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Potassium-incorporated manganese oxide
enhances the activity and durability of platinum
catalysts for low-temperature CO oxidation†
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Potassium ions in the tunnel of MnO2 is demonstrated to

significantly enhance the activity of surface oxygen species,

which is favorable for preparing highly efficient Pt-based

catalysts for low-temperature CO oxidation.

Catalytic CO oxidation has been attracting attention from the
catalysis and materials science communities not only due to
its role as a prototype reaction in heterogeneous catalysis but
also due to its wide applications in numerous areas.1–4 Any
incomplete combustion of carbon-containing fuels and
running of large equipment can produce harmful CO gas.5,6

From the viewpoint of thermodynamics, CO oxidation is fairly
easy due to the nature of exothermic downhill-type
reactions.7–10 The competitive activation of CO and O2 over
conventional catalysts could be balanced under relatively high
temperatures.11–13 The challenges of catalytic CO oxidation is
under room temperature or lower. Under such conditions, O2

dissociative adsorption govern the proceeding of the whole
reaction.14,15 Although significant progress has been made on
the development of catalysts for room-temperature CO
oxidation, simultaneously meeting the requirements of high
activity and high stability in practical applications is still
difficult.16,17

Pt-Based catalysts represent a kind of widely used
emission control catalysts in industrial applications.18–21

Most of these catalysts work under relatively high
temperatures. The successful alternative Pt-based catalysts

for room-temperature CO oxidation was realized through the
introduction of ferrihydrite (FeOĲOH,H2O)n) as a support,
which was first reported by our group in 2008.22 The
ferrihydrite support directly participated in the O2 activation,
effectively lowering the barrier of O2 dissociative
adsorption.23 Significant progresses have been made in the
following years. However, the drawback of thermal instability
of ferrihydrite and similar compounds still applies to this
strategy.24 The vulnerable nature of hydroxides and
coordinately unsaturated sites significantly affects the activity
of catalyst after long-term operation and storage.

Experiment evidences show that the participation of Fe-
based compounds in O2 activation is mainly dependent on
surface hydroxides and Fe ions undergoing valence change
between +2 and +3.25 Except for the decrease in surface
hydroxides under oxygen-rich or ambient conditions, Fe2+

ions would be irreversibly oxidized to Fe3+ ions, causing a
decrease in activity.26 In contrast, the multivalent nature of
manganese (the most common oxidation states are +2, +3,
and +4) endow the manganese oxide with intrinsic
advantages for redox reactions.27–30 Some positive effects
have been observed from pristine or modified MnO2 as
oxidation catalysts.31–35 In this regard, we think MnO2 could
be used as a suitable candidate to fabricate robust Pt-based
catalysts for low temperature CO oxidation. The critical
problem is to find what type of MnO2 is more suitable for
coupling Pt to complete active oxygen supplying and
replenishing cycles at low temperatures.

Current research recognizes that the crystal structure
significantly influences the catalytic oxidation activity of
MnO2, which determines the formation energy of oxygen
vacancies.36–38 A lower vacancy formation energy would
correlate with a better molecular O2 activation activity.39,40

However, our present work demonstrated that this principle
mainly applies to pristine MnO2 catalysts in CO oxidation.
When coupling with Pt nanoparticles, unexpected
enhancement was observed based on K-incorporated MnO2 as
supports. Characterization results showed that the presence
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of K in the tunnel of MnO2 significantly improved the activity
of surface oxygen species, resulting in the high performance
of supported-Pt catalysts at low temperatures.

In our investigation, we first considered the formation
energy of oxygen vacancy of MnO2 to select suitable supports.
The formation energy of oxygen vacancy is an important
descriptor for the oxidizing capability of oxide-related
catalysts. Taking into account the formation energy of oxygen
vacancy previously reported by studies,41 four crystallographic
structures α-, β-, γ- and δ-MnO2 were adopted. Fig. 1 shows
the crystal structures of these MnO2 substrates. Among them,
hollandite-type α-MnO2 and pyrolusite-type β-MnO2 have one-
dimensional (1 × 1) and (2 × 2) tunnel structures. Nsutite-type
γ-MnO2 is composed of an intergrowth of (1 × 1) tunnels
(pyrolusite) and (1 × 2) tunnels (ramsdellite), while birnessite
δ-MnO2 has a layered structure.42 The significant difference
between δ-MnO2 and other three crystal phase is that δ-MnO2

contains intercalated K cations between the MnO2 octahedral
sheets. In our case, we denoted this sample as δ-MnO2ĲK).
For comparison, the α-MnO2 sample with the incorporated K
in the tunnels and loading on the surface of α-MnO2 was also
considered, which was denoted as α-MnO2ĲK) and K/α-MnO2.

All these MnO2 samples were prepared by hydrothermal
methods (see the ESI† for the details of synthesis). XRD
patterns confirm the formation of corresponding structures,
which are tetragonal α-MnO2 (JCPDS 00-044-0141), tetragonal
β-MnO2 (JCPDS 00-024-0735), orthorhombic γ-MnO2 (JCPDS
00-014-0644) and trigonal δ-MnO2 (JCPDS 01-073-7867). In
comparison with pristine α-MnO2, a slight shift in the
diffraction peak could be observed from the XRD pattern of
α-MnO2ĲK), which indicates the incorporation of K ions in
the tunnels (Fig. S1†).43 As for K/α-MnO2, little change in
XRD patterns can be observed (Fig. S1†). All these MnO2

samples are active in CO oxidation at relatively high
temperatures. They exhibit similar activity trends under both
dry and moist conditions (Fig. 2a and b). Taking into account
the energy value and the ratio of oxygen sites, theoretical

calculation results reported by Hayashi et al. showed that
β-MnO2 and γ-MnO2 have lower vacancy formation energies.41

These two samples exhibit obvious advantages over α-MnO2

as oxidation catalysts. Our experimental results on pristine
MnO2 are consistent with theoretical calculation results of
vacancy formation energies. The incorporation of K ions in
the tunnel of α-MnO2 has little effect on the improvement of
the catalytic performance of pristine MnO2.

Significant changes were observed over MnO2 supported-
Pt catalysts. They exhibit a different activity trend from that
of pristine MnO2 (Fig. 2c and d). The catalysts were prepared
by a colloidal deposition method similar to a method
reported in our previous work on iron oxide-supported Pt
catalysts22 where Pt nanoparticles were pre-prepared by a
polyol reduction route and highly dispersed on the surface of
MnO2 supports (Fig. S2 and S3†). Among them, Pt/α-MnO2ĲK)
and Pt/δ-MnO2ĲK) exhibit evident higher activity than Pt/β-
MnO2 and Pt/γ-MnO2 in CO oxidation. Moreover, both Pt/α-
MnO2ĲK) and Pt/δ-MnO2ĲK) could realize the complete
conversion of CO (SV = 60 000 mL g−1 h−1) to CO2 at room
temperature in the presence of water gas (4 vol%). It is
known that ferrihydrite (FeOĲOH,H2O)n) as a support could
effectively lower the barrier of Pt for CO oxidation. Pt/
ferrihydrite was recognized as one of the state-of-art catalysts
for low-temperature CO oxidation. The drawback is the
intrinsic thermally unstable nature of hydroxides. It directly
influences the duration of the catalyst under long-term work
or storage. For meeting the requirement of potential

Fig. 1 Structures and XRD patterns of (a) α-MnO2, (b) α-MnO2ĲK), (c)
β-MnO2, (d) γ-MnO2, (e) δ-MnO2ĲK). Gray, purple, and red spheres
represent Mn, K, and O atoms, respectively. (f) XRD patterns of MnO2

with different crystal phases.

Fig. 2 Catalytic activities of CO oxidation over different catalysts. (a
and b) MnO2 supports with different structures. (c and d) Pt/MnO2

catalysts with different crystal phases. (e) Pt/α-MnO2ĲK)-400 and Pt/
ferrihydrite-400 samples. (f) Pt/α-MnO2ĲK), Pt/α-MnO2 and Pt/K/α-
MnO2. Reaction conditions: (a and c) GHSV = 60000 mL g−1 h−1, 1
vol% CO, 5 vol% O2/Ar and Ar balance. (b and d–f) GHSV = 60000 mL
g−1 h−1, 1 vol% CO, 4 vol% H2O, 5 vol% O2/Ar and Ar balance.
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applications, in our case, a relatively harsh thermal treatment
was carried out. After treating at 400 °C for 4 h, a significant
decrease in activity can be observed over Pt/ferrihydrite-400
(Fig. 2e). In sharp contrast, Pt/α-MnO2ĲK)-400 still
maintained the high activity for room-temperature CO
oxidation (Fig. 2e). No deactivation was observed in the whole
test period (Fig. S4†). In addition, almost no change can be
observed between fresh and used samples (Fig. S5†). All these
enhancements of catalytic performance should be ascribed to
the multivalent nature of Mn in manganese oxide.

However, different from our prediction, there is no direct
relationship between the vacancy formation energies of
MnO2 and catalytic performance of supported-Pt catalysts.
The high performance of Pt/α-MnO2ĲK) and Pt/δ-MnO2ĲK)
might correlate with the incorporation of K ions in the tunnel
of α-MnO2 and δ-MnO2. Such K ions originate from the
precursor of KMnO4. Inductively coupled plasma (ICP)
measurements show that the amounts of K in Pt/α-MnO2ĲK)
and Pt/δ-MnO2ĲK) are 2.87% and 2.90%, respectively. Trace
amounts of K could be detected in other two phase MnO2.
For understanding the effects of K on the catalytic
performance, a similar amount of K was loaded on the
surface of α-MnO2 by the impregnation method (denoted as
K/α-MnO2). The catalytic performance of the resultant Pt/K/α-
MnO2 is higher than that of Pt/α-MnO2, and lower than that
of Pt/α-MnO2ĲK) (Fig. 2f). This result confirms the positive
role of K ions in the enhancement of catalytic performance of
the supported Pt catalysts.

It is well-known that alkali metal species can efficiently
promote the performance of heterogeneous catalysis via
multiple ways, such as modifying the active sites or influencing
the adsorption behavior.44–47 In a recent study, theoretical
results reported by Hao et al. showed that K+ in the tunnels of
α-MnO2 could form a stable coordination with eight nearby
Osp3 atoms.43 This interaction could rearrange the charge
population of nearby Mn and O atoms, and finally make the
topmost five-coordinated unsaturated Mn cations more
positive. In our case, XPS is carried out to detect the chemical
states of surface Mn and O species. Compared with Pt/α-MnO2,
the Mn2p3/2 and Mn2p1/2 peaks of Pt/α-MnO2ĲK) shift to a
relatively high binding energy (Fig. 3a). Moreover, the O1s peak
of Pt/α-MnO2ĲK) shifts to a low binding energy (Fig. 3b). Similar
phenomena were also observed on the Pt/δ-MnO2ĲK) sample
(Fig. 3a and b). These results are consistent with the theoretical
results on the rearrangement of the charge between Mn and O
atoms. Remarkably, it directly influences the electronic
properties of Pt nanoparticles and activities of surface oxygen
species. Besides the O2 activation, CO oxidation simultaneously
includes the adsorption and activation of CO molecules. This
process is easy to achieve over Pt nanoparticles, and should be
difficult on pristine MnO2. It should be the critical reason that
the incorporation of K ions in the tunnels could increase the
activity of supported Pt catalysts, while has little influence on
pristine MnO2.

Fig. 3c shows the Fourier-transform infrared (FTIR)
spectroscopy of CO adsorption, and provides the information

about the oxidation state of Pt. The bands at about 2080
cm−1 are ascribed to the linearly bonded CO on Pt0 sites.48

The redshift of this band over Pt/α-MnO2ĲK) and Pt/δ-
MnO2ĲK) indicates much more charge transfer from the
MnO2 support to Pt centers. Moreover, a sharp H2

consumption peak at 125 °C can be observed in the H2-TPR
spectra of Pt/α-MnO2ĲK) and Pt/δ-MnO2ĲK). As for Pt/α-MnO2,
this peak is relatively broad and shift to higher temperatures.
These reducible properties indicate that the surface oxygen
species of Pt/α-MnO2ĲK) and Pt/δ-MnO2ĲK) are more active
than those of Pt/α-MnO2.

In our case, the high activity of Pt/α-MnO2ĲK) and Pt/δ-
MnO2ĲK) should correlate with the unique electronic
properties of Pt nanoparticles and active surface oxygen
species. We carried out in situ DRIFT to investigate the CO

Fig. 3 Characterization of the surface properties of Pt/α-MnO2ĲK), Pt/
δ-MnO2ĲK) and Pt/α-MnO2. (a and b) Mn 2p, O 1s XPS spectra (c)
typical FTIR spectra collected exposure to the CO. (d) H2-TPR profiles.

Fig. 4 In situ DRIFT spectra of CO oxidation over Pt/α-MnO2ĲK) and
Pt/α-MnO2 catalysts under reaction conditions at 30 °C: (a) Pt/α-
MnO2; (b) Pt/α-MnO2ĲK).
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oxidation over Pt/α-MnO2 and Pt/α-MnO2ĲK) at different
temperatures. In comparison with Pt/α-MnO2 (Fig. 4a and
S6a†), carbonate species (1200–1600 cm−1) can be observed
clearly over Pt/α-MnO2ĲK) (Fig. 4b and S6b†) when
introducing CO into the reaction cell.49 This result indicates
that CO could react with the surface oxygen species
α-MnO2ĲK). When further introducing O2 into the cell, the
adsorbed CO could be conversed completely over Pt/α-
MnO2ĲK) at 100 °C (Fig. S6b†). At 30 °C, such conversion of
CO cannot proceed smoothly. It needs the participation of
hydroxide origin from H2O. Density functional theory
calculations based on CeO2 catalysts discloses a new pathway
for CO oxidation,50 in which carbonate intermediates formed
during reaction exhibit active property and could react with
CO to form CO2. In comparison with directly dissociating
carbonate, the reaction between carbonate and CO is with
much lower energy barrier. According to DRIFT and catalytic
tests, it can be speculated that CO oxidation over Pt/α-
MnO2ĲK) should obey the carbonate-mediated Mars van
Krevelen mechanism. The presence of K in the tunnel of
MnO2 significantly improves the activity of surface oxygen
species, resulting in the high performance of supported-Pt
catalysts at low temperatures.

In summary, systematic investigation shows that the
presence of K ions in the tunnel of MnO2 could significantly
improve the activity of surface oxygen species. By coupling Pt
nanoparticles, MnO2 could serve as supports to fabricate
highly efficient catalysts for low-temperature CO oxidation.
Such catalysts exhibit relatively high thermal stability in
comparison with ferrihydrite-based catalysts. This work
would open an alternative way to prepare highly active Pt-
based catalysts for catalytic oxidation.
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