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Abstract

:

5-hydroxymethylfurfural (HMF) is oxidized to 2,5-furandicarboxylic acid (FDCA), which serves as a sustainable alternative to the petrochemical derivative terephthalic acid as a polyester monomer. Currently, noble metal catalysts that combine high HMF conversion rates with FDCA selectivity have become one of the mainstream catalytic systems for HMF oxidation. This paper summarizes and discusses the research progress on HMF oxidation to FDCA over different noble metal-based catalysts by combining DFT theoretical calculations, introducing various reaction pathways and mechanisms of HMF oxidation. It also analyzes the characteristics and electronic properties of metal active sites, geometric effects, metal–support interactions, and confinement effects, discussing and revealing the roles and activation mechanisms of different metal active sites, the structure of catalysts, active substances, metal valence states, activity, and the relationship between metal and the oxidation of C=O and OH groups. Finally, it presents views on the challenges and future development in the design of noble metal-based catalysts.
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1. Introduction


In recent years, driven by the widespread depletion of fossil resources and related environmental issues, abundant and renewable biomass has increasingly been used as a raw material for the production of biofuels, high-value biochemicals, and green materials (such as bioplastics) through sustainable bio-refining processes [1,2,3]. Currently, fuel or chemicals, such as ethanol [4,5], biodiesel [6,7], and furfural [8,9], synthesized from biomass have been industrially applied, significantly reducing dependence on fossil energy, which is of great significance for further carbon neutrality. Among them, the molecular structure of FDCA is similar to the petroleum-based monomer terephthalic acid (PTA) [10,11]. It can be polymerized with diols, diamines, or other monomers to produce polyethylene 2,5-furandicarboxylate (PEF). As an efficient and environmentally friendly bio-based plastic (Figure 1), it has superior degradability compared to traditional materials like polyethylene terephthalate (PET). Therefore, it has successfully replaced conventional the petroleum-based monomer PET and is expected to become a key bio-based polyester for developing environmentally friendly, biodegradable plastics and non-toxic plasticizers. Moreover, the U.S. Department of Energy also listed FDCA as one of the twelve most promising bio-based value-added platform chemicals in green chemical engineering in 2004 [12,13,14]. Thus, there is an urgent need to develop an efficient method for the product of FDCA, which not only brings significant economic benefits but also represents a fundamental path for circular sustainable development.



Currently, the synthetic pathways for FDCA mainly include furfural carboxylation [15,16], furan acylation [17,18], and HMF catalytic oxidation [19,20]. Among these, the selective oxidation of HMF to FDCA has shown high efficiency, simplicity, and environmental friendliness. Additionally, as one of the most promising multifunctional biomass molecules [21,22,23], HMF can be successfully converted into levulinic acid (LA), formic acid (FA), 2-hydroxymethylfuran (DHMF), and FDCA through internal structural reactions such as oxidation, polymerization, hydrogenation, and so on [24,25,26]. The continuous breakthroughs in HMF production technology and the gradual expansion of production capacity have significantly boosted the large-scale production and preparation of downstream high-value-added chemicals based on HMF as a raw material. Its oxidation products, FDCA, 2,5-dihydroxymethylfuran (HMFCA), 2,5-diformylfuran (DFF), and maleic acid (MA), are all important industrial products [27,28,29,30,31]. AVA Biochem was the first company in the world to commercialize HMF capable of achieving industrial production of high-purity HMF and its derivatives, with a production capacity of 5000–6000 tons per year. The direct oxidation method for synthesizing FDCA from HMF has become more feasible and necessary due to the commercialization of HMF. Therefore, developing efficient and low-cost HMF oxidation technology has become the key to addressing the current industrial preparation and commercial application of FDCA.



Different metal catalysts (noble and non-noble metals) and non-metal catalysts have been developed for the oxidation of HMF to prepare FDCA [32,33,34]. For non-noble metal catalysts, Gawade et al. [35] synthesized MnFe2O4 catalysts via a hydrothermal method to investigate the reaction performance of HMF oxidation for FDCA preparation. Under the conditions of 100 °C, 6 h, and tert-butyl hydroperoxide (TBHP) as the oxidant, the yield of FDCA could reach 85%. Yang et al. [12] prepared V/MoO3 nanorods with different crystal phases for HMF oxidation to FDCA by hydrothermal method and H2O2 treatment. Under the conditions of tert-butanol (TBA) and TBHP as oxidants, after 10 h, the V-MoO3 catalyst could achieve a conversion rate of HMF and a selectivity of FDCA up to 99.5% and 87.4%, respectively. However, the use of organic solvents such as TBA and TBHP can have a certain impact on the environment, which is not conducive to environmental protection. For non-metal catalysts, Verma et al. [36] prepared the chitosan-derived carbon nitride catalyst to HMF oxidation reactions under an oxygen atmosphere. It was found that after reacting for 36 h at 70 °C and atmospheric pressure, the yield of FDCA could reach 83%. Li et al. [37] used TEMPO catalysts and investigated HMF oxidation for FDCA preparation by adjusting the type of acid. It was found that after reacting for 48 h in the presence of phosphoric acid (H3PO4), the yield of FFCA could reach 83%. The results showed that the yield of FDCA significantly decreased after three cycles. This not only limits the potential for long-term application of the catalyst but also requires a long reaction time to achieve the best effect. However, compared with the above catalysts, noble metal catalysts do not require the addition of organic reagents as oxidants. Under an air or oxygen atmosphere and H2O as a solvent, they can quickly obtain a higher HMF conversion rate and FDCA yield. Moreover, after multiple cycles of reactions, noble metal catalysts can still maintain a high conversion rate and selectivity, avoiding catalyst deactivation, allowing for long-term use. A noble metal-based catalytic systems, such as platinum-based (Pt), gold-based (Au), and ruthenium-based (Ru) catalysts, have shown excellent activity in HMF oxidation and are widely used. Wu et al. [38] prepared RuOx/MnOx-VC catalysts for HMF oxidation under alkali-free conditions and found the synergistic interaction between the MnOx-VC support and Ru metal, in which oxygen vacancies of metal oxide enable efficient adsorption and anchoring of metal Ru, forming a highly dispersed Ru-O-Mn structure. At 120 °C and 1 MPa O2, the MnOx-VC catalyst can achieve 100% conversion of HMF and a 99% yield of FDCA after 4 h. Zhao et al. [39] prepared an Ag/-CeO2-DTPA-400 catalyst for the oxidation of HMF to FDCA. The interface formed between the metal Ag and the carrier CeO2 facilitates the transfer and separation of electrons, which can promote the activation of HMF and its intermediates. Under room temperature and an O2 atmosphere, the selectivity of FDCA can reach as high as 98% after 6 h. Cavallo et al. [40] successfully prepared dendritic and shell-structured Au-Co nano-catalysts for the oxidation of HMF to FDCA by controlling the concentration of Au and the addition method of the precursor. Compared with the shell-structured catalyst, the dendritic structure retains the Co core inside and has an open 3D structure with a higher specific surface area, which promotes electron transfer and thereby enhances activity.
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Figure 1. (a) Classical process for the production of unrenewable plastics via fossil-based PTA and (b) a potential alternative pathway starting from a renewable feedstock [41]. 
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2. Reaction Mechanism


The synthetic routes for the preparation method of FDCA have been widely proposed, involving the HMF oxidation pathway, furan acylation pathway, furfural disproportionation pathway, and di-glycol pathway (Figure 2) [42,43,44]. Among them, the di-glycol route is not environmentally sustainable, the furfural disproportionation route involves a complex process and low product yield, and the furan acylation requires many more reaction steps and yields low economic benefits. Instead, the HMF oxidation route has a wide range of raw material sources and a simple reaction process, which is green and environmentally friendly, showing good prospects for development, and is expected to achieve industrial production. Due to the difference in the oxidation sequence of the functional groups in HMF under acidic and alkaline environments, the oxidation of HMF to produce FDCA can currently proceed along two pathways: the DFF oxidation pathway (acidic environment) and the HMFCA oxidation pathway (alkaline environment). In the DFF pathway, the OH group in HMF is first oxidized to the C=O group, generating DFF. Then, the C=O group in DFF is further oxidized to the COOH group, forming the intermediate product FFCA. In contrast, in the HMFCA pathway, the C=O group in HMF becomes the preferred target for oxidation. The C=O group in HMF is oxidized to the COOH group, forming HMFCA, and then the OH group in HMFCA is further oxidized to the C=O group, generating FFCA. Finally, FFCA produced from both pathways undergoes successive oxidation to yield the target product FDCA (Figure 2).



2.1. Oxidation in Alkaline Solution via HMFCA Pathway


Reaction of HMF under alkaline conditions favors the oxidation of C=O bond and reduces the occurrence of side reactions, thereby improving the selectivity of FDCA. Liu et al. [46] prepared AumPdn/TiO2-xCA@HNTs catalyst and proposed a reaction mechanism for the oxidation of HMF to FDCA under alkaline solution, as shown in Figure 3a. The reaction process of HMF oxidation to FDCA mainly includes the following three stages: In Stage I (HMF→HMFCA), abundant OH− ions attack the C=O bond in HMF to generate an alkoxide ion intermediate, which is then dehydrogenated through the adsorbed AuPd nanoparticles (NPs) surface OH− to facilitate the formation of HMFCA. In Stage II (HMFCA→FFCA), the oxygen vacancies on the catalyst surface are activated and generate superoxide radicals O2−, which are beneficial to removed excess electrons deposited on the AuPd NPs and combined with H2O to generate a large amount of OH−. Subsequently, under the synergistic action of OH− ions and AuPd NPs, the O-H and C-H bonds on the side chain of the alcohol hydroxyl group in HMFCA are broken, leading to dehydration and the formation of FFCA. In Stage III (FFCA→FDCA), the C=O group on FFCA repeats the first stage process, and again under the oxidation action of AuPd NPs to produce FDCA. Furthermore, Lu et al. [47] have used Ni/NiOOH catalysts to similarly verify the oxidation mechanism of HMF under alkaline conditions, which is consistent with the oxidation pathway of HMF under alkaline conditions mentioned earlier for AumPdn/TiO₂-xCA@HNTs. Lu et al. validated the reaction mechanism for the oxidation of HMF to FDCA along HMFCA (Pathway A) and DFF (Pathway B) through density functional theory (DFT) theoretical calculations, as shown in Figure 3b. The activation energies for the generation of HMFCA* from HMF* through the TSA-1 intermediate transition state in Pathway A and the oxidation of FFCA* to FDCA* through the TS-3 transition state in Pathway B are 1.2 eV and 0.8 eV, respectively, with a higher activation energy barrier; thus, it is determined to be the rate-determine step from a thermodynamic perspective.



Beside the alkali condition via additional alkaline salts, the basic sites of catalysts can also promote reaction efficiency [48,49,50]. Zhang et al. [48] prepared AuPd/HB-ZrO2 catalysts for HMF oxidation under alkaline solution using added alkali salts at 100 °C and 2 MPa O2, achieved a 99.9% yield of FDCA. Without added alkali salts, Liao et al. [49] prepared an Au/Sn-Beta catalyst and found that a large number of OH− conduct nucleophilic attacks on the C=O group and transform into alkoxy intermediates, promoting the production of HMFCA intermediates. In addition, the Lewis acidic sites provided by isolated Sn4+ inside Sn-Beta zeolites can activate the OH and C=O groups in HMF, thereby increasing the catalytic yield of FDCA. The as-prepared Au/Sn-Beta catalyst achieved an FDCA yield of 98.0% under alkaline solution at 140 °C and 1 MPa O2. Wang et al. [50] studied the Mg-Al hydrotalcite supported Pd (Pd/HT) catalysts with different Mg/Al molar ratios for HMF oxidation to FDCA and found that the C=O group in the HMF can be attacked by OH− ions in hydrotalcite and dehydrogenated to generate the COOH group. The as-prepared Pd/HT, rich in basic sites, shows excellent oxidation efficiency with an FDCA yield >99.9%. Clearly, the addition of extra alkali salts is an efficient strategy to promote the catalytic oxidation efficiency for HMF oxidation via HMFCA routes, but the deactivation of active metal sites in alkaline solution is challenging [51]. Thus, developing green and environmentally friendly alkali-free routes for the catalytic oxidation of HMF to FDCA has attracted attention.




2.2. Oxidation Under Alkali-Free Conditions via DFF Pathway


Rao et al. [52] prepared a highly active Ru/Ni1Mn6 catalyst for the oxidation of HMF without added alkali salts and proposed a reaction mechanism for alkali-free oxidation, which is shown in Figure 4a. It involves the following three steps: In Path I (HMF→DFF), Ru metal sites adsorb and cleave the O-H bond in HMF in the form of RuO-(OH)x, forming a metal–alcohol oxide intermediate. Subsequently, dehydration of the metal alcoholate intermediate and β-H elimination form the C=O group, which produces DFF. In Path II (DFF→FFCA), the C=O group in DFF first combines with water to form a bis-alcohol intermediate. Under the action of O− and O2−, the Ru metal site is oxidized to RuO-(OH)x and combines with the bis-alcohol intermediate. After further dehydration and β-H elimination, the C=O group in DFF is oxidized to the COOH group, forming FFCA. In Path III (FFCA→FDCA), the other C=O group in FFCA repeats the oxidation process mentioned in the second step, ultimately producing the target product FDCA. In addition to the Ru-based catalyst, Pt- and-Pd based catalysts are also used in oxidation under alkali-free conditions. Cui et al. [53] prepared a porous carbon-supported PtPd catalyst and found that the introduction of Pd can regulate the electronic structure of Pt, promoting the formation of Pt0 species. Moreover, Pd0 and Pt0 active sites can promote the oxidation of the C=O and OH groups, respectively, and their synergistic effect improves the selectivity and yield of FDCA. At 90 °C the Pt0.5Pd0.5/NPC catalyst showed a high HMF conversion of 96.1% and an FDCA yield of 84.6%. Zhang et al. [54] synthesized a series of PtxRu-MgAlO catalysts with controllable particle sizes for the alkali-free oxidation of HMF to FDCA in an aqueous solution, realizing 100% conversion of HMF, with 99% FDCA selectivity at 100 °C and 0.2 MPa.



Meanwhile, Thara et al. [55] conducted a study on the reaction mechanism of HMF oxidation to FDCA on the β-MnO2 (110) crystal face, employing the Perdew–Burke–Ernzerhof (PBE) form of the generalized gradient approximation (GGA) functional, combined with ultra-soft pseudopotentials and the projector-augmented wave (PAW) method. The study integrated DFT with microkinetic models, as shown in Figure 4b. They proposed that HMF exists on the catalyst surface in the form of HMF* through Eley–Rideal or Langmuir–Hinshelwood mechanisms, and that HMF* can then be oxidized to FFCA* through two possible reaction pathways, A and B. Then, they oxidized to FDCA as the final product through Pathway C. For comparison, oxidation under alkaline conditions (Pathway A) was also discussed, in which the C=O group in HMF* was dissociated to generate a carboxylate intermediate and subsequently through the transition state TSA2 to form the intermediate HMFCA*. Then, the OH group of HMFCA* was further oxidized to the COOH group through the transition states TSA3 and TSA4, leading to the formation of FFCA*. Consequently, the sequential formation of FFCA from HMF via Pathway A is HMF→HMFCA→FFCA*. For the alkali-free conditions (Pathway B), the OH group in HMF prefers to undergo dissociation and generates DFF* through the TSB2 transition state. DFF* is further oxidized to FFCA* through the intermediate transition states TSB3 and TSB4, and the sequence of HMF oxidation in Pathway B is HMF*→DFF*→FFCA*. Finally, in Pathway C, the adsorbed FFCA molecules undergo rearrangement, eventually forming the FDCA and confirming the mechanism. The DFT calculation results clearly show that the construction of bifunctional or multifunctional sites for the activation of OH and C=O groups and the tandem conversion of HMF to FFCA should be effective in promoting oxidation efficiency under alkali-free conditions.





3. Structure–Activity Relationship of Noble Metal-Based Catalysts


The oxidation of HMF to FDCA is a structure-sensitive reaction where the interfacial interactions between components, the oxidation state of metals, geometric effects, and structural defects impact the adsorption and activation of HMF and other intermediates. Furthermore, strong interactions between the metal and the support can effectively promote the transfer of electrons between the metal and the support, thereby affecting the dispersion and valence state of the metal, generating a large number of active metal sites, and giving the catalyst higher HMF oxidation activity. Table 1 summarizes the performance of noble metal-based catalysts in the catalytic oxidation of HMF to FDCA under different reaction conditions in recent years. Under the synergistic effect of noble metal–support and the introduction of other supplements (such as alkali and rare earth metals), a high HMF conversion and FDCA selectivity can be achieved. For the alkali-free system, the Co@Nb-Pt catalyst shows the best reaction performance among many noble metal-based catalysts, with 100% conversion, >99% selectivity, and a 25 mol–1 h–1 product yield at 110 °C and 1 MPa O2 after 4 h of reaction.



3.1. Metal Active Sites


At present, Pt, Ru, Pd, and Au noble metals are frequently reported active sites for the oxidation of HMF to FDCA. These noble metal nanoparticles with abundant electrons can usually exhibit enhanced O2 activation ability by promoting the transfer of electrons from the 3D orbitals of metal nanoparticles to the antibonding π* orbitals of O2 [71,72]. Additionally, the accumulation of electrons on metal nanoparticles can to some extent prevent the oxidation of surface metal species, thereby enhancing the stability of the metal [73,74]. Therefore, increasing the charge density of active sites on metal particles can effectively improve the activity and stability of HMF oxidation to FDCA.



Zhang et al. [75] found that the number of Pt0 active sites in Pt/Nix catalysts could be controlled by changing the calcination temperature. High temperatures can promote electron transfer between metal Pt and Ni, increasing the surface binding energy of Pt0 and producing a large amount of adsorbed oxygen species (Oads), which is not conducive to the reaction. In contrast, the Pt/Ni25 catalyst prepared at low temperatures has the most electron-rich Pt0 species and lattice oxygen species (Olatt) on its surface, which can further stabilize Pt NPs in a reactive metallic state. The intrinsic activity of catalysts is found to be proportional to the fractions of Pt0 and Olatt species, as shown in Figure 5a; Pt0 sites are beneficial for the adsorption and activation of the C=O group in HMF and its intermediates. Fu et al. [76] prepared a CoOx-Ag/CeO2 catalyst for the oxidation of HMF. Experiments found that Ag+ acts as a key active site, accelerating the cleavage of the C-H bond in HMFCA to achieve dehydrogenation, thereby facilitating the transformation of HMFCA to FFCA. The doping of Ag promotes electron transfer between Ag and the support CeO2, generating a large number of Ag+ active sites while forming a stable Ag+-Ov-Ce3+ interface. This efficiently activates O2 and generates superoxide radicals, promoting the conversion of HMF. At the same time, the Ag+ active sites can synergistically interact with Ce3+ sites, significantly improving the yield of FDCA. Under the optimal reaction conditions, the yield of FDCA can reach 92.8%. Zhang et al. [77] prepared a series of Rux/NC catalysts using the thermolysis method for the oxidation of HMF to produce FDCA and found that Ru NPs and the NC easily support undergoing strong electronic interactions, forming electron-rich Ru0 NPs. These Ru0 NPs with a high electron density can promote the activation of O2 by strengthening the electron transfer from the 3D orbitals of Ru NPs to O2, generating superoxide radicals and other reactive oxygen species. This is conducive to the removal of accumulated electrons on the metal surface and improves the regeneration of Ru0 active centers, further enhancing the oxidation of HMF. For Pd based catalyst, Chen et al. [78] prepared a series of Pd catalysts supported on carbon materials (Pd/rGO, Pd/CNT, Pd/AC, and Pd/HPGs) with the same loading to compare their differences in the HMF oxidation reaction. Although Pd2+ is considered less stable than metallic Pd0, the Pd/HPGs catalyst, a highly porous nitrogen- and phosphorus-doped graphene-supported Pd catalyst, with the highest Pd2+, showed the best reaction activity and the lowest apparent activation energy (Ea) in the HMF oxidation reaction, as shown in Figure 5b. Subsequently, a linear correlation calculation was performed between the Ea values required for forming FDCA and the fraction of surface Pd2+. As shown in Figure 5c, the results indicated a negative correlation between the fraction of Pd2+ and Ea. Thus, HPGs promote the proportion of Pd2+ species in Pd/HPGs, thereby having the best HMF oxidation performance. In addition, in the Pd/HPGs catalyst, the transformation and balance of Pd2+ and Pd0 coordinate the catalytic cycle in the coexistence system of oxidation and reduction substrates, which is also conducive to the reaction.



In a word, the valence state of noble metal sites shows a significant impact on the catalytic oxidation of HMF to FDCA. Utilizing the coordinated or alloying effects of noble metal by introducing a second metal or additives for the efficient catalytic oxidation of HMF to produce FDCA has been focused. Zhang et al. [54] prepared PtxRu-MgAlO alloy catalysts with different metal ratios to investigate the impact of the alloy and metal active sites on the oxidation performance of HMF. Intense electronic transfer on the Pt-Ru surface generates many electron-rich Pt0 and electron-deficient Ru0 active sites, which are conducive to the aerobic oxidation of C=O and OH groups in HMF. Compared with other catalysts with different Pt/Ru ratios, the Pt2Ru-MgAlO catalyst exhibits the strongest redshift of the PtRu-(CO)m adsorption peak in FT-IR spectra of CO adsorption, as shown in Figure 5d. This suggests that the alloying between Pt and Ru can effectively adsorb and activate the C=O bond in HMF through the synergistic action at the Pt0-Ru0 sites. Furthermore, the Pt2Ru-MgAlO catalyst shows a faster increase of the FDCA conversion than the single Pt and Ru based catalysts, as shown in Figure 5e. When the Pt2Ru-MgAlO catalyst is used for HMF oxidation under conditions of 100 °C and 0.2 MPa air, both the conversion and selectivity of HMF to FDCA can reach up to 99%. Moreover, Zhang et al. [58] found by adjusting the ratio of Nb/Co on the Co@Nb-Pt catalyst surface, the content of Nb5+ species can be increased. On the catalyst surface, rich in Nb5+, sufficient Lewis acidic sites can be formed to promote the formation of stable electron-rich Pt0 active sites on the surface, as shown in Figure 5f. Calculations of the initial oxidation rate of HMF and intermediates indicate that the electron-rich Pt0 active sites can effectively adsorb and activate the C=O groups in HMF, DFF, and FFCA through strong interactions between Pt0 and the π*C-O bond with Pt, leading to efficient conversion of HMF to FDCA as shown in Figure 5g.



In summary, the valence state of noble metal sites mainly determines the activity of the oxidation of HMF to FDCA. Currently, it is possible to influence the formation and electronic state of metal sites by appropriately modifying the support, and to promote electron transfer through the interaction at the metal–support interface, thereby affecting the characteristics of the active sites. In addition, new supported catalysts can be designed and developed by controlling the electronic and geometric structures of active sites in the future.




3.2. Geometrical Effect of Metal Sites


In the oxidation reaction of HMF, the unique geometric effect of the catalyst can regulate the accessibility and activation between reactant molecules and active sites, which enabled the catalyst to exhibit excellent activity and specific selectivity. Moreover, metal particles of different sizes can regulate the distribution of products and the rate of HMF oxidation by affecting active sites, surface area, and the synergistic effects between components.



For the HMF oxidation reaction, noble metal particles with smaller particle diameters generally have more active sites and higher turnover frequencies (TOF), enhancing the interaction between metal and support. Lei et al. [79] prepared single-crystalline Pd (Pd-NOs and Pd-NCs) catalysts with the same crystal face but different particle sizes, as shown in Figure 6b,c). In reaction, Pd-NOs with a smaller particle size (6 nm) showed better HMF oxidation performance than Pd-NOs with a larger particle size (18 nm). Calculations revealed that the surface Pd atom percentage of the Pd-NOs (6 nm) catalyst is 23.87%, while that of Pd-Nos (18 nm) is only 8.68%. Therefore, the authors attributed the differences in particle size to the varying percentages of surface Pd atoms. Subsequently, after testing the Pd-NOs catalysts with different particle sizes under the same surface Pd atom percentage, it was found that both catalysts exhibited similar catalytic performance in the oxidation of HMF, confirming the aforementioned assumption. In addition, with similar particle size, Pd-NOs enclosed by {111} facets were more efficient than Pd-NCs enclosed by {100} facets for the aerobic oxidation of HMF, especially for the oxidation step from HMFCA to FFCA. For example, full HMF conversion and a 91.3% FDCA yield could be achieved over Pd-NOs (6 nm) within 4 h, while only a 33.1% FDCA yield and 98.3% HMF conversion could be obtained over Pd-NCs(7 nm) over a 12 h reaction. On the other hand, the interface formed between the support and the metal changes with the different exposed crystal faces of the support, and the morphology of different supports can also affect the catalytic activity by influencing the metal–support interface [80]. Li et al. [81,82] synthesized three different morphologies of catalysts, which are CeO2-rod, CeO2-cube, and CeO2-oct, through the hydrothermal method and used them to prepare different Au NPs. The Au NPs on CeO2-rod particle size is mainly around 2 nm, while those on CeO2-cube and CeO2-oct are mainly 2–4 nm and 3–5 nm, respectively, as illustrated in Figure 6d. The Au/CeO2-rod with the smallest particle size showed the highest activity in HMF oxidation reactions, with a TOF up to 6.3 (min−1). Neukum et al. [83] developed a bimetallic AgPd/CBA catalyst with different ratios and applied it to the oxidation of HMF. It was found that catalyst samples with different metal ratios had different average particle sizes, among which the catalyst Ag1Pd3/CBA with the smallest average particle size showed the best reaction performance among many catalysts. In addition, Ag has the ability to efficiently oxidize the C=O group in HMF, which is beneficial for the conversion of HMF to HMFCA. Compared with the monometallic Pd/CBA catalyst, the Ag1Pd3/CBA catalyst prepared by doping a small amount of Ag can significantly increase the yield of FDCA. This indicates that the presence of Ag can have a synergistic effect on Pd; Pd helps to activate O2 and generate active oxygen, and this activated oxygen can effectively remove H on the surface of Ag, thereby achieving the regeneration of Ag active sites and promoting the reaction. The Ag1Pd3/CBA catalyst with the best ratio was reacted under the conditions of 140 °C and 10 bar for 5 h, and the yield of FDCA can reach 63.9%. Rabee et al. [84] prepared supported catalysts with different morphologies, including monoclinic (m-), tetragonal (t-) ZrO2, and Mg-modified zirconia, for the catalytic oxidation of HMF to FDCA. Comparing the two unmodified samples, it was found that the gold particle size distribution on Au/t-ZrO2 was broader than that on Au/m-ZrO2. H2-TPR indicated that a single reduction peak appeared on the surface of t-ZrO2, while two reduction peaks were observed on the surfaces of m-ZrO2, Au/MZ-400, and Au/MZ-600, as shown in Figure 6e. In conjunction with other characterizations, it is realized that the main adsorption on the Au/t-ZrO2 support surface is [AuCl4]−, while the other three samples have both [AuCl4]− and [Au(OH)4]− adsorbed on their surfaces. Therefore, the authors concluded that the presence of [Au(OH)4]− is conducive to the formation of smaller gold NPs, while [AuCl4]− favors the formation of larger gold NPs. The difference in Au particle distribution is attributed to the different types of Au adsorbed on the support surfaces. The modified Au/MZ-400 and Au/MZ-600 exhibited a smaller particle size distribution, around 2 nm. In addition to the influence of the types of adsorbed Au, the additional magnesium also promoted better dispersion of Au particles. Compared to other samples, the Au/MZ-600 catalyst demonstrated a 93% yield of FDCA at 60 °C for a 4–5 h reaction, as shown in Figure 6f. Xia et al. [85] prepared a series of Pd-Au/HT bimetallic alloy catalysts. It was found that compared with the monometallic Au catalyst, the Pd-Au/HT catalyst showed a better reaction performance. The alloy formed between Pd and Au promoted the synergistic and electronic effects between Au and Pd metals, which is beneficial for improving the oxidation activity of HMF, thereby obtaining a higher FDCA yield. In addition, the addition of Pd can inhibit the growth of gold nanoparticles (NPs). With the addition of Pd, the particle size of Pd-Au/HT was significantly reduced from Au/HT (10.2 nm) to 3.4 nm, indicating that Pd can effectively promote the dispersion of Au, reduce its particle size, and improve its dispersibility, thereby increasing the active sites of the catalyst and improving the reaction efficiency.



Unlike the above-mentioned Pd and Au based catalysts, the enhancement in activity via reducing metal particle size is not observed on the Pt-based catalyst. Zhang et al. [86] found that the morphology of Pt could be controlled by altering the synthesis temperature. Under high-temperature conditions, the morphology of active Pt materials on microsphere carbon shells can transition from highly dispersed small NPs (less than 1 nm) to relatively larger porous Pt clusters (about 25 nm), forming a unique island-like structure, as shown in Figure 6g. This structure is beneficial for the enrichment of reactants and the formation of highly crystalline Pt, thereby enhancing the activity of the reaction. At 110 °C, the larger Pt clusters of the 110-Fe3O4@C@Pt catalyst can achieve 100% selectivity for FDCA within 4 h. In contrast, the FDCA yield of the 90-Fe3O4@C@Pt with small and ultra-dispersed Pt NPs is only 87.1%. Interestingly, Schade et al. [87] found that Au particles of different sizes have various effects on the oxidation of HMF. Small gold particles (2.1 nm) favor the oxidation of the C=O group in HMF but have weaker activity for the OH group oxidation; larger particles (2.9 nm) only favor the OH group oxidation. However, the catalyst with an average Au particle size of 2.7 nm (composed of a larger proportion of small particles mixed with larger particles) exhibits the highest activity in the HMF oxidation reaction. This may be the step effect on the surface of larger particles, which is conducive to eliminating β-H from reactants and intermediates, promoting the OH group oxidation. In contrast, hydrogen bonding on the surface of small particles hinders the oxidation process and is not conducive to the reaction proceeding.



Therefore, the size and structure associated with the exposed crystal faces of noble metal catalysts all impact the aerobic oxidation of HMF to FDCA. Currently, various supports with porous structures are widely used due to their unique surface properties and pore structures, which can efficiently disperse metal particles and exert a confining effect, thereby regulating the size of NPs. Moreover, utilizing the surface properties of the support, such as surface defects and functional groups, can regulate the distribution of active sites and form certain strong interactions between metal and supports, thereby promoting the progress of the reaction.




3.3. Metal–Support Interactions


The metal–support interaction is one of the most effective factors to enhance the activity and stability of metal catalysts in heterogeneous catalysis, which can regulate the electronic structure, active sites, and stability of the catalyst through the electronic interaction between the metal and the support [88,89,90]. By regulating the concentration and distribution of oxygen vacancies of supports, the performance of catalysts can be effectively improved, improving catalytic efficiency and selectivity. Liu et al. [46] successfully induced a strong metal–support interaction between Au-Pd NPs and TiO2 by introducing oxygen vacancies (Ov) through the treatment of the catalyst with citric acid. As Ov is the preferred nucleation site for AuPd NPs, it successfully anchors dispersed AuPd NPs on the TiOx support surface. Moreover, by adjusting the concentration of Ov, the size of the catalyst particles can be regulated; a higher concentration of Ov favors the formation of catalysts with smaller particle sizes, thereby exposing more active sites, which is beneficial for the oxidation of HMF. Concurrently, Ti3+ generated from the reduction in the support TiO2 can transfer electrons to the metallic AuPd NPs, promoting the formation of active sites at the AuPd-TiOx interface, thereby enhancing catalytic activity and selectivity. Under the optimal reaction conditions, the conversion of HMF reaches 100%, with a yield of FDCA at 98.4%, as shown in Figure 7a. Similarly, the oxides of rare earth metals with variable valence are used for doping noble metals and then modulating the electronic structure of active sites, locally activate oxygen vacancies and electrons, and promote the reaction. Yang et al. [91] found that in the three-dimensional ordered macroporous Pt/Ce1−xLaxO2−δ catalyst, the doping of La3+ led to lattice substitution in the support; the partial reduction in Ce4+ to Ce3+ enabled the spontaneous formation of stable Pt-O-Ce interfacial sites between Pt and Ce3+, facilitating electron transfer between Pt and the carrier CeO2. This generates a large number of Ptδ+ species, which promotes the adsorption and activation of O2, thereby enhancing the reaction activity. Additionally, due to varying amounts of La, the catalyst surface formed local environments with different Ov, as shown in Figure 7b. The La-□(-Ce)2 site exhibits a lower Ef (Fermi level, 0.75 eV) and appropriate Eads (O2− adsorption energy, −1.54 eV), indicating that these sites are reversible and thus considered to exhibit the best redox performance among different oxygen vacancies under various coordination environments. The DFT calculations (Figure 7c) show that compared with surface Pt NPs, the interface Pt/La-□(-Ce)2 exhibits a lower activation energy barrier (0.31 and 0.65 eV vs 0.41 and 0.91 eV) in the HMFCA→FFCA stage reaction. These results indicate that the strong metal–support interaction enhance the O2 adsorption, and then the oxidation activity, with a high TOF value of 5.78 min−1 at 90 °C.



In addition to the synergistic effects at the metal–support interface, the properties of the support, such as acidity and basicity, can also synchronize with metal sites to construct highly active sites for HMF oxidation or to enhance the reactivity. Zhu et al. [66] found that in the bifunctional Au/Mg-Beta catalyst, the basicity from the Mg-beta zeolite promoted the acceptance of electrons by Au NPs, thereby regulating the content of Auδ+ by modulating the electronic structure of Au, and improving the yield of FDCA. The content of Auδ+ shows a volcano relationship with the yield of FDCA; thus, under the optimal reaction conditions, the conversion of HMF and the yield of FDCA can reach up to 99.9%. Zhang et al. [92] found in the Ru/Cr-Fe-O catalyst that with the incorporation of Ru, the content of Fe2+ in the support significantly increased, promoting electron transfer and surface adsorption between Ru and the support, thereby generating a large number of Ru0 active sites to promote the activation of HMF. It is therefore believed that a strong metal–support interaction can modulate the electronic structure of Ru. In addition, adding Ru led to lattice defects in the Cr-Fe-O support and the formation of abundant weak acid sites on the surface of the support, which can improve HMF oxidation. Donoeva et al. [93] found that the basicity of the support greatly influences the oxidation activity of HMF and the selectivity of FDCA. Compared with acidic carbon materials, the Au/HSAG catalyst prepared on alkaline carbon materials shows high activity and selectivity for FDCA in the HMF reaction. The reasons for the aforementioned situation may be due to the fact that surface groups of the alkaline carbon support are positively charged, which is conducive to the adsorption of OH− cations on the surface of Au NPs and increases the local concentration, thereby enhancing the dehydrogenation rate, as illustrated in Figure 7d. Moreover, the size of Au particles supported on acidic carbon material HSAG-ox is larger than that of the original Au colloid particles, while for the HSAG-N with the basic carbon materials, the size and distribution of Au particles do not change, as shown in Figure 7e. These results indicate that basic carbon materials can better stabilize the size and distribution of Au NPs.
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Figure 7. (a) Correlation analysis of Ov concentration and FDCA yield [46]. (b) DFT-calculated structure and the calculated values of Ef and O2− Eads on the sites of sites [91]. (c) Calculated energy profiles along with the optimized geometries of intermediates and transition states (TSs) for HMFCA oxidation toward FFCA on the interfacial Pt/La-□(-Ce)2 and Pt particles [91]. (d) Two possible scenarios of how basic or acidic surface groups on the carbon support can affect the adsorption of OH− [93]. (e) Representative TEM micrographs and corresponding particle size distribution histograms of different samples [93]. 
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In summary, the rational utilization of the metal–support interaction is significant in constructing highly active catalysts. However, most HMF oxidation reactions are realized in a liquid-phase batch reactor under acidic or alkaline conditions, which poses great challenges to the loss and sintering of noble metal sites. Then, the metal–support interaction has been further developed to prepare encapsulated noble metal catalysts to improve the stability of catalysts, in light of the confinement effect.




3.4. Confinement Effect


Typically, zeolite materials have been developed to encapsulate noble metal NPs, with the hope of enhancing the interaction between the zeolite framework and the noble metal NPs within the confined space [94,95,96]. The unique pore structure of zeolites exerts a strong confinement effect on metal particles, effectively preventing noble metal particles from leaching and aggregating during the reaction process. Liu et al. [59] used Beta zeolite to encapsulate ultra-small Pt NPs within zeolite channels, relying on electrostatic interactions and the rigid shell of the zeolite framework to provide kinetic stability for Pt NPs, as shown in Figure 8a. The encapsulation regulates the accessibility of active sites within the zeolite micropores through adsorption and desorption, in which it shows a stronger adsorption capacity for HMFCA, FFCA, and FDCA, as shown in Figure 8b,c. Besides the zeolite materials, Lolli et al. [80] prepared an ordered mesoporous CeO2-encapsulated Au (Au/CeO2) catalyst using a stiff template method. Guan et al. [97] encapsulated Au-Pd alloy NPs within a structured carbon shell with a certain thickness, forming a unique shell structure that facilitated the entry of reactant molecules through the shell’s pores to enable contact with the active sites for oxidation. The confinement of bimetallic species together enhances the adsorption capacity of HMF and HMFCA, which promotes the adsorption and activation of molecular oxygen, generates more oxygen-active superoxide radicals, and enhances the catalytic activity of HMF, as shown in Figure 8d–g). The as-prepared Au2Pd1@C800 exhibits a high FDCA formation yield of 2003.6 mmol·g−1·h−1. Masoud et al. [98] found that in disordered porous silica support, the larger pores could not effectively promote the diffusion and limit the aggregation of Au NPs. These particles rapidly grow and form numerous aggregates within the pores, leading to a reduction in active surface area, which is unfavorable for the oxidation of HMF. When replacing mesoporous silica to ordered mesoporous cellular foam, the sintering and migration of Au NPs can be avoided. Liu et al. [99] used MgAl hydrotalcite (MgAl-HT) as a support to encapsulate Au-Ag bimetallic nanoclusters, in which the unique layer structure of the hydrotalcite can effectively disperse the Au-Ag nanoclusters, preventing metal aggregation and leaching. Zhong et al. [100] used amino-functionalized halloysite nanotubes (HNTs) via grafting of organic silanes on the HNTs’ surface. The electrostatic interaction on the surface uniformly anchored the PtCl62− and AuCl4− ionic groups and achieved a high dispersion of Pt-Au alloy NPs on the inner and outer surfaces of the nanotubes. In a word, an appropriate confinement effect can prevent the aggregation and sintering of noble metal sites during HMF oxidation, maintaining the original structure and activity of the catalyst.





4. Summary


Here, we provide a summary of the reaction mechanism for the catalytic oxidation of HMF to FDCA over noble metal catalysts. The oxidation of C=O and OH groups in HMF is a crucial step in the catalytic conversion of HMF, and the activity and selectivity of the reaction are sensitive to the geometric and electronic effect of noble metal sites. The rational design of functional sites of catalysts is beneficial for the tandem conversion of HMF to FDCA, in which the alloying and confinement effect are mainly focused. Currently, catalysts for the oxidation of HMF to FDCA have been extensively developed and applied, but there are still the following opportunities and challenges in future research and industrial applications:




	(1)

	
For clarifying the role of the catalytic mechanism of bifunctional or multifunctional sites on the HMF oxidation reaction, controllable synthesis and distinguishing the active sites for the reaction is still challenging. Advanced in situ characterization technologies, together with DFT calculation, have been used to clarify the reaction pathways. However, the tandem conversion process is so complex that it is difficult to obtain accurate structural information by one means of characterization alone, and may not be realized by calculation. The chemical states and coordination environment of the metal species and oxygen species may change in the reaction process. In particular, in the frequently reported liquid-phase reaction systems, noble metal catalysts often suffer from metal leaching or poisoning deactivation. Thus, in future research, more effects should be devoted to the development of in situ or operando characterization techniques.




	(2)

	
The selective oxidation of HMF over the noble metal-based catalyst has been frequently reported in the last few years. However, many challenges remain to be addressed. In fact, a reduction in noble metal loading is desired, as the noble metal loading reported for Pt-, Pd-, Ru-, and Au-based catalysts is generally high (>0.5 wt.%). Non-noble metals are more prone to low activity and selectivity under the as-reported reaction process. So far, non-noble metal catalysts, especially those with high activity and stability, are still rarely reported. Thus, the screening and design of ultra-small non-noble metal clusters or single non-noble metal atoms should be significant for developing efficient non-noble metal catalysts. In particular, single non-noble metal atom catalysts have been realized via selective oxidation. On the other hand, the alloying of a noble metal with a second metal is an effective strategy to reduce the amount of noble metal. Moreover, some intermetallic compounds (nitrides, carbides, and phosphides, etc.) as well as high-entropy alloys, which possess similar characters to noble metals, will be promising candidates.
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Figure 2. Routes for the synthesis of FDCA [45]. 
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Figure 3. (a) Possible mechanism of HMF oxidation to FDCA over Au2Pd1/TiO2-−0.4CA@HNTs catalyst [46]. (b) DFT calculations of HMF adsorption on Ni and NiOOH, (*: represents the transition state form of reactants or products) [47]. 
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Figure 4. (a) Plausible reaction mechanism of HMF oxidation over Ru-(OH) supported on the Ni1Mn6 catalyst [52]. (b) DFT calculations of Gibbs free energy profile of HMF oxidation on the bare β-MnO2(110) surface [55]. 
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Figure 5. (a) Relationship between the initial base-free aerobic oxidation of HMF and intermediates and the fraction of Pt0 and Olatt in the Pt/Nix catalysts [75]. (b) Kinetic measurements and analysis Ea (kJ mol–1) obtained within 1 h reaction time [78]. (c) Correlation between activation energies and surface Pd2+ fractions over the four catalysts [78]. (d) In situ DRIFT-IR spectra of CO adsorption after a purge of 5 min with He for a. Pt-MgAlO, b. Pt3Ru-MgAlO, c. Pt2Ru-MgAlO, d. Pt1Ru-MgAlO, e. Pt0.5Ru-MgAlO, f. Ru-MgAlO catalysts [54]. (e) Relationship between the normalized proportion of peak (1028 cm−1) within the 1000–1070 cm−1 band and the purging time [54]. (f) Relationship between the initials for the base-free aerobic oxidation of HMF, DFF, and FFCA and the surface Nb/Co ratio fraction, Lewis acidity, and Pt0 in the series supported Pt catalysts [58]. (g) Mechanistic illustration for the aqueous-phase aerobic oxidation of C=O bond in HMF and its oxidizing intermediates over the Co@Nb-Pt catalyst [58]. 






Figure 5. (a) Relationship between the initial base-free aerobic oxidation of HMF and intermediates and the fraction of Pt0 and Olatt in the Pt/Nix catalysts [75]. (b) Kinetic measurements and analysis Ea (kJ mol–1) obtained within 1 h reaction time [78]. (c) Correlation between activation energies and surface Pd2+ fractions over the four catalysts [78]. (d) In situ DRIFT-IR spectra of CO adsorption after a purge of 5 min with He for a. Pt-MgAlO, b. Pt3Ru-MgAlO, c. Pt2Ru-MgAlO, d. Pt1Ru-MgAlO, e. Pt0.5Ru-MgAlO, f. Ru-MgAlO catalysts [54]. (e) Relationship between the normalized proportion of peak (1028 cm−1) within the 1000–1070 cm−1 band and the purging time [54]. (f) Relationship between the initials for the base-free aerobic oxidation of HMF, DFF, and FFCA and the surface Nb/Co ratio fraction, Lewis acidity, and Pt0 in the series supported Pt catalysts [58]. (g) Mechanistic illustration for the aqueous-phase aerobic oxidation of C=O bond in HMF and its oxidizing intermediates over the Co@Nb-Pt catalyst [58].



[image: Chemistry 07 00017 g005]







[image: Chemistry 07 00017 g006] 





Figure 6. (a) HRTEM images with the particle size distribution of (A,B) Pd-Nos (6 nm) and (C,D) Pd-Nos (18 nm) [79]. (b) Reaction profiles for HMF oxidation over Pd-NOs catalysts at ambient pressure. Reaction conditions: ntotal Pd/nHMF (mol/mol) = 4%, nNaHCO3/nHMF (mol/mol) = 4, 90 °C, O2 bubbling (25 mL/min) [79]. (c) Reaction profiles for HMF oxidation over Pd-NOs catalysts at ambient pressure. Reaction conditions: nsurface Pd/nHMF (mol/mol) = 0.6%, nNaHCO3/nHMF (mol/mol) = 4, 90 °C, O2 bubbling (25 mL/min) [79]. (d) Electron microscopy images: CeO2-rod (A,B); Au/CeO2-rod (C); CeO2-cube (D,E); Au/CeO2-cube (F); and CeO2-oct (G,H); Au/CeO2-oct (I) [81]. (e) H2-TPR profiles of un-calcined gold species (Au3+) supported on the different studied supports [84]. (f) Time-based reaction progress for the yield of FDCA via the anaerobic oxidation of HMF. Reaction conditions: 60 °C, 0.5 mmol HMF, NaOH (6 mL, NaOH/HMF molar ratio = 4), 100 mg catalyst, 50 mL min−1 O2 [84]. (g) Schematic illustration of the synthesis of superparamagnetic core/shell X-Fe3O4@C@Pt microspheres, where X indicates the refluxing temperature [86]. 
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Figure 8. (a) Schematic diagram for the preparation of Pt@Beta [59]. (b) Adsorption amount of HMF, HMFCA, FFCA, and FDCA on 0.2% Pt@Beta [59]. (c) Adsorption amount of HMF, HMFCA, FFCA, and FDCA on 0.2% Pt/Beta [59]. (d) The oxidation of HMF to FDCA over Au2Pd1@C800 [97]. (e) The oxidation of HMF to FDCA over Au2Pd1/C800 [97]. (f) The oxidation of HMF to FDCA over Au2Pd1/C800-Re [97]. (g) FDCA yield over Au2Pd1/C800, Au2Pd1/C800-Re, and Au2Pd1@C800 [97]. 
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Table 1. Reactivity of typical noble metal-based catalysts on the oxidation of HMF to FDCA.






Table 1. Reactivity of typical noble metal-based catalysts on the oxidation of HMF to FDCA.





	Catalyst
	Solution 1
	T/°C
	PO2/MPa
	Reaction Time/h
	Con/%
	Sel/%
	Ref.





	Pt2Ru-MgAlO
	alkali-free
	100
	0.2
	24
	100
	99
	[54]



	Pt1-Co@C-N
	4
	100
	0.5
	4
	99
	99
	[56]



	Pt-Cu1.5/AC
	alkali-free
	150
	1
	6
	100
	99
	[57]



	Co@Nb-Pt
	alkali-free
	110
	1.0
	4
	100
	>99
	[58]



	Pt@Beta
	6
	90
	-
	24
	>99
	99
	[59]



	Pt/Ni400c 2
	alkali-free
	100
	1.0
	12
	100
	100
	[60]



	Pt-Ca-Hie-ZSM-5 3
	alkali-free
	110
	2
	24
	100
	80
	[61]



	Pt/Fe3O4/rGO
	alkali-free
	95
	0.5
	8
	100
	98
	[62]



	RuOx/MnOx-VC
	alkali-free
	120
	1.0
	6
	100
	86
	[38]



	Pt2Ru-MgAlO
	alkali-free
	100
	0.2
	24
	100
	99
	[54]



	Ru/MgO
	alkali-free
	160
	0.6
	4
	100
	90
	[63]



	Ru/MnCo2O4
	alkali-free
	120
	2.5
	10
	100
	99
	[64]



	Ru/Mn6Ce1OY
	alkali-free
	150
	1
	15
	100
	99
	[65]



	Au/Sn-Beta
	1
	140
	1
	1
	100
	98
	[48]



	2Au/Mg-Beta-Ps
	1
	130
	2.0
	4
	95.0
	98.1
	[66]



	Au/Al2O3
	2
	70
	1
	4
	100
	70
	[67]



	Au4Pd1@SiTi
	2.6
	110
	0.1
	24
	74
	78
	[68]



	PdAu@NC
	2
	100
	0.5
	6
	100
	99
	[69]



	Au3Pd1/HRN5C
	4
	100
	2.0
	24
	100
	99
	[70]







1 The number shown in this column represents the OH−/HMF molar ratio in alkaline solution; 2 Ni(OH)2 was calcined at 400 °C; 3 alkaline exchange zeolite.
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