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ABSTRACT: Atomically precise Au25 nanoclusters have garnered significant
interest in the field of heterogeneous catalysis due to their remarkable activity
and selectivity. However, for the extensively studied reaction of low-
temperature CO oxidation, their performance has not been competitive
compared to other known gold nanocatalysts. To address this, we deposited
Au25(SR)18 (R = CH2CH2Ph) nanoclusters onto a manganese oxide support
(Au25/MnO2), resulting in a very stable and highly active catalyst. By
optimizing the pretreatment temperature, we were able to significantly
enhance the performance of the Au25/MnO2 catalyst, which outperformed
most other gold catalysts. Impressively, 100% conversion of CO was
achieved at temperatures as low as −50 °C, with 50% conversion being
reached below −70 °C. Furthermore, the existence of ligands could also
influence the negative apparent activation energy observed at intermediate
temperatures. Analysis using X-ray photoelectron spectroscopy (XPS), scanning transmission electron microscopy (STEM), and X-
ray diffraction (XRD) techniques indicated that the Au25 nanoclusters remained stable on the catalyst surface even after pretreatment
at high temperatures. In-situ modulation excitation spectroscopy (MES) spectra also confirmed that the Au cluster was the active site
for CO oxidation, highlighting the potential of atomically precise Au25 nanoclusters as primary active sites at very low temperatures.

1. INTRODUCTION
Understanding the correlation between the structure and the
catalytic properties of heterogeneous catalysts is crucial but
challenging due to multiple relevant factors such as geometric
and electronic structures as well as surface ligands.1−4 Metal
nanoparticles supported on oxide or nonoxide substrates can
have diverse active sites due to heterogeneity in size, shape,
and composition.5 Nanoparticles typically have a broad size
distribution, ranging from a few nanometers to tens of
nanometers, including small nanoclusters and even single
atoms.6−9 Variations in structure, such as core−shell and alloy
cluster-in-cluster, and electronic structure can also affect
catalytic activity.5,10−13 Purifying nanoparticles and applying
precise nanostructures as catalysts facilitate the understanding
of the mechanism of the catalytic reaction at the atomic level.14

The development of ligand-protected Au nanoclusters offers a
promising route for exploring the relationship between
structure and mechanism in nanocatalysts.15−18

Recently, various well-defined nanoclusters have been
synthesized and utilized for heterogeneous catalysis,16 with a
particular focus on ligand-protected Au nanoclusters.17−29

These gold clusters are made up of precise number of gold
atoms and ligands (Aun(SR)m) and exhibit molecule-like
properties, such as HOMO−LUMO gap, redox potential,
and chirality.30−34 These properties enable researchers to

investigate the atomic-level catalytic mechanism of nano-
catalysts.14 Ligand-protected Au clusters have shown great
potential in catalytic applications, including thermal, photo-
catalytic, and electrocatalytic reactions.1,18,35−41 Both the Au
atoms and the ligands play crucial roles in catalytic activity and
selectivity. By carefully tuning the nanocluster structures, such
as partially removing the ligands, catalytic activity and
selectivity can be significantly improved compared to other
catalysts.18,25,29

For CO oxidation it has been reported that Au nanoclusters,
especially the Au25 nanocluster, are active at low temperatures
when supported on CeO2 and TiO2 nanorods.

14,15,18 However,
their activity cannot compete with that of other gold
nanoparticle catalysts.6,7,42−45 While complete conversion of
CO over Au25 nanoclusters supported on CeO2 or TiO2
nanorods occurs at around 100 °C,14,15 other Au nanoparticle
catalysts can achieve complete conversion at much lower
temperatures, even below 0 °C under similar or harsher
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reaction conditions.6,7,42,44,45 This may indicate that the Au25
nanocluster is not the primary active site for low-temperature
CO oxidation. Besides being a model reaction to study the
reaction mechanism,18 low-temperature catalytic CO con-
version is also of importance in practical applications,15 like
exhaust gas control7,42,44 and CO removal from H2 gas.

46

Here we have prepared a series of Au25 nanocluster catalysts
supported on manganese oxides (MnO2), which exhibited a
remarkably high catalytic activity for CO oxidation at
temperatures below 0 °C. The conversion of CO can reach
100% at temperatures as low as −50 °C, and the specific
reaction rate of 1.52 molCO h−1 gAu−1 was measured at −70 °C.
The stability test showed the Au25/MnO2-PT250 catalyst did
not decrease in activity over 10 cycles. Moreover, a negative
apparent activation energy was observed for the first time for
atomically precise gold nanoclusters. The Au25 clusters are
highly stable and maintain their electronic features on the
MnO2 support even after pretreatment at 250 °C. In-situ MES
studies confirmed the adsorption of CO on the Au clusters and
its involvement in catalytic oxidation. These results indicate
that Au25 can be the primary active site for low-temperature
CO oxidation.

2. EXPERIMENTAL SECTION
2.1. Materials Synthesis. Au25(SR)18 (SR = SCH2CH2Ph)

nanoclusters were prepared following a method reported elsewhere.47

The Au25(SR)18 nanoclusters were confirmed by UV−vis spectrosco-
py and matrix-assisted laser desorption ionization (MALDI) mass
spectrometry (Figure S2). The structure of Au25(SR)18 has been
reported in previous work.48

The α-MnO2 nanowires were synthesized by a hydrothermal
method.44,49 Typically, 2.25 g of MnSO4·H2O and 1.40 g of KMnO4
were added to 160 mL of deionized water under vigorous stirring at
room temperature. After a homogeneous solution was formed, the
solution was transferred into a Teflon-lined stainless steel autoclave
and maintained at 160 °C for 12 h. After that, the solid was collected
by filtration, washed with deionized water and ethanol, and finally
dried at 50 °C overnight.
For preparation of the Au25(SR)18 supported on MnO2 sample, 200

mg of MnO2 was dispersed in 10 mL of toluene with vigorous stirring.
2 mg of Au25(SR)18 dissolved in 15 mL of toluene was added
dropwise to the MnO2 suspension with stirring (resulting in 0.66 wt %
Au). After 1 h, the suspension was transferred to a flask and heated to
50 °C for 1 h. Then the solid material was dried with a rotary
evaporator at 35 °C. The residue was dried under vacuum overnight
to get the Au25/MnO2 material, denoted as Au25/MnO2-noPT. The
Au25/MnO2-noPT was pretreated with reactant gases at different
temperatures for 30 min to prepare the samples Au25/MnO2-PT150,
Au25/MnO2-PT200, Au25/MnO2-PT250, Au25/MnO2-PT300, and
Au25/MnO2-PT350, where the number after “PT” (pretreatment)
indicates the pretreatment temperature.
2.2. Characterization. DRIFT spectra were measured on a

Bruker Equinox 55 FTIR spectrometer equipped with a liquid-
nitrogen-cooled MCT detector at a resolution of 8 cm−1 resolution.
Catalyst powder was placed in a home-built cell (volume = 67.4
μL).50 The inlet of the cell was connected to an automated 4-way
valve (VICI Valco). Before the catalytic reaction, the sample was
pretreated in situ by flowing reactant gas (1% CO and 10% O2 in He)
at different temperatures for 30 min. Modulation excitation
spectroscopy (MES) experiments were performed by periodically
switching between two different gas atmospheres according to the
following sequences:50 (i) for CO adsorption, 1% of CO in He and
pure He, and (ii) for CO oxidation, 1% of CO and 10% of O2 in He
and pure He. The flow rate was 30 mL min−1. The details of MES can
be found in the Supporting Information.
XPS measurements were performed using a Physical Electronics

Versa Probe III system with a hemispherical analyzer and

monochromated Al Kα X-ray source operated at 25 W. The energy
scale linearity was calibrated with Au 4f7/2 at 83.96 eV and Cu 2p3/2
932.62 eV (±0.1 eV). All data were measured at room temperature
with a pass energy of 55 eV, at a take off angle of 45° and angular
acceptance angle of ±20°. The base pressure during measurement was
5 × 10−7 Pa, and the X-ray beam size on the sample was ∼100 μm.
For the Au25/MnO2 data and MnO2 reference data shown here, the
samples were pressed into double-sided tape and were electrically
isolated during measurement. A low-energy dual beam charge
compensation system, using an argon ion gun and electron flood
gun, was used to mitigate the effects of charging. The data from pure
Au25(SR)18 clusters were obtained on a sample that was drop-cast on
graphite substrate and in electrical contact with the photoelectron
analyzer and measured with a pass energy of 26 eV. The energy scale
was referenced by setting the centroid of the C 1s peak (C−C
component,Figure S4) to the value observed in grounded Au25(SR)18
(284.8 ± 0.1 eV). Peak fitting was performed with the software
Multipak using symmetric Gaussian−Lorentzian line shapes and
Shirley background. Quantification was performed with PHI
sensitivity factors corrected for the analyzer’s transmission function.
Unless otherwise stated, all spectra from the samples (reference)
shown here are an average of four (two) spectra measured on
different areas of the pressed powder. Fitting was performed on raw
spectra, and results for peak positions and composition were averaged
over the measured areas.
UV−vis spectra were measured on a JASCO V-670 UV−vis−NIR

spectrophotometer. Matrix-assisted laser desorption ionization mass
spectrometry (MALDI-MS) was recorded on a Bruker Autoflex mass
spectrometer in a positive linear mode with a nitrogen laser at near-
threshold laser intensity. The matrix applied is trans-2-[3-(4-tert-
butylphenyl)-2-methyl-2-propenylidene]malononitrile. Powder XRD
was performed on a Philips diffractometer (X’pert Company) with
monochromated Cu Kα radiation (λ = 1.5406 Å).
Transmission electron microscopy (TEM) pictures were obtained

on a TEM-Tecnai G2 and Philips CM30 with an accelerating voltage
of 150 kV.
High-angle annular dark-field (HAADF) scanning transmission

electron microscopy (STEM) in combination with energy-dispersive
X-ray spectroscopy (EDS) was performed using a probe-aberration-
corrected FEI Titan Themis operated at 300 kV.
2.3. Catalytic Performance Test. CO was conducted in a plug-

flow temperature-controlled microreactor. The straight reactor tube
(4.5 mm inner diameter) was made of stainless steel. The flows of
inlet gases were controlled by mass-flow controllers. 50 or 10 mg of
the catalyst was loaded and fixed with quartz wool on both sides.
Before the reaction, the samples were subjected to in-situ pretreat-
ment with the reactant gases of 1% CO, 10% O2, and 79% He (30
mL/min) at a specific temperature (no pretreatment, 150, 200, 250,
300, and 350 °C) for 30 min. The temperature increased at a rate of
10 °C/min. Subsequently, the temperature was reduced to −70 °C in
He and kept stable for 10 min. Thereafter, a mixture of CO (1%) and
O2 (10%), balanced with He, was introduced into the catalyst at a
flow rate of 30 mL/min to initiate the reaction. After allowing the
reaction to stabilize for 5 min, the temperature was increased from
−70 to 160 °C at a rate of 1 °C/min. The CO concentrations of the
outlet gases were analyzed by an online gas chromatograph (SCION,
456-GC) with a thermal conductivity detector (TCD) and a
molecular sieve 5A column (SCION-Molsieve 5A). For the
experiments conducted in dry conditions, the entire reactant gas
passed through a molecular sieve trap cooled below −80 °C by a 2-
propanol/liquid nitrogen bath before going into the reactor.
For the long-term test of Au25/MnO2-PT250 at 250 °C, to keep the

CO conversion below 100%, the amount of sample was reduced to 10
mg, and the flow rate was increased to 100 mL/min (space velocity of
600 L gcat.−1 h−1). The temperature was increased from room
temperature to 250 °C with reactant gas to start the long-term test.
The recycle test of the Au25/MnO2-PT250 sample was performed

with a catalyst dose of 50 mg and a gas flow rate of 30 mL/min. The
temperature was increased from −70 to 250 °C. When the
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temperature reached 250 °C, the gas was switched to He and cooled
to −70 °C. Then the second run was started.

3. RESULTS AND DISCUSSION
3.1. Activity Study. It is well-known that the thiolate

ligands play a double-edged sword role in the catalytic activity,
meaning that CO oxidation can occur only when some of the
thiolate ligands are removed from the interface between the Au
nanoclusters and support.18 Therefore, we pretreated Au25/
MnO2 with the reactant gas at different temperatures to study
the influence of pretreatment temperature on their catalytic
activity. Figure 1a shows the light-off curves for the oxidation
of CO over the series of Au25/MnO2 catalysts. The
pretreatment is crucial to the catalytic activity. Without
pretreatment, Au25/MnO2 showed poor activity at low
temperatures. The reactivity started only when the temperature
rose to 40 °C, with a 100% conversion at 120 °C. With
pretreatment the catalysts dramatically enhanced the activity.
Pretreating the samples in the region between 200 and 300 °C
resulted in a 100% conversion of CO down to −40 °C. Even at
−70 °C, the conversion of CO over Au25/MnO2-PT250
exceeded 60%. The specific reaction rate reached 1.52 molCO
h−1 gAu−1 at −70 °C. Further increasing the pretreatment
temperature (350 °C) resulted in a degradation of the activity
(100% conversion at −10 °C), which is in agreement with the
trend reported for CO oxidation over Au25(SR)18/CeO2 due to
excess ligand being removed during high-temperature pretreat-
ment15,18 and consequently aggregation of the catalyst. Such
extremely high activities at low temperatures are far superior to
other cluster catalysts (see Table S1 for comparison). Even
compared to the most active Au nanoparticle catalysts reported
such as Au/TiO2 and Au/MnO2 (Table S1), the activity of
Au25/MnO2-PT250 compares well. It is only slightly less active
than Au/Mg(OH)2 (Table S1).
The Au25/MnO2-noPT (no pretreatment) sample showed

significantly different activity compared to other samples. It
should be noted that the thiolate desorption onset temperature
was reported to be around 200 °C, and the ligands should (at
least partially) remain on the Au25 nanoclusters during the
pretreatment at 150 °C.15 For the sample pretreated at 150 °C
by increasing the temperature from −70 to 20 °C, the CO
conversion slightly increased from 10% to around 40% and
then dropped to 20% at 60 °C. After that, the CO conversion
reached 100% at a temperature of about 160 °C, which is even
lower than that of Au25/MnO2-noPT. A “U-shaped” curve was
formed in the higher temperature range, which was also

observed for other Au nanoparticle catalysts.7,44 The negative
temperature dependence in which the reaction rate decreases
with increasing temperature after 20 °C indicated negative
apparent activation energies. The apparent activation energy is
a composite of the activation energy of the surface reaction and
adsorption enthalpies, which can lead to negative apparent
energies over certain temperature ranges.7 The negative
apparent activation energy is due to the depletion of reactive
oxygen species provided by support at intermediate temper-
atures and the influence of trace H2O in the feed gas.7 This is
the first time that a negative apparent activation energy was
observed for an atomically precise Au nanocluster. The activity
test of Au25/MnO2 pretreated at higher temperatures (e.g.,
200, 250, and 300 °C) showed that the “U-shaped” curve
disappeared. To further study the negative apparent activation
energy over Au25/MnO2, the space velocity (SV) was increased
to 180000 mL gcat.−1 h−1 by reducing the loading amount of
samples to 10 mg (Figure S3). As shown in Figure S3a, the “U-
shaped” curves were observed in all samples with different
thermal pretreatment. A two-cycle test using the same sample
confirmed the reproducibility of this activity trend (Figure
S3d). However, the lowest CO conversion was observed to be
different under different thermal pretreatment. Subjecting the
samples to higher temperature pretreatment induces a shift of
the lowest CO conversion point to a higher temperature.
Indeed, given our understanding that subjecting the sample to
higher temperatures results in the removal of more ligands
from the Au nanocluster, we conjectured that the ligand
presence could potentially exert an impact on the negative
apparent activation energy. To prove this notion, we
undertook a series of thermal treatment experiments with
Au25/MnO2 for different times at 250 °C (Figure S3b). With 1
min pretreatment, the point of minimal CO conversion was at
30 °C. Upon extending the pretreatment to 30 and 60 min, a
discernible shift in the point of minimal CO conversion to 50
°C was observed, accompanied by an enhancement in the
catalytic activity. When the pretreatment time was further
increased (more ligands removed from Au25 clusters), the
point of minimal CO conversion reverted to 30 °C.
Consequently, we postulate that the presence of ligands within
the Au25 cluster could influence the negative apparent
activation energy. Appropriate removal of the ligand can
attenuate the negative activation energy phenomenon.
According to previous work,7,51 a significant change in the
reaction mechanism may occur around 0 °C. At lower
temperatures, there is a substantial presence of highly active

Figure 1. (a) CO conversion light-off curves over Au25/MnO2 pretreated with reactant gas at different temperatures. (b) CO conversion as a
function of temperature over Au25/MnO2-PT250 for different cycles. (c) CO conversion as a function of time over Au25/MnO2-PT250 at 250 °C.
Reaction conditions: gas flow is 1% CO + 10% O2 diluted by He; space velocity for (a) and (b) is 36000 mL gcat.−1 h−1 and for (c) is 600000 mL
gcat.−1 h−1.
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oxygen species on the catalyst surface, resulting in high activity.
However, the coverage of these highly active species decreased
strongly at intermediate temperatures, contributing to the “U-
shaped” curve. At higher temperatures, the less active species
follow a more conventional Arrhenius-type behavior and react
with CO.7,51 A more detailed discussion of the negative
apparent activation energy can be found in the Supporting
Information.
The effect of water in the feed gas on the negative apparent

activation energy was also studied (Figure S3c). Under dry
conditions (H2O concentration below 0.5 ppm), the activity
exhibited improvement at lower temperatures in comparison to
that of the normal gas. However, with the emergence of
negative apparent activation energy, the activity was observed
to be less favorable in the dry reactant gas compared to the
normal gas. As the temperature climbed to 90 °C, the activity
within the dry gas environment outperformed that of the
normal gas again. Notably, the point of lowest CO conversion
shifted to lower temperature (10 °C) in the dry reactant gas,
contrasting the normal gas condition (50 °C). This deviates
from the negative apparent activation energies typically
observed in the context of Au nanoparticles on MnO2,
possibly attributed to factors such as ligand effects and
nanoparticle size. The effect of water on the catalytic activity
indicates that the interface plays an important role in the
reaction and the different role of moisture in the feed gas for
the reaction pathway at different temperatures (Figure S3c).
According to previous studies, pretreatment of Au25 cluster
catalysts at temperatures above 200 °C can partially remove
the ligands from the clusters.18 Therefore, we believe that the
ligand played an important role in the catalytic reaction at
intermediate temperatures.
In practical applications, catalysts often undergo frequent

cooling and heating cycles, so the temperature cycling
performance of the catalyst was tested in this study (Figure
1b). In 10 cycles running to 250 °C, the catalyst activity did
not show any degradation. Conversely, the temperature at
which the CO conversion reached 100% dropped to −50 °C
from the second run and remained throughout the test,
suggesting that the catalyst can be further optimized by the
reactant gases and has excellent stability. Besides the recycling
test, the long-term reaction test at 250 °C was performed to
test the stability during the reaction (Figure 1c). To avoid
misleading results due to activity saturation, the initial CO
conversion was adjusted to lower than 100% by reducing the
sample amount to 10 mg and increasing the gas flow rate to
100 mL/min with a space velocity of 600 L gcat−1 h−1. The
stability test showed that the CO conversion decreased from
91% to 74% within the first 40 h but then tended to stabilize.
After 150 h, the CO conversion was still >66%, with only an
8% drop in activity within 110 h. These results from both the
recycling and long-term tests demonstrate the high stability of
the Au25/MnO2 catalyst.
3.2. XPS Study. The XPS spectra for the Au 4f and Mn 2p

regions are shown in Figure 2. In spite of the overlap of the Au
4f peak with Mn 3s peaks, the Au 4f peak position and
intensity could be extracted by fitting the spectra simulta-
neously with an Au 4f envelope defined for pure Au25(SR)18
nanoclusters and an Mn 3s peak envelope defined for an MnO2
reference (Figures 2a and S5). The Au 4f7/2 peak is found at
84.5 ± 0.1 eV, in good agreement with the value observed in
pure Au25(SR)18 nanoclusters, indicating that Au25 maintained
the same electronic properties as pure Au25(SR)18 nanoclusters

in all samples of the Au25/MnO2 series. The Au 4f7/2 peak of
the gold foil appears at 83.9 eV. No significant shift of the gold
peaks was observed as a function of the temperature of
pretreatments. This finding is different to the Au25 nanocluster
over TiO2 where the binding energy of Au 4f decreased after
pretreatment at high temperature.14 This suggests that Au25 is
more stable on the MnO2 surface compared to other supports.
Comparing the Mn 2p spectra from the series of Au25/

MnO2 to that of the MnO2 reference powder in Figure 2b
reveals no significant difference in the Mn 2p line shape.
Fitting of the Mn 3p peaks (Figure S6) using published
standard line shapes from Ilton et al.52 was used to evaluate the
valence composition of the Mn. The peak could not be fitted
with a peak envelope of a single oxidation state. Good fits were
found using a combination of Mn(III) and Mn(IV) peak
envelopes following the procedure of Ilton et al.52 which is
consistent with the slight oxygen deficiency (O/Mn < 2)
observed in the composition measured by XPS (Table S2).
After the Au25 cluster was loaded, the composition of Mn(III)
increased. The O 1s spectra (Figure S7) can be fitted with
three components that we assign to the oxygen species52 (i)
lattice oxide at 529.7 eV, (ii) hydroxide or defective oxide at
531.2 eV (OH−), and (iii) H2O or organic O at 532.9 ± 0.1
eV.
3.3. XRD Analysis. The XRD pattern of the samples

(Figure S8) confirmed the MnO2 support was present as α-
MnO2 (PDF2 entry 44-0141).

44 All the peaks in the figure are
assigned to α-MnO2, and no peak belonging to gold was
detected, in agreement with an extremely small and well-
dispersed Au nanocluster on MnO2.
3.4. TEM Analysis. We examined HAADF-STEM images

of the series of Au25/MnO2 catalysts (Figure 3 and Figures
S9−S11). The Au25 nanoclusters maintained their original sizes
after pretreatment at 150 and 250 °C, confirming the stability
of clusters during the thermal treatment and suggesting that
the high activity of the Au25/MnO2 is due to the Au25 clusters.
At a higher pretreatment temperature (350 °C), the Au25
showed significant aggregation (Figures 3d and S11),
concomitant with a decrease in the catalytic activity. Part of
the Au25 aggregated into some larger nanoparticles (Figure
S11). From the EDS elemental maps (Figures 3e−h and S12),
after pretreatment at 250 °C, sulfur is still detected on the Au

Figure 2. XPS spectra of MnO2 and Au25/MnO2 pretreated at
different temperatures: (a) Au 4f and Mn 3s and (b) Mn 2p.
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nanoclusters, further suggesting the stability of the ligands in
the Au25 clusters. The presence of some sulfur observed on the
support may be due to a small amount of sulfur remaining
from the synthesis of MnO2 (Figure S14). But this does not
affect the conclusion that sulfur is mostly associated with the
gold clusters because the density of the sulfur on the support
(if any) is much lower. There are some larger clusters observed
in the images. By carefully analyzing the elemental maps
(Figure 3h), it can be seen that this is more likely to be the
result of the superposition of multiple nanoclusters than a
sintering process. In summary, the clusters remain stable up to
a temperature of 250 °C. Whether these clusters are still
Au25(SR)18 cannot be determined from the analysis. But the
characterization of the catalyst shows that the clusters remain
small and still contain sulfur. These results suggested that the

MnO2 can well anchor the gold nanoclusters and enhance their
resistance toward sintering, thereby promoting the catalytic
activity.
3.5. In-Situ MES Study. Figure 4 displays the in-situ

modulation IR spectra of the CO adsorption over Au25/MnO2-
PT250. Upon exposure to the CO gas, three bands at 2168,
2111, and 2047 cm−1 were observed in the spectra (Figure
4a,b). In the time-domain spectra (Figure 4a), the first two
bands appeared immediately upon switching the feed gas to
CO and disappeared immediately after switching to He.
Considering their wavenumber, these bands are most likely
assigned to gas-phase CO.44 The quasi-immediate response of
these gas phase signals reflects the fast exchange of the gas
phase in the small DRIFT cell. The band at 2047 cm−1,
however, showed an obvious delay to the gas-phase CO bands

Figure 3. HAADF-STEM images of Au25/MnO2 pretreated at different temperatures: (a) Au25/MnO2-noPT; (b) Au25/MnO2-PT150; (c) Au25/
MnO2-PT250; and (d) Au25/MnO2-PT350. (e, f) STEM-EDS elemental maps of Au25/MnO2-PT250.

Figure 4. Time-domain (a, c) and phase-domain (c, d) FTIR spectra of the adsorption of CO on Au25/MnO2-PT250. (a, b) −40 °C; (c, d) −20
°C. Conditions: 1% CO diluted by He for the first half-cycle; pure He for the last half-cycle.
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and gradually decreased in intensity after switching to He,
suggesting that it is assigned to the adsorbed CO species.53 We
assigned this band to the CO adsorption on the Au
nanocluster, which is in agreement with the CO adsorption
on Au/TiO2 reported by Boccuzzi et al.

53 In their study, they
assigned the band around 2050 cm−1 to CO on-top adsorption
on the small Au clusters. The significant delay of adsorbed CO
to gas phase CO indicates the significant interaction between
the Au nanocluster and adsorbed CO species. The difference in
kinetics between adsorbed CO and gas-phase CO is also
evident in the phase-domain spectra (Figure 4b), with the
phase angle of gas-phase CO being 360° and the in-phase angle
of adsorbed CO being 300°. Similar adsorption trends were
also observed at −20 °C (Figure 4c,d), with faster CO
adsorption and desorption at this temperature, as indicated by
the phase angle of the band at 2047 cm−1, which increased to
330° at −20 °C. However, the intensity of CO adsorption on
Au nanoclusters was lower at −20 °C than that at −40 °C, in
line with exothermic adsorption. Higher temperatures resulted
in a lower coverage of adsorbed species.54 We note that it is
challenging to obtain good quality DRIFT spectra from this
material, as it is almost black.

In Figure 5, the in-situ MES spectra of CO oxidation over
Au25/MnO2-PT250 are presented. The spectra showed three
bands assigned to gas-phase CO and adsorbed CO, similar to
the emission from the CO adsorption experiments, but the
intensity of CO adsorbed on Au nanoclusters was much
weaker than that of CO adsorption (Figure 5a,b). Two bands
at 2361 and 2338 cm−1 assigned to the gas-phase CO2
emerged, indicating the oxidation of CO to CO2. The in
phase angle of the phase-domain spectra (Figure 5b) provides
insight into the sequence of chemical processes.55 Gas-phase
CO, adsorbed CO, and the CO2 product had in phase angles
of 350°, 340°, and 310°, respectively, with a phase delay of
φPSD = 10° for the adsorbed CO and φPSD = 40° for CO2
compared to gas-phase CO. Larger phase delays indicate
slower rates. Thus, the measured phase angles support the
expected sequence of gas CO → adsorbed CO → CO2. Figure
6 is used to highlight the difference between the adsorption
and oxidation processes. The spectra at which the band at 2047
cm−1 was at its highest value were extracted and compared,
revealing that the CO adsorbed on the Au nanocluster during
the CO oxidation reaction was significantly lower than in the
CO adsorption experiment (Figure 6a,b), as a consequence of

Figure 5. Time-domain (a, c) and phase-domain (b, d) FTIR spectra of CO oxidation on Au25/MnO2-PT250. (a, b) −40 °C; (c, d) −20 °C.
Reaction conditions: 1% CO and 1% O2 diluted by He for the first half-cycle; pure He for the last half-cycle.

Figure 6. Time-domain (a, c) and phase-domain (b) FTIR spectra of CO adsorption and oxidation on Au25/MnO2-PT250 at −40 °C; (c) intensity
of CO adsorption as a function of time for CO oxidation and adsorption. Reaction conditions: 1% CO and 1% O2 diluted by He for the first half-
cycle; pure He for the last half-cycle.
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CO oxidation. Apart from the low coverage of CO over the
catalyst surface, the desorption rate from the catalyst surface
was also enhanced due to the presence of adsorbed O2. The
observations made for the CO oxidation at −20 °C were
similar to the ones at −40 °C (Figure 5c,d).
The CO adsorption tests were performed on the other

samples as well, as depicted in Figure S15. Regrettably, except
for the gas-phase CO, no distinct bands were observed in the
spectra, indicating that there were very few adsorbed CO
species on the surface of these samples. This observation
suggests that the surface structures of these samples may be
less conducive to CO adsorption, which could explain their
lower activity in CO oxidation.

4. CONCLUSIONS
In conclusion, a series of Au25/MnO2 catalysts were prepared
and tested for CO catalytic oxidation. The activity of Au25/
MnO2 was found to be influenced by the pretreatment
temperature. Among the catalysts tested, Au25/MnO2-PT250
exhibited extremely high activity for CO oxidation at ultralow
temperatures achieving 100% conversion at −50 °C and
demonstrated good stability in recycling and long-term tests.
These results show that this gold cluster catalyst is among the
best reported gold catalysts for CO oxidation. Further
characterizations revealed that the Au25 nanocluster remained
stable over MnO2, with its Au XPS spectra remaining
unchanged even after pretreatment at 250 °C. At higher
pretreatment temperatures, the clusters aggregate and the
activity is reduced. In-situ MES experiments confirmed that the
Au nanocluster is the active site for the CO oxidation, and the
on-top CO adsorption on the Au nanocluster is crucial in the
CO catalytic process. Additionally, the presence of ligands in
the Au nanocluster affects the negative apparent activation
energy at intermediate temperatures to some extent, providing
a reference basis to avoid the negative apparent activation
energy. Overall, these findings highlight the potential of Au25/
MnO2 catalysts for efficient CO oxidation with enhanced
stability and provide insights into the development of
industrially applicable catalysts.
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