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ABSTRACT: Nanoscopic gold particles have gained very
high interest because of their promising catalytic activity for
various chemicals reactions. Among these reactions, low-
temperature CO oxidation is the most extensively studied one
due to its practical relevance in environmental applications and
the fundamental problems associated with its very high activity
at low temperatures. Gold nanoparticles supported on
manganese oxide belong to the most active gold catalysts for
CO oxidation. Among a variety of manganese oxides, Mn,Oj; is
considered to be the most favorable support for gold
nanoparticles with respect to catalytic activity. Gold on
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MnO, has been shown to be significantly less active than gold on Mn,Oj; in previous work. In contrast to these previous
studies, in a comprehensive study of gold nanoparticles on different manganese oxides, we developed a gold catalyst on MnO,
nanostructures with extremely high activity. Nanosized gold particles (2—3 nm) were supported on @-MnO, nanowires and
mesoporous -MnO, nanowire arrays. The materials were extremely active at very low temperature (—80 °C) and also highly

stable at 25 °C (70 h) under normal conditions for CO oxidation. The specific reaction rate of 2.8 molco-h ™ gs,~

Lata

temperature as low as —85 °C is almost 30 times higher than that of the most active Au/Mn,O; catalyst.

1. INTRODUCTION

Supported gold nanoparticles (GNPs) have triggered enormous
research activities in the past decades because of their
fascmatln% properties and related reactivity in various catalytic
reactions. © Among these the low-temperature CO oxidation
is of great interest due to its relevance in practical applications
(such as in CO removal from hydrogen feed of polymer-
electrolyte-membrane fuel cells (PEMFC), exhaust gas, and
environmental air cleaning and sensing) and as a model
reaction for the understanding of catalytic mechanisms.”™”
Gold nanoparticles with particle sizes below S nm and hi%hly
dispersed on metal oxides (such as TiO,,"*®'® Fe,0,'""*
Ce0,,"*"* Co,0,," Mn203,,16 Mg(OH)Z,”'18 and MgO”) are
known to be very active catalysts for CO oxidation at low
temperatures. However, there are only few examples which
show appreciable rates at temperatures below —70 °C. Gold
clusters with sizes below 1 nm supported on Mg(OH), were
reported to be active at such low temperatures.'® However, this
low temperature activity was completely lost after calcination as
the gold particle sizes increased to 3—5 nm during this
calcination process. Therefore, the authors suggested that the
high activity would be caused by gold clusters with sizes smaller
than 1 nm. More recently, our group found that colloidally
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deposited GNPs with particle sizes between 2—5 nm supported
on Mg(OH), and MgO also show very high activities for CO
oxidation at ultralow temperatures.'” This supports the
statement that the presence of very small gold entities with
sizes below 1 nm is not mandatory for highly active gold
catalysts. However, so far, no other support than the
magnesium-based system were found to be suitable for
preparing such active gold catalyst. In addition to magnesium
oxide and hydroxide, manganese oxides are among the most
active catalyst supports for gold nanoparticles in CO oxidation,
and it seemed worthwhile to investigate them more
comprehensively for this reaction. Mn,0O; is generally
considered to be the most favorable manganese oxide, while
MnO, only shows moderate activity.'®"’

In the following, we describe a series of manganese oxide-
based gold catalysts prepared by the colloidal deposition
method, which show unexpectedly high activity for the CO
oxidation reaction at ultralow-temperatures below —80 °C. A
specific reaction rate of 2.8 molcoh™'-g,, ™" was measured at a
temperature as low as —85 °C, which is almost 30 times higher
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than that of the most active Au/Mn,0O; catalyst (<0.098 mol.q
h™l.g,,)."® Stability tests show the gold supported on MnO,
nanowire catalyst to be stable for up to 70 h at 25 °C under
normal conditions, which is even better than for the most active
Co;0, nanowire catalyst.” Detailed investigations reveal that
the high surface area, the preparation method, as well as the
presence of water molecules play important roles for the high
activity. Furthermore, the Au/MnO, was also investigated in
propene oxidation, and it proves to be very active and stable at
rather low temperature (260 °C). These results show that the
support effect is also very important in this reaction, which
could provide new ideas for designing highly active catalysts.

2. EXPERIMENTAL SECTION

2.1. Catalyst Preparation. 2.1.1. Preparation of Man-
ganese Oxide Support. a-MnO, nanowires were prepared by
modifying the established procedures.” For a typical synthesis,
2.25 g of MnSO,-H,O and 1.40 g of KMnO, were dissolved in
160 mL of distilled water at room temperature to form a
homogeneous solution, which was then transferred into a 200
mL Teflon-lined stainless steel autoclave, sealed, and
maintained at 160 °C for 12 h. The product was collected by
filtration, washed with distilled water and ethanol, and finally
dried in a 50 °C oven.

Highly ordered mesoporous -MnO, was prepared by the
nanocasting method with mesoporous silica SBA-15 as a hard
template.”*> The Mn(NO,),-4H,0 precursor was incorpo-
rated in the channels of mesoporous silica via an evaporation
assisted impregnation process. >*% The mass ratio of precursor
to silica pore volume was fixed to 2 g-cm™. The subsequent
decomposition of the precursor was carried out in a muffle
oven at 380 °C for S h with a ramp rate of 1 °C-min”". Finally,
the mesoporous silica hard template was leached by hot NaOH
solution (2 M, 100 mL, and 70 °C).

B-MnO, nanorod samples were prepared by a similar
procedure to that used for the synthesis of @-MnO, nanowires.
For a typical synthesis, 0.68 g of MnSO,-H,O and 1.31 g of
(NH,),S,05 were dissolved in 160 mL of distilled water at
room temperature to form a homogeneous solution, which was
then transferred into a 200 mL Teflon-lined stainless steel
autoclave, sealed, and maintained at 140 °C for 12 h. The
subsequent steps were identical to those described for the
synthesis of the a-MnO, nanowires.

Mn,0; was prepared by thermal decomposition of MnCO;
(Sigma-Aldrich) at S00 °C for S h under air with a ramp of 1
°C-min~"

2.1.2. Preparation of Au-Manganese Oxide Catalysts via
the Colloidal Deposition Method.’’ In a typical preparation,
the protecting agent PVA (poly vinyl alcohol, M,, = 1000,
Aldrich, 80% hydrolyzed) was added to a 100 mg-L™" aqueous
HAuCl, solution (Au/PVA 1.5/1 mgmg') at room
temperature under vigorous stirring. The obtained solution
was then left under stirring for 10 min. Subsequent rapid
injection of an aqueous solution of NaBH, (0.1 mol-L7},
Aldrich, 97%, Au/NaBH, = 1/5 mol-mol™) led to formation of
a dark orange-brown solution, indicating the formation of gold
sol. The manganese oxide supports were then added to the
colloidal gold solution under stirring and kept in contact for 3—
S h. The gold content was adjusted to reach a loading of
approximately 1 wt % if total adsorption occurred. All steps
were carried out under exclusion of light, and Millipore water
was used. The products were collected by centrifugation and
washed thoroughly with Millipore water.
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2.1.3. Preparation of Au-Manganese Oxide Catalysts via
the Deposition Precipitation Method.”” In a typical
preparation (for about 1 wt % Au loading), 1.0 g of support
powder was suspended in 100 mL of Millipore water. 0.205 mL
of 0.25 mol/L HAuCl, aqueous solution and 0.308 g of urea
were then added to the solution under stirring at room
temperature. After that, the solution was heated to 90 °C and
kept for 4 h under stirring. The products were collected by
centrifugation and washed thoroughly with deionized water and
dried in a 50 °C oven overnight before calcination at 300 °C for
4 h in air with a ramp rate of 1 °C-min”".

2.2. Characterization. The powder X-ray diffraction
(XRD) patterns were recorded on a Stoe 6— diffractometer
operating in reflection mode with Cu K, , radiation and with a
secondary graphite monochromator. The nitrogen adsorption—
desorption measurements were performed on a NOVA 4200e
instrument at 77 K. Prior to the measurements, all samples
were degassed under vacuum for at least 6 h at 150 °C. The
BET surface area was calculated from the data in a relative
pressure range from 0.05—0.20. By using the Barrett—Joyner—
Halenda (BJH) model, the pore volumes and pore size
distributions were derived from the adsorption branches of the
isotherms (normally desorption is recommended, but the
desorption branches could be influenced by the tensile strength
effect). High-resolution scanning electron microscope (HR-
SEM) images and scanning transmission electron microscope
(STEM) images were taken on a Hitachi S-5500 ultrahigh-
resolution cold field emission scanning microscope with a
Thermo Scientific NORAN System 7 X-ray Microanalysis unit
at an acceleration voltage of 30 kV. STEM images were
recorded on a Hitachi HD-2700 dedicated scanning trans-
mission electron microscope operated at 200 kV equipped with
an EDAX Octane T Ultra W EDX detector. Transmission
electron microscopy (TEM) images were recorded with a
Hitachi H-7100 at an acceleration voltage of 100 kV and high-
resolution TEM with a Hitachi HF-2000 microscope equipped
with a cold field emission gun and a Noran energy dispersive X-
ray (EDX) unit at an acceleration voltage of 200 kV. X-ray
photoelectron spectroscopy (XPS) measurements were per-
formed with a Kratos His spectrometer with a hemispherical
analyzer. The monochromatized Al X-ray source (E = 1486.6
eV) was operated at 15 kV and 15 mA. For narrow scans, an
analyzer pass energy of 40 eV was applied. Hybrid mode was
used as lens mode. The base pressure in the analysis chamber
was 4 X 107 Torr. The binding energy scale was corrected for
surface charging by use of the C 1s peak of contaminant carbon
as reference at 285.0 eV. Temperature-programmed reduction
(TPR) experiments were performed with an in-house
constructed system, equipped with a thermal conductivity
detector (TCD) to measure H, consumption. A 30 mg sample
was reduced with a 4.5 vol % H,/N, mixture (30 mL-min™") by
heating up to 800 °C at a ramp rate of 10 °C-min”".

In situ Raman measurements were carried out with a 785 nm
laser and a power of 15—29 mW with a Kaiser Optical Systems
Inc. Raman spectrometer. The sample was placed in an in situ
cell (Linkam 600) that could be heated to 500 °C and cooled
to —100 °C. The sample was activated by heating to 300 °C
with synthetic air (20 vol % O, and 80 vol % N, gas mixture) at
a gas flow rate of 100 mL-min~". After dwelling for 30 min at
that temperature, the sample was cooled to room temperature.
Raman spectra were measured prior to activation, during heat
treatment and after heat treatment.

DOI: 10.1021/jacs.6b04251
J. Am. Chem. Soc. 2016, 138, 9572—9580


http://dx.doi.org/10.1021/jacs.6b04251

Journal of the American Chemical Society

Fourier transform infrared (FTIR) spectra were measured in
a diffuse reflectance cell (Harrick system) equipped with CaF,
windows on a Nicolet Magna 560 FTIR spectrometer using a
mercury—cadmium—telluride (MCT)/A detector. After pre-
treatment of the catalysts (15 mg) in a gas flow of 1 vol % CO,
20 vol % O,, and 79 vol % He (30 mL-min~") at 300 °C for 30
min, the reaction cell was cooled to —50, +20, or +100 °C in
the N, stream. Then a background spectrum was collected via
256 scans at 4 cm ™' resolution. The catalyst was exposed to 1
vol % CO, 20 vol % O,, and 79 vol % He (30 mL-min™"), and
diffuse reflectance Fourier transform (DRIFT) spectra were
obtained by subtracting the background spectrum from
subsequent spectra. DRIFT spectra during the pretreatment
were also recorded by subtracting the background spectrum
recorded at 25 °C under N, flow to monitor the activation
process.

2.3. Catalytic Testing. The catalytic activity of catalysts for
CO oxidation were measured in a plug flow reactor by use of
defined amounts of catalyst (50 mg of catalyst, weight hour
space velocity WHSV = 80 000 mL-h~"-g.,, ") in a gas mixture
of 1 vol % CO, 20 vol % O,, and 79 vol % He (Air Liquid,
99.997% purity, H,O content ~3 ppm) at a flow rate of 67 mL-
min % Catalysts were pressed, crushed, and sieved to the 250—
500 pm size range and diluted with 200 mg of quartz sand; in
the reactor the mixture was supported on a glass wool plug.
The operation temperature was controlled with a thermocouple
and could be adjusted in the range of —100 to +400 °C.
Temperatures measured during the catalytic tests are always
referred to the value measured with a second thermocouple
placed in the catalyst bed. Before measurement, the catalysts
were first pretreated in situ in the reaction gas at 300 °C for 30
min. For the experiments under dry conditions, the entire feed
passed through a molecular sieve trap cooled to —78 °C (2-
propanol/dry ice bath) before going into the reactor.

For a typical light-off run, in which the temperature was
ramped, the reactor with catalyst was cooled to —100 °C prior
to each experiment under a flow of He gas, which was then
replaced by the reaction gas, after the base temperature had
been reached. Then, the temperature was ramped with a rate of
2 °C'min~"! to the final temperature. The concentrations of
CO, and CO were analyzed at the outlet of the reactor with
nondispersive IR spectroscopy on two URAS 3E analyzers
(Hartmann and Braun). Kinetic measurements were performed
under differential conditions, with typically 5 mg of catalyst.
Operation conditions: 100 mL-min~"; WHSV = 1200 000 mL-
h™'g, ™", 1 vol % CO, 20 vol % O, and He balance. The
catalysts were pretreated in the reaction gas at 300 °C for 30
min and then cooled to the desired temperature with CO
conversion below 15% and stabilized for 1 h. For measurement
under dry conditions, the feed gas was passed through a
molecular sieve trap cooled to —78 °C (2-propanol/dry ice
bath) before going into the reactor.

For a typical steady-state experiment, 200 mg of catalyst was
pretreated in the reaction gas at 300 °C for 30 min, then the
system was cooled to +25 or =77 °C under He flow. The gas
flow was then switched to the reaction gas with a flow rate of 50
mL-min™" (WHSV = 15000 mL-h~"-g_, ™). The activity was
recorded during the whole catalytic experiment.

The titration experiments were carried out in the same
reactor in which the CO oxidation activities were tested, using
50 mg of catalyst. The catalysts were pretreated in the reaction
gas (1 vol % CO, 20 vol % O,, and 79 vol % He) at 300 °C for
10 min. Then the gas was switched to He to remove the O, gas
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from the reactor. After the reactor was cooled to the desired
temperature and kept there for 10 min, the catalysts were
exposed to a stream of 1% CO in N, (from Air Liquide,
99.997% purity, H,O content ~3 ppm) at a flow rate of 67 mL-
min~'. Online analysis was performed with nondispersive TR
analyzers (URSA 3E), that allowed detection of CO and CO,
in a nitrogen carrier gas without interference problems.

The propene oxidation activity of Au/a-MnO,(NW) was
measured in a plug flow reactor by use of defined amounts of
catalyst (15 mg of catalyst, space velocity WHSV = 60 000 mL-
h™g, ") in a gas mixture of 1 vol % C;H,, 20 vol % O,, and
79 vol % N, at a flow rate of 15 mL-min~". Catalysts were
pressed, crushed, and sieved to the 250—500 um size range.
Before measurement, the catalysts were first activated in situ in
the reaction gas at 300 °C for 30 min. The concentrations of
C;Hg were analyzed at the outlet of the reactor by Fourier
transform infrared (FTIR) spectroscopy, using a Thermo
Electron Nicolet Avatar 370.

3. RESULTS AND DISCUSSION

The wide-angle XRD pattern of the hydrothermally synthesized
a-MnO, nanowires (Figure la) confirms the phase purity of
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Figure 1. Wide-angle and low-angle (inset) XRD patterns of (a) a-
MnO,(NW) prepared by hydrothermal method, (b) Au/a-
MnO,(NW), (c) f-MnO,(meso) nanocast from SBA-15, (d) Au/p-
MnO,(meso), (e) SBA-15 template, and (f) mesoporous -MnO,.

MnO, (@-MnO,, PDF2 entry 44-0141). In contrast, use of the
nanocasting method leads to the formation of the -MnO,
phase (PDF2 entry 24-0735) (Figure 1c). The low-angle XRD
pattern (Figure 1f) of the mesoporous f-MnO, replica shows
three well-resolved reflections, which can be indexed as (10),
(11), and (20) reflections, consistent with the p6m symmetry
characteristic for the two-dimensional hexagonal structure. The
low angle diffraction peaks of S-MnO, are similar to that of
SBA-15 (Figure le), indicating good replication of the
template. The gold supported on MnO, is difficult to detect
by XRD due to the low loading (Figure 1b,d).

TEM and bright field HR-STEM images (Figure Sla, c) of
hydrothermally synthesized a-MnO, show a uniform nanowire
morphology with diameters between 12—25 nm and lengths on
the micrometer scale. All nanowires are grown with their main
axis along the (100) direction. After loading with GNPs, the
HR-SEM and dark field STEM images (Figure 2a,b) of the Au/

DOI: 10.1021/jacs.6b04251
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Figure 2. (a) Dark field HR-SEM, (b) dark field HR-STEM, and (c) bright field HR-STEM images of Au/a-MnO,(NW) prepared by the
hydrothermal method; (d) HR-SEM and (e, f) HR-TEM images of Au/f-MnO,(meso) prepared by the nanocasting method; the insets in (b) and

(e) are size distributions of supported gold nanoparticles.
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Figure 3. Temperature dependence of the activity for CO oxidation for (a) Au/a-MnO,(NW) and (b) Au/f-MnO,(meso). Operation conditions:
50 mg catalyst, 67 mL-min~'; WHSV = 80 000 mL-h™"-g.,;™", 1 vol % CO, 20 vol % O, and 79 vol % He. The catalysts were pretreated in the
reaction gas at 300 °C for 30 min. (c) the catalytic stability of Au/a-MnO,(NW) at +25 and —77 °C. Operation conditions: 200 mg catalyst, SO mL-
min~'; WHSV = 15000 mL-h™"-g.,~". The catalysts were pretreated in the reaction gas at 300 °C for 30 min. For measurement under dry
conditions, the feed gas was passed through a molecular sieve trap cooled to —78 °C (2-propanol/dry ice bath) before going into the reactor.

a-MnO,(NW) show highly dispersed small GNPs supported
on the surface of @-MnO, nanowires. The particle size of GNPs
ranges from 1 to 3 nm with an average size of about 1.9 nm.
These values are quite similar to our previous reports'’ and
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further prove the reproducibility of the colloidal deposition
method. The bright field HR-STEM (Figure 2c) image clearly
reveals the crystalline nature of both the nanowires and the
GNPs. The contact between the GNPs and the a-MnO,

DOI: 10.1021/jacs.6b04251
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nanowires appears to be very good, even immediately after
deposition without a thermal treatment step. For mesoporous
f-MnO,, the TEM image (Figure S1b) shows a rod-like
morphology, which is replicated from the SBA-1S template.
After gold loading, the HR-SEM and TEM images (Figure
2d,e) of the Au/f-MnO,(meso) show highly dispersed and
small crystallites of gold with an average size of ca. 2.7 nm. This
value is very close to that of Au/a-MnO,(NW), indicating that
the colloidal deposition method can eliminate the effect of the
support to some extent. The HR-TEM image (Figure 2f) of
Au/f-MnO,(meso) clearly shows randomly oriented lattice
fringes of the MnO, support, suggesting that the nanocast
MnO, material has a highly crystalline structure. Most of the
gold nanoparticles seem to be embedded in the pores of the
MnO,, indicating a good contact between the GNPs and the
support. Nitrogen sorption data (not shown) evaluated by the
Brunauer—Emmett—Teller (BET) method reveal specific
surface areas of @-MnQO, nanowires and mesoporous f-MnO,
of 45 and 61 m*g ™, respectively (Table S1). These values are
relatively high, if the high density of the oxides and the low
amount of micropores are taken into account. After gold
loading, the surface areas decrease to 40 and 50 m*g ™", which is
still much higher than the specific surface areas of commercial
manganese oxides (Table S1).

The catalytic activities of the catalysts for CO oxidation were
measured in a plug flow reactor using a gas mixture of 1 vol %
CO, 20 vol % O,, and 79 vol % He. The results are shown in
Figure 3 and summarized in Table S1. Surprisingly, both Au/a-
MnO,(NW) and Au/f-MnO,(meso) show extremely high
activities at low temperatures. The Au/a-MnO,(NW) catalyst
under normal conditions (with about 3 ppm of H,O) at a space
velocity of 80000 mL-h™"-g. ™" shows a CO conversion of
around 37% at —90 °C (Figure 3a). With increasing
temperature the CO conversion increases rapidly to 90%
below —60 °C, and slowly reaches 100% CO conversion at
around —34 °C. 50% CO conversion (Ts,) is achieved at a
temperature of —83 °C. Interestingly, the CO conversion
slightly drops at about —8 °C and reaches a minimum at 24 °C
with a CO conversion of 96%. Then the CO conversion again
increases to 100% at around 48 °C. This “U-shaped” curve has
been observed for several times in other systems,®'”*°
indicating negative apparent activation energies, which had
been attributed to the influence of water. However, this
phenomenon had not been reported for Au/MnO, catalysts.
Under dry conditions (H,O below 1 ppm), the Au/a-
MnO,(NW) catalyst shows a similar activity at low temper-
atures with T, around —84 °C. However, the minimum of the
“U-shaped” curve shifts slightly to higher temperatures with a
turning point at 77 °C and 71% CO conversion. These results
further confirm the conclusion that moisture could enhance the
catalytic activity of gold catalysts at around room temper-
ature.”””® The temperature dependence of CO conversion
using Au/-MnO,(meso) catalyst is given in Figure 3b. Under
normal conditions, a “U-shaped” curve similar to that of Au/a-
MnO,(NW) catalyst is observed. A Tsy of =73 °C and a
turning point around 84 °C with a CO conversion of 84% are
achieved. However, under dry conditions, this “U-shaped”
curve is not observed and a Ts, of—85 °C is observed. This may
be due to the higher activity of this catalyst under dry
conditions.

Light-off curves measured under transient conditions may
give misleading results if steady states are reached slowly.
Therefore, activity tests under stationary conditions for a Au/a-
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MnO,(NW) catalyst were performed at different temperatures.
Figure 3c shows the catalytic stability of Au/a-MnO,(NW) at
25 °C (black square) with a space velocity of 15000 mL-h™"
g - under normal conditions. This experiment reveals very
high stability: Deactivation does not start before ~70 h, and
even after 90 h the CO conversion is still higher than 80%. This
stability is significantly better than that of the most active
Co;0, nanorod catalyst.” At—77 °C, no obvious deactivation
was visible during the first 3 h of operation. After this, the CO
conversion decreased slowly to 75% within 24 h. After that, the
temperature increased from —77 to —50 °C within another 20
h with the sublimation of the dry ice in the thermostatic bath
and the CO conversion increases back to 100% and remains
stable for more than 20 h. No further deactivation was observed
within 58 h. Even under steady-state conditions at —77 °C, the
specific rate still exceeds 0.45 molcoh™'-gy, ", almost four
times higher than that observed for the most active Au/Mn,O;
catalyst reported in the literature.'® Overall, the results of the
steady-state analysis confirmed the high activity of Au/a-
MnO,(NW) catalyst for low-temperature CO oxidation.

The apparent activation energies of CO oxidation over
various Au/MnO, catalysts both under normal and dry gas
conditions are shown in Figure 4 (determined at differential

5.5- - Au/a-,\inOz(N\\')
Au/a-MnO (NW)-dry
° Au/B—MnO:(mcso)
-6.0 Au/B-MnO (meso)-dry
2, =365 KkJ-mol’ i
-6.5 1 !
2 E, =41.5kJ-mol
8
-7.0 4
-7.5 1 E =283 kJ mol’
E =41.2 kJ-mol'
-8.0 4

0.0028 0.0029 0.0030 0.0031 0.0032 0.0033 0.0034
T

Figure 4. Arrhenius plots and crossponding activation energy (E,) of
Au/a-MnO,(NW) and Au/f-MnO,(meso). Operation conditions: S
mg catalyst, 100 mL-min~"; WHSV = 1200 000 mL-h™"-g_,. ™", 1 vol %
CO, 20 vol % O, and He balance. The catalysts were pretreated in the
reaction gas at 300 °C for 30 min and then cooled down to desired
temperature with CO conversion below 15% and stabilized for 1 h. For
measurement under dry conditions, the feed gas was passed through a
molecular sieve trap cooled to —78 °C (2-propanol/dry ice bath)
before going into the reactor.

CO conversion below 15%, therefore the slightly different
temperature ranges for the different catalysts). Au/a-
MnO,(NW) under normal conditions shows an apparent
activation energy of 28 kJ-mol™". Under dry conditions, the
apparent activation energy is 41 kJ-mol ™", suggesting a positive
influence of water. Au/f-MnO,(meso) shows an almost
identical apparent activation energy of 42 kJ-mol™" as that of
Au/a-MnO,(NW) measured under dry conditions. Consider-
ing the lower gold loading amount, the Au/f-MnO,(meso)
catalyst has a somewhat higher catalytic activity, corresponding
very well with the light-off results. Under normal condition,
Au/f-MnO,(meso) shows an apparent activation energy of 37
kJ-mol ™"
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Generally, MnO, is neither considered a good catalyst in
itself nor a good support for low-temperature CO oxidation
catalysts.'”*” The best Au-manganese oxide catalyst for low-
temperature CO oxidation reported so far is Au/Mn,0; (Au
loading 4.9 wt %), which shows a Ts, of ~— 63 °C at a space
velocity of 60 000 mL-h_l-gcat_l.16 In order to understand the
origin of the unexpectedly high activity of the Au-MnO,
system, the materials were characterized systematically. The
surface compositions and the chemical states of the catalysts
were analyzed by XPS (Figure 5).
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Figure 5. Mn 2p XPS-spectra of (a) Au/a-MnO,(NW) and (b) Au/p-
MnO,(meso).

The evaluation of the Mn 2p narrow scans allows the
assignment of the oxidation state of Mn.**** Generally, Mn 3s
also should be considered,® however, in our cases, the Au 4f
signal overlaps with the Mn 3s. Au/a-MnO,(NW) shows a
broad peak at 638—648 eV, which can be assigned to a mixed
oxidation state of Mn*" and Mn*', indicating that the surface
manganese species are partially reduced during the catalyst
preparation process by the excess of NaBH,. Also the presence
of Mn* cannot be excluded. For Au/f-MnO,(meso), only
Mn?* was detected on the catalyst surface. Au 4f XPS results
reveal that the Au oxidation state for both catalysts is Au’. The
XPS results suggest that the surface manganese species were at
least partially reduced, which may lead to formation of Mn*"/
Mn?**/?* redox couples on the catalysts surface and therefore
promote the catalytic activity of these catalysts for CO
oxidation.

It is known that the adsorption and activation of molecular
oxygen are important steps which govern the activity of gold
catalysts for CO oxidation. The formation of adsorbed reactive
oxygen species, such as superoxide ions (O®7), might be
correlated to the presence of surface oxygen vacancies on the
metal oxide support or at the metal—support interface.
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Therefore, CO titration experiments in the absence of oxygen
(1 vol % CO in N,) were performed. This allows us to assess
the extent of the supply of oxygen stored on the catalysts.
Figure 6 shows the transient response of the CO, and CO
evolution over pretreated
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Figure 6. CO, response in the CO titration experiments of the
pretreated (1 vol % CO, 20 vol % O,, and 79 vol % He) Au/a-
MnO,(NW) (a) and Au/B-MnO,(meso) (b) catalysts at temperatures
of =50, =20, +30, and +100 °C. All the above experiments were
carried out under normal conditions. Catalyst, 50 mg; reaction gas, 1
vol % CO in N,; flow rate, 67 mL-min™".

Au/a-MnO,(NW) and Au/f-MnO,(meso) catalysts at
different temperatures. For Au/a-MnO,(NW), the ability to
provide reactive oxygen is rather high at low-temperature (—50
°C). High CO, evolution with a maximum (CO, concentration
0.11%) at 101 s after exposure to CO is observed. The initial
CO, response is indicative for a fast reaction, proceeding via
rapid adsorption of CO, followed by the reaction of CO with
the reactive oxygen on the catalyst surface. It is noticed that,
even after 1200 s, substantial amounts of CO, were still
produced. At—20 °C, a CO, response maximum was observed
after 79 s with an even higher CO, concentration (0.14%) than
that observed at —50 °C. The CO, evolution decreased
gradually to the same level observed at —50 °C after 1200 s. At
30 and 100 °C, the CO, concentration peaked both after 67 s
with CO, concentrations of 0.23% and 0.37%, respectively. CO
titration results of Au/f-MnO,(meso) show a similar trend and
CO, evolution level. However, the oxygen consumption
normalized to surface area (Table S2) shows much higher
values for Au/a-MnO,(NW) than for Au/f-MnO,(meso) at
—50, —20, and +30 °C, suggesting the Au/a-MnO,(NW)
contains more reactive oxygen per unit surface area at low
temperatures. This corresponds well to the activation energy
results calculated from the Arrhenius plots.

In situ Raman spectroscopy was used to detect possible
reactive oxygen species on the catalyst surface, the results are
shown in Figure S2. At room temperature, prior to heat
treatment, only bands at 635, 577, and 467 cm™! were observed
for Au/a-MnO,(NW), which are assigned to the stretching
mode at metal—oxygen chains in @-MnO,.** After heat
treatment, the bands at 635 and 577 cm™! were shifted to
641 and 581 cm ™, respectively, but no additional Raman bands
could be observed. Hence, no features of peroxide or
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superoxide, which are expected at about 1123 and 883
cm™!,*3¢ were observed both before and after heat treatment
under air atmosphere for this sample. In contrast, for Au/f-
MnO,(meso), next to the Raman bands at 651, 573, and 467
cm™), due to metal—oxygen stretching vibrations, weak bands at
1171 and 754 cm™" were observed, of which the former may be
assigned to superoxide species. However, the intensity of the
possible superoxide species is too poor to be reliably
distinguished from the noise. Therefore, peroxide and/or
superoxide species are most likely not the origin of the
unexpectedly high activity.

Bongiorno et al.”” found that water molecules can enhance
the catalytic activity of supported gold catalysts for CO
oxidation. In situ DRIFT spectroscopy (Figure S3) was used to
detect possible water, CO, and CO, species adsorbed on the
surfaces of Au/a-MnO,(NW) catalysts at different temper-
atures. However, the spectra under simulated reaction
conditions at different temperatures only reveal the character-
istic gas-phase bands of CO at 2111 and 2173 cm™" and CO, at
2335 and 2363 cm™, no adsorbed CO and CO, were detected.
Thus, no additional information on surface species could be
inferred from the in situ DRIFT results.

Results obtained by H,-TPR experiments are presented in
Figure 7. Three typical peaks can be observed for all Au-MnO,

—=—4-MnO,(NW)
— Au/a-MnOz(NW)
—*—_[I—Mnoz(meso)

—— Au/ﬁ-MnOz(meso)

392°C

348 °C

463 °C

H, consumption (a. u.)

Tl
600 700 800

T T T
300 400

Temperature (°C)
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Figure 7. H,-TPR profile of a-MnO,(NW), Au/a-MnO,(NW), f-

MnO,(meso), and Au/f-MnO,(meso). Operation conditions: 30 mg

sample; gas flow: 30 mL-min~" (4.5 vol % H, in N,); ramp rate: 10 °C-
o1

min~".

catalysts. The sharp signal around 271 °C observed for Au/a-
MnO,(NW) can be attributed to the reduction of MnO, to
Mn;0,. It is much lower than that at 392 °C of pure a-MnO,
nanowires, indicating that the GNPs promote the reduction of
MnO,. The second broad peak around 380 °C is attributed to
the consecutive reduction of Mn;0, to MnO. Moreover, a third
broad shoulder can be observed at above 400 °C, which can be
attributed to a further reduction of MnO to other manganese
oxide species. The reduction peaks observed for Au/p-
MnO,(meso) are also appearing at much lower temperatures
than those of pure mesoporous -MnO,.

It has been demonstrated that the support has a substantial
effect on the activity of the catalysts in CO oxidation.””*® The
oxygen availability from the support, the interactions between
the support and GNPs, the oxygen species, and many other
factors are essential for the catalytic activities. In order to
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understand the influence of support and catalyst preparation
methods in more detail, a series of gold catalysts with various
manganese oxides as support was prepared by colloidal
deposition (CD) or by deposition precipitation (DP) methods
(Table S1). f-MnO, nanorods with a surface area of 14 m*g™"
were prepared by the hydrothermal method (Figure S4). The
Au/p-MnO,(NR) catalyst shows a gold particle size of 1.95 nm,
similar to that of the Au/f-MnO,(meso) catalyst (Figure SS).
The CO oxidation results shows a Ty, of —36 °C, which is
substantially higher than that of Au/#-MnO,(meso), indicating
that the surface area of the support could influence the catalytic
activity. Commercial manganese oxides (MnO,, Mn,0;, and
Mn;0,) with low surface areas were also used as supports of
GNPs. They all show poor catalytic activity compared to the
high surface area materials used in this work (Figure S6—9,
Table S1). DP is another very important method to prepare
GNPs with small size. Cao and co-workers'® used the DP
method to prepare Au/Mn,O; catalyst, which show high
activity for CO oxidation at low temperatures. To understand
the influence of the GNPs loading method, we prepared Au/a-
MnO,(NW)-DP catalysts by the DP method. No GNPs are
observed in the TEM images (Figure S10), and XRD shows the
presence of large Au particles. This indicates that the DP
method is not suitable for a successful loading of GNPs on high
surface area MnO, catalyst. The CO oxidation results of this
Au/a-MnO,(NW)-DP catalyst shows a Ty, of 175 °C under
normal conditions, which is much higher than that of Au/a-
MnO,(NW). However, the CO oxidation activity of the Au/
Mn,0;-DP catalyst prepared by the DP method is much higher
(Tso of =25 °C, Figure S11, 12). Considering the relatively low
gold content, this activity is comparable with the literature
value,"” suggesting that the CO oxidation results measured on
different devices in different groups are comparable. An Au/
Mn,O; catalyst was also prepared by the CD method. TEM
images show a gold particle size of 2.37 nm (Figure S13) and
further prove the reproducibility of the GNP synthesis by the
CD method. However, the Ty is as high as 64 °C (Figure S14
and Table S1), substantially higher than that of Au/a-
MnO,(NW) and Au/Mn,0;-DP, but still better than that of
most of the catalysts supported on commercial oxides. These
results suggest that not only the surface area of the support
might influence the catalytic activity of gold catalyst, but also
the catalyst preparation method. Higher surface areas normally
result in better catalytic activity; by using the CD method,
highly active catalysts can be prepared with both a- and p-
MnO, as supports, whereas the DP method is only suitable for
the preparation of active Mn,03, probably because in the DP
method, no surface reduction of the MnO, takes place due to
the absence of NaBH, (Figure S15).

The system Au/a-MnO,(NW) was also examined for the
oxidation of propene, one of the components in automotive
exhaust gas (Figure 8). The conversion of propene reached
~100% at 280 °C at a space velocity of 60000 mL-h™"-g_,~".
Considering the higher space velocity and lower Au loading
amount, this result is at least comparable with the most active
gold catalyst usually used for this reaction (catalyst: 4.5 wt %
Au/CeO,/ALOs; reaction gas: CyHs/O,/He = 0.4/3.6/96;
WHSV = 9 000 mL-h™'-g,~"; the 95% C,Hg conversion
temperature is 224 °C).”” Furthermore, this catalyst also shows
a very high stability at constant conditions; no obvious
deactivation was observed within 15 h at 260 °C with a
propene conversion around 96%.
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Figure 8. (a) Temperature dependence and (b) the catalytic stability
at 260 °C of Au/a-MnO,(NW) catalyst for propene oxidation.
Operation conditions: 15 mg catalyst, 15 mL-min~"; WHSV = 60 000
mLh™g 7", 1 vol % C;3H, 20 vol % O, and N, balance. The catalysts
were pretreated in the reaction gas at 300 °C for 30 min.

4. CONCLUSION

A series of different gold/manganese oxide catalysts were
studied for their activity in CO oxidation. Particularly, we have
synthesized gold catalysts by the colloidal deposition method
on both hydrothermally derived a-MnO, nanowires and
nanocast highly ordered mesoporous #-MnO, nanowire arrays.
Both materials have uniform particle crystallinity, high surface
areas and similar gold particle sizes. These gold catalysts show
unexpectedly high activity in CO oxidation at ultralow-
temperature (below —80 °C) and very good stability at 25
°C (>70 h) under normal conditions, as well as in low
temperature propene oxidation (260 °C). A series of control
experiments with various manganese oxides and different gold
loading methods allowed the investigation of the influence of
support effects and the preparation method. The results reveal
that the high surface area of the manganese dioxide supports is
beneficial for preparing high performance catalyst. The colloidal
deposition method is the method of choice for the synthesis of
highly active gold catalysts with MnO, as support, whereas
deposition precipitation is more suitable for Mn,0O;.
Furthermore, on the basis of extensive catalyst characterization
under both in situ and ex situ (after use) conditions, we
identified the reduction of surface Mn** during catalyst
preparation, and adsorption of H,O molecules on the surface
of the catalyst as the origin of the high catalytic activity.
However, also other factors, such as differences in defect
concentration and types of defects for different supports and
synthesis pathways may also contribute to activity differences.
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