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Abstract: The present report describes the structural and physical-chemical variations of the potas-
sium manganese oxide mineral, x-MnO,, which is a specific manganese octahedral molecular sieve
(OMS) named cryptomelane (K-OMS-2), with different transition metal cations. We will describe
some frequently used synthesis methods to obtain isomorphic substituted materials [M]-K-OMS-2
by replacing the original manganese cationic species in a controlled way. It is important to note
that one of the main effects of doping is related to electronic environmental changes, as well as to
an increase of oxygen species mobility, which is ultimately related to the creation of new vacancies.
Given the interest and the importance of these materials, here, we collect the most recent advances in
[M]-K-OMS-2 oxides (M = Ag, Ce, Mo, V, Nb, W, In, Zr and Ru) that have appeared in the literature
during the last ten years, leaving aside other metal-doped [M]-K-OMS-2 oxides that have already
been treated in previous reviews. Besides showing the most important structural and physic-chemical
features of these oxides, we will highlight their applications in the field of degradation of pollutants,
fine chemistry and electrocatalysis, and will suggest potential alternative applications.

Keywords: manganese oxide; octahedral molecular sieve; cryptomelane; transition metal cation;
isomorphic substitution; catalysis; heterogeneous

1. Introduction

Manganese is the third most abundant transition metal in the Earth’s crust. It is
commonly found in a wide variety of minerals, including carbonates (rhodocrosite, kutna-
horite), oxides (birnessite, cryptomelane, hollandite, etc.), silicates (braunite, rhodonite)
and sulfides (alabandite) [1,2]. Interestingly, iron is generally found in manganese deposits,
so the pure phases of either of these two elements can be found in combination with the
other at trace levels (as an impurity) [3]. Manganese can also participate in important
biological functions at structural and metabolic levels (i.e., as a component of the bone
structure, photosynthesis, etc.) [4,5], also being a very versatile element in the sense that it
can be combined with other different elements to form interesting materials, such as oxides.
In this case, a wide number of oxidation states (i.e., +2, +3, +4, +6 and +7) can be involved
in these processes.

At the level of oxides, the three most abundant oxidation states for manganese that
can be found in nature are +2, +3 and +4. In this regard, it is important to note that it
is extremely difficult to find pure Mn oxides with a single oxidation state, provided that
as a general rule, different oxidation states will usually coexist in the same structure [2].
As informative data, the three most prominent manganese oxide forms (MnO, Mn3Oy4
and MnO;) have been applied in the fields of wastewater treatment [6-8], catalysis [9-14],
supercapacitors [15-17], storage devices [18-21], medical agents [22-24], etc.

Among these oxides, manganese oxide (IV), MnO,, is probably one of the most
important oxides since it has important physical-chemical properties, such as an easily
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exchangeable multiple oxidation state, a thermally stable structural form, a high grade of
polymorphism and low cost and benignity with the environment [25-28].

In general, the different forms for MnO, can be obtained from different synthetic
routes (sol-gel, precipitation, ionic-exchange, etc.), by varying the precursor salts and
also by using templates or structure-directing agents (i.e., glucose, hexadecyltrimethy-
lammonium bromide, etc.). For many years, and due to the increasing importance of
MnO; in the manufacture of electronic devices, more precise and sophisticated synthesis
methods [29-31] have appeared in order to obtain oxides with specific and prominent
characteristics. In this regard, the large number of MnO, polymorphs—as well as their
multivalent nature and nonstoichiometric composition—makes their classification diffi-
cult [32]. Consequently, the catalytic activity of these oxides will rely on their chemical
composition, their crystallographic structure and parameters such as pore structure (size
and type), morphology, etc.

Taking these considerations into account, in Table 1, we have included the most
important allotropic forms of MnO, and their structural properties. Most of them can
be obtained through a hydrothermal redox process from different manganese precursor
salts [33,34]. We must indicate that the information included in Table 1 (i.e., formula
and manganese oxidation state) refers to general data which can undergo modifications
depending on small synthetic variations.

Table 1. Main MnO, forms and their basic structural characteristics. Adapted from References [15,19,33,35-42].

Structure Oxidation States of

Form Name Formula Space Group (m x n, Dimension Cell 12 Mn
Tunnel Structure)

®-MnO, Hollandite Ba(Mn*¢Mn™,)O16 Tetrago“ﬁ//ﬁ"“"dmi“ 2 x 2) tunnel +4, 43
B-MnO, Pyrolusite Mn*O, I;gj%;?ﬂ’ (1 x 1) tunnel +4
¥-MnO, Nsutite (Mn** Mn?*)(O,0H), Hexago“a(lrf g_r)ﬂ‘or"mb“' (1x1)/(1x2) hep +4, 42
R-MnO, Ramsdellite Mn**O, Ort};r)lr;r;bic’ (1 x 2) tunnel +4
£-MnO, Akhtenskite Mn#* O, I;Z?i?;il’ dense +4
§-MnO, Birnessite Nags(Mn**Mn®+)0y-1.5H,0 I\;[)Z?;)g:i:’ (1 x o0) layer hep/fec +3, +4
A-MnO, Spinel (Li)Mn,O4 ipggg’ (1 x 1) tunnel fec +3, +4

la] hcp: hexagonal close-packed, fcc: face-centered cubic.

All the structures included in Table 1 have MnOg octahedral units as common struc-
tural building blocks, so that depending on the disposition and interrelation between them,
different structures will emerge. Some authors [19] tend to classify these oxides according
to the way these units connect and interrelate with each other (i.e., tunnels, layers, etc.).
For example, 5-MnQO; materials have [MnOg] shared edges in each layer, with cations (e.g.,
K*, Li*, Na*, etc.) and water molecules occupying interlayer positions. On the other hand,
in tunnel structures, the disposition of [MnOg] gives rise to a wide range of tunnel sizes,
for example: B (1 x 1),y (1 x 2and 1 x 1), & (2 x 2), etc. (see Section 2).

In parallel, the tunable redox properties of MnO, and the mobility of labile lattice
oxygen make these oxides powerful catalysts in important catalytic reactions, such as
oxidations. As will be shown later in more detail (see Sections 2.2 and 2.3), the presence
of mixed Mn oxidation states can be quantified, giving rise to an interesting parameter
known as average oxidation state (AOS) [43].

Chemical titration methods (i.e., thiosulfate or potential voltametric titrations), mag-
netic measurements and spectroscopy techniques (i.e., Raman, XPS) have been widely
applied in order to obtain such AOS values [43—46]. Interestingly, the great variety of
oxidation states that can be modified on purpose (by means of synthetic strategies) offer a
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wide range of applications. However, it is rather difficult to correlate the distribution of Mn
species with catalytic activity, because unexpected factors such as the presence of oxygen
vacant defects (OVDs) can play an important role in catalysis, given that these effects are
not a priori easily predictable.

Currently, it is possible to divide the application fields of MnO, oxides into two groups:
(i) fine chemistry (i.e. synthesis of lactones, aldehydes, etc.) [47-54] and (ii) sustainable
chemistry and environmental remediation, involving highly interesting reactions such
as oxygen-evolution reaction (OER), VOC degradation, syngas reactions, biofuel produc-
tion, etc. [26,55-59]. For this reason, manganese oxide-based materials are the subject of
intense research, in particular layered and porous tunneled structures have received signif-
icant attention due to their excellent catalytic activity and especially from their potential
implementation in energy-related topics.

In view of these precedents, our aim has been to offer the reader a comprehensive
survey on design, synthesis, characterization, and applications of nanostructured MnQO,, in
particular octahedral molecular sieves (OMS), as catalytic functional materials during the
last ten years. The synthesis and description of their porous tunneled or layered structures
and related materials will be also addressed. We will show that right now, this an active
field of research, and will provide final conclusions on the topic as well as future trends.

2. Octahedral Molecular Sieves (OMS)
2.1. General Aspects

Molecular sieves are, generally speaking, microporous solids with very narrow and
uniform porosity, so that, depending on their porous dimensions, they can be divided
into different categories: microporous (<2 nm), mesoporous (2-50 nm) and macroporous
(>50 nm). This general classification also includes different types of aluminosilicates (i.e.,
zeolites, etc.) with tetrahedral building units which have been involved for years in in-
dustrial processes such as purification, separation, petroleum refining and other catalytic
reactions [60—-69]. Along with these aluminosilicates, there are octahedral molecular sieves
(OMS), which consist of the assembly of octahedral MnOg building units interconnected
through oxygen atoms [70], showing an unprecedented versatility in terms of redox prop-
erties, arrangement and doping possibilities with respect to other materials or building
systems [63,71,72]

2.2. Manganese Octahedral Molecular Sieves

Most of these materials were reported by Suib et al. during the 1990s [73-78], and
they quickly attracted the attention of the scientific community due to their promising
applications, especially at the level of electrochemistry and catalysis. This trend can be
clearly confirmed in Figure 1.

40

201

Number of publications

0 4

1960 1970 1980 1990 2000 2010 2020
Year

Figure 1. Evolution of number of publications containing references to OMS materials. Source:
Compilation based on Scopus data (March 2021).



Catalysts 2021, 11, 1147

4 of 34

For those readers interested in deepening their preparation and physical-chemical
characteristics, we suggest some useful references [34,74,75,79,80].

As previously advanced and continuing with the structural description of these
materials, the arrangement of octahedral MnOg units will define the oxidic structure that
can potentially be obtained, in particular tunnel structures with dimensions ranging from
(2.3 x 2.3) A to (4.6 x 11.5) A [81]. All these tunneled conformations are named according
to their mineral of origin and will be labeled as a function of their tunnel dimensions as
m X n, where m and n are the octahedral units arranged in each of the directions.

Some known examples are rutile (1 x 1), ramsdellite (2 x 1), hollandite (2 x 2),
romanechite (3 x 2) and todorokite (3 x 3). As it occurs with the respective source minerals,
tunnels usually contain water molecules and/or alkali and alkaline earth cations in order to
maintain the electrovalence of the system and give stability to the tridimensional structure.
It is important to indicate that pioneering studies [81] were focused on obtaining larger
tunnel dimensions in order to expand the number of applications, including their use as
cation exchangers such as zeolites [79,82].

Curiously, from a crystallographic point of view, and under the hypothetical and
unlikely situation that tunnels are empty, different correlations can be established in some
cases between the above-cited structures. As an example, Figure 2 shows the possibility of
easily transforming a 1 x 1 structure (rutile) into a 2 x 2 structure (hollandite) by means of
a 45° rotation of octahedral units.

of cycled
blocks

Rutile Hollandite

Figure 2. Scheme for the transformation of rutile into hollandite by rotating the blocks enclosed in a
circle clockwise or counterclockwise (turn indicated by the blue arrows). As an explanatory note,
orange octahedral units are placed in a different plane with respect to blue units. Adapted from [83].

Indeed, when looking closely at Figure 2, it is possible to observe how the shared
vertices of octahedral units in the rutile structure will easily share faces in the hollandite
structure so that the original stoichiometry can be maintained. Therefore, though the
mobility of atoms is very restricted, it is possible to appreciate the existence of a common
denominator for all the structures, suggesting that these materials present a sort of “memory
effect” [83-85]. This would explain why some little modifications in the original oxide can
lead to the appearance of so many different structures and/or segregated phases, such as
psilomelane, ramsdellite, etc.

On the other hand, the fact that all these OMS systems present mixed manganese
oxidation states (mainly Mn** and Mn®*, and occasionally Mn?*) is very striking, and this
results in an average oxidation state (AOS) of ~3.8 for these materials. In this regard, since
different microporous systems with different AOS values can be achieved, they will present
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a rather unusual and unique combination of porosity and semi-conductivity properties [78]
within the field of molecular sieves.

These amazing properties explain why these materials have been largely explored in
different areas of chemistry (Figure 1). Indeed, catalytic properties of OMS materials have
been shown to be related to the redox cycling of certain oxidation states of manganese (i.e.,
Mn?*, Mn?* and Mn**), where electron transfer ability seems to have a crucial role [34].
This important feature was widely studied using specific electrochemical techniques by De
Guzman et al. [86].

It should be noted that the nomenclature for these materials follows the code: “OMS—
number”. As an example, one of the most important OMS materials with catalytic ap-
plications is OMS-1. It is closely related to the mineral todorokite, that has the formula
ToMny2t0,*-9H,0 (T = Cu, Ni, Zn, Mg, Co) [87], and it has a 3 x 3 tunnel structure
69 A x 69A).

OMS-1 has been used both in its original form and doped with other transition
metals, being applied as a cation exchanger [88] and as a catalyst in CO, methanation
processes [89], steam reforming [90], degradation of pollutants [91], electrocatalysis [87]
and energy storage [92-94], among other reactions.

In this context, the most extensively studied OMS-type Mn oxide is most likely the
cryptomelane-type oxide, OMS-2, as shown in Figure 3.

Group of materials

Applications:

Electrocatalysis
Fine Chemistry
Degradation of pollutants

Figure 3. Most representative applications of nanostructured cryptomelane OMS-2.

For this reason, we will focus on metal-doped OMS-2-type oxides, describing their
structure in detail, as well as their physical-chemical properties and applications of interest.

2.3. Cryptomelane (OMS-2)
2.3.1. General Aspects
Cryptomelane is a manganese oxide composed of edge-shared octahedra of MnOj

units, forming a 2 x 2 (0.46 x 0.46 nm) tunnel structure (Figure 4). The size of these tunnels
is ca. 6.4 A (35% smaller than those of OMS-1).
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MnOg Unit

Q Potassium

Figure 4. Schematic representation of the crystal structure of K-OMS-2. Cell dimensions are
indicated.

The general chemical composition of OMS-2 oxide is A[MngO14]-nHO, where Mn?*,
Mn3* and Mn** cations are arranged in different structure sites, resulting in an average
oxidation state (AOS) of approximately +3.8. Counter cations located in the tunnels
(A) will compensate the charge imbalance of the system. In this context, Mn oxide will
receive a particular name depending on the charge compensating cation located in the
tunnels: hollandite (Ba®*), cryptomelane (K*), manjiroite (Na*) and coronadite (Pb>*). All
these names come from their respective mineral of origin. In this review, we focus on
cryptomelane, and from now on this material will be named as K-OMS-2.

As mentioned above, OMS-2 has a 2 X 2 tunnel structure, which is built by edge and
corner sharing [MnOg] octahedral units, leading to different pore sizes. OMS-2 has a mixed
valent manganese framework with a higher amount of Mn?*. Besides, K* ions are located
in the tunnels and can be exchanged by other inorganic cations [95]. For example, K* can
be exchanged by protons (H*), H-K-OMS-2 when K-OMS-2 is treated with a diluted
acidic solution (e.g., HNO3), while heating with vigorous stirring [96,97]. Obviously, metal
cations can also be incorporated into the tunnels through a partial substitution of original
potassium cations (i.e., cobalt, copper, palladium, ceria, iron, etc.), resulting in variations
in some parameters such as porous volume and surface area. It is important to note that
this process can imply deep structural changes in the tunnel structure or even lead to the
collapse of the structure due to differences between the ionic radii of K* and the cationic
dopant. All these features will induce changes in the catalytic activity [98-103]. As an
example, Section 3.1.2 will illustrate this point taking the [Ce]-K-OMS-2 materials as
an example.

On the other hand, it is important to remark that doping into tunnel positions is
disfavored when the cationic dopant radii is similar in size to Mn, since the cationic
dopant (M) can compete with Mn to obtain a VI-fold site in the framework of OMS-2
material [104-108].

With respect to the synthesis process, it is important to indicate that a wide range
of synthetic methods have been described for the synthesis of OMS-2 oxides, although a
rather general method consists of mixing a manganese precursor salt (i.e., manganese(II)
sulphate, manganese chloride(Il), etc.) in acidic medium, and potassium permanganate
(KMnOy) as an oxidant agent [34].
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In this context, sol-gel, hydrothermal, microwave, phase-transfer, solvent-free and
reflux methods have been reported for their synthesis [79,81,109-113]. Slight modifications
in the synthetic procedure can led to noteworthy changes in the final solid, such as:
morphology, reactivity, textural properties, etc.

For example, it has been reported that surface area values are closely related to
the synthetic method [114]. Indeed, Figure 5 shows that more sophisticated synthetic
methods can lead to enhance the surface areas (up to 7 times) and to a shortening of
crystallization time.

300-

200+

100+

Surface area (m?/g)

0

Hydrothermal Reflux Microwave Ultrasonic
(3 days) (24 h) (15 h) (4h)

Figure 5. Influence of synthetic methodology on the surface area value (N, 77K) obtained for pure
K-OMS-2. The synthesis time is indicated in parenthesis. Data are obtained from [114].

Although these materials usually present a needle-like shape with a length between
30 and 1400 nm and an internal diameter of ca. 10-30 nm (Figure 6b,c), higher values can
be achieved under specific synthesis conditions [115].

Nonetheless, in all cases, the K-OMS-2 morphology will always be nanorods (or
“needle-like”) (Figure 6a). At this point, it is interesting to highlight that the dimensions of
these solids can be controlled a priori using different additives during the synthesis.

Figure 6. SEM image (a) and HR-TEM images (b,c) of pure K-OMS-2 material (unpublished results).

As an example, Liu et al. [107] reported that K-OMS-2 could be obtained with con-
trolled particle sizes varying from 8.2 to 61.1 nm in width and from 35.6 to 1376.1 nm in
length by reacting KMnO, with different carboxylic acids [107].
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2.3.2. Assessment of Doping Processes

As previously stated, OMS-2 material is an environmentally benign and relatively
cheap manganese oxide with a wide range of interesting applications in the fields of environ-
mental and sustainable energy [55,116-120], electrocatalysis and energy storage [121-125],
as well as catalysis for fine chemistry [112,126-133]. As previously indicated, the wide
variety of structures that OMS-2 oxide can adopt makes it easy for these materials to adjust
to each specific application. Indeed, depending on the reaction and morphology of the
oxide, the catalytic activity can be optimized in each particular case.

In this respect, there is a way to influence the catalytic activity that consists of incor-
porating a second metal transition element in the K-OMS-2 structure through doping,
whereas alternative synthetic strategies have also moved to other unexplored fields to
modify their activity. For example, by combining K-OMS-2 with biopolymers such as
chitosan to obtain the Fe;0,@K-OMS-2@CTS catalyst [134], or by combining with silicates
SiO, to obtain K-OMS-2/SiO, materials [135].

Thus, returning to the topic of doping, the incorporation of a second metal ion by
means of a doping process can take place on the surface, in the tunnels or in the structure
(Figure 7).

Possible locations:

a) Tunnel
Doping process
Metal cation b) Framework
c) Surface

Size and geometrical
coordination ability

Figure 7. Scheme of the available positions for the cationic doping process on K-OMS-2 materials.

The definitive location will be closely linked to the synthesis procedure, and more
specifically, to the size and geometrical coordination ability of the cationic dopant (Figure 7).

Doping processes are clearly used to tune the structure, morphology and lattice
parameters in order to provide novel chemical and physical properties to the solid. In this
line, structural defects, active metal species derived from doping [136-138] and oxygen
vacancies [105,139,140], together with unexpected synergic effects [132,141], will define the
true performance of the materials in catalytic reactions.

In this case, the review will focus on doping processes at the level of framework. This
doping method usually involves the replacement of manganese ions by isovalent transition
metal cations that will act as dopants, being denoted as the isomorphic substitution process.

The isomorphic substitution is not exclusive of these materials, provided that other
different molecular sieves (i.e., zeolites) can undergo isomorphic substitution at the level of
Si tetrahedral building units using pre- and post-synthetic procedures [142,143].

In this case, the most efficient synthetic strategy to achieve an isomorphic substitution
is the incorporation of the dopant agent from the beginning of the synthesis, which consists
on adding the metal salt precursor to a solution of starting manganese salts. Proceeding in
this way, the time contact between manganese/cationic dopant species increases during
the comproportionation step, and the introduction of the latter into the structure is favored.

After the doping process, the characterization of these materials will be crucial in
order to confirm the structure of the oxide as well as the location of the doping cation. For
this purpose, two different types of characterization techniques can be applied depending
on what type of information can be extracted. First, (i) techniques that allow the direct
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confirmation of the position of the cation in the structure (i.e., atomically resolved trans-
mission electron microscopy, X-ray absorption spectroscopy), and (ii) techniques that allow
knowing the exact or precise position of the cation indirectly (i.e., Raman and UV-visible
spectroscopy, ICP analysis, etc.) and that must be applied together to characterize the
solid. The choice of one group of techniques or another will depend on the availability and
accessibility to relevant instrumentation or equipment and their own limitations of each of
these techniques.

For example, within the field of electronic microscopy, neutron diffraction and atomi-
cally resolved transmission electron microscopy allowed to elucidate the precise localization
of Fe and Ti cations in metal-doped OMS-2 materials. In this regard, Gonzalez-Calbet
et al. [144] proposed the unequivocal location of Fe and Ti cations in manganese hollandite
nanowire materials, [Fe]-K-OMS-2 and [Ti]-K-OMS-2, using neutron diffraction and
atomically resolved transmission electron microscopy. We must highlight that this is the
first study where [Ti]-K-OMS-2 has been reported by observation on an atomic scale
(Figure 8). Therefore, these studies confirm that advanced techniques provide valuable and
unambiguous information on cationic dopants as well as on oxygen vacancies locations in
K-OMS-2 materials.

Incorporation
of Ti

Figure 8. Scheme of Ti species into K-OMS-2. HAADF images (extracted from [144]) along the [111]
zone axis, indicating the area where the spectrum image was acquired. A schematic representation of
the structure is also included. The area of the image used to automatically avoid spatial drift of the
sample during Dual EELS acquisition is also marked [144].

On the other hand, and as previously stated, there is a second way to determine the
position of a doping cation by means of indirect methods, which will ultimately reveal that
isomorphic substitution processes have been successful.

This last method requires a large number of tests to ensure that the cation has been
incorporated into the structure. For example, from X-ray powder diffraction (XPRD),
the expansion/contraction of cell parameters can be confirmed [104], given that when
transition metals are incorporated into the structure, they can induce deformations of
structural parameters (i.e., bond distances, angles, etc.). Moreover, when the doping metal
cation content is high enough, changes in the morphology of particles can occur, leading
to the collapse of the structure [145,146]. In this context, morphological changes can be
observed directly by electron microscopy (SEM, TEM).
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X-ray absorption spectroscopy (XAS) can also shed light on the disposition of man-
ganese atoms and their local environment (dopant cations, oxygen vacancies, etc.) [147].
Besides, Raman spectroscopy can also provide information about the local environment
around a metal cation through variations in the Mn-O strength in a semi-quantitative way
by applying the Hook’s law [108,139]. Similarly, UV-visible spectroscopy allows us to
identify the main absorption bands and calculate the optical band gaps (Eg) [148,149]. This
last parameter will experience modifications from undoped to doped materials if the level
of incorporation of the dopant is significant [108].

On the other hand, chemical composition analyses, such as inductively coupled
plasma (ICP) and energy-dispersive X-ray spectroscopy (EDX), can provide experimental
values about the chemical composition. Then, they can be used to compare the expected
isomorphic substitution [108,146] with the aid of crystallography models proposed for
cryptomelane structures [150,151].

Other techniques that can shed light on the successful incorporation of cationic
dopants in the cryptomelane structure are temperature programmed desorption (TPR) and
cyclic voltammetry (CV). Unfortunately, the multiple oxidation states of Mn along with its
renowned conductivity can hinder the characterization of OMS-2 materials, for example
through electron paramagnetic resonance (EPR). In addition, the intense black color of
the samples makes IR measurement often not feasible due to the transmission acquisition
becoming more cumbersome [108].

In this regard, the influence that isomorphic substitution exerts at certain positions
will be the most decisive proof of the benefit that doping has on certain catalytic reactions.
For this reason, in this review, we describe the structural and physical-chemical variations
due to doping of [M]-K-OMS-2 cryptomelane materials (where M indicates the cationic
dopant agent) as well as the influence that this modification has in catalysis.

This review will encompass the series of [M]-K-OMS-2 oxides reported during the
last 10 years, allowing us to provide a general view of the different fields where they can be
applied. We highly recommend some sources [34,146,152] that cover in depth the syntheses
and structural characterization of the first reported [M]-K-OMS-2 materials.

3. [M]-K-OMS-2 Materials
3.1. Characterization Data

This section collects typical chemical, structural, morphological and textural parame-
ters related to isomorphic substituted materials reported in the literature during the last
decade. Older isomorphic substituted materials, [M]-K-OMS-2, that have been included
in previous related reviews will not be treated here [146,152]

Then, we will describe high-impact catalytic applications (e.g., CO oxidation reaction,
degradation of pollutant agents and synthesis of fine chemical products) of cryptomelane
[M]-K-OMS-2 oxides, and when appropriate, we will make a comparison between them.
Table 2 summarizes the most important features of the most recently reported [M]-K-OMS-
2 isomorphic materials. For more information on In-, Zr- and Zn-doped oxides, we suggest
going directly to the respective monographs included in this review. Similarly, when the
reader wants to look deeper at a certain material, we highly recommended to go to the
references included in their respective sections.
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Table 2. Chemical composition and textural information of [M]-K-OMS-2 materials.

Metal Incorporated

. Surface Area
Composition

into the Framework Synthesis Range (% wt.) Rang(zgzlfgz), 77K Morphology Reaction Examples References
Hydrothermal, N d
Ag reflux, microwave 0-2 80-160 (50 ni;“_){‘) m) CO oxidation [153,154]
assisted, solid state H
Ce Reflux 0-8 72-200 Nanorod (500 nm) V(;C and ozone [106,155,156]
egradation
Nanorod Oxidation of
— [a]
Ru Reflux 04 84-131 12 (150-500 nm) alcohols [108,133]
T Reflux 0-2 152-155 Nanorod (n.a.) Oxidation of [157]
styrene
Mo Reflux 0-10 100-210 Nanorod (50-200) CO oxidation [150,158]
w Reflux 0-10 110-190 Nanorod (50-200) CO oxidation [151]
\Y% Reflux 0-10 120-190 Nanorod (50-200) CO oxidation [159,160]
Nb Reflux 0-30 147-220 Nanorod (51-184) Oxidation of [161,162]
methanol
In
Zn See Sections 3.1.6-3.1.8
Zr

la] CO, surface area value, in accordance with the procedure described in [163].

3.1.1. [Ag]-K-OMS-2

One of the first examples of isomorphically substituted cryptomelane materials de-
scribed in the literature corresponds to Ag-doped K-OMS-2 ([Ag]-K-OMS-2) [153], which
was reported in 2007, and for this reason it should not be included a priori in this review.
Nevertheless, since the most important features of this oxide were not elucidated until
recently, we finally decided to include it along with the rest of the most recently reported
doped oxides.

The XRPD pattern for [Ag]-K-OMS-2 material unequivocally showed the typical
characteristic peaks belonging to the cryptomelane phase (JCPD #00-029-1020), that is
20 = 12.6°, 17.9°, 28.7°, 37.5°, 41.9°, 49.9° and 60.1°. No other additional peaks were
found in the diffractogram, as usually occurs for [M]-K-OMS-2-doped oxides. This fact
evidenced that no segregated phases were formed, and on the other hand, that there had
been no changes in the structure either.

In the same line, SEM and TEM micrographs showed that no morphological changes
had taken place, hence giving support to what was observed by XRPD (Figure 9) [153].

Adsorption—desorption isotherms and pore size distribution showed that both Ag-
doped and undoped (K-OMS-2) materials had a type-II isotherm, which is typical for
macroporous and non-porous materials. The isotherm plots showed a steep increase in
the low relative pressure range (p/pg < 0.01), which suggested the presence of micropores
with an average pore size between 0.49 and 0.66 nm. BET surface values showed that an
increase in cationic dopant content led to an increase in the BET area value (Table 3). This
experimental fact suggested that Ag atoms entered the framework of OMS-2, making the
surface areas larger, whereas pore size distribution became sharper.

Table 3. Textural properties (Np, 77K) of K-OMS-2 and [Ag]-K-OMS-2 materials.

Sample Incorporated Ag Content (% wt.) BET Surface Value (m2/g)
1l 0 76.9
2 0.1 79.1
3 0.5 79.7
4 1.5 81.2
5 2.0 81.8

[a] Undoped material K-OMS-2. Data were extracted from [153,154].
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Nonetheless, since according to the geometric parameters of Ag*, this replacement
should theoretically take place even more easily in the tunnels, the new material was called
Ag-hollandite (with general formula Ag; sMngOy).

Interestingly, [Ag]-K-OMS-2 was slightly different from the original cryptomelane.
That is, silver cations did not occupy the center of the cages formed by MnOg octahedra
units, but they were placed on the common face sites, which are coordinated with four
oxygen anions, as could be elucidated by XRPD and electronic microscopy techniques.
Indeed, the modification of the structure could be confirmed by XRPD, which showed
changes with respect to the cryptomelane structure, as it can be seen in some examples in
the literature [164-167] adjusting to a tetragonal structure, Ag; sMngO;4 (ICDD # 01-077-
1987).

Figure 9. FESEM micrograph of [Ag]-OMS-2 catalyst (a), TEM and HR-TEM images showing the morphology of short
nanofibers (b) and low magnification image showing the morphology of short nanofibers with Ag nanoparticles (c). Images

have been extracted from [164].

Studies about the mobility of oxygen species were performed by means of temperature
programmed techniques such as TPR and TPD experiments. All these techniques confirmed
that the incorporation of Ag species into the framework improved the mobility of oxygen
species, having a strong impact in catalytic reactions (see Section 3.2). This could be
explained by means of a synergistic effect between Ag, both located in tunnels and at the
level of framework, and the active centers of manganese oxide [153].

3.1.2. [Ce]-K-OMS-2

Ce ions can be incorporated into OMS-2 tunnels to replace K*, but can be situated
into the OMS-2 framework via isomorphic substitution starting from a precursor salt, i.e.,
Ce(NO3)3-6H,0, through a reflux method [106,168]. Indeed, depending on the amount of
Ce incorporated, diverse structural changes could be detected by XRPD diffraction as well
as by electron microscopy.

For example, an increase of crystal size took place after Ce incorporation, due to an
expansion of the cell parameters as well as a slight aggregation of K-OMS-2 nanorods and
a decrease of lattice fringes [155,156,169,170].

Similarly, as previously described for [Ag]-K-OMS-2, the incorporation of Ce as a
dopant cation into the structure enhanced the surface area values [155,156,169].

NH;-TPD was used in this case to evaluate the acid /base strength of the as-prepared
materials. In this case, it was observed that the introduction of Ce increased the amount of
strong acid sites over OMS catalysts. This was correlated with the NH3 desorption area
data (Table 4) calculated from [156].
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Table 4. Acidic properties of Ce-doped K-OMS-2 ([Ce]-K-OMS-2) and undoped K-OMS-2. Data were extracted and

adapted from [156].
Desorption Temperature (°C) Peak Area (a.u.)
Sample
Peak I Peak II Peak III Peak I Peak II Peak III Total
K-OMS-2 108 492 581 302 422 448 1172
[Ce]-K-OMS-2 132 340 650 305 903 723 1931

According to the literature, peaks attributed to the weak acid sites appeared at ca.
110-115 °C; meanwhile, the desorption peaks at ca. 200-550 °C were assigned to strong
acid sites [171]. Interestingly, after Ce-doping, all the peaks shifted to higher temperatures,
indicating a stronger acidic behavior [156]. The total calculated area confirmed this trend
(Table 4).

In parallel, FT-IR spectra of the materials could assess the local environment surround-
ing the structural Mn-O bonds. Effectively, variations in the FT-IR spectra indicated that
Ce had been incorporated into the framework of K-OMS-2, resulting in the appearance of
new structure vibrations, i.e., 582, 467 and 714 cm~! [170].

Besides, additional studies showed that the reducibility of K-OMS-2 did not vary
after the incorporation of Ce at the structural level because both TPR profiles were very
similar [169,172].

Regarding XPS studies, they showed that the incorporation of Ce as a cationic dopant
involved a higher concentration, ca. 10%, of lattice oxygen with respect to the undoped
material K-OMS-2, and this experimental fact was also accompanied by a rearrangement
of the manganese species (+3, +4 and +2) [156].

It is interesting to note that this material could also be used merely as a support, so that
other oxides or metals could be deposited on the surface. For example, it is important to
highlight the case of [Ce]-K-OMS-2 [173] doped with Au nanoparticles (AuNPs) [174], for
which an increase in the amount of Ce (>6% wt. Ce) caused part of the Ce to be deposited on
the structure and part on the surface, as was confirmed by electron microscopy (Figure 10)
and XRDP [174].

In this case, the cooperation between AuNPs (smaller than 3 nm), CeO, species and
the manganese oxide framework afforded unique properties to the system, improving its
catalytic behavior in the CO oxidation reaction. In conclusion, the incorporation of cerium
had an influence at two levels: (i) increased the number of defect sites, which had the
ability to interact with gold nanoparticles and stabilize them, and (ii) increased the amount
of extra-framework CeO, nanoparticles, which improved the charge transfer between Au
and cryptomelane.

CcO

co,

be species “2”
framework)

Figure 10. HR-TEM micrograph of Au supported on [Ce]-K-OMS-2. In the image, different types of
Ce species are indicated (blue color). Besides, the role of each chemical species is indicated for the
CO oxidation reaction. The image has been extracted and modified from [174].



Catalysts 2021, 11, 1147

14 of 34

3.1.3. [Ru]-K-OMS-2

Catalytic processes involving ruthenium had already been extensively studied during
recent years [175-179].

For this reason, it seemed an ideal cation to be incorporated into the structure of
K-OMS-2 in order to obtain a material with attractive properties. In this context, [Ru]-K-
OMS-2 was obtained through a reflux method [108,133] starting from manganese precursor
salts combined with RuCly x H,O.

X-ray powder diffractograms (XRDP) showed that the ruthenium incorporation (2%
by weight of ruthenium) did not induce obvious changes in the diffractogram pattern,
albeit from refining XRPD data, a slight expansion of cell parameters could be clearly con-
firmed [108]. The presence of ruthenium into the structure was confirmed by combining
analytical and vibrational techniques, such as ICP, UV-Vis, FI-IR and Raman spectroscopies,
X-ray diffraction, electron microscopy (HR-TEM and SEM) and X-ray photoelectron spec-
troscopy [108].

In this regard, it is important to remark that the amount of Ru incorporated at the
structural level in K-OMS-2 did not exceed 4.5% by weight [133], which is a significantly
lower amount than that obtained for other smaller cations incorporated in the network (i.e.,
Co, Cu and Ni) [160,162,180]. As an example, the amount of Fe that can be incorporated in
K-OMS-2 oxide ([Fe]-K-OMS-2) can reach up to 6% wt. of Fe [146].

At this point, it is important to note that one of the most prominent aspects of this
material is the reducibility, a property that is closely associated to the weakening of the
Mn-O bond [108,133]. In this context, it was observed that this weakening effect increased
as the Ru content increased (Figure 11).

305 =

O K- OMS2
300 -

205

k yn - O(N'm-1)

290

Ru wt. (%) incorporated

Figure 11. Graphic representation of the Mn-O strength (N -m~1) versus the amount of ruthenium
incorporated in the structure: Ru0.5 (0.5% wt.), Rul.5 (1.5% wt.), Ru2 (2.0% wt.) and Ru4 (4.0% wt.).
Extracted from [133].

Effectively, the results included in Figure 11 show that the increasing incorporation
of Ru into the oxide K-OMS-2 causes a linear decrease in the Mn-O bond strength, a fact
that becomes evident by the gradual decrease of the force constant value kyin-0 (N-m™~1).
This parameter that provides semi-quantitative type information from the Hook’s law
gave the lowest kyin.o (N-m~!) value for the highest Ru content material [Ru(4%)]-K-
OMS-2. This result is highly important because according to this, [Ru(4%)]-K-OMS-2
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might be predicted as more reactive than any other oxide with lower Ru content during
its performance as a catalyst, particularly in reactions that follow a Mars—van Krevelen
mechanism (i.e., oxidations).

In this respect, one important consequence of this aspect could be the direct impact
on reducibility, a property that can be measured by Hy-TPR (temperature programmed
reduction) (Figure 12).

Reducibility
reference

[Ru(2%)] - K — OMS2

[Cu(2%)] - K - OMS2

[Co(2%)] - K — OMS2

TCD signal (a.u.)

[Fe(2%)] — K — OMS2

[Ni(2%)] — K — OMS2

T T T

100 200 300 400

Temperature (°C)

Figure 12. H,-TPR profiles for [M]-K-OMS-2 materials and undoped K-OMS-2. Extracted and
adapted from [133].

Indeed, Figure 12 shows the impressive effect that Ru has on the reducibility of K-
OMS-2 with respect to a series of earth abundant metal cations assayed (i.e., Co, Ni, Cu
and Fe). This impact has been attributed to a greater difference in size and properties of Ru
versus Mn, with respect to more similar cations [108,133]

This feature should have an impact on the catalytic applications, as it will be shown in
Section 3.2.2.

3.1.4. [Ti]-K-OMS-2

Ti** species have also been successfully incorporated into the framework of K-OMS-2
through a reflux method from the respective precursor salts [157]. In addition, since the
ionic radius of Ti** (0.61 A) is greater than that of Mn** (0.53 A), an expansion of the cell
volume should a priori be expected in case isomorphic substitution occurs [181]. In this
regard, the cell volume expansion estimated for [Ti]-K-OMS-2, with a Ti/Mn ratio ranging
from 0.18 to 0.43, was ca. 2%. In this case, all Ti species were exclusively located in the
framework [157]. With higher Ti/Mn ratios (e.g., 0.5), the K-OMS-2 framework could not
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hold all the titanium species, and they began to be deposited in extra framework positions.
It is interesting to note that the surface areas of K-OMS-2 and [Ti]-K-OMS-2 were similar
in both cases [157,182].

Nonetheless, interestingly, it appears that the impact that Ti-doped K-OMS-2 oxide
has had in catalysis is lower than other metal-doped cryptomelane structures [182], in
view of the low number of catalytic applications reported for this material (i.e., oxidation
of styrene).

In this case, different techniques, such as XRPD, photoluminescence, surface area,
etc., allowed to deduce the location of cationic species, whereas more powerful techniques
such as electron microscopy with high resolution at the atomic level confirmed with great
precision its location at the structural level (Figure 8) [144].

3.1.5. Doping with High-Valence Cations: [Mo]-K-OMS-2, [W]-K-OMS-2 and
[V]-K-OMS-2

In principle, it is foreseeable that the isomorphic doping with high-valence cations
(i.e., Mo®") would take place preferably at the structural level and not in the tunnels,
accounting for the charge restrictions that must be inside the tunnels in order to keep the
original structure intact [158]. In this line, a change from symmetry tetragonal (a “distorted”
symmetry) to monoclinic could be observed after Mo®* doping [158].

In this case, the isomorphic substitution leading to the formula K)<Mo6+2yD(’y
Mn4+1,x,3yMn3+X02 went through the following equations, according to the authors
of [150,158], where [J © indicates a required octahedral vacancy in the framework to bal-
ance the charge:

VIMoS* + VI[]© 5 2 ViMn3*
ZVIM06+ + VI 0°s3 VIMn4+

In this case, the reported trend could also be envisaged in the XRP diffractograms by

means of lattice and interplanar distance measurements, along with electron microscopy

images and selected area electron diffraction (SAED) patterns, which unambiguously
showed this change (Figure 13) [183].

Molybdenum
Substitution

Structural
Distortion

Figure 13. HR-TEM images showing the structural distortion of the original tetragonal K-OMS-2
structure due to the molybdenum substitution. On top, a brief scheme showing this transformation.
Image extracted from [151].
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Regarding the substitution with W, Table 5 shows the cell parameters obtained from
Rietveld refinement obtained for [W]-K-OMS-2 materials with different W contents.

Table 5. Cell parameters obtained from Rietveld refinement of undoped (K-OMS-2) and [W]-K-OMS-2-doped materials.

Data extracted from [151].

K-OMS-2 [W(1.33%)]-K-OMS-2 [W(2%)]-K-OMS-2
a(A),b(A) 9.815 9.804 9.816
c (A) 2.847 2.852 2.855
cell volume (A%) 274.3 274.1 275.1

Table 5 shows that there are slight differences in the lattice parameters for W-doped
K-OMS-2 (1.33 and 2 mol% W) and those for the K-OMS-2 sample (taken as a reference).
As discussed above [108], a low concentration of doping cation of a similar crystal radii,
such as VIWe*, VIw#+ VIMn** and VIMn®* (high spin and low spin), did not lead to
significant structural differences between the undoped and W-doped structures [151].
Indeed, 1.33 mol% W caused a slight shrinkage of the unit cell, according to the 2 and
b axes values. However, despite the fact that there were no significant differences in
cell parameters of [W]-K-OMS-2 after W-doping, the modifications of the electronic
environment were high enough to modulate properties related to conductivity for different
applications [151].

Other useful information that could be obtained from the diffractograms has to do
with the relative intensity of peaks and their positions. For the particular case of Mo, it has
been reported [158] that the incorporation of large amounts of Mo into the structure (from
Mo/Mn ratio > 0.2) can lead to a broadening of the peaks and the collapse of the structure
or amorphization. This trend is common for other high-valence species, i.e., V>* and W+
incorporated into the K-OMS-2 structure [151,158,160]. In this regard, it is important to
keep in mind that there is a strong relationship between the valence of doping cations and
the stability of K-OMS-2, which will be critical for keeping the electroneutrality of the
system [158].

As informative data, amorphization processes are often accompanied by an increase
of surface area, a shortening of the length/width ratio of nanorods and changes in the
thermal stability of the materials [158].

Interestingly, spectroscopic Raman studies showed two main bands, at 578 and
640 cm ™1, that were related to Mn-O vibrations of the MnOg units [150]. In this case,
the presence of these two bands confirmed that the framework local units were unchanged,
so the tetragonal structure (space group I4/m) remained. Then, a progressive increase of
the Mo content into the framework shifted the spectrum bands to higher wavelengths (blue-
shift). When this increase was high enough, bands tended to disappear due to changes of
the symmetry of the unit cell. Occasionally, bands related to MoOy species could also be
detected under these extremely severe conditions.

Another high-valence cation that can be incorporated into the framework is vanadium.
There is a minimal difference in size (ca. 1 pm) between Mn** and V°*, and this explains
that the basal spacing of [V]-K-OMS-2 did not change with the incorporation of increasing
amounts of vanadium [160]. However, quantitative analysis (i.e., EDX or ICP) showed that
there is a limit to the amount of V incorporated into the framework (Figure 14).

Indeed, for those samples containing up to 8-10% V (blue line in Figure 14), a good
correlation between the experimental vanadium content of the solid (determined by EDX)
and the initial vanadium content of the reaction mixture could be found. However, a pro-
gressive deviation from the initial composition took place above this range with increasing
vanadium concentration [160]. Meanwhile, the incorporation of vanadium species tended
to rearrange the manganese framework species (Mn2*, Mn®** and Mn**), as confirmed by
XPS [159].
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Figure 14. Comparison between the expected % wt. V incorporated and the experimental values
obtained by EDX. The dotted blue line indicates the point from which a deviation between the
expected and experimental values is observed. Data were extracted from [160].

Raman spectroscopy confirmed the formation of extra framework VOy species with
a high V content (greater than 10% wt.) through detection of the typical V=0 vibration
(range 970-1030 cm 1) [160].

Finally, a new type of [V]-K-OMS-2 was synthesized consisting of a mesoporous
K-OMS-2 system [184]. Mesoporous V-doped K-OMS-2 was synthesized by transform-
ing amorphous V-doped mesoporous Mn;O3 under mild acidic conditions. Changes in
morphology as well as an appreciable decrease in crystallinity were confirmed by electron
microscopy upon increasing the percentage of V doping, as was described for other related
doped materials. XPS results showed that the manganese was present as Mn?*, Mn3* and
Mn**, whereas vanadium was present as V4 in [V]-K-OMS-2 samples.

This material has shown interesting and promising results in hydrogen evolution
reactions (HER) [184].

3.1.6. [Nb]-K-OMS-2

More recently, the replacement of Mn by relatively larger cations such as Nb in the
framework of the octahedral molecular sieve K-OMS-2 was reported. In this case, up to
31 mol% (or even 43% wt.) were incorporated into the network. Above this content, the
cryptomelane structure collapsed and an amorphous phase of Nb,Os started to form [162].

Higher contents of Nb in the structure favored sintering processes that indeed took
place at lower temperatures as a function of the Nb content.

According to XPS data, Nb was incorporated as Nb(V) species. Interestingly, TEM,
STEM and HAADF imaging of Nb-doped K-OMS-2 materials showed retention of rod-like
morphologies with subtle changes in d spacings and length/width ratios.

Indeed, the cryptomelane rod-type morphology of K-OMS-2 was maintained, even up
to a 31% substitution. At higher Nb loadings, amorphous solids were obtained. Moreover,
textural properties suggested that after replacement with Nb, the OMS-2 rods became less
susceptible to particle growth and sintering took place more easily upon heating treatment
(as compared to original K-OMS-2).
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3.1.7. [In]-K-OMS-2

Indium tin oxide (ITO) and other indium-doped materials are of great interest as
electrodes and sensors [185-187]. For this reason, a novel material based on the introduction
of In species into the mixed-valent manganese framework (K-OMS-2) had a potential
interest in this field. The synthesis of the indium-doped K-OMS-2 material, [In]-K-OMS-2,
involved a hydrothermal treatment [188]. XRPD diffractograms showed that there were no
changes in the original cryptomelane structure up to an In/Mn ratio of 0.019. As it was
shown for [V]-K-OMS-2 oxide (Section 3.1.5), EDX analysis suggested that there is limited
solubility of indium oxide in K-OMS-2 [188]. Besides, a potentiometric titration method
measured the average oxidation state of the doped and undoped materials. Interestingly,
the incorporation of In up to a limit of 1/5 (In/Mn) enhanced the average oxidation state
(AOS) ca. 3% with respect to AOS of K-OMS-2. For all the cases [188], no segregated pure
In phases were detected neither by XRD, Raman spectroscopy nor electronic microscopy
(Section 3.1.8, Figure 15a).

3.1.8. [Zn]-K-OMS-2 and [Zr]-K-OMS-2

Both materials were synthesized through a reflux method, starting from manganese
and the respective Zn or Zr precursor salts, i.e., Zn(CH3COO),-2H,0O and Zr(NOs3),-
5H,0 [189]. No segregated phases could be detected for both doped materials when Zn
and Zr contents were moderate (ranging from 0.5 to 8 mol%), so the original cryptomelane
structure remained unchanged under these experimental conditions. As in previous cases,
this fact was interpreted in the sense that cationic dopants were well-dispersed in the
K-OMS-2 structure.

Interestingly, the surface area of pure K-OMS-2 increased after doping with Zn and
Zr (ca. 34% and 254%, respectively). Moreover, the addition of these cations resulted in the
formation of oxygen vacant defects (OVDs), leading to a lower pore size and lower total
pore volume, whereas doping with Zn and Zr had little impact on the AOS values, provided
the AOS of manganese ranged in a narrow window of ca. 3.9—4.0. Similarly, changes in the
morphology of nanorods after doping processes were in line with previously described
materials, in the sense that they remained unchanged, i.e., [Zn]-K-OMS-2 (Figure 15b). On
the contrary, [Zr]-K-OMS-2 experienced morphological changes at higher metal contents
(Figure 15c).

Figure 15. TEM image of [In]-K-OMS-2 (In/Mn = 1/5) (a), and FESEM images for [Zn]-K-OMS-2 (0.49% mol Zn) (b) and
[Zr]-K-OMS-2 (7.50% mol Zr) (c). Images have been extracted and later adapted from references [188,189].

Finally, the H,-TPR profiles for both materials [189] showed that the incorporation of
both cations improved the reducibility of the oxide, because the reduction processes took
place at lower temperatures with respect to K-OMS-2, although the respective reduction
temperatures were still higher than that reported for [Ru]-K-OMS-2 (Section 3.1.3).
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In the next section, we will describe catalytic applications for some of the above-
described doped materials of [M]-K-OMS-2, and in some cases, when appropriate, a
comparison between their performance will be carried out.

3.2. Catalytic Applications
3.2.1. [Ce]-K-OMS-2 as a Catalyst for General Pollutant Control Processes

Several studies have reported the O3 decomposition as well as catalytic total oxidation
(CTO) of tricholoroethylene (TCE) in the presence of [M]-K-OMS-2 as a catalyst [100]. In
this regard, it is important to note that the presence of O3 at high concentrations can induce
health problems to humans (neurological diseases, reduced immune system function, etc.).
For this reason, the conversion of environmental ozone is very important.

In this case, it seems that the doping cations enhanced the oxidative processes of
different plasma-generated hazardous gaseous species (i.e., phosgene, trichloroacetalde-
hyde and dichloroacetylchloride). These processes have been described in the following
equations [100,190]:

CL,CO+5/303 = CO, +Clp +20,

C2C13OH + (10/3) O3 - 2CO, + Clh+HClI+7/20,
C2C13H +4 03 —2 COZ + C12 +HCI + 4 Oz

Degradation of ozone (Os) has also been studied using other [M]-K-OMS-2 mate-
rials [106]. In this sense, ozone was decomposed under real conditions, in the presence
of water molecules [106,191]. From these experiments, it could be deduced that water
molecules had a severe influence on the catalytic performance because they competed with
ozone for adsorption on the oxide surface, leading to a decrease in catalytic activity. With
the aim to carry out this study, several doped [M]-K-OMS-2 oxides with abundant metal
cations were synthesized (M: [Co], [Ce] and [Fe]) [106] through a hydrothermal method
from the respective precursor salts, cerium(Ill), cobalt(Il) and iron(III) nitrates respectively,
just for comparison [106].

Characterization techniques (i.e., XRPD) suggested that all these doped oxides were
obtained as pure phases, and the tunnel structure remained unchanged [106]. However, the
position of metallic species seemed to be slightly different in each case. On the basis of the
results summarized in Table 6, it is possible to propose different substitution patterns. In
principle, the K/(Mn + M + K) values for [Fe]-K-OMS-2 and [Co]-K-OMS-2 (6.40% and
6.31%, respectively) were similar to those of K-OMS-2 (6.37%). It indicates that relative
quantity does not change, so this fact suggested that the metal was incorporated into the
structure. In other words, Co®* and Fe®* species compete effectively with Mn>* ions for a
place in the structure.

In the case of [Ce]-K—-OMS-2, it showed a decrease of both K/(Mn + M + K) and
Mn/(Mn + M + K) ratios with respect to the K-OMS-2 values. This suggested that the
substitution of both types of Mn valent ions in the framework as well as K* in the tunnel
sites of OMS-2 took place. This is also supported by the fact that the Mn/Mn + M + K
ratios in [Ce]-OMS-2 materials were higher than those in [Co]-OMS-2 materials [106].

The replacement of K* by Ce** /Ce3* cations may lead to a distortion of the crystal,
provided that Ce cations have a smaller radius than K* (up to ca. 50% smaller radius
size). This distortion has been reported in the literature even for other cases [106,156]
through SEM microscopy. Nevertheless, the distortion found for [Fe]-K-OMS-2 and
[Co]-K-OMS-2 was less marked given that the content in the framework was not very
high [158,192].

XANES analysis confirmed that cobalt and iron species were replacing Mn®* cations
in the cryptomelane framework, whereas Ce** was mainly replacing K* in the tunnels and
part of Mn** species in the cryptomelane framework [106]. These observations were very
important in order to explain the catalytic results summarized in Figure 16.
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Table 6. Properties and characteristics of [M]-K-OMS-2 and K-OMS-2 oxides used in the degradation of ozone. Data were
extracted from [106].

Metallic Dopant Species

o/) [a] o/) [al 2 [c]
Catalysts K/Mn + Metal + K (%) Mn/Mn + Metal + K (%) (% abundance) b} Surface Area (m*/g)
K-OMS-2 6.37 93.6 - 137
[Ce]-K-OMS-2 4.82 86.7 Ce®* (30%), Ce** (70%) 200
[Co]-K-OMS-2 6.40 85.1 Co®* (95%) 41, Co?*(5%) L] 115
[Fe]-K-OMS-2 6.31 83.6 FeZ* (36%) 141, Fe3+(64%) [¢], 52

[al ICP values, P! XPS values, [€] N adsorption (77K), [dl Octahedral position, le] Tetrahedral position.

At this point, it was proposed that the Mn®* content seemed to play a key role during
ozone decomposition. The degradation process of ozone catalyzed by noble metal and
transition metal oxide catalysts is based on three steps [193]:

1.  An O3 molecule is adsorbed on the surface of the catalyst, and then dissociates into
an oxygen molecule and an atomic oxygen species.

2. The remaining atomic oxygen species react with another ozone molecule to form an
adsorbed peroxide species (O,2~) or superoxide (O, ) and an oxygen molecule.

3. Adsorbed 0,2~ or O, decompose into oxygen molecules and desorb from the active
site of catalysts

In accordance with this, it was proposed that abundant Mn3* species (surface oxygen
vacancies) on the surface may enhance, they act as active species, the ozone decomposition
process (first and second step), as it follows from the equations [106]:

O3 + [Mn®*] = O, + O~ 445 [Mn**]

O3 + O 45 [Mn**] — 20, + [Mn?*]

Meanwhile, to explain the good results with [Ce]-K-OMS-2, it was suggested that
the existence of oxygen vacancies related to Ce** in the framework could enhance the
oxygenated species’ mobility.

100~ B RH = 45%
RH = 90%
80
60 1
40
201
0 -

Figure 16. Conversion of ozone at 360 min with isomorphic Ce-, Co- and Fe-doped, and undoped
(K-OMS-2) catalysts at different relative humidity (RH) values. Data extracted from [106].

Conversion of ozone (%) at 360 min
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In summary, it was proposed that the material with the highest Mn3* content ([Ce]-K-
OMS-2) showed the best catalytic results, obtaining high conversion values (ca. 90%) at
high values of humidity (relative humidity = 90%). In this case, it seemed that the surface
area values (Table 5) did not have a decisive impact on catalytic activity nor the metal
doping as it did not detect a clear trend.

Interestingly some other reactions required materials with a higher ratio of manganese
replacement. For example, it was observed that [Co]-K-OMS-2, [Cu]-K-OMS-2 and
[Fe]-K-OMS-2 were active for acetaldehyde degradation [155]. However, [Co]-K-OMS-2
supported on alumina (Al,O3) showed the best catalytic activity. This was attributed to a
higher level of Mn replacement on the first catalyst layers and to a more improved redox
capacity, surface area and oxygen mobility (among the most influencing parameters) with
respect to other isomorphic materials. According to the proposed mechanism [155], the
redox pairs Mn™ /Mn™*2 and M™* /M®+2* plays an important role. This is the reason why
[Co]-K-OMS-2 system, due to having a greater proportion of these active species, has a
higher activity [155].

On the other hand, it is worth mentioning a novel study where a correlation between
catalytic activity and location of the doping cation was shown. In particular, the activity of
Fe-doped materials during degradation of pollutants (i.e., phosgene, trichloroacetaldehyde
and dichloroacetylchloride) will depend on Fe location (at the structural level, [Fe]- K-OMS-
2, or on the surface, Fe/K-OMS-2) [100].

The most prominent difference between them was the reducibility, since the onset of
reduction temperature decreased as follows: K-OMS-2 > Fe/K-OMS-2 > [Fe]-K-OMS-2.
This same trend has also been observed for Ru-doped cryptomelane materials [108] (see
Section 3.2.2).

This improved oxygen ability observed for [Fe]-K-OMS-2 could be related to oxygen
vacancy defects, which would promote the degradation of VOC and reaction intermedi-
ates [100]. In this case, it was suggested that the higher reducibility of surface Mn** species
and the existence of a collaborative effect between Mn and Fe species could facilitate the
decomposition of O3 to obtain active oxygen atoms that improve the mobility of surface
oxygen of the catalyst [100]. Similar trends were observed for Fe-doped cryptomelane
materials used in the oxidative dehydrogenation of ethanol [194].

3.2.2. [Ru]-K-OMS-2 as a Catalyst for Fine Chemicals

Isomorphic ruthenium-doped cryptomelane material, [Ru]-K-OMS-2, has recently
been synthesized [108]. The presence of ruthenium in the structure was confirmed by
means of analytical and vibrational techniques, such as ICP, UV-Vis, FT-IR and Raman
spectroscopies, X-ray diffraction, electron microscopy (HR-TEM and SEM) and X-ray
photoelectron spectroscopy [108]. Moreover, Rietveld refinement of the XRP diffractograms
showed an expansion of the cell parameters which were compatible with an isomorphic
ruthenium substitution [108].

One of the most important consequences of the isomorphic substitution is the weak-
ening of the Mn-O bond, which was evidenced by means of semi-quantitative calculations
from Raman vibration modes. Interestingly, doping with ruthenium showed a remarkable
effect on the original reducibility of the K-OMS-2 [108,175] (see Section 3.1.3).

This had important implications in catalysis, especially for those reactions that follow
a Mars—van Krevelen-type oxidation mechanism, such as the oxidation of alcohols to
aldehydes. For this purpose, the benzyl alcohol to benzaldehyde transformation was
chosen to evaluate the role of ruthenium in the framework, [Ru]-K-OMS-2, on the surface,
RuOy /K-OMS-2, and the original K-OMS-2 for comparison.

Figure 17a shows that the incorporation of ruthenium into the structure had a higher
impact on the initial reaction rate (ry) than other metal-doped materials (up to 4 times) [108].
This experimental fact could be explained by taking into account that the mobility of oxygen
species improved after Ru-doping.
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Figure 17. (a) Initial reaction rates (rg) calculated from the respective tangent lines for each catalyst, and (b) studies on

recovery and reuse of the [Ru]-K-OMS-2 catalyst. Experimental data for both graphics can be found in [108].

Mechanistic studies were carried out using the benzyl alcohol oxidation to benzalde-
hyde as a model reaction [129,195]. In this case, the organic substrate would be oxidized
by Mn**, which would undergo a two-electron reduction from Mn** to Mn?*. In a second
step, Mn?* would undergo a two-electron reoxidation [108,133], with the intervention of
the cationic dopant, which means that Ru would assist in the two-electron reoxidation
of Mn?* species. Finally, Ru species would combine with molecular oxygen to close the
catalytic cycle. Basically, the role of Ru would be restricted to re-oxidizing manganese
reduced species to Mn** and Mn** and maintaining the neutrality of the structure.

In this reaction, the heterogeneity of the process was confirmed provided that [Ru]-
K-OMS-2 could be recovered and reused up to three times without a significant loss of
activity, selectivity and catalytic properties (Figure 17b). For achieving this, the catalyst
was calcined (310 °C during 2 h) after use in order to remove the organic adsorbed species
on the surface [34,151,152].

In addition to this and according to the recent literature [196,197], [Ru]-K-OMS-2
seems to also have promising applications in the field of electrocatalysis and energy storage.

3.2.3. [Ag]-, [NDb]-, [Mo]-, [V]-, [Cu]- and [Zn]-K-OMS-2 as Catalysts for CO Oxidation

This section will cover the use of [M]-K-OMS-2 as a catalyst to remove carbon
monoxide (CO) gas through the low-temperature CO oxidation.

Given that CO is produced in human activities (i.e., industrial waste gases, exhaust
gas from automobiles, etc.) and it is very harmful to humans and the environment, the
catalytic oxidation of CO is part of some strategies in order to reduce emissions of this
gas to the environment [164]. In this regard, the methodology of transforming CO is very
promising due to its low cost and high efficiency. However, the fact that numerous catalysts
involved in this procedure usually contain supported noble metals, such as: Pt, Pd, Rh, Ru,
Au, Ag, etc. [198-202], makes the process rather expensive. For this reason, investigations
have focused on developing useful catalysts based on earth-abundant metal cations or
non-expensive metals.

In principle, it appears that CO catalytic oxidation follows a redox mechanism on the
surface of metal oxide catalysts consisting of the lattice oxygen reacting with adsorbed
CO. Then, molecular oxygen would fill the oxygen vacancies that remain. According to
this mechanism, the key for improving the catalytic activity of OMS-2 is the promotion
of the surface lattice oxygen reactivity [139,203]. For this reason, it seems that manganese
octahedral molecular sieves could be excellent candidates for this reaction [153].
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In this context, Table 7 includes the results of CO oxidation in the presence of a series
of [M]-K-OMS-2 catalysts reported during the most recent years in order to compare their
activity.

Table 7. List of recently doped K-OMS-2 catalysts applied in CO oxidation.

Dopant [M] Material Location of M [2] Reference
Ag [Ag]-K-OMS-2 ET,S [164,204,205]
Nb [Nb]-K-OMS-2 F [206]
Mo [Mo]-K-OMS-2 F [207]
\Y [V]-K-OMS-2 F [159]
Cu [Cu]-K-OMS-2 ES [136,141]
Zn [Zn]-K-OMS-2 F [208]

[al Location of the dopant cation: (F) framework, (T) tunnel and (S) surface. Each location is determined from the
indicated references.

The list of materials included in Table 7 confirmed the effectiveness of metal doping
in cryptomelane materials for the CO oxidation. These materials were obtained through a
wide variety of synthesis methods that allowed to control the location of the cation so that
the properties of materials could be adjusted ad hoc.

For example, it was shown that the presence of stable Ag®/Ag* species had a critical
role in the activity of the catalyst [164]. In this sense, the superior performance observed
for Ag/K-OMS-2 (doped at the surface level) and Ag/[Ag]-K-OMS-2 (doped both at the
surface and structural level) after post-reduction treatment with respect to undoped K-
OMS-2 was attributed to the presence of highly dispersed silver species and to the unique
redox properties that arise from intimate metal-support interactions. These interactions
will promote the Mars—van Krevelen mechanism [164].

In principle, this intrinsic relation between the doping species and the manganese
framework seems to be highly relevant, because changes in the electronic local environment
can induce interesting synergic effects that will be reflected in catalysis. This has been
reported to also occur for Cu-doped systems, where such Cu species are located on the
surface and/or in the framework [136,137,141,209].

The cases of [V]-K-OMS-2, [Nb]-K-OMS-2 and [Mo]-K-OMS-2 deserve a special
mention. For all the reported cases, considerable amounts of cationic dopant could be
incorporated into the framework, i.e., 5-15% wt. [159,206,207]. However, given that cations
with a larger ionic radius than Cu and Ag can more easily induce a unit cell expansion, the
respective doping processes should be carried out by carefully controlling the process in
order to ensure that the local structures do not collapse.

Interestingly, one of the trends confirmed that water molecules adsorbed on the surface
completely inhibited the catalytic activity for the undoped K-OMS-2 catalyst during the
CO oxidation (Figure 16) [159], and therefore higher temperatures were needed to reach the
same catalytic values under anhydrous conditions. However, the incorporation of metal
species into the structure clearly improved the CO conversion with respect to undoped
K-OMS-2 because water molecules had a less negative effect on catalytic activity for the
case of [Nb]-K-OMS-2 (Figure 18).



Catalysts 2021, 11, 1147

25 of 34

K- OMS2
200 -
o
LI
2 1504
=
e
a
- K- OMS2
§ 100 - V] Wet catalysts
Mo] - K- OMS2
[Mo] Dry catalysts
[Nb] - K- OMS2
50

[M] - K - OMS2

Figure 18. Relationship between metal doping [M: V, Mo and Nb] incorporated into the K-OMS-2
structure ([V(10%)]-K-OMS-2, [Mo(5%)]-K-OMS-2, [Nb(10%)]-K-OMS-2) and temperature needed
to reach 50% CO conversion under wet and dry conditions, respectively. Data were extracted
from [159,206,207] only for qualitative interpretation purposes.

Interestingly, the activity of [Zn]-K-OMS-2 seemed to be directly driven by the
higher reducibility that K-OMS-2 showed when Zn(II) cations were incorporated into the
structure, a feature that improved much more after UV-Vis-IR irradiation [208].

Finally, although it goes beyond the aim of this review, we must highlight the in-
vestigations [210] based on transition metal oxide nano-coatings on manganese oxide
nanoarray monoliths, i.e., OMS-2@Co304 and OMS-2@TiO,, which could also be used in
the low-temperature CO oxidation. The activity of these materials seemed to be closely
correlated to the amount of M™" exposed on the surface, adsorbed oxygen species and
oxygen mobility.

3.2.4. Other High-Impact Applications

It is necessary to highlight the role of isomorphic substituted materials, such as [W]-K-
OMS-2, [V]-K-OMS-2, [Zr]-K-OMS, [Zn]-K-OMS-2, [Fe]-K-OMS-2 and [Mo]-K-OMS-2
during NH;3-SCR reaction [189], and the activity of [Nb]-K-OMS-2 in soot combustion
reactions [161]. Besides, it is important to remark on the importance of [Fe]-K-OMS-2,
[Co]-K-OMS-2 and [Ni]-K-OM2 in the oxygen-evolution reaction (OER) [211] as well as
the role of [Nb]-K-OMS-2 in selective oxidation of methanol to dimethoxymethane and
OER reactions [162] and the use of [Co]-K-OMS-2 as sorbents for the removal of H,S [104].

4. Conclusions and Future Trends

This review discussed the metal isomorphic substitution of cryptomelane [M]-K-OMS-
2 oxides that have appeared recently in the literature. In particular, we have addressed their
syntheses on the basis of the replacement of manganese species in the framework by other
transition metal cations with the proper size and coordination ability for this aim. This
process, called isomorphic substitution, consists of the incorporation of different cations
into the structure, a fact that will induce changes in the local environment and will give
rise to new oxygen vacancies that will improve the catalytic ability for some reactions. In
order to confirm the location of the cations after synthesis, we have stressed the importance
of characterization techniques (even the more advanced ones if necessary for this purpose).
In this regard, the proper combination of typical surface characterization techniques will
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provide an unambiguous map to locate these new metal cations in the new material, which
is a key point for catalytic activity.

In this regard, we have shown that [M]-K-OMS-2 oxides doped with Ag, Ce, Ru,
Mo, V, Ti and Nb have interesting properties for being applied as catalysts in degradation
of pollutants, CO oxidation reaction and synthesis of fine chemicals. The review has
also shown that there is a constant and growing innovation of synthesis methods (i.e.,
processes, precursors, director agents, instrumentation) in order to obtain new [M]-K-
OMS-2 materials with improved properties.

So far, cryptomelane [M]-K-OMS-2 oxides have been successfully applied in areas
related to production and energy storage, such as manufacture of batteries, fuel cells and
other devices, judging by the references on the subject. Nevertheless, their use as catalysts
has attracted increasing attention in recent years (see Section 2.2) due to their high redox
versatility. In particular, doping processes have occupied a prominent place in research due
to the great variety of doping methods with different metal cations and the large number
of catalytic applications that have been reported in the more recent literature.

No less important is the effort that has been made to correlate the catalytic activity to
physical-chemical properties of [M]-K-OMS-2 oxides. Indeed, attempts have been made
to rationalize the effects induced by the doping process in order to optimize the material
properties and maximize the catalytic activity (see Section 2).

For this purpose, we must rely on characterization techniques in order to deeply
investigate their properties. In this sense, advanced characterization techniques such as
electron microscopy, synchrotron light sources, etc., as well as theoretical calculations will
help to advance much faster, being key to expanding the list of catalytic applications of
these materials in the near future.
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