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Abstract: Catalytic oxidation is used to control carbon monoxide (CO) emissions from industrial
exhaust. In this study, a mesoporous silica material, KCC-1, was synthesized and used as a carrier
with a high specific surface area to confine active component FeOx nanoparticles (NPs), and the
CO catalytic oxidation performance of x%Fe@KCC-1 catalysts (x represents the mass loading of
Fe) was studied. The experimental results showed that due to its large specific surface area and
abundant mesopores, the FeOx NPs were highly dispersed on the surface of the KCC-1 carrier. The
particle size of FeOx was very small, resulting in strong interactions between FeOx NPs and KCC-1,
which enhanced the catalytic oxidation reaction on the catalyst. The FeOx loading improved the
CO adsorption capability of the catalyst, which facilitated the catalytic oxidation of CO, with the
7%Fe@KCC-1 catalyst achieving 100% CO conversion at 160 ◦C. The CO catalytic removal mechanism
was investigated by a combination of in-situ DRIFTS and DFT calculations. This study advances
scientific understanding of the application potential of nano-catalysts in important oxidation reactions
and provides valuable insights into the development of efficient CO oxidation catalysts.

Keywords: porous catalysts; FeOx nanoparticles; density functional theory; catalytic removal mechanism

1. Introduction

Carbon monoxide (CO) is one of the most high-priority pollutants in China’s environ-
mental air quality standards. Vehicle exhaust emissions are one of the primary sources of
urban air pollution and include CO, nitrogen oxides (NOx), volatile organic compounds
(VOCs), and particulate matters (PMs), all of which [1,2] pose risks to human health and
the environment [3]. The preferred method of removing CO from the exhaust gas of diesel
vehicles is generally through catalytic oxidation of the CO using a three-way catalyst.
Currently, catalytic oxidation of CO using molecular O2 as an oxidant (2CO + O2 → 2CO2)
is recognized as the most energy-efficient method of CO removal. Furthermore, as a typical
gas-solid heterogeneous reaction, catalytic oxidation of CO is regarded as an extremely
important topic for fundamental research. CO can be used as a probe molecule to inves-
tigate catalyst structures, adsorption/desorption behaviors, metal-support interactions,
and catalytic reaction mechanisms. Extensive efforts have been made in recent years to
develop efficient catalysts for CO oxidation. Supported catalysts have received particular
attention due to their enhanced catalytic activity, stability, and selectivity [4]. In this regard,
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KCC-1, a mesoporous silica material (KCC-1) with an imidazolate ligand, has emerged as a
promising support for various catalysts.

KCC-1 possesses a range of desirable properties, including a high surface area, ordered
porosity, and thermal stability [5,6]. These characteristics make it an attractive platform
for the immobilization of catalytically active species, such as metal oxides. Moreover, the
structural and textural tunability of KCC-1 allows for precise control over the dispersion and
accessibility of active sites, which influences its overall catalytic performance. Previously,
we found that Snx/KCC-1 catalysts with well-dispersed Sn atom clustering exhibited CO
catalytic oxidation performance comparable to that of noble metal catalysts [7].

Noble metals, particularly platinum and gold, conventionally serve as pivotal com-
ponents in catalytic systems for controlling carbon monoxide (CO) emissions via catalytic
oxidation [8–10]. Although noble metal catalysts have excellent CO adsorption and activa-
tion capacity, they are dwindling and expensive resources. The non-noble metal catalyst
FeOx has shown remarkable catalytic activity for CO oxidation due to its unique redox
behavior and high affinity for CO. Liu et al. [11] investigated the overlay adsorption of CO
on a Pt (111) surface partially covered by FeOx nanostructures and showed that FeOx nanos-
tructures are ideal catalysts for low temperature CO oxidation. The coverage structure of
carbon monoxide on bare platinum is unaffected by FeOx NPs due to strong chemisorption.
The incorporation of FeOx species onto a KCC-1 support can further enhance its catalytic
properties by providing a highly dispersed and stabilized active phase. The structural
features, surface chemistry, and interactions between FeOx and KCC-1 are expected to play
crucial roles in governing the catalytic performance and stability of supported catalysts.
Bai et al. [12] found that Fe-KCC-1 has a large surface area (464.56 m2·g−1) and that FeOx
NPs particles are well-dispersed on its surface.

Despite increasing interest in utilizing KCC-1 as a FeOx catalyst carrier, there is still a
need to comprehensively investigate the synthesis methods, characterization techniques,
and catalytic mechanisms of these composites for CO oxidation. Understanding the struc-
tural and electronic properties of the catalyst and the nature of active sites will help
elucidate the underlying catalytic mechanism to optimize the design of highly efficient
catalysts. The utilization of a confinement strategy proves highly effective in minimizing
the sintering of active component NPs, leading to a noteworthy enhancement in catalytic
stability. However, conventional confinement techniques, such as porous structures or core
shell arrangements, may hinder the transport of reactants to some extent or compromise
certain active sites [13–16].

In this study, we synthesized and characterized KCC-1-supported FeOx catalysts for
CO oxidation. By employing various characterization techniques, including X-ray diffrac-
tion (XRD), scanning electron microscope (SEM), and HRTEM, we probed the structural
integrity, textural properties, dispersion, and oxidation state of FeOx on the KCC-1 carrier.
In addition, catalytic activity measurements were carried out to assess the x%Fe@KCC-1
(x = 0, 1, 3, 5, 7 and 10) catalyst’s performance for CO oxidation. The insights gained from
this research will provide a fundamental understanding of the KCC-1-supported FeOx catalyst
system, especially the synergistic effects between the support and active species. This knowl-
edge can pave the way for the rational design and synthesis of high-performance catalysts for
CO oxidation, leading to air quality improvements and sustainable development.

2. Discussion
2.1. Basic Morphological Characteristics

The morphology and pore structure of catalyst materials play crucial roles in heteroge-
neous catalysis. SEM images of x%Fe@KCC-1 (x = 0, 1, 3, 5, 7 and 10) catalysts are shown
in Figure 1. This series of x%Fe@KCC-1 catalysts exhibited similar geomorphic features, all
of which were hydrangea-like. These features facilitate heterogeneous catalytic reactions on
the x%Fe@KCC-1 (x = 0, 1, 3, 5, 7 and 10) catalyst’s surface. The overall morphology of the
catalysts was unaffected before and after loading the x%Fe active component, suggesting that
it was well-dispersed on the KCC-1 carrier surface, thus providing abundant active sites.
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of the 7%Fe@KCC-1 catalyst (Figure S1a,b), and were reduced in the 7%Fe@KCC-1 catalyst 
by H2 (Figure S2a–d). The mesoporous KCC-1 exhibits a unique fibrous structure 
(hydrangea-like fibrous microspheres), which suggests that the active components of FeOx 
NPs are uniformly dispersed on the surface of the KCC-1 carrier. This homogeneous 
dispersion effectively ensures the effective collision and interaction between the active 
components on the catalyst surface and the reactive gas molecules (CO and O2). In 
addition, the results of high-angle annular dark-field scanning transmission electron 
microscopy and energy-dispersive X-ray spectroscopy (Figure S1c–f) showed that the 
FeOx active component NPs were uniformly distributed on the KCC-1 without 
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Figure 1. SEM images of (a,a’) KCC-1, (b,b’) 1%Fe@KCC-1, (c,c’) 3%Fe@KCC-1, (d,d’) 5%Fe@KCC-1,
(e,e’) 7%Fe@KCC-1 and (f,f’) 10%Fe@KCC-1 catalysts.

The unique lattice structures of KCC-1, FeOx, and Fe were not detected in the HRTEM
of the 7%Fe@KCC-1 catalyst (Figure S1a,b), and were reduced in the 7%Fe@KCC-1 cat-
alyst by H2 (Figure S2a–d). The mesoporous KCC-1 exhibits a unique fibrous structure
(hydrangea-like fibrous microspheres), which suggests that the active components of FeOx
NPs are uniformly dispersed on the surface of the KCC-1 carrier. This homogeneous
dispersion effectively ensures the effective collision and interaction between the active
components on the catalyst surface and the reactive gas molecules (CO and O2). In addition,
the results of high-angle annular dark-field scanning transmission electron microscopy and
energy-dispersive X-ray spectroscopy (Figure S1c–f) showed that the FeOx active compo-
nent NPs were uniformly distributed on the KCC-1 without aggregation. This structure
allows the FeOx NPs’ active components to be supported on the surface of the fiber struc-
ture rather than in the pores, resulting in smaller particle sizes, which is an advantage of
KCC-1 molecular sieves. Therefore, the x%Fe@KCC-1 (x = 0, 1, 3, 5, 7 and 10) catalyst is
expected to exhibit excellent CO catalytic activity.

The crystal structures of the x%Fe@KCC-1 (x = 0, 1, 3, 5, 7 and 10) catalysts were
characterized by XRD, and the obtained pattern is displayed in Figure S3. For the Fe2O3
catalyst samples, strong diffraction peaks appeared at 24.25◦, 33.25◦, 35.72◦, 40.94◦, 49.55◦,
54.12◦, 57.69◦, 62.52◦, 64.08◦, and 72.01◦, which corresponded to the (0 1 2), (1 0 4),
(1 1 0), (1 1 3), (0 2 4), (1 1 6), (0 1 8), (2 1 4), (3 0 0), and (1 0 10) planes of α-Fe2O3
(JCPDS card: 1–089–0597), respectively [17]. Furthermore, the x%Fe@KCC-1 catalysts
showed a broad diffraction peak at 2θ = 22.58, which was attributed to amorphous SiO2



Catalysts 2024, 14, 63 4 of 12

within the mesoporous molecular sieve of the KCC-1 [18]. This is an indication that the
FeOx NPs’ active component was present on the surface of the KCC-1 in an amorphous
form, even with the highest Fe loading, namely that of the 10%Fe@KCC-1 catalyst. Thus,
the x%Fe@KCC-1 (x = 0, 1, 3, 5, 7 and 10) catalysts may have excellent heterogeneous
catalytic properties.

Nitrogen (N2) adsorption–desorption isotherms were used to probe the specific surface
area and pore structure data of x%Fe@KCC-1 (x = 0, 1, 3, 5, 7 and 10) and related catalyst
materials. The resulting N2 adsorption and desorption isotherms and corresponding BJH
pore size distribution curves for the relative pressure (P/P0) range of 0.05 to 0.25 can be
seen in Figure S4. According to the classification of the International Union of Pure and
Applied Chemistry (IUPAC), the adsorption-desorption isotherms of the catalyst materials
belonged to type IV, with a typical hysteresis loop of the H3 type [19,20], caused by the
capillary condensation of mesoporous structures. The data for the specific surface area and
pore volume are given in Table 1. Pure Fe2O3 was found to have a specific surface area
of only 4 m2·g−1 and a pore volume of only 0.11 cm3·g−1. Fe2O3 is similarly porous, but
has an almost nil pore diameter, suggesting large amounts of accumulated Fe2O3 particles.
On the other hand, compared to pure Fe2O3, the KCC-1 carrier exhibits a significantly
larger specific surface area of 645 m2·g−1 and a pore volume of 1.93 cm3·g−1. When doped
with FeOx NPs, x%Fe@KCC-1 showed lower specific surface areas, pore volumes, and
pore sizes than their non-doped counterparts. In particular, the specific surface area of
x%Fe@KCC-1 (x = 0, 1, 3, 5, 7 and 10) catalysts decreased from 645 m2·g−1 to 397 m2·g−1

and the pore volume decreased from 1.52 cm3·g−1 to 0.67 cm3·g−1 when the loading of
the active component of FeOx NPs was increased from 1% to 10%. However, the pore
size of FeKCC-1 remained basically unchanged at about 3.1 nm, which means that the
pore structure of KCC-1 was not disrupted after introducing FeOx. Pore size distribution
analysis of x%Fe@KCC-1 showed that mesopores 3.1 nm in size were embedded in the
floral fiber microspheres of KCC-1 molecular sieves.

Table 1. Structural parameters for x%Fe@KCC-1 (x = 0, 1, 3, 5, 7 and 10) and related materials.

Catalysts Specific Surface Area (m2·g−1) a Pore Volume (cm3·g−1) b Pore Sizes (nm) b

KCC-1 645 1.68 3.1
Fe2O3 4 0.11 31.7

1%Fe@KCC-1 576 1.52 3.1
3%Fe@KCC-1 550 1.45 3.1
5%Fe@KCC-1 520 1.33 3.1
7%Fe@KCC-1 479 1.21 3.1

10%Fe@KCC-1 397 0.67 3.1
a: Calculated from the linear part of the BET formula (P/P0 = 0.05–0.25). b: Calculated from the BJH Equation.

The reducibility of x%Fe@KCC-1 (x = 0, 1, 3, 5, 7 and 10) catalysts was investigated
using H2-TPR (Figure 2). There were three reduction peaks of Fe2O3 with relatively large
peak areas at 392 ◦C, 602 ◦C, and 754 ◦C, respectively. The first peak at 392◦C was attributed
to the reduction of Fe2O3 to Fe3O4, the peak at 602 ◦C was owed to the reduction of Fe3O4
to FeO, and the peak at 754◦C was attributed to the reduction of FeO to metal Fe. Overall,
the total reduction process was: Fe2O3 → Fe3O4 → FeO → Fe. There was also a redox
cycle of Fe3+ ↔ Fe2+ ↔ Fe [21,22]. As Fe was introduced, the temperatures corresponding
to all the reduction processes remained almost unchanged. In addition, as the Fe content
increased from 5% to 10%, the areas of the three reduction peaks gradually increased,
indicating that the number of active oxygen species increased, which was favorable for CO
catalytic elimination [18].
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2.2. Catalytic Activity Assessment

The CO catalytic activities of x%Fe@KCC-1 (x = 0, 1, 3, 5, 7 and 10) and related cat-
alyst materials were evaluated, and the obtained results are displayed in Figure 3. Pure
KCC-1 support showed negligible catalytic activity for CO oxidation under experimen-
tal conditions. After loading the x%Fe active component on the KCC-1 support, the CO
conversion improved drastically. The x%Fe@KCC-1 (x = 0, 1, 3, 5, 7 and 10) catalysts
exhibited better CO catalytic activity, and the following total CO conversion tempera-
tures were obtained: 7%Fe@KCC-1 (158 ◦C) > 10%Fe@KCC-1 (197 ◦C) > 5%Fe@KCC-1
(218 ◦C) > 3%Fe@KCC-1 (239 ◦C) > 1%Fe@KCC-1 (298 ◦C). These results suggest that the
morphological structure of the floral fiber microsphere mounts is conducive to the gas-solid
heterogeneous catalytic oxidation reaction. It is noteworthy that the CO conversion of
10%Fe@KCC-1 is slightly lower than that of 7%Fe@KCC-1, which can be attributed to
the higher content of the active component leading to its aggregation on the surface of
KCC-1, resulting in a reduction of exposed Fe active sites, which is also observed in other
reported catalysts [23,24]. The temperature-dependent reaction was calculated to estimate
the apparent activation energy of the x%Fe@KCC-1 (x = 0, 1, 3, 5, 7 and 10) catalysts, and
the CO conversion shown in Figure S5 was <20% to avoid diffusion limitations. Assuming
that the combustion of CO in the presence of excess oxygen obeys a first-order reaction
mechanism with respect to CO concentration (c): r = −kc = (−A exp(−EA/RT))c, where r,
k, A, and EA are the reaction rate (mol·s−1), rate constant (s−1), pre-exponential factor, and
apparent activation energy (kJ·mol−1) [25,26], respectively. Arrhenius plots of different
catalysts with CO conversion at <20% and GHSV at 960,000 h−1 are shown in Figure S5. As
calculated, the EA values of the four catalysts are, in order: 7%Fe@KCC-1 < 10%Fe@KCC-1
< 5%Fe@KCC-1 < 3%Fe@KCC-1, in which the 7%Fe@KCC-1 catalyst has the lowest EA
value (96.2 kJ·mol−1), indicating that the prepared x%Fe@KCC-1 catalysts have excellent
CO oxidation ability.

2.3. Adsorption of CO and O2 on Fe2O3 (001) Catalyst Surface

The optimized structure of the Fe2O3 (001) catalyst (Figure S6) revealed that the Fe2O3
(001) surfaces exhibited two potential adsorption sites (Fe-top and O-top), with advan-
tageous compositional alterations and reconstructions [27]. To simulate these surfaces,
a vacuum gap of 20 Å was introduced in the Z direction. According to the calculation
results, Fe and O atoms on the surface of the modeled structures are most likely to be the
adsorption sites for CO and O2 gas molecules. Therefore, the use of non-precious metal
oxides (Fe2O3) in the catalytic oxidation of CO is a design principle for the development of
advanced catalytic systems with a wide range of applications.
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The adsorption of reaction (CO and O2) gas molecules on a catalyst’s surface is a
crucial step in the removal of CO from industrial exhaust. Therefore, single-adsorption
and co-adsorption of these two gas molecules on the catalyst surface were separately
investigated using density functional theory (DFT) calculations based on the optimized
Fe2O3 (001) catalyst structure (Figure 4). The gas molecules were placed 3.5 Å above
the Fe2O3 (001) surface, and then the structures were optimized. Figure 4a,b show the
optimized single-adsorption configuration and projected density of states (PDOS) of O2
and CO gas molecules on the Fe2O3 (001) catalyst’s surface, respectively. CO and O2 gas
molecules tended to selectively adsorb only on the Fe-top site. As shown in Figure 4a,
the formed Fe–C bond length was 1.845 Å, with an adsorption energy of −2.70 eV. In
Figure 4b, O2 was the most important reactant in the catalytic reaction. The formed Fe–C
bond length was 1.847 Å, with an adsorption energy of −2.91 eV on the Fe2O3 (001) catalyst
surface, which exhibited bridging adsorption. According to the PDOS results, the highest
occupied molecular orbitals of O2 hybridize with the lowest unoccupied molecular orbitals
of Fe on the catalyst’s surface in the adsorption configurations of CO and O2. To further
research the adsorption behavior of CO and O2 gas molecules on Fe2O3 (001) surface,
their co-adsorption on the catalyst’s surface was also studied via DFT calculations. The
newly formed Fe–C and Fe–O bond lengths were 1.913 Å and 1.832 Å, respectively, with
Eads of −3.25 eV. The analysis of the PDOS results demonstrated that the adsorption of
these reactive gas molecules on the Fe2O3 (110) surface all involved chemisorption, which
indicated that they could be well activated by the catalyst surface. Therefore, carbon
monoxide was efficiently converted on the Fe2O3 (110) catalyst surface.

2.4. Analysis of Reaction Transient Intermediates on Catalyst Surfaces

In order to study the transient intermediates of the CO catalytic removal reaction
on the surface of the 7%Fe@KCC-1 catalyst more deeply, CO + O2 transient adsorption
experiments were carried out at 200 ◦C, and the detected results are presented in Figure 5.
The peaks near 2119 cm−1 and 2174 cm−1 are attributed to CO species linearly adsorbed
on the surface Fe3+ sites (Fe3+-CO) [28]. These results indicate that CO can be readily
adsorbed on the surface active sites of the 7%Fe@KCC-1 catalyst, where it formed reactive
intermediates. As O2 was introduced into the system, these two peaks, corresponding to
adsorbed state species of CO, disappeared rapidly. This suggests that the O2 adsorption
activation capacity of x%Fe@KCC-1 catalysts may be stronger than that for CO, which
strongly supports the DFT calculations results (Figure 4). Species found on the surface of
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the 7%Fe@KCC-1 catalyst indicate that the catalytic oxidation of CO mainly follows the
Langmuir-Hinshelwood (L-H) and/or Eley-Rideal (E-R) mechanisms [29].
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The catalytic oxidation mechanism of CO over the 7% Fe@KCC-1 catalyst under a
dry reaction atmosphere (CO + O2) was investigated using DFT calculations (Figure 6).
Figure 5 shows the transient in-situ DRIFTs curves for CO + O2 reactions over the 7%
Fe@KCC-1 catalyst. The detailed analysis reaction path is: 1⃝ COgas → COads and O2gas
→ O2ads, 2⃝ COads + O2ads → CO2free + FeOx+1, 3⃝ FeOx+1 + COads → FeOx+ CO2ads, and
4⃝ CO2ads → CO2gas. Doping Fe increased the CO catalytic oxidation activity of the 7%

Fe@KCC-1 catalyst due to the formation of boundaries between KCC-1 and 7% FeOx
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species, which led to the rapid reaction of CO adsorbed on FeOx nanoparticles with oxygen
species provided by the Fe2+↔Fe3+ redox cycle. As exhibited in Figure 5, CO and O2
were simultaneously adsorbed on 7%Fe@KCC-1 catalyst surface. Reaction gas molecules
were first co-adsorbed on the 7%Fe@KCC-1 catalyst surface to form transient intermediates
species (such as COads). Adsorbed reaction gas molecules (CO and O2) were activated
and converted to CO2, which dissociated from the catalyst surface and formed a peroxide
structure (FeOx+1). The reaction energy (Er) of this step was 2.68 eV, which may determine
the overall rate of catalytic CO oxidation. Additional CO was adsorbed at the Fe sites on
the catalyst surface and interacted with the generated perovskite structure to produce CO2.
During this catalytic elimination process, the physicochemical properties of the catalyst
remained unchanged before and after the elimination reaction. Thus, the FeOx−1 structure
was recovered by oxidation of O2 gas molecule (FeOx−1 + O2ads → FeOx + Oads). The CO
catalytic oxidation on the 7%Fe@KCC-1 surface followed the E-R and L-H mechanisms.
Adsorbed O2 reacted with adsorbed or gaseous CO gas molecules to form CO2ads species.
Subsequently, the CO2ads dissociated from the iron oxide (110) catalyst, and the catalyst
was subsequently regenerated.
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3. Conclusions

In this study, a mesoporous silica material, KCC-1, was synthesized and used as a sup-
port for the confinement of FeOx nanoparticles (NPs). The performance of the x%Fe@KCC-1
catalysts obtained for the catalytic oxidation of CO was systematically investigated. The
experimental results showed that due to the carrier’s large specific surface area and abun-
dant mesopores, the FeOx nanoparticles were widely dispersed on the KCC-1 support. The
particle size of FeOx was very small, resulting in excellent interactions between the FeOx
NP’s active component and the KCC-1 carrier, which improved the CO catalytic oxidation
on the catalyst’s surface. Doping with Fe increased the CO catalytic oxidation activity of
the 7% Fe@KCC-1 catalyst due to the formation of boundaries between KCC-1 and 7%
FeOx species, which led to the rapid reaction of CO adsorbed on FeOx nanoparticles with
oxygen species formed during the Fe2+↔Fe3+ redox cycle. FeOx loading improved the
CO adsorption capability of the catalyst, which facilitated the catalytic oxidation of CO,
with the 7%FeOx@KCC-1 catalyst achieving 100% CO conversion at 160 ◦C. A combination
of in-situ DRIFTS and DFT calculations was used to establish the detailed catalytic CO
removal pathway. The mechanism was as follows: 1⃝ COgas → COads and O2gas → O2ads,
2⃝ COads + O2ads → CO2free + FeOx+1, 3⃝ FeOx+1 + COads → FeOx + CO2ads, 4⃝ CO2ads →

CO2gas. This study holds significance for further understanding the application potential
of nano-catalysts in important oxidation reactions and provides valuable insights for the
development of efficient CO oxidation catalysts.
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4. Experimental Procedure
4.1. Catalyst Preparation

Chemicals: All chemicals were of analytical grade and were used as received without
further purification. Cyclohexane (AR), n-pentanol (AR), tetraethyl orthosilicate (TEOS,
AR), cetyltrimethylammonium bromide (CTAB, AR), urea (AR), acetone, ethanol, ethylene
glycol, ammonia (25–28 wt.%, AR) and Fe(NO3)3·6H2O (AR) were provided by Sinopharm
Chemical Reagent Co., Ltd. (Beijing, China).

Synthesis of KCC-1: The KCC-1 support was made in compliance with previously
reported methods [30]. In a typical procedure, 60.00 mL of cyclohexane, 3.00 mL of n-
pentanol, and 5.00 g of TEOS were mixed to obtain Liquid A. Liquid B was created by
dissolving 2.00 g of CTAB and 1.20 g of urea in 60 mL of deionized water. Then, Liquid B
was gradually added to Liquid A. After being stirred for about 30 min, the resultant solution
was put into a stainless steel autoclave and held at 120 ◦C for 6 h while being continuously
stirred. The solid product was filtered and washed with acetone and anhydrous ethanol
several times. Finally, the solids were dried in oven at 80 ◦C for 12 h and calcined at 550 ◦C
(2 ◦C min−1) for 6 h in air.

Synthesis of x%Fe@KCC-1: The synthesis was performed in a beaker. In a typical
procedure, 0.50 g of KCC-1 and an appropriate amount of Fe(NO3)3·6H2O were dissolved
in 10.00 mL of ethylene glycol. After being stirred for about 5 h, the resultant solid-liquid
mixture was dried in a vacuum oven at 80 ◦C until the solvent completely evaporated.
Finally, the solid was calcined in a tube furnace at 550 ◦C under N2 and air atmosphere
for 4 h and 2 h, respectively. The catalysts that generated were given the designation
x%Fe@KCC-1 (x = 0, 1, 3, 5, 7, and 10), where x refers to the Fe mass loading.

Synthesis of Fe2O3: A precipitation process was used to create Fe2O3. In a typical
procedure, a suitable quantity of Fe(NO3)3·6H2O was dissolved in deionized water to
give the final concentrations of 0.1 M. After being stirred for about 30 min, ammonia was
added dropwise to the solution until the pH value equaled 10. For three hours, the mixture
was agitated at 25 ◦C. The precipitate was filtered, washed, dried, and calcined using the
procedure described above.

4.2. Evaluation of the Catalytic CO Oxidation Performance

All evaluation experiments of the catalysts for CO catalytic oxidation were measured
in a continuous flow fixed-bed reactor. To evaluate the effectiveness of internal diffusion,
the Weisz-Prater Criterion was utilized. The CO oxidation activity was assessed using
the standard reaction conditions: 50 mg catalyst, 1 vol.% [CO], 21 vol.% [O2], and N2 as
balance gas at a total flow rate of 30 mL min−1. The reactants and products were collected
and examined using an N-2000 workstation and a GC9310 gas chromatograph, which was
outfitted with a TDX-01 column and a TCD detector. The conversion of CO (XCO) was
calculated using Equation (1):

XCO =

(
1 − SCO−outlet

SCO−inlet

)
×100% (1)

where SCO−outlet and SCO−inlet are the CO concentrations in the inlet and outlet gas streams.

4.3. Catalyst Characterization

The samples were analyzed by XRD testing in the range of 10–80◦ (2θ) using a Bruker
D8 ADVANCE (Bruker, Karlsruhe, German) diffractometer. N2 adsorption-desorption
isotherms were measured by an automated analyzer (Micromeritics ASAP2460). SEM
and transmission electron microscope (TEM) images were captured under a field Gemi-
niSEM300 emission SEM (Zeiss, Jena, German) and a FEI-TALOS-F200X TEM (Thermo
Fisher Scientific, Waltham, MA, USA), respectively.

An is50 spectrometer fitted with a Harrick Scientific DRIFTS catalyst sample cell and a
liquid N2 cooled mercury cadmium telluride A (MCT-A) detector was utilized to gather
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in-situ DRIFT spectra. Prior to every test, every sample had a 60 min pretreatment at
400 ◦C with a 30 mL·min−1 N2 flow. After pretreatment in an N2 environment, the
background spectrum at the target temperature was obtained and deducted from the
sample spectra for every measurement. After pretreatment, the catalysts were subjected to
1% CO/N2 (30 mL·min−1) and subjected to undergo adsorption at 120 ◦C for the in-situ
transient reactions of pre-adsorbed CO. After an hour, the sample was exposed to a 21%
O2/N2 (30 mL·min−1), and the reaction was tracked over time.

4.4. DFT Calculations

For the DFT calculations, the Vienna Ab-initio Simulation Package (VASP) was uti-
lized [31–33]. The solution to the Kohn-Sham equations was obtained using the projector
augmented wave (PAW) method [34]. The generalized gradient approximation and the
Perdew-Burke-Ernzerhof (GGA-PBE) exchange correlation function were employed. A
dipole correction was incorporated to account for the total energy and suppress the dipole
moment arising from the adsorption of metal atoms [35]. Thus, in this paper, U = 4.0 eV was
employed for the d-orbitals of Fe, demonstrating excellent agreement with experimental
data [27,36].

The adsorption energy (Eads) and reaction energy (Er) are shown in the Supplementary
Materials.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/catal14010063/s1. Evaluation of the catalytic performance.
Figure S1. (a,b) TEM, (c–f) HAADF-STEM and Mapping images of 7%Fe@KCC-1 catalysts. Figure S2.
(a–d) HRTEM for reduced 7%Fe@KCC-1 catalyst by H2. Figure S3 XRD patterns of x%Fe@KCC-1
(x = 0, 1, 3, 5, 7 and 10) and related catalyst materials. Figure S4. (a) N2 adsorption–desorption
isotherms and (b) pore size distribution curves of x%Fe@KCC-1 (x = 0, 1, 3, 5, 7 and 10) and related
catalyst materials. Figure S5. Arrhenius plots for CO oxidation over different catalysts. Figure S6.
Top and side view of the optimized Fe2O3 (001) catalyst structure.
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