on a Topcon instrument operated at
200 kV. Before observation, the samples were ground and depos-
ited on a copper grid covered with a holey carbon film.

EPR experiments on the TMco,P sample were done using an
X-band spectrometer (Bruker EMX plus, double mode) and an
X-band (9.4 GHz) Bruker ESP 500E spectrometer using a standard
rectangular cavity. Simulation of the spectra was realized with
“easyspin” (Matlab toolbox). The experimental spectra were simu-
lated using the following parameters: frequency, 9.64 GHz; tem-
perature, 70 K; microwave power, 6.41 mW,; amplitude modulation
5 G; and modulation frequency, 100 kHz.

3. Results
3.1. XRD results

The TM,o,P samples with the lowest Mn:Ti ratio (0.2) and
synthesized in the presence of a medium proportion (1.6 g) of
block copolymer, were characterized by XRD (Fig. 1a). The XRD
pattern of the reference sample prepared without addition of any
manganese salt (TMgP) was characteristic of the anatase phase
of TiO, (ICDD no. 01-084-1285). Upon addition of manganese
(TMcio2P and TMag,P), the diffraction patterns showed a less
crystalline anatase TiO, phase, with a shift of the (0 0 4) reflection
line towards higher diffraction angles (see insert on Fig. 1a). Such a
shift had already been seen in the case of the Mn-Ti-O system and
attributed to the substitution of Mn** (ionic radius 0.67 A) for
Ti** (ionic radius 0.68 A) [49-50]. Furthermore, the (105) and
(211) reflections initially observed at 53.9° and 55.0°, respec-
tively, merged. Finally, no crystallization of any manganese oxide
was detected.

To determine the influence of the presence of the block
copolymer on the synthesis, reference samples (TM,02Po) synthe-
sized without addition of any block copolymer were studied
(Fig. 1b). When no manganese was added to the preparation
(TMgPy), the diffraction pattern was characteristic of the anatase
phase (A, ICDD no. 01-084-1285) as in the case of the TMyP sample
when a medium proportion of block copolymer was used. How-
ever, a higher degree of crystallization was observed. When the
MnCl,.4H,0 precursor was used (TMcp2Po), the diffraction pattern
showed the formation of a very well crystallized Mn,03 bixbyite
phase (bx, ICDD 01-089-2809), while crystallization of the TiO,
anatase phase decreased in comparison with the solids synthe-
sized in the presence of Pluronic® F-127, with the same Mn
precursor. In the presence of the Mn(acac), precursor (TMag2Po),
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Fig. 1. X-ray diffraction patterns of TM,o P (a) and TMyo 2P (b) samples. A: anatase,
bx: bixbyite.

the anatase phase was the only one detected. However, a shift of
the (0 0 4) diffraction line was observed.

In the second step, samples with a higher Mn:Ti ratio (0.5)
were (i) synthesized using the medium block copolymer ratio
(TMyo5P) and (ii) analyzed by XRD (Fig. 2a). When the MnCl,,
4H,0 precursor was used (TMcjsP), the XRD characterization
revealed the presence of the anatase TiO, phase together with the
bixbyite Mn,0s3 (bx), and the MnsOg manganese oxide phases (m,
ICDD no. 00-39-1218). With the Mn(acac), precursor (TMagsP),
the anatase crystallization drastically decreased. In turn, low
crystalline rutile (R, ICDD no. 01-089-4920) and brookite phases
(B, ICDD no. 01-076-1934) appeared. In addition, a MnO, rams-
dellite phase (q, ICDD no. 00-042-1316) was detected.

To assess the influence of the block polymer on the
MnCl, - 4H,0 precursor dispersion, the amount of Pluronic® F-
127 was varied (Fig. 2b). With the highest block copolymer
proportion (TMcjo5Py), the bixbyite phase appeared to be poorly
crystalline (by XRD analysis), while traces of a new MnsOg phase
(m) were detected. On the contrary, with the lowest block
copolymer proportion (TMcsP;), the bixbyite phase reflection
line at 33.0° became more intense. In fact, the higher the block
copolymer concentration, the more difficult the manganese oxide
phase crystallization. The anatase phase crystallization state was
also reduced.

To summarize the different XRD observations, we can say that:

— whatever the precursor, some of the manganese ions could
substitute for the titanium ions and also insert into the anatase
lattice, as revealed by the shift of the (0 0 4) reflection line.

— the block copolymer allowed the dispersion of the MnCl,.4H,0
salt even at the 0.2 Mn:Ti ratio. In the absence of the block
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Fig. 2. (a) XRD patterns of the TM,osP samples. A: anatase, R: rutile, B: brookite,
bx: bixbyite, m: MnsOg, q: MnO, (ramsdellite). (b) XRD patterns of the TMco 5P,
samples with different polymer/Ti ratios.

copolymer, manganese mostly crystallized outside the titania
network as a bixbyite phase (Mn,03).

— the block copolymer delayed anatase crystallization.

— the Mn(acac), precursor was dispersed in the titanium oxide
even without the block copolymer and no manganese oxide
crystallization was observed.

3.2. FTIR

The FTIR spectra of TMyg,P and TM,e2Po samples showed a
broad vibration band between 500 and 700 cm ™! (Fig. 3), except for
the TMcjo2Po sample, where well-defined vibration bands appeared
at 655, 600, 570, 520 and 500 cm~'. The latter are characteristic of
the Mn,03 bixbyite phase [60]. In agreement with the XRD results,
these observations confirmed that (i) the crystallization of the
Mn,03 phase occurred when the MnCl,, 4H,0 precursor was used,
(ii) the crystallization of manganese oxide did not occur when Mn
(acac), was used and (iii) the crystallization of the Mn,05 phase was
delayed in the presence of the block copolymer.

3.3. Thermal analyses

In order to better understand the interaction between the
manganese salts and the block copolymer, thermal analyses were
performed. DSC and TGA/SDTA experiments were carried out on
the pure manganese salts, the pure block copolymer and mixtures
of the different manganese salts with the block copolymer (1 g of
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Fig. 3. FTIR spectra of the TM,,P and TMyo,Po samples.

manganese salt for 2 g of polymer). Mixtures were dissolved in
ethanol before drying in order to observe the melting behaviour.

DSC thermograms of the pure compounds are given in Fig. 4a.
For the block copolymer alone, two signals appeared. The first was
an endothermic peak ca. 55 °C, characteristic of the polymer
melting; while the second starting from 150 °C was due to the
exothermic degradation of the polymer. The thermogram of the
MnCl; - 4H,0 salt showed three endothermic peaks, with onset
temperatures at 58 °C, 110 °C and 170 °C, corresponding to one
melting and two dehydration steps, respectively. In turn, for the
Mn(acac), salt, a multi-step exothermic signal starting from 213 °C
was observed. This was attributed to the degradation of the salt.

For the mixture of Pluronic® F-127 and MnCl, - 4H,0 (Fig. 4b),
the degradation process was characterized by a single exothermic
signal starting at 160 °C. The signals characteristic of the block
copolymer alone and the manganese salt alone completely dis-
appeared. The thermogram of the mixture of Mn(acac), and the
block copolymer showed both an endothermic process at 55 °C
and an exothermic one ca. 190 °C. For the latter, the polymer
melting process was partially preserved. The polymer melting
temperature was unchanged in the presence of the salt, but the
melting enthalpy of the polymer in the mixture compared to the
polymer alone decreased by 10%, compared to the polymer alone.
We hypothesized that this decrease was due to the interaction of
part of the polymer (ca. 10%) with the manganese precursor.
Furthermore, the degradation temperature of the mixture was
systematically higher compared to the degradation temperature of
the polymer alone.

To sum up, the DSC analyses showed that polymer melting
was no longer observed when the polymer was mixed with
MnCl, - 4H,0. However, the melting phenomenon was still partly
preserved in the presence of Mn(acac),. This indicated that the
polymer acts as a ligand for the Mn?™ ions in MnCl, -4H,0 salt,
while the complexation is much weaker with Mn(acac),. In the
polymer-salt mixtures, the degradation temperatures were modified
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Fig. 4. DSC analyses of the pure manganese salts and the manganese salt-block
copolymer mixtures.

compared to the pure compounds and appeared to be delayed in the
case of Mn(acac), [61].

TGA with simultaneous differential thermal analysis (TGA-SDTA)
was also done to investigate the decomposition processes in more
detail (Fig. 5). We found that for the pure MnCl,, 4H,0 salt, the
SDTA profile (Fig. 5b) showed an endothermic reaction around
60 °C, which could be attributed to the melting process since there
was no associated loss of mass (Fig. 5a). The two subsequent
endothermic SDTA signals at 150 and 210 °C were assigned to the
two major dehydration processes leading to MnCl, (identified by
XRD) as observed on the TGA curve (3 and 1 mol of H,O were lost
respectively upon these two dehydration steps).

In the case of Mn(acac),, the SDTA did not show any endothermic
reaction. However, an exothermic reaction starting ca. 210 °C was
attributed to the degradation process (Fig. 5b). This was in agreement
with the TGA analysis (Fig. 5a) and the loss of mass observed from
this temperature and above. In fact, the degradation process was
incomplete at 500 °C and led to a mixture of MnsOg and Mn,03
(identified with XRD).

For the block copolymer, the negative signal at about 50 °C
(Fig. 5b) was attributed to melting since there was no associated
loss of mass observed during the simultaneous TGA analysis
(Fig. 5a). The degradation was characterized by the exothermic
reaction between 200 and 400 °C and confirmed by TGA. Degrada-
tion of the polymer was found to be complete by 500 °C.

For the mixture of the polymer with MnCl, - 4H,0 (Fig. 5d), no
signal could be attributed to any melting or dehydration phenomena.
This was confirmed by the TGA results where the mass loss attributed
to degradation started at a higher temperature compared to the pure
polymer (Fig. 5¢). However, melting was still detectable in the case of
the polymer Mn(acac), mixture (Fig. 5d). However, the degradation
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process was also delayed at higher temperatures compared to the
pure polymer, as in the previous case. Therefore, SDTA and TGA
results confirmed the previous observations derived from the DSC
analyses.

To follow the evolution of the degree of manganese oxidation
upon heating, TGA-SDTA was also performed on different samples
as well as on reference TiO, and MnO, samples after thermal
treatment at 450 °C under air (Fig. 6). We observed that the
transformation of the anatase phase to rutile was characterized
by a small exothermic transition at 650 °C [62] (Fig. 6a). The MnO,
sample analysis showed (i) a dehydration step associated with the
first weight loss; (ii) a second weight loss attributed to the
reduction of MnO, to a formula close to MnsOg (Fig. 6b); (iii) a
third weight loss, associated with an endothermic peak around
450 °C corresponding to the formation of Mn,0s; (iv) a fourth
weight loss, also associated with an endothermic phenomenon at
around 900 °C, related to the subsequent reduction of Mn,Os3 to
Mn50,4 and (v) a final endothermic transition at 1170 °C attributed
to the transformation from a-Mn304 to -Mn304.

In the case of the two Mcjg>P and TMag P samples, an initial
weight loss around 100 °C was observed (Fig. 6¢c and d). This was
attributed to water desorption from the pores due to the presence
of the polymer, as in the case of the TiO, sample (Fig. 6a). The
second endothermic weight loss (200-600 °C) was attributed to
the transformation of Mn(IV) species into Mn(Ill) (Mn;03). This
second transition was barely observed in the case of the TMcjg2Pq
sample, i.e. in the absence of polymer. A third weight loss also
occurred at 900 °C for all samples, due to the transformation of
some Mn(Ill) into Mn(Il) species, upon crystallization of the
MnTiO3 and TiO, rutile phases. The latter reduction steps from
Mn(IV) to Mn(Ill) and from Mn(Ill) to Mn(Il) were more pro-
nounced when the polymer was present. Similarly, when the block
copolymer was used, a better agreement was found between the
experimental and theoretical losses (1.6%, Table 1). In these
samples, manganese species were mainly present as Mn(IV), either
included in a solid solution or as very well-dispersed amorphous
MnO,. At 900 °C, the conversion into MnTiO3 was rapid and
complete. On the contrary, when no polymer was used in the
synthesis, a large proportion of the manganese was present as Mn
(111), with a lower reactivity upon transformation into MnTiOs. The
TGA results proved that one of the major effects of the polymer
was the stabilization of the Mn(IV) species, especially in the case of
the MnCl, - 4H,0 salt.

3.4. Textural analyses

The textural properties of the TMo2P samples were character-
ized via nitrogen adsorption/desorption at liquid nitrogen tempera-
ture (Fig. 7). The results are summarized in Table 2. The isotherm of
the pure titania TMgP sample was type IV, according to the IUPAC
classification [63] and characteristic of a mesoporous material. The
H,-type hysteresis loop is common in mesoporous material having
a complex pore structure (differing from cylindrical-like pores) [63].
The specific surface area was 140 m? g~ !, pore volume 0.3 cm> g~ !

Table 1
Comparison of calculated and experimental weight losses between 800 °C and
1000 °C.

Mn Calculated Experimental
precursor wt loss (%) wt loss (%)
TMci0.2P MnCl, 1.60 1.6
TMci02Po - 1.65 11
TMao 2P Mn(acac), 1.61 1.6
TMao.2Po - 1.63 14
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Fig. 7. Nitrogen adsorption/desorption isotherms of the TM,,P samples.

Table 2
Textural properties of TMy,P, TMyo2Po and TMg 2P-h samples.

Mn:Ti Mn precursor Specific Pore Pore
surface area  volume  diameter
(m2g~") (em*g1) (nm)
TM,P 0 - 140 0.3 9
TMcy0.2P 0.2 MnCl, 110 04 1
TMao P 0.2 Mn(acac), 100 03 12
TMcyo 5P 0.5 MnCl, 95 0.3 14
TMaos P 0.5 Mn(acac), 50 0.3 10
TMoPo 0 - 85 0.3 1
TMco2Po 0.2 MnCl, 30 - -
TMao.2Po 0.2 Mn(acac), 95 0.1 6
TMco2P-h 0.2 MnCl, 170 04 1
TMao2P-h 0.2 Mn(acac), 80 0.3 12

and pore diameter 9 nm. For the TMcjo,P and TMag P samples, the
isotherms were also type IV (Fig. 7a). However, compared to pure
titania, the specific surface area slightly decreased while the pore
size increased (ca. 11 nm). At higher manganese loading, i.e. at
0.5 Mn:Ti molar ratio (TM,osP, Fig. 7b), isotherms are still type 1V,
but the specific surface areas were even smaller.

To test the impact of Pluronic® F127 on the textural properties
of the different samples, a series of samples were synthesized in
the absence of any block copolymer (TMyg,Po, Table 2). For the
pure titanium dioxide sample (TMgPg), a residual porosity was
observed (specific surface area: 85m?g~', pore volume:
0.3 cm® g~ 1), probably due to the degradation of the organic part
of the alkoxide precursor, behaving as a porogen agent [64]. For
the mixed Mn-Ti oxides, the porosity collapsed completely in the
case of manganese chloride salt (TMcjo2Po) which is coherent with
the XRD results and the crystallization of a bixbyite phase. In the



case of the Mn(acac), precursor (TMago2Po), the specific surface
area was maintained, while the pore volume and pore size
decreased. Therefore, we can conclude that whatever the manga-
nese precursor, the absence of block copolymer induced a decrease
in the porosity, and this was much more pronounced with
MnCl, - 4H,0.

3.5. TEM and SEM observations

TEM images of the samples prepared with the two different
manganese precursors and a 0.2 Mn:Ti molar ratio are shown on
Fig. 8. A disordered porosity was observed in all cases. It seems
that mesopores are formed by the aggregation of nanoparticles.
On the high resolution TEM micrographs for the TMcg,P sample
(Fig. 8c), some lattice fringes were seen with a spacing of 0.35 nm,
which is the expected distance for the (1 0 1) planes of anatase (A).
In addition, a very thin layer around the anatase crystallites was
noted which could be related to the presence of an amorphous
manganese oxide at the surface. For the TMag,P sample (Fig. 8d),
no fringe characteristic of the (1 0 1) anatase planes was observed.
However, fringes with 0.33 nm spacing were observed, as expected
for the rutile (110) interplanar distance (R). Some fringes with
0.34 nm spacing were also detected. Such fringes have already been
reported in the literature and are suggested as being characteristic
of the modification of the anatase phase crystallization induced by
the presence of manganese [19].

The SEM pictures of the TMy0.2P, TMyo.2Po, TMyo 5P and TMyo.5Po
samples are shown on Fig. 9. In the absence of any block
copolymer and with the MnCl, - 4H,0 salt, the manganese oxide
phase segregation is clearly visible.

a

3.6. EPR characterization

In order to obtain more information on the manganese oxida-
tion state, EPR characterizations were done on the TMcjg ;P sample
(not a new paragraph). The evolution of the resonance peaks as a
function of temperature is shown on Fig. 10a. Two major peaks
(resonances) are clearly observed at T=70 K. The broader one was
attributed to Mn(IV) species with strong interactions between
them, i.e. Mn in a cluster type environment [65-68]. In turn, the
narrower peak was attributed to isolated Mn(IV), localized at the
outer surface of the TiO, support. Furthermore, the hyperfine
structure of the latter resonance peak observed at room tempera-
ture (a,,~95 G, gav~2, Fig. 10a) was characteristic of the insertion
of some Mn(ll) ions inside the distorted TiO, anatase lattice
[46,67]. However, both the fast disappearance of these two major
components in perpendicular mode at high temperature (Fig. 10a)
and the presence of a resonance peak at g~4, in parallel mode
(Fig. 10b), would indicate the predominance of Mn(IV) ions.

The EPR spectrum acquired at 70K in perpendicular mode
(Fig. 10c) was simulated using the following parameters:

— S=3/2, g=[2.18, 1.95, 1.83], D=0.0433 cm~', E/D=0.33, for
isolated Mn(IV) ions;

— S5=1/2 (intermediate spin state of Mn(IV)), g=[1.97, 1.96, 1.95]
for Mn in clusters.

The results were used to estimate the proportion of the
different manganese species (Fig. 10d): 70% of the Mn(IV) ions
were shown to be in a cluster-type environment and 30% as
isolated Mn(IV) ions covering the titania surface.

Fig. 8. TEM pictures of the TM,o,P samples.
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In conclusion, these results revealed that:

— (i) most of the manganese (ca. 70%) was present as Mn(IV) in a
cluster type environment, localized outside the titania crystals
with strong interaction.

— (ii) some manganese (ca. 30%) was also present as Mn(IV) at the
outer surface of the TiO, crystals, but with low interaction.

— (iii) only a very limited fraction of the manganese was localized
inside the TiO, lattice in the form of Mn?*. It is likely that Ti**
had substituted for some Mn?*, as already reported in the
literature [58,59].

3.7. Hydrothermal stability

The hydrothermal stability of the mesoporous samples initially
pre-treated at 450 °C in dry air was then examined after further
treatment in water at 200 °C for 24 h (Fig. 11). XRD patterns
(Fig. 11a) revealed some significant modifications of the crystalline
structure of manganese oxide with the formation of a well
crystallized MnOOH manganite phase (M, ICDD no. 041-1379).
This observation is probably the same as the detection of manga-
nese as manganite in natural waters [69]. Furthermore, the
anatase phase was even more crystallized after hydrothermal
treatment. The shift of the (0 04) reflection line toward lower
angles can be explained by the expulsion of the manganese from
the anatase lattice.

The textural properties of the solids were also shown to be
slightly modified (Fig. 11b and Table 1) where the specific surface
area increased for the MnCl, - 4H,0 precursor.

Finally, the TEM images and the associated electron diffraction
patterns confirmed the high degree of crystallization of the
manganese phase (Fig. 11c). The same evolution was observed
for the two manganese precursors.

4. Discussion

The study of the influence of the block copolymer and manga-
nese precursor during the one pot elaboration of manganese oxide
supported on mesoporous titanium dioxides revealed several key
points. First, the synthesized Mn-Ti-O solids exhibited a specific
surface area ca. 100 m2g~!, a pore volume in the range of 0.3-
04cm®g~! and an average pore size ca. 11 nm. In fact, the
addition of manganese led to an increase in the average pore size
from 9 to 11 nm, as reported earlier [44].

Second, the introduction of a manganese salt inside the titania-
precursor sol modified the organization of this sol and led to a
disordered mesoporous structure, where the anatase crystalliza-
tion was lower and/or the manganese oxide crystallization was
strongly delayed, compared to the pure phases. Combining the
different characterization results, we conclude that manganese
oxide is barely crystalline. Furthermore, the modifications induced
by the manganese salt appeared to depend on the nature of the
counter anion.



Third, no manganese oxide crystallization was observed at
0.2 Mn:Ti molar ratio, when MnCl,-4H,0 precursor was used.
This phenomenon had already been observed in previous work
dealing with the synthesis of mixed Mn/Ti oxides via sol-gel with
the incorporation of manganese into the anatase lattice
[16,18,19,70-72]. Upon synthesis of a mesoporous Mn/Ti oxide, it
was suggested that manganese oxide had covered the titania
crystals as a result of the interactions between the Mn?™* cations
and the block copolymer [44], and this hypothesis obviously
applied in our study. In fact, the Mn,03 bixbyite phase crystal-
lization was further delayed as the proportion of block copolymer
was increased. The block copolymer acted as a ligand for the Mn?+
cations forming some complexes and completely modifying the
interactions with the titania-precursor sol. As a result, the locali-
zation of manganese oxide at the outer surface of the titania
crystals was favoured. In turn, the mesoporous structure of the
anatase phase was maintained. The possible formation of an
amorphous MnO, shell covering the anatase crystals was con-
firmed by EPR with the evidence for two kinds of Mn(IV) popula-
tions: a cluster-type Mn(IV) and isolated Mn(IV).

We also showed that the block copolymer was essential to
obtain a good dispersion of the manganese oxide phase with a
very low crystallinity. The coordination of the Mn?* cations and
the polyethylene oxide entities on the block copolymer allowed a
high degree of isolation of the manganese species and avoided
crystallization of the manganese oxide phase. Previous studies had
already shown the importance of these polyethylene oxide blocks
on the dispersion of manganese inside a silica matrix [73-75]. In
fact, transition metals are known to interact strongly with the
hydrophilic part of the block copolymers and form complex
micelles [54,56]. However, in the present study, we have demon-
strated that the latter phenomenon is dependent on the nature of
the manganese salt, due to different interactions between the salt
and the block copolymer. The anatase structure was strongly
modified when the Mn(acac), precursor was used. In fact, a
mesoporous Mn-Ti-O “mixed” oxide probably formed and the
block copolymer had no impact on the manganese localization.
Acetylacetonate is known to chelate titanium, which strongly
favours the formation of a solid solution between titanium and
manganese.

Finally, further treatment of the solids under hydrothermal
conditions modified the solid structure. The mesoporous titania
structure was preserved but manganese was expelled from the
mesoporous structure and crystallized as manganite (MnOOH) at
the outer surface of the titania crystals. Therefore, if such meso-
porous Mn-Ti-O mixed oxides were used in the catalytic wet air
oxidation process, manganese would rapidly segregate outside the
titania crystals as large manganite crystals.

5. Conclusion

Mesoporous manganese titanium oxides were successfully
synthesized using a modified sol-gel process, involving a titanium
alkoxide sol, manganese salt and block copolymer. The mesopor-
ous oxides had a specific surface area ca. 100 m? g~ !, pore volume
of 0.3 cm® g~ ! and 11 nm average pore size.

For a 0.2 Mn:Ti molar ratio with the MnCl, - 4H,0 precursor, the
block copolymer strongly delayed the manganese oxide crystal-
lization by chelating the Mn?* cations leading to the formation of
an amorphous layer around the anatase crystallites. In turn, with
the Mn(acac), precursor, manganese species were highly dis-
persed inside the titania, even without any block copolymer. For
a 0.5 Mn:Ti ratio, the Mn,0O3; bixbyite (Mn(Ill)) or the MnO,
ramsdellite (Mn(IV)) crystallized at the outer surface of the porous
structure. Finally, upon hydrothermal treatment, manganese

crystallizes as manganite (MnOOH) at the surface of the titania
support, while the titania mesostructure was preserved.
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