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Abstract: Nowadays, Pt-based catalysts are widely applied in carbon monoxide (CO)
removal at room temperature. However, the effects of abundant hydroxyl groups (OH*)
on the decomposition of intermediate products and catalyst durability have rarely been
studied. In this work, a novel hydroxyl-rich structured mesh-type Pt/Mn/γ-Al2O3/Al
catalyst using a water vapor treatment (WVT) strategy to generate OH* in situ was devel-
oped. Firstly, density functional theory (DFT) calculations indicated that Mn-modification
enhanced the adsorption capacity of CO and reduced the work function and the energy
barrier of the catalytic reaction. Meanwhile, the water molecule dissociation ability of
the Pt catalyst was improved. Secondly, the effects of WVT on the selected catalysts were
investigated, and a possible reaction mechanism was proposed. XPS, FTIR, and TG results
showed that WVT increased the content of OH*. Moreover, in situ FTIR further indicated
that the increase of OH* content could alter the reaction path (from carbonate to formate
pathway), thus enhancing the activity and durability of the catalyst. The selected catalyst
exhibited excellent durability with 100% conversion within 200 h for 1000 ppm CO at
room temperature.

Keywords: CO removal; manganese modification; in situ generation; hydroxyl rich; formate

1. Introduction
Carbon monoxide (CO) is mainly derived from incomplete combustion processes,

including water heaters, automobile exhaust, hydrogen fuel cells, and fire incidents [1,2].
This gas poses a serious threat to human health, as it can combine with hemoglobin to
block oxygen transport and oxygen utilization. This interference may lead to serious
consequences such as memory loss, myocardial infarction, hypoxia asphyxia, and even
death [3]. In recent years, the catalytic oxidation method has become the most promising
approach in CO removal due to its low energy consumption, minimal secondary pollution,
and high efficiency [4]. It is mainly divided into non-noble metal catalysts and noble metal
catalysts. Noble metal catalysts have been widely studied due to their high activity at
low temperatures [5,6]. Platinum atoms (Pt0) could effectively adsorb CO molecules [7]
and accelerate the adsorption and activation of O2 [8]. Moreover, it has been reported
that carbonate (CO3

2−) and formate (HCOO−) are the main intermediate products in the
CO oxidation reaction system [9]. Li et al. [10] investigated the catalytic oxidation of CO
over Au–Pt bimetallic catalysts. DRIFT analysis identified HCOO− as the key reactive
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intermediate during CO oxidation. DFT calculations further revealed low energy barriers
for both formate formation (0.20 eV) and decomposition (0.68 eV), which indicates its rapid
conversion to CO2. In contrast, carbonate (CO3

2−) was found to accumulate as a stable
byproduct due to the higher decomposition energy, potentially poisoning active sites and
hindering catalyst regeneration. Moreover, HCOO− exhibits a greater oxidation propensity
than CO3

2− owing to its lower decomposition temperature, rendering it more favorable for
low-temperature reactions [11].

CO catalytic oxidation on Pt catalysts has been widely studied. On hydrophobic
supports, carbonate species serve as the primary intermediates in the CO oxidation process
(carbonate pathway). However, at room temperature, carbonates are difficult to desorb
from the catalyst surface [12]. As the reaction progresses, the accumulation of carbonates on
the catalyst surface leads to decreased activity and durability [13]. However, on hydroxyl-
rich carriers, abundant OH* could alter the reaction pathway, transforming the intermediate
products into formate (formate pathway). Since HCOO* can be readily decomposed into
CO2 and H2O on the catalyst at room temperature, studying the role of OH* on the
catalyst surface is crucial. To enhance catalyst activity, numerous studies have focused
on the presence of OH* on the catalyst surface, especially because the hydroxyl content
of the Pt-based catalysts was lower, and the OH* was continuously consumed during the
reaction [14]. Luo et al. [7] investigated the effect of –OH on Pt–Fe–(OH)x catalysts. This
catalyst could easily oxidize CO to HCOO*, which could be further decomposed into CO2.
Zhao et al. [15] synthesized a single atom Pt0 supported on MgO nanosheets (Pt–SA/MgO).
The catalyst facilitated the activation of molecular oxygen and the formation of reactive
oxygen species. In the presence of H2O, oxygen vacancies promoted the dissociation
of molecular H2O on the surface of Pt–SA/MgO, generating the primary active oxygen
species OH*.

Zhang et al. [16] reported that abundant oxygen vacancies in the manganese oxide
(MnOx) help to stabilize the loading of Pt0 and increase the number of surface hydroxyl
radicals, thereby improving the performance of the catalyst. MnOx has been widely utilized
in VOC’s oxidation due to its low cost, diverse crystal structures, high specific surface
area, and abundant oxygen vacancies. Li et al. [17] synthesized four MnO2 polymorphs
(α-, β-, γ-, and δ-MnO2) catalysts via hydrothermal method. It was found that γ-MnO2

catalyst exhibited the highest catalytic activity at 175 ◦C, achieving 82% CO conversion.
Li et al. [18] highlighted that the specific surface area was a crucial factor influencing the
catalytic performance of the MnOx catalysts. The specific surface area directly determines
the accessibility and number of active sites on the catalyst surface, thereby affecting the
adsorption and activation of the reactants.

At present, numerous studies focus on Pt catalysts at room temperature or lower,
with most demonstrating excellent activities. Boronin et al. [6] studied the Pt/CeO2 cat-
alyst, which achieved 100% conversion of 0.2 vol.% CO at 0 ◦C under a space velocity of
240,000 mL·gcat

−1·h−1. The Pt/MnO2 catalyst reported in the literature [19] exhibited a T90

of 120 ◦C at a gas hourly space velocity (GHSV) of 200,000 mL·gcat
−1·h−1 with 1 vol.% CO.

Moreover, under 0.12 vol.% CO at room temperature and GHSV = 40,000 mL·gcat
−1·h−1,

Pt/MnO2 achieved approximately 25% CO conversion and maintained this performance
over 12 h. The PtCo/CoOx/Al2O3 developed by Lin et al. [13] achieved complete conver-
sion of 1 vol.% CO under dry gas conditions at GHSV = 30,000 mL·gcat

−1·h−1 at 70 ◦C.
Additionally, when 3% H2O was introduced into the gas stream, the catalyst still achieved
complete CO conversion at room temperature. Yan et al. [20] investigated Pt-based catalysts
supported on different crystalline phases of manganese oxides (α-, β-, γ-, and δ-MnO2).
The results demonstrated that the Pt/α-MnO2(K) achieved complete (100%) CO conversion
at 65 ◦C under dry conditions and at room temperature in a humid environment. Although
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some similar catalysts could achieve 100% conversion at room temperature, there was a
lack of durability test data. Nevertheless, as a key indicator of the practical application of
catalysts, the lack of durability seriously affects the comprehensive evaluation of catalyst
performance and the assessment of their practical application prospects.

On the other hand, traditional particle or powder catalysts exhibit poor mechanical
properties, high mass transfer resistance, and significant pressure drops [21]. Although
traditional monolithic catalysts address these shortcomings, their loading methods lack
strong atomic-level bonding, resulting in the detachment of active components during
on-off cycling or rapid thermal shock conditions. To solve this problem, in our previous
work, a novel mesh-type structured γ-Al2O3/Al carrier by anodic oxidation technology
was proposed [22]. This carrier featured a sandwich structure consisting of an intermediate
Al layer and in situ grown γ-Al2O3/Al layers on both sides. The carrier exhibited flexibility
and self-constructed flow channels, enhancing mass and heat transfer [23]. Moreover, this
porous structure facilitated active component modification, ensuring full contact with the
reaction gas.

In this work, a novel hydroxyl-rich structured mesh-type Pt/Mnx/γ-Al2O3/Al catalyst
was developed for CO oxidation at room temperature. First, DFT investigations were
conducted to analyze the charge properties, the activation energy for the CO catalytic
reaction, and the H2O dissociation capability of the Mn-modified Pt/γ-Al2O3/Al. Second,
a series of Pt/Mnx/γ-Al2O3/Al was prepared. A strategy of in situ generation of the OH*
by water vapor treatment was proposed to investigate the OH* self-generation behaviors.
The specific surface area and dispersion of Pt particles were analyzed by N2 adsorption-
desorption, X-ray diffraction (XRD), and high-resolution transmission electron microscopy
(HRTEM). Furthermore, the in situ generation of OH* and the possible reaction mechanism
on the catalyst surface were examined through the Fourier transform infrared spectroscopy
(FTIR), thermogravimetric (TG), and in situ FTIR. Finally, a 200-h durability evaluation was
carried out to assess the role of OH* on the catalyst in the reaction system.

2. Results and Discussions
2.1. DFT Investigation of Water Dissociation and CO Oxidation Behaviors on Mn-Modified
Pt-Based Catalysts

To predict the role of Mn-modification in facilitating charge transfer in CO catalytic
oxidation, DFT calculations were initially conducted. Figure 1a illustrates the simulation
diagram of H2O molecules adsorbed on Pt(111), Pt–MnO2, and MnO2 sites. Figure 1b
exhibits the dissociation energy barriers of H2O on Pt(111), Pt–MnO2, and MnO2, which are
1.01 eV, 0.73 eV, and 0.71 eV, respectively. These results clearly indicate that MnO2 promoted
the dissociation of H2O to OH* on Pt(111). The adsorption site and the dissociation energy
barrier of H2O on Pt(111) aligned with previous reports [24]. According to the literature [25],
MnO2 with abundant oxygen vacancies can regulate the wettability of the material interface,
facilitating the dissociation of surface H2O into OH*. Based on these findings, this study
proposed a strategy of using the water vapor treatment method to achieve in situ generation
of OH* and subsequently create a hydroxyl-rich environment on the surface of Mn-modified
Pt-based catalysts.

Furthermore, the DFT results revealed that the adsorption energy of CO on Pt–MnO2

was lower than that on Pt(111), indicating enhanced CO capture capability for catalytic
reactions. As illustrated in Figure 1c, work functions were calculated to investigate charge
transfer on the catalyst surface. The work functions of the Pt(111) and Pt–MnO2 surfaces
were 5.76 and 5.63 eV, respectively. The lower work function of Pt–MnO2 indicated that
electrons were more likely to escape from this surface, rendering it more active than
Pt(111). Figure 1c exhibits the adsorption energy of CO on Pt(111) and Pt–MnO2, which are
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−1.75 eV and −3.14 eV, respectively. Therefore, the Pt–MnO2 surface was more favorable
for CO adsorption, which was consistent with the results of the work function. As shown
in Figure 1d, the activation energy of Pt and Pt–MnO2 for the catalytic oxidation of CO
with hydroxyl is 1.76 eV and 0.29 eV, respectively. It shows that the Mn-modified catalyst
exhibited a lower energy barrier for the CO oxidation reaction. MnO2 enhanced the charge
transfer efficiency on the Pt(111) surface, thus facilitating the adsorption of reactants and
dissociation of OH*.
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Figure 1. Simulation diagram of H2O molecules adsorbed on Pt(111), Pt–MnO2, and MnO2 sites
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2.2. Surface Properties of the Mesh-Type γ-Al2O3 Carrier and the Effect of Mn-Loading on
Pt-Based Catalyst

Figure 2a–c presents the FESEM images illustrating the surface pore distribution of
the mesh-type γ-Al2O3/Al carrier corresponding to the preparation sequence. As depicted
in Figure 2a, an orderly hexagonal pore structure was formed on the aluminum substrate
surface, which denotes ordered porous anodic alumina (AAO). The average diameter of
the pores distributed on the carrier surface was 42 nm, and the specific surface area was
11 m2·g−1 [26]. As shown in Figure 2b, the AAO was hydrated for 1 h to obtain the anodic
boehmite (AlOOH) support, which significantly increased the distribution of pores. The
texture of the surface changed noticeably, revealing a three-dimensional honeycomb porous
structure. As shown in Figure 2c, the final γ-Al2O3/Al carrier (Figure 2c) maintained
similar structural features to AlOOH. As shown in Figure 2d (blue line), the γ-Al2O3

shows type IV isotherms with H2 hysteresis curves, indicating a characteristic mesoporous
structure. The specific surface area of γ-Al2O3 increased from 11 m2·g−1 to 91 m2·g−1
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due to the formation of a honeycomb porous structure. Moreover, it exhibited a narrow
particle size distribution ranging from 3 to 15 nm (orange line in Figure 2d). Figure 2e
displays the XRD pattern of γ-Al2O3, confirming its successful preparation. Additionally,
our previous study [27] demonstrated that γ-Al2O3/Al possesses a higher density of Lewis
acid sites. These Lewis acid sites are positively charged and can strongly adsorb metal
anion precursors through electrostatic interactions, thereby inhibiting their migration and
agglomeration [28]. The presence of Lewis acid sites (Al3+) enhances the adsorption and
dispersion of metal precursors (PtCl62− ions).
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In this work, the novel mesh γ-Al2O3/Al carrier was applied to develop the Mn-
modified Pt-based catalysts. Different Mn-loading on Pt catalysts was adjusted by varying
the concentration of the Mn(Ac)2. Figure 3 illustrates the catalytic performance of the
prepared catalysts. First, the γ-Al2O3/Al carrier was tested as a blank sample, which
demonstrated minimal CO conversion of less than 10%. The Pt/γ-Al2O3/Al achieved
an average CO conversion of 42% over 140 min but showed poor stability, declining to
20%. Compared with Pt/γ-Al2O3/Al, the Mn-modified catalysts displayed enhanced CO
catalytic activity. With the increase of Mn loading, the activity increased initially and
then decreased. The Pt/Mn4.7/γ-Al2O3/Al exhibited the best catalytic performance in
this series, with an average CO conversion over 140 min that was 34% higher than that
of Pt/γ-Al2O3/Al. This finding is consistent with the DFT results that the Mn-modified
catalyst exhibited lower adsorption energy for CO. Furthermore, the Pt/α-MnO2(K) catalyst
reported in the literature [20] exhibited a 50% CO conversion (T50) at 55 ◦C under dry
conditions. In contrast, the catalyst developed in this study achieved a 76% conversion at
room temperature. This enhanced performance demonstrated the research value of the
Mn-modification in this study. Nevertheless, further improvements in both activity and
durability were required to enable practical room-temperature applications. To optimize
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performance and elucidate the key influencing factors, a water vapor treatment strategy was
proposed. The effects of OH* on the reaction and the catalytic mechanism were analyzed.
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Figure 3. Activity performance of γ-Al2O3/Al, Pt/γ-Al2O3/Al, and Pt/Mnx/γ-Al2O3/Al. (Condi-
tion: T = 25 ± 2 ◦C, m = 0.58 g, CO = 1000 ppm, WHSV = 26,000 mL·gcat

−1·h−1).

2.3. The Effects of Mn-Modification on Enhancing the CO Removal Efficiency by Water
Vapor Treatment

N2 adsorption-desorption was used to explore the microstructure and properties of
the catalysts, as shown in Figure 4a. The pore size distributions of the catalysts ranged from
3 to 5 nm, with mesoporous structures predominating across all samples. The specific data
are shown in Table 1. Compared with Pt/γ-Al2O3/Al, Mn/γ-Al2O3/Al showed larger pore
volume and pore size. After the Mn-modified, the Pt/Mn/γ-Al2O3/Al-WVT-0 exhibited
the largest specific surface area of 164 m2·g−1, which could provide more active sites and
expose additional oxygen vacancies [29,30]. This increased surface area may contribute
to the catalyst’s lower water vapor dissociation energy. The Pt/Mn/γ-Al2O3/Al-WVT-0
exhibited the smallest pore volume and pore size. After water vapor treatment, the catalyst
showed a larger cumulative pore volume, and the surface material exhibited more pores,
which was conducive to CO adsorption. The specific surface area of all catalysts showed a
slight decrease, likely due to the formation of surface reconstruction.
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Table 1. Properties of different catalysts.

Catalysts Pt Loading Mn
Loading WVT a SBET

b Vpore
c Dpore

c

(wt.%) (wt.%) (h) (m2·g−1) (mL·g−1) (nm)

Pt/γ-Al2O3/Al 0.91 / 0 112 0.08 4.1
Mn/γ-Al2O3/Al / 4.7 0 109 0.15 4.7

Pt/Mn/γ-Al2O3/Al-WVT-0 0.90 4.7 0 164 0.17 3.9
Pt/Mn/γ-Al2O3/Al-WVT-1 0.90 4.7 1 160 0.21 5.0
Pt/Mn/γ-Al2O3/Al-WVT-2 0.90 4.7 2 161 0.20 4.8
Pt/Mn/γ-Al2O3/Al-WVT-3 0.90 4.7 3 162 0.21 4.9
Pt/Mn/γ-Al2O3/Al-WVT-4 0.90 4.7 4 157 0.21 5.0

a From the water vapor treatment time. b From the isotherm analysis in the relative pressure range of 0.04–0.12.
c From the desorption curve of the BJH method.

Figure 4b displays the XRD patterns of the catalysts. Notably, two characteristic diffrac-
tion peaks were observed across all catalysts at 2θ angles of 45.9◦ and 67.0◦. These peaks
corresponded to the (400) and (440) crystal planes of γ-Al2O3 (JCPDS NO. 10-0425). All
MnO2-based catalysts showed broadened peaks, indicating poor crystallinity. The diffraction
peaks at 37.1◦, 42.4◦, and 56.0◦ of Mn/γ-Al2O3/Al could be respectively indexed to the (100),
(101), and (102) planes of ε-MnO2 (JCPDS NO. 30-0820), respectively. The Pt/γ-Al2O3/Al
displayed a diffraction peak of the Pt(111) crystal plane at 39.7◦. In contrast, the diffraction
peaks of the Pt/Mn/γ-Al2O3/Al-WVT-0 at the same position were relatively broad. This
broadening of the peak shape can be attributed to the Mn-modification, which enhanced the
dispersion of Pt particles on the surface of the carrier. In addition, the crystal structure of the
catalyst remained unchanged after water vapor treatment; both Pt/Mn/γ-Al2O3/Al-WVT-0
and Pt/Mn/γ-Al2O3/Al-WVT-2 exhibited peaks of similar shape.

The FESEM images of Pt/Mn/γ-Al2O3/Al before and after water vapor treatment
are presented in Figure 5. The catalyst without the water vapor treatment exhibited a
polyhedral cubic structure measuring 5–8 µm in size, with a rough surface. The structure
comprised a densely packed, non-overlapping monolayer of flat nanosheets that were
stacked in a manner that created a uniformly distributed layered structure. This config-
uration provided the catalyst with a high specific surface area and abundant active sites,
facilitating the adsorption of active components. As the duration of water vapor treatment
increased, the originally uniform surface of the catalyst became more restructured. Some
of the nanosheets were turned up to lay flat on the surface, and some agglomerations
appeared. This observation is consistent with the slight decrease in the specific surface area
of the catalysts, as indicated by the N2 adsorption-desorption results shown in Table 1.
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To further observe the morphology of the catalysts and determine the size and dis-
persion of the particles, the surface structure of the catalyst was characterized by HRTEM.
Figure 6 demonstrates the microstructure and morphology of the catalysts. The surfaces
of the three catalysts displayed a nano-layered structure, with Pt nanoparticles uniformly
distributed across the surface of the rod-like γ-Al2O3/Al support. This observation aligns
with findings reported in the previous literature [31]. MnOx could not be distinctly identi-
fied, probably due to its low degree of crystallinity. The Pt particles on the catalyst surface
all exhibited a lattice spacing of 0.23 nm, which indicated the Pt(111) crystal plane. The
results are consistent with the XRD results in Figure 4b.
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The average sizes of Pt nanoparticles in Pt/γ-Al2O3/Al, Pt/Mn/γ-Al2O3/Al -WVT-0,
and Pt/Mn/γ-Al2O3/Al -WVT-2 were 2.86 nm, 2.54 nm, and 2.52 nm, respectively. For
comparison, the Pt particle sizes in Pt/γ-Al2O3/Al and Pt/Mn/γ-Al2O3/Al -WVT-0 were
measured using the Scherrer formula as 3.21 nm and 2.76 nm, respectively. These results
consistently demonstrated that Mn modification slightly reduced Pt particle size. XRD
analysis confirmed this observation, showing that Mn modification broadened the Pt(111)
diffraction peak, indicating improved dispersion of Pt particles. Noble metal catalysts with
smaller particle sizes are preferred due to their enhanced catalytic activity for CO [32,33].
In smaller Pt nanoparticles, the electronic effect was more pronounced, which made more
charge transfer and, thus, formed stronger chemical bonds. This observation is consistent
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with the DFT calculations, which indicated that Pt–MnO2 possesses a lower work function
in comparison to Pt(111). Additionally, there was no significant change in particle size after
water vapor treatment, indicating that water vapor did not affect the particle size of the
Pt catalyst.

In addition, XPS was used to analyze the surface elemental valence and chemical
composition of the catalysts. The high-resolution spectra of Mn 2p, Mn 3s, Pt 4f, and O 1s
are shown in Figure 7. The quantitative analyses are summarized in Table 2. According
to Mn 3s calculations, the AOS values ranged from 3.1 to 3.3, indicating that the catalysts
were predominantly composed of Mn3+ and Mn4+. Mn 2p was fitted to three peaks at
640.8 eV, 642.2 eV, and 643.1 eV, which were attributed to the Mn2+, Mn3+, and Mn4+ species,
respectively. The catalysts were mainly present in the valence state of Mn4+ in the form of
MnO2. This finding is consistent with the morphology of MnO2 observed in the diffraction
peaks in XRD. The existence of Mn2+ was due to the insufficient calcination of MnCO3 at
400 ◦C.
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Table 2. XPS fitting of the Mn 3s, Mn 2p, Pt 4f, and O 1s peaks.

Catalyst
Mn 3s Mn 2p Pt 4f O 1s

AOS Mn3+/
Mntotal

Mn4+/
Mntotal

Pt0/
(Pt0 + Pt2+ + Pt4+)

Oads/
(Olatt + Oads + Owat)

Pt/Mn/γ-Al2O3/Al-WVT-0 3.13 0.34 0.42 0.55 0.65
Pt/Mn/γ-Al2O3/Al-WVT-2 3.17 0.31 0.45 0.50 0.74
Pt/Mn/γ-Al2O3/Al-WVT-4 3.23 0.29 0.48 0.47 0.69
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After the water vapor treatment, the AOS of the catalysts increased slightly, indicating
that water purging could enhance the valence state of the catalyst. The content of Mn3+

gradually decreased, while that of Mn4+ increased. This indicated that the charge transfers
of water molecules occurred on the catalyst surface. The Mn3+ cation was in agreement
with the high-spin 3d4 electronic configuration, which could provide more than one free
electron [34]. Mn3+ sites served as effective adsorption sites for oxygen species. According
to the literature [29], the presence of Mn3+ in the catalyst leads to the generation of oxygen
vacancies to maintain electrostatic balance. The specific equations are as follows:

4 Mn4+ + O2− → 4 Mn4+ + 2 e−/Ovac +
1
2

O2 (1)

4 Mn4+ + 2 e−/Ovac +
1
2

O2 → 2 Mn4+ + 2 Mn3+ + Ovac +
1
2

O2 (2)

Figure 7c shows the Pt 4f spectra of the catalysts, with specific data detailed in Table 2.
The Pt on the catalyst surface was mainly divided into three valence states: Pt0, Pt2+,
and Pt4+. The peaks at 71.4 eV and 74.7 eV were attributed to Pt0 species, the peaks at
72.9 eV and 76.2 eV were attributed to Pt2+ species, and the peaks at 74.3 eV and 77.6 eV
were attributed to Pt4+ species. Because of the large amount of Al element in the carrier, the
Al 2p peak was fitted around 75 eV [35]. With the increase in water vapor treatment time,
the content of Pt0 on the catalyst surface decreased slightly. The presence of water vapor
slightly changed the adsorption properties on the catalyst surface, potentially leading to
increased adsorption of oxygen or other substances, which resulted in a higher valence
state [36].

The O 1s spectra of the catalysts are shown in Figure 7d. The asymmetric O 1s spectra
could be fitted to three peaks. The peaks corresponding to lattice oxygen (Olatt), hydroxyl
group (Oads), and water molecules (Owat) are 529.9 eV, 531.7 eV, and 533.5 eV, respectively. As
shown in Table 2, with the prolonged water vapor treatment time, the hydroxyl peak showed
a trend of increasing first and then decreasing. Pt/Mn/γ-Al2O3/Al-WVT-2 exhibited the
highest OH* content of 74%.

FTIR was employed to analyze the distribution of functional groups on the catalyst
surface following different durations of water vapor treatment, as illustrated in Figure 8a.
All catalysts exhibited broad and intense absorption spectra in the range of 3100 cm−1

to 3700 cm−1, which was attributed to the stretching vibrations of OH* on the catalyst
surface. As the treatment time increased, the intensity of absorption peak in this range in-
creased first and then decreased. This trend indicated that water vapor treatment increased
the OH* content on the catalyst, with the highest OH* content observed at the Pt/Mn/
γ-Al2O3/Al-WVT-2. FTIR characterization confirmed that water vapor treatment success-
fully in situ generated the OH* on the catalysts. These OH* groups played a crucial role in
CO catalytic oxidation, OH* could react with adsorption CO (CO*) to form formate species
(OH* + CO* → HCOO*) [37]. Additionally, all catalysts exhibited intense absorption
peaks at the 1650 cm−1 and 1410 cm−1, corresponding to the H2O and carbonates, respec-
tively [38]. The presence of water indicated that the catalyst readily adsorbed H2O. The
carbonates observed were attributed to insufficiently calcined MnCO3 on the surface of the
catalyst, which aligned with the results of Mn 2p in XPS.

As shown in Figure 8b, TG tests were conducted to analyze the content of physi-
cally adsorbed water and OH* on the catalyst surface. Within the temperature range of
20–600 ◦C, three weight-loss stages were observed. The first weight-loss stage (30–150 ◦C)
was attributed to the desorption of physically adsorbed water. The weight loss of the sam-
ples due to H2O was nearly uniform, indicating that a portion of the H2O adsorbed on the
catalyst surface had been converted into OH*. The second stage (150–400 ◦C) corresponded
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to weight loss due to the breakdown of metal–OH structural hydroxyls [39]. This was
reflected in the rise and subsequent decline of the hydroxyl peak area in the FTIR results.
Regarding the decrease in OH* content, reference [40] indicated that although adsorbed
H2O could break the O–H bond to form abundant OH*, an excess of water molecules
would recombine with OH*. This led to a decrease in the active sites and deactivation
of the catalyst. The surface exhibited the highest hydroxyl amount on Pt/Mn/γ-Al2O3/
Al-WVT-2. The increased amount of OH* was advantageous for enhancing catalytic activity.
The third stage (400–600 ◦C) involved weight loss primarily due to the cleavage of partial
AlOOH and Pt–OH bonds on the catalyst surface at elevated temperatures [31], as well as
the presence of inadequately calcined MnCO3 and the crystal transformation of MnOx [41].
TG and FTIR results indicated that water vapor treatment significantly increased the OH*
content on the catalyst, and the Pt/Mn/γ-Al2O3/Al-WVT-2 exhibited the highest hydroxyl
content. The result matches the OH* distribution analyzed in the O 1s of XPS.
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To verify that Mn modification could effectively enhance the dissociation of H2O
into OH* and subsequently improve both activity and durability, CO catalytic oxidation
tests were conducted on Pt/γ-Al2O3/Al-WVT-X, Mn/γ-Al2O3/Al-WVT-X, and Pt/Mn/
γ-Al2O3/Al-WVT-X. As shown in Figure 9a, the CO catalytic activity of Pt/γ-Al2O3/Al
decreased conversely following the water vapor treatment. However, as shown in
Figure 9b, the catalytic oxidation activity of CO on Mn/γ-Al2O3/Al slightly increased with
increasing treatment time. Although the Mn/γ-Al2O3/Al showed limited activity in CO
catalytic oxidation, it created a hydroxyl-rich environment that slightly improved catalytic
performance. This improvement aligns with the lower dissociation energy barrier of MnO2

predicted by DFT calculations. Figure 9c shows the CO catalytic oxidation performance of
Pt/Mn/γ-Al2O3/Al. The average CO conversion for Pt/Mn/γ-Al2O3/Al-WVT-0 was 73%
over 70 min, demonstrating poor activity and durability. After 18-h testing, the activity
declined to 22%, as illustrated in Figure 9d. Additionally, with the increase in water vapor
treatment time, the catalytic performance increased and then decreased, and the conver-
sion was 100% of Pt/Mn/γ-Al2O3/Al-WVT-2. Furthermore, the catalyst demonstrated
a lifespan of 200 h at room temperature. Figure S1 shows the performance results of the
Pt/Mn/γ-Al2O3/Al-WVT-2 catalyst under varying humidity conditions. The catalyst was
first switched from dry conditions to 30% relative humidity (RH) and then further adjusted
to 50% RH. The results demonstrated that the catalyst maintained 100% CO conversion
for 10 h under both humidity conditions. This phenomenon suggested that the catalyst
exhibited effective catalytic performance at low relative humidity.
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The reasons for this phenomenon have also been explored. In Figure 9e, within the
range of 3100 cm−1 to 3700 cm−1, the peak intensity of the Pt/Mn/γ-Al2O3/Al-WVT-2-
used catalyst was reduced. This reduction indicated that OH* was one of the key active
species in the reaction, and the reaction was accompanied by the consumption of OH*.
After a 200-h CO catalytic test, the OH* content of the Pt/Mn/γ-Al2O3/Al-WVT-2-Used
remained significantly higher than that of the untreated catalyst, suggesting that the
water vapor treatment strategy successfully generated OH* on the catalyst surface. This
phenomenon explained that Pt/Mn/γ-Al2O3/Al-WVT-2 formed a self-sustaining cycle,
which effectively delayed the OH* consumption and prolonged the durability of CO
catalytic oxidation. Furthermore, FTIR peaks at 1410, 1080, 860, and 773 cm−1 indicated
the presence of carbonates, while the weak peak at 1190 cm−1 suggested minor formate
accumulation on the surface of the Pt/Mn/γ-Al2O3/Al-WVT-2-used [42]. The catalyst
surface was mainly the accumulation of carbonates. The reaction process involved the
consumption of OH*, which further indicated the formation of HCOO* on the catalyst.
However, the minimal accumulation of HCOO* suggested that formate species readily
reacted off on the catalyst surface. An increased accumulation of carbonates on the catalyst
surface was observed, consistent with previous reports [13] demonstrating that formates
are more easily oxidized than carbonates at room temperature. Therefore, it was inferred
that the role of OH* was mainly to promote the CO oxidation reaction path in which the
intermediate product is HCOO* and reduce the activation energy of the reaction. The
experimental results align with the dissociation energy barrier of water molecules on metal
atoms in DFT calculations. In the hydroxyl-rich environment, the consumption rate of
OH* on the catalyst surface was significantly reduced, which was crucial for enhancing
the durability of the catalyst during the CO catalytic reaction. Specifically, the abundant
supply of OH* can continuously supplement the OH* consumed in the catalytic process,
thereby slowing down the deactivation of the active sites of the catalyst and maintaining
the long-term stability and activity of the catalyst.
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2.4. Mechanism of Water Vapor Treatment and CO Oxidation Reaction

The EPR analysis was employed to verify the presence of oxygen vacancies, and
the content of oxygen vacancies in Pt/Mn/γ-Al2O3/Al and Pt/γ-Al2O3/Al was further
compared. As shown in Figure 10a, both catalysts show a symmetric signal with a g value
of 2.003, indicating the presence of oxygen vacancies [38]. The peak intensity of Pt/Mn/
γ-Al2O3/Al was stronger than that of Pt/γ-Al2O3/Al, suggesting a higher oxygen vacan-
cies content on the surface of Pt/Mn/γ-Al2O3/Al. This result is consistent with the XPS in
Figure S2, where the (Oads + Owat) content of Pt/Mn/γ-Al2O3/Al is 6% higher than that of
Pt/γ-Al2O3/Al. The hydroxyl group and adsorbed water molecules are usually produced
on oxygen vacancies of MnO2 [38]; the increased proportion of (Oads + Owat) suggested
more oxygen vacancies content on Pt/Mn/γ-Al2O3/Al.

To explore the adsorption state of H2O on the Pt/Mn/γ-Al2O3/Al catalyst surface, in
situ FTIR H2O adsorption experiments were carried out. As shown in Figure 10b, the color
gradient (from blue to red) illustrates the real-time evolution of the catalyst under H2O/Ar
gas flow throughout the 60-min test, with data points collected at 5-min intervals. The
blue curve corresponds to the initial state (0 min), while the red curve represents the final
state after 60 min of reaction. With the extension of the water vapor purging time, the peak
intensities at 1640 cm−1 and 3383 cm−1 showed a gradually increasing trend. There was
obvious H2O adsorption and hydroxyl generation on the surface of the Pt/Mn/γ-Al2O3/Al
catalyst. Furthermore, this experiment proved that H2O could dissociate on the surface
of the catalyst without the participation of oxygen. This finding is consistent with the
results of isotope-labeling experiments reported in the literature [43], indicating no isotopic
exchange between H2O and O2 during the dissociation of H2O.

In situ FTIR CO adsorption saturation experiments were carried out to explore the
adsorption state of CO on the catalyst surface. Figure 10c,d (red curve) shows that after
30 min of purging with a 1% CO and air mixture (CO adsorption-saturated state), catalysts
were tested under an Ar gas flow. The peaks at 2360 cm−1 and 2337 cm−1 correspond to
gas-phase bands of CO2 adsorption [44]. The CO vibrational frequencies at 2170 cm−1 and
2112 cm−1 correspond to CO molecules linearly adsorbed on Pt0 and ionic Pt [45]. After
switching to Ar purging, the intensity of the CO and CO2 peaks for the Pt/γ-Al2O3/Al
gradually weakened and completely disappeared after 5 min. The corresponding peak of
Pt/Mn/γ-Al2O3/Al continued to disappear until the seventh minute. The comparison
revealed that Mn modification significantly enhanced the CO adsorption capacity of the
catalyst, leading to improved CO oxidation performance. This phenomenon aligns with
the DFT calculation results. It should be noted that while Mn modification enhanced CO
adsorption, short-term inert gas purging could desorb CO. This observation suggested
that Mn modification did not cause excessive CO adsorption and thus would not lead to
catalyst deactivation.

To further demonstrate the promoted effect of the water vapor treatment method on
the catalytic reaction of the catalysts, in situ FTIR tests of Pt/Mn/γ-Al2O3/Al-WVT-0 and
Pt/Mn/γ-Al2O3/Al-WVT-2 were conducted, as shown in Figure 10e,f. The in situ FTIR
spectra of the two catalysts showed many similarities. As for the change trend of CO and
CO2 peaks on catalysts, these were consistent with the change trend in reference [16]. When
the CO reaction gas entered the system, the catalyst would convert CO to CO2, resulting
in the accumulation of adsorbed CO2 on the catalyst surface. The peaks of 3383 cm−1

decreased significantly during the CO catalytic reaction, indicating that the reaction process
was accompanied by the depletion of OH*. This was consistent with the results of the
FTIR spectra in Figure 9e, that is, Pt/Mn/γ-Al2O3/Al-WVT-2 after the 200 h test, and the
amount of OH* was significantly lower than before.
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As shown in Figure 10e,f, the color gradient (from blue to red) illustrates the real-time
evolution of the catalyst under 1% CO with air gas flow throughout the 60-min test, with
data points collected at 5-min intervals. The blue curve corresponds to the initial state
(0 min), while the red curve represents the final state after 60 min of reaction. Several distinct
differences were observed in the in situ FTIR spectra of the two catalysts. One was the
characteristic peaks at 1580–1300 cm−1 for the Pt/Mn/γ-Al2O3/Al-WVT-0 corresponding
to carbonates and formates [46,47]. The peak bands at 1550 cm−1 together with the bands
at 1360 cm−1 were attributed to formates. The peak bands in the region 1460–1510 cm−1,
together with the bands at 1350 cm−1 were assigned by carbonates. The other was the
bands at 1950–1680 cm−1, which corresponded to the bridge adsorption of CO on the
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catalyst surface [47,48]. Bridged CO readily reacted with surface oxygen species due to the
high stability and large adsorption area, facilitating the formation of carbonate species on
the catalyst surface [49]. At room temperature, carbonates tended to accumulate on the
catalyst surface due to their high thermodynamic stability. This result is consistent with
the literature [10,50] that formates were more easily decomposed than carbonates on the
catalyst surface.

Furthermore, with prolonged CO exposure, the OH* on the catalyst surface was pro-
gressively consumed while formate species accumulated. This finding proved that OH*
reacted with CO* to form formate species (OH* + CO* → HCOO*). This observation
is consistent with previously reported reaction mechanisms [37], further confirming the
pathway of CO reacting with surface hydroxyl groups to form formate species. As shown
in Figure 10f, it is noteworthy that no obvious accumulation of HCOO* was detected on
Pt/Mn/γ-Al2O3/Al-WVT-2, indicating that the HCOO* intermediate was rapidly oxidized
to CO2. After water vapor treatment, CO oxidation primarily occurred through linear ad-
sorption on the top sites of Pt0 rather than through bridged adsorption. This result further
confirmed the absence of carbonate species accumulation on the catalyst surface, suggesting
that the CO oxidation preferentially proceeded via the formate pathway after water vapor
treatment. Moreover, within the first five min, a pair of distinct absorption peaks initially ap-
peared at 1036 and 1051 cm−1. These peaks were identified as the intermediate OOH* [51]
formed by the combination of HCOO* with O2 [13]. Subsequently, these peaks disap-
peared as a pair of adsorbed CO2 vibrational bands emerged. No OOH* absorption peaks
were observed on Pt/Mn/γ-Al2O3/Al-WVT-0 surface, indicating that Pt/Mn/γ-Al2O3/
Al-WVT-0 mainly followed the carbonate paths.

In conclusion, there were two primary reaction pathways for the CO catalytic reaction
on these catalysts. The first pathway involved CO* reacting with oxygen species to form
intermediate carbonates (carbonate pathway), where bridge-adsorbed CO* reacts with
surface oxygen to generate carbonate intermediates. The weak desorption capacity of
carbonates at room temperature led to carbonate accumulation on the surface. The second
pathway involved CO* reacting with OH* on the catalyst surface to produce formate
(formate pathway). Furthermore, the HCOO* intermediate reacted with O2* to form OOH*,
which subsequently facilitated the combination of HCOO* with another CO*, leading to
decarboxylation and the release of CO2 through electron transfer. This observation aligns
with previous reports in the literature [50].

The kinetic data (Arrhenius plots) were analyzed to further reveal the inherent cat-
alytic activity of CO oxidation over the catalysts, as shown in Figure 11. The appar-
ent energy activation (Ea) Pt was 45.4 kJ·mol−1. Following Mn modification, the Ea of
Pt/Mn/γ-Al2O3/Al-WVT-0 was decreased to 27.0 kJ·mol−1. Moreover, after proper water
vapor treatment, the Ea of Pt/Mn/γ-Al2O3/Al-WVT-2 was reduced to only 14.0 kJ·mol−1.
These results suggested that the enhancement of intrinsic activity toward CO oxidation
on Pt/Mn/γ-Al2O3/Al-WVT-2 was primarily attributed to the Mn-modification and the
amount of OH*.

It was found that Mn modification significantly increased the specific surface area of
the catalyst. Materials with a high specific surface area are more likely to form defects and
generate abundant oxygen vacancies [52]. XPS and EPR characterization results confirmed
that the introduction of Mn3+ was accompanied by the formation of abundant oxygen
vacancies [53]. Consequently, Pt/Mn/γ-Al2O3/Al possessed more oxygen vacancies than
Pt/γ-Al2O3/Al. These oxygen vacancies readily captured H2O, while Mn3+ on the surface
easily released electrons. This synergistic effect promoted the adsorption of H2O on the
catalyst surface and facilitated O–H bond cleavage. As a result, H2O adsorbed on the MnO2

surface readily dissociates to form OH*.
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It was reported [54] that Pt-based catalysts with different carriers (Fe2O3, ZnO, and
γ-Al2O3) exhibited superior CO oxidation catalytic activity due to increased hydroxyl
content. Meanwhile, as shown in Figure 9b, Mn/γ-Al2O3/Al showed almost no activity in
CO catalytic oxidation. Combined with in situ FTIR results, CO was first linearly adsorbed
by Pt atoms on the catalyst in the catalytic oxidation. It can be considered that Pt in this
study provided the main active sites. The CO reaction process in the proposed mechanism
diagram was on the Pt atoms. TG, FTIR, and XPS results showed that the improved activity
and durability could be attributed to the increase in OH* content. The presence of abundant
OH* directs the catalyst to favor the formate pathway over the carbonate pathway. Since
formate demonstrates higher decomposition efficiency than carbonate at room temperature,
thereby improving the reaction performance.

The DFT calculations reported in the literature [55] revealed that H2O preferentially
adsorbed on the Mn3+ species of defective facets, resulting in the separation of electrons
(e−) and holes (h+) from the surface of MnO2. During this step, adsorbed H2O accepted
holes (h+) to form OH* species, thereby releasing H+ species. Based on the above analysis, a
mechanism for the water vapor treatment stage has been proposed, as shown in the left side
of Figure 12. The Mn3+ site readily adsorbed water molecules through oxygen vacancies
(Ovac) (Equation (3)). The high-spin 3d4 electron configuration of Mn3+ could donate
multiple free electrons [30,56], and then the O–H bond of H2O at the oxygen vacancies
was broken, and H+ was released [57] (Equation (4)). The OH* remained on the MnOx to
further promote the catalytic reaction of CO (Equation (5)).

Mn3+-Ovac-Mn3+ + H2O (g) → Mn3+-H2O(ads)-Mn3+ (3)

Mn3+-H2O(ads)-Mn3+ → Mn3+-OH− . . . H+-Mn3+ (4)

Mn3+-OH− . . . H+-Mn3+ → Mn3+-OH−-Mn3+ + H+ (5)

As shown on the right side of Figure 12, a mechanism of OH-promoted formate pathway
was proposed. CO was easily linearly adsorbed at the top site of Pt0 with an adsorption
energy of −3.14 eV (I → II, Figure 12). The combination of CO and OH* would generate the
intermediate product HCOO* (II → III, Figure 12). Subsequently, HCOO* would be oxidized
to OOH* by active oxygen, and CO2 would be removed by deprotonation (IV → V, Figure 12).
This corresponds to the results observed in Figure 10f. Subsequently, another CO molecule
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was linearly adsorbed and reacted with OOH* (VI → VII, Figure 12). Finally, the CO2 on the
catalyst surface was released, and OH* was regenerated (VII → I, Figure 12). This mechanism
aligns with earlier studies [14]. During the catalyst reaction cycles, Mn-modification was
beneficial to resist the consumption of OH* on the catalyst surface. The enhanced formate
pathway further facilitated the in situ generation of OH* and promoted a self-circulation of
CO catalytic reaction.
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3. Materials and Methods
3.1. Catalyst Preparation

All chemicals used in catalyst preparation were of analytical grade. In this study, the
mesh-type structured carrier γ-Al2O3/Al was developed by the anodizing method [23].
MnOx was developed by the co-precipitation method, while Pt was developed by the col-
loidal precipitation method following Mn modification. The detailed preparation methods
for the carrier and catalysts are provided in Supplementary Notes S1–S3.

For the water vapor treatment method, 30 mL·min−1 high-purity air was passed
through a bubbler filled with deionized water and introduced into a quartz tube containing
Pt/Mn/γ-Al2O3/Al in the form of water vapor. The samples were exposed to water vapor
for 0 h (untreated), 1 h, 2 h, 3 h, and 4 h. These samples were designated as Pt/Mn/
γ-Al2O3/Al-WVT-X, where X indicated the water vapor treatment time. For the sake of
convenience, Pt/γ-Al2O3/Al-WVT-0 and Pt/Mn/γ-Al2O3/Al-WVT-0 were simplified to
Pt/γ-Al2O3/Al and Pt/Mn/γ-Al2O3/Al. In addition, Pt/Mn/γ-Al2O3/Al-WVT-2-used
denotes the Pt/Mn/γ-Al2O3/Al-WVT-2 after a 200-h CO catalytic reaction test.

3.2. Catalyst Characterization

The detailed characterization methods for catalysts are shown in Supplementary
Note S4.
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3.3. Catalytic Activity Evaluation

The catalytic activity evaluation methods are detailed in Supplementary Note S5.
The flowchart of the experimental device used for the CO catalytic oxidation reaction is
illustrated in Figure S3.

3.4. DFT Method

The detailed DFT methods for catalysts are presented in Supplementary Note S6.

4. Conclusions
In this work, a novel mesh-type structured Pt/Mn/γ-Al2O3/Al catalyst capable of

dissociating H2O to OH* was developed. A new strategy of water vapor treatment was
employed to generate OH* in situ. This method effectively produced a catalyst Pt/Mn/
γ-Al2O3/Al-WVT-2 with the ability to capture OH*, which solved the problem of poor
activity and short durability of the catalyst. The reasons for the excellent activity and
prolonged lifespan of the Pt/Mn/γ-Al2O3/Al-WVT-2 are as follows:

(1) According to the DFT calculations, Mn-modification enhanced the adsorption
capacity of CO and reduced both the work function and the energy barrier of the cat-
alytic reaction. Additionally, the water molecule dissociation ability of the Pt catalyst was
improved due to the Mn-modification.

(2) The preferred Pt/Mn/γ-Al2O3/Al exhibited a large specific surface area and pore
volume, which enhanced the activity of the Pt-based catalyst. Moreover, the XRD results
suggested that the Mn-modification could improve the dispersion of Pt particles on the
carrier surface.

(3) Mn3+ provided the adsorption sites for H2O and facilitated the breaking of the O–H
bond, enabling the adsorbed H2O on the MnO2 surface to readily dissociate and generate
OH* in situ.

(4) Formate decomposed more readily than carbonates on the catalyst surface. In
the presence of abundant OH*, CO oxidation intermediates were more likely to generate
HCOO* species.

(5) Water vapor treatment facilitated CO reaction with OH* to form formates, which
readily underwent oxidative decomposition on the catalyst surface. Therefore, the catalyst
achieved self-circulation through the abundant presence of OH* during the reaction, thereby
enhancing the durability of the catalyst.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/catal15050430/s1. Note S1: Preparation of flexible mesh-type
γ-Al2O3/Al carrier, Note S2: Preparation of Mnx/γ-Al2O3/Al catalysts, Note S3: Preparation
of Pt-based catalyst, Note S4: Catalyst characterization, Note S5: Catalytic activity evaluation,
Note S6: DFT method, Figure S1: Activity performance of Pt/Mn/γ-Al2O3/Al-WVT-2 under
different relative humidity (RH). (Condition: T = 25 ± 2 ◦C, m = 0.58 g, CO = 1000 ppm,
WHSV = 26,000 mL·gcat

−1·h−1), Figure S2: XPS O 1s results of Pt/Mn/γ-Al2O3/Al and Pt/
γ-Al2O3/Al, Figure S3: Flowchart of experiment device for CO catalytic oxidation reaction.
Refs. [58,59] are cited in the Supplementary Materials.
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