
Xu et al. Energy Mater 2024;4:400076
DOI: 10.20517/energymater.2024.33 

Energy Materials

© The Author(s) 2024. Open Access This article is licensed under a Creative Commons Attribution 4.0 
International License (https://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, sharing, 
adaptation, distribution and reproduction in any medium or format, for any purpose, even commercially, as 

long as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, and 
indicate if changes were made.

www.oaepublish.com/energymater

Open AccessArticle

Flame made low Pt loading catalysts supported on 
different metal oxides for catalytic combustion of CO 
and CH4

Zuwei Xu1,2, Ze Zhang1,2, Fuchang Gao1,2, Yuhan Zhu3, Haibo Zhao1,2,*

1State Key Laboratory of Coal Combustion, School of Energy and Power Engineering, Huazhong University of Science and 
Technology, Wuhan 430074, Hubei, China.
2China-EU Institute for Clean and Renewable Energy, Huazhong University of Science and Technology, Wuhan 430074, Hubei, 
China.
3Hubei Key Laboratory of Purification and Application of Plant Anti-cancer Active Ingredients, College of Chemistry and Life 
Science, Hubei University of Education, Wuhan 430205, Hubei, China.

*Correspondence to: Prof./Dr. Haibo Zhao, State Key Laboratory of Coal Combustion, School of Energy and Power 

Engineering, Huazhong University of Science and Technology, Wuhan 430074, Hubei, China. E-mail: hzhao@mail.hust.edu.cn

How to cite this article: Xu Z, Zhang Z, Gao F, Zhu Y, Zhao H. Flame made low Pt loading catalysts supported on different metal 
oxides for catalytic combustion of CO and CH4. Energy Mater 2024;4:400076. https://dx.doi.org/10.20517/energymater.2024.
33 

Received: 20 Apr 2024  First Decision: 14 Jun 2024  Revised: 11 Jul 2024  Accepted: 26 Jul 2024  Published: 31 Jul 2024

Academic Editor: Wei Tang  Copy Editor: Fangyuan Liu  Production Editor: Fangyuan Liu

Abstract
Catalytic combustion is an effective approach to remove air pollutants from various emission sources. For this 
purpose, supported noble metal catalysts are preferred in commercial applications due to their outstanding 
catalytic activity for eliminating CO, hydrocarbon compounds and NOx. In this paper, we employ the flame spray 
pyrolysis method to prepare a series of Pt-based catalysts with four different supports (TiO2, ZrO2, MgO and ZnO) 
and variable low Pt loadings for catalytic combustion of CO and CH4. The performance of 0.5 Pt/TiO2 is the best in 
all samples, in which the T90 temperatures are 107 and 500 °C for 90% conversion of CO and CH4, respectively. To 
examine its thermal stability, a time-on-stream test at 700 °C for 420 min is carried out, resulting in a decrease of 
about 5% in the final conversion of CH4. The X-ray diffraction results show that TiO2 support is a mixed phase with 
a major amount of anatase and a small amount of rutile other than a pure phase of ZrO2, MgO and ZnO. 
Furthermore, X-ray photoelectron spectroscopy analysis and high-angle annular dark-field scanning transmission 
electron microscopy observation show that when the Pt loading is low, the Pt species exist as highly dispersed 
single atoms on the surface of the TiO2 support. As the Pt loading gradually increases, the state of the Pt species 
transitions from single atoms to Pt clusters, resulting in a decrease in dispersion. Ultimately, the Pt can successfully 
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combustion reactions.

Keywords: Platinum catalyst, flame spray pyrolysis, catalytic combustion, methane, carbon monoxide

INTRODUCTION
Catalytic combustion is considered to be an effective method to eliminate unburned CO and CH4 from 
stationary-source and mobile-source emissions for the purpose of environmental protection[1]. Noble metals 
and transition metal oxides catalysts have been extensively studied to develop catalytic combustion 
applications[2-4]. Comparatively, supported noble metal catalysts such as platinum (Pt), palladium (Pd), 
rhodium (Rh) and gold (Au) have outstanding catalytic activity for CO and CH4 oxidation, which can 
efficiently reduce the reaction temperature[5-7]. A commercial application is commonly used as three-way 
catalysts (TWCs) for CO, hydrocarbon compounds (HCs) and NOx emission control from vehicle 
exhausts[8]. Regarding Pt, its oxidation state is recognized as the active site for CO oxidation, whereas its 
metallic state is generally considered to be the active phase for CH4 oxidation[9,10]. However, because only a 
small portion of the metal atoms on the surface serve as active catalytic sites, the overall efficiency, based on 
the total number of metal atoms, is relatively low. This is one of the reasons for the high cost of precious 
metal catalysts[11]. Reducing the supported state of noble metals from particles to clusters, and even down to 
single atoms, is an effective way to achieve maximum utilization efficiency of noble metal atoms and tunable 
chemical activity[12]. To better understand this important process, numerous experimental and theoretical 
studies have been reported about various catalytic reactions on single-atom catalysts (SACs), indicating that 
SACs can demonstrate excellent cost-effectiveness as well as outstanding reaction activity and selectivity in 
catalytic oxidation processes[13-15].

Nevertheless, the synthesis of stable SACs for high-temperature applications remains difficult because single 
atoms are easily mobile and tend to aggregate due to the thermodynamic driving force[16]. The aggregating 
phenomena dramatically reduce the amount of available active sites, resulting in a decrease or even 
deactivation of catalytic reactivity. Hence, it is challenging to synthesize SACs that can concurrently possess 
considerable durability and activity. Generally, properties of catalysts are closely related to the state of the 
active phase such as dispersion, valence state, and metal-support interaction[9,17]. The interaction between 
metal and support is believed to play a critical role in anchoring the active atoms[16]. Typical metal-support 
interactions include charge transfer, interface refactoring, and strong metal-support interaction (SMSI), 
depending on active metal and supporting matrix[18]. Therefore, the selection of appropriate supports 
remains a key step toward the fabrication of efficient and stable SACs. Typical catalyst supports include 
non-metallic oxides (SiO2), reducible metal oxides (TiO2, ZrO2, CeO2, ZnO, etc.), and irreducible metal 
oxides (Al2O3, MgO, etc.), which have been widely reported to investigate the effects of supports on the 
performance of SACs[19,20].

Although there are many methods to synthesize SACs, such as atomic layer deposition, impregnation, 
coprecipitation, and photochemical methods, these techniques usually have time-consuming preparation 
processes and low yields[21]. Besides conventional wet chemical methods, high-temperature synthesis 
techniques, such as flame spray pyrolysis (FSP), have attracted immense attention for fabricating SACs, 
which can be attributed to their inherent heat acclimation[22-24]. Moreover, FSP is able to handle a very wide 
range of precursor types and one-step synthesize nanoparticles with homogeneous morphology and narrow 
size distribution[25-27]. During the FSP synthesis process, the in-situ calcination-quench step provides a 
unique operating platform to improve the performance (activity, selectivity and stability) of SACs. 
Previously, our research group has used the FSP method to synthesize a series of nanomaterials for thermal 
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catalysis and photocatalysis, which exhibit superior activity in catalytic combustion[3,28-31], H2 evolution[22,32], 
chemical looping[33], gas sensing[34], and CO2 reduction[35]. The high-temperature flame benefits the 
atomization of metal species by thermal excitation and promotes the formation of stable metal-support 
structures. Specifically, employing the FSP method combined with precursor screening and temperature 
control successfully produced Pt/TiO2 catalysts with highly dispersed surface atomic structures, achieving 
exceptional atomic utilization efficiency and high catalytic activity[22,31].

In this paper, we use the FSP method to synthesize a series of Pt-based catalysts with four different supports 
(TiO2, ZrO2, MgO and ZnO) and variable low Pt loadings for catalytic combustion of CO and CH4. The 
catalytic activity and stability are tested and evaluated in a fixed-bed batch reactor. The morphological 
structure, phase composition, and surface chemical properties of samples are investigated by various 
physico-chemical techniques. These results demonstrate that the phase-mixed TiO2 support shows a 
favorable effect on the activity and stability for CO and CH4 oxidation. At lower loading, the Pt species are 
present in well-dispersed single atoms with high-valence states, while the state of the Pt species transitions 
from single atoms to Pt clusters as the Pt loading gradually increases. It is fascinating to note that Pt can 
accumulate on the surface of the TiO2 support, which provides abundant available active sites for efficient 
conversion reaction.

EXPERIMENTAL
Preparation of Pt-based catalysts
Pt-based catalysts with different metal oxide supports were synthesized at a lab-scale FSP facility (Tethis 
NPS10, as shown in Figure 1) according to the following procedure. Firstly, support precursor solutions 
were prepared with titanium n-butoxide (C16H36O4Ti, Sinopharm chemical reagent), zirconium n-propanol 
(C12H28O4Zr, 70 wt% in n-propanol, Aladdin), magnesium acetate tetrahydrate (C4H6O4Mg·4H2O, AR level, 
Aladdin), and zinc naphthenate [C22H14O4Zn, 10% (Zn by wt.%) in mineral spirits, Alfa Aesar] as the 
precursors of TiO2, ZrO2, MgO, and ZnO, respectively. The desired amounts of each support precursor were 
dissolved in ethanol (for Ti, Zr, Mg) or xylene (for Zn) with a metal atom concentration of 0.3 mol/L. Then, 
a quantity of platinum acetylacetonate (C10H14O4Pt, Aladdin) as a Pt source was blended in the support 
solution. We arranged four distinct Pt doping levels for each support, with catalyst samples denoted as 
rPt/Support (e.g., 0.1 Pt/TiO2), where r represented the percent mole ratio (r mol%) of platinum to support 
metal element.

During the synthesis process, the precursor solution was filled into a two-fluid spray nozzle using a syringe 
pump; oxygen then acted as dispersion gas to atomize the precursor flow in the flame reactor. A premixed 
methane/oxygen pilot flame provided a hot co-flow gas to ignite the precursor spray and create a high-
temperature flame, where the precursors were transformed into oxides that resulted in the formation of 
nanoparticles. Then, the hot flue gas was cooled to ambient temperature using air entrainment and cold 
sheath gas. Finally, with the assistance of a vacuum pump, the condensed and nucleated nanoparticle 
powder was collected using a glass microfiber filter. The detailed formulation and process parameters of 
catalyst preparation are shown in Supplementary Table 1.

Catalyst characterization
The crystal phases of the synthesized samples were analyzed using a powder X-ray diffractometer 
(Empyrean, PANalytical) with Cu Kα radiation (λ = 0.1542 nm). The specific surface areas (SSAs) were 
determined with a physisorption apparatus (Micromeritics ASAP-2020) employing the Brunauer-Emmett-
Teller (BET) method. X-ray photoelectron spectroscopy (XPS) (ESCALAB 250Xi, Thermo Fisher) was used 
for catalyst surface analysis, calibrating the binding energy with the peak at 284.8 eV. Microstructural 
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Figure 1. Schematic diagram of flame spray pyrolysis system.

characterization was carried out using a field-emission transmission electron microscope (FETEM) (Talos 
F200X, FEI) operating at an acceleration voltage of 200 kV. The distribution of Pt species was examined 
with a spherical aberration-corrected high-angle annular dark field scanning transmission electron 
microscope (AC-HAADF-STEM) (JEM-ARM200F, JEOL) coupled with energy dispersive spectroscopy 
(EDS) for elemental analysis.

The actual Pt loading in the catalyst was determined by inductively coupled plasma-optical emission 
spectroscopy (ICP-OES) (Agilent 5110, USA). And probing the overall Pt dispersion information on the 
catalyst surface by CO pulse adsorption test in a chemisorption apparatus (AutoChem1 II 2920).

The temperature-programmed reduction of H2 (H2-TPR) tests were performed to investigate the interaction 
between Pt and supports. For the experiments, 50 mg of fresh catalyst was loaded into a U-shaped quartz 
reactor equipped with a mass spectrometer (Hiden HPR 20). The sample was pretreated in Ar at 350 °C for 
30 min to remove water and other impurities on the catalyst surface. After cooling to room temperature in 
high purity Ar, the TPR test started from room temperature to 900 °C at a ramp rate of 10 °C/min in 
10 vol.% H2/Ar mixture with a flow rate of 30 mL/min.

The temperature-programmed desorption of O2 (O2-TPD) tests were conducted in a continuous-flow 
reactor and the gas signal was detected by a mass spectrometer (Hiden HPR 20). First, 100 mg of catalyst 
was loaded into the reactor and treated under pure O2 flow (50 mL/min) at 350 °C for 60 min. It was then 
cooled down to room temperature and the gas stream was switched to He for 60 min for complete removal 
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of the O2 gas phase. Subsequently, the O2 desorption experiment was carried out by starting the temperature 
ramp up to 900 °C at the rate of 10 °C/min.

Activity tests for catalytic combustion
Catalytic combustion performance tests were conducted in a fixed-bed batch reactor, as shown in 
Supplementary Figure 1. The system consisted of a gas feeding unit, a quartz tube furnace equipped with a 
temperature controller, and a gas detection unit. The gas feeding unit was used to regulate the gas flow of 
fuel gas CO or CH4, as well as O2 and Ar. During the reaction, the gas flows from the top down to ensure 
that the reaction is complete without blowing up the catalyst. The gas composition of the outlet after 
filtration and condensation was analyzed using an online mass spectrometer (Hiden HPR 20). Prior to the 
reaction, 100 mg of fresh catalyst was placed onto quartz wool in the middle of the reactor tube. The reactor 
was sealed and introduced with a 5 vol.% O2/Ar mixture to remove air and adsorbed impurities at the flow 
rate of 100 mL/min under a ramp-up rate of 10 °C/min. After reaching 200 °C, the reactor was purged with 
Ar while cooling down to room temperature.

The catalytic activity for CO was evaluated using the gaseous mixture made of 2 vol.% CO, 5 vol.% O2, and 
balance gas Ar at a weight hourly space velocity (WHSV) of 60,000 mL/(gcat·h). The reaction was performed 
at temperatures of 50-300 °C and the catalyst was left on stream at each temperature for 3 min. In the CH4 
catalytic combustion experiment, a higher proportion of O2 was set in the gas mixture to enable complete 
oxidation of CH4. The gas mixture consisting of 2 vol.% CH4, 12 vol.% O2, and balance gas Ar was fed at a 
WHSV of 60,000 mL/(gcat·h). The reaction temperature was set in the range of 200-700 °C. Moreover, a 
long-cycle test for CH4 catalytic combustion was held at 700 °C for 420 min to examine the thermal stability 
of catalysts. Moisture is an important influencing factor that needs to be considered for practical 
applications. In order to explore the effect of water vapor on the activation properties of the catalyst, an 
experimental investigation was carried out by reacting the catalyst at 700 °C for 240 min under 2 vol.% CH4, 
12 vol.% O2, 10 vol.% water vapor and balance gas Ar, fed at a WHSV of 60,000 mL/(gcat·h).

The conversion X of CO or CH4 is calculated using the gas signal from the mass spectrometer by

where [C]inlet represents the inlet concentration of CO or CH4, and [C]outlet indicates the outlet concentration 
of CO or CH4, respectively.

The turnover frequency (TOF) of the catalyst was calculated to analyze its reactivity by

where Q represents the flowrate of CO in L/s, and X stands for the conversion of CO, MPt signifies the molar 
mass of Pt in g/mol, 22.4 is the molar volume of standard gas in L/mol, mc denotes the mass of the catalyst 
in g, p indicates the mass fraction of Pt in the catalyst, and D corresponds to the dispersion of Pt on the 
catalyst surface.
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RESULTS AND DISCUSSION
Catalytic combustion performance
The catalytic activity of samples is evaluated by the characteristic temperature T90 that indicates the 
temperature required for 90% conversion of CO, and the WHSV for this condition is 60,000 mL/(gcat·h). 
Figure 2 shows the test results of CO catalytic combustion over Pt catalysts with four different supports. T90 
of all samples progressively decreases by raising the Pt loading from 0.025 to 0.5mol%, in which Pt/TiO2 
samples show the most dramatic drop from approximately 200 to 107 °C. It can be seen that the CO 
catalytic combustion activity of the other three samples is lower than that of Pt/TiO2. For Pt/ZrO2 catalysts, 
there is almost no difference in activity at low Pt loadings (0.025% and 0.05%), and the activity rose 
significantly when the loading increased from 0.05% to 0.5%, with the lowest T90 of 185 °C. Pt/ZnO samples 
demonstrate poor CO conversion activity, in which all of the effective conversion temperatures are over 
200 °C, and 0.5 Pt/ZnO has comparable activity with 0.025Pt/TiO2 for catalytic combustion of CO.

From the above catalytic combustion behaviors, as prepared Pt/TiO2 samples have the best activity for CO 
complete conversion at lower temperatures. Thus, Pt/TiO2 samples are selected for further tests in CH4 
catalytic combustion. As shown in Figure 3, the T90 temperatures for CH4 catalytic combustion of Pt/TiO2 
samples reduce to about 500 °C with the increase of Pt content from 0.025 to 0.5 mol%. The 0.5 Pt/TiO2 
sample reaches complete combustion at about 600 °C.

In view of the characteristic that a precious metal catalyst is easy to deactivate at high temperatures, a time-
on-stream test of CH4 conversion over the 0.5 Pt/TiO2 catalyst at a high temperature of 700 °C was 
conducted to examine its high-temperature stability. As shown in Figure 4A, the CH4 conversion only 
slightly decreases after 420 min continuous test, about 5%. It is evidently found that 0.5 Pt/TiO2 has good 
catalytic activity and stability at high temperatures. Water content is an important factor to consider in 
practical applications, so we investigated the influence of water vapor on catalyst activity by introducing 
water vapor into the system. Experimental results, as shown in Figure 4B, indicate that prior to the 
introduction of water vapor, the oxygen carrier exhibited stable and effective reaction activity, maintaining 
methane conversion rates around 96%. Upon introduction of water vapor, there was a slight decrease in 
catalyst activity, with methane conversion rates maintained around 92%, representing a 4% decline. This 
loss in catalyst activity is likely attributed to competitive adsorption of water molecules on active sites. Upon 
removal of water vapor again, the catalyst activity returned to its pre-introduction levels, with a negligible 
irreversible activity loss of less than 1%. The experiments demonstrate that our oxygen carrier exhibits good 
water resistance and durability against water vapor.

Catalyst characterization and analysis
A representative fresh sample (0.5% Pt loading) of each different support catalyst was selected for XRD 
analysis. Meanwhile, a corresponding raw support sample without Pt was used as a reference, which was 
synthesized by FSP under the same conditions. As shown in Supplementary Figure 2, The XRD patterns of 
the various catalysts reveal their phase composition and crystal structure. No diffraction peaks for Pt or Pt 
oxides were detected, likely due to the highly dispersed state and low content of Pt. Additionally, the TiO2 
support is present as a mixed phase, with a minor amount of rutile (crystal face [110]) and a predominant 
amount of anatase (crystal face [101]), and the anatase content of 0.5 Pt/TiO2 sample (ca. 82%) is lower than 
that of the TiO2 sample (ca. 89%). It suggests that Pt species can promote the phase transition from anatase 
to rutile in the FSP process. The other three catalyst supports are all pure phase, including cubic ZrO2, cubic 
MgO, and hexagonal ZnO, respectively.

em4033-SupplementaryMaterials.pdf
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Figure 2. CO catalytic combustion test curves of (A) Pt/TiO2, (B) Pt/ZrO2, (C) Pt/MgO, and (D) Pt/ZnO.

Figure 3. CH4 catalytic combustion curves over Pt/TiO2 catalysts.
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Figure 4. CH4 conversion time-on-stream test (A) over 0.5 Pt/TiO2 catalysts and time-on-stream test (B) in the presence of 10% water 
vapor with 0.5 Pt/TiO2 at 700 °C.

XPS was used to analyze the chemical states of Pt species on support surfaces. The high-resolution Pt 4f XPS 
spectra of four representative samples are processed by split-peak fitting, as shown in 
Supplementary Figure 3. The Pt 4f XPS spectra have relatively large noise due to the low Pt loadings, which 
have been found to be similar in other studies of Pt catalysts. The Pt in each sample exists in three chemical 
states: Pt4+, Pt2+, and Pt0, with most of the Pt species present in the high-valence state Pt4+, while a minority in 
the zero-valence state Pt0. The presence of Pt0 is mainly due to the formation of metal Pt clusters during the 
synthesis process, while the high-valence state Pt can be identified as highly dispersed Pt single atoms due to 
the strong metal-carrier interaction (SMSI) between Pt and supports[36]. The valence state of Pt that we 
mention here is the valence state embodied due to the formation of coordination between Pt and O. Pt 
single atoms may occupy different substitution or epitaxial growth sites on the TiO2 support, leading to Pt 
existing in various coordination states. However, Pt itself remains in the form of single atoms within the 
oxygen carrier, rather than as a compound. The different coordination states of Pt significantly influence 
catalytic activity; typically, Pt diffuses deeper into the lattice of the support, resulting in lower coordination 
states and catalytic activity[37]. Therefore, by adjusting the coordination environment of SACs, we can 
significantly enhance their catalytic performance. The oxygen carriers prepared in this study are in their 
optimal coordination state, exhibiting a +4 oxidation state, which maximizes Pt catalytic activity.

We tested the actual Pt content in the various catalysts by ICP-OES, the surface Pt contents and the 
proportions of Pt with different valence states by XPS. The results, as presented in Table 1, indicate that the 
Pt content in the different catalysts prepared reached the values designed in our preparation process. 
Moreover, the surface Pt content was calculated according to the XPS spectra. For each sample, it is higher 
than the design loading value, especially with the 0.5 Pt/TiO2 sample, where the excess is more significant. 
This indicates that Pt primarily accumulates on the surface of the TiO2 support, and the TiO2 support 
surface can adsorb more Pt, which is conducive to the formation of more catalytic active sites. This also 
supports that 0.5 Pt/TiO2 catalysts have the best performance in the above catalytic tests.

To further study the interaction between Pt species and TiO2, XPS spectra of Pt/TiO2 samples with different 
Pt loadings were analyzed. Figure 5A shows that the O 1s profiles can be divided into two peaks 
representing lattice oxygen and adsorbed oxygen. The first peak with a binding energy between 529.8 and 
530.0 eV indicates lattice oxygen, and the second peak with a binding energy in 531.3-537.1 eV belongs to 
adsorbed oxygen that mainly involves O, O-, or O2- surface oxygen species and usually serves as active 
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Table 1. Pt Loading measured by ICP-OES and XPS

Pt/Ti (mol%)
Catalyst

Designed Measured (ICP-OES) Surface content (XPS)
Pt0/Pt (mol%)

0.5 Pt/TiO2 0.5 0.459 2.70 15.69

0.5 Pt/ZrO2 0.5 0.481 1.90 13.69

0.5 Pt/MgO 0.5 0.453 0.87 17.57

0.5 Pt/ZnO 0.5 0.466 0.89 19.43

Figure 5. XPS spectra of Pt/TiO2 samples with various Pt loadings: (A) O 1s profiles; (B) atomic ratio of Pt0, Pt2+ and Pt4+.

reactants in catalytic combustion[19]. Since surface adsorbed oxygen species are easily formed around oxygen 
vacancies, the number of surface adsorbed oxygen can reflect the number of oxygen vacancies. The 
proportion of adsorbed oxygen to surface oxygen (Oads/O) is listed in Table 2, which increases gradually 
with the Pt loading. In Figure 5B, it can be seen that with rising Pt content, the concentrations of Pt0 and Pt2+ 
in the low oxidation states gradually increase, while the concentration of Pt4+ in the high oxidation state 
decreases gradually. Especially for single-atom Pt dispersed on a TiO2 surface, it is more favorable to form a 
high oxidation state.

H2-TPR was used to compare the reduction performance of 0.5% Pt-based catalysts with different supports. 
As shown in Figure 6, both the hydrogen consumption peaks of Pt/TiO2 and Pt/ZrO2 are below 350 °C, but 
the hydrogen consumption of Pt/TiO2 (0.308 mmol/gcat) is significantly higher than that of Pt/ZrO2 
(0.043 mmol/gcat), indicating that Pt/TiO2 has better oxidizing properties and can provide more active 
oxygen for the reaction. Additionally, although the hydrogen consumption of Pt/MgO (0.387 mmol/gcat) 
and Pt/ZnO (0.379 mmol/gcat) is slightly higher than that of Pt/TiO2, their hydrogen consumption peaks are 
above 350 °C, which suggests that Pt/TiO2 has a catalytic advantage in terms of reaction temperature. In 
particular, the two hydrogen consumption peaks of Pt/ZnO below 400 °C correspond to the reduction of 
oxidized Pt and reactive oxygen species, while the larger peak width above 400 °C is the superposition of the 
reduction processes of reactive oxygen species and lattice oxygen of ZnO[24]. Furthermore, the hydrogen 
consumption peak at 250 °C in the H2-TPR curve of 0.5 Pt/ZrO2 is caused by surface active oxygen adsorbed 
on the catalyst surface, while the second hydrogen consumption peak corresponds to the reaction and 
release of lattice oxygen.

The H2-TPR profiles of Pt/TiO2 samples with various Pt loadings are shown in Figure 7. As the Pt loading 
increases, the reaction temperature of the Pt/TiO2 catalyst gradually decreases. The 0.5 Pt/TiO2 sample 
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Table 2. XPS analysis results of Pt/TiO2 catalysts

O 1s binding energy (eV)
Catalyst

Olatt Oads

Oads/O (mol%) Pt0/Pt (mol%)

0.025 Pt/TiO2 529.83 531.39 10.23 2.63

0.05 Pt/TiO2 529.86 531.31 12.80 3.17

0.1 Pt/TiO2 529.95 531.62 13.34 4.81

0.5 Pt/TiO2 530.00 531.52 21.13 15.69

Figure 6. H2-TPR curves of 0.5 Pt/TiO 2, 0.5 Pt/ZrO 2, 0.5 Pt/ZnO, 0.5 Pt/MgO.

shows the highest hydrogen consumption peak intensity and area, with a hydrogen consumption of up to 
0.31 mmol/gcat, which is almost five times that of the other three samples. This indicates that the increased 
Pt content enhances the interaction between Pt and TiO2, providing more active sites and promoting the 
release of lattice oxygen from TiO2. In all the samples, there is a high reduction peak with most hydrogen 
consumption in the range of 300~450 °C, which is attributed to the reduction of oxidized Pt species. The 
peaks with large width and low intensity above 400 °C correspond to the reduction of reactive oxygen 
species interacting with Pt and TiO2. There is also a small peak at 0.1 Pt/TiO2 and 0.5 Pt/TiO2 between 100 
and 200 °C, owing to the reduction of Pt in the oxidation state having weak interaction with TiO2. The 
H2-TPR results show that the interaction between Pt and TiO2 effectively improves the oxidation capability 
of the catalyst, and the Ti-O bond around the supported Pt species is activated. As mentioned above, XPS 
results show that the 0.5 Pt/TiO2 sample has a higher surface adsorption oxygen content, namely more 
oxygen vacancies, which is conducive to the migration of surface adsorbed species.

The O2-TPD results of Pt/TiO2 catalysts are shown in [Figure 8]. There are two desorption peaks for 0.5 Pt/
TiO2 samples at 600~700 °C and 800~900 °C, corresponding to surface lattice oxygen and bulk phase lattice 
oxygen, respectively. For the lower loadings of three samples, only one peak is found at 800 °C. Since surface 
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Figure 7. H2-TPR curves of Pt/TiO2 samples with different Pt loadings.

Figure 8. O2-TPD curves of different Pt loading catalysts.

lattice oxygen is easier to release than bulk lattice oxygen, this peak corresponds to the desorption of the 
former. As the Pt content grows, the temperature corresponding to the oxygen desorption peak of the 
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samples gradually decreases. This indicates that the increase in Pt content facilitates the release of lattice 
oxygen from TiO2. Additionally, with the boost in Pt content, the oxygen desorption amount of the four 
samples gradually rises, with the 0.5 Pt/TiO2 sample having the highest oxygen desorption amount, reaching 
0.051 nmol/gcat. This shows that the increase in Pt content not only promotes the release of lattice oxygen 
but also aids in the conversion of oxygen into lattice oxygen. The catalytic combustion of CH4 generally 
follows the M-K mechanism, where the lattice oxygen species of the catalyst are involved in the reaction[15].

Nitrogen adsorption and desorption isotherms of Pt/TiO2 catalysts with distinct Pt contents, along with 0.5 
Pt/ZrO2, 0.5 Pt/MgO, 0.5 Pt/ZnO catalysts, are shown in Supplementary Figure 4. The curves of four 
Pt/TiO2 samples have similar characteristics. When the relative pressure P/P0 increases above 0.8, the 
adsorption curve of nitrogen is separated from the adsorption curve under the same relative pressure P/P0, 
and the hysteresis loop appears. The hysteresis loops are H1 type, indicating that Pt/TiO2 samples have 
relatively narrow pore sizes and the characteristics of uniform spherical particle aggregates[38]. In addition, 
the SSA is also calculated by the BET method based on the data. The results show that the SSA of Pt/ZrO2 is 
the lowest at only 56 m2/g, while that of Pt/ZnO is a little higher as it can reach 115 m2/g. The SSA of 
Pt/TiO2, with varying Pt contents, is higher than that of Pt/ZrO2 and Pt/ZnO in the range of 120~170 m2/g, 
and the SSA of Pt/MgO is the largest, reaching up to 275 m2/g. We found that the SSA of 0.5 Pt/MgO 
significantly exceeds that of other samples. Assuming the powder particles are rigid spheres, the relationship 
between the SSA (m2/g) and the average particle size D (nm) is given by SSA = 6/(D*ρ), where ρ is the 
density of the material (g/m3). Using this formula, we calculated the particle sizes of the 0.5 Pt/TiO2, 0.5 
Pt/ZrO2, 0.5 Pt/MgO, and 0.5 Pt/ZnO catalysts, resulting in particle sizes of 9.6, 15.4, 14.5, and 12.5nm, 
respectively. The small differences in their particle sizes indicate that the SSA measurements of the catalysts 
are reliable. Typically, a larger catalyst surface area implies more active sites and higher catalytic activity. 
However, the increase in catalyst surface activity with the surface area occurs only when the active 
components are uniformly distributed. The experiments revealed that the catalytic activity of Pt/MgO is 
relatively low, which might be due to poor dispersion of Pt on MgO[39]. In contrast, Pt/TiO2 exhibits both a 
large SSA and high Pt dispersion, resulting in excellent catalytic activity.

For the microstructure observation of representative samples 0.1 Pt/TiO2 and 0.5 Pt/TiO2, FETEM was 
utilized. AC-HAADF-STEM with sub-angstrom resolution was employed to analyze Pt species state. In the 
case of the 0.1 Pt/TiO2 catalyst, high-resolution transmission electron microscopy (HRTEM) images 
[Figure 9A] revealed particles predominantly comprising anatase and rutile phases, with 10 nm diameters 
that are consistent with SSA analysis (BET equivalent diameter of 8.4 nm). Brightly contrasted individual Pt 
atoms were observed on the surface of TiO2 support [Figure 9B], and energy-dispersive X-ray spectroscopy 
(EDS) confirmed the presence of Pt, Ti, and O [Figure 9C]. Moreover, HRTEM images for the 0.5 Pt/TiO2 
catalyst [Figure 9D] are similar to 0.1 Pt/TiO2 (BET equivalent diameter of 9.6 nm). Notably, on the TiO2 
surfaces, both individual platinum atoms and platinum nanocrystals were present [Figure 9E and F]. These 
microstructural characterizations illustrate that with increasing Pt content, Pt transitions from single atoms 
to clusters. The transmission electron microscopy (TEM) analysis of 0.1 Pt/TiO2 and 0.5 Pt/TiO2 catalysts 
provided insights into Pt dispersion and state at active sites on the catalyst’s microsurface. However, to 
assess the overall Pt dispersion across the catalyst surface, we conducted CO pulse adsorption tests. The 
results showed that the Pt dispersion on the surface of the 0.1 Pt/TiO2 catalyst was 79.68%, while on the 0.5 
Pt/TiO2 catalyst, it was 39.54%. This decrease in dispersion with increased Pt content suggests that higher Pt 
loadings tend to form Pt clusters, leading to reduced dispersion, consistent with the observations from TEM 
regarding the presence of Pt on the catalyst surface.

em4033-SupplementaryMaterials.pdf
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Figure 9. Microstructure characterization of 0.1 Pt/TiO2 (A-C) and 0.5 Pt/TiO2 (D-F): FETEM (A and D); AC-HAADF-STEM (B and E); 
EDS element profiles (C and F).

To more objectively evaluate the performance of our catalyst, we compared it with the performance of 
catalyst samples from other similar studies. The results are summarized in Figure 10; we have compared the 
reaction temperature and activity differences of the Pt/TiO2 catalyst prepared by the impregnation 
method[40], the Pt/Al2O3 catalyst prepared by the incipient wetness impregnation method[41], and the Pt/TiO2 
catalyst synthesized by the FSP method in this study. As shown in Figure 10A, our Pt/TiO2-FSP catalyst 
exhibits the highest CO reaction performance at low temperatures. The CO reaction performance of the 
Pt/TiO2-Coimpregnation catalyst is relatively close to our catalyst. However, from Figure 10B, it is evident 
that the TOF of our Pt/TiO2-FSP catalyst is significantly higher than that of the Pt/TiO2-Coimpregnation 
catalyst, with the difference increasing with temperature. This can be attributed to the differences in particle 
size and morphology caused by the distinct preparation methods. Our FSP-synthesized catalyst consists of 
nano-sized particles with Pt in a single-atom state attached to the catalyst surface, whereas the co-
impregnation method results in micron-sized particles with Pt present in both single-atom and Pt cluster 
forms, leading to differences in active site reactivity. The Pt/Al2O3 catalyst shows much lower CO 
conversion rates and CO reaction activity at low temperatures compared to both Pt/TiO2 catalysts.

As shown in Figure 11, a schematic diagram qualitatively describes the possible reaction patterns of CO and 
CH4 over two typical Pt/TiO2 catalysts, respectively. Both CO and CH4 react through the Mars-van Krevelen 
(MvK) mechanism, with the difference being that the activation center for the CO reaction is single-atom 
Pt, while for CH4, it is Pt clusters. The specific reaction process does not differ and generally proceeds in two 
steps: first, CH4 adsorbs onto the active Pt species on the catalyst surface, where the lattice oxygen from 
within the catalyst diffuses to the surface and reacts with CH4 to produce CO2 and H2O, thus forming 
surface oxygen vacancies. Then, oxygen from the reaction atmosphere adsorbs and dissociates, generating 
surface oxygen, which subsequently migrates to the oxygen vacancies, replenishing them and producing 
lattice oxygen, completing the entire reaction cycle. Additionally, as the Pt content in the oxygen carrier 
increases, the Pt dispersion on the surface gradually decreases, with single Pt atoms aggregating into Pt 
clusters, leading to a decline in the activity of Pt adsorption sites.
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Figure 10. Comparison of (A) reaction performance and (B) reaction TOF of different Pt-doped catalysts with the Pt/TiO2 catalyst of 
this study. Where Pt/TiO2 catalysts were synthesized in the Ref.[40] using the impregnation method (test condition: 0.5% CO, 2.55% 
O2, using Ar as balance, WHSV = 60,000 mLg-1h -1, 0.1wt%Pt). Pt/Al2O3 catalysts were synthesized in the Ref.[41] using the incipient wet 
impregnation method (test condition: 1% CO, 5% O2, using Ar as balance, WHSV = 200,000 mLg-1h -1, 0.1wt%Pt).

Figure 11. Schematic diagram of reaction patterns of CO and CH4 over Pt/TiO2.

CONCLUSIONS
A series of Pt-based catalysts are synthesized by the FSP method for catalytic combustion of CO and CH4, 
which involves four different supports (TiO2, ZrO2, MgO and ZnO) and variable low Pt loadings 
(0.025%-0.5%). According to catalytic activity and stability tests, the performance of 0.5 Pt/TiO2 is the best 
in all samples, in which the T90 temperatures are 107 and 500 °C for 90% conversion of CO and CH4, 
respectively. The final conversion of CH4 decreases by about 5% after the time-on-stream test at 700 °C for 
420 min. Compared with the other three supports, TiO2 support is a mixed phase with a major amount of 
anatase and a small amount of rutile other than a pure phase of ZrO2, MgO and ZnO. The Pt/TiO2 samples 
have very high SSA in the range of 120~170 m2/g. Additionally, Pt species can promote the phase transition 
from anatase to rutile in the FSP process. Pt element has three chemical states: Pt4+, Pt2+, and Pt0. Most of the 
Pt species are present in the high-valence state Pt4+, whereas the zero-valence state Pt0 is the least common. 
The presence of Pt0 is mainly due to the formation of Pt clusters, while the oxidation states Pt can be 
identified as highly dispersed Pt single atoms. At lower loading, the Pt species are present in well-dispersed 
single atoms with oxidation states, and Pt transitions from single atoms to clusters as the Pt loading 
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increases. The synergistic effect between Pt and TiO2 effectively enhances the catalyst’s activity, and the Ti-
O bond around the supported Pt species is activated. It is fascinating to note that the Pt species can be 
enriched on the surface of TiO2 nanoparticles, which provides abundant available active sites for efficient 
conversion reaction.
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