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A B S T R A C T   

A fraction of structural Mn cations have been replaced by different cationic dopants (i.e. earth abundant cationic 
dopants and heavier, Ru3+) in the cryptomelane oxide K-OMS2. Then, a comparative study has been addressed in 
order to understand the relationship between physic-chemical properties and catalytic activity in this series of 
doped oxides. The most striking effect of doping was the weakening of the Mn-O bond so that oxygen atoms can 
be more easily removed from the surface layer, facilitating the production of oxygen vacancy defects (OVDs), 
which are key for certain catalytic applications. This weakening of the Mn–O bond was more pronounced for the 
case of ruthenium doped cryptomelane [Ru]-K-OMS2 oxide, which was the most active catalyst (TON = 145) 
during the oxidation reaction of benzyl alcohol to benzaldehyde. This feature has been correlated with the 
reducibility according to TPR-H2 data and a more weakened Mn–O bond force constant value, kMn-O (N⋅m-1), 
which varied from 301.7 to 291.8 N⋅m-1 for undoped K–OMS2 and [Ru(2%)]-K-OMS2 respectively. All the 
doping processes enhanced the alcohol conversion (ca. 2–50%) giving a high selectivity (>99%) towards the 
aldehyde.   

1. Introduction 

Manganese oxide-based materials present a high grade of poly-
morphism. Indeed, different phases (α, β, γ,.) with different crystal 
structures, morphologies, porosities and textures can be associated to a 
wide variety of properties [1], so depending on them they will be used in 
different applications. Among these uses, it is worth mentioning their 
use as electronic devices for energy store (capacitors and batteries) 
[2–7], medical treatments [8–10], fundamental material for optical 
devices [11–13] and for environmental control purposes among other 
[14–23]. 

In particular, octahedral molecular sieves (OMS) are getting signif-
icant attention for their easily synthesis method, thermodynamic sta-
bility and high catalytic activity [24–29]. One of the most noteworthy is 
the cryptomelane oxide OMS2. Cryptomelane is a crystalline micropo-
rous Mn-based oxide with a well-defined 2 × 2 tunnel structure 
composed primarily by manganese (III) and manganese (IV) cations 
located in octahedral positions with a six-coordination that causes the 
network to have a negative charge that needs being balanced by K+ ions. 

These cations are occupying tunnel positions eight-coordinated with 
edge and shared MnO6

- units. Interestingly, the tunnel dimensions are 
(4.6 × 4.6 × 6.5) Å and they can also contain water molecules. In 
general, counter cations such as K+ and water molecules are in the 
tunnels to provide charge balance and to stabilize the structure. 

Due to the particular chemical composition and stability that pro-
vides a three-dimensional structure such as this one, attention has been 
paid to modify typical parameters such as particle size and morphology 
in order to improve its performance as a catalyst [30–32]. Another way 
of altering electronic, catalytic and structural properties of these mate-
rials is incorporating different metal ions as metal dopants (i.e. Ni, Co, 
Fe, Ru, …) [30,33–40]. The doping processes can occur on the surface of 
the solid, in the tunnels or into the structure. The last one occurs through 
a Mn cation replacement process called isomorphic substitution [36,41] 
which can cause a redistribution of oxidation states of Mn and/or the 
generation of vacancies in the framework in order to maintain the 
electroneutrality of the system [42]. 

Manganese oxides have numerous catalytic applications. However, 
the incorporation of different metal cationic dopants in their structure 
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can provide new interesting properties due to the modifications pro-
duced in the lattice [30,36,43,44]. In this work, we have studied the 
replacement of a fraction of structural manganese by different metal 
cations in the manganese molecular sieve K–OMS2 in order to get a 
series of structural analogues and a comparative study has been un-
dertaken. We have recently incorporated ruthenium into the framework 
of cryptomelane K-OMS2 ([Ru]-K-OMS2) [36], and in the present work 
we have studied the influence of Ru loading on catalytic activity when 
this cation is part of the K-OMS2 structure. Besides, a comparative study 
between Ru supported on K-OMS2 (RuOx/K-OMS2) and a series of 
isomorphic cryptomelane materials doped with a large variety of metal 
cations (M-K-OMS2; M = Ni2+, Co2+, Fe3+, Cu2+) [30,36,45,46] was 
devised to correlate the variation of physic-chemical properties of the 
M-K-OMS2 with their catalytic activity. 

2. Material and methods 

2.1. Catalyst preparation 

Potassium permanganate (≥99.9%, KMnO4), manganese sulfate 
monohydrate (≥99.9%, MnSO4⋅H2O) were supplied by Sigma–Aldrich 
(Merck) and Probus S.A, respectively. Nitric acid 65.0% technical grade 
was purchased from Panreac. 

Metal precursor salts: cobalt(II) nitrate hexahydrate (≥98.0%, Co 
(NO3)2.6H2O), copper(II) sulfate pentahydrate (≥98.0%, Cu(SO4)⋅ 
5H2O), nickel(II) sulfate hexahydrate (≥98.0%, Ni(SO4)⋅6H2O) and iron 
(II) sulfate heptahydrate (≥99.0%, Fe(SO4)⋅7H2O) were supplied by 
Sigma-Adrich (Merck). Ruthenium(III) chloride hydrate (40.7%, 
RuCl3⋅xH2O) was provided by. Johnson Mathey. All chemicals were 
used as received without further purification. 

Cryptomelane (K-OMS2) was synthesized according to the procedure 
described in the literature [26,27] 2.29 g of potassium permanganate 
(0.014mols) in 40 mL of Milli-Q water was added to a solution of 3.52 g 
of manganese sulphate monohydrate (0.021 mols) in 12 mL of Milli-Q 
water and 1.2 mL nitric acid (65%). The solution was refluxed at 
100ºC for 24 h. The final solution was centrifuged to remove the solvent 
and the solid was washed with water until neutral pH, being dried at 
100ºC overnight. A black solid was obtained. 

[Ru]-K-OMS2 was synthesized following a procedure described in 
the literature [36]: 2.29 g of potassium permanganate (0.014mols) in 40 
mL of Milli-Q water was added to a solution of 3.52 g of manganese 
sulphate monohydrate (0.021 mols) in 12 mL of Milli-Q water and 1.2 
mL nitric acid (65%). Then, ruthenium(III) chloride hydrate was added 
to the solution. The amount of ruthenium(III) chloride incorporated 
was: 29.9 mg, 89.7 mg, 120 mg, and 180 mg in order to get materials 
with 0.5%, 1.5%, 2.0%, and 4.0% wt. of ruthenium, respectively. The 
solutions were refluxed at 100 ºC for 24 h. The final solutions were 
centrifuged to remove the solvent and the solids were washed with 
water until neutral pH, being dried at 100ºC overnight. Black solids were 
obtained in all cases. 

Cobalt (Co), copper (Cu), iron (Fe) and nickel (Ni) cobalt doped 
cryptomelane were prepared by following synthetic procedures 
described in the literature from their respective precursor metal salts 
[30,46]. The solids obtained were noted as [M]-K-OMS2 where M = Co, 
Cu, Fe and Ni. Theoretical metal loading in all prepared catalysts was 2% 
by weight of metal. 

2.2. Sample characterization 

The catalysts prepared were examined by atomic emission spec-
troscopy (ICP-AES), power X-ray diffraction (XRPD), temperature- 
programmed reduction (TPR-H2), CO2 adsorption, UV–visible and 
Raman spectroscopy. 

The chemical composition of the samples was measured by Induc-
tively Coupled Plasma-Atomic Emission Spectroscopy (ICP-AES) anal-
ysis. These analyses were carried out in a Varian 715-ES ICP Optical 

Emission spectrometer, after dissolving the solid in HNO3/HCl (1:3) +
H2O2/H2SO4 aqueous solution. 

The crystal structure of the as-prepared samples was verified by X- 
ray powder diffraction. X-ray powder diffraction (XRPD) data of the 
doped and undoped cryptomelane samples were collected using a 
PANalytical CUBIX X-ray diffractometer with Cu Kα radiation and fixed 
divergence slits in the 2θ range from 10◦ to 100◦. 

H2-TPR (temperature programmed reduction) profiles were obtained 
using Autochem 2910 with a thermal conductivity detector (TCD). 
Among forty-fifty milligrams of solid (granulometry: 0.4–0.8 mm) were 
placed in a quartz tube, heated to 105 ◦C and purged with argon gas (Ar) 
for 30 min, and then reduced in a stream of a mixture of 10% H2/Ar 
(50.01 mL/min) at a heating rate of 5 ◦C/min to 600 ◦C. 

Textural properties were obtained from the CO2 adsorption iso-
therms measured at 273 K fitting the results with Dubinin–Astakhov 
equation and using a Micromeritics ASAP 2010 apparatus. 

Raman measurements were taken at room temperature with a 785 
nm laser excitation with a Renishaw Raman Spectrometer (“in via”) 
equipped with a CCD detector. Before recording each spectrum, the 
spectrometer was calibrated with a silicon wafer. 

UV–visible absorption data were collected on Cary 50 Bio UV–visible 
spectrophotometer. Quartz cells of 1 cm optical path length were 
employed for all measurements. Samples were prepared by ultrasoni-
cally dispersing an amount of the desired solid in MilliQ water. After 
that, an aliquot of this suspension was taken being diluted in MilliQ 
water in order to get a concentration of 0.19 g/L or 0.06 g/L. 

The morphology of the samples was studied using a JEOL 2100F 
microscope operating at 200 kV both in transmission (TEM) and 
scanning-transmission mode (STEM). STEM images were obtained using 
a High Angle Annular Dark Field detector (HAADF), which allows Z- 
contrast imaging. Samples were prepared by dropping the suspension of 
the catalyst using CH2Cl2 as the solvent directly onto holey-carbon- 
coated nickel or copper grids. SEM images were recorded with a ZEISS 
Ultra-55 and a ZEISS Auriga-Compact field-emission scanning electron 
microscope operating at an accelerating voltage of 2 kV. Energy- 
dispersive X-ray spectroscopy (EDX) was performed with an Oxford 
LINK ISIS system connected to a JEOL 6300 electron microscope with 
the SEMQUANT program, which introduces ZAF correction. The 
counting time for each analysis was 100 s. Also EDX (Energy-dispersive 
X-ray spectroscopy) was performed connected to a JEOL 2100F and 
using the same software. The solid powder sample was adsorbed on 
conductive carbon tape. 

The surface composition and the oxidation state of ruthenium and 
manganese were determined by X–ray photoelectron spectroscopy (XPS) 
with a SPECS spectrometer equipped with a 150 Magnetic Circular Di-
chroism (MCD) – 9 Phoibos detector and using a monochromatic Al Kα 
(1486.6 eV) X-ray source. Spectra were recorded using analyser pass 
energy of 30 eV, an X-ray power of 0 W and under an operating pressure 
of 10-9 mbar. During data processing, BE values were referenced to C1s 
peak (284.5 eV). Spectra treatment was performed using the CASA 
software. 

2.3. Catalytic tests 

The reactions were carried out at 110ºC and 5 bar O2 within a reactor 
equipped with a microsampling system which allowed the extraction of 
reaction samples at regular reaction times. Under typical reaction con-
ditions, 0.3 mmol (32 mg) benzyl alcohol, 1 mL toluene and the proper 
amount of catalyst were charged into the reactor. n – dodecane was used 
as internal standard. Before the reaction, the reactor was purged with 
oxygen up to 10 times being finally pressurized at 5 bar. The reaction 
was monitored by gas chromatography using an HP-5 capillary column 
(5% phenylmethylsiloxane, 30 m × 320 µm × 0.25 µm). Products were 
identified by GC–MS using an Agilent 6890N8000 equipped with a mass 
spectrometry detector (Agilent 5973N quadrupole detector). 
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3. Results and discussion 

3.1. Synthesis and characterization of doped K-OMS2 oxides 

3.1.1. X-Ray powder diffraction (XRPD) and morphological 
characterization 

A series of four Ru-doped KOMS-2 oxides with Ru loadings at 0.5% 
([Ru(0.5%)]-K-OMS2), 1.5% ([Ru(1.5%)]-K-OMS2), 2.0% ([Ru(2%)]- 
KOMS2) and 4.0% wt. ([Ru(4%)]-K-OMS2) were synthesized through a 
known reflux method without using any template or any director agent 
[36]. The chemical composition of the as-prepared materials was ana-
lysed by Inductively Coupled Plasma-Atomic Emission spectroscopy 
(ICP-AES) and Energy-dispersive X-ray spectroscopy (EDX) (Tables 1 
and S1). 

The results included in Table 1 show the increasing incorporation of 
Ru in the series of doped-samples (entries 2–5). For comparative pur-
poses, the undoped material (K–OMS2) has also been included in Table 1 
(entry 1). 

The results presented for the series of Ru-doped [Ru]-K-OMS2 fit 
with the redox exchange model proposed by Feng et al. [47], which is 
based on the general formula KxMn1− x

4+ Mnx
3+O2 (Table S1). This model 

demonstrates a slight increase of the average oxidation state (AOS) 
(Table S1). 

X–ray powder diffractograms (XRPD) were obtained for all these Ru- 
doped materials showing that the crystalline structure remained un-
changed after the doping process across the entire range of Ru contents 
essayed (Fig. 1). 

Indeed, as can be deduced from Fig. 1 the K–OMS2 diffraction 
pattern (JCPD #00–029–1020) remained basically unchanged on the 
entire series of Ru-doped materials both in terms of position and relative 
intensities of the peaks regardless of ruthenium content. At this point, it 
is important to note that no segregated phases related to manganese 
and/or ruthenium were observed in the diffractograms, so it could be 
concluded that all materials constituted single phases. 

Nonetheless a deeper analysis of the diffractograms for the two 
highest Ru loadings (Ru[(2%)]-K-OMS2 and Ru[(4%)]-K-OMS2) showed 
an almost imperceptible shifting, ca. <2%, of all peaks to major 2θ 
values. (Fig. S1, Supporting Information). This small shifting is very 
relevant since it is indicative of an effective distortion of the interplanar 
distance (110) involving changes in the cell parameters of the oxide. We 
have shown in previous recent studies [36] that the incorporation of 2% 
wt. of ruthenium into the framework induces an expansion of the cell 
parameters (a, b and c) as for other related metallic isomorphic sub-
stitutions [30]. 

In parallel other isomorphic doped–cryptomelane materials were 
prepared using different metal cationic dopants and following known 
synthesis routes [30,46]. These new elements were earth abundant 
metal based cations (i.e. Ni, Co, Cu, Fe) that were incorporated to the 
synthesis from their respective precursor salts (see Experimental Sec-
tion) to afford a series of doped-K-OMS oxides which received the 
following notation [Ni(2%)]-K-OMS2, [Co(2%)]-K-OMS2, [Cu 
(2%])-K-OMS2 and [Fe(2%)]-KOMS-2. 

The resulting solids were analyzed by ICP- AES and the amount of 
metal cation incorporated was roughly the same in all cases (about 2% 
wt.), see Table S2. This series of isomorphic substituted oxides also fit 
with the Fenǵs model, according to the results published in the literature 
[47], and which is based in the general formula KxMn1− x

4+ Mnx
3+O2. 

Fig. 2 includes the diffractograms of this series of isomorphic 
substituted materials ([Ni(2%)]-K-OMS2, [Co(2%)]-K-OMS2, [Cu(2%)]- 
K-OMS2 and [Fe(2%)]-K-OMS-2) showing single phases without any 
segregated forms. The diffractogram of [Ru(2%)]-K-OMS2 at the same 
metal loading has also been included just for comparison. 

Similarly and as it happened with [Ru(2%)]-K-OMS2 no relevant 
changes were appreciated in the structure of original cryptomelane K- 

Table 1 
Chemical composition of K-OMS2 and [Ru]-K-OMS2 materials obtained by ICP-AES.  

Material K (%)a Mn (%)a Ru (%)a,b Ru/Mn (molar ratio) K/ (Mn+Ru+K) mass ratio Mn/ (Mn+Ru+K) mass ratio 

K-OMS2  5.23  71.0 – – – – 
[Ru(0.5%)]-K-OMS2  5.17  71.6 0.337 0.003 0.067 0.929 
[Ru(1.5%)]-K-OMS2  5.04  70.4 1.37 0.010 0.066 0.917 
[Ru(2%)]-K-OMS2  5.20  70.8 2.34 0.018 0.066 0.904 
[Ru(4%)]-K-OMS2  5.10  68.9 3.61 0.028 0.066 0.880  

a % weight of each element. 
b determined also by EDX. 

Fig. 1. XRPD diffractograms of undoped K-OMS2 and ruthenium doped ma-
terials, [Ru]-K-OMS2 with different ruthenium contents: 0.5%, 1.5%, 2% and 
4%wt. of Ru. 

Fig. 2. XRPD diffractograms for [Cu(2%)]-K-OMS2, [Ni(%)]-K-OMS2, [Fe 
(2%)]-K-OMS2, [Co(%)]-K-OMS2. Diffractogram of [Ru(2%)]-K-OMS2 is also 
included just for comparison. 
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OMS2 by effect of doping hence confirming that the three dimensional 
structure of the original oxide was maintained. 

However, unlike the previous case with Ru, no displacement of the 
peaks was detected in the respective diffractograms (Fig. 2). One 
possible explanation for the observed difference has to do with the fact 
that the radius of earth abundant cations (i.e. Co2+, Cu2+, Fe3+, Ni2+) are 
not much different from structural Mn (i.e. Mn3+) [30,48], contrary to 
the case of the heavier cationic metal Ru3+which belongs to a higher 
electronic level so that the incorporation of higher ionic radius into the 
structure would introduce a greater structural distortion in the crypto-
melane lattice. In line with this result, hexavalent or pentavalent cations 
such as W6+, Mo6+ or V5+ have shown to induce important deformations 
in the unit cell of cryptomelane for similar metal contents, (i.e. 2% wt) 
[49]. 

In reference to the morphology of the synthesized materials, an in-
crease in crystal size was also. 

observed when increasing Ru content within the series of Ru-doped 
oxides. For example, an increase of up to 40% in size was observed for 
[Ru(4%)]-KOMS2 crystals (12.7 nm) with respect. 

to undoped K-OMS2 (9.1 nm) when using the Debye–Scherrer 
equation at 2θ = 28.6 Å for calculating the crystallite size. In this line, 
the crystal size slightly decreased (12.5 nm) when the Ru content was 
reduced by half in the oxide [Ru(2%)]-K-OMS2. However, there were 
not any significant changes in crystal size for the rest of isomorphic 
materials containing earth abundant cation dopants (at the same loading 
level) with respect to original cryptomelane, hence confirming the not 
appreciable variation of lattice parameters in the XRPD diffractograms 
within the series of earth abundant cations (Fig. 2). 

With respect to composition, there is an interesting observation that 
has to do with the K+ content. Effectively, taking into consideration the 
chemical composition of the series of Ru-doped oxides [Ru]-K-OMS2 
included in Table 1, the K/(Mn+K+Metal) ratio remained constant for 
all cases. This was interpreted as a strong evidence in the sense that the 
metal substitution had not been taken place in the tunnels and the 
original tunnel structure remained unchanged. The same conclusion 
could be obtained for the series of abundant metal cations (Table S2). 

Besides, two different trends were observed when looking at the Mn/ 
(Mn + K + Metal) ratio for the two groups of materials. On the one 

hand, the Mn/(Mn + K + Metal) ratio dropped gradually for the series 
of Ru-doped oxides included in Table 1 as the Ru content increased. This 
was interpreted as that Mn cations were gradually being replaced by 
increasing amounts of Ru ions (from 0.5% to 4%wt.) in the octahedral 
positions of the manganese lattice. Conversely, when we look at the 
oxides doped with earth abundant cations (Table S2) it was possible to 
verify that the Mn/(Mn + K + Metal) ratio remained without significant 
variations in the whole series of doped oxides. This was taken as an 
evidence that roughly the same fraction of Mn was being replaced in this 
group of doped oxides (ca. 2%). 

3.1.2. Scanning and transmission electron microscopy 
The global morphology of K-OMS2 and Ru-doped oxides K-OMS2 

was examined and compared by scanning electron and transmission 
electron microscopies (SEM and TEM). 

In this case, ruthenium doped cryptomelane [Ru]-K-OMS2 showed a 
typical needle form across the entire range of Ru loadings used in this 
study (0.5–4%), which is the typical nanorod morphology already 
described for transition metal doped cryptomelane oxides [M]-K-OMS2 
(M = Co, Cu, Fe and Ni) [30] (Fig. 3). The length of these thin fibers 
ranged from 0.15 to 0.50 µm with an average thickness up to 13 nm (by 
applying the Debye–Scherrer approximation) as it can be also corrobo-
rated in the Fig. S2. Interestingly, this needle shape became blurred as 
the Ru loading increased as can be seen in the SEM micrographs 
included in Fig. 3. 

The amount of Ru that could be incorporated into the structure did 
not exceed 4%wt unlike smaller earth abundant doping cations previ-
ously mentioned, which could be incorporated in an amount close to 6% 
wt [30,46]. This experimental fact clearly suggests that the distortion 
exerted by Ru is greater than by other elements more similar in size to 
Mn as previously stated. 

The distribution of Ru in the structure elemental mapping was 
studied by means of high-angle annular dark-field scanning transmission 
electron microscopy (HAADF–STEM) with energy-dispersive X-ray 
(EDX) as well as EDX-SEM was carried out on a sample containing a 
moderate amount of Ru ([Ru(2%)]-K-OMS2). The images clearly 
showed the existence of a homogeneous distribution of Ru along the 
entire crystal for the oxide ([Ru(2%)]-K-OMS2) (Fig. S3). 

Fig. 3. SEM micrographs for [Ru]-K-OMS2 oxide with different ruthenium contents: a) 0.5%, b) 1.5%, c) 2% and d) 4% wt.  
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3.1.3. Raman spectroscopy 
To go deeper into the characterization of the Ru-doped cryptomelane 

K–OMS2 ([Ru(0.5%)]-K-OMS2, [Ru(1.5%)]-K-OMS2, [Ru(2%)]-K- 
OMS2 and Ru(4%)]-K-OMS2), they were studied by Raman spectros-
copy (Fig. 4). 

In principle it is reasonable to expect that the introduction of cationic 
dopants in the structure will have an impact on the local geometry of 
basic structural unities, [MnO6]-, as well as in the Mn–O bond strength 
[30,50]. In this regard, it has been described in the literature that ac-
cording to the theory of groups, fifteen vibrational normal modes are 
expected to be detected for cryptomelane K-OMS2 oxide by Raman 
spectroscopy [50]. Nonetheless, the low polarizability and the orbital 
overlapping (among other physic causes) normally reduces the number 
of experimental normal modes to 744, 636, 577, 515, 472, 385 and 
283 cm-1 [30,51,52]. Because of this, our study was focused on the two 
characteristic cryptomelane bands at 636 and 577 cm-1 that are related 
to the A1g vibrational mode type (symmetric stretching) and they reflect 
the degree of crystallinity of the tetragonal tunnel 2 × 2 structure [50]. 
Effectively, both bands at 577 and 636 cm-1 are associated to two 
different Mn-O vibrations [33]: the band at 636 cm-1 could be assigned 
to Mn–O vibrations that take place perpendicularly to the octahedron 
chains, whereas the band at 577 cm-1 can be assigned to Mn–O vibra-
tions along the octahedron framework. Thus, when analyzing the in-
fluence of Ru content in the series of Ru-doped K-OMS2 oxides by 

Raman spectroscopy is possible to appreciate how the maximum of these 
two main bands barely move, although the relative intensity of these 
two bands changed in the two samples with the highest Ru content (2% 
and 4% wt.) (Fig. 4) [50,51]. No vibrations belonging to RuO2 (at 
1860 cm-1) species were observed in the spectra [53], hence discarding 
the presence of segregated phases or extraframework Ru species, a fact 
that reinforces the purity of the whole series of oxides doped with Ru. 

Since, in principle, the incorporation of Ru into the K-OMS2 lattice 
will influence the Mn–O–Mn bond, attempts were made to quantify 
the magnitude of this interaction from a semiempirical point of view. This 
was achieved by calculating the Mn–O force constant (k) for these ma-
terials on the bases of the Hookés Law according to the following 
expression [54,55]: 

ṽ =
1

2πc

̅̅̅
k
μ

√

⟹k = μ⋅(2π⋅ṽ⋅c⋅c)2 (1)  

where ṽ is the Raman shift (cm-1), c is light velocity and μ is the effective 
mass. Thus, the Hook’s law was applied to calculate the constant kMn-O 
(N⋅m-1) from the band at 636 cm-1 for the series of Ru-doped oxides 
(Fig. 5). 

The results included in Fig. 5 shows that increasing incorporation of 
Ru into the oxide K-OMS2 causes a linear decrease in the Mn–O bond 

Fig. 4. Raman spectra for the undoped K-OMS2 and ruthenium doped mate-
rials [Ru(0.5%)]-K-OMS2, [Ru(1.5%)]-K-OMS2, [Ru(2%)]-K-OMS2 and [Ru 
(4%)]-K-OMS2. 

Fig. 5. Graphic representation of kMn-O (N⋅m-1) obtained for: a) K-OMS2 and [Ru]-doped oxides: [Ru(0.5%)]-K-OMS2, [Ru(1.5%)]-K-OMS2, [Ru(2%)]-KOMS2 and 
[Ru(4%)]-K-OMS2 (Ru0.5, Ru1.5, Ru2, Ru4) and b) for [M(2% wt.)]-K-OMS2, where M = Cu, Co, Ni, Fe and Ru. 

Fig. 6. Raman spectra of [Co(2%)]-K-OMS2, [Cu(2%)]-K-OMS2, [Ni(2%)]-K- 
OMS2, [Fe(2%)]-K-OMS2 and [Ru(2%)]-K-OMS2. 
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strength, since kMn-O (N⋅m-1) experienced a gradual decrease which was 
totally dependent on the amount of Ru incorporated (Fig. 5a). 

In this case, the lowest kMn-O (N⋅m-1) value was obtained for the oxide 
with the highest Ru content [Ru(4%)]-K-OMS2). 

This result is highly important in the sense that Ru[(4%)]-K-OMS2 
can be predicted to be the most reactive sample among all. 

For comparison purposes, the set of Raman spectra was obtained for 
the series of isomorphic substitutions with earth abundant cations 
mentioned above (Fig. 6). 

In this case the main widened bands at 637 and 577 cm-1 were again 
observed in all cases but displacement was barely appreciated in any 
case. Similarly, vibrations belonging to the respective oxides (i.e. CuO, 
NiO, CuO, and Fe2O3.) were not observed in the spectra, hence con-
firming the formation of single phases. The kMn-O (N⋅m-1) values were 
also calculated for these doped oxides. (Fig. 5b and Table S3) and ac-
cording to them (Fig. 5b), it can be concluded that isomorphic substi-
tution led to a decrease of the kMn-O (N⋅m-1) value following this order: 
K-OMS2 > Cu > Co > Ni > Fe > Ru. This means that Ru produces the 
greatest weakening of the Mn–O bond since it has the lowest kMn-O 
value (ca. 291 N⋅m-1). 

This should be due to the larger size of Ru with respect to Mn (and 
earth abundant cations) that can presumably cause the greatest distor-
tion in the cryptomelane structure. For this same reason it may be ex-
pected that changes in physic-chemical properties [30,35,37,44,46,49, 
52,56] should be more marked for isomorphically Ru-doped oxides, 
than for the other metal doped samples. 

3.1.4. UV-Vis spectroscopy 
The effect of doping processes can also be evaluated by means of 

UV–visible spectroscopy. Fig. S4 shows that pure K-OMS2 and [Ru 
(2%)]-K-OMS2 have a broad absorptive region from 300 to 600 nm in 
their respective UV-Vis spectra. This absorption can be attributed to d- 
d transitions of manganese ions [50,57] and thus it has been commonly 
found for most of doped manganese oxides. Interestingly [Ru 
(2%)]-K-OMS2 showed a much more intense absorption than K-OMS2, 
and this was interpreted as due to an improvement of charge transfer 
processes. In this case, the absorption band was blue-shifted after 
incorporating Ru3+ (ca. 448 nm). [36,43]. When the UV-Vis spectra of 
the rest of doped materials was analysed a displacement to more ener-
getic transitions were also observed although not as markedly as with Ru 
(Fig. S5). In this case, an increase in the respective absorption bands was 
also observed indicating that charge transfer processes are also fav-
oured, as previously indicated. 

3.1.5. TPR-H2 study 
The remarkable weakening that Mn-O bond experiences, especially 

when incorporating Ru3+ (Section 3.1.3), should be reflected in different 
variables and physic–chemical properties of the solids, such as the trend 
to reducibility. For this reason, H2 - TPR (Temperature-Programmed 
Reduction) studies were also carried out on the entire series of doped 
solids. 

The reducibility of pure K-OMS2 as well as isomorphic substituted 
[Ru(2%)]-K-OMS2 had already been compared by means of H2 -TPR 
(Temperature-Programmed Reduction) [36]. In this case, the H2-TPR of 
a Ru impregnated sample (RuOx(1%)/K-OMS2) was also studied for 
comparison. RuOx(1.0%)/K-OMS2 was prepared by contacting K-OMS2 
with an aqueous solution containing RuCl3.xH2O under vigorous stir-
ring, followed by filtration, drying and calcination in air [36]. In this 
case, the ruthenium content of Ru impregnated K-OMS2 (RuOx(1%)/-
K-OMS2) was similar to that found for the outermost layers of crypto-
melane [Ru(2%)]-K-OMS2 obtained through XPS spectroscopy 
(Table S4). 

Fig. 7 includes the most interesting results obtained by TPR-H2 with 
these two Ru containing oxides at the surface and at the structural level. 
The TPR data from the original undoped cryptomelane K-OMS2 are also 

Fig. 7. H2 – TPR profiles: K–OMS2, [Ru(2%)]–K–OMS2 and RuOx (1% wt.)/ 
K-OMS2. 

Fig. 8. H2 – TPR profiles for [Co(2%)]-K-OMS2, [Cu(2%)]-K-OMS2, [Fe(2%)]- 
K-OMS2, [Ni(2%)]-K-OMS2, [Ru(2%)]-K-OMS2 and K-OMS2 oxides. 
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included for comparison. 
The results showed that K-OMS2 presented a unique band around 

271ºC that could be decomposed into different overlapping bands and a 
shoulder around 245ºC. All these components were clearly assigned to 
the reduction of structural Mn4+ and Mn3+ cations involving different 
phase changes [58–61]:  

MnO2 (s) → Mn2O3 (s) → Mn3O4 (s) → MnO (s)                                    (2) 

Then, the incorporation of ruthenium into the structural lattice and 
at superficial level ([Ru(2%)]-K-OMS2 and RuOx (1% wt.)/K-OMS2 
respectively) had a strong influence on the TPR profiles because in both 
cases, a remarkable displacement of the bands at lower temperatures 
could be appreciated (Fig. 7). 

Effectively, from these results it was observed that the incorporation 
of ruthenium into the structural lattice had a strong influence on the TPR 
profile since [Ru(2%)]-K-OMS2 showed a much greater displacement of 
the bands at lower temperatures (at 160º and 204ºC) than when Ru was 
placed at the surface level (RuOx(1%)/K-OMS2) (Fig. 7). 

In this context, it was foreseeable that the surface level deposition of 
RuOx on the K-OMS2 oxide could have a less marked influence on the 
reducibility of the resulting material RuOx(1%)/K-OMS2 than when Ru 
was placed at structural level, as in fact it could be deduced from Fig. 7. 

It is important to indicate that the typical reduction band of Ru4+

species bound to oxygenated supports (i.e. alumina, titania) were not 
detected in neither of this two doped samples provided that this process 
has been reported to occur around 275ºC according to literature refer-
ences [62–66]. 

Interestingly the peak at 160ºC could be assigned tentatively to 
reduction of structural Mn cations under the influence of the dopant 
agent, similar to what happens with the incorporation of other elements 
[37,58–61,67]. From the above TPR-H2 results it follows that the major 
effect that Ru exerts on the cryptomelane lattice as a dopant is increase 
the reducibility of the oxide; a fact that is more pronounced when Ru is 
forming part of the framework. This result agrees with the noticeably 
weakening of the Mn-O bond observed in previous Raman experiments 
and that will be decisive in catalysis (Section 3.2). 

Then, a TPR–H2 study of the series of oxides doped with metal cat-
ions of fourth period [45,59,68], [Co(2%)]-K-OMS2, [Cu(2%)]-K-OMS2, 
[Fe(2%)]-K-OMS2 and [Ni(2%)]-K-OMS2 was carried out (Fig. 8). For 
comparative purposes the TPR-H2 of K-OMS2 and [Ru(2%)]-K-OMS2 
has also been included in the figure. 

As seen in Fig. 8, excepting for the case of Ni and Fe, which induced 
the reduction of the respective doped oxides at slightly higher temper-
atures than undoped K-OMS2, the cationic dopants Co, Cu and Ru 
favored the reducibility of K-OMS2 since in these cases, a remarkable 
displacement of the bands at lower temperatures could be appreciated 
being the most pronounced effect for the case of Ru. 

Results especially for the case of Ni and Fe appear to introduce an 
extra-stabilization on the system and deviate from what is predicted by 
the Mn-O bond strength on the bases of the kMn-O (N⋅m-1) constant 
(Section 3.1.3). This experimental fact can be explained if we take into 
account that reduction processes in TPR-H2 studies may involve not only 
phase changes but also formation of highly stable species by reaction 
with certain cationic dopants (i.e. formation of allotropic oxides forms in 
the case of Ni and Fe) [69,70]. These highly stable species would 
consume an extra amount of H2 therefore preventing this correlation 
from taking place in the case of Fe and Ni. 

3.2. Catalytic activity 

In order to study the influence of changes in physic-chemical prop-
erties on catalytic activity, the series of isomorphic substituted crypto-
melane K-OMS2 oxides above described were applied as heterogeneous 
catalysts in the oxidation reaction of alcohols to aldehydes. 

Traditionally, oxides of cryptomelane type K-OMS2 have been used 

as catalysts in oxidation reactions provided their recognized ability to 
exchange oxygen. This ability has been closely related to the presence of 
oxygen vacancy defects (OVD) in the solid, which are key for certain 
catalytic applications and whose formation can be enhanced through 
doping processes as it has extensively been reported in the literature [58, 
71–75]. 

Thus, since OVDs are in principle good descriptors for the ability of 
oxides to participate in oxidation reactions, and given that the synthesis 
of aldehydes and ketones from alcohols are relevant industrially 
[76–85], we have used the oxidation of benzyl alcohol to benzaldehyde 
as model reaction to carry out this study (Scheme 1). 

For this reason, [Ru(2%)]-K-OMS2 and the complete series of cryp-
tomelane oxides doped with different cations were all tested as catalysts 
in the oxidation of benzyl alcohol and the most relevant catalytic results 
are included in Table 2. 

According to the results included in Table 2, all cryptomelane – type 
materials were active under smooth reaction conditions. They showed a 
high selectivity towards obtaining the aldehyde, since no secondary 
products were detected in any case by gas chromatography (GC). In 
addition, mass balances were completed for all cases, whereas control 
reactions showed that there was no conversion in the absence of any 
catalysts (entry 7, Table 2), showing that the latter was absolutely 
essential to carry out the reaction. 

According to these results, [Ru(2%)]-K-OMS2 was the most active 
catalyst since it gave the maximum initial reaction rate value (r0) and 
the highest yield of the desired product benzaldehyde (entry 1, Table 2). 

Scheme 1. Oxidation reaction of benzyl alcohol to benzaldehyde using mo-
lecular oxygen as oxidant catalysed by undoped and transition metal-doped 
cryptomelane K-OMS2 catalysts. 

Table 2 
Oxidation reaction of benzyl alcohol to benzaldehyde in the presence of un- 
doped K-OMS2 and K-OMS2 doped with different cations (2% wt.).  

Entrya Catalyst Conv. 
(%)b 

Yield 
(%)c 

TONd/ 
TOFe 

r0 (mmol⋅h- 

1)  

1 [Ru(2%)]-K- 
OMS2  

82  82 145/181 0.358  

2 [Co(2%)]-K- 
OMS2  

75  75 39/81 0.295  

3 [Cu(2%)]-K- 
OMS2  

71  71 49/82 0.211  

4 [Ni(2%)]-K- 
OMS2  

58  58 42/51 0.180  

5 [Fe(2%)]-K- 
OMS2  

55  55 35/48 0.166  

6 K-OMS2  54  54 -/- 0.083  
7 Blank  0  0 – –  

a 0.25 mmol benzyl alcohol, 8–10 mg of catalyst (~25% by weight), 1 mL de 
toluene n – dodecane (internal standard), T = 110 ºC, pO2 = 5 bar, 7 h. 

b Conversion (%) was obtained by gas chromatography (GC) on the basis of 
alcohol converted. 

c Yield (%) of benzaldehyde was obtained by GC on the basis of alcohol 
converted and benzaldehyde obtained. 

d TON is calculated as mmols of alcohol converted/mmols of Ru 
e TOF: calculated as rate of formation of benzaldehyde/mmol of Ru. f (-): this 

value does not apply. 
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Besides, [Ru(2%)]-K-OMS2 gave the highest TON/TOF values among 
the series of doped oxides essayed. Indeed, these TOF/TON values were 
3 and even 4 times higher than those obtained with the rest of abundant 
metal cations used as dopants (see Table 2). 

This improved catalytic data in the case of [Ru(2%)]-K-OMS2 was 
accompanied by the best reducibility data obtained through TPR-H2 
studies (Section 3.1.5) as well as by semi-empirical data regarding the 
force constant value kMn-O (Section 3.1.3). In fact, this parameter points 
out that Mn–O bond in the [Ru(2%)]-K-OMS2 oxide is the one that has 
been weakened the most within the entire series of oxides under study. 

However, although in general all doped materials showed a higher 
activity than undoped K-OMS2 (entries 1–6, Table 2), a direct correla-
tion could not be found with semi-empirical data regarding the force 
constant value (Section 3.1.3). A plausible explanation has to do with 
the apparent lability introduced by doping regarding the formation of 
structural defects (among them oxygen vacancy defects, OVD). Indeed 
they can be created during the dopant incorporation and later read-
justment of the structure in order the keep the stability and/or electro-
neutrality of the system [51], and these structural defects are not 
reflected in the Hookés Law (from which the force constant value kMn-O 
is obtained). Nonetheless, although this correlation could not be estab-
lished, a general trend was observed in the sense that the incorporation 
of a cationic dopant induced a weakening of the Mn–O bond in the 
whole series of doped oxides and this resulted in an increase of the re-
action rate with respect to undoped K-OMS2 (see Tables 2 and S4). 

From these results, we focused on ruthenium as cationic dopant in K- 
OMS2 materials. In this case the series of K-OMS oxides doped with 
different Ru loadings were used as catalysts in the oxidation reaction: 
[Ru(0.5%)]-K-OMS2, [Ru(1.5%)]-K-OMS2, [Ru(2%)]-K-OMS2 and [Ru 
(4%)]-K-OMS2. 

For comparative purposes, RuOx was also deposited on different 
supports and the results are also included in Table 3. 

From these results, all the materials were active in the oxidation 
reaction of benzyl alcohol to benzaldehyde and mass balances were 
practically completed in most cases (Table 3). 

Regarding the series of Ru-doped cryptomelane oxides, it was 
observed that increasing the Ru loading in the series of K-OMS oxides led 
to an increase in the yield of the desired product benzaldehyde. Indeed, 

maximum conversion, selectivity and yield values towards benzalde-
hyde could be achieved in detrimental of TON/TOF values with the 
highest Ru content, [Ru(4%)]-KOMS2 (see entries 1–5, Table 3). 

Moreover, an increase in the initial reaction rate r0 was observed in 
the series of isomorphically Ru-doped oxides by increasing the amount 
of Ru until reaching a maximum at 2%wt Ru (entries 1, 3–5, Table 3). 
However, an increase of the Ru loading (4% wt.) led to a slight decrease 
(ca. 4%) of reaction rate. 

This result sharply contrasts with the kMn-O trend for the series of Ru- 
doped oxides, which predicted that Ru[(4%)]-K-OMS2 would be the 
most reactive Ru-doped oxide as it had the lowest kMn-O value (Section 
3.1.3). This seemingly contradictory fact can be explained if we take into 
account that it is rather plausible that the structural positions into which 
Ru is progressively entering are not equivalent. 

Besides, since it has been suggested that oxygen atoms bound 
simultaneously to Mn and Ru (Mn–O–Ru) are more reactive than when 
they are exclusively bonded to Mn [36], the increase in reactivity could 
be associated with an increase in the formation of Mn–O–Ru species. 
Then, from a certain amount of Ru, other less reactive species associated 
with Ru may begin to form and reactivity would decrease (i.e. 
Ru–O–Ru). 

As can be deduced from Table 3 (entries 1–10), Ru doping both 
structurally and superficially. 

improve the catalytic results (up to 85%). From these facts, some 
kind of cooperative effect between Mn and Ru species can be deduced; so 
to confirm this hypothesis the catalytic activity of Ru on other different 
supports was analysed. Catalytic studies were extended to other Ru 
doped catalysts using Al2O3, ZrO2 and TiO2 as solid supports (entry 
11–13, Table 3). All of these catalysts were prepared with a Ru content 
of 1 wt% and using an impregnation method, followed by filtration and 
calcination in air [36]. 

It is very important to note that in all these cases the catalytic activity 
was inferior to that observed for the series of Ru-doped cryptomelane 
materials (see entries 1–5 and entries 11–13 in Table 3). 

These results confirmed the importance of the Ru/Mn pair into the 
structure of cryptomelane for catalytic activity. Indeed this reinforced 
the previous observation regarding the formation of Mn–O–Ru species at 
the surface of K-OMS2, as the main responsible for the activity [36], 

Table 3 
Oxidation reaction of benzyl alcohol to benzaldehyde catalyzed by undoped K-OMS2 and Ru-doped materials.  

Entrya Catalyst Ru content (%mmol) Conversion (%)c Yield (%)d Mass Balance (%) TONe/TOFf r0 (mmol⋅h-1)  

1 [Ru(2%)]-K-OMS2 0.5  82  82  100 145/181 0.358  
2b [Ru(2%)]-K-OMS2 0.5  19  19  100 35/34 0.133  
3 [Ru(0.5%)]-K-OMS2 0.1  64  64  100 488/208 0.103  
4 [Ru(1.5%)]-K-OMS2 0.4  75  75  100 128/187 0.252  
5 [Ru(4%)]-K-OMS2 1.0  100  100  100 64/56 0.222  
6 RuOx(1%wt)/K-OMS2 0.5  61  61  100 133/84 0.095  
7b RuOx(1%wt)/K-OMS2 0.5  7  7  100 16/13 0.032  
8 RuOx (2%wt)/K-OMS2 0.8  68  68.0  95.0 88/50 0.094  
9 K-OMS2 –  54  54  100 – 0.083  
10b K-OMS2 –  14  14  100 – 0.007  
11 RuOx/Al2O3 0.5  9  6  96 22/11 n.d  
12 RuOx/ZrO2 0.4  17  12  95 41/32 n.d  
13 RuOx/TiO2 0.5  15  8.0  94 32/18 n.d  

a 0.25 mmol benzyl alcohol, 8–10 mg of catalyst (~25% by weight), 1 mL de toluene n – dodecane (internal standard), T = 110 ºC, pO2 = 5 bar, 7 h. 
b Reaction carried out under inert atmosphere (pN2 = 3.5–4.0 bar). 
c Conversion (%) was obtained by gas chromatography (GC) on the basis of alcohol converted. 
d Yield (%) of benzaldehyde was obtained by GC on the basis of alcohol converted and benzaldehyde obtained. 
e TON is calculated as mmols of alcohol converted/mmols of Ru. 
f TOF: calculated as rate of formation of benzaldehyde/mmol of Ru. (-): this value does not apply; n.d.: undetermined. 
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Heterogeneity of the catalysis was also proved by means of hot 
filtration experiments that indicated that reaction occurred only on the 
surface and not by lixiviated species in the liquid whereas reusability 
experiments allowed to extent the performance of [Ru(2%)]-K-OMS2 up 
to three uses after a regeneration process. Induced–coupled plasma (ICP) 
analyses and XRPD diffractograms had already shown that crystal 
structure remained unchangeable after this recovery process [36]. 

Regarding the reaction mechanism, it was shown that oxidation re-
action of benzyl alcohol to benzaldehyde occurred through a Mars–van- 
Krevelen mechanism with undoped and Ru-doped K-OMS2 as catalysts 
[36,86–88]. In this case it was proposed that the reaction would start 
with the involvement of the oxygen lattice in the oxidation reaction, 
being the framework later reoxidized by molecular oxygen [36,86–88]. 
In other words, in a first stage the organic substrate would be oxidized 
and the metal would undergo a two-electron reduction from Mn4+ to 
Mn2+ as depicted in the Fig. 9. 

In that particular case, the role of metallic cationic dopant (Ru) was 
restricted to reoxidize manganese reduced species to Mn3+ and Mn4+

and maintain the neutrality. This hypothesis seemed plausible given that 
XPS measurements [36] done for [Ru(2%)]-K-OMS2 showed (Table S4) 
that the manganese oxidation states practically did not vary after use, 
whereas a decrease in Ru4+ species and an increase in Ru3+ were 
observed by XPS once the reaction was completed. 

More in-depth studies are necessary to complete the mechanism in 
the case of other metal cationic dopants, but by analogy a plausible role 
might be, at least in part, to attend the redox pair Mn3+/Mn4+ during the 
oxidation of alcohols in order to keep the electro neutrality of the 
structure. 

4. Conclusion 

The physic-chemical properties of cryptomelane-type material K- 
OMS-2 have been modified by replacing a fraction of the structural Mn 
cations by different cationic dopants (i.e. Co, Ni, Fe, Cu and Ru) to get a 
series of structural analogues denoted as [Co(2%)]-K-OMS2, [Cu(2%)]- 
K-OMS2, [Fe(2%)]-K-OMS2, [Ni(2%)]-K-OMS2 and [Ru(2%)]-K-OMS2. 

By combining spectroscopic and analytic techniques (X-ray diffrac-
tion, Raman, electron microscopy, H2 – temperature programmed), we 
could prove that the whole series of doped materials were synthesized as 
single phases. 

All this series of doped oxides improved the oxidation of benzyl 
alcohol to benzaldehyde with respect to the original undoped K-OMS2, 
being highly selective towards the formation of reaction product. 
Among them, [Ru(2%)]-K-OMS2 was the most promising catalyst for 
this reaction. Moreover, an increase in the amount of structural Ru 

resulted in an increase in the conversion values which reached 100(%) 
with a Ru content of 4% ([Ru(4%)]-K-OMS2). 

Interestingly, when the cationic dopant was similar in size to Mn (i.e. 
Fe, Co, Ni and Cu) a direct correlation between Mn–O strength with 
catalytic activity could not be easily established because a number of 
parameters come into play that have a similar influence on catalytic 
activity. However, when the cationic dopant was significantly different 
from Mn (as is the case of Ru) the trends observed from reducibility data 
and Mn–O bond strength, kMn-O, were clear and unambiguous and 
could be correlated with activity. As an example, a weakening in the 
Mn–O bond of about 4% led to a 50% improvement in catalytic activity. 
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[59] A. Davó-Quiñonero, M. Navlani-García, D. Lozano-Castelló, A. Bueno-López, CuO/ 
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