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A B S T R A C T

Herein, a facile glycol reduction route is successful employed to synthesize bimetallic PtAg alloys with
homogeneous distribution of sizes and elements. Experimental studies reveal that the ultrafine PtAg
alloys with well-defined sizes from around 3.3 nm to 5.8 nm are immobilized onto MnO2 microsphere,
which remarkably enhances the catalytic performances for CO oxidation. Importantly, quasi in-situ X-ray
photoelectron spectroscopy (XPS) result reveals that both Mn and Pt ions on the surface of catalysts
would realize alternating reduction-oxidation by CO and O2 molecules, and the oxygen vacancy sites
could be replenished and excited by gas-phase O2.
© 2021 Chinese Chemical Society and Institute of MateriaMedica, Chinese Academy ofMedical Sciences.

Published by Elsevier B.V. All rights reserved.

In recent decades, nanoalloy materials have drawn increasing
attention due to their novel functionalities and potential applica-
tions in various catalysis fields, such as methanol oxidation [1,2],
CO2 reduction [3], VOCs oxidation [4]. Nanoalloys are prepared by
fusing two or more metallic elements, but their characters/
properties are distinctly different from single-counterpart nano-
particles. Along with promising progress on micro-structural
characterizations, researchers have demonstrated that nanoalloy
materials can achieve superior catalytic performances, owing to
the combination of abundant active sites, and effectively optimiz-
ing the electronic structures among neighboring elements [5].
Several strategies have been proposed to reinforce desirable
activity, such as controlling the well-defined sizes/shapes, and
tailoring the surface atomic arrangement and different composi-
tion of nanoparticles (NPs) [5–7].

CO oxidation as a probe reaction has been widely studied in
heterogeneous catalysis [8,9], and CO can also cause the fatal
health impacts and the poisoning for exhaust gas catalysts at low
temperature. Various catalysts such as noble metals (Pt, Pd, Au, Ir,
Ag, etc.) and transition-metal (Mn-, Co-, Cu-, Ni-, Ti-, etc.) oxides

(TMOs) have been developed for CO oxidation [10–15]. Single Pt
catalysts exhibit inferior catalytic activity at low temperature
range, due to the strong adsorption of CO molecules to Pt that
hinders O2 adsorption on Pt sites [7]. Some studies have suggested
that Ag could effectively activate O2 species but adsorb fewer CO
molecules [15,16]. Combining bimetallic Pt-Ag alloy would be a
potential way to prepare an excellent catalyst with superior
activity for CO oxidation. Some strategies such as co-impregnation,
co-deposition-precipitation and NaBH4 methods have been
extensively used to synthesize bimetallic Pt-Ag catalysts [15,17],
but are not easy to synthesize size-controllable nanoparticles.
Furthermore, manganese oxide (MnO2) has also been extensively
used in pollutants removal due to the excellent oxygen storage
capacities (OSC), plentiful valence states and structural flexibility
[18–20]. However, how to use the advantages of both PtAg alloys
andMnO2 special structures to improve the catalytic performances
for CO oxidation?

Herein, for the first time, we explore an unusual strategy for
constructing Pt-Ag alloys with unique sizes from 3.3 nm to 5.8 nm
onto a MnO2 microsphere to synthesize efficient catalysts via a
two-step method combining glycol reduction and electrostatic
chemical adsorption. Impressively, the as-synthesized PtAg-
alloyed/MnO2 catalysts exhibited excellent properties for CO
oxidation. The physico-chemical property of catalysts was further
characterized by a series of ex-situ characterization techniques,
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such as X-ray powder diffraction (XRD), scanning electron
microscopy (SEM), transmission electron microscope (TEM),
hydrogen temperature programmed reduction (H2-TPR) and
oxygen temperature programmed desorption (O2-TPD), etc. Quasi
in-situ XPS was carried out to confirm the reconstitution of gas-
phase O2 molecules at oxygen vacancy sites.

To study the growth process, bimetallic PtAg-alloyed nano-
particles (NPs) at different stages were characterized by TEM. TEM
and high-resolution transmission electron microscopy (HRTEM)
images of bimetallic PtAg-x (x representing the reduction time)
NPs with different size distribution are showed in Fig. 1. These
PtAg-x alloy NPs have a narrow size distribution in parent
solutions, and the average sizes change obviously with the
increase of reduction time from 0.5 h to 2.5 h. The average sizes
of alloy NPs can be measured to be about 3.3� 0.2, 3.7� 0.2,
4.6� 0.3, 5.3� 0.3 and 5.8� 0.3 nm, respectively. HRTEM images
reveal that the lattice fringe in these PtAg alloys is calculated to be
about 0.233 nm, which is assigned to the (111) plane of PtAg NPs.

The sphere-like shape of MnO2 is composed of the aggregation
of multitudinous nanocubes, as shown in Fig. 2a. TEM observation
(Fig. 2b) is also consistent with the uniform microsphere over
PtAg-1.0/MnO2 with an average diameter of around 1.45mm, in

which PtAg alloy are immobilized onto the surface of MnO2

microspheres (Fig. 2c). As shown in the HRTEM image, the two
lattice spacings are 0.233 and 0.241 nm, which are indexed as the
(111) and (400) planes of PtAg alloy and g-MnO2, respectively.
Additionally, elemental mapping further evidences the homoge-
neous distribution of Pt and Ag elements, indicating the formation
of PtAg alloyed architectureswith amolar ratio of Pt:Ag (2.16:1), as
shown in Figs. 2d-h. Typical X-ray diffraction patterns of MnO2

microsphere and PtAg NPs are showed in Fig. 2i. The diffraction
peaks at 2u = 34.1�, 37.8�, 42.9� and 55.3� are ascribed to the (301),
(400), (202) and (402) planes of g-MnO2 (JCPDS No. 42-1316) [21].
All the diffraction peaks of PtAg NPs situate at the middle
of diffraction peaks between pure Pt (JCPDS No. 04-0802) and
Ag (JCPDS No. 04-0783) phase, further suggesting the generation of
PtAg alloyed structures [22].

The catalytic activity of MnO2-based catalysts was evaluated for
CO oxidation under the reaction condition of 1.0 vol% CO, 20 vol%
O2 andweight hourly space velocity (WHSV) 60,000mL g�1 h�1. As
shown in Fig. 3a, for the CO conversion, T10, T50 and T99 (the
temperature of 10%, 50% and 99% CO conversion, respectively) for
pureMnO2 nanospheres are 140 �C,175 �C and 180 �C, respectively.
Obviously, the introduction of PtAg alloys promotes the catalytic

[(Fig._1)TD$FIG]

Fig. 1. TEM and HRTEM images of PtAg-x nanoalloys in different states: (a, b) 0.5 h, (c, d) 1.0 h, (e, f) 1.5 h, (g, h) 2.0 h and (i, j) 2.5 h.

[(Fig._2)TD$FIG]

Fig. 2. (a) SEM image of MnO2, (b, c) TEM images, (d-g) high-angle annular dark-field scanning transmission election microscope (HAADF-STEM) element mappings and (h)
Scanning and transmission analytical electron microscopy (STEM-EDX) spectrum of PtAg-1.0/MnO2, and (i) XRD patterns of MnO2 and PtAg alloys.
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activity over MnO2 nanospheres due to a strong interaction
between PtAg NPs and MnO2 support. The T50 behavior for CO
oxidation over theMnO2-based catalysts decreases in the sequence
of PtAg-1.0/MnO2 > PtAg-1.5/MnO2 > PtAg-2.0/MnO2 > PtAg-2.5/
MnO2 > PtAg-0.5/MnO2 >MnO2. A tendency of catalytic activity on
the PtAg-supported catalysts exhibits a volcanic type, as shown in
Fig. S1 (Supporting information). In detail, the T50 and T99 values of
PtAg-0.5/MnO2 are 77 �C and 110 �C, which reduce 98 �C and 70 �C
than those of pure MnO2, respectively. It is conspicuous that PtAg-
1.0/MnO2 exhibits a highest catalytic activity for CO oxidation
among these catalysts, achieving the 50% and 99% CO conversion at
about 45 �C and 100 �C, respectively.

The effect of CO concentration and WHSV on the catalytic
activity over PtAg-1.0/MnO2 were further checked, as shown in
Figs. 3b and c. With the scale-down of CO concentration, the
catalytic activity of CO oxidation is increased slightly in PtAg-1.0/
MnO2. In addition, the catalytic activity is also less affected by
WHSV, their complete CO conversion at different WHSV is
achieved at 100 �C. The stability of PtAg-1.0/MnO2 was also carried
out by a long-term test at 40 �C and 80 �C, as shown in Fig. S2
(Supporting information). At lower reaction temperature (40 �C),
the catalytic activity of CO oxidation over PtAg-1.0/MnO2

drastically reduces from 48.6% to 39.2% within 24 h. When the
temperature increased to 80 �C, the CO conversion still remained
above 94% after testing for 24 h, implying an excellent stability of
PtAg-1.0/MnO2 catalyst at higher conversions.

Table S1 (Supporting information) shows the specific surface
area data of MnO2-based catalysts, and it can be observed that the
as-synthesized nanomaterials with mesoporous structures have
larger surface areas from92.7m2/g to 105.5m2/g and uniform pore
diameter distributions from6.4 nm to 9.5 nm (Fig. S3 in Supporting
information). After immobilized PtAg alloys onto MnO2 micro-
sphere, the surface areas and pore volumes of PtAg-x/MnO2 are
reduced due to surface PtAg NPs blocking the pore structure of
MnO2 microsphere.

To further substantiate the influence of PtAgNPs on the chemical
characteristics of MnO2 microsphere, a series of ex-situ characteri-
zation techniques were used to detect the surface element
composition and low-temperature reducibility of catalysts.
Fig. S4 (Supporting information) shows the Mn 2p XPS spectra of
all the MnO2-based materials. The binding energies (BEs) of
Mn2p3/2 could bedivided into twomainpeaks due to the formation
of Mn4+ and Mn3+. Note that the BEs centered at 640.5 eV and
641.5 eV are assigned to the Mn3+ and Mn4+ cations, respectively
[23]. It can be seen that the surface element compositions of MnO2

are changed obviously after immobilizing PtAg alloys onto MnO2

sphere, compared to MnO2 sphere. The average oxidation state
(AOS)ofMn ions couldbe calculatedby theBEsofMn3sXPS spectra
(Fig. S5 in Supporting information) [24]. The Mn4+/Mn3+ molar
ratios and AOS are summarized in Table S2 (Supporting informa-
tion). The Mn4+/Mn3+ molar ratios and AOS of these PtAg-alloyed

catalysts are significantly improved due to the presence of
additional electrons of PtAg NPs close to the oxygen vacancies of
MnO2. The O 1s XPS spectra of MnO2-based materials are divided
into threemainpeaks (Fig. S6 inSupporting information),which are
ascribed to latticeoxygen(Olatt), surfaceadsorbedoxygen(Oads) and
adsorbed hydroxyl/watermolecules (OOH), respectively [25]. Based
on the fitting results, it could be found that these catalysts
immobilized PtAg alloys maintain the higher Olatt/Ototal ratios at
around 0.65, in comparison to the MnO2 support. Besides, the Pt 4f
and Ag 3d XPS spectra of MnO2-based materials have no obvious
changes, as shown in Fig. S7 (Supporting information).

The hydrogen temperature programmed reduction (H2-TPR)
analysis (Fig. S8 in Supporting information) reveals that the
reduction process mainly presents three stepwise reduction peaks
for MnO2 sphere in thewhole range from 100 �C to 400 �C, possibly
attributed to the reduction of adsorbed oxygen species, MnO2 to
Mn3O4, and then to MnO [26,27]. For the PtAg-supported
materials, as can be seen, a new reduction peak appears at
approximately 105 �C, the modification with PtAg alloys also leads
to shift of other two reduction peaks at about 253 �C and 362 �C to
lower temperature regions and slightly enhances the reduction of
adsorbed oxygen species, indicating that the reducibility of these
samples increases. The new reduction peak is ascribed to the
interaction between PtAg NPs and MnO2 deriving from the
spillover of hydrogen from PtAg atoms to MnO2 [18]. In addition,
PtAg-1.0/MnO2 exhibits the maximum intensity of H2 consump-
tion peak at 105 �C, compared to other PtAg-supported materials.
The interaction results in a preeminent low-temperature
reducibility and a promoted oxygen mobility.

The oxygen temperature programmed desorption (O2-TPD)
analysis (Fig. S9 in Supporting information) further confirms that
the immobilization of PtAg alloys onto MnO2 microspheres could
effectively improve the bond strength of oxygen species of catalysts.
The desorption regions occurring at 80–150, 150–300 and
300�550 �C are mainly ascribed to the desorption of physically
adsorbed oxygen (O2 or O2

�), chemisorbed oxygen (O� or O2
2�) and

bulk lattice oxygen (O2�) species, respectively [28,29]. Obviously, in
comparison to theMnO2 support, PtAg-supported catalysts exhibit a
largeramountofphysicallyadsorbedoxygenandchemical adsorbed
oxygen as active oxygen species that could participate effectively in
the CO reaction, and also promote the release of bulk lattice oxygen
more readily. Among these PtAg-alloyed catalysts, the PtAg-1.0/
MnO2 has the largest amount of chemical adsorbed oxygen species.
This above result provides a favorable evidence to corroborate the
effect of PtAg alloys addition on O2 activation.

To gain the surface-specific information of PtAg-1.0/MnO2

catalyst in the reaction process, quasi in-situ XPS measurement
was further carried out at 120 �C with different atmosphere. All
spectra were calibrated based on the C 1s region at 284.6 eV
(Fig. S10a in Supporting information). It could be seen that
changing the reaction atmosphere leads to the changes of surface

[(Fig._3)TD$FIG]

Fig. 3. (a) CO conversion over MnO2-based catalysts vs. reaction temperature, the effect of (b) CO concentration and (c) WHSV on the catalytic activity of PtAg-1.0/MnO2.
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composition (Mn4+, Olatt and Pt0), but the Ag region is no significant
change, as shown in Fig. 4. The change of Mn oxidation state (AOS)
over PtAg-1.0/MnO2 catalyst can be confirmed by the BEs of Mn 3s
XPS spectra, as shown in Fig. S10b (Supporting information). Quasi
in-situ XPS spectra confirms that the Mn4+/Mn3+ and Olatt/Ototal

molar ratios at air pretreatment are higher than those of at N2

pretreatment (Fig. 4, Fig. S11 and Table S3 in Supporting
information), in which the surface Pt0 species can be reoxidized
to Pt2+ (Fig. S11b in Supporting information) in the presence of O2,
due to the top surface Mn3+ layers of MnO2 oxidizing to Mn4+, and
the replenishment of Olatt from gas-phase O2. Under 1.0 vol% CO/N2

condition, the surface Mn3+ and Pt0 species of catalyst appears
increased, while the amount of Olatt decreases to 0.728 (Table S3),
indicating that the lattice oxygen species act as active oxygen to
participate in the CO reaction. Upon switching to 1.0 vol% CO/Air
condition, the surface oxidation state of PtAg-1.0/MnO2 catalyst do
not important change compared to that in the air condition. Some
researchers have speculated that Mars-van Krevelen (MvK) and
Langmuir–Hinshelwood (L-H) mechanism could occur simulta-
neously in the CO oxidation over certain catalysts [18,30].
Combining information from quasi in-situ XPS results reveal that
both Mn and Pt ions on the catalyst surface realize alternating
reduction-oxidation by CO and O2 molecules. CO fast adsorbed
onto metal sites reacts with neighboring lattice oxygen species,
in which the oxygen vacancy sites are replenished and excited by
gas-phase O2, meanwhile, also facilitate some adsorbed oxygen
species to participate in the CO oxidation.

In summary, we have successfully synthesized a series of
bimetallic PtAg alloys with uniform size distribution from about
3.3–5.8 nm, which were immobilized onto MnO2 microspheres
assembled by nanocubes to generate novel PtAg-alloyed/MnO2

catalysts. These PtAg NPs addition remarkably enhanced the
catalytic activity for CO oxidation over the MnO2 microspheres.
Furthermore, PtAg-1.0/MnO2 catalyst exhibited a highest activity
achieving complete CO oxidation at 100 �C. Experimental studies
revealed that immobilizing PtAg NPs onto MnO2 supports to form
an interface can greatly facilitate both adsorbed-oxygen capacities
and O2-activation abilities, and better low-temperature reducibil-
ity. Quasi in-situ XPS results confirmed that the lattice oxygen
species as dominating active oxygen took part in the CO oxidation
process, which are replenished at oxygen vacancy sites by gas-
phase O2. Hence, this work has well implications for the
understanding on the roles of PtAg alloys and oxygen utilization.
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