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Abstract: Here we report the synergistic effect of OMS-2 catalysts tested in ethanol oxidation, and
the effects produced by both the addition of an Fe modifier in the catalyst preparation stage, and
the introduction of Ag on its surface by the impregnation method. To analyze the action of each
component, the Fe-modified, Ag-containing OMS-2 catalysts with different Mn/Fe ratios were
prepared. Combined XPS and XRF elemental analysis confirms the states and distribution of the Ag-
and Fe-containing species between the surface and bulk of the OMS-2 catalysts, which form highly
dispersed Ag species on the surface of 0.05Fe–OMS-2, and are also incorporated into the OMS-2
crystalline lattice. The cooperative action of Ag and Fe modifiers improves both reoxidation ability
(TPO results) and the amount of adsorbed oxygen species on the catalyst surface. The introduction of
Ag to the OMS-2 and 0.05 Fe–OMS-2 surface allows a high level of activity (T80 = 150–155 ◦C) and
selectivity (SAc80 = 93%) towards the acetaldehyde formation.

Keywords: silver catalysts; Fe-modified OMS-2; synergistic effect; H2(CO)–TPR/TPO; ethanol oxidation

1. Introduction

Selective oxidation reactions involving heterogeneous catalysts are widely used in in-
dustrial processes, e.g., oxidation of methanol, ethylene glycol, ethylene, etc., and synthetic
organic chemistry [1,2]. Since bioethanol is one of the potential sources for the production of
hydrogen and industrial chemicals, such as acetaldehyde, the development of new catalysts
for ethanol conversion is essential. The main advantages of vapor-phase selective ethanol
oxidation in comparison with the liquid-phase processes are the use of air as a “green”
oxidant, the process implementation at atmospheric pressure, and the simple isolation of
acetaldehyde from the reaction products without time-consuming solvent treatment. All
catalysts used for selective ethanol oxidation may be separated into two groups: the first
includes those catalysts based on transition metal oxides such as vanadium oxide sup-
ported by TiO2 [3,4], and the second is constituted of noble metal nanoparticles supported
by oxides/nitrides, e.g., supported Au catalysts [5,6], Ag/CeO2 [7], Ag/Si3N4 [8], etc. In
2001, crystalline microporous manganese oxide combined with OMS-2 was introduced as
an inexpensive, efficient, ecofriendly, selective catalyst for the oxidation of alcohols in the
presence of O2 from air [9]. Taking into account the economic trends and environmental
concerns, the application of manganese oxides attracted significant consideration due to the
following advantages: low cost, environmental friendliness, ion-exchange properties, mild
acid–base stability, and redox activity [10–12]. Manganese oxide, with the structure of octa-
hedral molecular sieves (OMS-2), possesses a one-dimensional (0.46 nm × 0.46 nm) tunnel
structure, and consists of three mixed valence states, i.e., Mn(II), Mn(III), and Mn(IV), with
the average oxidation state being +3.88 [13]. Thus, materials based on manganese oxide
with the OMS-2 structure are the most promising candidates for different applications, e.g.,
energy storage [14], battery electrodes [15], supercapacitors [16], sewage treatment [17],
degradation of organic dyes [18], and catalysis, including benzene oxidation [19], dimethyl
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ether combustion [20,21], low-temperature CO oxidation [22], ozone decomposition [23],
gas-phase selective ethanol oxidation [24,25], etc.

The structural defects, especially the surface ones, including oxygen vacancies, are the
key sites that provide the high level of activity of the oxide catalysts in the redox processes.
The enhanced activity of the catalytic OMS-2-based composites is mainly determined by the
Mn3+/Mn4+ ratio [19]. The introduction of transition metal cations (e.g., Co, Cu, Ni, Cr, Fe,
Zn, etc.) to substitute K inside the tunnels, or Mn3+/Mn4+ in the octahedral positions, while
keeping the initial tunnel structure of α-MnO2, is one of the main approaches to enhance the
oxidative activity of such materials [26,27]. The modifier cations change the concentration
of anionic defects, due to the lattice disturbance and changing of the electronic balance of
the system [28].

Iron-containing modifiers are promising candidates to enhance the catalytic perfor-
mance of the MnO2-based catalysts in oxidative processes. Iron oxides (e.g., Fe2O3) are
materials with high bulk oxygen utilization, as recently reported for high-index {113} facets
of α-Fe2O3 [29]. The main drawback of Fe2O3 is its low oxygen-conducting rate, which
limits its application in low-temperature oxidative reactions. Iron–manganese mixed oxide
catalysts were studied in catalytic combustion of ethanol [30], SCR NOx [31], etc. The
catalytic activity of such materials was found to be greatly influenced by the Mn/Fe ratio
of the formed mixed oxide [30]. Since the catalytic oxidation of organic compounds using
OMS-2 catalysts usually proceeds via the Mars–van Krevelen mechanism, implying that
organic molecules adsorbed on the catalyst surface are oxidized by a labile surface oxygen;
the resultant oxygen vacancies are subsequently replenished by the gas-phase O2. Thus,
promoting the surface oxygen reactivity is a critical point.

It is well-known that silver can adsorb and activate gaseous O2 to yield O-containing
species that can be active in the selective oxidation processes, such as methanol oxidation
into formaldehyde, ethylene glycol oxidation into glyoxal, ethylene epoxidation, etc. [32].
Due to the unique surface properties and practically similar ionic radii of K+ and Ag+ [33],
providing the opportunity for K+ substitution in the K–OMS-2 tunnels by silver ions, the
Ag addition on the MnO2 surface is thought to be an effective means to improve the
catalytic oxidation efficiency of the catalyst. Silver is known as an attractive catalyst for
many heterogeneous catalytic oxidation reactions, such as the oxidation of CO at ambient
temperature [34,35], formaldehyde [36,37], and benzene [38], the combustion of mobile-
derived pollutants [39], and the oxidation of alcohols [35,40,41], etc. The performance
of silver-based catalysts depends on their surface structure and composition, thus, it can
be modulated by different Ag–O interactions [42]. In addition to their ability to activate
molecular oxygen, the silver-based catalysts attract special interest, due to a number of
valuable features of the metal, such as homogeneous distribution of metal particles/clusters
in various supports (e.g., SiO2, CeO2, MnxOy, Si3N4, TiO2, etc.) and synergistic action
with a large number of promoters and modifiers (noble metals, transition metal oxides,
halogen-containing compounds, etc.) [41,43].

The aim of the present work was to investigate the effect of cooperative action of Fe3+

and silver on the physical and chemical properties of OMS-2 catalysts, and their catalytic
activity in selective ethanol oxidation into acetaldehyde.

2. Results and Discussion
2.1. XRD and XPS Results

Figures 1 and S1 display the XRD patterns for the prepared samples. All the diffrac-
tograms are characteristic of low-crystalline structures, and the identification of the phases
is relatively hard. The reflections of {110} and {200} planes typical for manganese oxide
with the OMS-2 structure (JCDPS 29-1020), most likely the β-MnO2 phase (Figure S1),
are detected [44].
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Figure 1. XRD patterns for prepared catalysts: 1—Ag/OMS-2, 2—Ag/0.05Fe–OMS-2, 3—Ag/0.1Fe–OMS-2.

A careful analysis of the diffraction pattern of the Ag/OMS-2 suggests a barely visible
peak at 33◦ that can be indicative of some Ag2O [45] or Mn2O3 phases. In addition, for
the 0.1Fe–Ag/OMS-2 sample, a weak reflection at 44◦ is also observed, which may be
associated with the presence of Ag0 (JCDPS 03-0931). The absence of peaks ascribable to
Fe and Ag phases suggests their high dispersion on the surface of manganese oxide, or
their incorporation as cations into the OMS-2 structure. It is reported that the Fe addition
improves the Ag dispersion in the Ag/Fe–MnOx catalysts [2].

The XPS analysis data are summarized in Table 1 and Figure S2. Mn 3s and Mn 2p
emissions were used to analyze the Mn oxidation state. For all investigated samples, the
split of the Mn 3s component, arising from the coupling of the non-ionized 3s electron with
the 3d valence band electron, is 4.3–4.5 eV, indicative mainly of MnO2. Additionally, MnO2,
Mn2O3, and MnOOH are observed in the Mn 2p3/2 region after the curve fitting procedure
according to Biesinger [46].

Table 1. XPS data for the prepared catalysts.

Sample Ag/OMS-2 Ag/0.05Fe–OMS-2 Ag/0.1Fe–OMS-2

Mn 2p3/2 640.6 640.4 641.0
(eV) 641.6 641.5 641.9

Mn (III)/Mn(IV) 0.13 0.17 0.28
Fe 2p3/2 (eV) – 711.0 711.0
Ag 3d5/2 (eV) 368.1 368.0 368.0

O1s-Lattice (eV) 529.7 (59%) * 529.6 (49%) 529.8 (66%)
O1s-OH (eV) 531.9 (41%) 532.2 (51%) 531.9 (34%)

* in parenthesis the relative percentage of this component with respect to total oxygen.
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Table 1 shows that the relative amount of Mn(III) increases with the increasing iron
content in the material. The binding energy of Fe 2p3/2 is 711 eV for all Fe-modified
samples, and is consistent with the literature values for Fe3+ in Fe2O3 [47,48]. No hints of
the presence of Fe2+ or Fe4+ are noticed [49].

For all samples, the Ag 3d 5/2 binding energy is centered at 368.0 eV, which is
characteristic of metallic Ag [50,51]. Two types of oxygen species are observed on the
surface of the Ag-containing catalysts (see Table 1 and Figure S2b). The O1s XPS peak
at 529.6–529.8 eV, and a second peak with the BE of 532 eV, are observed. The first O1s
peak is associated with the lattice oxygen (OLattice) in Mn–O–Mn. The O1s peak with the
BE at 532 eV can be ascribed to the hydroxyl-like group (OH), e.g., H2O adsorbed onto
the surface [52]. Also, the region of 530–534 eV may be associated with either signals
originating from lattice oxygen, hydroxyls, and water molecules, or, in most cases, organic
contaminants containing oxygen atoms [53]. The highest OH content (51%) is found for the
Ag/0.05Fe–OMS-2 catalyst, along with a positive shift in BE in comparison with the other
two samples. It is reported in the literature that OH− groups play an important role in the
oxidation of formate species to CO2 and H2O [2,54,55]. Also, a decrease in OLattice content
(49%), and a negative shift of the O1s BE from 529.7–8 eV to 529.6 eV, is observed for the
Ag/0.05Fe–OMS-2 catalyst. It can be assumed that in the Ag/0.05Fe–OMS-2 catalyst, the
electron transfer from Ag to OLattice occurs through the Fe-embedded species, inducing
the negative shift of the OLattice peak, and may increase the amount of AgOx species
participating in selective ethanol oxidation. Similar behavior of Ag/Fe-MnOx catalysts was
observed in Reference [2].

Table 2 shows the surface composition derived from the XPS analysis, which is com-
pared with the elemental composition determined by XRF analysis listed in parenthesis.
According to the XRF and XPS data, the amount of the introduced Fe modifier is close to
the nominal amount, nevertheless, the amount of the surface iron is lower than the bulk
one in the Ag/0.05Fe–OMS-2, and is slightly higher in Ag/0.1Fe–OMS-2. This finding is
also reflected in the K/Mn ratio.

Table 2. Surface composition (XPS) and elemental composition (XRF) for the prepared samples.

Sample K/Mn
XPS (XRF)

Ag/Mn
XPS (XRF)

Fe/Mn
XPS (XRF)

Ag/OMS-2 0.14 (0.13) 0.10 (0.052) –
Ag/0.05Fe–OMS-2 0.10 (0.13) 0.12 (0.056) 0.052 (0.054)
Ag/0.1Fe–OMS-2 0.04 (0.10) 0.08 (0.051) 0.125 (0.098)

The Fe introduction results in a decrease in the surface K concentration, as evidenced
by the surface K/Mn ratio that is lower than the corresponding XRF value. This is more
pronounced in the case of Ag/0.1Fe–OMS-2. Such a finding can be related to the partial
K substitution by Fe cations on the surface of samples. A higher amount of iron leads
to the enrichment of the surface, with a prevalent iron localization on the outer part of
the channels.

On the contrary, the addition of Ag into the unmodified OMS-2 leads to the homoge-
neous K distribution on the surface and in the bulk of OMS-2, as evidenced by the K/Mn
ratios obtained by XPS and XRF, which are close to each other.

According to the XPS results, the Ag content on the catalyst surface (Ag/Mn atomic
ratio) decreases in the following order: Ag/0.05Fe–OMS-2 > Ag/OMS-2 > Ag/0.1Fe–OMS-
2, which may be associated with silver distribution, as relatively large nanoparticles, on the
surface of the Ag/0.1Fe–OMS-2 sample, in comparison with the Ag/0.05Fe–OMS-2 and
Ag/OMS-2 samples. It is consistent with the XRD results, and the reflection related to Ag0

species at the angle of ~44◦ is observed for Ag/0.1Fe–OMS-2 sample (Figure 1, blue curve).
The Ag/0.1Fe–OMS-2 is the sample with the lowest content of OH species, and

features the highest ratio of Mn(III)/Mn(IV) (Table 1). This can be associated with the
formation of nanoparticles of the separated Fe-containing phase, with the introduced Fe3+
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being partially embedded in the MnO2 crystalline lattice. According to the XPS/XRF data
(Table 2), the surface of this sample is enriched in Fe, and is depleted in Ag and K, as
evidenced by the comparison of the XPS and XRF Fe/Mn, Ag/Mn, and K/Mn ratios. Low
surface Ag concentration (Ag/Mn = 0.08) can be connected with its redistribution in the
form of rather large metal particles. An electron density transfer from Ag0 species to Mn4+

explains the high Mn(III)/Mn(IV) ratio for this sample. The Ag content is similar for the
Ag/OMS-2 and Ag/0.1Fe–OMS-2 samples (XRF data in Table 2), while the Ag/Mn ratios
taken from the XPS data are different.

The differences in the Ag content (XPS results in Table 2) in the samples prepared may
be connected with the mechanism of Ag+ interaction with the surfaces of the unmodified
OMS-2 and Fe-containing samples at the stage of wet impregnation by the water solution of
silver nitrate. The manganese oxide materials possess high ability to ion exchange with Ag
cations, especially at low pH [56]. Silver can be uniformly distributed as small nanoparticles
in the Ag/OMS-2 and Ag/0.05Fe–OMS-2 samples.

Due to the distribution of the Fe modifier as FeOx species on the 0.1Fe–OMS-2 catalyst
surface (Figure 2), which leads to the changing of the surface composition of this sample,
the sorption ability of the surface towards Ag+ ions decreases. As a result, silver nitrate
is deposited, with the formation of relatively large precursor particles on the surface of
0.1Fe–OMS-2. The precursor decomposes during the calcination stage, to yield metallic Ag
nanoparticles. The appearance of the XRD reflection at ~44◦ in Figure 1 (blue curve) for this
sample supports this conclusion. Similar behavior is observed earlier [57] for Ag-supported
silica catalysts pre-calcined at different temperatures.
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2.2. Study of Texture Properties and Morphology

Table 3 presents the textural characteristics for the prepared catalysts. The Ag/0.05Fe–OMS-2
sample features the largest surface area. Figure S3 presents the pore size distribution curves
for the prepared Ag-containing samples. According to the calculation of the microporosity
(t-plot), it is shown that the volume of micropores does not change after the addition of
Ag. This fact allows for the exclusion of the decrease in the specific surface area, due to the
clogging of the smaller pores by silver particles.

Table 3. Textural characteristics of the prepared catalysts.

Sample SBET (m2/g) Vp (cm3/g) dp (nm)

Ag/OMS-2 49 0.30 27.3
Ag/0.05Fe–OMS-2 41 0.27 26.9
Ag/0.1Fe–OMS-2 33 0.27 30.6

Figure S4 shows the morphology features for the prepared samples. The SEM images
for the unmodified Ag/OMS = 2 sample show the needle-like particle characteristics of
cryptomelane, which are aggregated into agglomerates with sizes of ~2–3 µm. At the same
time, the SEM images for the Fe-modified samples obtained at comparable resolution show
the predominant granular morphology. The Fe addition affects the stages of formation
and subsequent growth of the OMS-2 crystals. The modifier cations adsorbed by the edges
of the plane, along which the directed growth of nanorods occurs, suppress their further
formation. This conclusion is confirmed by the TEM images presented in Figure 2.

2.3. H2–TPR and TPO Results

It is known that the material reducibility can be significantly enhanced by loading
noble metals [58]. The reduction profiles for the Ag-containing catalysts show the presence
of the interaction between silver and manganese oxide favoring the hydrogen spillover
from silver atoms to manganese oxides (Figure S5).

The spillover effect of adsorbed hydrogen from the Ag particles on the surface of oxide
and the spillover of atomic oxygen from the oxide surface onto the Ag particle occur [59].
Previous studies report that the catalyst reducibility correlates with the concentration of
oxygen vacancies, i.e., the catalysts with better reducibility (lower reduction temperature
in the H2–TPR experiment) could produce more oxygen vacancies [55,60]. The H2–TPR
profiles for the Ag-containing, Fe-modified catalysts differ from those for the Ag/OMS-2
sample, which may be associated with the interaction between the Ag- and Fe-containing
species embedded in the MnOx lattice (Figure S5). The Fe cations embedded into the MnOx
lattice, by replacing those of Mn, feature a fine distribution, thus, the Ag species located on
the catalyst surface are close to both the Mn and Fe atoms. The contact between the Ag and
Fe is claimed to be the main factor that differentiates Ag/Fe–MnOx from Ag/MnOx.

All samples are characterized by the wide peak of several components in H2–TPR
profiles. Thus, for the Ag/OMS-2 sample, these are the maximum at 247 ◦C, attributed to the
simultaneous reduction in manganese oxides [61], as well as two shoulders at temperatures
of 170 and 350 ◦C. The low-temperature shoulder at 170 ◦C may also be due to the reduction
in the adsorbed oxygen on the sample surface [62–64]. The shoulder at 350 ◦C may be
due to the reduction in the manganese oxide that is not in contact with silver. On the
other hand, the authors of Ref. [64], who studied the reduction in Ag (1–10 wt.%)/TiO2
catalysts, attributed the peak in the temperature range of 348–384 ◦C to the reduction in
silver (I) oxide. In their opinion, additional reduction peaks can be due to the reduction
in pore-deposited Ag2O, in which bulk lattice oxygen species experience a greater extent
of the support interactions. The profiles for the Ag/0.05Fe–OMS-2 and Ag/0.1Fe–OMS-2
samples exhibit the peaks at temperatures of 254 and 269 ◦C, and the shoulders at 314 and
345 ◦C, respectively. The main peak has a complex structure similar to the unmodified
Ag/OMS-2. It can be assumed that some of the components belong to the reduction in the
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manganese oxides, along with the contribution from the reduction in iron species [65,66]. It
is noteworthy that neither the presence of Fe or Ag has an effect on the high-temperature
reduction stage, and the maxima in the range of 680–700 ◦C, attributed to the reduction in
Mn3O4/MnO2 oxides to MnO, do not change their positions.

Table S1 shows the amounts of H2 consumed by the prepared catalysts. The presence
of Fe changes the distribution of Ag species in the Ag/0.05Fe–OMS-2 sample and their state.
XPS data show that the addition of 5 mol.% Fe increases the content of adsorbed O and/or
OH groups (51% in comparison with 41% and 34% for other samples), and/or oxygen
vacancy on the surface and their BE, and decreases the OLattice content. The distribution of
Ag as small nanoparticles seems to help achieve the maximal amount of H2 consumption
(0.060 mmol H2/g), according to the H2–TPR data for Ag/0.05Fe–OMS-2., i.e., the highest
amount of the adsorbed oxygen on the sample surface. This may be associated with the
cooperative action between the Ag-containing and Fe-containing species embedded into
the OMS-2 surface.

Figure S6 shows the TPO profiles. The behavior of the TPO profiles for the Ag-containing
samples is characterized by the presence of a single reoxidation peak: these are the TPO peaks
at 226, 260, and 329 ◦C for Ag/OMS-2, Ag/0.1Fe–OMS-2, and Ag/0.05Fe–OMS-2, respec-
tively. In comparison with the Ag/0.05Fe–OMS-2, the Ag/0.1Fe–OMS-2 sample features
the maximal amount of OLattice species, and the highest value of the Mn(III)/Mn(IV) ratio.
The highest Mn(III) concentration on the sample surface explains the efficient activation of
the gas-phase oxygen during the catalyst reoxidation (Figure S6).

In the Ag/0.05Fe–OMS-2 sample, the Ag contact with the oxygen of the manganese
oxide crystal lattice occurs indirectly, through the highly distributed iron-containing species,
leading to a relatively low activation of the gas-phase oxygen in the TPO mode (Figure S6).
In contrast to this, Ag/0.1Fe–OMS-2 seems to have smaller number of Ag particles, which
are in contact with the Fe-containing species, due to the large size of the latter (Figure 2). On
the other hand, the increase in Osurf/(Osurf + Olatt) and Ag+/(Ag0 + Ag+) occurs simultane-
ously after the Fe doping of the Ag-containing OMS-2 catalyst in comparison with pristine
Ag/OMS-2 catalyst. Hence, the high amount of O-containing species for Ag/0.05Fe–OMS-2
(Table 1) may be responsible for the high catalytic activity of this sample (Table 4). In addi-
tion, it can be seen from the XPS data that the silver content on the surface increases in the
following order: Ag/0.05Fe–OMS-2 > Ag/OMS-2 > Ag/0.1Fe–OMS-2 (Table 2). The same
order is observed for the amount of hydrogen consumed in the H2–TPR mode (Table S1).
The higher surface silver-loading can also play a major role in the catalyst activity.

Table 4. Catalytic data for prepared catalysts in selective ethanol oxidation (GHSV = 7200 mL g−1 h−1,
Et/O2 = 2/18).

Sample T50 (◦C) SAc50 (%) T80 (◦C) SAc80 (%) SCO280 (%)

Ag/OMS-2 131 97 150 93 5.0
Ag/0.05Fe–OMS-2 135 96 155 93 3.6
Ag/0.1Fe–OMS-2 166 93 190 82 9.2

OMS-2 [67] 132 87 152 69 17
SAc50, SAc80 (SCO2 80) are acetaldehyde (CO2) selectivity at 50% and 80% of ethanol conversion, respectively
(formation of small amounts of methyl and ethyl acetate is also observed).

2.4. Catalytic Properties of the Ag-Containing Catalysts

The catalytic properties of the prepared samples were studied in selective oxidation of
ethanol (Figures 3 and 4).
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Temperatures of 50% and 80% ethanol conversion decrease in the following order:
Ag/0.1Fe–OMS-2 < Ag/0.05Fe–OMS-2 ≤ Ag/OMS-2. Thus, the increase in the iron content
leads to a decrease in the activity of the investigated catalysts in the ethanol oxidation
process (Figure 3, Table 4).

The catalytic data also indicate that part of the Fe2O3 impurity located on the external
surface of the anisotropic OMS-2 crystals in the Ag/0.1Fe–OMS-2 sample is in contact
with the supported Ag species. It is shown that oxygen can hardly be transferred from
Fe2O3 to Ag [29]. This is because the formation of surface oxygen vacancies (the rate-
determining step for oxygen reverse spillover) is relatively difficult in Fe2O3 [68–70]. This
reverse spillover is also energetically unfavorable: ∆H (Ag2O) = −31.1 kJ/mol, which
is more than 26 times smaller than that of Fe2O3 (∆H = −824.2 kJ/mol). As a result,
Wang et al. claimed [29] that Ag particles can hardly improve the oxygen utilization and
Ox

− generation using an Ag/Fe2O3 catalyst prepared by impregnation. Thus, they show
that the most active catalyst in soot oxidation is the one that contains a layer of CeO2
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nanoparticles between the Ag and Fe2O3 particles. The Ag-loading facilitates both the
utilization of ceria bulk oxygen and the activation of gaseous O2. On the other hand,
An et al. [71] found that the low-temperature activity of Pt/Fe2O3 catalyst may be assigned
to the appearance of suitable interactions between the Pt particles and iron oxide supports
(Pt–O–Fe). Through this interaction, highly dispersed Pt can weaken the Fe–O bond at the
Pt/FeOx interface, thus, increasing the mobility of the active oxygen involved in HCHO
oxidation. The catalytic properties of the prepared samples were compared with different
Mn-based catalysts in selective oxidation of ethanol (Table 5).

Table 5. The comparison of catalytic properties of different catalysts in the ethanol oxidation.

Catalyst Ethanol/O2
(vol./vol)

SV
(ml/gcat/h)

T50
(◦C)

SAc50
(%)

T80
(◦C)

SAc80
(%) Ref.

K–OMS-2 1/1 100,000 190 100 220 82 [24]
OMS-2 2/18 7200 132 87 152 69 [67]

Fe–γ-MnO2 (M/Mn = 1/9) 1/1 100,000 185 97 220 90 [72]
Fe–OMS-2 (M/Mn = 1/30) 1/1 100,000 180 95 212 65 [72]

Ag/OMS-2 (5 wt.% Ag) 2/18 7200 131 97 150 93 This
work

Ag-hollandite nanofibers
AgMnO4/Mn(NO3)2 = 2/3 5/10 36,000 220 90 235 80 [73]

Ag/Fe–OMS-2
(Mn/Fe = 1/20, 5 wt.% Ag) 2/18 7200 135 96 155 93 This

work
Ag/Fe–OMS-2

(Mn/Fe = 1/10, 5 wt.% Ag) 2/18 7200 166 93 190 82 This
work

Au/Fe–OMS-2
(1 wt.% Au) 2.5/2.5 100,000 – – 200 65 [74]

V2O5–TiO2 2/18 3600 1/h 110 60 * 130 80 * [75]
* yields.

The selectivity towards acetaldehyde in the 50% ethanol conversion increases in the
following order: Ag/0.1Fe–OMS-2 < Ag/0.05Fe–OMS-2 ≤ Ag/OMS-2 (Figure 4) In the
80% ethanol conversion, the selectivity towards acetaldehyde formation slightly decreases
for Ag/OMS-2 and the Ag/0.05Fe–OMS-2 catalyst, and is 93%. For the catalyst contain-
ing 1 mol.% Fe, the acetaldehyde selectivity drops to 82% at T80. The CO2 selectivity
at temperature of 80% conversion is the highest for Ag/0.1Fe–OMS-2, while the TPO
temperature is lower, and the Mn(III)/Mn(IV) ratio is higher than for Ag/0.05Fe–OMS-2.
Hindered oxygen transfer from FeOx impurities to Ag, and strong FeOx–ethanol bonding,
may play a crucial role in selective ethanol oxidation, and enhances the total oxidation
process. Moreover, the lowest activation of the gas-phase oxygen in the TPO experiment
(Ag/0.05Fe–OMS-2) reveals the stronger bonding of Ag- and Fe-containing species with
manganese; it is likely that Ag contacts with the oxygen of the manganese oxide crystal
lattice through the iron-containing species. It is well-known that a stronger interaction of
oxygen with the catalyst surface is more preferable for selective oxidation. Thus, despite
the slightly higher activity of Ag/OMS-2, the CO2 selectivity (SCO280) is higher (5.0%) in
comparison with Ag/0.05Fe–OMS-2 (3.6%).

According to our previous study [67], we can claim that Ag addition into pure OMS-2
does not influence ethanol conversion (Figure S7a), and improves acetaldehyde selectivity
(Figure S8). Figure S7 shows that ethanol conversion decreases in the following order:
OMS-2 > Ag/OMS-2 > Ag/0.05Fe–OMS-2 ≥ 0.1Fe–OMS-2. Thus, active Ox species do
not bond with any additivities, and labile surface oxygen can easily migrate from cat-
alyst surface to organic molecules to oxidize them. Doping OMS-2 with iron and/or
silver obviously reduces this ability. As expected, the presence of FeOx species does
not prevent mobility of oxygen species, due to its high volumetric oxygen consumption.
However, Figure S8 shows that acetaldehyde selectivity decreases in the following range:
Ag/0.05Fe–OMS-2 > 0.05Fe–OMS-2 ≥ Ag/0.1Fe–OMS-2. The starting temperature of sharp
growth of CO2 selectivity for OMS-2 and 0.1Fe–OMS-2 is 160 ◦C, while for the 5 mol.%
Fe-containing silver catalyst, this parameter raises up to 190 ◦C. Thus, the FeOx–ethanol
interaction contributes to the selectivity of the target product. In case of Ag/0.1Fe–OMS-2
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FeOx species bond both with Ag and surface reactants, and the interaction is weaker, which
leads to a higher acetaldehyde selectivity in comparison with 0.1Fe–OMS-2. However,
the transfer of oxygen and Ox

− generation in Ag/FeOx is difficult, and the best selectiv-
ity is obtained for the catalyst highly dispersed iron on its surface—Ag/0.05Fe–OMS-2.
Therefore, the addition of highly dispersed iron (only 5 mol.% in this investigation), and
the introduction of 5 mass.% of Ag into OMS-2, makes it possible to perform the ethanol
oxidation process with a high selectivity toward acetaldehyde in a wide temperature range.

3. Materials and Methods

The manganese oxide catalysts with the OMS-2 structure were prepared by hydrother-
mal synthesis [13]. To prepare the iron-modified OMS-2 with a molar ratio of Fe/Mn = 0.05
and 0.1, the required amounts of aqueous iron nitrate (Fe(NO3)3×9H2O) were added to
the initial MnSO4 solution prior to mixing with the KMnO4 solution. A precipitate was
obtained by a redox reaction between the MnSO4 and KmnO4 (Mn7+/Mn2+ = 1/1 molar
ratio) solutions, at a pH of 1. The hydrothermal treatment was carried out at 120 ◦C for 24 h,
followed by filtration and washing with distilled water up to a pH of 7. Finally, the samples
were thermally treated at 450 ◦C for 2 h. Ag was then added by the incipient wetness
impregnation method. Samples of OMS-2, 0.05Fe–OMS-2, and 0.1Fe–OMS-2 were impreg-
nated with silver nitrate solution (chemically pure) of the required concentration. Then
samples were kept at room temperature for 30 min at a constant stirring, dried at 120 ◦C,
and, finally, thermally treated at 450 ◦C for 1 h. The theoretical Ag-loading was 5 wt.%.

Textural characteristics of the prepared catalysts were investigated using the low tem-
perature nitrogen sorption (TriStar II 3020 and 3 Flex analyzers, Micromeritics, Norcross,
GA, USA). The morphology of the samples was studied on the TESCAN VEGA 3 SBH scan-
ning electron microscope (Tescan, Brno, Czech Republic) and a CM-12 Philips transmission
electron microscope (Philips, Eindhoven, The Netherlands).

To identify the catalyst phase compositions, the diffractometer XRD-6000 (Shimadzu,
Kyoto, Japan) with a monochromatized Cu Kα radiation (λ = 1.5418 Å) and PCPDFWIN
database were used. The elemental composition was examined using the X-ray fluorescence
wavelength-dispersive sequential spectrometer XRF-1800 (Shimadzu, Kyoto, Japan).

The X-ray photoelectron spectroscopy (XPS) analysis of the powders was carried out
using a VG Microtech ESCA 3000 Multilab (VG Scientific, Sussex, UK), with an Al Kα

source (1486.6 eV) run at 14 kV and 15 mA in constant analyser energy (CAE) mode. For
the individual peak energy regions, pass energy of 20 eV, set across the hemispheres, was
used. The constant charging of the samples was removed by referencing all the energies to
the C 1 s peak energy set at 285.1 eV, arising from adventitious carbon. The XPS data were
examined using the CASA XPS software (version 2.3.17, Casa Software Ltd. Wilmslow,
Cheshire, UK, 2009). For the peak shape, a Gaussian (70%)–Lorentzian (30%) line shape,
defined in Casa XPS as GL (30) profiles, was used for each component of the main peaks,
after a Shirley background subtraction. The binding energy values were quoted with a
precision of ±0.15 eV, and the atomic percentage with a precision of ±10%.

The temperature-programmed reduction method was used to determine the reaction
ability of the prepared samples towards H2 (H2–TPR) using the chemisorption analyzer
ChemiSorb 2750 (Micromeritics, Norcross, GA, USA). The H2-containing flow (10 vol. %.)
was used as a reaction mixture for H2–TPR. The temperature was increased from 25 to
800 ◦C at a heating rate of 10 ◦C/min for the TPR experiments.

The reoxidation of the samples using the temperature-programmed oxidation (TPO)
was carried out after TPR–H2 using the chemisorption analyzer ChemiSorb 2750 (Mi-
cromeritics, Norcross, GA, USA). The temperature was increased from 25 to 700 ◦C
(10 ◦C/min) in a flow of gas mixture 5 vol. % O2, at a flow rate of 20 mL/min.

Catalytic properties were studied in the U-type fixed-bed reactor with i.d. of 6 mm.
The temperature was increased from 25 to up to 240 ◦C with steps of 15–20 ◦C. The flow
composition of 2 vol. % C2H5OH, 18 vol. % O2, and He for balance was fed with the WHSV
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of 7200 mL g−1 h−1. The composition of the flows of reagents and products was analyzed
using online gas chromatograph.

4. Conclusions

The catalysts prepared in this work were manganese oxides with an octahedral molec-
ular sieve structure. For the low-loading, Fe-modified sample, the modifier is distributed
between the surface and the bulk, while the Ag/0.1Fe–OMS-2 sample features some segre-
gated iron on the surface. The Ag addition to OMS-2 leads to the homogeneous distribution
of K and Ag on the surface and in the bulk of OMS-2.

The reduction profiles for the Ag-containing catalysts show the presence of the interaction
between silver and manganese oxide that favors the hydrogen spillover from silver atoms to
manganese oxides. The XPS data show that the adsorbed oxygen content on the catalyst surface
decreases in the following order: Ag/0.05Fe–OMS-2 > Ag/OMS-2 > Ag/0.1Fe–OMS-2.

The strong interaction of the metal silver nanoparticles with manganese oxide is
confirmed by the growth of the Mn(III)/Mn(IV) ratio for the Ag/0.1Fe–OMS-2 sample.
It can be assumed that in the sample containing a higher amount of iron, in addition to
the silver interaction with manganese oxide, there also exists an interaction between the
silver and the isolated FeOx species. It is likely that in the Ag/0.1Fe–OMS-2 sample, the
Ag contact with the lattice oxygen of manganese does not occur directly, but through iron
oxide, which leads to a more efficient activation of gas-phase oxygen during its reoxidation.
However, higher silver content, according to the XPS data, in the Ag/0.05Fe–OMS-2
sample seems to play the major role in its low-temperature activity in ethanol oxidation
to acetaldehyde. This may be achieved by a good dispersion of iron and silver within
the OMS-2 structure. Thus, the catalyst with highly dispersed iron and silver species is
expected to have high activity and selectivity towards acetaldehyde in the ethanol oxidation
reaction. The interaction between the FeOx isolated species formed on the OMS-2 surface
with silver improves the reoxidation of manganese oxides, but decreases the Ox– generation
and oxygen transfer to Ag in the Ag/0.1Fe–OMS-2 catalyst prepared by impregnation.
This, therefore, decreases the catalyst activity and selectivity towards acetaldehyde.

Thus, the synergetic effect is observed, but the balance required in the catalytic activity
is found to be greatly influenced by the Mn/Fe ratio in the mixed oxide that is formed. Ac-
cording to our results, we manage to achieve it in the case of Ag/0.05Fe–OMS-2. Thus, the
introduction of 5 mol.% Fe into the manganese dioxide with the OMS-2 structure makes it
possible to obtain the catalyst in which iron species are highly dispersed, and the formation
of individual oxide iron phases on the surface does not occur. In addition, the subsequent
silver deposition by the incipient wetness impregnation on the 0.05Fe–OMS-2 results in a
sample with a high content of adsorbed oxygen species on the surface, which apparently
plays an important role, since the Ag introduction into OMS-2 and 0.05Fe–OMS-2 results in
the preparation of catalysts with similarly high levels of activity (T80 = 150–155 ◦C) selec-
tivity (SAc80 = 93%) towards the acetaldehyde formation. Further investigation will focus
on stability experiments to reveal the role of highly dispersed iron species on the stability
of catalysts in selective ethanol oxidation.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/catal12080872/s1, Figure S1: XRD patterns for prepared catalysts;
Figure S2: XPS regions (a) Mn2p and (b) O1s; Figure S3: Texture characteristics for prepared samples;
Figure S4: TEM images for investigated samples; Figure S5: H2–TPR profiles for prepared samples;
Figure S6: TPO profiles for prepared samples; Figure S7: Light-off curves for catalysts with and with-
out Ag [67]. Reaction conditions: GHSV = 7200 mL g−1 h−1, Et/O2 = 2/18; Figure S8: Temperature
dependences of acetaldehyde and CO2 selectivity for catalysts with and without Ag [67]. Reaction
conditions: GHSV = 7200 mL g−1 h−1, Et/O2 = 2/18; Table S1: H2 consumption during H2–TPR
experiments performed on the investigated catalysts before and after Ag introduction.
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