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CONSPECTUS: Silica–alumina catalysts, including zeolites and amorphous silica-aluminas 

(ASAs), are amongst the most widely used solid acid catalysts and supports to produce 

petrochemicals, fine chemicals, and renewable energy. The coordination, distribution, and 

interactions of aluminum in ASAs have an enormous impact on their acidic properties and catalytic 

performance. Unsaturated tetracoordinated aluminum (AlIV) species are commonly accepted as the 

key sites in generating catalytically active Brønsted acid sites (BASs) in silica-alumina catalysts. 

Extensive efforts focus on increasing the concentration of AlIV as the main route to enhance their 

Brønsted acidity for efficient catalysis. However, increasing the AlIV concentration either weakens 

the acid strength in zeolites or lowers Brønsted acidity in ASAs at high Al/Si ratios, impeding 

acidity enhancement of these popular catalysts. 

“Penta-coordinated aluminum (AlV) species” are potential unsaturated Al species like AlIV but 

rarely observed in silica-aluminas, and thus, are widely considered unavailable for BAS formation 

or surface reactions. In this Account, we will describe novel strategies for the controlled synthesis 

of AlV-enriched ASAs and corresponding supported metal nanocatalysts using flame spray 

pyrolysis (FSP) techniques and highlight the contribution of AlV species in acidity enhancement, 

together with their structure-activity relationship in the conversion of biomass-derived compounds 

into valuable chemicals. Using various in situ and advanced 2D solid-state NMR (SSNMR) 

experiments, the studies of the acidic properties and local structure of AlV-enriched ASAs reveal 

that AlV species can highly populate on ASA surfaces, promote BASs formation and facilitate 

adaptable tuning of BASs from moderate to zeolitic strength by synergy with neighboring Al 

species. Moreover, the BASs with enhanced acidity can work jointly with surface Lewis acid sites 

or metal active species for bifunctional catalysis on AlV-enriched ASAs. Compared to zeolites, 

these AlV-enriched ASAs are highly active in acid-catalyzed biomass conversion, including 
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alcohol dehydration and sugar conversion reactions, as well as in promoting the performance of 

supported metal catalysts in chemoselective hydrogenation of aromatic ketones. These new 

insights provide a state-of-the-art strategy for strongly enhancing the acidity of these popular 

silica-alumina catalysts, which offers an interesting potential for a wide range of acid and 

multifunctional catalysis. 
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for the controlled synthesis of AlV-rich ASAs with higher Brønsted acidity. 
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1. Introduction 

Heterogeneous catalysts dominated the global catalyst market with a revenue of USD 18.0 

billion in 2018, motivated by reducing manufacturing costs, emissions, and wastes. Cost-effective 

alumina and its mixed oxides, amorphous silica-aluminas (ASAs), are among the most popular 

heterogeneous catalysts and supports for active metal species, extensively used in polymer, 

chemical, automobile, biorefinery,  and petrochemical industries. Their catalytic functions strongly 

depend on the surface coordination and distribution of Al species and their cooperation with other 

functional groups and active species.1-5 Tetrahedral and octahedral coordination (AlIV and AlVI) 

are the dominant Al coordinations on alumina and ASAs, however, current efforts in tuning the 

concentration of  AlIV and AlVI species are insufficient for promoting the catalytic activity of 

alumina and ASAs. Typically, unsaturated AlIV species interacting with neighboring SiOH can 

contribute catalytically active Brønsted acid sites (BASs), while the AlVI species are associated 

with introducing Lewis acidity on ASAs. However, increasing the population of AlIV species can 

significantly reduce the BAS density in ASAs at Al/Si ≥ 3/7,6 while α-Al2O3 containing 

exclusively AlVI species exhibits nearly no Lewis acidity and is catalytically inactive.7  

Pentahedral coordination (AlV) is a transition coordination between AlIV and AlVI, which 

recently attracted great interest as a potential candidate for increasing the acidity of alumina and 

ASAs. AlV species have been identified as defects of AlVI species with an oxygen vacancy,8 serving 

as Lewis acidic sites (LASs) catalyzing versatile reactions (e.g. alcohol dehydration),9-10 as well 

as for anchoring single-metal catalysts (e.g. Ag, Pt, and Pd) to improve their catalytic activity and 

stability.11-13 Besides, theoretical calculations have suggested that AlV species could promote BAS 

formation in ASAs as typically proposed for AlIV.14 Therefore, increasing the AlV concentration 

in alumina and ASAs is promising for both enhancing surface Lewis acidity and Brønsted acidity, 
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thereby overcoming the limitations of current efforts in tuning the concentration of AlIV and AlVI 

species. 

Despite the various potential functions of AlV species in catalysis, there are still many 

challenges to be addressed from theory to practice, such as novel approaches for synthesizing AlV-

enriched catalysts and understanding their structure-activity relationship in catalytic reactions. 

ASAs prepared by conventional wet-chemistry and post-synthetic modification techniques consist 

mainly of AlIV and AlVI species.15-17 AlV species could be generated during phase transformation 

of γ-alumina to α-alumina under high-temperature calcination (AlV < 17 at.%),7 however, the 

synthesis of AlV-enriched ASAs remains difficult. Furthermore, AlV species are rarely populated 

on the surfaces of alumina and ASAs,18-19 even when stabilized by hydroxides and oxides (AlV < 

4 at.%), which impedes AlV sites to promote catalytic reactions by generating BASs via interaction 

with surface SiOH groups, and cooperating with other functional groups and active sites for multi-

functional catalysis. Therefore, it is technically difficult to characterize the structure, connectivity,  

and relationship of AlV species in the presence of other surface species and guest molecules at such 

low concentrations, hindering the investigation of their intrinsic behavior in promoting the surface 

acidity of ASAs for efficient catalysis.  

This account will describe a new frontier to fabricate acidity-enhanced ASAs based on AlV 

species for efficient catalysis and multi-functional catalysis with high efficiency. A novel strategy 

for tailoring AlV-enriched ASAs under control by flame-spray pyrolysis (FSP) techniques will be 

introduced, showing the dominant role and high surface availability of AlV species through host-

guest interaction. First spectroscopic evidence for AlV promoting BAS formation and significantly 

enhancing BAS strength through a synergistic effect will be highlighted. Then, detailed structure-

acidity-activity correlations of AlV sites and their cooperation with other functional groups and 
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active sites of ASAs will be elucidated in various acid-catalyzed reactions on AlV-enriched ASAs, 

supported by fruitful state-of-the-art characterization techniques.  

2. AlV species enriched on ASA surface 

Flame spray pyrolysis (FSP) techniques are powerful in the synthesis of multi-component 

nanoparticles dominated by metastable phases and polymorphs20 and thus have been adopted to 

prepare ASAs enriched with metastable AlV species. FSP is an emerging one-step method to 

combine synthesis and calcination of multi-component nanoparticles within milliseconds. When 

using FSP, Al and Si precursors are homogeneously mixed in a suitable solvent, nebulized by a 

flow of oxygen, and ignited by an annular methane/oxygen flame for combustion at high 

temperature (up to 2000 K), followed by fast quenching to room temperature. The oxygen-rich 

atmosphere and fast cooling rate using FSP is expected to ‘freeze’ metastable species like AlV 

species inside the nanoparticles. In contrast, ASAs prepared by wet-chemistry and post-synthetic 

modification techniques often require high-temperature (ca. 773~1073 K) calcination and a slow 

cooling rate. The calcination process normally takes hours to days, facilitating atomic 

rearrangements of Al to thermodynamically stable AlIV and AlVI species, rather than metastable 

AlV species in ASAs. 

Using FSP, AlV-enriched ASAs are successfully synthesized using e.g. methanol/acetic 

acid (1:1 by volume) mixture as solvent/fuel,5 designating as SA/X, where X represents the atom% 

of Al in the precursor. 27Al multiple quantum MAS (MQMAS) experiments are commonly used 

to determine the coordination and the local asymmetry of Al nucleus,21 by which, dominant AlV 

and AlIV species with trace AlVI species in dehydrated SA/X catalysts are observed (Fig. 1a and 

1c). Their concentrations are determined by simulating corresponding 1D 27Al NMR spectra using 

quadrupole parameters obtained in 27Al MQMAS experiments as exemplified in Table 1. AlV 
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species are often reported to be associated with AlVI species in alumina or at interfaces between 

alumina and mixed silica-alumina phases in ASAs.7, 22 The absence of AlVI species indicates that 

the formation AlV species is virtually independent of the alumina phase in flame-derived ASAs, 

as supported by an XRD amorphous and alumina-free lattice structure in HRTEM.1  

 

Figure 1. 27Al MQMAS NMR spectra of SA/10 (a, b) and SA/30 (c, d) after dehydrated at 723 K 

(a, c) and after rehydration (b, d), recorded at a magnetic field of 16.4 T. EDX images of SA/10 

(e, f) and SA/30 (g, h). Reproduced with permission from ref. 1. Copyright 2019 Elsevier. (i) 3D-

APT reconstruction of isolated SA/10 nanoparticles. Reproduced with permission from ref. 3. 

Copyright 2020 Nature Research. 

Table 1. Al concentration and population density of BASs in AlV-enriched ASAs. Reproduced 

with permission from ref. 4. Copyright 2019 Elsevier and ref. 5 Copyright 2010 Wiley. 

 AlIV 

(at.%) 
AlV 

(at.%) 
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(at.%) 
BAS density 
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SA/30 51 48 1 11.1×10-2 
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SA/50 42 51 7 13.4×10-2 

SA/70 41 55 4 15.1×10-2 

 

Surface Al species could be identified through host-guest interaction using pertinent probe 

molecules. Upon water adsorption, partial hydrolysis of surface AlIV species to AlVI species is 

often observed in zeolites and ASAs,23-24 as well as strong reduction of the local asymmetry of Al 

species.18, 24 The high surface availability of AlV species in ASAs is demonstrated by converting 

most AlV species (up to 34.7 at.%) into AlVI species upon rehydration (Fig. 1b and 1d).  

Unsaturated surface Al species distributed in the silica network could enhance the acid 

strength of neighboring SiOH groups in ASAs, as typically proposed for AlIV species. In AlV-

enriched ASAs, EDX atom mapping (Fig. 1e-h) and the reconstruction of the 3D structure by atom 

probe tomography (APT, Fig. 1i) shows that Al species are homogeneously distributed into the 

silica network,1, 3 which is further supported by a systematic change of the 29Si NMR signal with 

increasing Al addition.4-5 Therefore, the AlV species highly populated on ASA surfaces exhibit a 

high predisposition to interact with surface SiOH groups, which are promising BASs as proposed 

in DFT calculations.14 

3. Brønsted acid sites formed based on AlV species  

AlV species interacting with surface SiOH groups are considered to be BASs, however, 

identifying the interaction between Al species with different coordinations and surface SiOH 

groups in ASAs is rather demanding. Conventional 27Al magic-angle spinning (MAS) 1D SSNMR 

techniques, such as 1H/27Al transfer of population in double resonance (TRAPDOR) and 27Al{1H} 

cross-polarization MAS experiments, could probe OH groups with neighboring Al sites without 
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distinguishing their coordination.25 Various advanced two-dimensional (2D) SSNMR experiments 

are employed to determine the composition, structure, connectivity, and correlations between Al 

species and/or protons with other probe molecules on zeolites.26-27 However, their applications in 

the study of ASAs is quite challenging due to the signal of low sensitivity and strong overlapping, 

caused by the absence of long-range ordering of the constituents and wide coordination distribution 

of Al species. In terms of the dispensable role of AlV species in conventional ASAs, the detection 

of BASs formed on AlV species is unachievable.  

Using AlV-enriched ASAs provides a great chance to investigate the correlations between 

AlV species and surface functional groups, such as BASs generated by AlV species having 

neighboring SiOH groups. 27Al-{1H} dipolar-mediated heteronuclear multiple quantum 

correlation (D-HMQC) 2D NMR experiments at high magnetic field (18.8 T) enable detecting 1H 

via 27Al nuclei. It shows that AlIV species pseudo-bridging to neighboring silanol oxygen (Fig. 2a) 

can enhance their acid strength to protonate ammonia (Fig. 2b), acting as BAS (AlIV-BAS). Similar 

behavior is observed with AlV species demonstrating connectivity between AlV species and SiOH 

groups, thereby contributing AlV-BASs (Fig. 2). In contrast to the general knowledge about AlIV-

rich ASAs, the BAS density shows an inverse correlation to the AlIV concentration in AlV-enriched 

ASAs but it correlates well to the increase of the AlV concentration (cf. Table 1). This observation 

indicates that the BAS density in ASAs can be promoted by the co-existence of AlV and AlIV 

species, other than replacing each other to reduce BAS density. 
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Figure 2. 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 νR = 20 kHz and τrec = 1.0 ms for dehydrated and τrec 

= 900 µs for ammonia-loaded sample, respectively. Reproduced with permission from ref. 2. 

Copyright 2016 Nature Publishing Group. 

 To gain deeper insight into candidate structures of AlV-BAS, density functional theory 

(DFT) and simulation studies were done.1, 28 The structure information of the optimized models 

derived from DFT calculations are in line with those obtained from SSNMR experiments. AlV 

species correlating to neighboring SiOH groups in dehydrated state have been confirmed in Fig. 

3a and 3c. The surface availability of AlV species is demonstrated by coordination transfer to either 

AlIV (Fig. 3b) or AlVI species (Fig. 3d and 3f) upon rehydration. Moreover, surface AlV species as 

part of small Al clusters in AlV-enriched ASAs are observed as well (Fig. 3e and 3f). These species 

are potential LASs as revealed by temperature-programmed desorption of ammonia-loaded AlV-

enriched ASAs.29 Moreover, 17O{1H, 27Al} resonance-echo saturation pulse double-resonance 

(RESPDOR) TRAPDOR experiments have been developed to determine the Al-OH distance by 
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measuring the 17O{27Al} TRAPDOR dephasing curves of hydroxyl oxygen28 These experiments 

facilitate discriminating the structure of AlV-BASs from two possible candidates, such as bridging 

OH groups (1.88–2.0 Å) and PBS (Pseudo-Bridging Silanol, 2.94–4.43 Å).14 Combining the 

experimental data with simulation curves demonstrates that the PBS model is the most feasible for 

BASs generated in AlV-enriched ASAs, for both AlV-BASs and AlIV-BASs (Fig. 3g). 

 

 

Figure 3. Optimized structure of AlV species in dehydrated states (a, c and e) and in corresponding 

rehydrated states (b, d, and f), both calculated at B3LYP/6-31g (d) theoretical level. Reproduced 

with permission from ref. 1. Copyright 2019 Elsevier. (g) 17O{27Al} TRAPDOR curves obtained 

from 17O{1H, 27Al} RESPDOR-TRAPDOR experiment were simulated to determine the Al-OH 
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distance, for discriminating the structure of AlV-BASs, corresponding to bridging silanols (black 

line, O–Al distance of 2 Å) and pseudo-bridging silanols (gray shaded area, O–Al distance range 

of 3 to 4.4 Å). Reproduced with permission from ref. 28. Copyright 2019 Royal Society of 

Chemistry. 

4. Strong BAS generated by the synergy of nearby Al species  

Besides promoting BASs formation in ASAs, increasing the BAS strength is a more 

challenging task to enhance their catalytic activity for various applications. In general, the acid 

strength of solid acids can be scaled using 2-13C-acetone as a probe molecule because a larger low-

field shift of the 13C NMR signal hints to higher acid strength. In classic AlIV-rich ASAs, 

exclusively moderate AlIV-BASs with a signal at δ13C = 213-215 ppm are commonly probed,30-31 

much weaker compared to bridging OH groups in zeolites (δ13C = 216-225 ppm).32 Although AlIV-

BASs and AlV-BASs are co-existing in AlV-enriched ASAs in SA/10, mainly moderate BASs can 

be detected (Fig. 4), hinting to similar acidic properties and structure of AlIV-BASs and AlV-BASs. 

So far, all models proposed for AlIV-BASs and AlV-BASs are based on one AlIV or AlV center 

interacting with a SiOH group,2 providing mainly moderate BAS strength, much weaker than 

BASs in zeolites.  
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Figure 4. 13C MAS NMR spectra of acetone-2-13C-loaded AlV-enriched ASAs. Reproduced with 

permission from ref. 5. Copyright 2010 Wiley. 

Evaluating the acid strength in AlV-enriched ASAs demonstrates that BAS with zeolitic 

strength (δ13C = 220-227 ppm) are generated in AlV-enriched ASAs at high Al/Si ratios (Fig. 4c).5 

Since the formation of zeolitic bridging OH groups is unfavorable in ASAs, exploring the novel 

structure experimentally and theoretically, is highly desired for developing strong BASs in 

ASAs.14, 28 FSP provides a homogeneous distribution of aluminum atoms in the silica network at 

low Al/Si ratio (Fig. 1e-i), while silicon atoms are highly dispersed throughout an alumina-rich 

matrix at high Al/Si ratio, showing that more than one Al center could be in proximity to the same 

silicon atom (Fig. 5a-e). The 27Al DQ-SQ 2D NMR spectrum of dehydrated SA/50 (Fig. 5f-k) is 

dominated by strong correlations between Al species, such as AlIV-AlV and AlV-AlV, while no 

obvious correlation between Al spins can be detected in dehydrated SA/10. In ASAs, a stronger 

polarization on the silanol oxygen by neighboring Al center(s) leads to a higher acid strength of 

the silanol proton. Since those strong correlations of Al species are independent of the formation 
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of an alumina phase, there is a high probability that they exist in the local structure of silanols. In 

terms of the significantly higher BAS strength in SA/50 than in SA/10, these strong correlations 

are proposed to promote BASs with zeolitic strength (Fig. 6a and 6b).  

 

Figure 5. (a-e) 3D-APT reconstruction of two isolated SA/50 nanoparticles showing all atoms. (f) 

27Al DQ-SQ 2D NMR spectrum recorded at 18.8 T with νR = 20 kHz of dehydrated SA/50. (g-k) 

Rows extracted from the 2D spectrum corresponding to the various autocorrelation and cross-

peaks. Reproduced with permission from ref. 3. Copyright 2020 Nature Research. 

A pseudo ‘oxygen tri- or tetra-cluster’ model (Fig. 6b) has been proposed to account for 

the strong BAS generated in AlV-enriched ASAs. An extra Al center pseudo-bounded to the same 

silanol could further polarize the silanol oxygen, and thus, enhance the BAS strength from weak 

to strong. This is similar to the situation reported for zeolites where the strength of bridging OH 

groups can be further enhanced through an electron density withdrawing effect by neighboring 

extra-framework Al species through a Brønsted/Lewis acid synergy.33 The formation of oxygen 

tri- or tetra-cluster are proposed for aluminosilicate glasses, and ASAs prepared by SiO2 grafted 

on Al2O3 supports, driven by the increasing ionicity at high Al/Si ratio.17, 34 Since the deposition 
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of organosilanes is based on their selective reaction with surface AlOH groups, including Al-OH-

Al groups, these works only focus on the Si atoms of the silanols bridging to Al-O-Al groups on 

Al2O3 supports, other than the silanol oxygen. In these models, neighboring unsaturated Al centers 

are scarce for stabilizing the silanolate formed after deprotonation of acidic SiOH groups, and thus, 

are less effective in promoting surface Brønsted acidity.  

 
Figure 6. Proposed models for BAS on ASAs generated by: (a) one Al center per SiOH for 

moderate BAS, and (b) two Al centers per SiOH group, leading to zeolitic acid strengths. 

Reproduced with permission from ref. 3. Copyright 2020 Nature Research. 

5. Structure−activity correlations study  

5.1. C-H activation over acidity-enhanced AlV-enriched ASAs  

Activation of C-H bonds over solid acids is a key step in industrial hydrocarbon conversion 

processes, such as (hydro-)cracking, alkylation, isomerization, and dehydrogenation reactions. 

Strong BASs could facilitate proton transfer to activate hydrocarbon molecules. As an example, 

zeolites having strong BASs are effective in the C-H bond activation of benzene promoting the 

alkylation processes of aromatic compounds.35-38 In situ 1H SSNMR demonstrates that H/D 

exchange is mainly occurring at bridging OH groups (δ1H = 4 ppm) in zeolite H-ZSM-5, which 
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significantly decreases with the compensation of a signal at δ1H = ca. 7.5 ppm by hydrogen bound 

to aromatic rings (Fig. 7a).  

  
Figure 7. Catalytic performance of H-ZSM-5 and AlV-enriched ASA in H/D exchange with d6-

benzene at 313 K. 1H MAS spectra at 9.4 T of (a) Zeolite H-ZSM-5 and (b) stack plot spectra of 

SA/50. (c) Kinetics and H/D exchange rates k for ZSM-5 (top), SA/50 (middle), and SA/10 

(bottom). Reproduced with permission from ref. 3. Copyright 2020 Nature Research. 

The remarkable enhancement of the Brønsted acidity in AlV-enriched ASAs could increase 

their activity in hydrocarbon conversion via C-H bond activation.2, 5 Using SA/50, the systematic 

decrease of the signal at δ1H = 1.8 ppm with increasing the signal at δ1H = 7.3 ppm indicates that 

the H/D exchange occurs at acidic SiOH groups (Fig. 6) on the ASA. Often, a higher H/D exchange 

rate k indicates a higher BAS strength, where k is determined by fitting corresponding kinetic data. 

A slightly higher k value was obtained with SA/50 than with H-ZSM-5 zeolite, and both values 

are much higher than that achieved with SA/10, indicating that the BAS strength increased in the 

order of SA/10 << H-ZSM-5 < SA/50, in line with 13C MAS NMR studies.5 Clearly, the synergy 

of more than one Al center inside silica networks can generate BAS with zeolitic strength and is 

therefore of great potential for enhancing the activity of ASAs for C-H activation reactions. 

5.2. Acidity enhancement and efficient biomass conversion using AlV-enriched ASAs  
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Green and sustainable chemical production from biomass-derived compounds is desirable 

to replace those produced from fossil feedstocks. Zeolites are extensively utilized in the conversion  

of hydrocarbons from fossil feedstocks and in biomass conversion reactions. However, biomass 

reactions often involve reactions of large molecules, resulting in mass transfer issues inside the 

small pores and channels of zeolites.39 

Nonporous ASAs provide virtually unconstrained diffusion of reactants/products to and 

from surface sites and are thus of great interest for biomass conversions. For example, 

dealuminated HY (De-Al-HY) zeolites are considered as the most active solid acids in the 

production of alkyl mandelates via redox disproportionative conversion of aromatic aldehydes 

such as phenylglyoxal (PG),40 which are important chiral building blocks in the synthesis of 

pharmaceuticals and fine chemicals.41 In general, strong BASs can activate reactant molecules for 

catalytic reaction more efficiently than moderate BASs. Higher turnover frequency (TOF) 

indicates higher activity of surface sites. However, ASAs (Si/Al ≤ 30%) consisting of moderate 

BASs afford up to 20 times higher TOFs than De-Al-HY with strong BASs (Table 2), which is 

attributed to the rapid adsorption/removal of reactants/products from the surface sites. SA/70 with 

enhanced BAS density and strength provided a 16% higher EM yield than De-Al-HY at the same 

reaction conditions. The higher activity of SA/70 has been further confirmed by PG conversion in 

i-propanol and showed generally excellent performance in various alkyl alcohols (Fig. 8a). This 

example indicates that the free surface diffusion of large molecules together with enhanced acidity 

are keys to the superior performance of ASAs.  

Table 2. Catalytic data of PG conversion to ethyl mandelate over ASAs and De-Al-HY. 

Reproduced with permission from ref. 42. Copyright 2013 American Chemical Society. 

Catalyst ABETa YEMb SEMc BASd LASd TOFse 
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m2/g (%) (%) mmol/g mmol/g (h-1) 

SA/0 156 0 0 0 0 0 

SA/10 377 56 93 0.098 0 10.2 

SA/30 248 67 94 0.111 0 10.5 

SA/50 222 81 95 0.134 0.003 10.5 

SA/70 200 97 97 0.151 0.008 10.5 

De-Al-HY35 671 81 90 0.865 1.75 0.57 

a The surface areas (ABET) of SAs were taken from ref. (8). b YEM = yield of ethyl mandelate in 

mol%. c SEM = selectivity to ethyl mandelate at 50% conversion. d Densities of BASs and LASs 

of ASAs and De-Al-HY are depicted from ref. 5 and ref. 35, respectively. e TOFs were calculated 

based on the conversion after 6 h reaction, including both BASs and LASs. 

 

Besides acidity enhancement and free mass transfer, biomass conversion on ASAs often 

involves multiple acid-catalyzed reaction steps. Bifunctional Brønsted-Lewis acid catalysts could 

promote reactions through the concerted action of both sites or via cascade reactions.43-45 

Bifunctional Brønsted-Lewis acidic zeolites are typically prepared by framework dealumination 

or Al exchange to introduce Lewis acidic extra-framework Al (EFAl) species.33, 46 However, these 

species can easily leach out in liquid-phase reactions, resulting in severe activity loss.3, 47 As an 

example, the concerted action of BAS and LAS is proposed for the efficient conversion of 

glyceraldehyde to alkyl lactates, however, the reuse of De-Al-HY causes a severe drop in activity 

and selectivity, while SA/50 exhibits similar activity before and after reuse under the same 

conditions (Fig. 8b). The high stability of AlV-enriched ASAs are also retained after steam 
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treatment (433 K) and high-temperature calcination (1073 K), and thus, they are interesting for 

applications in various gas-phase reactions as well.  

 
Figure 8. Catalytic conversion of C3 sugars over ASAs. (a) Catalytic conversion of phenylglyoxal 

(―) and selectivity to alkyl mandelate (---)  as a function of reaction time in MeOH (■), EtOH 

(●), i-PrOH (▼), n-PrOH (◆), n-BuOH (▲), and reaction in i-PrOH (★)over De-Al-HY. 

Reproduced with permission from ref. 42. Copyright 2013 American Chemical Society. (b) 

Catalytic glyceraldehyde conversion in ethanol over fresh De-Al-HY and SA/50 and after five 

recycle uses. Reproduced with permission from ref. 3. Copyright 2020 Nature Research. 

Conditions: 1.25 ml of alcohol solution containing 0.4 M phenylglyoxal or glyceraldehyde, 0.05 g 

catalyst, at 363 K for 6 h with stirring. 

The high stability of AlV-enriched ASAs is also confirmed (Table 3 last row) in the 

catalytic conversion of glucose to 5-hydroxymethylfurfural (HMF), which is a valuable building 

block in the production of liquid alkanes, biofuels, and furan derivatives.41 Glucose dehydration 

to HMF often requires glucose isomerization at LASs to fructose, which subsequently undergoes 

dehydration to HMF at BASs. The homogeneous distribution of AlV species mainly contributes to 

the generation of surface BASs in SA/10 but provides a limited potential for forming LASs,  

(a) (b)
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leading to a lower performance than ASAs prepared by classical techniques (Table 3 row 3-5), 

though the former possesses much higher BAS density. SA/50 provides excellent performance 

among these silica-alumina catalysts, even better than bifunctional Fe-ZSM-5 zeolite, requiring a 

shorter reaction time and lower reaction temperature. As demonstrated in Fig. 1 and 5, an 

increasing number of AlV species at high Al/Si could either promote LAS formation or enhance 

BAS strength via AlV and AlIV synergy. The concerted action of enhanced LASs and BASs in 

SA/50 can promote both glucose isomerization and fructose dehydration efficiently. Therefore, the 

synergy of Lewis acidic AlV and enhanced Brønsted acidity render AlV-enriched ASAs excellent 

bifunctional Brønsted-Lewis acid catalysts for glucose dehydration and potential applications in 

the conversion of other hexoses and glucose-based carbohydrates, including sucrose, cellobiose, 

starch, and cellulose under the same conditions.  

Table 3. Catalytic performance of ASAs and pertinent reference catalysts in the conversion of 

glucose to HMF.a Reproduced with permission from ref. 3. Copyright 2020 Nature Research. 

 Temp (K) Time (h) Conversion (%) Yield (%) Ref. 

Fe-ZSM-5, Si/Al = 22.8 b 468 2.5  90 33 48 

ASAc, Si/Al = 90/10 433 2  45  18.8 This 

work SA/10, Si/Al = 90/10 433 2 23  6.3 

SA/50, Si/Al = 50/50 433 2 70 (68) 38 (37)d 
a Conditions: catalyst (0.02 g) was added to a mixture of deionized water (0.6 mL) and DMSO (1.4 

mL) containing glucose (0.06 g). b Conditions: catalyst (0.05 g) was added to a mixture of 

deionized water (1.5 mL) and MIBK (3.5 mL) containing glucose (0.15 g). Fe/Al = 0.21. c ASA 

prepared by co-precipitation. d The catalytic data after five recycle runs are given in parentheses. 

6. Optimizing FSP conditions for tailoring high-performance ASAs 
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Taking the versatile advantages described above, enriching the concentration of AlV 

species in ASAs is desirable through optimizing FSP conditions. AlV species can be generated 

under conditions of extremely high temperature, an oxygen-rich atmosphere, and a fast cooling 

rate. The temperature and concentration profiles as well as the residence time of the individual 

component and cooling rates have a critical influence on the final properties of FSP-derived 

materials. The temperature profile, which establishes in the FSP reactor strongly depends on the 

heat generated by the combustion of the solvent used for the precursors. As an example, xylene 

provides a higher combustion enthalpy (36.9 kJ/ml) than a methanol/acetic acid (Me/AA) mixture 

(volume ratio 1/1) with a combustion heat of ≃25.4 kJ/ml. In the following, FSP ASAs prepared 

using xylene are designated as SA/Xx, where X represents the Al concentration (at%) in the 

precursor,  and x stands for xylene used as the solvent.  

Feeding the flame with xylene as the precursor solvent generates a higher flame 

temperature with a faster cooling rate under the same conditions, and consequently, enhances the 

freezing of metastable AlV species in FSP ASAs (Fig. 9a).4 The higher AlV population provides 

more connections between AlV species and neighboring SiOH groups, and thus, the AlV 

concentration-dependent BAS formation increased by up to 30% using xylene compared to using 

Me/AA as solvent. Compared to AlIV-rich ASAs, SA/Xx catalysts exhibit up to an order of 

magnitude higher BAS densities.49 Moreover, SA/Xx catalysts exhibit comparable BAS density at 

significantly lower Al content than  SA/X catalysts (e.g. SA/30x and SA/70). It shows that using a 

solvent with higher combustion enthalpy (e.g. xylene) does not only increase the AlV concentration 

but can also promote the distribution of Al species over the silica network and thus the formation 

of BASs. Therefore, this approach provides a potential way for the synthesis of ASA materials 

with higher acidity at lower Al content. 
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Figure 9. (a) Correlation between the concentration of Brønsted acidic OH groups (BAS, solid 

line) and AlV species (dashed line) as a function of the Al content in dehydrated FSP SAs prepared 

by using methanol/acetic acid (1:1 by volume) (■) and xylene (★), respectively. (b) Catalytic 

conversion of PG in ethanol. and are The PG conversion (CPG), EM selectivity (SEM), reaction rates 

k, and TOFs were obtained from ref. 4, respectively. Same reaction conditions as shown in Fig. 8.. 

Reproduced with permission from ref. 4. Copyright 2019 Elsevier.  

The catalytic performance of AlV-enriched ASAs prepared by using xylene was evaluated 

in PG conversion with ethanol, and compared to that achieved with corresponding ASAs prepared 

using Me/AA (Fig. 9b). Significantly higher PG conversion and EM selectivity were attained using 

SA/Xx instead of SA/X catalysts. The increasing AlV concentration achieved with xylene could 

promote BAS formation with both high density and strength. The higher TOFs obtained at the 

initial state show that the individual sites on SA/Xx are highly active compared to those on SA/X 

catalysts because the enhanced Brønsted acidity facilitates the activation of the C=O bond in PG 

as the initiating step.50 The enhanced acidity promoted the reaction rate k of the PG conversion by 

1.3-2.8 times at the same level of Al addition, and SA/70x is considered as the most active solid 

acid catalyst for this reaction hitherto. Moreover, SA/Xx catalysts afford a similar PG conversion 

(b)
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and k value as SA/X catalysts with higher Al addition, which is of great potential for synthesizing 

high-performance ASA materials with lower Al addition.  

7. Conclusions and outlook 

ASAs without diffusional constraints exhibit superior catalytic performance compared to 

zeolites in reactions with large molecules, such as encountered in biomass conversions. However, 

the moderate acid strength of BASs of most ASAs impedes improving their catalytic performance 

and expanding their applications compared to zeolites with strong BASs. Enhancing Brønsted 

acidity in ASAs is hindered by the classic theory that BAS formation is based on AlIV species 

interacting with neighboring SiOH groups affording only moderate BAS strength. Extensive 

efforts are still devoted to increasing the BAS density by tuning the AlIV concentration but this 

strategy is limited by significant self-condensation of AlIV species (Al-O-Al), replacing Al-O-Si 

connections at Al/Si ratios  > 3/7. Therefore, the discovery of new BASs in ASAs by theoretical 

innovation has attracted great attention, aiming at developing novel strategies to enhance the 

acidity in ASAs for efficient biomass conversions.  

AlV species are proposed to exhibit similar properties as AlIV species but are rarely 

observed in ASAs prepared hitherto. Bridging the assumption and synthesis, a novel strategy based 

on flame-spray pyrolysis has been developed for the controlled synthesis of AlV-enriched ASAs 

(37% < AlV < 61%). Through the application of various characterization techniques combined 

with theoretical studies, two new types of BASs based on AlV sites and the interaction of two Al 

sites (e.g. AlV and AlIV) with the same SiOH group were uncovered. Experimental and theoretical 

studies on their structure-acidity relationship demonstrate that the former AlV–BASs exhibit 

moderate strength like typical AlIV–BASs in ASAs, while the latter afford BASs with zeolitic 
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strength. The co-existence of AlV and AlIV can promote BASs formation in AlV-enriched ASAs 

with a density 10 times higher than those obtained with AlIV–rich ASAs. Besides contributing to 

AlV–BASs, AlV sites are observed to act as LASs upon ammonia adsorption. Together with LASs, 

the flexible tuning of BASs from moderate to strong with higher BAS density significantly 

enhances the catalytic performance of AlV-enriched ASAs in both single- and bi-functional acid-

catalytic reactions, such as C-H activation of benzene, sugar conversions, and redox 

disproportionative conversion of aromatic aldehydes.  

Despite the strong acidity and excellent performance of AlV-enriched ASAs, a strategy for 

synthesizing AlV-enriched ASAs at milder conditions, e.g. by improved wet-chemistry routes, is 

desired to expand their industrial applications without practical limitations for scale up. Moreover, 

unsaturated AlV sites have been already identified as key sites for anchoring single-atom catalysts 

on alumina, compared to other Al species.51 Single-atom catalysts have shown excellent 

performance in a wide range of applications, such as water-gas-shift reactions, reforming reactions, 

CO oxidation, organic reactions, and deNOx reactions.52-53 Since AlV species are populated on the 

surface of AlV-enriched ASAs, they are potential supports for tailoring single-atom catalysts. 

Combining the strongly enhance acidity on AlV-enriched ASAs, the synergy between atomic metal 

active sites and acid sites facilitates the design of promising multifunctional catalysts for versatile 

catalytic applications, such as chemoselective hydrogenation and oxidation reactions.     
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