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Abstract: The increased production of biodiesel results in a corresponding rise in the production of 
glycerol (GLY) as a by-product. The selective oxidation of glycerol can yield relatively simple 
products under mild reaction conditions, offering high added value and positioning it as one of the 
most promising methods for industrialization. In this study, we employed black titanium dioxide (B-
TiO2) as a support and deposited platinum (Pt) to create a noble metal-supported catalyst. 
Lanthanum (La) or cerium (Ce) was doped into B-TiO2 to enhance the concentration of oxygen 
vacancies in the support, thereby improving catalyst activity. Throughout the research process, we 
also investigated the impact of varying amounts of La or Ce doping on catalyst performance. Analysis 
of the catalytic experimental data revealed that Pt/30%Ce-B-TiO2 exhibited the highest catalytic 
performance. Structural analysis of the catalysts showed that the synergistic effect between Pt0 and 
oxygen vacancies contributed to enhancing catalyst activity. 
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1. Introduction 

In the field of modern catalytic science, the development of efficient catalysts is essential for 
promoting the sustainable advancement of the chemical industry. In recent years, the glycerol 
oxidation reaction has garnered significant attention as a crucial process for converting glycerol, a 
by-product of biodiesel production, into high value-added products.[1,2] Traditional catalysts often 
face challenges such as low conversion rates, poor selectivity, and insufficient stability during 
glycerol oxidation reactions, prompting researchers to continuously explore new types of catalytic 
materials.[3–5] Titanium dioxide (TiO2) has gained considerable interest due to its excellent chemical 
and thermal stability and is commonly utilized as a support material for catalysts. However, the 
catalytic activity of current TiO2-supported materials still requires enhancement.[6] As research 
progresses, the doping of rare earth elements into support materials has emerged as an effective 
strategy to improve catalytic activity, addressing the performance limitations of traditional catalysts 
while meeting growing industrial demands and environmental challenges. The unique electron layer 
structure and variable oxidation states of rare earth elements allow for the introduction of new active 
sites and electron transfer pathways into various catalytic materials, thereby significantly enhancing 
catalyst performance.[7–9] In thermal catalytic reactions, the advantages of doping with rare earth 
elements are particularly pronounced. For instance, in the methane reforming reaction, Ce-doped Ni-
based catalysts demonstrate enhanced resistance to carbon deposits and exhibit higher catalytic 
activity. This improvement is attributed to the electron modification of Ni active sites by Ce, as well 
as the enhanced adsorption of reactants. The optimization of desorption behavior allows the reaction 
to proceed under milder conditions, thereby effectively improving both reaction efficiency and 
catalyst stability.[10–13] Cheng et al. utilized Ce-doped Ni(OH)2/Ni-MOF nanosheets as efficient 
catalysts for oxygen evolution reactions, revealing excellent catalytic performance.[14] Concurrently, 
the La-doped Co3O4 catalyst showcases remarkable low-temperature activity in oxidation reactions. 
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By altering the concentration of surface oxygen species and the mobility of lattice oxygen within the 
catalyst, the activation energy of the reaction is reduced, which accelerates the reaction rate and 
enhances the purification of harmful gases.[15,16] Furthermore, the amount of rare earth element 
doping is critical for regulating catalyst performance. Variations in doping levels can lead to changes 
in the crystal structure, electron density, and surface properties of the catalyst, which subsequently 
affect the activity and selectivity of the catalytic reaction.[17] For example, adjusting the doping 
amount of Fe2+ can significantly enhance the electron conductivity of NiFe oxide, promoting the 
oxidation reaction of urea.[18] Rare earth element doping provides an effective means to enhance the 
catalytic performance of TiO2. Due to their unique electronic structure, rare earth elements possess f-
orbital electrons that can interact with the TiO2 lattice, thereby modulating both the electronic and 
surface chemical properties of the catalyst.[19–23] By doping with rare earth elements, additional 
active sites can be introduced, optimizing the adsorption and activation processes of reactants, which 
in turn improves catalytic activity and selectivity.[24–26] Furthermore, the preparation of black TiO2 
typically involves the creation of oxygen vacancies, which can enhance electron transfer capacity and 
further boost catalytic activity. The support material for the catalyst significantly influences its 
activity, selectivity, and stability. Lanthanum (La) or Cerium (Ce) doped black TiO2 is expected to 
exhibit exceptional properties in the glycerol selective oxidation reaction. On one hand, rare earth 
element doping can enhance the redox performance of the catalyst, leading to improved catalytic 
activity and selectivity during thermal catalysis. On the other hand, the presence of oxygen vacancies 
in black titanium dioxide facilitates better interaction between the reactants and the catalyst, thereby 
promoting the reaction progress.[27–30] 

This study aims to investigate the performance of La and Ce doped black TiO2 in the thermal 
catalytic reaction of glycerol oxidation. By examining the types and doping ratios of the doped 
elements, the catalyst exhibiting the best performance is identified. Characterization techniques such 
as XRD and XPS are employed to study the intrinsic relationship between catalyst structure and 
performance, thereby elucidating the catalytic action mechanism. The findings of this study provide 
an experimental foundation for the development of highly efficient alkali-free thermal catalytic 
materials for thermal oxidation reactions. Furthermore, it promotes advancements in biomass 
conversion and offers new insights into the application of rare earth element doped oxide catalysts 
in thermal catalytic reactions. 

2. Materials and Methods 

Tetrabutyl titanate (C16H36O4Ti, A.R) from Shanghai Lin’en Technology Development Co., Ltd.; 
Glycerol (C3H8O, A.R) from Tianjin Fengchuan Chemical Reagent Technology Co., Ltd.; 3wt% 
Hydrofluoric acid (HF, A.R) from Shanghai Adamas Reagent Co., Ltd.; Absolute ethanol (C2H6O, 
A.R) from Tianjin New Technology Industrial Park Kemao Chemical Reagent Co., Ltd.; Potassium 
chloroplatinate (K2PtCl6, 99.95%) from Shanghai Adamas Reagent Co., Ltd.; Sodium borohydride 
(NaBH4, 99.8%) from Shanghai Adamas Reagent Co., Ltd.; Cerium nitrate (Ce(NO3)3·6H2O, A.R) from 
Shanghai Adamas Reagent Co., Ltd.; Lanthanum nitrate (La(NO3)3·6H2O, A.R) from Shanghai 
Adamas Reagent Co., Ltd. 

3. Results 

3.1. Characterization of the Materials 

Figure 1 present the X-ray diffraction (XRD) diagrams of La-B-TiO2(Figure 1a) and Ce-B-
TiO2(Figure 1b), respectively, illustrating the effects of varying doping quantities. The characteristic 
TiO2 peaks were observed at 25.3°, 37.8°, 48.0°, 53.9°, and 55.1°, corresponding to the anatase titanium 
dioxide (TiO2) crystal planes (101), (004), (200), (105), and (211). Notably, the peak positions for TiO2 
in La-B-TiO2 and Ce-B-TiO2 remain unchanged, suggesting that the doping of La and Ce does not 
alter the TiO2 structure, thereby confirming the successful incorporation of La and Ce. In Figure 1(a), 
the characteristic peaks for LaF3 were recorded at 24.1°, 27.6°, 34.9°, and 43.7°. In Figure 1(b), the 
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characteristic peaks for CeF3 appeared at 24.4°, 27.9°, 44.1°, and 45.2°. The presence of LaF3 and CeF3 
can be attributed to the use of HF during the synthesis of RE-B-TiO2, which resulted in the formation 
of trace amounts of LaF3 and CeF3 in the doped samples. 

 

Figure 1. XRD patterns of (a) Ce-B-TiO2 and (b) La-B-TiO2 with different doping levels. 

Figure 2 and Figure 3 illustrate the SEM images and mapping graphs for Pt/4%La -B-TiO2 and 
Pt/30%Ce-B-TiO2, respectively. The Pt/4%La-B-TiO2(Figure 2a) and Pt/30%Ce-B-TiO2(Figure 3a) 
supports exhibit a skeletal-like distribution, characterized by a high surface area ratio. Figure 2e 
reveals the distribution of Pt particles on the La-B-TiO2, demonstrating that the Pt particles are 
uniformly distributed across the surface. In contrast, the La elements depicted in Figure 2d are sparse 
and scattered, which may account for the observed lower load capacity. For the Pt/30%Ce-B-TiO2 
catalyst, Figure 3e shows a uniform distribution of Pt particles. Figure 3d illustrates the uniform 
distribution of Ce elements. Furthermore, the results of the characterization indicate that the doping 
of Ce is substantial, which aligns with the experimental fact. 

 

Figure 2. SEM-Mapping of Pt/La-B-TiO2. 
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Figure 3. SEM-Mapping of Pt/Ce-B-TiO2. 

3.2. Selective Oxidation Reaction of Glycerol 

The activity of the catalyst was evaluated through the glycerol oxidation reaction. Table S1 
presents the activity data for the undoped catalyst. Conversion data collected over a period of 6 hours 
indicated that the catalyst exhibited the highest conversion when the reduction temperature of B-
TiO2 was set to 700°C. For subsequent doping experiments, Pt/B-TiO2 (700°C) served as the base 
material, while the carrier B-TiO2 (700°C) was doped with rare earth elements, specifically La and Ce. 

Figure 4a illustrates the variation in the catalytic conversion rate of the Pt/Ce-B-TiO2 catalyst 
over time at different doping ratios of Ce. During the initial two hours of the reaction, the conversion 
rates for catalysts with Ce doping ratios of 1%, 10%, and 15% were low. In contrast, the catalytic 
activity for the 20% doping ratio was moderate, while the Pt/30%Ce-B-TiO2 and Pt/50%Ce-B-TiO2 
catalysts exhibited high catalytic activity. After two hours, the conversion rate reached 40%. By the 
6h, the conversion rates for Pt/30%Ce-B-TiO2 and Pt/50%Ce-B-TiO2 were 87.10% and 77.82%, 
respectively (see Table S1). Figure 4b illustrates the selectivity changes of the Pt/Ce-B-TiO2 catalyst 
for glyceric acid over time at various doping ratios. The data indicate that the selectivity for glyceric 
acid remains consistent across all six doping ratios, with an increasing trend over time. Notably, the 
catalysts Pt/30%Ce-B-TiO2 and Pt/50%Ce-B-TiO2 exhibited particularly strong performance. After 4 
hours of reaction, Pt/50%Ce-B-TiO2 achieved the highest selectivity for glyceric acid at 62%. However, 
at this point, its conversion rate (77.82%) was lower than that of Pt/30%Ce-B-TiO2 (87.10%). From a 
yield perspective (see Figure 4d), the activity of catalysts can be assessed after 6 hours, with 
Pt/30%Ce-B-TiO2 achieving the highest yield at 52.87%. The catalytic data presented in Table S1 
demonstrate that the activity and selectivity for glyceric acid are enhanced in the doped catalysts 
compared to the undoped Pt/B-TiO2 (700°C). Over the 6-hour reaction period, Pt/30%Ce-B-TiO2 
exhibited a 20% increase in conversion rate and a 25% increase in glyceric acid selectivity compared 
to Pt/B-TiO2. In summary, the catalyst Pt/30%Ce-B-TiO2 displays the highest catalytic performance. 
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Figure 4. The conversion (a) and the selectivity (b) of Pt/Ce-B-TiO2 with different Ce doping ratios, the 
conversion of Pt/La-B-TiO2 (c) with different La doping ratios. The yield of Pt/Ce-B-TiO2 and Pt/La-B-TiO2 with 
different Ce or La doping ratios. 

Figure 4c illustrates the variation in catalytic activity across different doping ratios of La in the 
Pt/La-B-TiO2 catalyst, with the La doping amount controlled between 1% and 20%. In comparison to 
the catalytic activity of the Pt/La-B-TiO2 catalyst depicted in Figure 4a, the overall catalytic activity of 
the Pt/La-B-TiO2 catalyst is relatively low. Notably, Pt/4%La-B-TiO2 exhibited the highest catalytic 
activity after 6 hours, achieving a value of 55.05%. However, when compared to the catalytic activity 
of the undoped Pt/B-TiO2 at 700°C, the catalytic activity of Pt/4%La-B-TiO2 did not show a significant 
improvement. This suggests that the doping of La has a limited effect on the activity of the Pt/B-TiO2 
structural catalyst. Figure S1 illustrates the change in glyceric acid selectivity of the Pt/La-B-TiO2 
catalyst over time, while Table S1 presents the data for selectivity of glyceric acid by Pt/La-B-TiO2 
after 6h. The observed trends and data indicate that the doping of La has a significant regulatory 
effect on the selectivity of the Pt/B-TiO2 catalyst. As the amount of La doping increases, there is a 
discernible trend towards enhanced selectivity for glyceric acid in the Pt/La-B-TiO2 catalyst. The 
experimental data suggest that the optimal doping ratio is 4%. Furthermore, when considering the 
conversion data, it is evident that the yield of Pt/4%La-B-TiO2 after 6 hours of reaction is 31.86%. This 
represents an improvement in yield compared to the undoped Pt/B-TiO2 (700°C). 

4. Discussion 

To investigate the influence of the doping amounts of La and Ce on the catalysts structure of 
Pt/La-B-TiO2 and Pt/Ce-B-TiO2, as well as the impact of catalyst structure on catalytic performance, 
we conducted X-ray photoelectron spectroscopy (XPS) analysis. This analysis focused on the valence 
state and content of Pt and Ti in three catalysts: Pt/30%Ce-B-TiO2, Pt/50%Ce-B-TiO2, and Pt/4%La-B-
TiO2 (Figure 5). The result indicate that the 4f spectrum of Pt in these catalysts comprises six peaks 
(Figure 5a-5c), which correspond to three valence states: Pt0, Pt2+, and Pt4+. The Ti2p spectrum reveals 
four peaks (Figure 5d-5f), with peaks at 458 eV and 464 eV attributed to Ti3+, while peaks at 459 eV 
and 465 eV correspond to Ti4+. The peak position data and content information for Pt0 and Ti3+ are 
summarized in Table S2. The doping of La and Ce has significant effect on the valence state and 
content of Pt in the catalyst. The content of Pt0 in the catalyst Pt/La-B-TiO2 (Figure 5c) was higher than 
that in the catalyst Pt/Ce-B-TiO2 (Figure 5a-5b), with the Pt/30%Ce-B-TiO2 exhibiting the highest Pt0 
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content. In the selective oxidation reaction of glycerol, the catalyst Pt/30%Ce-B-TiO2 demonstrated 
the highest yield of glyceric acid, indicating that Pt0 plays a crucial role in the catalytic reaction. 

 

Figure 5. The XPS spectra of Pt 4f and Ti 2p in Pt/30%Ce-B-TiO2(a and d), Pt/50%Ce-B-TiO2(b and e) and Pt/4%La-
B-TiO2(c and f). 

The Ti3+ content in the catalyst is calculated based on the ratio of Ti3+ to the sum of Ti3+ and Ti4+. 
The data presented in Table S2 indicates that Ti3+ constitutes 22.51% in Pt/4%La-B-TiO2, 26.60% in 
Pt/30%Ce-B-TiO2, and 30.06% in Pt/50%Ce-B-TiO2. This suggests that the doping of La and Ce does 
not significantly affect the Ti3+ content in the catalyst support. However, the amount of Ce in the 
Pt/Ce-B-TiO2 catalysts have a notable impact on the Ti3+ content, as evidenced by the observed data 
trends. Specifically, with an increase in Ce doping within the catalyst, the Ti3+ content also rises. 
Among the catalysts analyzed, Ti3+ represents the highest proportion in Pt/50%Ce-B-TiO2. Since the 
concentration of Ti3+ directly influences the concentration of oxygen vacancies in the catalyst support, 
it is essential to examine the oxygen vacancies concentration within the catalyst. 

Figure 6 shows the deconvoluted XPS spectrum for O 1s in Pt/30%Ce-B-TiO2(Figure 6a), 
Pt/50%Ce-B-TiO2(Figure 6b) and Pt/4%La-B-TiO2(Figure 6c). The main peak at 530.0 eV is assigned to 
Ti4+-O bond in TiO2 lattice and it agreed well with the literature [31,32]. The peak observed at a 
binding energy of 531.0eV is attributed to the oxygen vacancy resulting from the presence of Ti3+ 
defects, with the area under the curve indicating the concentration of oxygen vacancies. Compared 
to La-B-TiO2, Ce-B-TiO2 exhibits a higher concentration of oxygen vacancies. Furthermore, a 
comparison of the oxygen vacancy concentrations in Pt/30%Ce-B-TiO2 and Pt/50%Ce-B-TiO2 reveals 
that the concentration of oxygen vacancies increases with higher levels of Ce doping, which correlates 
with the trend observed in Ti3+ content as shown in Figure 5. 

 
Figure 6. The XPS spectra of Pt 4f and Ti 2p in Pt/30%Ce-B-TiO2(a and d), Pt/50%Ce-B-TiO2(b and e) and Pt/4%La-
B-TiO2(c and f). 

5. Conclusions 
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Based on the data analysis, the catalytic performance of the catalyst Pt/30%Ce-B-TiO2 exhibits 
the highest catalytic activity over a duration of 6 hours, primarily attributed to the highest content of 
Pt0. In the initial 4 hours, the catalytic activity of Pt/50%Ce-B-TiO2 is comparable to that of Pt/30%Ce-
B-TiO2, likely due to the higher concentration of oxygen vacancies in Pt/50%Ce-B-TiO2. However, as 
the reaction progresses, the concentration of oxygen vacancies in the catalyst support diminishes and 
the content of Pt0 also declines, resulting in lower catalytic activity compared to Pt/30%Ce-B-TiO2 at 
6h. Nevertheless, the selectivity for glyceric acid remains similar to that of Pt/30%Ce-B-TiO2, 
approximately 60%. These experimental observations indicate that both the content of Pt0 and the 
concentration of oxygen vacancies collectively influence the catalytic activity. Furthermore, the 
selectivity data presented in Table S2 reveal that the selectivity for glyceric acid is predominantly 
determined by the type of doping elements used. When the catalytic conversion rates are comparable, 
the selectivity of Pt/La-B-TiO2 for glyceric acid demonstrates greater stability. 

Supplementary Materials: The following supporting information can be downloaded at the website of this 
paper posted on Preprints.org. 
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