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Role of Mn in supported Au-Mn/TQOS catalysts
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In this study, a complete catalytic propane oxidation was investigated by using four different supported Au-Mn
catalytic systems. Results showed that addition of manganese to a supported gold catalyst promoted lattice oxygen
activity in metal oxides, such as ceria, zirconia, and titania, which resulted in an enhanced catalytic activity of an Au-
Mn catalyst because of formation of a dinuclear compound, either AuSMn2 or Au2Mn. A competition between Au and
Mn to capture free lattice oxygen, dominated by manganese, was observed. In general, Ce 3d3/2, Au 4f7/2, and Mn
2p1/2 orbitals are related to dominant elemental species that are responsible for the enhanced catalytic activity of the

Au-Mn catalyst in the complete oxidation of propane.
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INTRODUCTION

Since the discovery of the high catalytic ability
of Au nanoparticles, supported on a high surface
area metal oxide support, gold has been extensively
studied as a heterogeneous catalyst in both liquid
and gaseous phases. In the last two decades, much
attention is paid to the treatment, management, and
ultimate elimination of toxic and hazardous mate-
rials [1] and effluent gases [2] from various toxic
sources. Volatile organic compounds (VOCs), such
as propane, are one of the main concerned pollutants
[3]. For its abatement, direct combustion, a least ef-
ficient and high cost method, was used [4].

In recent decade, most scientists [5-12] had pre-
ferred catalytic oxidation to eliminate VOCs emis-
sions and to meet stringent environmental quality
standards (EQS). Various combinations of metal
oxides and metals (both precious and nonprecious
metals) were investigated for their potential as effi-
cient oxidation catalysts. Among them, ceria-sup-
ported catalysts [5, 13-16] were mostly used for the
catalytic oxidation of VOCs. Combinations between
mixed ceria- and zirconia-based catalyst carriers
were also tested and were found to be catalytically
efficient because of possible changes of catalyst sur-
face area [17]. Presence of each titania [18, 19],
ceria, and zirconia [20] with an optimum amount of
manganese oxide has shown an enhanced catalytic
ability because of both enlarged surface area and
redox qualities.

Supporting Au nanoparticles on ceria-titania [21]
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and ceria-zirconia [22] was found to be productive
to eliminate VOC compounds owing to gold activity
and influence of Au on the reduction of ceria-titania
or ceria-zirconia supports. However, gold was not
enough efficient as compared to platinum because of
the very good dispersion of Pt on the ceria-zirconia
support. It is generally believed that excellent dis-
persion of Au nanoparticles on a metal oxide(s) sup-
port play a key role for observed high catalytic ac-
tivity of the prepared Au catalysts.

Potentially well-dispersed Au nanoparticles on
the metal oxide(s) support could increase lattice
oxygen mobility and cause weakening of Ce-O
bonds. This may lead to the release of surface cap-
ping oxygen [23, 24] that could participate in a
Mars-Van Krevelen type of oxidation reaction
mechanism [23, 25-28].

Among many transition metal oxides, manganese
oxide has a huge range of various types of liable
oxygen sources, such as MnO, MnQO,, a-Mn,0s,
Mn203, Y'anog, Mn304, MnOZ, and B'MnOZ that
may participate in an oxidation process in a compet-
itive way. Lahousse et al. have summarised that
v-MnO, catalyst is favourable for abatement of vol-
atile organic compounds [3]. Few studies were also
conducted attempting to explain the importance of
the presence of Mn on CeO, [29].

Based on own experimental data and published
papers [7-23], it is fairly to presume that Au-Mn
catalysts supported on mixed oxide carriers com-
posed of CeO,, ZrO,, and TiO, could possibly have
an increased catalytic activity in oxidation of VOCs,
such as propane, the latter being one of the stringent
and difficult organic compound to get oxidized. As
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per authors’ knowledge, so far none of the published
studies has been reported on the possible role of Mn
in supported Au-Mn catalysts especially through a
detailed investigation carried out by XPS, which is a
highly reliable way to identify possible orbital and/
or suborbital overlapping to induce a synergistic
effect of this system. This study was aimed at
identifying how each elemental orbital does par-
ticipate in such a catalytic system.

EXPERIMENTAL
Catalyst preparation and characterisation

An Au-Mn/TOS catalyst was prepared in three
steps: (i) preparation of a triple oxide support (TOS)
of 5.5Ce0,:2.5Zr0,:2Ti0, composition, (ii) manga-
nese impregnation of the triple oxide support
(1%Mn/TQS), and (iii) gold deposition-precipitation
on Mn/TOS (1%Au-1%Mn/TQOS). For comparative
purposes, a 1%Au/TOS catalyst was prepared by
deposition-precipitation method. Both a list of all
the chemicals used and detailed catalyst prepara-
tions as well as XPS and XRD analysis details can
be found in a previously reported article [30].

Catalyst testing

Catalytic activity measurements in complete
propane oxidation were carried out in a PID micro-
activity reference reactor system. A schematic dia-
gram of the experimental setup is shown in Figure 1.
The experiments were exactly performed under the
reaction conditions carried out by Ali et al. [30].
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Fig. 1. Schematic diagram of the experimental setup.

The only components in the reaction mixture at
the reactor exit in all experiments were propane,
oxygen, carbon dioxide, and water. An Agilent
7890A GC system, equipped with a flame ionisation
detector (FID) and a thermal conductivity detector
(TCD), was used to identify and monitor the pro-
pane and the reaction products. Data processing was
acquired by applying GC ChemStation®B.04.03
(54). 0.5-cm® gas samples, an Agilent DB1/122-
1063 (1 um, 60 m x 0.25 mm) column, an Hp-8ft
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HAYSEP Q column, and He and N, carrier gases
used for FID and TCD, respectively. Chromato-
graphic oven temperature profiles are summarised in
Table 1.

Table 1. Oven temperature profile

Rate, °C.min) ~ Temperature  Hold time
initial 40 3
ramp 1 30 130 0
ramp 2 20 220 0.5

RESULTS AND DISCUSSION

In order to investigate a possible association
between gold and manganese in the presence of
TOS support, freshly prepared catalyst samples
were analysed for catalytic ability in the complete
oxidation of propane.

Catalytic activity

Results of the catalytic tests are discussed and
summarised in the following sections. Fig. 2 shows
a detailed comparison of the catalytic activity of the
Au-Mn, Au, and Mn catalysts and of the support
(TOS).

The results showed that the triple oxide support
itself exhibited a certain catalytic ability. Up to
300°C, less than 5% conversion of the propane took
place. It reached 10% at 400°C and then shot up to
nearly 90% at 450°C. As previously published [9,
31], we consider this conversion as being due
mostly to cerium oxide.

The catalytic activity of the supported Mn cata-
lyst at temperatures up to 350°C was practically the
same as that of the catalyst carrier. At temperatures
above 350°C, the Mn catalyst manifested a slightly
higher catalytic activity than catalyst support. These
results show that Mn is practically non-active in the
reaction of propane oxidation at temperatures up to
500°C.
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Fig. 2. Catalytic activity of the Au, Mn, and Au-Mn
catalysts and the support in propane complete oxidation.
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The Au catalyst had a moderate catalytic activity.
Oxidation started after 200°C and a nearly 95% pro-
pane conversion was achieved at 400°C. The cata-
Iytic activity of the supported Au catalyst was sub-
stantially higher in comparison with Mn catalyst and
triple oxide support in the temperature interval from
300 to 375°C. However, a 95%-conversion of pro-
pane was observed at the same temperature for the
Mn catalyst. These results clearly indicate that the
gold catalyst is relatively active in the reaction of
propane total oxidation at moderate temperatures.

The catalytic conversion of propane over the Au-
Mn catalyst started below 150°C and then strongly
accelerated at temperatures above 225°C. A 95%-
conversion was accomplished at 375°C. A complete
conversion of propane over the Au-Mn catalyst was
attained at 400°C. The catalytic activity of the Au-
Mn catalyst was much higher than the activities of
the rest studied samples. Obviously, it may be con-
cluded from these results that manganese strongly
enhanced the catalytic activity of the supported gold
catalyst.

A synergism was observed due to interaction
between Au and Mn in the presence of TOS and, as
per authors’ knowledge, so far no evidence is found
in the literature. The nature and mechanism of such
an interaction is yet to be studied and understood.

In order to investigate any interaction between
Au and Mn and possible impacts of each of the
metal oxides present in the support, a detailed XPS
analysis was carried out before and after catalytic
measurements.

XPS study

To study the possibility of any association be-
tween Au and Mn as well as their individual or col-
lective role on enhanced catalytic activity, an XPS
study was conducted in detail. Results are discussed
and summarised below.

Impact of introduction of Au and/or Mn to the
support

Before reaction

Figure 3 shows an overall comparison of survey
XPS spectra of the triple oxide support, Au, Mn, and
Au-Mn samples before catalytic reaction. In triple
oxide support, oxygen (O 1s and O 2s), titanium (Ti
2s, Ti 2p, Ti 3s, and Ti 3p), cerium (Ce 4p, Ce 4d,
Ce 3p, and Ce 3d), and zirconium (Zr 3d, Zr 3p, and
Zr 3s) were found to be present. Among these peaks
O 1s, Ti 2p, Ce 3d, and Zr3p are identified as the
main peaks. Addition of either gold or manganese
did not change much the spectra, however, bearing
in mind the following three main differences:

(i) Au 4f and Mn 2p peaks were identified upon
addition of gold and manganese, respectively.

(i) Upon introduction of gold or manganese
separately to the triple oxide support, a significant
and clear peak of Ce 4s was found.

(iii) Addition of manganese to the gold catalyst
(AU/TOS) gave rise to a significant and clear Mn 2s
peak, which was not present when only manganese
was added to the triple oxide support.

It is evident that Mn introduced to the Au
catalyst has considerably affected the Ce component
of the triple oxide support. This effect could be
observed because of any possible synergism and/or
any other interaction between gold and manganese
that may have resulted in an enormous increase in
catalytic activity of the gold catalyst.

In order to investigate any change in the results
summarised in the previous section before and after
catalytic reactions, a detailed XPS study of all the
catalysts was also performed after the catalytic
activity tests.

Figure 4 shows an overall comparison of survey
overlaid XPS spectra before and after the catalytic
reaction. Some of the key results are presented
below.

(i) In triple oxide support (Fig. 4B), before and
after the catalytic reaction, O 1s, Ti 2p and Zr 3p
peaks were nearly the same in terms of intensity
except for a significant change of binding energy
(BE) in the range of 800-1200 eV. The Ce 3d peak
was among those that seemed greatly affected. This
change could be because of either partial reduction
of Ce* to Ce* or due to its exposure to X-ray
irradiation.

(if) The surface scan spectra of the Mn catalyst
(Fig. 4D) remained almost the same before and after
reaction excepting negligible intensity variations
after 800-1200 eV. Manganese presence did not
cause any noticeable changes to the support except
for a negligible change of the Ce ions. This could be
explained as a possible reason that manganese alone
on the support did not affect significantly the
catalytic activity (see Fig. 2).

(iii) Considering the Au catalyst (Fig. 4B), a
clear change can be seen after the binding energy
range of 550-1200 eV. This variation is quite large
as compared to the changes of the Mn catalyst and
ceria. It might be because of the active role of gold
for increasing the catalytic activity of the Au
catalyst, as it was much higher than that of the Mn
catalyst and ceria.

(iv) The highest variation was found in the over-
all survey laid XPS spectra of the Au-Mn catalyst
(Fig. 4A), before and after the reaction, in the
binding energy range of 200-1200 eV. This differ-
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ence clearly indicates that the introduction of man- The nature of this interaction can be a key aspect
ganese to the Au catalyst is really affecting greatly  to better understanding of the enhanced catalytic ac-
in comparison with the Au and Mn catalysts. The tivity and possible role of each of the mobile oxygen
highest catalytic activity of the Au-Mn catalyst resources present in the catalysts. Further subsec-
might be associated with a possible interaction be-  tions describe possible reasons about this key

tween gold and manganese. aspect.
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Fig. 3. Overall comparison of survey XPS spectra: A — Au-Mn catalyst, B — support, C — Au catalyst, D — Mn catalyst.
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After reaction

Role of Au, Mn, and triple oxide support in the
catalytic reaction

It is seen (Fig. 4A) that titanium and zirconium
regions are not changed much before and after the
catalytic reaction for the highly active Au-Mn cata-
lyst. This could be because the presence of mangan-
ese may affect cerium significantly and/or due to a
possible interaction between gold and manganese.
To investigate this interaction between Au and Mn
as well as the role cerium, a deconvolution study of
Ce, Au, and Mn was carried out before and after
catalysis.

Role of ceria

Figure 5 shows a detailed comparison of decon-
voluted XPS spectra of CeO,, before and after the
reaction, for each catalyst (Au-Mn/TOS, Au/TOS,
Mn/TOS), support, and pure CeO..

Before reaction

Figure 5A shows an in-depth comparison of the
cerium deconvoluted XPS spectra for all the cata-
lysts before reaction. A most probable oxidation
state of cerium (Ce™) in Au-Mn, Mn, and Au cata-
lysts was observed [32]. Almost all the peaks, V,
V", V" of Ce 3ds, and U, U”, U" of Ce 3dsp,
remained nearly the same excepting V'-Ce 3ds, and
U'-Ce 3ds,. Table 2 shows a summary of the
binding energies (eV) for the V' and U’ peaks of all
the catalysts and support.

Compared with the Au-Mn catalyst, the V'-Ce 3ds,
peak of the support and of the Mn catalyst remained
constant. A significant difference of 0.66 eV was
observed between the V'-Ce 3ds, peaks of the Au-Mn
and Au catalysts. A similar pattern was also detected
for U’-Ce 3d;, where the difference was found to be
0.80 eV. This might be owing to a partial reduction
of Ce*™ to Ce* in the ceria upon addition of
manganese to the Au catalyst as well as due to a
favourable variation in the activation energies.

After reaction

Figure 5B shows V'-Ce 3ds;; and U'-Ce 3ds, peak
positions of deconvoluted XPS spectra of Ce after
the catalytic reaction. No changes in associated
oxidation states of cerium were observed after the
reaction. Also, a similar change in BE of 0.30 eV
(see Table 3) for the V'-Ce 3ds, peak existed
between the Au-Mn and Au catalysts, i.e. nearly half
of the difference found before reaction. However,
the difference between the U’-Ce 3dg, peak values
of the Au-Mn and Au catalysts was much smaller,
nearly by two thirds, as to that before reaction. This

may lead to a conclusion that U’-Ce 3dj, perhaps
played a key role for the enhanced catalytic activity
of the Au-Mn catalyst as to cerium belonging to the
V' peak of Ce 3ds.

Role of gold

Figure 6 shows deconvoluted XPS spectra of
gold for the Au-Mn and Au catalysts before and
after catalytic reaction.

Before reaction

Three peaks W, W', W"” of Au 4fy, and two
peaks X, X' of Au 4fs, were identified with possible
Au' oxidation state of the gold in the Au-Mn and
Au catalysts (Fig. 6B). Each of the three peaks of
Au 4f, (W, W', W”) and one of Au 4fs, (X) were
found to be identical in terms of binding energy
except for the X' peak of Au 4fs;, for the gold con-
taining catalysts before reaction (0.33 eV, see Table
3). This perhaps could be because of non-metallic
gold in the Au-Mn catalyst as compared to slightly
higher metallic nature of gold in the Au catalyst.

After reaction

After the catalytic reaction, two Au 4f;, peaks
(W and W") and one Au 4fs, peak (X') were slightly
changed (see Fig. 6B) for the Au-Mn and Au cata-
lysts contrary to the change of only one Au 4fs,
peak (X') before reaction. This may further indicate
that during the catalytic reaction gold existed in a
higher oxidation state (1+) in the Au-Mn catalyst as
compared to the Au catalyst. This can also be related
to the presence of Mn that did promote the non-
metallic nature of gold because of its higher number
of available unpaired valence shell electrons.

Table 2. Binding energies of the V'-Ce 3ds, and U’-Ce
3d3, cerium peaks before and after catalytic reaction

Binding energy, eV

Catalyst before reaction after reaction
V'-Ce 3d5/2 U"Ce3d3/2 V'-Ce 3d5/2 U'-Ce 3d3/2
Au-Mn 885.40 902.45 885.54 903.03
Au 886.06 903.25 885.84 902.70
Mn 885.50 902.30 885.60 902.40
support 885.50 902.70 885.70 902.80
CeO, 885.20 902.70 885.20 902.70

Table 3. Binding energies of the W-Au4f;,, W"-Audf,,
and X'-Au 4fs, gold peaks before and after catalytic
reaction

Binding energy, eV

Catalyst before reaction after reaction
X'-Au 4f5/2 W-Au 4f7/2 W”-Au 4f7/2 X’-AU4f5/2

Au-Mn 89.50 82.15 85.94 89.25

Au 89.17 82.40 85.25 89.42
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Fig. 5. Overall comparison of overlaid deconvoluted Ce XPS spectra: A — before reaction; B — after reaction.

Role of manganese

The catalytic activity of the Au catalyst was
moderate, whereas the catalytic activity of the Mn
catalyst did not differ from that of the triple oxide
support, i.e. Mn is not active in propane oxidation
reaction. However, the catalytic activity of the Au-
Mn catalyst was substantially increased compared to
other two catalyst compositions. Apparently, this in-
crease in catalytic activity is mainly due to an occur-
ring synergism between catalyst components. Both
the Au and Mn catalysts exhibited a much lower
activity in the complete propane oxidation than the
Au-Mn catalyst. It might be an indication that there
existed a synergism (promotion of Au activity by
Mn).

Based on the catalytic activity of the Au-Mn
catalyst in comparison with the catalytic activity of
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the Au and Mn catalysts it was assumed that it
might be because of an efficient behaviour of Mn as
promoter. Further, a detailed deconvoluted XPS
study of manganese was also conducted. Fig. 7
shows an overall comparison of overlaid decon-
voluted XPS spectra of the Mn catalyst before and
after reaction.

Before reaction

Two peaks of Mn 2ps;, (Y, Y') and two peaks (Z,
Z") belonging to Mn 2p;, with possible oxidation
states of Mn™® and Mn** in the Au-Mn catalyst were
observed (Fig. 7) in comparison with single Y and Z
peaks, ascribed to Mn 2ps, and Mn 2py,, respect-
ively, in the Mn catalyst [33].

This shows that the simultaneous presence of Au
and Mn on the support gives rise to an entirely
different behaviour of the Au-Mn catalyst in cata-
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lysis in contrast to sole Mn on the support. The
peaks Y' and Z' were identified as Au peaks within
the main peaks Y and Z of the manganese. Possibly
these sub-peaks (Y’ and Z') within the main peaks of
Mn belong to dinuclear (Au-Mn) compounds [34].

Table 4. Binding energies of the Y,Y'-Mn 2pg); and Z,Z'-
Mn 2p;, manganese peaks before and after catalytic
reaction

Binding energy, eV

Mn Au-Mn
Condition  Mmn Mn Mn Mn
2p32 2P 2p3p2 2pyp2
Y Z Y Y’ 4 zZ'
before 641.20 653.3 641.64 644.84 653.20 655.66
reaction

after 641.28 653.35 641.80 644.98 652.40 653.80
reaction

After reaction

The Mn 2ps, and Mn 2py, peaks remained the
same before and after the reaction (Table 4).
Whereas, in the case of Au-Mn catalyst the Y and Y’
peaks of Mn2ps, did not change at all as to those of
Z and Z' peaks of Mn2py,,, which showed the largest
shift (Table 5). This clearly indicates that both the
dinuclear (Au-Mn) peak (Z') and the main peak (Z)
of Mn2p,, played an important role for the
enhanced catalytic activity of the Au-Mn catalyst.
Based on both XPS and catalytic activity results, it
can be summarised that manganese is a key com-
ponent for the increased catalytic activity of the gold
catalyst. The presence of manganese as a promoter
enhanced the catalytic activity by interacting with
gold in the form of Au-Mn active system.

Identification of Au-Mn interaction

XPS studies have shown a unique association
between Au and Mn that had caused an enhanced
catalytic activity because of a dinuclear compound
formation. In order to cross verify results, a thor-
ough XRD study was conducted for all the catalysts
before and after catalytic tests. Some results have
already been reported by Ali et al. [30] showing that
fresh and spent Au-Mn catalyst samples remained
exactly the same, which is an indication that the Au-
Mn catalyst was highly stable. Based on Au-Mn
lattice parameters of Au solid solution versus com-
position, the expected structure contained more than
25% Mn but less than 35%. From the Au-Mn phase
diagram, it was found that there could be two most
probable structures: AusMn, and Au,Mn having a
crystallite size of 7 nm.
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Fig. 6. Overall comparison of deconvoluted Au XPS
spectra: A — before reaction, B — after reaction.
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Fig. 7. Overall comparison of deconvoluted Mn XPS
spectra: A — before reaction, B — after reaction.

Hence, based on XRD and XPS results the
enhanced catalytic activity of Au-Mn could be due
to the presence of dinuclear compound: AusMn, or
Au,Mn.
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CONCLUSIONS

In conclusion, a supported Au-Mn catalyst has
shown the highest catalytic ability in the complete
oxidation of propane in comparison with Au and Mn
catalysts. Manganese introduction to a gold catalyst
promoted mobilization of lattice oxygen species of
metal oxides of cerium, zirconium, and titanium that
resulted in an enhanced catalytic activity of the Au-
Mn catalyst. Enhanced lattice oxygen or adsorbed
oxygen mobility was attributed to formation of a
dinuclear Au-Mn compound: AusMn, or Au,Mn. In
the absence of manganese, a moderate catalytic
activity of Au catalyst was due to participation of
ceria and titania lattice oxygens only. A competition
between Au and Mn for free lattice oxygen,
dominated by manganese, was also observed. In
general, Ce 3dsp, Au 4f;,, and Mn 2py, orbitals
were found to be related to dominating elemental
species for enhanced catalytic activity of the Au-Mn
catalyst in propane complete oxidation.
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Cayoumcka Apadus

Ilocrprnuna Ha 29 oktomBpu 2015 r.; Ilpepaborena Ha 10 nexemBpu 2015 r.
(Pe3srome)

W3cnenBaHo € MBIHOTO KATAJINTHYHO OKUCIICHHE HA MPONAH BBPXY YETHPH KaTaJUTHYHH cucteMH. [lomydeHurte
pe3yaTaTH MOKa3BaT, ye JN00ABSHETO HA MaHTaH KbM HAHECEH 3JIaTCH KaTalu3aTop MPOMOTHpAa IMOJIBHKHOCTTA HA
peLIeThUHMS KUCIOPO. B HOocUTens — cMmeceHu okcuan CeO,, ZrO, u TiO, (TOS). B pe3yntar Ha ToBa ce yBenn4aBa
KaTaJIUTUYHAaTa AaKTHUBHOCT Ha KaTaJ'II/BaTOpI/ITe. yCTaHOBeHO € 06pa3yBaHeTo Ha I[Byﬂ]lpeHI/I CBbCOUHCHUA Me>1<11y
3]IaTOTO M MaHraHa c¢bc cbeTaB AusMn, u Au,Mn. YcranoBeHo e, ye CBOOOJHHUAT PEIIEThUEH KHUCIOPOJ Ce 3axBallla
KaKTO OT 3J1aTOTO, TaKa M MPEANMHO OT MaHrana. Hamepeno e, ue opoutanure Ce 3da,, Au 4f;, u Mn 2py), ca cBbp3anu
¢ mpeobIaaaBaiuTe akTuBHE HOPMHU Ha EIEMEHTUTE Ha TIOBBPXHOCTTA Ha AU-MN karanuzaTopu.
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