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Abstract 

Biomass conversion is of high value in the sustainable manufacturing of green chemicals, and 

it is well known as a viable way to turn waste into valuable products, which show high potential 

with both economic and environmental benefit in energy, chemical, pharmaceutical industries 

etc.  

To achieve biomass conversion to aim product, catalyst is usually required to change the 

kinetics of chemical reaction without influencing the thermodynamics and thus improving the 

efficiency and selectivity. Alumina catalyst is a widely applied catalyst in the catalytic industry 

as both catalyst itself and catalyst support due to the favourable physiochemical properties, and 

the recently discovered functionality of penta-coordinated aluminium species attracted further 

attentions for designing solid acid catalysts with optimized surface acidity. Herein, the Chapter 

1 summarized the sustainable solid catalysts, reviewed the development of alumina containing 

solid acid, especially the recently developed AlV catalysts, and the structure-acidity-activity of 

alumina containing acid catalysts. 

This thesis presents the studies of controlling surface acidity of alumina-based catalysts for 

biomass conversion. Via the application of different synthesis approach, this thesis developed 

wet-chemistry method to establishes penta-coordinated aluminium specie based Brønsted acid 

site on varied mixed oxide and to precisely adjusts the spatial location of Brønsted acid site 

and Lewis acid site. In Chapter 3, for the first time, the development of AlV-BAS has been 

achieved on non-silica alumina material, and the principle of the research outcome can be 

applied to the AlV-BAS formation within many other mixed oxide systems. Because that the 

current development of AlV-BAS requires complex and expensive preparation method, which 

render the AlV-BAS based acidic catalyst less optimal to its counterparts, in this scenario, in 

Chapter 4, for the very first time, a simple and cheap wet-chemistry synthesis route has been 

reported in order to prepare silanol linked AlV-BAS for acidic catalysis. This achievement 

presents promising opportunities for the large-scale industrial implementation of mesoporous 

silica-alumina with AlV-BAS. Moreover, there are many acidic reactions requires both 

Brønsted acidity and Lewis acidity. Nevertheless, the currently applied bi-acidic catalysts has 

limitations, such as uncontrolled diffusion on acid sites and uncontrolled Brønsted-Lewis acid 

site synergy. With this in mind, we put efforts on preparing catalyst with cascade structure for 

active site separation. In Chapter 5, a bi-acidic solid acid catalyst with cascade architectural 

structured BAS and LAS has been reported. Due to the spatial separation, the synergy between 
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BAS-LAS pair was limited, and which also showed the ability to direct the diffusion flow from 

BAS to LAS and contributed to enhanced cascade acid reaction performance. We reckon this 

work paves the way for designing bi-acidic catalyst with unique cascade architectural structure 

for efficient cascade reactions. 

Therefore, this thesis gives comprehensive understanding on precisely control the surface 

acidity features including the population of acid sites, Brønsted acid site /Lewis acid site ratio, 

acid site distribution/location etc for enhanced catalytic performance for varied biomass 

conversion.  

Additionally, for this research, solid-state nuclear magnetic resonance spectroscopy has been 

applied as the core characterization method to understand the formation, structure, and acidity 

of amorphous solid acids. With the help of solid-state nuclear magnetic resonance spectroscopy, 

this thesis provides detailed understanding on the structure-acidity-catalytic activity 

relationship of alumina-based catalyst. 
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1. Introduction 

1.1 Sustainable Heterogenous Catalysis 

Global energy demand is expected to keep growing in foreseeable future with fossil fuels as 

the dominant sources. The unsustainable consumption of fossil fuels will undoubtedly cause 

inevitable environmental problems and energy crises. Therefore, producing fuel and chemical 

or developing unsustainable energy and consumable alternatives in a more efficient manner are 

critical for a more sustainable society. Catalysis has long been widely applied in the chemical 

and fuel industry.1 Suitable catalysts can help to improve the yield and selectivity of desired 

products with minimizing the by-product waste, which ultimately achieves sustainability. 

Heterogenous catalysis, refers to catalytic reaction happens at the interface of two different 

phases. Heterogeneous catalysts refer to functional materials with surface active sites that can 

react with reactants under certain conditions to change the reaction rate without affecting the 

thermodynamic equilibrium.2 Currently, Langmuir-Hinshelwood model (Equation 1.1) 

explains the most surface reaction by chain propagation on heterogeneous catalyst.3 

𝐴 + 𝐵 → 𝐶                                                   Equation 1.1 

1) The reactant molecules A and B absorb to the surface-active sites of heterogeneous catalyst; 

2) On the surface active sites, molecule A and B approaches, combines, and reacts, which forms 

product molecule C; 3) The product molecule C desorb from the active sites of heterogeneous 

catalyst, and leaves unchanged surface active site for the next cycle of catalytic reaction. 

Currently, majority of the utilized catalysts in industry are solid heterogenous catalysts. 

Compared to liquid homogeneous catalysts, it owns some unique advantages. The solid 

heterogenous catalyst can be easily separated from the reaction system at the end of reaction, 

which gives the heterogenous catalyst a recycle capability. However, there are still some 

challenges of heterogenous catalyst need to overcome. For example, heterogenous catalyst 

maintains relatively lower catalytic efficiency, as not all catalytic active sites can be utilized. 

Besides, the steps of catalytic reaction occurred on the surface of heterogenous catalysts usually 

are more complex compared to homogenous catalytic reaction and need to go through the extra 

process of adsorption and desorption of reactants, therefore, heterogenous catalytic kinetics is 

generally more complex than homogeneous catalytic kinetics. This gives difficulty in 

understanding the reaction mechanism and optimizing the design of the heterogenous catalysts. 
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Thus, in current pursuit of green and sustainable development, the optimization of 

heterogenous catalysts that can realize high catalytic efficiency, high selectivity, high recycle 

ability have huge application value, and the high-performance catalysts show potentials to 

create substantial economic benefits since more than 35% of the global gross domestic product 

are affected by catalysis4.  

1.2 Sustainable Solid Acid Catalyst 

Solid acid catalyst, as one type of typical heterogenous catalyst, is extensively utilized in 

producing petrochemicals, pharmaceuticals, fine chemicals and renewable fuels and 

chemicals,5-7 particularly, accounting for ca. 85 % of the world’s energy consumption.8 Solid 

acids are of great interest in replacing corrosive and hazard liquid acids since they are eco-

friendly, safety to handle, and simple to separate and regenerate.9, 10 Two types of acid sites are 

identified on solid acids as Brønsted acid sites (BAS) and Lewis acid sites (LAS). The Brønsted 

acid theory was proposed in 1923 by Johannes Nicolaus Brønsted and Thomas Martin Lowry. 

Based on the definition, BAS works as a proton donor, while a base molecule is a proton 

acceptor (Equation 1.2).11 

𝐴𝐻 + 𝐵− → 𝐴− + 𝐵𝐻                                      Equation 1.2 

In industry, BAS can protonate hydrocarbon molecules to form carbocations, and thus, to drive 

various important industrial reactions, such as (hydro-)cracking, isomerization, alkylation and 

methanol-to-olefins.12-15 

Lewis acid theory was developed by Gilbert N. Lewis. For which, a base molecule provides a 

pair of electrons, and the LAS accepts the electrons and form a chemical bond in between 

(Equation 1.3). 

𝐴+: 𝐵 → 𝐴: 𝐵                                               𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 1.3 

In another word, LAS can abstract electron-pair from the reactant to initialize reactions, such 

as alcohol dehydration and sugar conversion reactions.16-19  

Comparing to BAS or LAS solely, BAS and LAS could have cooperativity. The cooperativity 

can promote catalytic reactions via enhancing acid strength, tuning and integrating multiple 

acid-catalyzed reaction steps.20-27 In the reactions of large molecules, the catalytic performance 

of solid acids strongly depends on the accessibility of acid sites to reactant(s),28, 29 for instance, 

about 20 times higher turnover frequency (TOF) was obtained with surface acid sites on 

amorphous silica-aluminas than those on microporous dealuminated HY zeolite in the 



3 
 

onversion of phenylglyoxal. As excellent supports, the density and strength of acids sites on 

solid acids are key to stabilize and tune the catalytic properties of and/or cooperate with metal 

active sites for selective hydrogenation and oxidation reactions.30-34 Due to the variation in the 

element compositions, physical global/local structure, and the chemical properties of surface 

acid sites, solid acids can be divided into different groups. Typical examples of solid acid 

catalysts are summarized in Table 1-1. 

Table 1-1 Summary of typical solid acid catalysts 

Class Examples  

Zeolite ZSM-5, X-/Y-zeolites, Erionite, Analcime, Gemelinite, etc 

Metal Oxide Al2O3, TiO2, Nb2O5, WO3, etc 

Mixed Metal Oxide SiO2-Al2O3, TiO2-Al2O3, WO3-ZrO2, SiO2-ZrO2, etc 

Metal Salt  AlPO4, NaHCO3, NaH2PO4, FeCl3, AlCl3, etc 

Heteropoly  H3PMo12O40, H6P2Mo18O62, H4SiMo12O40, etc 

Metal Organic Framework PCN-333(Al), Zr6-MOF-808, UIO-66(Zr), etc 

 

1.3 Penta-Coordinated Aluminum Species Based Catalysts 

Among solid acids, aluminium-containing materials have long been considered an important 

catalyst with broad industrial catalytic applications. Due to the advantages of high surface area, 

tunable porous structures, mechanical and thermal stability, aluminium-containing materials 

such as alumina, zeolites, amorphous silica alumina, and alumina based mixed oxides show 

extremely high application value in petroleum refining and processing, petrochemical, coal 

chemical, biorefining, and fine chemical industries. In aluminium-containing catalysts, 

researchers have focused on the contribution of unsaturated four-coordinated aluminium to 

catalytic performances and have conducted extensive studies on how to obtain abundant 

surface-accessible catalytically active AlIV species by structure adjustment and how to 

collaborate this species with other surface active sites. Recently, researchers have found that in 

addition to tetra-coordinated aluminium, the value of unsaturated penta-coordinated aluminium 

for catalytic reactions in aluminium-containing materials cannot be ignored. It has been 

approved that with an oxygen vacancy as defect site, the surface distributed AlV species show 

capability to act as Lewis acid site35, Brønsted acid site36, and anchor site for single atom 

catalysts37 (Figure 1-1). Therefore, the development of surface AlV for catalytic applications 

allows the addition of extra active sites aside the AlIV species, which helps to improve the 

efficiency of catalytic reactions. 



4 
 

Herein, this section efforts the enrichment of AlV species on the development of solid acid 

catalysts and multifunctional catalysts. In this section, various promising synthetic methods for 

enriching AlV species will be discussed with the purpose of producing surface AlV species in 

different systems. The roles of AlV species in the development of solid acid catalysts and single 

atom catalysts will be highlighted and the challenges and outlook regarding the establishment 

of AlV enriched catalyst will be elucidated. 

 

Figure 1-1 Summary of AlV species functionality for the construction of solid acid catalysts and multifunctional 

catalysts. 

 

1.3.1 Preparation of AlV species on catalysts 

In general, on common aluminium-containing crystalline oxides prepared under mild 

conditions, such as those prepared by conventional wet chemistry and post-treatment 

modification techniques, saturated six-coordinated aluminium and unsaturated four-

coordinated aluminium present within the platform as the dominant aluminum species. The 

synthesis of high content metastable penta-coordinated aluminum species usually requires 

more complex synthetic scheme within the oxide framework. 

To construct mixed oxide platforms dominated by unsaturated penta-coordinated aluminium 

species, flame spray pyrolysis (FSP) has shown its unique capability38. In the FSP process, 

uniform aluminium containing nanoparticles are produced by combustion and following 

thermophoresis of the atomized fuel with aluminium precursor solution. The precursors 

combust, thermophoresis and react rapidly under the gas phase and high temperature harsh FSP 

conditions. The ensuring nucleation and growth of crystalline structure of the aluminum 

containing nanomaterial is limited. Thus, amorphous nanoparticles with metastable phases of 

penta-coordinated aluminium and polymorphs are purposefully generated. Currently, based on 

the FSP method, our group has successfully prepared amorphous silica alumina with up to 55.5% 
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of the dominant penta-coordinated aluminium species38. Additionally, with dual channels, the 

double-flame FSP can mix separately generated atomized fuels. This advanced method can be 

applied to control the generation of mixed oxide with AlV enriched alumina nanodomain and a 

uniform distribution of intermixed components at the interface39.  

Atomic layer deposition (ALD), an important method for fabricating semiconductors and 

modifying the surface of nanomaterials, can also play a role in establishing substrate with 

enriched penta-coordinated aluminium species40. Amorphous alumina thin films can be slowly 

deposited on the outer surface of the nanomaterials by repeated exposure to aluminum 

precursors, such as trimethylaluminum and aluminium tri-isopropoxide. Importantly, not only 

the deposited amorphous structure of alumina overlayer provides the preconditions to reach 

44.9% of unsaturated penta-coordinated aluminum41, but also these penta-coordinated 

aluminum species are distributed as surface sites on the outermost surface due to the nanoscale 

surface deposition. 

Evaporation induced self-assembly (EISA), a commonly used simple and effective synthetic 

method for preparing mesoporous nanomaterial, can also be applied to enrich unsaturated 

penta-coordinated aluminium species on alumina frameworks. Via the rapid evaporation of 

solvent and formation of hybrid mesosphere containing structure agent and aluminium 

precursor, hybrid amorphous alumina framework could be envisioned42. The alumina-based 

network with distorted local structure can then be further hardened slowly by condensation. On 

such an alumina framework, it is not only possible to produce unsaturated penta-coordinated 

aluminum species, but it also integrates the advantages of large surface area and diffusion 

control due to the presence of mesopores. 

Amorphous alumina nanosheets also have their place in the construction of aluminium-

containing materials with abundant penta-coordinated aluminium species. Unlike bulk 

materials, the two-dimensional ultra-thin structure of nanosheets is advantageous for the 

construction of materials with enriched surface accessible penta-coordinated aluminium. This 

provides up to 49% surface active penta-coordinated aluminium sites for further modification 

or catalytic reactions43. Not only that, from a kinetic point of view, the ultra-thin nanosheet 

structure is also ideal for improving mass transfer and diffusion kinetics44.  

Different preparation methods show their unique characteristics in integrating enrichment of 

penta-coordinated aluminium species and other advantages. On the platforms prepared by these 
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methods, mixed oxides containing enriched penta-coordinated aluminum species can be further 

constructed by simple one-pot or post-synthetic addition of other metal precursors. 

1.3.2 Formation of strong acidic AlV-Brønsted acid site for solid acid catalysts 

Similar to unsaturated three- and four-coordinated aluminium species, the surface exposed five 

coordinated aluminium species are considered as the Lewis acid site and have been shown to 

play important roles in alcohol dehydrations45. However, Busca et al26 emphasized that while 

penta-coordinated Al ions may exist, their catalytic activity may not be as significant as 

previously thought. The conventional assumption that these ions are the primary source of 

acidity in silica-alumina materials is challenged by alternative theories, such as the presence of 

Brønsted acid sites, which could play a more dominant role in catalysis. Therefore, it becomes 

imperative to critically assess the evidence supporting the importance of penta-coordinated Al 

ions in specific catalytic processes and consider alternative explanations. 

To prove the catalytic activity of penta-coordinated Al, in 2016, our group demonstrated 

experimentally for the first time the presence of AlV based Brønsted acid site in amorphous 

silica alumina (ASA) by solid-state nuclear magnetic resonance (ssNMR) characterization2. 

This new discovery undoubtedly points to a viable research direction for five-coordination 

aluminum catalysts and has also aroused researchers to ponder their value on industrial 

chemistry processes. Using dynamic nuclear polarization (DNP) enhanced ssNMR techniques, 

the researchers confirmed that BAS was generated in ASA due to the presence of pseudo-

bridging silanol (PBS)46. Compared with zeolitic bridging silanol with short Al-O distance 

(1.88−2.0 Å), BAS resulting from AlIV- and AlV- PBS with long Al-O distance (2.94−4.43 Å) 

is relatively weaker in acidity. The weaker acidity enables these AlIV- and AlV- PBS based BAS 

on ASA to demonstrate their unique superiority in biomass conversion because the activation 

energy required to activate C-O and OH bonds in biomass conversion is much lower than the 

energy required to break C-C and C-H bonds in strong acid-catalysed catalytic cracking. The 

weaker acidity also helps prevent side reactions such as over-oxidation, thus improving the 

selectivity of the target product. In addition, it was found that AlV-BAS has similar acidic 

properties as AlIV-BAS in ASA47. This suggests that the establishment of AlV-BAS not only 

helps to increase the amount of BAS, but also has a limited influence on the acidity distribution 

on the catalyst surface. This facilitates the increase of the reaction rate without affecting the 

selectivity of weak/moderate acid-catalysed catalytic reaction. 

For AlV enriched mesoporous ASAs with fewer diffusion limitations than microporous zeolites, 

the viable applications of AlV-BAS would be greatly increased if it could provide strong BAS 
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acidity similar to that of acid sites on zeolites, since most industrial chemical processes are 

currently dominated by microporous zeolites with strong acid sites. As mentioned above, in 

general, AlIV- and AlV-BAS have similar local structure and moderate acid strengths in 

amorphous aluminum-containing materials. Nevertheless, this is based on the premises that 1) 

the Al content in the material is low, 2) there is no spatial influence no spatial influence between 

Al species, and 3) each surface pseudo-bridging silanol site has and at most one adjacent AlIV/V 

species. When the Al content increases, penta-coordinated aluminum species tend to aggregate 

and form AlV domains43. Thus, within AlV enriched material at high Al content, the uniformly 

introduced heteroatom could be surrounded by multiple adjacent AlV species, and the caused 

stronger polarization on the hydroxyl oxygen results in the generation of PBS with strong 

acidity and the stronger polarization induced on the hydroxyl oxygen leads to the production 

of pseudo-bridging groups with strong acidity. The formation of AlV-BAS with strong acidity 

has been confirmed in FSP-ASA47. Utilize H/D exchange with d6-benzene as the test reaction, 

the strong BAS established from spatially correlated multiple AlV species and silanol exhibits 

an even stronger acidity than bridging silanol on H-ZSM5 zeolite (k=0.0078 min-1 and 

k=0.0072 min-1, respectively)47. This suggests that the AlV contributed strong acid sites on ASA 

could be of great significance to the key step of industrial hydrocarbon conversion, and the 

application can be extended to cracking, isomerization, dehydration reactions, etc. 

In addition to the construction of novel AlV-BAS to increase the amount or strength of surface 

BAS, the construction of AlV-enriched solid acid materials as bi-acidic catalysts is of industrial 

importance. On conventional commercial zeolites, Lewis acids are usually built up by post-

treatment with dealumination or aluminum exchange. In long or repeated cascade reactions or 

multi-step acid reactions, LAS may be detached from the surface, resulting in rapid catalyst 

deactivation. Compared to the extra-framework Al species with Lewis acidity on zeolite, the 

AlV species enriched on the material surface and the BAS and LAS constructed from them 

show strong thermal stability39. Such properties make AlV enriched material with bi-acidity 

become very potential for cascade acid reactions or multi-step acid reactions. 

1.3.3 Formation of AlV-metal atom anchor site for multifunctional catalysts 

The construction of highly dispersed metal nanoclusters or even single-atom catalysts on 

alumina is challenge. Recently, researchers found that the coordinatively unsaturated AlV 

exhibited excellent metal-anchor ability as a coordination defect37. Through weak oxygen 

bridging and corresponding coordination saturation, unsaturated penta-coordinated aluminum 

species can bond to the metal atoms. The formation of AlV-O-Metal can lead to high dispersion 
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of metal sites, which shows great potential for the construction of single-atom catalysts, single 

site catalysts, or 2D raft catalysts. In 2009, Kwak et al. successfully anchored platinum atoms 

on penta-coordinated aluminum species of γ-Al2O3. By adjusting the amount of Pt, they 

successfully prepared Pt single atom catalyst and Pt two-dimensional raft catalyst37. Except 

anchoring single metal species, metal alloy or bimetallic site could also be stably anchored on 

AlV site. For example, the bimetallic Pt-Sn clusters anchored by penta-coordinated aluminium 

species on AlV-enriched γ- Al2O3 nanosheets showed excellent thermal stability and anti-coke 

ability44. The catalyst exhibited >99% propylene selectivity on prolonged propane dehydration 

reactions. In addition, even at high metal loading, uniformly surface-distributed AlV species 

can be used as anchor sites for the construction of single-atom catalysts. This is of great 

industrial significance because single atom catalyst is considered as a bridge between 

homogeneous and heterogeneous catalysts48. The construction of single-atom catalysts with 

high metal loading has greatly facilitated the application of heterogeneous catalysts to 

conventional homogeneous catalytic reactions. For instance, over AlV-enriched Al2O3 support, 

with up to 8.7% Cu loading, Cu atoms were atomically dispersed and anchored on the AlV sites, 

and which showed comparable catalytic activity and stability to homogenous catalysts for 

selective synthesis of homoallylboronates49.  

In addition to providing metal atom anchor sites, in AlV-enriched mixed oxides, such as on 

FSP-ASA, some of the surface AlV species in proximity to heteroatom site, can also exist as 

BAS sites (Si-OH---AlV) as mentioned above. Thus, synergetic effects of these BAS and metal 

single atom sites could be expected. In the hydrogenation of alcohols and ketones, in addition 

to the size, geometry, dispersion, and electronic properties of the metal active site, the acidity 

of the support also affects the yield and selectivity. Thus, multifunctional catalysts constructed 

using AlV-enriched mixed oxide carriers show great potential for selective hydrogenation 

reactions due to their metal site anchoring and BAS formation capabilities. For example, in 

selective hydrogenation reactions, researchers found that the synergetic effect of BAS and 

active metal site can facilitate the diffusion of reactant molecules to the surface of dispersed 

metal sites50. The surface BAS also serves as an additional hydrogen spill-over site to facilitate 

chemo-selective hydrogenation reactions. On AlV-BAS enriched ASA materials, via anchoring 

Pt or Pd atoms on AlV species, excellent chemo-selectivity to hydrogenation of C═O groups 

have been observed50. 
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1.3.4 Current challenge and outlook for AlV enriched catalyst 

Alumina, as a prominent solid acid/support, shows great industrial value in catalytic 

applications. In addition to high surface area and thermostability, the surface properties of 

different alumina polymorphs link to the distribution of active sites and corresponding catalytic 

performance. However, in the most widely used alumina polymorphs such as γ-Al2O3 and α-

Al2O3, the concentration of surface active AlV species is much lower compared to the dominant 

AlIV or AlVI species. From a synthetic point of view, it is more difficult to construct alumina 

containing materials with abundant surface active AlV sites under mild condition than to 

construct AlIV species with surface activity. This is because that AlV species usually has a 

largely distorted local structure, the AlIV and AlVI species with a more symmetrical local 

structure have a higher probability of occurring in alumina with crystallinity. Therefore, the 

enrichment of AlV species in Al-containing crystalline systems remains a challenge, which is 

important for the construction of active AlV in different systems and the extension of its 

catalytic applications. The characterization of the geometric and electronic structure of AlV 

enriched system is also a challenge. Widely used analytical techniques such as X-ray 

diffraction (XRD) and transmission electron microscopy (TEM) are not suitable for 

characterizing the surface of AlV enriched systems due to their poor crystallinity. Another 

popular advanced electronic and geometric structure characterization technique, X-ray 

absorption (XAS), is also not the optimal method for characterizing AlV enriched systems due 

to insensitivity to light elements with only a few electrons. The most promising technique for 

local structure characterization, solid-state nuclear magnetic resonance spectroscopy (ssNMR), 

is not available in all existing laboratories due to its high cost, large size, and high maintenance 

costs. In summary, these aforementioned issues lead to a significant difficulty in the routine 

characterization of AlV enriched materials. 

Furthermore, in the absence of existing general models for AlV-rich amorphous materials, 

density functional theory (DFT) studies provide conflicting information and are to some extent 

inconsistent with experimental results. For example, DFT transition state calculations 

performed by Larmier et al. showed that AlV was the active Lewis acid site for isopropanol 

dehydration1, while others computational study with multiple models showed that the AlV is 

the least acidic site on γ-Al2O3
51, 52. Therefore, further development is still needed to propose 

a plausible generic DFT model for AlV enrich systems, and to use the DFT model to gain insight 

into the contribution of AlV species regarding varied catalytic reactions. 
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Since surface distributed AlV species is proposed to show similar properties as surface exposed 

AlIV species, establishing AlV-BAS in micro or mesoporous zeolite materials to provide extra 

active sites could be a next step on enhancing catalytic efficiency for versatile zeolitic 

applications. Besides, due to the demonstrated ability to anchor single atoms, the development 

of AlV enriched support with high surface area and structural stability is of practical interest 

for single-atom catalysts in industrial-scale applications such as reforming, water-gas shift 

reaction, CO oxidation, etc. With a better understanding of AlV species for the construction of 

Lewis acid sites, Brønsted acid sites and the anchor of single atom structures, the development 

of simple, inexpensive, and scalable preparation methods for AlV enriched systems (e.g., 

conventional wet chemical preparation) is of practical importance for industrial and chemical 

economy. 

In conclusion, pentacoordinated aluminum species present several advantages in catalysis, 

including high acidity, selectivity, and stability. They offer the potential for enhancing catalytic 

activity, reducing side reactions, and supporting various reaction types based on previously 

mentioned examples. Moreover, their tunable properties and potentials to be incorporated into 

different supports make them relatively versatile in heterogeneous catalysis and 

environmentally friendly processes. However, it is critical to acknowledge the challenges 

associated with characterizing and controlling these species. The debate surrounding their 

significance in catalysis and the existence of alternative mechanisms, like Brønsted acidity and 

corresponding performance, underscores the need for a nuanced understanding and careful 

consideration of their role in specific applications. Overall, while AlV species hold promise, 

their practical implementation requires a balanced assessment of their advantages and 

limitations compared to its counterparts such as AlIV-based solid catalysts. 

1.4 Green Solid Acid Catalyst Characterization 

Surface acid sites of solid acid catalyst plays a vital role in controlling the catalytic reaction. 

Characterization of acid sites, including their types, densities, strength, accessibility, location, 

and the nature of acid sites, are essential to understand their functions and behaviors for rational 

design of solid acids with optimized surface acidity and their supported metal catalysts, the so 

called structure-acidity relationship. Besides, it also helps the catalyst optimization for target 

reactions, the so called acidity-catalytic activity relationship.  

Several techniques are employed to study the acidity of solid acids, such as titration of acidity 

in aprotic solvents, infrared spectroscopy (IR), temperature-programmed desorption (TPD) and 

solid-state nuclear magnetic resonance (SSNMR) spectroscopy with and without probe 
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molecules, as well as probe reactions.53-58 Titration with bases (e.g. n-butylamine) mainly 

provide overall density and strength of surface acid sites without distinguish the type of acid 

sites.5, 6 TPD of bases, typically NH3, is a more frequently used to study the density and strength 

of specific acid sites without distinguishing their types, but is questioned as a standard approach 

recently.56 In TPD experiments, the density and strength of acid sites are obtained from the 

area under desorption curve at each temperature. However, the desorption of bases not only 

depends on the desorption temperature, but also strongly influences by the presence of co-

catalysts, adsorption geometry, surface coverage, and diffusion of bases, leading to TPD 

method is unreliable. In comparison, IR and SSNMR spectroscopy are comparable in 

determining the types, density and strength of acid sites using probe molecules.55, 59 Moreover, 

ssNMR spectroscopy is powerful in characterizing the local structure of acid sites compared to 

other techniques,53, 54  thereby SSNMR can provide a comprehensive understanding of surface 

sites on solid acids.  

Started from the last several decades, the qualitative and quantitative analysis of surface acid 

sites using SSNMR spectroscopy developed rapidly.53, 54, 60 The type, density and strength of 

acid sites can be well characterized using SSNMR spectroscopy directly or indirectly with 

probe molecules, through evaluating the chemical shifts and intensities of the resulting peaks. 

The adsorption of probe molecules of different size on acid sites can provide their accessibility 

by SSNMR spectroscopy. Moreover, the local structure of acid sites can be characterized by 

SSNMR spectroscopic approaches utilizing dipole–dipole interactions, quadrupole 

interactions, and indirect spin–spin (j) coupling.61-63 Besides, the reactivity of acid sites in acid-

catalyzed reactions can also be characterized by H/D exchange experiments and in situ SSNMR 

techniques. The fundamental understanding of the key elements of ssNMR in acid catalyst 

characterization have been drawn in Figure 1-2. Among acidity investigations, silica-alumina 

catalysts, including crystalline zeolites and amorphous silica-alumina (ASA), stand in the 

center because of they are the most popular solid acids applied in chemical and fuel industries. 

This section summarized the recent progress of ssNMR in solid acid catalyst characterization, 

introduced the study of ssNMR in revealing the surface absorbate and plausible reaction 

mechanisms in the field of heterogeneous catalysis. The information disclosed by ssNMR is of 

significance in the rational design of high-performance catalysts and their application for 

sustainability. 
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Figure 1-2 ssNMR characterization for green solid acid catalyst (a) The scheme of different ssNMR technologies. 

(b) Summarized essential characterization information can be obtained via ssNMR. 

1.4.1 Experimental Approach of ssNMR characterization 

Scheme 1-1 shows a general workflow for the characterization of solid acids using SSNMR 

spectroscopy. Practically, solid acids are often utilized after activation. Prior to SSNMR 

characterization, activated solid acids are often prepared through complete dehydration (e.g. at 

473-723 K) under vacuum. The dehydrated samples were sealed or utilized for in-situ loading 

with probe molecules on a vacuum line, followed by heating or at room temperature to evacuate 

physisorbed molecules. Then the obtained samples are sealed in glass ampoule or transferred 

directly into a gas-tight MAS NMR rotor in a glovebox purged with a dry and inert gas (e.g. 

N2). Liquid N2 is often applied to assist the contact and diffusion of probe molecules with 

catalytic samples and to resist reactions of probe molecules, which can be achieved by a 

simultaneous cooling of the catalytic samples at the bottom of the glass ampoule. Controlled 

loading and heating/desorption temperature of probe molecules should be carefully optimized 

for the purpose of study, for instance, loading deuterated benzene molecule at BAS with a ratio 

of 1:1 is essential in the H/D exchange experiments to compare the activity and acid strength 

of BAS of zeolites and ASAs by in situ 1H MAS NMR spectroscopy.   
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Scheme 1-1 A standard workflow for characterizing solid acids by SSNMR spectroscopy 

The type, density, strength, and accessibility of surface acid sites are often determined by one-

Dimensional (1D) MAS NMR spectroscopy with/without probe molecules. Hydroxyl protons 

acting as BAS can be directly studied using 1H NMR spectroscopy with distinct 1H chemical 

shift, such as Si(OH)Al groups in crystalline zeolites. However, in ASAs and metal-doped 

mesoporous catalysts (e.g. silicious MCM-41), BAS is hardly to be distinguished from the main 

peak of SiOH groups. And the direct identification of LAS and evaluation of their density and 

strength is difficult by SSNMR solely. Adsorption of basic probe molecules on surface acid 

sites can result in adsorbate-induced chemical shifts of corresponding NMR peaks depending 

on the type and strength of the acid sites. These spectral parameter changes of probe molecules 

and surface hydroxyl protons can be detected by 1H, 13C, 15N, and 31P ssNMR spectroscopy 

based on the probe molecules applied. An important advantage of using these spin I = 1/2 

systems is the concentration of surface sites can be determined from the intensities of peaks 

with an internal or external intensity standard due to their nature of isotropic chemical shift. 

Moreover, the accessibility of surface acid sites is often evaluated by their interaction with 

probe molecules of distinct size, such as those located at external surface, in sodalite cages and 

super cages of zeolites.  

A limitation of using ssNMR spectroscopy is the low spectral resolution. A routine technique 

to improve the sensitivity on ssNMR spectroscopy is to spin the sample around a rotation axis 
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in the angle (θ = 54.7°) to the direction of the external magnetic field, called magic-angle 

spinning (MAS).64, 65 MASNMR spectroscopy can improve the spectral resolution of abundant 

nuclei with I = 1/2 (e.g. 1H and 31P) with significant line narrowing. In the case of non-abundant 

nuclei, such as 13C and 15N isotopes, the sensitivity of non-abundant nuclei S can be remarkably 

enhanced in cross polarization (CP) experiments, in which the polarization is transferred from 

the abundant spin I to spin S. The sensitivity enhancement in CP experiments largely depends 

on a higher gyromagnetic ratio or a higher concentration of spin I than the spin S and the dipolar 

coupling between spins I and S is not averaged by thermal mobility.66 For the nuclei with I > 

1/2, such as 27Al (I = 5/2), they are often involved in quadrupolar interactions due to their 

electric quadrupole moment (eQ), leading to low sensitivity caused by significant line 

broadening. The application of ultra-high magnetic fields (up to B0 = 35.2 T)67, 68 and ultra-fast 

spinning rate (e.g. 111 kHz for 0.7 nm MAS rotor)69, 70 is effective to enhance the sensitivity 

by strong line narrowing, which is improtant to determine the structural parameters of 

quadrupolar nuclei involved in local chemical environments. Recently, the SENS-DNP 

technique (surface-enhanced NMR spectroscopy using dynamic nuclear polarization) has been 

extensively utilized in the characterization of solid acids at high megnatic fields71-77. By 

introducing paramagnetic radical agents selectively interacting with surface sites, SENS-DNP 

could significantly enhance sensitivity of SSNMR spectroscopy up to 1-2 orders of 

magnitude.73, 76  

The formation and local structure of surface acid sites can be discovered by various 1D and 2D 

SSNMR. The coordination information and chemical environment parameters, such as the 

isotropic chemical shift (iso), quadrupole coupling constant (CQCC) and the asymmetry 

parameter (), of the selective nucleus can be determined from multiple quantum MAS 

(MQMAS) ssNMR experiments67, 78-80. In silica-aluminas, the essential coordination and 

structural parameters of Al species are offered by analyzing 27Al MQMAS spectra,78, 81, 82 

through which, the relative population of the Al species can be achieved by simulating the 

corresponding 1D 27Al MASNMR spectrum.81, 83 Acid sites formation in zeolites and ASAs 

depends on Al distribution,53, 62, 84 for instance, homogeneous distribution of Al into silica 

framework/network promotes BAS formation and the Al clusters or alumina phase formation 

from aggregation of Al atoms results in LAS, which can be mapped by the correlation between 

Al species. The 27Al double-quantum single-quantum (DQ-SQ) through-space homonuclear 

correlation (HOMCOR) NMR experiments are extensively used in the study of Al 

correlations.26, 75, 85-87 27Al DQ-SQ experiments allow us to probe 27Al-27Al proximities by 
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applying recoupling sequences that restore the dipolar interaction between neighboring 27Al 

spins. The connectivity of Al sites with neigiboring heteronucleus (other than Al) can be 

selectively probed by TRAPDOR (transfer of population in double resonance) experiment, in 

which, the intensity of 1H spin-echo MAS NMR peaks decreases by suppressing the dipolar 

dephasing of 1H-27Al pairs with continuous 27Al irradiation.88-90 In a 1H/27Al TRAPDOR 

experiment, the interaction between Al sites and neighboring protons can be characterized by 

the 1H MAS NMR difference spectrum recorded without and with 27Al irradiation. However, 

1H/27Al TRAPDOR experiment is unable to identify which Al species interacting with surface 

protons. To further clarify the local structure of acid sites, such as bridging OH groups (SiOHAl) 

in zeolites, heteronuclear multiple quantum correlation (HMQC) NMR 2D experiments 

provides direct and detailed correlation information on heteronucleus, such as 29Si-27Al, 1H-

27Al, and 1H-17O.24, 67, 68, 72, 91-93 By dipolar-mediated enhanced HMQC (D-HMQC), a new type 

of BAS has been discovered in ASA based on the correlation between penta-coordinated Al 

(AlV) species and SiOH groups.91 On the other hand, HMQC and other heteronuclear 

correlation spectra are also utilized in the study on the synergy of acid sites with metal active 

sites nearby for activity enhancement.94 Moreover, the acid strength of BAS is proposed to 

depend on the distance of Al-OH or O-H,53, 94, 95 which can be determined by REDOR 

(rotational echo double resonance) experiment.66 Through 3D 17O{1H, 27Al} saturation-pulse 

REDOR-TRAPDOR experiments, the Al-O distance for BAS in zeolites (0.188 to 0.2 nm) and 

ASAs (0.294 to 0.4 nm) are determined, respectively.71   

In situ ssNMR can provide direct experimental evidence to identify surface absorbate on 

catalysts, reveal host-guest interaction, and elucidate the chemical conversion mechanisms; 

thus, guiding the design of catalytic processes and robust catalysts. Currently, the development 

of continuous flow (CF) in situ ssNMR allows the direct study of the surface intermediates on 

catalysts (Figure 1-3).96 This rendered the in situ 13C MAS NMR a suitable technique for 

mechanism study in a real-time fashion with minimizing the interference caused by reactants 

and products accumulation in the ampule. 
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Figure 1-3 Typical schematic diagrams of in situ MAS NMR probe head used for in situ characterization of (a) 

heterogeneous catalysis, (b) electrocatalysis, and (c) photocatalysis. Modified from Ref.96-98 

1.4.2 Local Structure of Acid Sites Characterization Using ssNMR 

1.4.2.1 Nature of BAS and LAS in zeolites 

Brønsted acidic zeolites are the most popular heterogeneous catalysts utilized in oil refining 

and petrochemical industries. In pure silica zeolites, the framework consists of mainly 

tetrahedrally coordinated silicon atoms shared by four neighboring oxygens (SiO4), offering 

very weak acidity.99 Introducing of framework heteroatoms (e.g. B, Al, Ga, Fe) to replace Si4+ 

requires extra-framework alkaline cations to neutralize the negative charges of framework 

heteroatoms. The exchange of extra-framework alkaline cations by ammonium ions and 

calcination results in framework protons that are connected with the oxygens shared by SiO4 

and MeO4 (Me = e.g. B, Al, Ga, Fe) tetrahedra, well-known as bridging OH groups (e.g. Si-

OH-Al).20, 23, 24, 27  

Various NMR techniques are applied to characterize the local structure of BAS in zeolites in 

the past decades. Recently, more visible evidence is achieved from HETCOR 2D NMR 

experiments. Detection of BAS by 17O-MAS-NMR and 1H-17O HETCOR NMR experiments 

(Figure 1-4A) shows that the replacement of Si atoms by AlIV atoms results in a remarkably 

distortion on the local oxygen in the framework.79, 100 The distortion can strongly polarize the 

hydroxyl proton with a significant 1H shift to higher frequency (4.0-4.8 ppm) compared to 

SiOH groups (1.2-2.3 ppm), hinting an enhanced Brønsted acid strength. 27Al59 2D correlation 

NMR experiments at 35.2 T magnetic field (Figure 1-4B) revealed that the formation of 

bridging OH groups corelates to at least two kinds of tetrahedral Al (AlIV) sites,68 denoted as 

framework AlIV and partially bonded AlIV species at framework defects. Combined these 

results with theoretical calculation studies, the structure of bridging OH groups in zeolites can 

be well established.  
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Figure 1-4 SSNMR investigation of surface acid sites dehydrated zeolites. (a)  
1H-17O HETCOR NMR at 17.6 T 

of dry H-MOR with contact time of 100 μs. Reproduced with permission from ref 79. Copyright 2012 American 

Chemical Society. (b) 27Al{1H} D-HMQC MAS NMR spectrum recorded at 35.2 T. Reproduced from ref 68.  

Bridging OH groups in zeolites can be also generated by ion-exchange of extra-framework 

alkaline cations on as-synthesized zeolites with multivalent metal cations (e.g. Al3+, Mg2+, Ca2+, 

Zn2+, La3+, Ga3+, Ce3+, etc.) followed by calcination (473-550 K).20, 27, 94, 101 The thermal 

dehydration above 473 K drives the dissociation of water molecules in the strong electrostatic 

fields of the multivalent extra-framework cations inside the zeolite pores and cages, forming 

metal hydroxyl groups and releasing protons bounded to negative framework oxygen atoms 

(bridging OH groups).102 Moreover, Lewis acidic metal cations introduced in proximity to 

bridging OH groups can results in a Brønsted/Lewis acid synergy to increases the acid strength 

of BAS, which is similar to those widely reported in dealuminated zeolites.23, 85, 103-105   

Besides the Brønsted/Lewis acid synergy, introducing extra-framework metal cations can 

increase the Lewis acidity of zeolites. For instance, EFAl species generated by dealumination 

and Al-exchange process, such as Al(OH)3, AlOOH, AlO+, Al(OH)2+, AlOH2+ and Al3+ species, 

are characterized by 1H DQ-SQ and 27Al DQ-SQ NMR experiments.85, 103, 106 Increasing the 

EFAl species often correlates to the increase of LAS along with the decrease of BAS in 

dealuminated zeolites.21, 24, 107 On the other hand, pure Lewis acidic zeolite are synthesized by 

the substitution of Si atoms by Sn or Ti atoms in the zeolite framework. Sn-Beta zeolite is 

promising Lewis acidic catalysts for versatile biomass conversions.108, 109 Recent studies on the 

behavior of Sn under dehydration and rehydration treatment reveals the incorporation of Sn 

into the zeolite framework by 2D 1H-119Sn and 1H-29Si D-HMQC NMR experiments.110   

1.4.2.2 Nature of BAS and LAS in Amorphous Silica Alumina 

ASAs are mixed oxides of silica and alumina. Adding Al into non-acidic pure silica give rise 

to the Brønsted acidity in ASAs. 29Si MAS NMR can show systematic changes with increasing 

Al addition to demonstrates Al incorporate into the silica network.111-113 A connectivity 

between Si and Al nuclei on ASA surfaces has been directly probed in ASAs by using 2D 29Si-

ba
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27Al DNP SENS NMR spectroscopy.72 1H/27Al TRAPDOR MAS NMR experiments shows 

that Al sites mainly interact with hydroxyl protons of SiOH groups (e.g. 1H = ca. 1.8 ppm), 

and sometimes, along with a small amount of AlOH groups (e.g. 1H = ca. 2.6 ppm) from Al2O3 

phases due to the heterogeneity of preparation methods.88, 89, 111, 113 Therefore, the formation of 

BAS has been widely accepted by SiOH groups interacting with unsaturated Al sites as a part 

of the silica network or of an interface region between silica and alumina.62, 84, 95  

So far, several models are proposed for the formation of BAS in ASAs (Figure 1-5). Zeolite-

like bridging OH group model has been proposed for ASA (Figure 1-5A),114, 115 but strongly 

under debate due to the much weaker acidity of ASAs than that of zeolites.5 Theoretical 

calculation studies suggested an much longer average Al-O distance of PBS in ASAs (2.939-

4.435 Å) for the latter than bridging OH groups in crystalline zeolite (1.8-2.2 Å).116, 117 This 

has been supported experimentally by measuring the Al-OH distance using 17O{27Al} 

TRAPDOR dephasing curves of hydroxyl oxygen, obtained from 17O{1H, 27Al} RESPDOR-

TRAPDOR experiments.71 The longer Al-OH distance is often considered to response for the 

weaker BAS strength in ASA than in zeolites, and thus, the presence of bridging OH groups in 

ASAs is less favored.  

 

Figure 1-5 Proposed models for Brønsted acid sites (BAS) in silica-alumina catalysts. (a) bridging OH groups in 

zeolites.54 (b) BAS formed by AlIV flexible coordinated to neighboring SiOH.118 (c, d) BAS formed via a pseudo-

bridging silanol (PBS) interacting with AlIV or AlV site.91, 117 e) BAS consisting of the synergy of tetra- and penta-

coordinated Al (AlIV and AlV) sites with the same SiOH.26 In (b)-(e), the dotted line does not denote a covalent 

bond but only the close proximity between O and Al atoms. 

A widely shared opinion is an Al atom flexibly coordinated to a neighboring silanol oxygen 

atom9, 88, 119 (Figure 1-5B) or forming pseudo-bridging silanols (PBS, Figure 1-5 and Figure 

1-5D).26, 71, 117 The correlation between SiOH groups with AlIV or AlV sites has been directly 

evidenced recently by using  2D 27Al-{1H} D-HMQC NMR experiments.91 These sites are able 

to protonate ammonia, and thus, are BAS in nature. In the low-Al-content ASAs (Al2O3 ≤ 25 

wt.%, Al/Si ≤ 0.4), quantitative analysis of the 1H NMR decays shows the absence of decay 
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component of AlOH groups (T2 ~20 s) of Al2O3 phases but it strongly increased at higher 

Al2O3 contents.120 27Al DQ-SQ NMR experiments demonstrates nearly no 27Al-27Al spin pairs 

can be detected in ASAs (Al/Si ≤ 0.4), in line with EDX atom mapping analysis and the 

reconstruction of the 3D structure by atom probe tomography (APT).26, 78 These observations 

suggest that Al species can be well-dispersed into the silica network. The formation of BAS 

via single Al sites interacting with per SiOH is preferred in these ASAs, such as via PBS model, 

offering mainly moderate BAS strength as often reported.   

 

Figure 1-6 27Al-{1H} D-HMQC 2D spectrum of SA/50. (a) SA/50 dehydrated at 723 K for 12 h under vacuum, 

and (b) after ammonia loading and evacuated at 373 K for 1 h. The spectra were recorded at 18.8 T with a MAS 

frequency of R = 20 kHz and rec = 1.0 ms for dehydrated and rec = 900 s for ammonia-loaded sample, 

respectively. Reproduced from ref91.  

The formation of strong BAS with zeolitic strength have been reported for ASAs prepared by 

various techniques.121-123 Alumina-rich ASAs synthesized by flame-spray pyrolysis technique 

(Al/Si ≥ 1) provides a homogeneous distribution of silicon throughout an alumina-rich matrix, 

and a significant amount of strong BAS can be generated.113 Comparing with low-Al-content 

ASAs, the reconstruction of the 3D structure by APT shows that two or more Al sites could 

exist in the proximity to the same Si atom.26 In the same work, strong peaks of 27Al-27Al spin 

pairs, such as AlIV-AlV and AlV-AlV, are detected in 27Al DQ-SQ NMR experiments, which is 

unable to be observed in low-Al-content ASAs. Since no alumina phase is detected in alumina-

rich ASAs, there is a high probability that these Al spin pairs could exist in the local structure 

of the same silanols. At high Al/Si, increasing the local ionicity promote the interaction 

between Al spin pairs and local silanol via a pseudo “oxygen tri- or tetra-cluster” model as 

shown in Figure 1-5E, which is reported in aluminosilicate glasses and ASAs prepared by SiO2 

grafted on Al2O3 supports.72, 124 Compare to those proposed in low-Al-content ASA, an extra 
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Al center pseudo-bound to the same silanol could result in Brønsted/Lewis acid synergy to 

increases the BAS strength from weak to strong, similar to those reported for dealuminated 

zeolites.23 In ASAs prepared by co-gelation and Al-grafting silica, a small amount of strong 

BAS is probed with similar reactivity to zeolite counterpart in the test reactions.121-123, 125 

Zeolite-like bridging OH groups is suggested responsible for the formation of those strong BAS. 

However, the existing of bridging OH groups lack direct experimental evidence, such as 1H 

shift at 3.3-4.4 ppm. On the other hand, the comparison of ASAs and crystalline zeolites with 

distinct structure could be affected by various factors other than their acid strength, such as 

surface diffusion of molecules, relative concentration of reactant per active sites, confinement 

effects in zeolites, intermediate formation and decomposition, and synergy of BAS with other 

functional groups (e.g. LAS).29, 126-129 A distribution of Si at the alumina-rich local environment 

is observed in those ASAs due to their intrinsic inhomogeneity.123, 125, 130 Like in alumina-rich 

ASAs, the model proposed in Figure 1-5E is thus highly possible for strong BAS in those 

ASAs, as an alternative explanation besides bridging OH groups.  

The formation of LAS in ASAs depends on their intrinsic inhomogeneity or presence of 

specific sites. For instance, at high Al/Si ratio (i.e. Al/Si ≥ 0.4), a significant Al2O3 phase is 

formed.120 Al2O3 is often used as Lewis acid catalyst, resulting in strong AlVI peaks in the 27Al 

MAS SSNMR spectra.75 Surface defects on Al2O3, such as AlV identified as AlVI with an 

oxygen vacancy,131 are LAS to promote versatile reactions (e.g. alcohol dehydration).17, 18 This 

has been confirmed by 27Al-{1H} D-HMQC 2D NMR experiments recorded with ASAs before 

and after ammonia loading (Figure 1-6), showing ammonia adsorbed at unsaturated AlIV and 

AlV sites,91 denoted as surface LAS. As observed with extra-framework Al cations, surface 

defects and unsaturated Al species are often involved in strong line broadening, leads to 

difficulties in the direct detection and quantification of these sites.24, 27, 78, 107  

1.4.3 The Acidity and Structure of BAS Characterization Using ssNMR 

1.4.3.1  Direct detection of BAS by 1H MAS NMR spectroscopy 
1H MAS NMR spectroscopy is a powerful technique in the study of surface protons, including 

BAS. The 1H NMR chemical shifts correlates to the local structures or environments of surface 

protons. The typical 1H NMR chemical shifts of surface OH groups on solid acids are 

summarized in Table 1-2. The 1H chemical shifts (1H) of hydroxyl groups in dehydrated solid 

acids often cover the range of 1H = -0.5-16 ppm.  Hydroxyl groups in silica and alumina are 

of none to very weak acid strength. As demonstrated earlier, the acid strength of silanols 
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increase in the order of geminal < isolated < vicinal.132-135  When involved in strong hydrogen 

bonding in small cages, the peak of SiOH in zeolites could be shifted up to 1H = 10-16 ppm.  

 

Table 1-2 Typical 1H MAS NMR chemical shifts (δ1H) of various hydroxyl group in various solid acid catalysts 

Solid Acid Hydroxyl Group δ1H/ppm Assignment References 

Silica SiOH  1.8 Isolated silanols.  136 

 Si(OH)2 2.2 Geminal silanols.  

 (SiO)H(Si)OH 2.6 Vicinal silanols, (poly-)hydrogen-

bonded silanols.  

 

alumina AlOH -1.0-0.7 Terminal AlOH groups. 67 

 Al(OH)Al 1.0-3.0 Doubly bridging AlOH groups.  

 Al3(OH) 3.0-5.0 Triply bridging AlOH groups.  

 MeOH 3.3-6.7 MeOH (Me = Mo, V and Ti) 

groups of pure metal oxides and 

bridging M(OH)Al groups on 

Al2O3 supports 

137-139 

Silica-

aluminas 

MeOH -0.5-1.8 Terminal MeOH (Me = Al, Ca, Zr, 

Zn and Mg) groups in large cages 

or on the external particle surface 

101, 105, 140-

142 

 SiOH 1.2-2.3 Silanol groups on the external 

surface or at lattice defects. 

9, 22, 91, 113, 

143-156 

 AlOH 1.0-3.6 Extra framework AlOH groups in 

narrow channels or small cages 

involved in hydrogen bonding, 

and Al species at framework 

defects. 

27, 68, 85, 86, 

148, 151, 156-

164 
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 MeOH 2.8-6.2 MeOH (Me = Al, Ca, Mg and La) 

groups involved in hydroxyl 

proton bounded to or electrostatic 

interaction with neighboring 

oxygen atoms in sodalite cages of 

FAU-type zeolites or channels of 

ZSM-5 

101, 113, 142, 

144, 145, 164-

169 

 Si(OH)Al 3.3-4.4 Bridging hydroxyl groups in large 

cages and channels. 

10, 20, 23, 27, 

68, 143, 145, 

156, 168, 170 

 Si(OH)Al 4.6-8.0 Bridging hydroxyl groups in 

sodalite cage/small channel with 

hydrogen bonding or disturbed by 

framework via electrostatic 

interaction. 

10, 20, 27, 54, 

59, 171 

 Si(OH)Si 10-16 Dual Silanol groups after probe 

molecule absorption or hydrogen-

bonded internal silanol groups. 

172-174 

Mixed 

oxides 

ZrOH 3.8-4.8 Hydrogen-bonded ZrOH groups or 

ZrOH groups with LAS in their 

vicinity (e.g. Zr4+) on the surface 

140, 141 

 MeOHH2O 9.5-10.3 Bridged metal hydroxyl groups 

interact with water molecules, or 

the rigid water correlates with 

86, 175 
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framework and extra-framework 

Al species. 

Metal-

organic 

framework 

Al(OH)Al 1.7-2.7 Bridging hydroxyl groups at 

metal-organic frameworks, such 

as MIL-53(Al) and MIL-118(Al). 

145, 176-179 

Heteropoly 

acid 

Keggin units H+ 6.7-9.3 Acidic hydroxyl group in the 

Keggin structure, e.g. Mo(OH)Mo 

and W(OH)W in H3PMo12O40 and 

H2PW12O40, and various ion 

exchanged forms. 

142, 180-183 

 

Bridging OH groups in zeolites often exhibit 1H at 3.3-4.4 ppm, well-distinguished from 

typical SiOH and AlOH groups (1H = -0.5-2.3 ppm). Bridging OH groups located in small 

cages or channels could interact with neighboring oxygen atoms via hydrogen bonding or 

electrostatic interaction, which shifts the 1H of these disturbed bridging OH groups to a higher 

frequency (4.6-8.0 ppm). Even with obvious different 1H, the two kinds of bridging OH are 

characterized with the similar acid strength.151, 184, 185  

Taking advantage of the linear correlation between the peak intensity and spin concentration 

for 1H nuclei, the concentration of hydroxyl groups in solid catalysts could be quantified using 

a suitable external/internal standard.53, 99 The total number of hydroxyl groups could be 

calculated by equation 

𝑐𝑂𝐻 =  𝑐𝑠𝑡𝑚𝑠𝑡𝐴𝑂𝐻/(𝑚𝐴𝑠𝑡) 

where cst, mst and Ast are the concentration of hydroxyl groups, weight and total integral 

intensity with standard sample, while m and AOH are the weight and total integral intensity of 

the sample measured. However, the signals of different types of hydroxyl groups are often 

observed with strong overlap, thus, suitable simulation methods should be applied to determine 

the concentration of each type of OH groups.  
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1.4.3.2 Detection of surface acid sites through host-guest interaction with probe molecules 

Unlike zeolites, the 1H MAS NMR spectra of the dehydrated ASA is often dominated by the 

silanol groups at 1H = 1.2-2.2 ppm, and no peaks at 3.3-4.4 ppm for bridging OH groups can 

be detected, leading to the detection of BAS in ASA via 1H MAS NMR spectroscopy is 

impossible. On the other hand, the 1H chemical shift of protons could be significantly 

influenced by the local environment, such as shifted from 3.3-4.4 ppm to 4.6-8.0 ppm for 

bridging OH groups involved in strong hydrogen bonding (see Table 1-1). Therefore, 

evaluating the BAS strength by 1H SSNMR directly is less accurate. Due to the large 

quadrupole coupling constants (CQCC),186 the detection and the quantification of LAS, often Al 

cations and surface Al defects on γ-alumina, ASAs, and zeolites, is quite challenge by 1D and 

2D 27Al and/or 1H MAS SSNMR directly, which mainly provide information on the chemical 

environment of Al species.  

These acidic properties can be achieved by using basic probe molecules combined with 

SSNMR spectroscopy. Basic probe molecules interacting with surface acid sites results in 

adsorbate-induced chemical shifts of corresponding NMR peaks, depending on the type and 

strength of the acid sites. Frequently used probe molecules and their functions in the 

characterization of solid acids are summarized in Table 1-3. Strong basic molecules (e.g. NH3 

and pyridine) could interact with acid sites from weak to strong. With external or internal 

standard, the total number of acid sites can be determined from the peak intensity in 

corresponding SSNMR spectrum of probe molecules. Using weak basis molecules (e.g. 

(CH3)2
13CO and CD3CN), the adsorbate-induced chemical shifts correlate to the various 

strength of acid sites, and thus they are utilized to assess the acidic strength. Additionally, by 

applying probe molecules of various sizes (e.g. TMP and TMPO), the accessibility of acid sites 

can be evaluated, which will be explained in detail in later section.  

Table 1-3 Probe molecules for solid acid acidity characterizationa 

Probe molecule nucleus Type Strength Density Accessibility 

B L B L B L 

Trimethylphosphine (TMP) 31P ☺ ☺ ☺ - ☺ ☺ ☺ 

Acetone‐2‐13C (CH3)2
13CO) 13C ☺ ☺ ☺  - -  

Ammonia (NH3) 
1H ☺ ☺ - - ☺   

Pyridine-d5 (C5D5N) 1H ☺ - ☺ -  - ☺ 
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15N-pyridine 15N ☺ ☺ ☺ ☺ ☺ ☺ ☺ 

Trialkylphosphine oxides 

(R3PO) 

31P ☺ ☺ ☺  ☺ ☺ ☺ 

Acetonitrile-d3 (CD3CN) 1H ☺ - ☺ - ☺ -  

Perfluorotributylamine 1H ☺ - - -  - ☺ 

aB represents Brønsted acid; L represents Lewis acid; ☺, excellent; , acceptable; -, poor 

Ammonia, as a strong base, can be adsorbed at both BAS and LAS from weak to strong, thereby 

it can be utilized to identify BAS and LAS in a quantitative manner. At BAS, the protonation 

of ammonia shows a peak of ammonium ions (NH4
+) at 1H = 6.5-7 ppm in 1H MAS SSNMR 

(Table 3). This peak is well distinguished from the peaks of SiOH groups (1H = 1.2-2.3 ppm), 

and thus, often used to identify the presence of BAS in ASAs from other overlapped hydroxyl 

groups.113, 187 Recently, ammonia adsorbed at LAS on -Al2O3, TiO2/anatase, and lithium-

exchanged zeolite Na-Y is characterized with 1H = -0.5-3.0 ppm.188 In comparison with the 

peak of NH4
+, the strong adsorption of ammonia at LAS results in a broad peak with strong 

sidebands in 1H MAS SSNMR experiments.188, 189 In zeolites, ammonia adsorbed at extra-

framework Al cations shows peaks at 1H = 2.6-4.6 ppm.149, 190 Ammonia molecules 

coordinated at Lewis acidic Al sites (e.g. AlV) on ASAs (1H = 2.2-3.0 ppm) is observed in 

27Al-{1H} D-HMQC 2D NMR experiments,91 which is further evidenced by various 1H MAS 

NMR experiments on ammonia-loaded ASAs desorbed at different temperatures, allowing the 

distinction from ammonium ions (1H = 6.7 ppm) formed at BAS.189 As an example, 1H/27Al 

TRAPDOR spectra of dehydrated ASA (Fig. 4a bottom) shows that part of SiOH groups (1H 

= 1.8 ppm) overlapped by the other groups having proximity with Al centers.111 These SiOH 

groups are able to protonate ammonia with a peak at 1H = 6.7 ppm (Fig. 1-7A bottom), while 

an additional peak at 1H = 3.0 ppm is observed. The peak at 1H = 3.0 ppm is featured with 

broad sidebands and relative strong intensity at elevating desorption temperature, hinting a 

strong adsorption of ammonia compared to those at BAS (Figure 1-7B bottom and Figure 1-

7C), which are attributed to ammonia adsorbed at Lewis acidic Al sites.189 In general, the 

incorporation of Al into silica network/framework or Si atoms throughout the Al matrix 

promote the formation of BAS, and high Al content results in more Al defects as LAS, leading 

to the increasing peak intensities at 1H = 6.7 and 3.0 ppm with boosting the Al/Si up to 7/3 
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(Figure 1-7D). Since each ammonia molecule can protonate or adsorbed at only one BAS or 

LAS, the intensity of corresponding peak in the 1H MAS SSNMR spectrum can be utilized to 

evaluate the concentration of acid sites existing in solid acids.191, 192  

 

Figure 1-7 1H/27Al TRAPDOR spectra of ASA (Al/Si = 7/3). (a) dehydrated for 12 h at 723 K and at a pressure 

of less than 10-2 bar (Reproduced from ref 111. Copyright 2019 Elsevier), and (b) dehydrated sample after loading 

with NH3 and subsequent evacuation at 383 K for 1 h. 1H MAS NMR difference spectra recorded before and after 

ammonia loading on dehydrated ASAs: (c) desorption at elevating temperature (Al/Si = 7/3) and (d) with different 

Al content. Reproduced with permission from ref 189. Copyright 2020 Wiley. 

Table 1-4 Probe molecules for surface acid sites strength characterization  

Probe and Resonance  Acidity characterization Reference 

Ammonia (NH3)
  

1H () 

BAS: 6.5-7.0 ppm for ammonium ions 

LAS: -0.5-4.6 ppm for adsorbed ammonia molecules 

9, 22, 30, 31, 91, 111, 

112, 149, 155, 188-194 

Pyridine-d5 (C5D5N) Hydrogen-bonded pyridine at SiOH: ca. 10 ppm 168, 195-200 
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 1H () BAS: 12-20 ppm for pyridium ions                                          

15N-pyridine 

15N () 

Hydrogen-bonded pyridine at SiOH: 290-295 ppm 

BAS: 212-288 ppm for pyridium ions;  

LAS: 233-285 ppm  

201-207 

Acetonitrile-d3 

(CD3CN)  

1H () 

Hydrogen-bonded CD3CN at AlOH:  ≈ 1.2 ppm 

Hydrogen-bonded CD3CN at SiOH:  ≈ 3.0 ppm 

BAS:  = 3.6 ppm → 9.6ppm (Weak → Strong) 

10, 28, 113, 136, 145, 

168, 178, 199, 208 

Acetone-2-13C 

(CH3)2
13CO 

13C (C) 

Hydrogen-bonded (CH3)2
13CO at SiOH: 210-213 

ppm 

BAS: 213 ppm → 235 ppm (Weak → Strong) 

LAS: 233 ppm → 250 ppm (Weak → Strong) 

9, 20, 22, 23, 30, 31, 53, 

89, 103, 111-113, 140, 

155, 183, 188, 194, 209-

214  

Trimethylphosphine 

(TMP) 31P (P) 

BAS: -2 ~ -5 ppm for protonated TMP  

LAS: -20 ~ -67 ppm 

88, 140, 213, 215-229 

Trimethylphosphine 

oxide (TMPO)  

31P (P) 

Physisorbed TMPO at P = 41-46 ppm  

BAS: P = 45-88 ppm 

LAS: P = 32-65 ppm 

24, 27, 230-243 

a 
Super Acid represents those solid acid with an H0 value below -11.93 (100% sulfuric acid), - represent no 

distinguishable signal. 

Pyridine is another commonly used strong basic probe molecule in acidity characterization by various 

techniques, including SSNMR. Adsorption of fully deuterated pyridine (pyridine-d5) leads to a complete 

proton transfer from BAS to pyridine-d5. The resulting pyridinium ions (PyrH+) can be detected with 

1H MAS NMR peaks at 1H = 12-20 ppm, while the peaks for hydrogen-bonded pyridine-d5 at ca. 1H = 

10 ppm (Table 3). For instance, protonation of C5D5N at Si(OH)Al groups in supercages of lanthanum-

exchanged zeolites Y displays a peak at 1H = 14 ppm, while Si(OH)Al groups in sodalite cages stay 

the same  (1H = 4.8 ppm).199 The latter is attributed to restriction of pyridine in these small cages. Thus, 

pyridine can be used to assess the accessibility of acid sites. Compared to 1H MAS NMR experiments, 

BAS and LAS can be distinguished by 15N MAS NMR experiments using 15N-pyridine (Table 1-4). 

The 15N correlates well with the electronegativity of the metal center.204 Moreover, the lower induced 
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15N indicates a higher acid strength for both BAS and LAS. However, the utilization of 15N-pyridine 

for acidity characterization is strongly hampered by the high costs and the dependence of 15N on the 

thermal mobility.  

Weak bases, such as acetone-2-13C, acetonitrile-d3, perchloroethylene and trimethylhosphine 

oxide, are extensively applied in the discrimination of BAS with various strength. Instead of 

full protonation of strong bases at all BAS, weak bases adsorbed at BAS via hydrogen bonding, 

resulting in an adsorbate-induced  that correlates to the strength of BAS. For instance, 

hydrogen bonds (O–HN) are generated between hydroxyl groups and CD3CN upon 

adsorption, shifting the corresponding 1H MAS NMR peak to a higher frequency. Adsorption 

of CD3CN on terminal SiOH groups is observed with a 1H ≈ 3.0 for both silica and zeolites.10, 

113 With enhanced strength, CD3CN hydrogen-bounded to bridging OH groups in zeolites lead 

to a larger 1H. The increase in 1H is in line with the acid strength of bridging OH groups in 

zeolites, such as 5.1, 7.1 and 7.9 ppm for zeolites HY, H-Beta and H-ZSM-5.10, 28, 145, 199 On 

the other hand, 1H raises at a higher framework Si/Al ratio of zeolite H-Beta,10, 28 

corresponding to a higher acid strength since the increase of electronegativity of the 

framework.244, 245  

Another commonly used probe molecule for evaluating the strength of both BAS and LAS is 

Acetone-2-13C. Acetone complexes on acids (both liquid and solid acids) is formed via the 

electron-rich carbonyl oxygen atom of acetone. The length of C=O bond depends on the 

strength of acid sites involved.246 Therefore, the adsorbate-induced higher-frequency shift of 

the 13C MAS NMR peak (13C or Δδ13C) of C=O group is widely utilized to evaluated the 

strength of acid sites. Typically, a larger Δ13C or 13C shifted to a high-frequency of acetone-

2-13C reflects a higher acid strength of acid sites and vice versa. As shown in Figure 1-8, 

acetone-2-13C adsorbed on SiOH groups in silicious [Si]MCM-41 shows a peak at 210 ppm. 

Al addition into the silica network results in moderate BAS, leading to a peak at higher 

frequency (13C = 213 ppm). In comparison, the formation of strong BAS, such as bridging OH 

groups as in zeolite H-ZSM-5, raise a peak at 13C = 223 ppm. Further increasing the acid 

strength of H-ZSM-5 by Al exchange leads to a peak at 13C = 228 ppm, while Lewis acidic 

EFAl gives a peak at 13C = 235 ppm. Moreover, the 13C of various solid acids are determined 

and compared with the 13C of acetone-2-13C dissolved in aqueous sulfuric acid with different 

concentration, which has been utilized as a scale to measure the strength of acid sites.209 It 

should be careful to perform these measurements under controlled low loading and at low 
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temperature to avoid the fast intermolecular condensation of acetone-2-13C at strong acid 

sites.23, 194, 211, 213  

 

Figure 1-8 13C CP/MAS NMR spectra of (a) [Si]MCM-41 and (b) [Al]MCM-41 (Si/Al = 50) (Reproduced with 

permission from ref 112. Copyright 2013 Wiley) and of (c) H-ZSM-5 (Si/Al = 16) and (d) Al-exchanged H-ZSM-

5. Reproduced from ref 20. 

Acidity characterization by 31P MAS NMR using trimethylphosphine (TMP) and 

trialkylphosphine oxide (R3PO; R = CnH2n+1, n = 1, 2, 4, and 8) as probe molecules is recently 

reviewed by Deng and co-workers.60, 61 TMP can be protonated at BAS to form [(CH3)3PH]+ 

complexes, and be coordinated to LAS via the electron pair of the phosphorus atom. Typically, 

δ31P = -2 to -5 ppm represents TMP protonated at BAS, while the TMP chemisorbed on LAS 

shows a broader peak from -20 to -67 ppm. Theoretical calculation study demonstrates that the 

higher acid strength corresponds to the lower deprotonation energy of a BAS, reflected by the 

increase of δ31P.215 TMP are effective in evaluating the acid strength of LAS with the broad 

detection range of δ31P, but less effective for BAS. Besides, TMP is a toxic and pyrophoric 

molecule. Compared to TMP, R3PO molecules are much safer in characterizing the strength of 

acid sites. Recent studies on Al-exchanged H-ZSM-5 zeolites loaded with trimethylphosphine 

oxide (TMPO) demonstrate that versatile BAS with enhance strength are generated after Al 
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exchange with δ31P = 44-77 ppm (Figure 1-9A),27 in line with those observed in 13C NMR 

spectra using acetone-2-13C as probe molecule.20 The peaks at 38 and 32 ppm in Al-exchanged 

H-ZSM-5 zeolite (Figure 1-9B) are disappeared after rehydration, indicating a weak 

adsorption of TMPO on LAS according to Zheng et al.247 Since TMPO are weakly adsorbed at 

LAS and tend to form weak BAS upon water adsorption, TMPO area effective in evaluating 

the strength of BAS over LAS from stable TMPOH+ complexes at BAS. The adsorption of 

TMPO on zeolites H,Na-Y, H-Beta, H-ZSM-5 shows δ31P at 65, 78 and 86 ppm, which is well 

in line with the increasing BAS strength in these zeolites. The correlation between δ31P and the 

BAS strength has been clarified by theoretical calculation study through the distance between 

oxygen of P=O and the proton of bridging OH groups on model MFI zeolite.248 

 

 

Figure 1-9 31P SPE-MAS NMR spectra of dehydrated (500 oC) H-ZSM-5 (a) and Al-exchanged H-ZSM-5 (b) 

zeolites loaded with TMPO. Reproduced from ref 27. 

The accessibility of acid sites at the internal and external surface, or inside sodalite cages and 

super cages, can be clarified by using probe molecules with various sizes.145, 215, 242, 249, 250 One 

typical example is using TMPO and tributylphosphine oxide (TBPO) to determine the 

accessibility of reactants into zeolite pores (diameter ca. 0.60 nm),215, 242 which is of great 

industrial interest. The acidic sites on the outer surface and inside the pores can both be 

accessed by TMPO (diameter ca. 0.55 nm), but only external acid sites of the zeolite are 

accessible for TBPO (diameter ca. 0.82 nm). Another example is Si(OH)Al groups in super 

and sodalite cages in zeolite H,Na-Y show two peaks at δ1H = 3.9 and 4.7 ppm.145 CD3CN 

adsorption shifts the former to a higher frequency by δ1H = 5.1 ppm, however, it exerts no 

effect on the latter, demonstrating a sterical hindrance of Si(OH)Al groups in the sodalite cages.  
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1.4.3.3 H/D exchange studies for activity test and acidity characterization  

The activation of C-H bond is of great importance in various hydrocarbon conversion 

reactions.5, 6 The activity of solid acids in the activation of C-H bond often depends on the 

strength of BAS. Hydrogen-deuterium exchange (H/D exchange) with deuterated hydrocarbon 

is extensively utilized in the study of C-H bond activation and reaction mechanism over 

aluminosilicates,145, 152, 251-257 in which a proton on BAS is exchanged with a deuterium of a 

deuterated reactant molecule or a deuterium on a deuterated BAS exchanged with a proton of 

reactant molecule. By in situ 1H MAS NMR experiments, the kinetic parameters (e.g. reaction 

rate k and activation energy Ea) of a H/D exchange reaction can be achieved to compare the 

activity and strength of BAS on various solid acids (Table 1-5).162,237,24126  

The H/D exchange of various deuterated aromatic with BAS in different zeolites is performed 

exclusively between BAS and deuterons bound to the aromatic rings.145 The obtained Ea values 

are summarized in Table 4. For the same deuterated aromatic, the Ea value decreased in the 

order of H-Y ≥ La,NaY > H-ZSM-5 in all cases. Reducing the Ea values is in accordance with 

the increase in the BAS strength of zeolites, scaled by the larger 1H values using CD3CN as 

probe molecule. 

Table 1-5 Activation energies Ea of the H/D exchange of BAS in dehydrated zeolites H-Y, La,Na-Y, and H-ZSM-

5 with deuterated benzene, ethylbenzene, toluene, and p-xylene145.  

Zeolite 

Activation energies of H/D exchange in kJ/mol 

1H in ppma 

Benzene Ethylbenzene Toluene p-Xylene 

H-Y 76 ± 3 41 ± 2 32 ± 2 27 ± 2 5.1 ± 0.1 

La,Na-Y 67 ± 4 39 ± 3 29 ± 1 26 ± 2 5.7 ± 0.1 

H-ZSM-5 46 ± 2 29 ± 3 25 ± 2 20 ± 2 7.9 ± 0.1 

athe high-frequency shifts 1H of the 1H MAS NMR signals of accessible BAS upon 

adsorption of CD3CN are given. 

Evaluating the BAS strength by Ea values is effective for solid acids having similar structures, 

since Ea values are strongly influenced by hydrocarbon loading, internal mass transfer and 

synergy of BAS with other functional groups.126-129, 258 Recent studies on the H/D exchange of 

C6D6 shows that ASA provide only half of Ea (~ 30 kJ/mol) than that of H-ZSM-5 (~ 60 

kJ/mol),78 which is often characterized with distinct structure and much weaker BAS strength 

compared to those of zeolite H-ZSM-5. To avoid the effect of reactant concentration and mass 

transfer within different structures, a deuterated reactant to BAS loading ratio of 1:1 was 
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applied, and the diffusion of reactant to BAS was controlled at low temperature to minimize 

their reaction.  

The H/D exchange between deuterated benzene (C6D6) and ASA is studied by in situ 1H MAS 

NMR experiments at 313K with a C6D6 to BAS ratio of 1:1.26 The stack plot (Figure 1-10A) 

shows that the peak intensity at 7.3 ppm for H bounded to aromatic ring is increasing with the 

consumption of BAS at 1.8 ppm during the H/D exchange reaction. The reaction rate k is 

obtained via fitting the curve of experimental results and shown in Figure 1-10B with an 

exponential relationship:145 The obtained k values follow the sequence: ASA (Al/Si = 50/50, k 

= 0.0078 min-1) ≈ H-ZSM-5 (0.0072 min-1) > SA/10 (Al/Si = 10/90, 0.0045 min-1). The 

increasing k values correlates well with the enhanced BAS strength, characterized by 13C MAS 

NMR spectroscopy using acetone-2-13C as a probe.113 The formation of strong BAS in Al-rich 

ASA (Al/Si ≥ 50/50) has been proposed by the Bronsted/Lewis acid synergy in ASAs, caused 

by more than one unsaturated Al site with proximity to one SiOH group for acidity 

enhancement.26  

 

Figure 1-10 1H H/D exchange MAS NMR of ASA. (a) Stack plot of 1H MAS NMR spectra, acquired from in situ 
1H MAS NMR at 313K on ASA (Al/Si = 50/50) during H/D exchange with C6D6. (b) Kinetics study of the H/D 

exchange rate between the C6D6 and the acid sites at 313K in H-ZSM-5 (red), ASAs with Al/Si ratio of 50/50 

(blue) and 10/90 (Black). Adapted from reference. Reproduced from ref 26.  

1.4.4 Summary and outlook of ssNMR characterization ‘ 

Qualitative and quantitative analysis of the acidic properties and the local structure of surface 

sites on solid acids is crucial to understand their catalytic behavior and activity. Solid-state 

NMR spectroscopy represents a state-of-art technology in discovering the local environment 

of resonating nuclei in solids. This chapter focused on recent progresses on the comprehensive 

characterization of solid acid, including the type, density, strength, accessibility and structure-

activity of acid sites using SSNMR spectroscopy.  

With or without probe molecules, various BAS and LAS can be directly identified via the 

application of SSNMR. In detail, the utilization of bases such as ammonia, deuterated or 15N-
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enrihed pyridine, acetonitrile-d3, acetone-2-13C, trimethylphosphine (TMP) and 

trimethylphosphine oxide (TMPO) as probe molecules in the acidity characterization are 

demonstrated. Typically, strong bases (ammonia, pyridine and TMP) are often utilized in the 

identification of the type and quantifying the number of acid sites, while weak bases 

(acetonitrile-d3, acetone-2-13C and TMPO) are effective in scaling the acid strength of surface 

site. The accessibility of surface acid sites located at external surface, in sodalite cages and 

super cages in zeolites can be distinguished by applying probe molecules with various sizes. 

For nuclei with spin I = 1/2, the 1H, 13C, 15N, and 31P SSNMR spectroscopy can be applied for 

detecting the changes of probe molecules and surface hydroxyl protons can be performed in a 

quantitative manner by using internal or external intensity standard. Moreover, the reaction rate 

and activation energy of H/D exchange determined by in situ 1H SSNMR spectroscopy 

correlates well to the strength of acid sites. This renders H/D exchange a widely utilized manner 

to evaluate the activity of acid sites in the activation of C-H bond in hydrocarbon conversions. 

The local structure of surface acid sites can be characterized by various 2D ssNMR experiments. 

In the case of silica-aluminas, the characterization of Al species involved in strong quadrupole 

interactions is the key to reveal the local structure of acid sites. The coordination and structural 

parameters can be determined from 27Al MQMAS NMR experiments. The connectivity 

between Al species and with other atoms in their local structure can be studied by homonuclear 

or heteronuclear correlation 2D NMR experiments. The comprehensive investigation with 

combination of these 2D SSNMR techniques reveals the structure of various acid sites in 

zeolites and ASAs. 

So far, the characterization of LAS is still challenging. LAS can be investigated by using probe 

molecules. As in silica-aluminas, Al sites are often involved in strong quadrupolar interactions, 

lowering their sensitivity to even invisible under the investigation of 27Al ssNMR spectroscopy. 

In many cases, various Lewis acidic Al sites exist together in silica-aluminas. Distinguishing 

their functions is currently difficult even with using probe molecules by 1D SSNMR 

spectroscopy. The application of 2D ssNMR spectroscopy to identify their guest-host 

interaction in the local structure requires the combination of various techniques, which could 

significantly increase the complexity of the experiment and should be carefully studied.  

 

In summary, solid-state NMR spectroscopy is a powerful technique in both qualitive and 

quantitative studies of solid acids.  The application of approaches described in this chapter can 
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be applied for the characterization of the acidic properties and local structure of a broader 

variety of solid adsorbents and catalysts beyond silica-aluminas, which should shed light on 

the fundamental understanding of the structure–activity relationship in heterogeneous catalytic 

systems. 

1.5 High-Value Chemical Production from Biomass 

With the increasing severity of fossil fuel energy crisis, it is imperative to develop green 

renewable energy. Biomass, as an important renewable resource with wide distribution and 

abundant reserves, has received wide attention as an important source of organic chemicals, 

fuels, and materials. In 2021, biomass provided nearly 5 quadrillion British thermal units (Btu) 

and about 5% of total primary energy use in the United States.259 However, due to its high 

oxygen content, biomass cannot directly replace fossil fuels as the energy resource and hardly 

be utilized directly as valuable chemicals. 

In the chemical industry, dehydration is recognized as one of the effective methods to obtain 

high value-added chemicals and the solid acid catalyst have shown its potential in promoting 

such reaction. One typical example is the dehydration of alpha hydroxy acid (AHA) to obtain 

value-added fine chemicals. AHA is a class of chemical compounds that consist of a carboxylic 

acid substituted with a hydroxyl group on the adjacent carbon. Different types of AHA may be 

naturally occurring. However, only small amount of AHAs and derivatives can be separated 

naturally, which gives the reason of high price of AHA. The AHA are mainly used in the 

synthesize of pharmaceutical and fine chemicals, it has been largely utilized especially in skin 

care products, which has a dramatically increasing demand in recent ten years. Thus, if AHA 

can be synthesized from renewable biomass in a large scale, not only just the price of AHA 

will be lower, but also it would be a great long-term sustainable process. Among the AHA and 

its derivatives, mandelate is important raw materials used in food, skin care, healthcare 

formulations, and biodegradable polymer productions.260 The demand of that is expected to 

reach 3 million tons in this year.261 Currently, most of industrial AHA and derivative 

production is based on large scale liquid base-catalysed isomerization, which requires a costive 

separation process to isolate products, requires large amount of energy to achieve high reaction 

temperature, and can only produce products with moderate yield. However, AHA derivatives 

can also be produced by solid acids like alumina, based on Cannizzaro reaction. Compared 

with liquid base catalysation, it showed many advantages such as easy separation and lower 

reaction temperature, and it has the potential to achieve a greener process. Recently, the direct 

production of α-hydroxy carboxylic acids and their derivatives from α-keto aldehydes via 
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catalytic dehydration has received interest. For example, the selective conversion of 

phenylglyoxal (PG) to ethyl lactate (EM) have been intensively studied within five years. 

Utilizing the solid acid catalyst of mesoporous zirconium oxophosphate Haimei et al. found 

that the catalyst with LAS/BAS ratio of 2.1 gave the optimized performance i.e., 82% of PG 

conversion and 92% of EM selectivity.262 And they proposed that the PG could directly convert 

into EM on the LAS, Zr cation site, while the BAS formed by OH-P-O-Zr lead to the formation 

of the intermediate hemiacetal. Differently, with different solid acid catalyst, such as alumina 

and silica-zirconia, different reaction pathways have been proposed, where BAS instead of 

LAS drives the reaction. Therefore, there is still a gap between the understanding of reaction 

mechanism and preparation of the optimized catalysts. And this should be further studied with 

detail in order to increase the yield of α-hydroxy carboxylic acids and their derivatives.263  

Cascade reaction have been considered as another useful method to produce fine chemicals 

from biomass. One typical example is the conversion of glucose into valuable platform 

chemical, 5-hydroxymethylfurfural (HMF)264. Liquid catalysts have been commercially 

applied for the conversion of biomass, glucose into varied fine chemicals. However, compared 

to solid catalyst, the separation of the liquid catalyst and product cost a lot of money. In this 

sense, solid acid with bi-acidity have received many interests in order to conduct glucose 

conversion. For cascade glucose conversion on solid acid, it is widely accepted that the LAS 

promotes the isomerization of glucose to fructose, while BAS is responsible for the secondary 

dehydration steps. Besides, the selectivity of which is largely determined by the acidic 

properties of catalyst present265. Thus, many efforts have been applied to optimize the acidity 

of the solid acid in order to increase the yield of 5-HMF under mild reaction condition. 

However, conflict results have been reported and there is no common agreement on the best 

catalysts. For example, on modified Al-beta-zeolite catalysts with bi-acidity, Hyejin An et al.266 

observed increase conversion of glucose to approx. 80% with an increase in LAS/(BAS+LAS) 

ratio till reaching 0.89, and recorded that the best HMF selectivity (~20% yield) can be 

achieved when the ratio is about 0.76. Conflictingly, in another dealuminated beta-zeolite case 

with both surface LAS and BAS, optimized catalytic performance over three hours reaction 

have been identified on catalysts with LAS/(BAS+LAS) ratio of only 0.51267. With further 

increase in LAS ratio, little variation has been observed on glucose conversion and HMF 

selectivity. Therefore, there is a need for deeper research on the influence of acidity and related 

properties on the catalytic performance of biomass conversion such as cascade glucose 

conversion. 
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2.Experimental and methodology 

2.1 Introduction 

In this work, aluminium containing solid acid catalyst such as alumina-boria material and 

alumina-silica material have been prepared based on different methods for catalytic conversion 

of biomass. After preparing the catalysts, the physical properties of the materials have been 

characterized by the techniques of X-ray diffraction (XRD), N2-adsorption/desorption, 

Transmission electron microscopy (TEM), Energy Electron Loss Spectroscopy (EELS), X-ray 

photoelectron spectroscopy (XPS), and Fourier Transform Infrared Spectroscopy (FTIR). The 

chemical properties such as acid site identity, location, local structure, and acidity have been 

measured by means of NH3 temperature-programmed desorption (NH3-TPD), and solid-state 

Nuclear Magnetic Resonance Spectroscopy (ssNMR). After optimizing the physical and 

chemical properties of the prepared catalysts, the catalytic performance on biomass conversion 

have been tested in the catalytic conversion of bio-phenylglyoxal to ethyl mandelate, cascade 

glucose conversion to 5-hydroxymethylfurfural (5-HMF), and biomass 1,2-Propanediol 

dehydration to propanal, respectively. The product yield and selectivity have been analysed by 

Gas chromatography (GC) or High Pressure Liquid Chromatography (HPLC). The reaction 

mechanisms have been studied by in situ means of solution state nuclear magnetic resonance 

spectroscopy (NMR) or Diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS). 

2.2 Catalyst synthesis 

2.2.1 Preparation of B/m-Al2O3 catalyst 

To construct alumina involved mixed oxide with high concentration AlV species, evaporation-

induced self-assembly (EISA) has been applied to synthesis mesostructured amorphous Al2O3 

with boron incorporation42. 1 g of EO20PO70EO20 (P123, Poly(ethylene glycol)-block-

poly(propylene glycol)-block-poly(ethylene glycol), MW = 5800) was added into 20 mL of 

pure ethanol with ultrasonication for 10 min till the solution become clear. Under 2200 rpm 

magnetic stirring, 0.617 g of aluminum isopropoxide (AIP, >98%) was added into the clear 

solution. Keep stirring the solution for 1 h in a closed system under room temperature, 0.267 g 

of anhydrous aluminium chloride (99.99%) was added under same condition and stirring the 

solution for further 4 h. To construct alumina based mixed oxide, lastly, when the solution turns 

to translucent white colour, stoichiometric amount of boric acid (99.5%) was added into the 

solution, and then the solution was left for magnetic stirring at 2200 rpm for 24 h in the closed 

system. Based on the loading ratio of boron to aluminium, the synthesized catalysts are named 

as xB/m-Al2O3, where x = n(B)/n(Al). The resulting solution was self-evaporated at 40 oC for 
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3 days and then dried at 80 oC for another 2 days in an oven. With the solvent ethanol evaporates 

during the process of EISA, the concentration of homogenous aluminum species, boron species, 

and surfactant P123 have been enriched. Upon the exceed concentration of critical micelle have 

been approached during the evaporation, B/m-Al2O3 with mesopores can be established268. 

Then the final catalyst was obtained by calcining the dried gel at 400 oC for 6 h on air with 

temperature increase of 1 oC/min. The catalysts are highly reproducible in up to five times 

scaled-up synthesis. 

2.2.2 Preparation of AlALD@high silica substrate catalyst 

The construction of the mesostructured amorphous silica subtract was reported previously by 

our group via a one-step room-temperature preparation269. Utilized chemicals were purchased 

from Sigma-Aldrich and listed here: ammonium hydroxide solution (28 % NH3 in H2O, 0.9 

g/mL), tetraethylorthosilicate (TEOS, >98 %), hexadecyltrimethylammonium chloride 

solution (CTAC, 25wt % in H2O), and aluminum (III) nitrate nonahydrate 

(Al(NO3)3 · 9H2O, >98 %). Briefly, without aluminum precursor loading, the pure silica were 

synthesized as follows: in 200 mL deionized water with 5 mL CTAC and 5mL NH4OH solution, 

5 mL TEOS were added under vigorous stirring at a temperature of 298 K. After the formation 

of white colour gel, the formed gel has experienced a 20 mins ultrasonication, followed by 

another one-hour vigorous stirring. The solid content of the prepared gel was then collected via 

vacuum filtration and washed by deionized water and ethanol for three times. After drying the 

obtained solid overnight under 80oC, the collected solid have experienced a calcination process 

at 550oC for six hours with a temperature increase rate of 1oC/min from room temperature 

under the presence of air. The prepared substrate is named m-S (Mesostructured amorphous 

Silica). Compared to the preparation for pure m-S, for alumina doped m-S, the only difference 

in the preparation method is that the addition of Al(NO3)3 · 9H2O after the formation of white 

gel. With the molar ratio of n(Si)/n(Al) = 40, the prepared catalyst is named m-SA 

(Mesostructured amorphous Silica Alumina).  

Al2O3ALD on prepared substrate (AlALD@high silica substrate) was performed by a custom-

made rotary fluidized ALD reactor (AngstromBlock Scale-R01 ALD system) as reported in a 

previous study270. The temperature of the reactor was set at 200 ºC and the rotation speed of 

powder cartridge was set to 100 rpm. The Al precursor was trimethylaluminum (TMA) and 

oxygen source was deionized H2O. The pulse time and purge time for both TMA and H2O were 

60 s and 120 s, respectively.  20 cycles of Al2O3 ALD were carried out on samples in this work 
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and after 500oC calcination for 6 hours, the catalysts were named as AlALD@m-S and 

AlALD@m-SA. 

2.2.3 Preparation of n-SiO2@am-Al2O3 

The parent penta-coordinated aluminium species enriched Al2O3 have been prepared based on 

the modification of previously published evaporation-induced self-assembly (EISA) method271. 

In brief, in 40 ml of pure ethanol, 2 g of P123 was added and well dissolved. Under mild 

magnetic stirring, AIP was added into the closed solution system for 1 h. Under room 

temperature, anhydrous aluminium nitride was then added and leave for overnight. Then, the 

solution was poured into a dish in oven for self-evaporation. It was kept at 40oC for 3 days 

before dried at 80oC for 2 days. Then the obtained solid was calcinated at 400oC for the 

preparation of AlV-enriched amorphous Al2O3 substrate. 

The preparation of SiO2@am-Al2O3 was modified from previously published base-catalyzed 

deposition method272. In 10 ml ethanol, 1 g of AlV-enriched am-Al2O3 was dispersed. Then the 

solution PH was adjusted by the addition of 2ml NH4OH (33 wt%, aqueous solution). After 30 

mins sonication, Tetraethyl orthosilicate (TEOS, 99%) was added (n(Si)/n(Al)=100) and the 

mixture was shaken for 1 h. The above procedure constitutes the 1st cycle of SiO2 overcoating. 

The following cycles of SiO2 deposition involves identical procedures. All materials were 

washed with pure ethanol before drying. After drying overnight, the materials have been 

calcinated at 400 oC at 1oC/min and held for 4 h under static air. Based on the cycles of SiO2 

deposition, the materials have been named as 1SiO2@am-Al2O3, 2SiO2@amAl2O3, 

5SiO2@amAl2O3, respectively. 

2.3 Physical properties Characterization Techniques 

2.3.1 X-ray diffraction  

X-ray diffraction is a technique to study the atom arrangement in crystals. When a incoming 

X-ray contact with the observing crystal with a known certain angle θ, the X-ray will be 

reflected from the atomic planes of the crystal at a distance d with identical angle θ. Thus, with 

an understanding on Bragg law that  

nλ=2dsinθ                                                                                                            (Equation 2-1) 

where n mush be a whole number of wavelength λ, the atom arrangement of the observing 

crystal can be deduced by understanding the interference pattern via Bragg law273 (Figure 2-

1). 
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Figure 2-1 Geometrical schematic diagram for x-ray diffraction from lattice planes of crystal, modified from7 

To be specific, for the XRD characterization for the aluminium containing solid acid material, 

the grinding fine powder samples were utilized to perform XRD experiment. The XRD pattern 

was recorded by a PANalytical XPert Pro powder diffractometer in the Bragg-Brentano 

geometry with CoKa radiation (k = 0.1789 nm, 40 kV, 40 mA). The wide-angle XRD patterns 

were collected in the range of 2θ = 10 to 70o. The small-angle XRD patterns were collected in 

the range of 2θ = 1 to 5o. The obtained XRD pattern for samples were compared to Joint 

Committee on Powder Diffraction Standards (JCPDS) on software of Jade 5.0.  

2.3.2 N2-adsorption/desorption 

N2-adsorption/desorption stands as a method to measuring the amount of N2 gas absorbs on the 

surface of material. In our cases, the nitrogen adsorption/desorption isotherm curves for solid 

acid were obtained on a Autosorb iQ3 automated gas sorption analyzer. Chemisorption of N2 

gas was avoided by liquid nitrogen cooling (-196 0C). 

To be specific, for the test of N2-adsorption/desorption, the solid acid samples were firstly 

dehydrated and outgassed. Then the isotherm curve data was displayed in a plot of the amount 

of adsorbed nitrogen as a function of the relative pressure (P/P0). 

The Brunauer-Emmett-Teller (BET) method and the Barrett Joyner Halenda (BJT) method was 

applied to measure and evaluate the surface area, pore volume and pore size distribution of 

solid acid samples. 
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2.3.3 Transmission Electron Microscopy 

Transmission electron microscopy (Figure 2-2) is an advanced technique to image solid acid 

samples in the micro-level. On a very thin and flat solid acid sample, the accelerated and 

concentrated electron beam can be focused. Then, the electrons within the incoming beam will 

collide with the exist atoms in the thin sample, and the direction of the beam will be changed 

after the collision. Therefore, the nonzero solid angle scattering will appear. 

Because the brightness and darkness of the image is dependent on the scattering angle, which 

is correspondent to the density and thickness of the specific sample, the observed image with 

different grayscale represent the micro-level structure of the sample.  

To be specific, to obtain the solid acid catalyst TEM image, the JEOL 2100 TEM was utilized. 

It was operated at a voltage of 100 kV to obtain the detailed micro-level structure of the samples. 

To obtain electron energy loss spectroscopy mapping information, Themis Z equipped with 

double spherical aberration corrector and monochromator have been utilized on a JEOL-

2200FS TEM system. The high tension of the instrument was 300 kV. Gatan® electromagnetic 

prims was applied to generate the EELS spectra. Additionally, for elemental mapping of the 

solid acid materials, high angle annular dark-field (HAADF) scanning transmission electron 

microscopy (STEM) images were acquired.  The distribution of different elements was 

understanded by a FEI Themis Z TEM equipped with double spherical aberration correctors 

which worked at 300 kV274. 
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Figure 2-2 The schematic diagram of basic optical components of a Transmission Electron Microscopy, modified 

from275 

2.4 Chemical properties characterizations 

2.4.1 X-ray photoelectron spectroscopy 

X-ray photoelectron spectroscopy is a well-known technique for understanding the surface 

chemistry of material in micro-level. It can not only be utilized for elemental composition 

analysis, but also a good method to understand the chemical and electronic state of the elements. 

In brief, the basic physics for XPS is based on the understanding of photoelectric effect 

equation  

Ebinding = Ephoton – (Ekinetic + Φ)                                                                              (Equation 2-2) 
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 where Ebinding represents the specific binding energy corresponding to the chemical potential 

of electron on the surface of measured solid sample, Ephoton represents the applied X-ray photon 

energy, and Ekinetic and Φ are measured electron energy by instrument and work function term, 

respectively. Thus, based on the known applied X-ray photon energy (Ephoton) and recorded 

electron energy of a specific surface (Ekinetic), the intensity information relative to binding 

energy can be obtained. And Figure 2-3 demonstrated the basic components of a XPS system. 

 

Figure 2-3 Basic components of a XPS system276 

To be specific, to obtaining the surface information of solid acid materials have utilized in this 

thesis, the XPS measurements were conducted on a Thermo Fisher ESCALAB 250Xi 

spectrometer, and the focus source for XPS was monochromatic Al Kα-rays (1486.6 eV). 

2.4.2 Diffuse reflectance infrared Fourier transform spectroscopy 

Diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) was used to understand 

the surface local structure of solid acid samples and the in situ DRIFTS was applied to 

understand reaction mechanisms of 1,2 PDO conversion to propanal. 

The DRIFTS measures the reflection and following diffusely scattering of the incident light 

from the rough surface of solid. To be specific, to measure the rough surface of solid acid 

samples, the experiments were conduct on room temperature (297 K). The utilized instrument 

was EQUINOX 55 spectrometer (Bruker Optics) equipped with a HgCdTe detector which 
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requires a liquid nitrogen cooling system. Before conducting the characterizations, the catalysts 

were dehydrated at 300 oC in a plug-flow DRIFTS cell under the flow of N2 (20 ml/min). The 

DRIFTS spectra were collected by obtaining 256 scans for each sample, and the in situ DRIFTS 

spectra were collected by averaging 64 scans at 4 cm-1 resolution. 

2.4.3 Solution state Nuclear Magnetic Resonance Spectroscopy 

Solution state NMR studies the molecular information by recording the resonance between the 

observing nuclei of molecules and the introduced radiofrequency electromagnetic radiations. 

In this thesis, the in situ solution state NMR was utilized to understand the reaction mechanism 

of bio-phenylglyoxal to ethyl mandelate. To be specific, the in-situ solution-state NMR 

experiments were conducted on a Bruker Avance III 500WB spectrometer. In NMR tube, 0.6 

mL of d4-Methanol (anhydrous, >99.5 atom% D, Sigma-Alrich), 6 mg of PG was dissolved 

and then 2 mg dehydrated solid acid catalyst sample was added. A slow temperature ramping 

process of 5 K per 15 min, from 273 K to 323 K have been applied for the recording of the in-

situ NMR signal. At each temperature, 1H NMR spectra were collected by obtaining 128 scans 

with p/2 pulse. 

2.5 Solid state Nuclear Magnetic Resonance Spectroscopy  

In recent years, the development of ssNMR methodology is fast. Much published research have 

shown the power of ssNMR on determining the local structure, dynamics, and surface 

interactions of materials277. Compared to well-developed methods such as XRD and TEM 

which could only be applied for the investigation on materials with long-term order crystalline 

structure, the ssNMR is advantageous on studying the structure of amorphous materials. In this 

thesis, we mainly applied ssNMR for understanding the surface active centres of amorphous 

aluminium containing solid acid.  

2.5.1 One-dimensional single pulse magic angle spinning NMR spectroscopy without 

probe molecule 

All magic angle spinning magnetic resonance spectroscopy (MASNMR) investigation were 

conducted on a Bruker Avance III 400WB or 500WB spectrometer. For dehydrated sample 

characterization, all sample were dehydrated at 300oC overnight under a pressure of less than 

10-2 mbar. After dehydration, the sample were transferred into the MASNMR rotor inside a N2 

glovebox.  

By giving a strong excitation single pulse, the MASNMR spectra can be obtained by recording 

the Free induction decay (FID) information (Figure 2-4). Herein, the MASNMR 

measurements for 1H, 27Al, and 29Si on 500WB spectrometer were carried out at a resonance 
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frequency of 500.1 MHz, 130.3 MHz, and 99.4 MHz respectively. For one-dimensional 1H and 

27Al MASNMR measurements, spinning rate of 12 kHz was applied with 4 mm MAS rotor. 

For one-dimensional 29Si MASNMR measurements, spinning rate of 25 kHz was applied with 

2.5 mm MAS rotor. Spectra were recorded after single pulse p/2, p/6, and p/2 excitation with 

repetition times of 20, 0.5, 20 s for investigation of 1H, 27Al, and 29Si nuclei, respectively. 

 

Figure 2-4 Typical p/2 single pulse MASNMR sequence 

The 1H, 11B and 27Al single pulse MASNMR measurements on 400WB spectrometer were 

carried out at a resonance frequency of 400.1 MHz, 104.3 MHz, and 128.4 MHz with spinning 

rate of 12 kHz and 4 mm MAS rotor. Spectra were recorded after single pulse p/2, p/6, and p/2 

excitation with repetition times of 20, 0.5, and 3 s. 

2.5.2 One-dimensional single pulse magic angle spinning NMR spectroscopy with Probe 

molecule  

To evaluate the acidity of the material, probe molecule is usually required to identify the surface 

acid site. In this case, low concentration of trimethylphosphine oxide (TMPO) (5% w/w) probe 

molecule or NH3 gas were added/absorbed to the dehydrated sample. Before addition of probe 

molecule, all sample were dehydrated at 300oC overnight under a pressure of less than 10-2 

mbar.  

For TMPO probe molecule loading, the sealed mixture was heated to 160 oC to eliminate the 

physical absorbed TMPO molecule. After weighting the samples, they are transferred into 

MASNMR 4 mm rotor inside the N2 glovebox. The 31P MASNMR measurements for TMPO 

loaded solid acid material were conducted on 500WB spectrometer, where a resonance 
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frequency of 202.5 MHz has been utilized. With spinning rate of 12 kHz, repetition time of 5 

s and scan number of 4000, 31P MASNMR spectra can be obtained.  

For NH3 probe molecule loading, the solid acid material was put into a sample tube system. 

After eliminating the air in the tube system by N2 gas, the ammonia should be introduced into 

the tube system. During the NH3 adsorption, the mixture was warmed up by hair dryer/hand 

for 10 mins. Then, the vacuum pump will be opened in order to remove gases in the tube system. 

To fully eliminate the physically absorbed ammonia, a 2 h heating at 150 oC was performed. 

Finally, the mixture in the vacuumed tube system was transferred into a 4 mm NMR rotor in 

the N2 glovebox.  

2.5.3 One-dimensional TRAnsfer of Population in DOuble Resonance NMR spectroscopy 

The TRAnsfer of Population in DOuble Resonance (TRAPDOR) pulse sequences have been 

applied to understand the spatial interaction between half-integer quadrupole spin of nuclei X 

and spin of 1H. As shown in Figure 2-5, without REDOR pulse, all proton signals can be 

observed in the 1H spectra; while after the application of 27Al dephasing pulse of P1 with 

irradiation period of t1, the adjacent 1H-27Al pair dephasing, which suppress the peak intensity 

of the specific proton. Thus, via the subtraction of the 27Al dephasing pulse 1H spectrum from 

1H spectrum obtained without REDOR pulse, the information regarding the 1H and 27Al with 

proximity can be obtained (difference spectra = S0-S)278. 
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Figure 2-5 TRAnsfer of Population in DOuble Resonance pulse sequences 

Here, the 1H/27Al TRAPDOR NMR spectroscopy was measured to understand the spatial 

relationship between hydroxyl proton and Al species. As an NMR technique, the TRAPDOR 

sequence can be utilized to ascertain spatial information such as proximity, connectivity, and 

interaction via facilitating the recoupling of the heteronuclear dipole coupling between 27Al 

quadrupole and 1H nuclei. The dephasing pulse utilized was 50W 27Al dephasing pulse with 

160 µs irradiation period.  

2.5.4 Two-dimensional multiple quantum magic angle spinning NMR spectroscopy 

The two-dimensional 11B and 27Al multiple quantum MASNMR spectra (MQ MASNMR) was 

utilized to distinguish the different species in the solid acid samples. The typical MQ 

MASNMR sequence is shown in Figure 2-6. With MAS and echo sequence, both first order 

and second order quadrupolar interaction can be supressed and the residual signal width of the 

central transition of quadrupolar nuclei such as 11B and 27Al can be eliminated. In Figure 2-6, 

the excitation pulse should be a strong pulse, and the t1 represents the multiple quantum 
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evolution time, after a weak pulse, the so-called conversion pulse, the multiple quantum 

transition can be transferred into single quantum transition, and the t2 is the signal recording 

time279. 

In this work, MQ MASNMR spectra were recorded at the same spectrometer using a three-

pulse z-filter pulse sequency with pulse lengths of 3.0, 1.25, and 12 s, and 3.8, 1.4, and 25 s, 

respectively. The repetition time for the experiment was 200 ms and the sample spinning rate 

was 15 kHz. 

 

Figure 2-6 Typical multiple quantum MASNMR sequence  

The obtained single pulse 11B and 27Al MAS NMR spectra were decomposed by the tool of 

Dmfit280. For dehydrated sample, with largely distorted local structure, quadrupolar MAS 

model (Q MAS) has been applied for the best fit. While for fully hydrated samples, due to the 

presence of large amount of hydrogen bonds from hydration, a large increase in the structure 

symmetry is envisioned. Thus, Gaussian/Lorentzian model (Gaus/Lor) has been applied for 

simulation. Parameters for decomposition of dehydrated sample spectra were obtained based 

on the 2D MQMAS NMR spectra. Parameters were calculated as following281: 

𝑆𝑂𝑄𝐸2 =
𝛿𝑖𝑠𝑜−𝛿𝐹2

𝑘
                                                                                                 (Equation 2-3) 

𝛿𝑖𝑠𝑜 =
17

27
𝛿𝐹1

+
10

27
𝛿𝐹2

                                                                                            (Equation 2-4) 

𝑘 =
3

10

4𝐼(𝐼+1)−3

[4𝐼(2𝐼−1)𝑣𝑜]2
× 106                                                                                      (Equation 2-5) 

𝑆𝑂𝑄𝐸 = 𝐶𝑄𝐶𝐶√1 + (𝜂2/3 )                                                                                 (Equation 2-6) 

In which, 𝛿iso represent the isotropic chemical shift, SOQE stand as the second order 

quadrupolar effect parameter, 𝛿F1 and 𝛿F2 are the centres of gravity of the MQMAS signal in 
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the F1 and F2 dimension. CQCC is the quadrupolar coupling constant, g is the asymmetry 

parameter, and B represent the magnetic field. Specifically, in this work, the I and Vo, the 

spin and Larmor frequency, was 5/2 and 104.3 MHz for 27Al MQMAS NMR, and 3/2 and 

128.4 MHz for 11B MQMAS NMR, respectively. 

2.5.5 Two dimensional Dipolar Heteronuclear Correlation NMR spectroscopy 

Heteronuclear correlation MASNMR using cross-polarization sequence (2D CP/MAS 

HETCOR) can be applied to reveal spatial relationship between multiple species. The Figure 

2-7 showed the typical heteronuclear correlation sequence for MASNMR. After the first strong 

p/2 pulse on 1H nuclei for evolution, the t1 represent the 1H nuclei and X nuclei contact time. 

After mixing the excitation, another strong p/2 pulse should be applied to X nuclei on the 

observation channel. During the heteronuclear decoupling process, the FID acquisition should 

be conducted in order to obtain readable spectra information. In the spectra, the strong contour 

of (𝛿1, 𝛿2) observed in the HETCOR NMR spectra indicates the spatial proximity between 

species 1 of nuclei A along F1 direction and species 2 of nuclei B along F2 direction. 

 

Figure 2-7 Typical heteronuclear correlation NMR sequence 

In this thesis, the HETCOR NMR experiments all conducted on a 500WB spectrometer. The 

spatial correlation between 1H and 27Al have been characterized with a heteronuclear 

correlation (HETCOR) sequence, where sample were sealed in a 2.5 mm MASNMR rotor and 

0.5 ms and 1 ms contact time with spin rate of 25 kHz has been used. Each slice in both 2D 
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spectra resulted from the accumulation of 2500 scans with recycle delays of 1 s, and in total 16 

slices have been applied for the establishment of 2D HETCOR NMR spectra. 

2.6 Catalytic biomass conversions  

2.6.1 Catalytic conversion of bio-phenylglyoxal to ethyl mandelate  

Catalytic studies of bio-phenylglyoxal to ethyl mandelate conversion were applied as a model 

reaction to test the catalytic performance of the B/m-Al2O3 catalysts mentioned in Chapter 3. 

Prior the reaction, 50 mg catalyst should be dehydrated and activated at 300 °C overnight under 

a N2 flow. After the catalyst cooled in N2, 1.25 mL of alcohol solution containing 0.4 M PG 

was added to a glass vial with preactivated catalyst. The reaction was carried out in tightly 

closed glass vials with oil bath at 90 °C at moderate stirring for 4 h. The products were collected 

at a regular time interval under ice bath and dissolved in ethanol for further GC evaluation. The 

reaction mixture was analyzed using a Shimadzu GCMS-QP2010 Ultra with an Rtx- 5MS 

column (30 m x 0.25 mm x 0.25 m) and quantified by a Shimadzu GC-FID equipped with a 

25QC3/BP1 column (25 m x 0.32 mm x 5 m). The selectivity S to EM was calculated as SEM 

(%) = 100 x (EM)/[(PG)inital – (PG)final], all the abbreviation corresponds to the molar 

concentration of EM and PG, respectively. The catalysts were recycled by collecting the 

catalysts after experiment via centrifugation. The collected catalysts were washed three times 

by ethanol, followed by dehydration at 300 °C overnight under N2 flow. With the recycled 

catalysts, the catalyst recycling PG conversion experiment were conduction at same conditions 

as above mentioned. 

2.6.2 Catalytic cascade conversion of glucose to 5-hydroxymethylfurfural  

Catalytic studies of cascade conversion of glucose to 5-hydroxymethylfurfural were applied as a 

model reaction to test the cascade catalytic performance of the AlALD@high silica substrate 

catalysts mentioned in Chapter 4. In a 25 mL glass pressure reactor, a biphasic system with 

volume ratio of V(deionized water)/V(dimethyl sulfoxide, DMSO, ≥ 99.5%, Sigma-Aldrich) 

= 3/7 has been prepared as the solvent. Reactant 60 mg glucose (≥ 99.5%, Sigma-Aldrich) or 

D-(−)-Fructose (≥ 99%, Sigma-Aldrich) was then dissolved in the solvent and ready for 

further catalytic test. Prior to the reaction, the catalysts should be pretreated and activated at 

673 K under nitrogen environment and then 20 mg catalyst has been transferred into the reactor 

for each run. At an oil both with temperature of 433 K, the reaction was conducted with 

vigorous magnetic stirring. To measure the catalytic performance of catalysts, samples of 

reaction mixture have been collected every 30 mins till reach 180 min (for glucose conversion) 

or every 15 mins till reach 90 mins (for fructose conversion). The collected samples were 
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diluted into deionized water and filtered by 0.22 µm syringe filter for further High-Performance 

Liquid Chromatography (HPLC) analysis. With mobile phase of filtered 0.005 M H2SO4 

aqueous solution, the reactant and product were analyzed by an Agilent 1260 system equipped 

with a Biorad Aminex HPX-87H column (300 × 7.8 mm, 9 μm) and via a refractive index 

detector and a multiwavelength detector, respectively. 

2.6.3 Catalytic conversion of biomass 1,2-Propanediol dehydration to propanal 

Catalytic reaction of 1,2 propanediol conversion to propanal was applied to test the Brønsted 

acid site performance of the SiO2@am-Al2O3 mentioned in Chapter 5. Prior the reaction, 50 

mg catalyst shall be activated at 300 °C for 2 h under a N2 flow. Then the temperature shall be 

decrease to 180oC and the reactant shall be added after the stabilization of the temperature. The 

catalytic reaction was conducted with pure 1,2 propanediol or with 1,2 propanediol containing 

10 or 20 wt% cofed steam, with carrier gas of H2. The flow rate of the reactant was 0.6 mL/h, 

and a ice bath was set in order to collect liquid product. The reaction mixture was analysed 

using a Shimadzu GCMS-QP2010 Ultra with a SH-Rtx-Wax Capillary column. The selectivity 

of propanal to 1,2 PDO was calculated as S (%) = 100 X (propanal)/[(1,2 PDO)inital – (1,2 

PDO)final]. The recycled catalysts were washed by deionized water before reactivated at 300oC. 

Identical reaction condition has been applied for the recycling 1,2 PDO conversion experiment.  
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3.Brønsted acid sites formation through 

penta-coordinated aluminum species on 

alumina-boria 
3.1 Introduction 

Solid acid catalysts, well known by its wide application in the transformation of hydrocarbons 

and bio-refining of biomass as well as the supports for nanocatalysts282-286, have made 

contributions to industrial processes. On the surface of solid acids, Brønsted acid sites (BAS) 

and Lewis acid sites (LAS) can exist alone or co-exist for various reactions287. BAS is generally 

required for most of acid catalysis process involving hydrocarbon cations and hydrogen 

transformation288-290. The mixed oxides are one kind of popular solid acids, and their BAS is 

formed due to the varied electronegativity of framework heteroatoms291. The hydroxyl group 

links the host atom (X1) and the isomorphously substitute atom (X2), which lead to the 

formation of Brønsted acidic OH group with catalytic activity (X1-OH-X2)
292. For instance, on 

zeolites or amorphous silica-alumina (ASA), surface Al can replace four-coordinated Si, the 

formed four-coordinated Al in crystal or amorphous SiO2 framework can generate surface 

Brønsted acid sites by the establishment of bridging hydroxyl groups (Si-OH-AlIV) on zeolites 

or the pseudo-bridging/flexible hydroxyl groups (Si-(OH) ···AlIV) on ASA. 

Unlike SiO2, which contains only neutral silanol in the absence of a doped second oxide, 

alumina such as γ-Al2O3 itself contains electron deficient surface with unsaturated aluminium 

centers from either incomplete or terminal tetrahedral site (AlIII and AlIV), contributing to the 

intrinsic Lewis acidity293, 294. As a solid acid contains mainly LAS, Al2O3 has been applied to 

drive many catalytic reactions including dehydration, ethanol etherification295, and 

dehydrofluorination296. Additionally, similar to SiO2, Al2O3 is an alternative platform for the 

development of BAS via doping a second oxide. With varied electronegativity between the 

hetero-species, BAS type hydroxyl groups between tetrahedral aluminium species (AlIV) and 

unsaturated sites of doped species on interface can be formed. Examples can be found on this 

type of acids such as Al2O3-TiO2
297, Al2O3- B2O3

298, 299, and Al2O3- ZrO2
300. 

It should be noted from the discussion above that framework AlIV species is dominant in BAS 

formation on both SiO2 based and Al2O3 based solid acids. While extra-framework incomplete 

tetrahedral or octahedral aluminium species on zeolites work as a strong LAS for the reactions 

or enhance the acidity of the nearby BAS via polarization301, 302. Beside above popular Al 

species, the penta-coordinated aluminium species (AlV) was rarely observed. And it was 
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considered as the trace intermediate or transition state of saturated six-coordinated Al species 

during the phase transromation303. Recently, we applied flame spray pyrolysis (FSP) process 

to prepare AlV dominant (over 48%) ASAs via precursor combustion, ultra-fast nucleation and 

quenching304. Since studies have shown that AlV species on the surface could act not only as 

strong LAS to stabilize single-atom catalysts305-307, but also form strong BAS that contribute 

to improved catalytic performance in many reactions308-309. It could be concluded that AlV 

species aids for tailoring acid catalysts. 

However, whether the generation of AlV-BAS is a general principle for various synthesis 

methods and hetero-atoms as that for AlIV-BAS is still an open question. It was reported that 

amorphous Al2O3 (m-Al2O3) prepared via wet-chemical synthesis contains high density of AlV 

species310, which is an ideal parent platform for AlV-BAS generation with other atoms through 

available methods other than FSP-ASA. Herein, we incorporate boron (B) into AlV species 

enriched mesoporous amorphous Al2O3 as the first example. Due to the lack of the crystallinity, 

the surface structure at an atomic level of such mixed oxide can hardly be characterized by the 

widely utilized approaches such as X-ray diffraction spectroscopy (XRD) and high-resolution 

transmission electron microscopy (HRTEM). In contrast, due to the ability to characterize local 

structure without long range order, solid-state nuclear magnetic resonance spectroscopy 

(ssNMR) has been used as a powerful and sensitive characterization tool to study the formation, 

structure, and acidity of amorphous solid acids311-313 through various NMR pulse programs 

such as one-dimensional (1D) single pulse NMR314-315, two-dimensional (2D) multiple-

quantum magic-angle spinning NMR (2D MQMAS NMR) and heteronuclear correlation 

(HETCOR) MASNMR316-318. In particular, here, with the 2D 1H-27Al CP/MAS HETCOR 

NMR, the local structure of BAS has been probed, the formation and predominance of AlV-

BAS on alumina-boria has been revealed, which is the first experimental evidence to the best 

of our knowledge314, 319, 320. Furthermore, our in-situ NMR investigation and the test reaction 

confirmed the high activity of the AlV-BAS on the surface and drove the bio-phenylglyoxal 

conversion with enhanced performance. This research is focused on AlV-BAS with boria, but 

the principle of the research outcome can be applied to BAS formation within many other 

mixed oxide systems. 

3.2 Results and Discussion 

3.2.1 The Morphology of Catalyst 

The morphology of the obtained catalysts has been characterized first. As shown in Figure 3-

1A, the existence of ordered mesoporous structure has been observed for 0.05B/m-Al2O3 and 
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0.10B/m-Al2O3 by the low-angle XRD patterns. An intense peak at 0.82o and 0.80o can be 

identified and corresponding to 10.76 nm and 11.03 nm d-spacing, respectively. For 0.05B/m-

Al2O3, another diffraction peak can also be observed at 1.42o, hinting a 2D hexagonal 

structure321. For 0.20B/m-Al2O3 catalysts, only one relatively poor-resolved peak can be 

observed at about 0.80o in the low-angle XRD pattern, indicating that the sample have low 

ordered mesopores. It suggests that the loading of boron content disturbs the long-range order 

of the Al2O3 mesopores. As demonstrated by wide-angle XRD patterns (Figure 3-1B), no 

observable crystalline boria or alumina phases could be detected, while only weak and board 

peaks can be seen for all samples, hinting the amorphous bulk structures for the prepared B/m-

Al2O3 samples. The parent m-Al2O3 has no crystalline peak in XRD pattern (Figure 3-2). This 

confirmed the successfully preparation of amorphous structure of substrate via EISA method322. 

Thus, after addition of boron content, all observed board peaks should be assigned to boron 

related phases. The intensity of both two weak peaks range of about 22-28o and 40-45o enhances 

with the increase in boron concentration. Thus, the board peak at 22-28o and 40-45o can be 

assigned to the boria containing phases such as AlBO (PDF#45-0207) and A2B (2Al2O3•B2O3) 

phase, respectively321. 

 

Figure 3-1 (A) Small-angle XRD patterns and (B) wide-angle XRD patterns of 0.05B/m-Al2O3, 0.10B/m-Al2O3, 

and 0.20B/m-Al2O3 samples. 
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Figure 3-2 (A)wide-angle XRD patterns and (B) small-angle XRD patterns of parent m-Al2O3 

 

Consistent with results obtained from small-angle XRD (Figure 3-1 and Figure 3-2), the 

typical type IV isotherms in Figure 3-3A confirm the presence of mesoporous structure. 

0.05B/m-Al2O3 shows a H2 type hysteresis loops, implies the presence of relatively uniform 

channel-like pores. While the H1 and H4 type hysteresis loops of 0.10B/m-Al2O3 and 0.20B/m-

Al2O3 catalysts implies that they have cylindrical pore geometry and internal voids of irregular 

shape, respectively. Thus, in a good agreement with the low-angle XRD results, the change in 

the isotherms suggested that by varying the boron loading content, the textural properties can 

be disturbed. Additional, compared with parent m-Al2O3, with the addition of boron, a 

mesoporous structure has been established with pore size of ca. 9 nm (Figure 3-3B). 

Information regarding specific surface area, average pore diameter, and total pore volume are 

listed in Table 3-1.  All B/m-Al2O3 samples showed much larger specific surface areas and 

pore volumes than that of amorphous Al2O3 prepared by the similar method. This could 

originate from the increase in the volume of mesopores constructed via boron addition (Figure 

S1).  
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Figure 3-3 (A) N2 adsorption/desorption isotherms, and (B) BJH pore size distribution calculation of B/m-Al2O3 

catalyst with various boria loading, the pore size was determined from the adsorption branch. 

Transmission electron microscope (TEM) is applied to further confirm the morphology of the 

B/m-Al2O3 catalysts (Figures 3-5). Agreed well with the XRD patterns (Figure 3-1), no 

crystalline phase can be identified for all catalysts. The TEM image of the 0.05B/m-Al2O3 

catalyst shows a regular structural ordering with uniform channel-like pores. Increasing boron 

loading amount, the amorphous nature with higher disorder could be observed in 0.20B/m-

Al2O3. Agreed well with the small angle XRD patterns and BJH pore size distributions (Figure 

3-1 to 3-3), the TEM images also showed that the addition of boron contribute to the 

mesoporous structure of B/m-Al2O3 (Figure 3-4 and Figure 3-5). Calculated from the TEM 

images, the pore-center correlation distances of the ordered mesopores were 10.4 nm for B/m-

Al2O3 solid acids. This is in line with the average pore size determined by BJH method and the 

calculated d-spacing based on the small-angle XRD results (Table 3-1). In addition, the EDS-

Mapping images indicate that the boron species were well distributed through the m-Al2O3 

network with no obvious aggregation of aluminum or boron species.  
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Figure 3-4 TEM image and SEM-EDS elemental mapping images of (A) 0.05B/m-Al2O3, (B) 0.10B/m-Al2O3, 

and (C) 0.20B/m-Al2O3  

 

 

Figure 3-5 TEM image of parent m-Al2O3 
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Table 3-1 Summary of surface area, average pore size, distribution of Brønsted acid sites and Lewis acid sites, and catalytic data of PG conversion to EM over the Alumina-

boria catalysts. [a] 

Catalysts Boron[b] 

(%) 

SA[c] 

(m2/g) 

Vpore
[c]  

(cm3/g) 

 

dBJH
[c] 

(nm) 

 

BAS[d] 

(μmol/g) 

LAS[d] 

(μmol/g) 

 

LAS /BAS 

 

CPG
[e]  

(%) 

 

SEM
[f]  

(%) 

 

TOF[g] 

(h-1) 

 

m-Al2O3 - 233.1 0.44 - - 26.7 - 52.9 (33.3) 65.7 (65.1) 1.88 

0.05B/m-Al2O3 5.7 408.2 0.78 10.0 21.7 21.1 0.97 96.6 (77.8) 98.9 (98.5) 8.97 

0.10B/m-Al2O3 10.0 435.0 0.90 10.0 25.5 29.9 1.17 99.4 (94.8) 99.6 (99.6) 11.36 

0.20B/m-Al2O3 19.2 451.0 0.79 9.0 25.8 35.5 1.45 98.3 (87.1) 99.4 (99.4) 10.07 

deAl-HY43 - 671.0 0.39 1.1 Total 1750 0.49 90.0  90.0  0.56 

[a]Conversion of PG (0.4M) in ethanol (1.25 mL) using 50 mg catalyst at 90oC for 4 h in a sealed batch reactor. [b]The composition ratio was calculated based on the result of 

inductively coupled plasma - optical emission spectrometry (ICP-OES). [c]The specific surface area (SA), volume of pores (Vpore), and pore diameter (dBJH) of alumina-boria 

were determined from the adsorption of the N2 isotherms and corresponding BJH calculation. [d]Total density of acid sites were calculated based on the results of NH3-TPD, 

the density of Brønsted acid sites (BAS), and density of Lewis acid sites (LAS) were determined based on the NH3-TPD and simulation of 31P MAS NMR spectra. [e]CPG= 

conversion of PG. [f]SEM= selectivity of EM. (the catalytic performances after 2 h reaction are given in parentheses). [g] Turnover frequency (TOF) calculated based on the PG 

conversion at 60oC with conversion of less than 10%.
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3.2.2 Local Structure and Formation of Brønsted Acid Sites 

As a powerful tool to investigate the detailed local structure, ssNMR is applied to identify 

various Al and B species and their coordination behavior for the formation of BAS on B/m-

Al2O3. As shown in Figure 3-6, the 27Al MASNMR spectra of fully hydrated B/m-Al2O3 

catalysts consist of three well-resolved peaks. The main peaks appeared at around δ27Al = 2 ~ 3 

ppm is assigned to the octahedral aluminum spices (AlVI). While the peaks at around δ27Al ~ 33 

ppm and δ27Al ~ 64 ppm is assigned to penta-coordinated Al (AlV) and tetra-coordinated Al 

(AlIV), respectively314-315.  In one-dimensional 11B ssNMR (Figure 3-7), two different boron 

species are identified for all samples. They are assigned to trigonal boron species (BIII 
, δ11B = 

ca. 17 ppm) and tetrahedral boron species (BIV
, δ11B = ca. 0 ppm), respectively. With more 

boron atoms incorporated into the alumina network, the main peak of AlVI species shift from 

2.0 ppm (for m-Al2O3) to lower field with the increase in loading of boron species (2.4, 2.8, 

2.9 ppm for 0.05B/m-Al2O3, 0.10B/m-Al2O3, and 0.20B/m-Al2O3, respectively). Attributed to 

the greater electronegativity of boron species, electron cloud density aluminum species with 

proximity have been attracted toward boron center, thereby giving a de-shield effect to 

aluminum species and result in a downfield chemical shift. This observation indicates the Al2O3 

network penetration ability of boron species. 

 

Figure 3-6 Local structural characterization of fully hydrated alumina-boria samples via 27Al ssNMR spectra 

 



59 
 

 

Figure 3-7 Local structural characterization of fully hydrated alumina-boria samples via 11B ssNMR spectra 

 

Table 3-2 The chemical shift of main peak, AlVI, of hydrated B/m-Al2O3 catalysts. 

 AlVI 

(ppm) 

m-Al2O3 2.0 

0.05B/m-Al2O3 2.4 

0.10B/m-Al2O3 2.8 

0.20B/m-Al2O3 2.9 

 

Table 3-3 Summary of deconvolution results and DMFit calculated aluminum and boron species ratio of  the 

fully hydrated catalysts. 

 AlIV 

(%) 
AlV  

(%) 
AlVI  

(%) 
BIII 

(%) 
BIV 

 (%) 

m-Al2O3 20.6 31.6 47.9 - - 

0.05B/m-Al2O3 17.0 44.7 38.4 43.1 56.9 

0.10B/m-Al2O3 17.4 20.5 62.1 38.7 61.3 

0.20B/m-Al2O3 17.3 16.1 66.6 35.6 64.4 

 

To obtain detailed species information and to better understand the formation of surface acid 

sites, the MQMAS NMR has been applied, which avoids the second-order quadrupolar 

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/deconvolution
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broadening of Al and B species in spectrum and achieves acceptable ssNMR resolution325. 

Since only accessible surface sites are considered to be catalytically functional, the hydration 

process of samples has been applied to identify surface Al and B species by observing their 

transformation from surface unsaturated Al and B species to the saturated ones. Therefore, by 

comparing the hydrated (hy-) 27Al and 11B MASNMR spectra with the dehydrated ones (de-) 

(Figures 3-6 to 3-9 and Table 3-3 and Table 3-5), the large number of transferred unsaturated 

Al and B species to saturated AlVI and BIV on B/m-Al2O3 after hydration suggests the presence 

of large quantity of unsaturated species on the surface322 (de-AlVI/hy-AlVI = 16.2%/38.4%, 

24.5%/62.1%, 33.6%/66.6% and de-BIV/hy-BIV = 31.3%/56.9%, 36.7%/61.3%, 39.2%/64.4% 

for 0.05B/m-Al2O3, 0.10B/m-Al2O3, and 0.20B/m-Al2O3, respectively). Especially, among the 

unsaturated species, the large decrease in the AlV species of hydrated sample suggests that there 

is a large amount of AlV species are located on surface and accessible to guest molecules. From 

27Al MQMAS NMR spectra (Figure 3-8A-C), Al contour regions for tetrahedral (AlIV), 

pentahedral (AlV), and octahedral (AlVI) can be observed for all samples. The five different Al 

species can be identified via the identification of contour centers on the dehydrated B/m-Al2O3. 

Due to the presence of second order quadrupolar interaction326, 327. These species have been 

assigned to tetrahedral AlIVa (δiso= ca. 77 ppm) and AlIVb (δiso = ca. 67 ppm), pentahedral AlVa 

(δiso = ca. 41 ppm) and AlVb (δiso = ca. 33 ppm), and octahedral AlIV (δiso = ca. 9 ppm) (Figure 

3-8). Quadrupolar parameters such as quadrupole coupling constant (CQCC) and asymmetry 

parameters (η) have been summarized in Table 3-4, and which have been utilized for the 

decomposition of corresponding 1D ssNMR spectra with quadrupolar MAS model in DMFit 

(Figure 3-8D-F). The dominance of strong contours of AlV species aids and abets the 

prerequisite for the formation potential five-coordinated aluminum-based BAS. The rapid 

reduce in AlIV contours intensity and the large increase in the contours intensity of saturated 

AlVI on the 0.20B/m-Al2O3 sample compared to other two samples can be explained by the 

decreases in the final PH of synthesis due to the addition of extra boron source, boric acid328, 

which give rise to the presence of extra Al(H2O)6
3+ 48. This is in agreement with reported studies 

by Skibsted et al329, in 27Al 2D MQMAS NMR spectra, the AlIV resonance observed on 

alumina-boria is much weaker compared to pure alumina synthesized by the same method 

without the addition of an acidic boron source. 
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Figure 3-8 Local structure characterization of dehydrated B/m-Al2O3 catalysts. 2D 27Al MQMAS NMR spectra 

of (A) 0.05B/m-Al2O3 (B) 0.10B/m-Al2O3, (C) 0.20B/m-Al2O3 and the corresponding 1D 27Al MASNMR spectra 

and DMFit deconvoluted spectra simulated by using quadrupole line shapes are plotted on D-F (black: spectra; 

grey: simulation; colour block: components). Spectra obtained under Bruker Avance III 400WB spectrometer 

with spin rate of 15 kHz. 
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With a relatively higher local structure symmetry (i.e. smaller CQCC compared to the 

counterparts), the AlIVa and AlVa, are assigned to the network Al species without the 

affection/substitution of heteroatoms. These AlIVa and AlVa species together with AlVI species, 

coordinate mesoporous Al2O3 network330. AlIVb and AlVb species with larger local asymmetry 

(CQCC = ca. 6.6 and ca. 5.9 MHz, respectively, Table 3-4) can be attributed to the disturbance 

on local electric field gradient along these Al sites by neighbouring heteroatoms48. In this sense, 

they could be assigned to network AlIV/V-O···B and/or surface AlIV/V-OH···B. The interaction 

between AlIV/Vb species and B species is also confirmed by the absence of the second AlIV and 

AlV species in m-Al2O3 (Figure 3-10), where only network AlIV, AlV, and AlVI species can be 

identified. Via the interaction between the AlIVb/AlVb species and neighbouring B center, the 

formed AlIV/V-OH···B hydroxyl groups could be functional as potential Brønsted acid sites.  

The 11B 2D MQMAS NMR spectra further supports the above assignments. In Figures 3-9A-

C, two types of trigonal boron species (BIII) are identified (BIIIa, δiso= 18ppm and BIIIb, δiso= 

15 ppm) and assigned by analogy to network BIIIa (CQCC = ca. 2.3 MHz) and AlOH interacted 

BIIIb species (CQCC = ca. 3.0 MHz).  This is supported by the variation in the fractions of species, 

with the same increase trend as AlIVb and AlVb species, BIIIb increases with boron 

concentration (Table 3-5). In addition, based on the 11B ssNMR spectra of hydrated samples 

and the corresponding simulations (Figure 3-7 and Table 3-3), the increase in the ratio of bulk 

BIV species after hydration are very close to the fraction of BIIIb species on dehydrated samples. 

This observation suggests that the majority of the BIIIb species are surface accessible species. 

These above-mentioned fraction variations aid the assignment of the local structure of AlIV/V-

OH···BIII. The observed formation of only one BIV species (δiso= 0 ppm) with high structure 

symmetry (CQCC = ca. 1.2 MHz) can be explained by the existence of small BOx domains. This 

is supported by the reported characterization on alumina-boria materials, where minor fraction 

of BIV can incorporate in the alumina bulk330.   
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Figure 3-9 Local structure characterization of dehydrated B/m-Al2O3 catalysts. 2D 11B MQMAS NMR spectra 

of (A) 0.05B/m-Al2O3 (B) 0.10B/m-Al2O3, (C) 0.20B/m-Al2O3 and the corresponding 1D 11B MASNMR spectra 

and DMFit deconvoluted spectra simulated by using quadrupole line shapes are plotted on D-F. (black: spectra; 

grey: simulation; colour block: components). Spectra obtained under Bruker Avance III 400WB spectrometer 

with spin rate of 15 kHz. 
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Figure 3-10 Local structure characterization of dehydrated m-Al2O3 catalysts. 2D 27Al MQMAS NMR spectra 

of Al2O3 and the corresponding 1D 27Al MASNMR spectra and DMFit deconvoluted spectra simulated by using 

quadrupole line shapes. Spectra obtained under Bruker Avance III 400WB spectrometer with spin rate of 15 

kHz. 

 

Table 3-4 Summary of 2D MQMAS NMR parameters and deconvolution results[a] 

 0.05B/m-Al2O3 0.10B/m-Al2O3 0.20B/m-Al2O3 

δiso  

(ppm) 

CQCC 

 (MHz) 

 

η δiso  

(ppm) 

CQCC 

 (MHz) 

 

η δiso  

(ppm) 

CQCC 

 (MHz) 

 

η 

AlIVa 77 4.5 0.6 75 4.7 0.6 76 4.4 0.6 

AlIVb 68 6.7 0.5 67 6.7 0.5 68 6.6 0.5 

AlVa 43 3.6 0.6 43 3.5 0.6 41 3.5 0.6 

AlVb 33 6.1 0.5 34 6.2 0.5 33 5.9 0.5 

AlIV 9 2.2 0.7 11 2.1 0.7 10 2.2 0.7 

B[3]a 18 2.4 0.2 18 2.4 0.2 18 2.3 0.2 

B[3]b 15 3.1 0.2 15 3.0 0.2 15 3.1 0.2 

B[4] 0 1.3 0.6 0 1.2 0.6 0 1.3 0.6 

[a] Isotropic chemical shifts (δiso), quadrupole coupling constant (CQCC) and asymmetry parameters (η) of each 

aluminum species and boron species were determined by the MQMAS NMR spectra and corresponding 

calculation of dehydrated AlBOx samples. 

 

Table 3-5 Summary of deconvolution results of aluminium and boron species ratio of  the dehydrated B/m-

Al2O3. 

  AlIVa 

(%) 
AlIVb  

(%) 
AlVa  

(%) 
AlVb 

(%) 
AlVI 

 (%) 
 B[3]a 

(%) 

B[3]b 

(%) 

B[4] 

(%) 

0.05B/m-Al2O3  29.9 3.0 43.8 7.1 16.2  37.3 31.4 31.3 

0.10B/m-Al2O3  22.8 3.4 40.9 8.4 24.5  28.4 34.9 36.7 

0.20B/m-Al2O3  14.5 3.5 39.6 8.8 33.6  23.7 37.1 39.2 

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/deconvolution
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/deconvolution
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In the case of using probe molecule such as NH3,
 1H MASNMR can be used to identify the 

BAS. As shown in Figure 3-11 and 3-12, after NH3 loading, a large decrease in the signal 

intensity of peak at δ1H = 1.9 ppm can be observed on B/m-Al2O3 accompanied with the signal 

intensity increases at δ1H= ca. 7 ppm. The signal intensity increases at δ1H= ca. 7 ppm indicates 

the ammonium ions occurrence due to the protonation of NH3 by surface BAS at 1.9 ppm in 

1H MASNMR spectra332.  

 

Figure 3-11
1H MAS ssNMR spectra of dehydrated m-Al2O3 

 

 

Figure 3-12 
1H MAS ssNMR spectra of dehydrated and NH3 absorbed (A) 0.05B/m-Al2O3, (B) 

0.10B/m-Al2O3, (C) 0.20B/m-Al2O3  

 

The local structure of Brønsted acidic hydroxyl group at 1.9 ppm is verified by the 2D 1H-27Al 

CP/MAS HETCOR spectra (Figure 3-13).  Strong contours regarding BAS hydroxyl groups 

can be identified at (δ1H = 1.9 ppm, δ27Al = 67.1 ppm) and (δ1H = 1.9 ppm, δ27Al = 34.3 ppm). 

These contours show correlations between BAS hydroxyl and AlIV species and AlV species, 

respectively (Figure 3-13A), to form AlIV/V-OH···BIII. The interaction between nearby boron 

cation and AlOH induce negatively charged oxygens with higher electrical dipole moment333. 

To reach local charge neutrality, the oxygen of the terminal AlOx form covalent bond with 
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positively charged protons, thereby generating Brønsted OH groups (AlIV/V-OH···BIII)334, 335. 

More interestingly, regarding the corresponding slice of 1H-27Al CP/MAS HETCOR spectra 

(δ1H = 1.9 ppm, Figure 3-13B), the more potent AlV peak compared to AlIV suggests that 

majority of the BAS are provided by AlV species. The strong contour intensity hints the 

predominance of AlV based BAS (AlV- OH ···BIII) in the samples.  

 

Figure 3-13 (A) 2D 1H-27Al CP/MAS HETCOR spectrum of representative 0.10B/m-Al2O3 catalyst, (B) The 
27Al slices at the F1 chemical shift of δ1H = 1.9 ppm extracted from the 2D spectrum. Spectra obtained under 

Bruker Avance III 500WB spectrometer with spin rate of 25 kHz. 

 

Figure 3-14 shows the NH3 -TPD results for B/m-Al2O3 and parent m-Al2O3. It is utilized to 

qualitatively measure the acidic properties of alumina-boria catalysts. The area of the NH3 

desorption peak regions represents the quantity of the total surface acid sites on the oxide 

mixtures, and the quantities of acid sites have been listed in Table 3-1. According to Figure 

3-14, all B/m-Al2O3 catalysts shows board peaks with similar positions, which implied that 

they have acidic sites with unvaried strength. And the m-Al2O3 substrate only contains LAS.  
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Figure 3-14 NH3-TPD profiles of the (A) B/m-Al2O3 catalysts and (B) parent m-Al2O3 

 

With the help of probe molecule trimethylphosphine oxide (TMPO), 31P MASNMR 

spectroscopy have been further applied to quantitatively verify the surface acid sites336-338. In 

31P spectra, two peaks can be observed for all samples (Figure 3-15). In line with the NH3-

TPD results which show similar peaks for different B/m-Al2O3 mixed oxides (See Figure 3-

14), the unvaried chemical shift positions of peak in different B/m-Al2O3 implies that the 

catalyst composition (n(Al)/n(B) ratio) only affect the ratio and quantities of surface acid site 

instead of generating new acid sites with varied acidity. The peak at δ31P = 62 ppm is assigned 

to TMPOH+ ions to probe BAS. This is consistent with the proposed AlV-OH···BIII structure, 

the moderate Brønsted acidity could be explained by the flexible interaction between B and O 

and a long B-O spatial distance. The signal appeared at δ31P = 48 ppm was attributed to the 

adsorbed TMPO on LAS like surface incomplete tetrahedral or octahedral sites339-342. Typically, 

without the effect of heteroatoms on aluminium site local structure, with little BAS but a high 

concentration of LAS, only observable LAS peak at δ31P < 48 ppm can be identified on 31P 

MAS NMR spectra of TMPO absorbed m-Al2O3 (Figure 3-16)343. The existence of large 

quantity of BAS on B/m-Al2O3 suggests that the majority of BAS are constructed after the 

addition of boron and support the proposed BAS structure of Al-OH···B. The corresponding 

quantity of LAS, BAS, and total acid sites of B/m-Al2O3 are calculated and listed in Table 3-

1. According to that, boron addition increases the total number of acid site, and ratio of LAS 

to BAS increases from 0.97 to 1.45. This is in agreement with the acid sites increasement in 

alumina-boria mixed oxide reported by Sato et al. and Chen et al.344, 345. Additionally, the 

correlation between the increase trend in the concentration of BAS and BIIIb and the total ratio 
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of AlIVb and AlVb further supports the assignment for these species and the existence of AlIV/V-

OH···BIII based on these species (Figure 3-17, Table 3-1, Table 3-5). Thus, the ssNMR results 

in this work discovered that AlV-BAS can be also generated on non-silica aluminate materials, 

like amorphous alumina-boria.  

 

Figure 3-15 31P MAS NMR spectra of TMPO adsorbed on (A) 0.05B/m-Al2O3, (B) 0.10B/m-Al2O3, and (C) 

0.20B/m-Al2O3 samples. Spectra obtained under Bruker Avance III 400WB spectrometer with spin rate of 12 

kHz; (D) Scheme for different acid sites interact with TMPO molecule. 

 

Figure 3-16 31P MAS NMR spectra of TMPO adsorbed on m-Al2O3 

 

Figure 3-17 The curved relationship between the surface BAS concentration and the total ratio 

of AlIVc and AlVc species 
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3.2.3 Catalytic Performance of AlV-BAS in phenylglyoxal conversion 

The catalytic performance of AlV-BAS enriched B/m-Al2O3 catalysts has been tested by 

phenylglyoxal (PG) conversion. m-Al2O3 containing only LAS has been used as a reference 

catalyst in the reaction. 

Compared to the LAS only m-Al2O3, which shows only 52.9% conversion of PG after 4 h 

reaction under 90oC, the 0.05B/m-Al2O3 with AlV-BAS, showed a much-accelerated PG 

conversion rate (96.6%) with improved EM selectivity (>98%) after 4 hours reaction (Figure 

3-18A, Table 3-1). The observed enhancement in catalytic activity of B/m-Al2O3 catalysts can 

be explained by the introduction of AlV-BAS on surface, suggesting that BAS is the better 

active site for PG conversion compared to surface LAS. Besides, the higher EM selectivity on 

all B/m-Al2O3 catalysts compared to parent m-Al2O3 hint that the LAS leads to side reactions, 

and the high EM selectivity on B/m-Al2O3 also suggest the importance of the unvaried acid 

distribution on inhibiting side reactions. Among B/m-Al2O3 catalysts, the 0.10B/m-Al2O3 

catalysts showed the best catalytic performance on converting PG into EM based on the 

calculation of turnover frequency (TOF), As demonstrated by Table 3-1. However, notably, 

although 0.20B/m-Al2O3 have the highest concentration of BAS, but it also contains a much 

larger quantities of LAS. Thus, the relatively worse catalytic performance of 0.20B/m-Al2O3 

catalysts than that of 0.10B/m-Al2O3 catalyst may be explained by the better flexibility and 

accessibility of BAS and worse desorption ability of strong LAS. With higher LAS 

concentration, more PG molecules could be absorbed on LAS, which delays the conversion of 

PG into EM. This suggests the dominant role of BAS in PG conversion to EM. Furthermore, 

compare to microporous zeolites deAl-HY, which possessed much larger quantity of strong 

acid sites, alumina-boria oxide catalysts showed a better performance in PG conversion. This 

is not only consisting with previous research that the total amount of the acid sites has no 

correlation with the yield of EM, but also demonstrated the importance of the mesoporous and 

amorphous structure for the conversion of large molecules such as PG molecules. 

Furthermore, the stability of AlV-BAS on the prepared catalysts is tested with the most 

promising 0.10B/m-Al2O3 catalyst. After five cycles of reactions under identical condition, an 

unvaried catalytic performance had been identified (Figure 3-18B). Additionally, no boron 

content could be detected on the 5th reaction solution (Not shown). Combining with the stable 

reaction performance and undetectable boron content leaching, the leaching resistance of active 

AlV- OH ···BIII has been demonstrated, confirmed that the AlV-BAS on the alumina-boria 

catalysts act as stable active sites. 
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Figure 3-18 Reaction performance of alumina-boria catalysts. (a) PG conversion as a function of reaction time 

over various catalysts. (b) Recycling experiments for PG conversion, which repeated five times. Reaction 

conditions: 50 mg of the alumina-boria catalysts, 1.25 mL ethanol solution containing 0.4 M PG at 90 °C after a 

reaction time of 4 h under continuous stirring. 

 

To show how the AlV-BAS promotes PG conversion, in-situ 1H NMR was applied to monitor 

the reaction process in a real time fashion in methanol-d4 solvent. Compared to the PG 

conversion on ethanol solvent, which was too fast to observe detailed changes from reactants 

to products, the PG conversion on methanol was slower under the identical conditions. With 

minimized solvent influence on mechanism due to the identical functional group, the slower 

reaction rate facilitates our ability to observe and identify changes and intermediates by in-situ 

NMR and thus predict the mechanism of PG conversion more accurately. Figure 3-19A gives 

the plots of 1H NMR spectra during the conversion of PG within solvent methanol-d4 on 

representative 0.10B/m-Al2O3 catalyst with enriched AlV-BAS at 363K. Since phenylglyoxal 

is not stable and can easily react with water molecule, no signal for aldehyde group of PG 

molecule but the proton Ha (δ1H = 5.53 ppm) of -CH of hydrated PG can be observed at the 

start of recording, while the hydroxyl proton Hb overlapped with the hydroxyl signal of 

methanol and water signal at δ1H = 4.59 ppm. Demonstrated by Figure 3-19A, the intensities 

of protons from aim product methyl mandelate (δ1H = ca. 7.42, 7.30, and 7.35 ppm for aromatic 

protons Hh, Hi, and Hj, respectively and δ1H = 5.18 ppm for the -CH proton, Hg) increase while 

the intensities of protons from reactant (δ1H = ca. 8.06, 7.62, and 7.50 ppm for aromatic protons 

Hc, Hd, and He, respectively and δ1H = 5.53 ppm for the -CH signal of Ha) decrease as a function 

of reaction time. The absence of methyl protons was attributed to the deuteration (-CD3) in the 

methanol-d4 solution which largely inhibited the -CH signal. While the un-observable hydroxyl 

proton signal of product (Hf) can be explained by the existence of hydroxyl proton Hb and 
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hydroxyl proton residual of d4-methanol hydroxyl which have possible similar 1H chemical 

shift positions at ca. δ1H = 4.59 ppm (Figure 3-19A).
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Figure 3-19 Stack plots of (9) 1H liquid-state NMR spectra of PG conversion recorded in the solvent of methanol-

d4 at 363K during 2 h reaction time (10 mins (blue), 120 mins (red)), the Stack plots of the in situ 1H NMR spectra 

in highlighted region have been zoomed for the identification of reactant and product signals. (B) Corresponding 

scheme of plausible reaction pathway of PG conversion to α-hydroxy carboxylate on the AlV-BAS enriched B/m-

Al2O3 catalysts in alcoholic solvent. 

 

The corresponding plausible reaction pathway has been drawn in Figure 3-19B. Initially, the 

hydration process converts the aldehyde group of the unstable anhydrous phenylglyoxal into 

two hydroxyl groups due to the presence of moisture346. After the introduction of catalysts, the 

initial reaction step involves the activation of the hydroxyl groups on hydrated PG by the 

protons of AlV-BAS, while the carbonyl group remain intact. The following disproportionate 
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reaction, intramolecular Cannizzaro reaction, inferred by the large increase in the intensity of 

Hg (δ1H = 5.18 ppm) during the in-situ NMR observation (Figure 3-19A), then happen rapidly 

on this unstable structure and considered as the key step. It causes the simultaneous reduction 

of OH2
+ and the oxidation of C=O groups via intramolecular hydride shift347, 348. Because no 

intermediate was identified during the in-situ NMR observation, instead of reacting with 

solvent alcohol and yielding the intermediate hemiacetal, similar to regular Cannizzaro reaction, 

proton transfer happens between the hydroxyl group and the O- oxidized from the carbonyl 

group. With the identical activation of hydroxyl by another AlV-BAS, the unstable species is 

then rapidly bound to the alcoholic oxygen and followed by alcoholysis with deuterated 

alcoholic solvent (CD3OD in this case), which lead to the decrease signal intensity of Ha (δ1H 

= 5.53 ppm) and continuously generate the corresponding aim α-hydroxy carboxylate product 

and free deuterons for the replenishment of proton species of AlV-BAS. The observation on in-

situ 1H NMR spectra confirms that the reaction was driven by BAS instead of LAS, especially 

the surface dominant AlV-BAS. This is in line with the experimental results that the poor PG 

conversion performance was observed on m-Al2O3 containing only LAS, while B/m-Al2O3 

containing AlV-BAS gave improved performance in PG conversion. 

3.3 Conclusions  

In conclusion, this work demonstrates the design of a series of AlV
 enriched and mesostructured 

amorphous alumina-boria catalysts with various n(B)/n(Al) ratio. Assisted by the MQMAS 

NMR spectra, the highly disordered local structure of the B/m-Al2O3 have been characterized 

with the identification of interacting species of AlIV, AlV, and BIII. Via the application of the 

2D 1H-27Al HETCOR MASNMR, for the first time, in non-silica aluminate materials, the 

partial of AlV centers have been evidenced and assigned to the formation of dominant BAS via 

AlV-OH···BIII. Aided by the 31P ssNMR characterization with TMPO probe molecules, the 

observed AlV-BAS have similar acidic properties as the AlIV-BAS with similar Al-OH···B 

structure. These ssNMR characterizations confirm that the amorphous alumina substrate can 

be applied to construct AlV enriched mixed oxide with highly active and stable AlV-BAS for 

catalytic reactions. The reaction mechanism of the novel AlV-BAS in the test PG conversion 

has been studied by the in-situ NMR investigation. Thus, the present study shed light that the 

AlV-BAS can exists with promising acidic properties in non-silica aluminate materials, such as 

amorphous alumina-boria. And the establishment of catalytically active AlV based BAS can be 

applied as a new frontier to improve the performance of acid reaction.  
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4. Coordinating silanol with single AlV site 

for Brønsted acidity on mesoporous 

amorphous Al2O3 
 

4.1 Introduction  

Acid catalysis plays a critical role in over 50% of industrially important catalytic applications 

since the last century, such as petrol oil cracking, pharmaceuticals synthesis, and biomass 

transformation349. The most commonly used acid catalysts are liquid Brønsted acids, such as 

HCl, H2SO4, and H3PO4, despite their corrosive and environmentally harmful nature350. To 

promote cleaner and more sustainable processes, solid Brønsted acids like ZSM-5 zeolite351, 

heteropolyacids352, Amberlyst-15353, 354, and Montmorillonite clay355 have been developed and 

are now widely used in the chemical industry as alternatives to liquid catalysts. 

Zeolite and amorphous silica-alumina are among the most commonly used solid acids in the 

chemical industry. The predominant Brønsted acidity (BAS) in these materials is generated 

through the incorporation of aluminum species into the SiO2 framework of crystal zeolites or 

into the SiO2 network of amorphous silica-alumina. The tetrahedrally coordinated silicon 

species in the SiO2 framework are substituted by the tetra-coordinated aluminium species (AlIV) 

to produce Si-OH-Al groups and and the AlIV species can thereby stay stable with relatively 

high population on both amorphous and crystal silica-alumina. Due to the electronegativity of 

the silica-alumina framework, the generated Si-OH-AlIV groups act as Brønsted acid sites and 

can donate H+ during reactions. Therefore, the tetra-coordinated aluminum species (AlIV) and 

its bridging or pseudo-bridging Si-OH-AlIV structures are considered necessary factors for 

generating BAS on silica-alumina based catalysts. 

Alternatively, AlV has recently been discovered to form the Brønsted acid site with silanol on 

silica-alumina (Si-OH-AlIV) by flame spray pyrolysis (FSP)356,357. The density, strength, and 

activity of BAS on AlV based ASAs have been largely enhanced358, 359. However, FSP is mainly 

producing nanoparticle type of acid catalysts360. Due to the particle-like geometry resulted 

limited specific surface area, the availability of surface exposed active AlV site is restricted. 

Also, from a kinetic point of view, the non-porous structure is less optimal for improving mass 

transfer and diffusion kinetics357. Therefore, creating nano-porous structures with AlV based 

BASs can provide multiple benefits for enhancing catalytic reaction efficiency. However, to 
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the best of our knowledge, there have been no publications on the development of AlV based 

Brønsted acid site (AlV-BAS) with a nano-porous structure till now. 

It has been reported that the mesoporous alumina has high density of AlV species on surface, 

which has been applied for stabilizing metal sites on many highly efficient catalysts361, 362. For 

example, as a coordination defect with metal-anchor ability, AlV on a mesoporous alumina led 

to the formation of AlV-O-Cu+, contributing to the high dispersion of Cu metal sites and 

hindered the reduction of Cu+ to Cu0 363. The mesoporous structure allows for a significant 

increase in specific surface area, resulting in a higher concentration of exposed AlV sites on the 

surface. Thus, we develop a new strategy to introduce Si precursor for a surface reaction with 

single AlV sites to form the AlV based Brønsted acid site. By combining the advantages of the 

nano-porous structure and the AlV coordination defects, there was a large improvement in the 

catalytic activity.  

Herein, in this research, we report the preparation of AlV-BAS with mesoporous geometry via 

cheap and simple wet-chemistry synthesis strategy, it combines the advantages of active AlV 

site, mesoporous structure, and cheap synthesis route. By base-catalyzed condensation, we 

coordinate the introduced silanol on surface exposed AlV site, to form AlV-BAS on the surface 

SiO2-Al2O3 nanolayer. We applied the Electron Energy Loss Spectroscopy (EELS) and X-Ray 

Photoelectron Spectroscopy (XPS) to verify the formation of silanol linked surface silica-

alumina nanolayer. And the Multinuclear Solid-State Nuclear Magnetic Resonance 

Spectroscopy (ssNMR) has been applied to prove the formation of AlV-based Brønsted acid 

site at the nanolayer of the SiO2-Al2O3 network, and to characterize the identity, structure, 

strength, quantity and location of the formed BAS. And the catalytic activity of the penta-

coordinated aluminium species-based BAS has been proven to be efficient for the 1,2 

propanediol conversion to propanal as a test reaction. To our best knowledge, this is the very 

first report on the simple and inexpensive wet-chemistry method for the preparation of AlV-

BAS on nano-porous alumina-silica material. It opens up possibilities for large-scale industrial 

applications of mesoporous silica-alumina with AlV-BAS.  

4.2 Results and Discussion 

4.2.1 Establishing silanol linkage on AlV enriched alumina 

On the mesoporous AlV enriched alumina support prepared based on previously reported EISA 

method364, stepwise addition of tetraethyl orthosilicate have been cycled in order to coordinate 

surface silanol linkage on the surface of alumina. When in a basic environment, the surface-
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accessible protons of AlOH group can be substituted with Si atoms, resulting in the creation of 

a silanol linkage (Figure 4-1A). Figure 4-1B showed the Electron Energy Loss Spectroscopy 

(EELS) mappings for 1-SiO2@am-Al2O3. The observed relatively uniform silica enriched 

domain on the outermost surface confirmed that the addition of Si species led to the formation 

of a relatively homogenous surface SiO2-Al2O3 nanolayer by creating coordinated silanol 

linkage. As the cycles increases, the interlayer accessible AlOH protons instead of the surface 

SiOH will prefer continues to be replaced by Si atoms, creating additional silanol linkages and 

thicker SiO2-Al2O3 overlayer (from ca. 1.4 to 2.2 and 5.7 nm for 1-SiO2@am-Al2O3 to 2-

SiO2@am-Al2O3 and 5-SiO2@am-Al2O3, respectively, Figures 4-1C-D) instead of pure SiO2 

overcoat. The formation of SiO2-Al2O3 nanolayer rather than SiO2 overcoat had also been 

confirmed by the 29Si ssNMR spectrum (Figure S4-1). The Si species distribution on 

5SiO2@am-Al2O3 was close to the homogeneous random distribution of Si species calculated 

by McMillan et al365, suggesting the absence of separated large Si domain. The absence of six-

coordinated silica species in the 29Si MASNMR spectra confirmed that the addition of silica 

did not incorporated with the alumina framework but led to the silanol linked SiO2-Al2O3 

nanolayer366. Additionally, the observation of thicker SiO2-Al2O3 overlayer suggested the 

presence of surface accessible silanol linkage with larger quantity, demonstrated that the silanol 

linkage density can be regulated by the stepwise addition cycles of Si species. It provided the 

prerequisite for the formation of surface silanol based surface site with Brønsted acidity.  

The geometry of crystalline and porous structure the silanol linked AlV
 enriched mesoporous 

alumina have been further studied. In Figure 4-1E, no well-resolved crystalline peak can be 

identified for SiO2@am-Al2O3 materials, demonstrating that the Si addition was independent 

with the crystalline geometry of alumina matrix at the inner bulk. Also, the absence of silica-

related peaks implies that either the formed SiO2-Al2O3 had an amorphous geometry or the 

formed crystalline phase was too small to be detected367. Based on the Figure 4-1F-G, in 

addition to the global amorphous geometry, the silanol linked AlV
 alumina maintained the 

nanopores after the addition of Si species. Table 4-1 summarized the physical properties of the 

SiO2@am-Al2O3 materials. The similar pore diameters for different SiO2@am-Al2O3 and the 

AlV
 enriched substrate suggests that the addition of Si species was also independent of the 

geometry of the nanopore.  

Thus, based on the abovementioned characterizations, we confirmed that, on the 

mesostructured AlV enriched alumina support, the stepwise deposition of Si species produces 

SiO2-Al2O3 mixed oxide nanolayer on the outermost surface with varied thickness. The 
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increase in the cycles of the stepwise addition contributes to no effect to the global mesoporous 

geometry but only the thickness of the mixed oxide-oxide layer thickness (Figure 4-1H). The 

silanol linked silica-alumina nanolayer lead to the formation of oxide-oxide interfaces on the 

AlV enriched mesoporous alumina, which provides the prerequisite for AlV environment-based 

Brønsted acid site formation. 

 

Figure 4-1 (A) Scheme of SiO2@am-Al2O3 synthetic approach, (B-D) electron energy loss spectroscopy mapping, 

(E) Wide-angle XRD patterns, (F) N2 adsorption–desorption isotherms, (G) BJH pore size distribution 

calculations, and (H) the plausible structure modifications of SiO2@am-Al2O3 catalysts. 

Table 4-1 Summary of physical characterization for parent amorphous alumina and SiO2 overcoated amorphous 

alumina[a] 

Catalysts n(Si)/n(Al)  Surface 

Area 

(m2/g) 

Pore 

Volume 

(cm3/g) 

Pore 

Diameter 

(nm) 

Overcoat 

Thickness 

(nm) 

Penetration 

Thickness 

(nm) 

am-Al2O3 - 122.59 0.29 10.0 - - 

1-SiO2@am-Al2O3 0.05 109.78 0.27 10.1 1.3 - 

2-SiO2@am-Al2O3 0.07 91.08 0.26 10.0 1.4 1.0 

5-SiO2@am-Al2O3 0.17 89.21 0.23 9.4 1.4 5.2 
[a]The surface composition ratio was determined by X-ray photoelectron spectroscopy elemental analysis. [b]The 

specific surface area (SA), volume of pores (Vpore), and pore diameter (dBJH) of AlALD/nanoreactor catalysts were 

determined from the adsorption of the N2 isotherms and corresponding BJH calculation. [c]The thickness of the 

nanolayer was determined by the EELS mapping. 
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4.2.2  Silanol linkage for BAS formation on AlV enriched mesoporous alumina 

After characterizing the geometry of the SiO2@am-Al2O3 materials, the surface local structure 

of the catalysts was further studied to understand the contribution of silanol linkage, the 

corresponding environment of the surface site and the surface acidity on the silica-alumina 

nanolayer. Due to the severe line broadening of quadrupolar nuclei, the distorted local 

environments of aluminum species have been distinguished by 2D 27Al Multiple Quantum (MQ) 

NMR experiments368. For the parent mesoporous Al2O3 substrate, as presented in Figure 4-2A, 

three different contours can be identified on the spectrum, and which could be assigned to the 

network four-coordinated (δiso = 63 ppm, CQCC
 = 3.6 MHz), five-coordinated (δiso = 35 ppm, 

CQCC
 = 3.8 MHz), and six-coordinated (δiso = 8 ppm, CQCC

 = 3.1 MHz) aluminum species. It is 

worth highlighting that the AlV-enriched platform of parent am-Al2O3 maintains 53.9% of AlV
 

species, which provides a prerequisite for the formation of AlV based Brønsted acid site with 

large quantity. 

With the stepwise addition of SiO2 of only one cycle, except the species have been observed 

for substrate, the 1SiO2@am-Al2O3 showed one extra AlIVb contour (δiso = 60 ppm, CQCC
 = 6.3 

MHz, Figure 4-2B). The appearance of the AlIVb contour with a much larger CQCC value 

suggests that the AlIVb species had a much-distorted local structure compared to AlIVa species 

within the network of mesoporous Al2O3
369. Thus, the AlIVb species have been assigned to 

surface aluminum species that exist in the SiO2-Al2O3 overlayer which is spatially adjacent to 

Si species and contributed to the silanol linkage and Brønsted acidity. The absence of zeolitic 

Si-O-Al bond scattering in FTIR spectra hinted that the spatial interaction between the Si and 

AlIV species and the silanol linkage over the silica-alumina nanolayer contributed to the surface 

Si-OH---AlIV group instead of the bridging Si-OH-AlIV group (Figure S4-1). As an effect of 

silanol linkage formation, the Al-O stretching of SiO2@am-Al2O3 was shifted to higher 

wavenumbers compared to that of am-Al2O3 (ca. 510 cm-1)370. The silanol linked Si-OH---AlIV 

group gives an increase in the local structure asymmetry, which explained the increase in the 

CQCC value of AlIVb species371.  

With further step-wised cycles of Si species addition, the second AlV species, AlVb appeared 

on both 2SiO2@am-Al2O3 (δiso = 31 ppm) and 5SiO2@am-Al2O3 (δiso = 33 ppm) samples 

(Figures 4-2C-D). With less symmetric local structures (CQCC = 6.5 MHz and 6.8 MHz, 

respectively), the presence of such species indicates the presence of second silanol linkage, the 

Si-OH---AlVb structure, in the thicker silica-alumina nanolayer which is similar to the Si-OH-

--AlIVb structure with Brønsted acidity372-375.  
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Based on the MQ spectra, corresponding slides, and the summarized quadrupolar parameter 

tables (Figure 4-2 and Table S4-3), simulations have been performed on the 27Al single-pulse 

MASNMR spectra (Figure 4-3). As evidenced by the observed decrease in the ratio of AlIVa 

species and appearance of AlIVb species in 1SiO2@am-Al2O3 (AlIVa= 32.3% and 27.3%, 

AlIVb= 0% and 4.5% for am-Al2O3 and 1SiO2@am-Al2O3, respectively, Table 4-2), we 

conclude that the introduced silanol linkage on the mesoporous alumina firstly attract 

accessible AlIV species for Si-OH---AlIVb Brønsted acid site formation and the creating the 

SiO2-Al2O3 nanolayer. After consuming all accessible AlIV species, the extra surface silanol 

originated from adding extra Si species cycles turn to interact with the surface accessible AlV 

species, and contributes to the increase in the concentration of silanol linkage, the structure of 

Si-OH---AlVb, in 2SiO2@am-Al2O3 and 5SiO2@am-Al2O3 catalysts (AlVb= 5.1% and 10.3% 

for 2SiO2@am-Al2O3 and 5SiO2@am-Al2O3, respectively, Table 4-2) and which led to a 

thicker mixed oxide nanolayer.  

 

Figure 4-2 2D 27Al multiple quantum MASNMR spectra and corresponding slides for species identification for 

SiO2@am-Al2O3 and parent am-Al2O3 catalysts. 
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Figure 4-3 27Al single-pulse MASNMR spectra and corresponding simulations for SiO2@am-Al2O3 and am-

Al2O3 catalysts. 

 

Table 4-2 Summary of 2D 27Al MQMAS NMR parameters[a] 

Catalysts  AlIVa 

(%) 
AlIVb  

(%) 
AlVa  

(%) 
AlVb 

(%) 
AlVI 

 (%) 

am-Al2O3  32.3 - 53.9 - 13.8 

1-SiO2/am-Al2O3  27.3 4.5 51.8 - 16.4 

2-SiO2/am-Al2O3  24.5 7.3 44.1 5.1 19.8 

5-SiO2/am-Al2O3  21.3 7.1 37.0 10.3 24.3 

 

To reveal the structure-acidity relationship, the surface-accessible acid sites have been probed 

by trimethylphosphine oxide (TMPO) molecules. Via the utilization of 31P MASNMR 

experiments, varied acid sites can be quantitatively distinguished371, 374, 375. Due to the lack of 

effect of heteroatoms on the local structure of aluminium sites, Al2O3 provides barely any BAS. 

Compared to the parent mesoporous Al2O3 which showed only LAS-related 31P peak at ca. δ31P 

= 46 ppm, the BAS-related 31P peak (δ31P = 61-62 ppm) can be observed for all silanol linked 

AlV enriched alumina samples (Figures 4-4A-D). Because the isolated surface SiOH is non-

acidic, the observed BAS could only be generated by silanol linkage on the outermost SiO2-

Al2O3 nanolayer. This confirmed that the stepwise addition of SiO2 resulted silanol linkage 

contributed to the formation of surface BAS. Table 4-3 summarized the concentrations and 



81 
 

fractions of different acid sites. The appearance of BAS on the SiO2-Al2O3 overlayer is 

consistent with the observed second AlIVb and AlVb species in Figure 4-2 and Figure 4-3, 

indicates that the formed silanol linkage contributed to charge imbalance of the local structure, 

result in the formation of surface hydroxyl with Brønsted acidity on SiO2@am-Al2O3.  

The 1H-27Al CP/MAS HETCOR NMR has provided direct evidence for the formation of BAS 

on the surface of SiO2@am-Al2O3 (Figure 4-4E). Strong interaction contours have been 

recorded at (δ1H = 1.9 ppm, δ27Al = 61.8 ppm) and (δ1H = 1.9 ppm, δ27Al = 35.7 ppm). According 

to 1H MASNMR spectra (Figure S4-4), the peak at δ1H = 1.9 ppm appeared after the formation 

of silica-alumina nanolayer, and the intensity increased with the increase in the thickness of 

the silica-alumina nanolayer. This observation demonstrated that the peak at δ1H = 1.9 ppm 

originated from the surface silanol linkage (SiOH), which was consistent with the assignments 

for other amorphous silica-alumina systems such as MCM41 and FSP-ASA376,377. Thus, the 

observed contours in the 1H-27Al CP/MAS HETCOR NMR confirmed the spatial relationship 

between silanol protons and AlIV and AlV species. These contours give direct spectra evidence 

on the formation of surface Brønsted acidic Si-OH---AlIV/V structure via silanol linkage in the 

silica-alumina nanolayer. Most importantly, the contour at (δ1H = 1.9 ppm, δ27Al = 35.7 ppm) 

with stronger intensity suggests that the surface BAS on 5-SiO2@am-Al2O3 are majorly 

provided by AlV species. Consistently, the predominance of AlV-BAS on 5-SiO2@am-Al2O3 

can also be explained by the relationship between the concentration of silanol linked AlVb 

species in the silica-alumina nanolayer and surface BAS. Compared to the 2-SiO2@am-Al2O3, 

the 5-SiO2@am-Al2O3 maintained similar fractions on AlIVb species (7.3% and 7.1% for 2-

SiO2@am-Al2O3 and 5-SiO2@am-Al2O3, respectively, Table 4-2) but higher fraction on AlVb 

(5.1% and 10.3% for 2-SiO2@am-Al2O3 and 5-SiO2@am-Al2O3, respectively, Table 4-2). This 

is positively related to the concentration increase in the surface BAS (1.8x10-2 mmol/g and 

2.9x10-2 mmol/g for 2-SiO2@am-Al2O3 and 5-SiO2@am-Al2O3, respectively, Table 4-3).  

Besides, the quench of the AlOH groups and increased intensity of the silanol linkage are in 

good agreement for the increasement of BAS and the reduction of LAS density (Figure S4-4, 

Figure 4-4A-D and Table 4-3). This is because there are fewer surface exposed isolated Al 

species on the 5-SiO2@am-Al2O3. The surface isolated Al species on am-Al2O3 were either 

entirely covered by the SiO2-Al2O3 nanolayer or contributed to silanol linkage and BAS 

construction. 
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Thus, based on abovementioned local structure characterizations, we provide the plausible 

BAS structures for SiO2@am-Al2O3 (Figure 4-4F). Since the silanol linkage contribute to only 

one new AlIV species after one cycle of SiO2 deposition on the silica-alumina nanolayer, we 

reckon that the spatial proximity between the surface active AlIV and silanol linked with the 

surface BAS (AlIV-BAS) on the outermost surface of 1-SiO2@am-Al2O3. With more cycles of 

SiO2 deposition, higher silanol linkage concentrations contributed to the larger surface SiO2-

Al2O3 regions. Combining with the observed second AlV species and its correlation with surface 

silanol group, we proposed that after consuming all the surface active AlIV species, the AlV 

species start to play a dominant role in the formation of BAS within the SiO2-Al2O3 nanolayer 

(AlV-BAS).  
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Figure 4-4 (A-D) 31P single-pulse MASNMR spectra and corresponding simulations for SiO2@am-Al2O3 and 

am-Al2O3 catalysts; (E) 1H-27Al HETCOR MASNMR spectra, (F) plausible BAS formation route of 

5SiO2@am-Al2O3 

 

Table 4-3 Concentrations and fractions of acid sites of SiO2@am-Al2O3 and parent am-Al2O3 materials 

Catalysts Total acidity[a] 

(x10-2mmol/g) 
BAS  

(x10-2mmol/g) 
LAS 

 (x10-2mmol/g) 
BAS/LAS 

(%) 

am-Al2O3 4.5 - 4.5 - 
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1-SiO2/m-Al2O3 5.1 1.4 3.7 0.38 

2-SiO2/m-Al2O3 5.0 1.8 3.2 0.56 

5-SiO2/m-Al2O3 5.3 2.9 2.4 1.21 

[a]Total acidity and BAS and LAS were calculated based on the peak integrations and simulations of 31P MAS 

NMR spectra. 

4.2.3 Catalytic performance of 1,2 propanediol conversion to propanal on SiO2@am-

Al2O3 

The yield of renewable biomass fuels like biodiesel is on the rise. During the manufacture of 

biodiesel fuel, glycerol is produced as the primary by-product, while 1,2 propanediols are often 

the primary products in subsequent hydrogenolysis reactions. To fully utilize plant biomass as 

a carbon resource, it is necessary to produce useful chemicals from propanediols. Herein, the 

catalytic performance of 1,2 propanediol (1,2PDO) conversion to propanal on the prepared 

SiO2@am-Al2O3 and conventional zeolite catalysts have been summarized in the Figure 4-5.  

Compared to Lewis acidic am-Al2O3 which showed no catalytic activity to the 1,2 PDO 

conversion, the observed conversion on all other catalysts proved that the conversion of 1,2 

PDO to propanal is driven by BAS. This is also proved by the huge increase in the turnover 

number (TON) from 12.4 molc/gcat for 1SiO2@am-Al2O3 to 62.9 molc/gcat for ZSM-5 catalysts 

with the increase in the total BAS quantity from 1.4 x10-2 mmol/g to 28 x10-2 mmol/g. However, 

with respect to turnover frequency (TOF), the efficiency of the BAS on SiO2@am-Al2O3 

catalysts were much higher compared to the silica-alumina counterparts of ZSM-5 (>7.0 

mmolc/(mmolBAS g) and 1.9 mmolc/(mmolBAS g), respectively). The enhanced TOF for 

SiO2@am-Al2O3 could originate from the relatively homogenous distribution of the BAS on 

the outermost surface of the catalysts378. And the presence of BAS within mesoporous gives 

no limitation on the diffusion of the large biomass 1,2PDO molecules. Interestingly, although 

the BAS acidity was identical for SiO2@am-Al2O3 (Figure 4-5A), compared to the TOF for 

2SiO2@am-Al2O3 and 5SiO2@am-Al2O3 (7.61 and 7.77 mmolc/(mmolBAS g, respectively), the 

TOF for 1SiO2@am-Al2O3 was slightly lower (7.08 mmolc/(mmolBAS g). Because the AlV-BAS 

is only present in the 2SiO2@am-Al2O3 and 5SiO2@am-Al2O3, the higher TOF could be 

explained by the higher catalytic activity of AlV-BAS to AlIV-BAS with respect to 1,2PDO 

conversion. With the presence of the highest amount of AlVb species and silanol linkage (Table 

4-2), the 5SiO2@am-Al2O3 gave the highest TOF with predominant AlV-BAS.  

The effect of temperature has also been evaluated on the SiO2@am-Al2O3 catalysts. As can be 

seen from Figure 4-5B-D, the TON of 1,2PDO conversion increased with the increase of 

temperature, proving the temperature dependence of the reaction. Especially, with the presence 
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of a large amount of AlV-BAS with higher catalytic activity, the 1,2PDO conversion initiate at 

a lower temperature (190oC for 5SiO2@am-Al2O3) compared to other counterparts with 

predominant AlIV-BAS. (210oC for 1SiO2@am-Al2O3 and 2SiO2@am-Al2O3). With the 

increase in temperature, the TON of the aim product propanal increased at a faster rate 

compared to the side-product of DXO, which was the predominant product at low reaction 

temperature results from the acetalization of propanal with 1,2PDO379. With the increase in 

temperature, the increase rate in the TON of DXO is limited with a concurrent quick yield 

increase in propanal. This can be explained by the hydrolysis of DXO to propanal under 

elevated temperature380. Additionally, compared to the moderate selectivity of side-product of 

allyl alcohol and other C3 from parallel dehydration on 1SiO2@am-Al2O3 (Table 4-4), the 

much lower selectivity of such product on 5SiO2@am-Al2O3 also suggests the enhanced 

catalytic performance of AlV-BAS.  

Because the crude industrial-level biomass 1,2PDO solution contains water in large quantity. 

The functional industrial catalyst for 1,2PDO conversion should maintain high water tolerance. 

To evaluate the water tolerance and stability of AlV-BAS, 5SiO2@am-Al2O3 have been applied 

for the conversion of 1,2PDO under the presence of cofeed steam (10 and 20 %v/v). By 

changing the flow rate of the carrier gas (H2), the feed rate of 1,2PDO was kept constant with 

varied cofeed steam concentrations. As shown in Figure 4-5E, with the co-existence of steam, 

the propanal selectivity is largely increased. This improvement indicates a positive effect of 

water vapor in promoting the hydrolysis of DXO to propanal, which is consistent with the study 

for other catalyst systems380, 381. With the presence of water vapor at different concentrations, 

the reaction rate and selectivity have barely varied (Figure 4-5E). This observation supports 

that the catalyst is highly tolerant to co-existing steam and the active AlV-BAS showed stability. 

The observed stable catalytic performance can be explained by the unaltered acid sites on the 

catalyst surface during the contact with vapor and reaction. Because the hydrolyzation of Al-

O-Al, Si-O-Si, and/or Al-O-Si bond by cofeed steam contributes to no BAS but only non-acidic 

SiOH or basic AlOH, the unaffected acid properties of the catalyst lad to no influence on the 

1,2PDO conversion. This is unlike the proposed positive effect of high steam concentration on 

the 1,2PDO conversion as reported for other catalysts due to the altered surface acid 

properties380.  

The best SiO2@am-Al2O3 catalyst has also been applied for the stability test and have been 

shown in Figure 4-5F. Because the metal-H2 and steam contribute to the suppression of coke 

deposition during the 1,2PDO conversion, the stability test has been done with the presence of 
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carrier gas of H2 and cofeed steam (20 %v/v)382. Unlike microporous zeolite catalysts which 

deactivate quickly, the 5SiO2@am-Al2O3 showed relatively stable catalytic performance 

during the 12 h continuous 1,2PDO conversion reaction, demonstrating that the AlV-BAS was 

stabilized as active sites. When compared to microporous ZSM-5, the absence of micropores 

allows for smoother reaction and product release because coke can block the active surface 

BAS on the micropores, causing deactivation. The slight reduction in the conversion and 

selectivity might originate from the deposition of removable organic compounds on the surface 

of the catalyst. 
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Figure 4-5 Reaction performance of SiO2@am-Al2O3 and counterpart catalysts. (A) Conversion of 1,2 PDO 

(80% v/v) aqueous solution (0.6 mL/h) at 250 oC for 2 h in a continuous reactor (TONs = converted reactant 

(molc)/mass of catalysts (g)) (B) 1,2 PDO conversion (C) Propanal yield (D) DXO yield over SiO2@am-Al2O3 

catalysts (TON = converted reactant or yield product (mol)/mass of catalyst (g)). (E) Conversion of 1,2 PDO 

solution (0.6 mL/h) without/with cofeed steam (0, 10, 20 %v/v) over 5SiO2@am-Al2O3, (F) stability test on 

5SiO2@am-Al2O3 with 1,2 PDO (80% v/v) aqueous solution (0.6 mL/h). 

 

Table 4-4 Catalytic performance of the tested zeolites in acetalization of furfural with ethanol 

Catalysts 1,2 PDO 

Conversion 

(%)[a] 

Propanal 

Selectivity 

(%) 

Dioxolane 

Selectivity 

(%) 

Allyl 

Alcohol 

Selectivity 

(%) 

Other C3 

Selectivity 

(%) 

TOF  

(min-1) 

am-Al2O3 - - - - - - 

1-SiO2@am-Al2O3 18.9 52.3 35.2 2.9 9.6 7.08 
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2-SiO2@am-Al2O3 27.8 56.9 32.4 3.4 7.3 7.61 

5-SiO2@am-Al2O3 42.7 66.4 27.2 1.8 4.6 7.74 

ASA/15 61.5 41.5 54.1 2.6 1.8 4.20 

ZSM-5 95.8 88.9 10.2 0.5 0.4 1.87 

[a]Conversion of 1,2 PDO (80% v/v) aqueous solution (0.6 mL/h) using 50 mg catalyst at 250 oC for 2 h in a 

continuous reactor with carrier gas of H2, total flow rate with H2 balanced of 30 ml/min. [b] Turnover frequency 

(TOF) was calculated when the 1,2 PDO conversion was lower than 10%. TOF= Total mole of reactant consumed 

/ Total Brønsted acid sites / Reaction time. Total density of acid sites and the density of Brønsted acidity were 

calculated via 31P MAS NMR spectra. 

To further verify how the predominant AlV-BAS drives the 1,2 PDO conversion to propanal, 

in situ DRIFTS was conducted to monitor the 1,2 PDO evolution on the 5-SiO2@am-Al2O3 

under the reaction temperature of 250oC. Figure 4-6A gives the plots of the typical DRIFTS 

spectra on different reaction stages. After the addition of 1,2 PDO vapour with a carrier gas of 

H2, -OH bonds of 1,2 PDO molecules can be observed on the spectra at ca. 2790 cm-1 to 2960 

cm-1. Due to the presence of AlV-BAS with mobile proton, the conversion of 1,2 PDO to 

propanal involves an initial protonation step. Because the hydroxyl groups at the β position 

maintain a higher negative charge compared to the primary α hydroxyl groups383, the mobile 

proton of AlV-BAS could selectively protonate the hydroxyl groups at β position of 1,2 PDO. 

The protonated unstable 1,2 PDO then rapidly dehydrated to a propanol carbenium ion with 

the observed -OH stretch of H2O molecule at ca.3550-3750 cm-1. After adding the 1,2 PDO 

vapour, with time evolving, the C=C stretch peak appeared at 1660 cm-1, this hints at the 

formation of prop-1-en-1-ol or allyl alcohol384. Because the selectivity to allyl alcohol was low 

(<5%, Table 4-4), the C=C stretch was assigned from prop-1-en-1-ol. It originated from the 

deprotonation of the carbenium ion. The generated protons from the deprotonation process can 

replenish the consumption of the mobile protons of AlV-BAS and contribute to active AlV-BAS 

for the next catalytic cycle. After removing the 1,2 PDO vapour from the system, the -OH 

bands related to 1,2 PDO molecule gradually disappeared (Figure 4-6A). Besides, the peak at 

1660 cm-1 gradually disappeared with the observation of a new peak at 1710 cm-1 with time 

evolves. This change can be assigned to the disappearance of the C=C stretch followed by the 

appearance of the C=O stretch, which indicates the formation of the aim product propanal from 

the tautomerization of prop-1-en-1-ol385, 386.  

The corresponding plausible reaction pathway has been drawn in Figure 4-6B. After the 

introduction of 1,2 PDO vapour on the surface of 5-SiO2@am-Al2O3, the accessible surface 

BAS selectively protonates the secondary hydroxyl group of the incoming 1,2 PDO molecules. 

The protonated 1,2 PDO molecule readily converts into the propanol carbenium ion with the 



89 
 

formation of one H2O molecule. Then, the unstable carbenium ion releases one mobile proton 

to replenish the consumed proton from BAS for the next catalytic cycle and form prop-1-en-1-

ol. And the tautomerization process eventually converts the prop-1-en-1-ol into desired 

propanal. 

 

Figure 4-6 (A) Real-time DRIFTS spectra on 5SiO2@am-Al2O3 were conducted with/without 1,2 PDO vapour 

flow at 250oC under carrier gas of H2. The single-beam spectrum recorded on 5-SiO2@am-Al2O3 at 250oC under 

carrier gas of H2 was used as the reference spectrum. (B) The corresponding plausible reaction mechanism of the 

1,2 PDO conversion on 5SiO2@am-Al2O3. 

4.3 Conclusions  

In conclusion, this work demonstrated the cheap and simple preparation of AlV-based 

moderate Brønsted acid site on conformal SiO2-Al2O3 overlayer of silanol linked mesoporous 



90 
 

Al2O3. The addition of cycles of Si species deposition alters the concentration of silanol 

linkage and the thickness of the SiO2-Al2O3 overlayer. Based on the EELS and multinuclear 

ssNMR characterizations, the mechanism for Brønsted acid site formation has been proposed. 

Initially, the incoming silanol link with neighbouring AlIV to create AlIV-BAS on the oxide-

oxide nanolayer. However, once all accessible AlIV species are consumed, any remaining 

surface silanol groups that are adjacent to AlV take over the responsibility of forming BAS 

and contribute to the formation of AlV-BAS on the SiO2-Al2O3 nanolayer. And the silanol 

linked AlV-BAS showed enhanced catalytic efficiency compared to AlIV-BAS for 1,2 PDO 

conversion. The application of low-cost and straightforward synthesis approach enables the 

potential large-scale utilization of AlV-BAS catalysts. 

4.4 Appendix  

Figure S4-1 showed the simulation on the 29Si MASNMR spectra, where four signals of Qn 

(Si(OSi)n species have been recorded with the fraction of 23% (δ29Si = -113 ppm), 26% (δ29Si 

= -104 ppm), 32% (δ29Si = -94 ppm), and 18% (δ29Si = -85 ppm) (corresponding to n from 4 to 

1).  

 

Figure S 4-1 29Si single-pulse MASNMR spectra and corresponding simulations for 5SiO2@am-Al2O3  
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Table S 4-1 Summary of deconvolution of silica species ratio based on the 29Si single-pulse MASNMR spectra 

 

Catalysts  Q1 Q2 Q3 Q4 

5-SiO2/am-Al2O3  18 32 26 23 

 

The 29Si CP MASNMR spectra have only recorded Q1 and Q2 species (Figure S4-2). The 

species ratio has varied and are 69% and 31% after CP enhancement for Q1 and Q2 species. 

Thus, the Q3 species has been assigned to interlayer (Si(OSi)3(OAl). After CP enhancement, 

the fraction of Q1 and Q2 species varied (18% and 32% before CP enhancement and 69% and 

31% after CP enhancement for Q1 and Q2 species, respectively). The peaks at δ29Si = -94 and -

85 ppm are assigned to the overlaps of Si(OSi)2(OAl)2 and Si(OSi)2(OH)2 as well as the mixture 

of Si(OSi)1(OAl)3 and Si(OSi)1(OH)3 groups387. These Q1 and Q2 species resulted in silanol 

groups with spatial proximity to aluminium species are the origin of Brønsted acidity. 

 

Figure S 4-2 29Si Cross-Polarization MASNMR spectra and corresponding simulations for 5SiO2@am-Al2O3 

 

Table S 4-2 Summary of deconvolution of silica species ratio based on the 29Si CP MASNMR spectra 

Catalysts  Q1 Q2 Q3 Q4 

5-SiO2/am-Al2O3  69 31 - - 
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Based on the FTIR spectra (Figure S4-3), The positions of the peaks at ca. 1100 cm-1 and ca. 

850 cm-1 (T-O-T asymmetry stretching and T-O-T symmetry stretching, respectively) have 

little variation after the SiO2 film modification on the am-Al2O3 surface, indicating an absence 

of the large amount of Al-O-Si bonds388.  

 

Figure S 4-3 FTIR spectra of the prepared SiO2@am-Al2O3 catalysts 

As shown in Figure S4-4A, with respect to the Si-O-Si bonds (102.9 eV) in pure silica, a 

decrease in the Si 2P binding energy for the Si-O bond in SiO2@am-Al2O3 has been observed389. 

The observed decrease indicated an effect of adjacent Al atoms on the Si-O bond, which 

confirmed the formation of silanol linkage on the surface nanolayer. Consistently, with the 

presence of neighbouring Si atoms, the Al 2P binding energy of the surface Al-O bond shown 

in Figure 4-4B showed a shift towards higher binding energy with respect to the Al-O-Al bond 

(73.8 eV) in alumina390. These observations suggested the formation of surface Si-O-Al and/or 

pseudo Si-O---Al bond, which contributes to the electro-negative shift of the Si-O bond and 

the electro-positive shift of the Al-O bond391.  

Additionally, the oxygen species simulation in Figure 4-4C gives the ratio of Si-OI (532.6 eV) 

and Al-OII (531.0 eV)390. Since the ratios of surface OI/OII are much smaller compared to the 

surface atom% of n(Si)/n(Al) (Shown in Table 1), this observation also supports the presence 

of surface silanol linkage and the corresponding surface Si-O-Al and/or Si-O---Al bond, which 

also appeared at ca. 531.0 eV. With similar binding energy as the Al-OII bond, the silanol 

linkage contributed to the larger quantity of OII species. Additionally, the increase in SiO2 

deposition cycles contributed to little difference between the ratio of n(Si)/n(Al) and OI/OII 

(0.04, 0.04, and 0.05 for 1- SiO2@am-Al2O3, 2-SiO2@am-Al2O3, and 5-SiO2@am-Al2O3, 

respectively). This is consistent with the observed silanol linked SiO2-Al2O3 mixed oxide 
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overlayer rather than the pure SiO2 overcoat on the mesoporous alumina substrate. Otherwise, 

if the step-wised Si species addition cycles lead to the formation of SiO2 film, the Si-O-Si 

within pure silica domain should lead to a much higher OI/OII ratio.  

 

Figure S 4-4 XPS spectra of the prepared SiO2@am-Al2O3 catalysts for (A) the surface Si 2p, (B) the surface Al 

2p, and (C) the surface O 1s of the prepared SiO2@am-Al2O3 catalysts. 

 

Table S4-3 was calculated based on Equation 1-4 and the 27Al MQ MASNMR spectra of 

dehydrated samples. 

 

Table S 4-3 Summary of 2D 27Al MQMAS NMR parameters[a] 

 am-Al2O3 1-SiO2/m-Al2O3 2-SiO2/m-Al2O3 5-SiO2/m-Al2O3  

δiso  
(ppm) 

CQCC 

 (MHz) 

η δiso  
(ppm) 

CQCC 

 (MHz) 

η δiso  
(ppm) 

CQCC 

 (MHz) 

η δiso  
(ppm) 

CQCC 

 (MHz) 

η 

AlIVa 63 3.6 0.5 64 3.5 0.5 63 3.6 0.5 65 3.6 0.5 

AlIVb - - - 60 6.3 0.5 59 6.1 0.5 60 6.4 0.5 

AlVa 35 3.8 0.5 38 3.8 0.5 38 3.7 0.5 39 3.9 0.5 

AlVb - - - - - - 31 6.5 0.5 33 6.8 0.5 

AlIV 8 3.1 0.7 7 3.1 0.7 8 3.0 0.7 6 3.1 0.7 
[a] Isotropic chemical shifts (δiso), quadrupole coupling constant (CQCC) and asymmetry parameters (η) of each 

aluminum species were determined by the MQMAS NMR spectra and corresponding calculation of dehydrated 

SiO2@am-Al2O3 and parent Al2O3 samples. 
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Figure S 4-5 1H single-pulse MASNMR spectra for am-Al2O3 catalysts and SiO2@am-Al2O3 

 

Based on the zoomed EELS mapping image in Figure S4-6A, three different sub-nano domains 

can be observed within the SiO2-Al2O3 nanolayer, which has been assigned accordingly: 1. 

SiO2 dominant sub-nano domain, 2. SiO2-Al2O3 mixed oxide sub-nano domain, 3. Al2O3 

dominant sub-nano domain. The EELS spectra in Figure S4-6B were collected on different 

regions of the SiO2-Al2O3 oxide layer based on Figure S4-6A. Compared to SiO2 dominant 

sub-nano domain which shows a Si L2,3 peak at 108.5 eV, the Si L2,3 peak at the SiO2-Al2O3 

mixed oxide sub-nano domain showed a negative shift to 108.0 eV392. This is consistent with 

the XPS observation (Figure 2) and observed second AlIV and AlV species on 27Al MQ 

MASNMR spectra (Figure 3), confirming the spatial interaction between Si and Al species on 

the network of SiO2-Al2O3 as the interface. Compared to the Al2O3 dominant sub-nano domain, 

SiO2-Al2O3 mixed oxide sub-nano domain showed a much lower intensity in the octahedral Al 

species (AlVI, L2,3 peak at 84.2 eV). This observation suggests that the majority of the Al 

species within this sub-nano region are surface active unsaturated Al species. 
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Figure S 4-6 (A) Electron energy loss spectroscopy mapping catalysts with assigned separated regions (1 SiO2 

rich domain, 2 SiO2-Al2O3 network, 3 Al2O3 rich domain), (B) Electron energy loss spectra of different regions. 
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5.Atomic layer deposition of Lewis acidic 

aluminum species on mesoporous silica-

alumina with Brønsted acidity for cascade 

catalysis 
 

5.1 Introduction 

Solid acid, as the most popular heterogeneous catalyst, has received much research and 

industrial interest in promoting sustainable hydrocarbon transformation and biorefining. 

Among solid acids, due to the advantages of tunable surface acidity of both Lewis acid site 

(LAS) and Brønsted acid site (BAS), large specific surface area, adjustable porosity, and cheap 

synthesis, aluminosilicate materials attracted the most attention393-395. Generally, on crystalline 

aluminosilicates, such as zeolites, the penetration of four-coordinated aluminum species into 

the tetrahedral silica framework contributes to the establishment of BAS via the formation of 

bridging hydroxyl structure for compensating local negative charges396, whereas the 

dihydroxylation, steaming, or dealumination resulting in extraframework Al species on zeolites 

are believed to be the origin of surface Lewis acidity397. Therefore, both BAS and LAS on 

zeolites contribute to the bi-acidic catalysts, where a synergistic effect between Brønsted-Lewis 

pairs has been observed398, 399. The synergistic effect gives enhancement of Brønsted acidity 

for the catalysis400,401, , and the cooperation between both acid sites leads to the enhanced 

performance of multistep catalytic conversion402, 403.   

However, the spatially adjacent BAS-LAS pairs on zeolites generally contribute to the ultra-

strong acidity of BAS via LAS withdrawing electron pair from the BAS hydroxyl group. This 

is beneficial only for catalytic reactions that require strong acidity. For example, with a spatial 

interaction between a Lewis acidic Zn2+ cation and Brønsted acidic SiOHAl, the synergetic 

effect contributes to an ultra-strong BAS that enhances the activation of the methane C-H 

bond404. The Ga3+-BAS pair results in the enhanced acid strength of Ga-modified ZSM-5, 

which contributes to an enhanced aromatic selectivity on methanol-to-aromatic conversion405. 

Caused by the polarizing effect of multivalent extraframework Al cations on the SiOHAl group 

of BAS, the BAS shows a much stronger interaction with the basic probe molecule of 

acetonitrile (CD3CN) compared to that of zeolite H, Na-X and H, Na-Y406. Nevertheless, the 

ultra-strong acid site limits the cascade reaction on both sites and results in lower selectivity 
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for the target products due to side reactions such as over-oxidation395, 407, 408. Additionally, the 

microporous nature of zeolites restricts the entry and diffusion of bulky biomass molecules, 

limiting their access to the active sites, which further hurdles performance. 

In this research, we develop the synthesis strategy to separate BAS and LAS in geometry and 

promote the cascade reactions on both acid sites via atomic layer deposition (ALD) of the LAS-

based domain on BAS-based supports. ALD, as a method to grow thin films, has been 

considered as a way to coat uniform conformal overlayers and tune the surface properties of 

catalysts within defined overlayer regions409. Currently, ALD has been mainly applied in BAS 

formation and improvement of silica-alumina catalysts. Stair et al.410 observed the BAS 

formation ability of the ALD-deposited non-acidic SiO2 overlayer on alumina. The formed 

BAS-based (AlO)3Si(OH) sites showed enhanced catalytic performance on cyclohexanol 

dehydration. Ardagh et al.411 demonstrated the criticalness of the thickness of the overcoat layer 

to the formation of BAS on the external surface. They found that the catalyst with ~2 nm 

coatings of SiOx on Al2O3 substrate gives the highest BAS concentration and the prepared BAS 

on the external surface leads to enhanced performance on 1,3,5-triisopropylbenzene cracking. 

Similarly, coating alumina on silica also contributes to BAS. Krishna et al.412 identified the 

formation of surface BAS between the ALD-formed alumina overlayer and the silica substrate. 

With 5-10 ALD cycles, the majority of isolated SiOH can be covered, contributing to an 

enhanced concentration of BAS. Nevertheless, little research focuses on the formation and 

development of LAS via ALD on silica-alumina catalysts.    

Herein, via atomic layer deposited alumina, we develop an LAS-based domain on the external 

surface of a BAS-based mesoporous silica-alumina substrate and hide the majority of the 

intrinsic BAS of the substrate inside the nanopores. Thus, BAS and LAS have been separated 

by the geometry in the catalysts, which is promising for cascade reactions with controlled 

diffusion. The geometry of the prepared catalysts and the distribution of ALD alumina are 

characterized by High-Resolution Transmission Electron Microscopy (HRTEM) combined 

with Electron Energy Loss Spectroscopy (EELS) mapping. Multinuclear ssNMR was used to 

characterize the BAS and LAS of the samples. Among biomass conversions, converting 

glucose into platform chemicals 5-hydroxymethylfurfural (HMF) stands as one of the most 

promising routes for green chemistry394, 413. Thus, the typical biorefining cascade glucose 

conversion is applied as the testing reaction for cascade performance of the prepared catalysts. 
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5.2 Results and Discussion 

5.2.1 Synthesis and geometry of ALD catalysts 

To construct the presicely controlled cascade architectural structure, the ALD cycles under 

elevated temperature were conducted in order to make nano-level architectural modification 

on the outermost surface. The TMA pulses led to the formation of the Al-C bonds on the 

outermost surface of the substrate via the replacement of surface silanol hydroxyl protons with 

Al ions, which provides the prerequisites of the formation of the unique geometry of alumina 

nanolayer on the silica-based substrates417. The following H2O pulse contributed to the 

replacement of the outermost surface Al-C bonds with Al-O bonds and led to the formation of 

alumina nanofilm. With more ALD cycles, the protons of surface AlOH groups can continue 

to be replaced by Al ions, leading to the increase in the thickness of the alumina nanolayer 

(Figures 5-1A-B).  

The geometry of the ALD silica-alumina catalysts has been visualized by high resolution 

transimission electron microscopy (HRTEM). As shown in Figures 5-1C-D, on the outermost 

surface of the prepared catalysts, a thin nanolayer with similar thickness (d = 3.0 nm and d = 

3.3 nm, respectively) can be observed. This finding is in line with the observation of a 

translucent covering layer in HRTEM images for Al2O3ALD-SiO2
419, SiO2MLD-TiO2

420, and 

AlALD-Pt/Al2O3
421. It supports that the ALD process predominantly creates an alumina 

nanolayer on the outermost surface as an overcoat instead of dispersing aluminium species into 

the nanopores or network lattice of the support, and which is independent of the substrate 

composition. Compared to the parent substrates, this is consistent with the observed the small 

reduction in surface area and pore volume characterized via Nitrogen adsorption/desorption 

(Figure S5-1 & S5-3, Tables S5-1 & S5-2), where the ALD-alumina overcoat geometrally 

partially fill or cap the mesopores. Besides, the absence of crystalline structure in HRTEM 

images agrees well with the X-ray amorphous structure (Figure S2), demonstrating that not 

only the amorphous nature of the material remained after ALD treatment, but also the alumina 

overcoat from ALD deposition maintained an amorphous geometry. The EDS elemental 

mappings in Figure 5-1E-F demonstrate the shell-like homogenous coverage of alumina thin 

overcoat on the support. The absence of an obvious isolated Al domain could contribute to the 

rapid surface Al-O-Al condensation422, hinting that no large aggregation of alumina had been 

formed during the ALD aluminum deposition. Furthermore, to visualize the detailed nano-level 

local geometry of the prepared cascade architectural silica-alumina, the Electron Energy Loss 

(EELS) EDS mapping has been applied. In the Figures 5-1G-H, the ALD deposited alumina 
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geometrically contributes to a nano-level shell with ca. 3 nm thickness. Table S5-2 summarizes 

the physiochemical properties of AlALD@high silica substrate samples. Based on the surface 

composition characterization via XPS surface elemental analysis, the surface n(Si)/n(Al)surface 

of the AlALD@high silica substrate are much smaller compared to that of the parent substrates 

(Tables S5-1 & 5-2). This finding also supports the visualized observation of the outermost 

surface distribution of alumina. 

Thus, with the characterization evidence mentioned above, regardless of the substrate, we 

demonstrated that the ALD process can generate shell-like thin alumina nanolayer with ca. 3 

nm in thickness (0.15 nm/cycle) on the substrate while having minimal effect on the existing 

global geometry (Figure 5-1B). 
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Figure 5-1 (A) Scheme of AlALD@high silica substrate synthetic approach; (B) Schemitic diagram of 

AlALD/high silica substrate; HRTEM images of (C) AlALD/m-SA and (D) AlALD/m-S; EDS mapping 

image of (E) AlALD/m-SA and (F) AlALD/m-S; Electron Energy Loss EDS-Mappings of (G) AlALD/m-

SA and (H) AlALD/m-S 

5.2.2 Acidity characterization of ALD catalysts 

The characterization of acid sites and their local structure was performed by multinuclear solid-

state NMR spectroscopy. With the ability of spin manipulation to avoid second-order 

quadripolar line broadening, 2D 27Al MQMAS NMR has been conducted (Figures 5-2A-B) 

for resolving Al coordination of ALD catalysts with higher resolution and which can be utilized 

to predict the surface acidity423. The isotropic chemical shift demonstrated the presence of four-

coordinated Al (AlIV, δiso = ca. 57 ppm), five-coordinated Al (AlV, δiso = ca. 36 ppm), and six-

coordinated Al (AlVI, δiso= ca. 7 ppm) in the samples. With the ALD of alumina on pure silica 

support (AlALD@m-S), the 2D 27Al MQMAS NMR spectrum and the corresponding 1D 27Al 
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MAS NMR spectrum of AlALD@m-S are similar to that of the pure  Al2O3
424

 (Figures 5-2B & 

5-2D). With the fitting on 1D 27Al MASNMR spectra for quantitative evaluation of Al species, 

the AlALD@m-S showed a dominat AlVI species (70.9%, Table 5-1), which was generally the 

contributor of the surface LAS425.  Differently, the 2D 27Al MQMAS NMR spectrum recorded 

both strong AlVI and AlIV signals of ALD-alumina on mesoporous silica-alumina (AlALD@m-

SA)(Figure 5-2A) and the corresponding 1D 27Al MAS NMR spectrum showed a relatively 

balanced  AlVI and AlIV ratio (36.2% and 45.5% for AlIV and AlVI, respectively, Figure 5-2C). 

Similar to AlALD@m-S, the surface exposed AlVI species on the ALD deposited alumina 

nanolayer can generate LAS on external surface of m-SA, while the AlIV species inside the 

silica network on nanopores of the m-SA support lead to the presence of BAS414.  

 

 

Figure 5-2 Sheared 2D 27Al MQMAS NMR spectra of (A) AlALD@m-SA and (B) AlALD@m-S. Contours 

between F1 and F2 dimensions have been assigned to aluminium species based on the isotropic chemical shift. 

(C) and (D) 
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Table 5-1 Summary of deconvolution results and DMFit calculated aluminum species molar ratio. 

Catalyst AlIV 

(%) 
AlV 

(%) 
AlVI 

 (%) 

AlALD@m-SA 36.2 18.3 45.5 

AlALD@m-S 21.3 7.8 70.9 

m-SA22 94.0 - 6.0 

 

With the help of the TMPO probe molecule, 31P MAS NMR has been utilized to quantitatively 

test the LAS and BAS acidity on ALD catalysts. Numerous studies demonstrated that TMPO 

can perform as a functional molecular probe for characterizing the type, strength, and 

accessibility of surface acid sites426-427. With accessible BAS inside nanopores, a hydrogen 

bond can be formed between the hydroxyl proton of BAS and the oxygen atoms of P═O, giving 

δ31P = 65 to 67 ppm in 31P MAS NMR spectra (Figure 5-3)428. The direct adsorption of TMPO 

on LAS also contributes to δ31P = 43-45 ppm in 31P MAS NMR spectra (Figure 5-3). This is 

attributed to the positive charge compensation of LAS by the electron cloud density around the 

31P nucleus. The chemical shifts observed in the 31P MAS NMR spectra of TMPO-loaded 

samples are indicative of the acidic strength of the acid sites within the catalyst. The chemical 

shifts observed suggest that this catalyst exhibits moderate acidity. 

The one-dimensional 31P MAS NMR spectra provies the quantitative information on the 

surface accessible acid sites (Figures 5-3A-C). With the predominant AlIV species on the m-

SA substrate, the m-SA support exhibits predominant Brønsted acidity of 0.17 μmol/g (Figure 

5-3A, Table S5-1). With the identified strong AlVI signal intensity, the AlALD@m-S had 

dominant surface LAS of 0.19 μmol/g (Figure 5-3B, Table S5-2). Because the network with 

pure silica (m-S) exhibits almost no acidity, this observation confirmed that the ALD process 

produces mainly LAS on the outermost surface of mesoporous silica. The generated 0.01 

μmol/g BAS could contribute to the BAS at the interface between the silica domain of the m-

S substrate and the ALD produced alumina nanolayer domain. In the AlALD@m-SA, the BAS 

has ten times higher concentration (0.10 μmol/g) compared to that of AlALD@m-S. It can be 

explained by the BAS originally existing on the mesopores of the m-SA support, which was 

not overlapped by the surface LAS generated by ALD process and was still accessible to the 

reactant (Figure 5-3C). This is in agreement with the predominance of BAS on m-SA (Figure 

5-3A). Besides, the lower BAS concentration in AlALD@m-SA compared to that of m-SA 

confirmed that the ALD generated alumina overlayer covered the majority of the BAS on the 

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/deconvolution


103 
 

external surface of the m-SA substrate, but leaves BAS on nanopores intact (0.17 μmol/g and 

0.10 μmol/g for m-SA and AlALD@m-SA, respectively, Table S5-1 & 5-2). Additionally, the 

similar LAS concentrations observed on both catalysts (0.19 μmol/g and 0.22 μmol/g for 

AlALD/m-S and AlALD/m-SA, respectively, Table S5-2) confirm that the identical ALD 

deposition contributes to the surface LAS on the outermost alumina nanolayer, and which is 

spatially and chemically independent with the BAS inside the nanopores. Thus, the spatially 

separated acid sites distribution has been drawn in Figure 5-3D, where BAS is located inside 

the nanopores and LAS on the external surface. 

 

Figure 5-3 31P MAS NMR spectra of (A)m-SA, (B)AlALD@m-S, and (C) AlALD@m-SA catalysts (*represent 

sidebands) (Black line: spectra, dash line: simulations; coloured blocks: components), (D) the proposed 

schemetic diagram of the acid site distrubution on AlALD@m-SA. 

5.2.3 Cascade Glucose Conversion on ALD catalysts 

The glucose conversion to HMF is a widely studied biomass value-added cascade reaction 

driven by bi-acidic catalysts and the selectivity of which is largely determined by the acidic 

properties of the catalyst430. It is widely accepted that the LAS promotes the isomerization of 

glucose to fructose, while BAS is responsible for the secondary dehydration step431, 432. For the 
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applied catalysts, with predominant accessible non-acidic SiOH, accessible surface BAS, and 

predominant surface LAS on m-S, m-SA, and AlALD@m-S surface, these catalysts are assigned 

to be catalysts with non-acidity, predominant Brønsted acidity, and predominant Lewis acidity, 

respectively. The AlALD@m-SA catalyst with LAS on the external surface and BAS inside the 

nanopores is assigned to the cascade structured bi-acidic catalyst, as characterized above.  

As shown in Figure S5-6, with the absence of acid site (m-S), only low conversion (CGlucose, 

180min = 21%) can be identified. The reaction rate constants could not be optimized from the 

non-linear least square regression (not shown). Moderate conversions of glucose can be 

observed on catalysts with either predominant Lewis acidity (AlALD@m-S, Figure 5-4A) or 

Brønsted acidity (m-SA, Figure 5-4B). With dominant surface Lewis acidity on the ALD 

deposited alumina overlayer of AlALD@m-S, the constant rates of glucose decomposition are 

doubled compared to non-acidic m-S (kG = 0.00309, and 0.00154 min-1, respectively, Table 

S5-4). This suggests the importance of LAS on glucose activation. And this is also consistent 

with the observed relationship between chemical hardness and experimental HMF yields in the 

rate-limiting step of glucose-to-fructose isomerization for six metal chlorides. 

 With only few accessible BAS on the interface of outermost alumina nanolayer and pure silica 

substrate, the selectivity of HMF did not increase obviously with the increase in reaction time 

(SHMF,60min = 13% vs SHMF,180min = 17%, respectively. Table 5-2). The accumulation of 

intermediate fructose with the evolution of time (Sfructose,180min = 20%) on the AlALD@m-S 

agreed well with the reported claim that the LAS contributes little to the dehydration of fructose 

but only the glucose isomerization. Consistently, regarding fructose dehydration, the observed 

low conversion rate and HMF selectivity on AlALD@m-S (CFructose, 90min = 40% and SHMF,90min 

= 13%, Figure 5-4D) proved that the predominant LAS contribute little to the dehydration of 

fructose to HMF.  

With predominant BAS, the m-SA catalyst showed enhanced glucose conversion and HMF 

selectivity, where HMF selective achieved a maximum of SHMF,180min = 39% (Figure 5-4B). 

The enhanced glucose conversion on BAS catalyst compared to LAS catalyst could be 

explained by the easier glucose isomerization compared to fructose dehydration at elevated 

temperature without acid sites, the former can occur faster with a smaller energy barrier433. The 

important role of BAS in producing HMF via dehydration step is also supported by the 

observed highest HMF selective on fructose dehydration (SHMF,45min = 76%, Figure 5-4E). The 
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observed catalytic performance of LAS catalyst and BAS catalyst is in good agreement with 

the importance of acid site identity for cascade glucose conversion. 

With a cascade architectural structure and the presence of spatially separated LAS and BAS, 

the AlALD@m-SA gave an much enhanced catalytic performance such that, after three hours of 

reaction, ca. 93% of glucose was converted, and high selectivity to HMF of 66% was achieved 

(Figure 5-4C). Additionally, as demonstrated by Table 5-2, the AlALD@m-SA showed the best 

catalytic activity regarding the calculation of turnover frequency (TOF). In the first 30 minutes 

of the reaction, the high TOF and relatively low HMF selectivity over AlALD@m-SA can be 

explained by the high concentration of only LAS on the outermost alumina nanolayer coated 

by the ALD process. Because the BAS are only present inside the nanopores of the support, 

the free surface diffusion of reactant directly to BAS is hindered408. The limited contact 

between glucose and/or glucose isomer at  the beginning of the reaction leads to the low initial 

selectivity of HMF. As the cascade glucose conversion reaction progresses, the HMF 

selectivity increased significantly while the fructose selectivity reduced on AlALD@m-SA. This 

is since the fructose produced further diffuses along the catalyst from outermost surface LAS 

to BAS inside the nanopores to produce HMF. It is also supported by the relatively high 

fructose selectivity at only the first hour of the reaction (Sfructose,60 min = 11%, Figure 5-4C). 

Consistently, in fructose dehydration, a relatively slower initial reaction speed on AlALD@m-

SA compared to m-SA with freely accessible Brønsted acidity has been recorded (Cfructose,15 min 

= 44% and Cfructose,15 min = 57%, respectively. Figures 5-4E-F). This is because the BAS on 

AlALD@m-SA is not distributed on the outermost surface but only distributed inside the 

nanopores.  

Except for the advantage of the control of diffusion from outermost surface LAS to BAS inside 

the nanopores, the spatial separation of LAS and BAS limits the synergistic effect, resulting in 

a more uniform distribution of acidity. It benefits the cascade catalytic performance of the 

AlALD@m-SA since side reactions such as over-oxidation and rehydration of HMF are 

preferred to occur on strong BAS and LAS434. Thus, with the control of diffusion and surface 

acidity, the cascade structured LAS-BAS system contributes to the enhanced cascade reaction 

performance. 

Glucose conversion has also been conducted on a powder mixture of BAS catalyst, m-SA, and 

LAS catalyst, AlALD@m-S (Figure S5-8), in order to construct a BAS-LAS system without 

cascade architectural structure resulted diffusion control. Under identical reaction conditions, 
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the reactant should have access to the active sites of physical mixture of BAS catalyst and LAS 

catalyst. Without diffusion control, the observed CGlucose, 180min = 63% and SHMF,180min = 33% 

are much lower than that of the cascade architectural structured BAS-LAS system, which well-

supports the importance of the spatially well-separated LAS and BAS for cascade reaction 

catalytic performance improvement. Through the comparison of catalysts with and without a 

cascade structure, our primary aim was to isolate and analyse the specific influence of the 

cascade architectural design. Furthermore, the beneficial effect of the BAS-LAS system with 

a cascade structure was evident from the significant enhancement in HMF selectivity when 

compared to other amorphous silica-alumina counterparts lacking a spatially-separated BAS-

LAS system. 

Compared to amorphous silica-alumina prepared by typical co-precipitation and sol-gel 

synthesis without the precise control of acid site location, with close n(Si)/n(Al) ratio (9.0, 9.0, 

and 7.5 for ASAco-precipitation, ASAsol-gel and AlALD@m-SA, respectively), the prepared 

AlALD@m-SA in this study showed more than nine-fold (AlALD@m-SA 66% vs ASAco-precipitation 

6.3%) and three-fold (AlALD@m-SA 66% vs ASAsol-gel 18.8%) enhancement in HMF yield at 

identical conditions43. Besides, under comparable reaction conditions, the AlALD@m-SA with 

a spatially separated LAS-BAS system showed better performance than the bi-acidic catalysts 

with disorderly arranged acid sites, such as zeolites of Sn-Beta, MCM41, ZSM-5, SBA15, etc 

(Table S5-3). 

Additionally, recyclability, an important performance factor for practical applications has been 

studied under identical reaction conditions. Figure 5-4H-J display the reusability of the 

catalysts. After recycling, only a slight reduction in glucose conversion has been observed for 

catalysts. These observations support that the ALD-deposited alumina overlayer can stay stable 

on the outmost surface of the support, which is independent of the stability of the substrate. 

The slight reduction might originate from the tiny amount of sample loss during the wash and 

activation processes among cycles. 

 

 

 



107 
 

 

Figure 5-4 Glucose conversion to HMF with (A)AlALD@m-S, (B)m-SA, and (C) AlALD@m-SA catalysts; Fructose 

dehydration to HMF with (D)AlALD@m-S, (E) m-SA, and (F) AlALD@m-SA catalysts; Recycling experiments for 

glucose conversion with (H)AlALD@m-S, (I) m-SA, and (J) AlALD@m-SA catalysts. Reaction conditions: 20 mg 

of AlALD@high silica substrate catalysts, 2 ml biphasic solution (DMSO/Water = 7/3) containing 60 mg glucose 

or fructose at 160°C under continuous stirring.  

Table 5-2 Summary of catalytic data of glucose conversion to HMF over the catalysts. 

Catalysts CGlucose
[a]

 (%) SHMF
[b] (%) SFructose

[b] (%) TOF[c] (h-1) 
AlALD@m-SA 59(93) 43(66) 11(3) 6.00 

AlALD@m-S 16(36) 13(17) 10(20) 1.26 

m-SA 24(81) 19(39) 9(4) 3.54 

m-S 3(21) 12(14) 18(13) - 

aCglucose= conversion of glucose. bSHMF= selectivity of HMF. They are provided after 60 mins of batch reaction, 

and the results after 180 mins of reaction are given in parentheses. c Turnover frequency (TOF) calculated based 

on the glucose conversion at 160oC within the kinetic range. 

 

Based on the characterizations and catalytic performance tests, the structure-acidity-catalytic 

performance relationship has been plotted (Figure 5-5). On the ALD-generated overcoat, the 

alumina nanolayer contains LAS with a high concentration on the outermost surface. The 

concentrated reactant glucose efficiently isomerizes into intermediate fructose on the outermost 
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surface. Because the distribution of BAS is predominantly inside the nanopores of the silica-

alumina substrate instead of the alumina overlayer, the physical distance between LAS and 

BAS limits the surface diffusion of the absorbed glucose. This results in the introduced glucose 

always coming into contact with the surface LAS first, followed by the produced isomer, i.e. 

fructose, coming into contact with the BAS inside the nanopores. The unique geometric 

distribution of the LAS on the outermost overlayer and the BAS inside the nanopores 

effectively promote the stepwise diffusion and occurrence of the cascade reaction of glucose 

isomerization and fructose dehydration.  

 

Figure 5-5 Proposed cascade reaction scheme for glucose conversion into HMF on AlALD@m-SA 

5.3 Conclusions 

In conclusion, this work demonstrates the design of a bi-acidic solid acid catalyst with cascade 

architectural structured BAS and LAS. Via the TEM, EELS visualizations and 1D, 2D ssNMR 

methodologies, we successfully demonstrated that the alumina overcoat produced by the ALD 

process mainly contributes to the formation of LAS on the external surface. With the BAS 

inside the nanopores of the silica-alumina substrate, the LAS on the outermost surface and BAS 

inside the nanopores are geometrically separated, thereby leading to the formation of cascade 

architecturally structured surface acid sites with moderate and uniform acidity. We also 

demonstrated that with directional diffusion of glucose reactant from the LAS domain to the 

BAS domain, excellent catalytic performances on both glucose conversion and HMF 

selectivity have been observed over the AlALD@m-SA. The superior catalytic performance of 

the cascade structured AlALD@m-SA, compared to its counterparts without the cascade 
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architectural structure, including ASAsol-gel, ASAnano-domain, and previously published zeolites 

such as ZSM-5, zeolite H, and SBA-15 (refer to Table S5-3), highlights the significance of the 

cascade architectural structure in enhancing the cascade reaction performance. This 

observation reinforces the potential of the cascade design for optimizing catalytic processes. 

Thus, this work paves the way for designing bi-acidic catalyst with unique cascade architectural 

structure for efficient cascade reactions. 

5.4 Appendix 

5.4.1 Physiochemical properties characterization  

Transmission electron microscopy images have been obtained to characterize the micro-level 

structure of parent nanoreactor substates. The addition of Al (Si/Al = 35.44, table S1) shows 

little influence in the mesopores structure. 

 

Figure S 5-1 HRTEM image of (A) m-SA and (B) m-S 

No crystalline alumina or silica peak can be observed in the wide-angle XRD pattern for 

substrates (Figure S5-1). This suggests that the addition of alumina have no affection on the 

nanoreactor amorphous global structure. After AlOx-rich films grafting on the surface, the 

amorphous nature of substrates has been maintained.  
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Figure S 5-2 wide-angle XRD patterns of (A) ALD catalysts (B) parent amorphous nanoreactor substates 

The doping of alumina into nanoreactor shows no affection on the mesoporous structure of the 

substates. Both parent substrates show mesopores with diameter ~ 2.5 nm. After the processes 

of atomic layer deposition, the unmodified type IV isotherms suggest that the samples kept 

mesoporous structure after TMA grafting, the mesoporous structure has been maintained. 

 

Figure S 5-3 (A) N2 adsorption/desorption isotherms, and (B) BJH pore size distribution calculation for parent 

nanoreactor substrates, (C) N2 adsorption/desorption isotherms, and (D) BJH pore size distribution calculation 

for ALD catalysts. 
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Table S 5-1 Summary of surface area, average pore size, pore diameter, and Si to Al molar ratio of parent 

MCM41 substates. 

Sample SA[a] 

(m2/g) 

VPore
[a] 

(cm3/g) 

dBJH
[a] 

(nm) 

BAS 

(μmol/g) 

LAS 

(μmol/g) 

Si/Al[b] 

 

m-S 1154.0 0.79 2.65 - - NA 

m-SA 1222.7 1.05 2.65 0.17 0.01 35.44 

[a]The specific surface area (SA), volume of pores (Vpore), and pore diameter (dBJH) of AlALD/nanoreactor catalysts 

were determined from the adsorption of the N2 isotherms and corresponding BJH calculation. [b]The surface 

composition ratio was determined by X-ray photoelectron spectroscopy elemental analysis.  

 

Table S 5-2 Summary of physiochemical properties of AlALD@high silica substrate catalysts. 

Catalysts SA[a] 

(m2/g) 

VPore
[a] 

(cm3/g) 

dBJH
[a] 

(nm) 

n(Si)/n(Al)[b] 

 

LAS[c] 

(μmol/g) 

BAS[c] 

(μmol/g) 

L/B 

AlALD/@m-S 789.1 0.57 2.66 9.07 0.19 0.01 19 

AlALD@m-SA 686.0 0.45 2.52 7.51 0.22 0.10 2.2 

[a]The specific surface area (SA), volume of pores (Vpore), and pore diameter (dBJH) of AlALD@high silica substrate 

was determined from the adsorption of the N2 isotherms and corresponding BJH calculation. [b]The surface 

composition ratio was determined by X-ray photoelectron spectroscopy elemental analysis. [c] The acidity of 

Brønsted acid sites (BAS) and density of Lewis acid sites (LAS) were calculated based on the simulation and 

integration of 31P MASNMR spectra. 

 

5.4.2 Local structure characterization 

 

Figure S 5-4 1H MASNMR spectra of (A) Dehydrated AlALD@m-SA and (B) Dehydrated AlALD@m-S; (Black 

line: spectra, dash line: simulations; coloured blocks: components). 

The nature of surface BAS, the spatial distribution of proton and aluminum species in the 

AlALD/nanoreactor can be visioned by 1H/27Al TRAPDOR NMR spectra. As shown in Figure 

S5-5, characteristic peaks at δ1H = 2.1 and 0.3 ppm can be evidenced for both samples. This 

suggests that these proton species have spatial correlation with aluminum species, identified 
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by the promoted dipolar couplings and the 1H and 27Al pair dephasing shown in the difference 

spectra (ΔS).  

 

Figure S 5-5 The 1H/27Al TRAPDOR NMR spectra of (A)AlALD@m-SA and (B) AlALD@m-S (Si. S0 (blue 

regions): spectra obtained without REDOR pulse; S (red regions): spectra obtained with 100W 27Al dephasing 

pulse. ΔS (Purple regions): difference spectra = S0-S. 

5.4.3 Glucose Conversion and Fructose Conversion to HMF 

 

Figure S 5-6 Glucose conversion to HMF on m-S substrate; Reaction conditions: 20 mg catalysts, 2 ml biphasic 

solution (DMSO/Water = 7/3) containing 60 mg glucose at 160 °C under continuous stirring. 
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Figure S 5-7 Fructose conversion to HMF on m-S substrate; Reaction conditions: 20 mg catalysts, 2 ml biphasic 

solution (DMSO/Water = 7/3) containing 60 mg fructose at 160 °C under continuous stirring. 

 

Figure S 5-8 Glucose conversion to HMF on physical mixture of BAS-dominated m-SA and LAS-dominated 

AlALD@m-S catalysts; Reaction conditions: mixture of 10 mg of m-SA and 10 mg AlALD@m-S, 2 ml biphasic 

solution (DMSO/Water = 7/3) containing 60 mg glucose at 160 °C under continuous stirring. 
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Table S 5-3 Summarized HMF yield from glucose conversion on difference typical heterogeneous catalysts 

Catalysts Maximum HMF 

yield (%) 

Reference 

 

AlALD@m-SA 61 This work 

AlALD@m-S 7 This work 

m-SA 32 This work 

m-S 3 This work 

Zr-MCM41 23 436 

Cr-USY zeolites 27 437 

Hβ-zeolite   49 438 

Fe/β zeolite 61 439 

d-SA/30 ASA 64 440 

Nb(0.05)-Beta 18 zeolite 81 441 

CrOx–Y zeolite 53 442 

Cu–Cr/ZSM-5 zeolite 52 443 

Ga-deAl-HY 35 444 

Sn-deAl-HY 22 444 

Cu-ZSM5  42 445 

Sn20/γ-Al2O3  28 446 

Nb-SBA-15 51 447 

CrCl2-Im-SBA-15 28 448 

 

5.4.4 Kinetic study  

To study the influence of varied acid sites on the cascade reaction rate, the chemical kinetic of 

such reactions on different catalysts have been studied with a pseudo homogeneous first-order 

kinetic model449. Figure S5-9 shows the reaction pathways for the establishment of the first-

order kinetic model, where four steps have been considered with the assumption of all reactions 

are irreversible. Except considering the reaction rate of initial glucose isomerization which 

could be accelerated on LAS (k1) and fructose dehydration on BAS (k2), respectively, the 

model also considered the rate of side reactions of degradation of glucose and fructose to 

humins and other soluble products (k3 and k4). The reaction rate equations can be expressed as 

follows450,451: 
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−
𝑑𝐶𝐺

𝑑𝑡
= 𝑘𝐺𝐶𝐺                                                                                                                                 (S1) 

𝑑𝐶𝐹

𝑑𝑡
= 𝑘1𝐶𝐺 − 𝑘𝐹𝐶𝐹                                                                                                                   (S2) 

𝑑𝐶𝐻

𝑑𝑡
= 𝑘3𝐶𝐹                                                                                                                                (S3) 

𝐶𝐺 = 𝐶𝐺,𝑖𝑛𝑖𝑡𝑎𝑙𝑒
−𝑘𝐺𝑡                                                                                                                     (S4) 

𝐶𝐹 =
𝑘1𝐶𝐺,𝑖𝑛𝑖𝑡𝑎𝑙

𝑘𝐹−𝑘𝐺
(𝑒−𝑘𝐺𝑡 − 𝑒−𝑘𝐹𝑡)                                                                                                                     (S5) 

𝐶𝐻 =
𝑘1𝑘3𝐶𝐺,𝑖𝑛𝑖𝑡𝑎𝑙

𝑘𝐹−𝑘𝐺


𝑘𝐹(1−𝑒−𝑘𝐺𝑡)−𝑘𝐺(1−𝑒−𝑘𝐹𝑡)

𝑘𝐺𝑘𝐹
                                                                                           (S6)  

Where kG and kF equal to the sum of k1 and k3, and k3 and k4, respectively. G, F, and H represent 

glucose, fructose, and 5-HMF, respectively. 

To verify the validity of the kinetic model, the analytical expression can be displayed as Eq. 

S8. 

ln(𝐶𝐺/𝐹) = −𝑘𝐺/𝐹𝑡 + ln (𝐶𝐺/𝐹,𝑖𝑛𝑖𝑡𝑎𝑙)                                                                                                 (S7) 

−ln(1 − 𝑋) = 𝑘𝐺/𝐹𝑡                                                                                                                    (S8) 

Where X is the glucose/fructose conversion. 

As shown in Figures S5-9B-C, a linear fit on-ln (1-X) versus time (R2 > 0.90) for glucose and 

fructose conversion can be observed for all catalysts. This observation confirmed the reaction 

kinetics were governed by first-order rate equations. Compared with mono-acidic catalysts 

(AlALD@m-S and m-SA), with the presence of a separated LAS-BAS system on AlALD@m-SA, 

the constant rates of k1 and k3 reach maximum. 
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Figure S 5-9 (A) Reaction pathways of cascade glucose conversion to 5-HMF; (B) -ln (1-X) versus time for 

glucose conversion (C) -ln (1-X) versus time for fructose conversion on AlALD@m-SA (red), AlALD@m-S (blue), 

m-SA (purple), m-S (grey). 

Table S 5-4 Kinetic parameters of cascade glucose conversiona. 

Catalysts kG (min-1) k1 (min-1) k2 (min-1) kF (min-1) k3 (min-1) k4 (min-1) 

AlALD@m-SA 0.01632 0.00986 0.00646 0.04284 0.03316 0.00968 
AlALD@m-S 0.00309 0.00256 0.00053 0.00341 0.00074 0.00267 

m-SA 0.01166 0.00637 0.00529 0.04471 0.03001 0.01470 
m-Sb 0.00154 - - 0.00308 - - 

aThe global error is less than 5 × 10−5. bNo acceptable optimization could be obtained for k values. 
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6.summary and future work 
In conclusion, the works summarised in this thesis highlights the potential of amorphous 

alumina materials to be used as solid catalysts for green and sustainable processes for high-

value chemical production from biomass. Amorphous alumina based solid materials showed 

advanced performance in biomass conversion compared to its crystalline counterparts mainly 

due to the non-restricted mass transfer and the large amount of active surface-exposed penta-

coordinated aluminium species. Specifically, with an oxygen vacancy as defect site, penta-

coordinated aluminium species have shown enhanced performance to be utilised as surface 

sites for both Bronsted acid site and Lewis acid site construction 

In summary, this thesis underscores the promising prospects of utilizing amorphous alumina 

materials as robust catalysts in environmentally friendly and sustainable processes for 

generating valuable chemicals from biomass. Amorphous alumina-based solid materials have 

demonstrated enhanced efficacy in biomass conversion when compared to their crystalline 

counterparts. This can primarily be attributed to their unhindered mass transfer capabilities and 

the abundant presence of exposed penta-coordinated aluminum species on their surfaces. In 

particular, penta-coordinated aluminum species, with an oxygen vacancy as a defect site, have 

exhibited enhanced potential as active sites for constructing both Bronsted acid and Lewis acid 

sites. 

However, when considering the synthesis process, it is more challenging to create materials 

containing ample surface-active AlV sites within alumina under mild conditions compared to 

generating AlIV species with surface activity. This difficulty arises because AlV species 

typically exhibit significantly distorted local structures, while AlIV and AlVI species with more 

symmetrical local structures have a greater likelihood of forming in crystalline alumina. 

Consequently, effort will be made to explore methods for increasing the prevalence of AlV 

species in Al-containing systems, especially those with crystalline structures in the future. This 

pursuit is crucial for facilitating the development of active AlV sites in diverse systems and 

expanding their utility in catalytic applications. 

Furthermore, owing to the inherent distorted local structure of AlV species, elucidating the 

geometric and electronic properties of an AlV-enriched system poses a formidable challenge. 

Conventional analytical methods like X-ray diffraction, transmission electron microscopy, and 

X-ray absorption spectroscopy are suboptimal for characterizing AlV-enriched systems. Even 

the most promising technique, solid-state nuclear magnetic resonance, has limitations in 
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resolution. Consequently, efforts will be dedicated to explore methodologies for using ssNMR 

to characterize the local structure and acidity of alumina-containing materials. Additionally, 

efforts will be endeavoured to develop in-situ ssNMR techniques that can unveil the 

relationships between local structure, acidity, and catalytic activity of surface aluminum 

species. 

Moreover, since there are currently no established comprehensive models for AlV-rich 

amorphous materials, density functional theory (DFT) investigations yield contradictory 

insights and, to some extent, do not align with experimental findings. Hence, additional efforts 

should be dedicated to formulating a coherent and generalized DFT model for AlV-enriched 

systems. This model should be instrumental in deepening our understanding of the role played 

by AlV species in various catalytic reactions. 

Last but not least, it is worth noting that the present technique for producing AlV-based solid 

catalysts is rather intricate, involving an extremely high-temperature Flame Spray Pyrolysis 

process. Furthermore, the resulting particles possess a relatively modest surface area and lack 

a porous structure. In light of this, efforts should be made to design an economical and scalable 

method to fabricate AlV-based solid catalysts with a nanoporous structure holds significant 

promise for enhancing the eco-friendly and sustainable production of high-value chemicals 

from biomass. 
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