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Pentacoordinated Al (AlV) species in silica-alumina are promising to promote the formation of acid sites
or act as surface defects for tailoring single-atom catalysts. However, pentahedral coordination (AlV) is
rarely observed in conventionally prepared silica-alumina. Here, we show that high population and dis-
persion of AlV species on the surface of amorphous silica-alumina (ASA) can be achieved by means of
flame spray pyrolysis. High resolution TEM/EDX, high magnetic-field NMR and DFT calculations are
employed to characterize the structure of as-prepared ASAs. Solid-state 27Al multi-quantum MAS NMR
experiments show that most of the AlV species are formed independently from the alumina phase and
are accessible for guest molecules on the surface. Upon water adsorption, these AlV species are trans-
formed to AlVI species, structurally similar to surface AlIV species, as confirmed by DFT calculations.
The outstanding catalytic activity of as-synthesized ASA is demonstrated using the in situ H/D exchange
reaction with deuterated benzene as an example. The AlV-rich ASA provides a much lower activation
energy (�30 kJ/mol) than that reported for zeolite H-ZSM-5 (�60 kJ/mol). The superior catalytic perfor-
mance is attributed to the high AlV content promoting the surface active sites in ASA. The knowledge
gained on the synthesis of AlV-rich ASAs and the nature of aluminum coordination in these materials
could pave the way to more efficient silica-alumina based catalysts.

� 2019 Science China Press. Published by Elsevier B.V. and Science China Press. All rights reserved.
1. Introduction

Alumina and its mixed oxides are important catalytic materials
both as active catalysts as well as functional supports for active
metal particles. The catalytic functions of these materials in chem-
ical reactions are mainly dependent on the surface coordination of
Al species due to their structure-activity relationship. Most
research efforts have been focused on the tetrahedral and octahe-
dral coordination (AlIV and AlVI), which are the most popular coor-
dinations of Al species. Pentahedral coordination (AlV) is rarely
observed on alumina and silica-alumina [1–4], and has been pro-
posed to be a transition state to AlVI species generated during cal-
cination of c-alumina [1,2]. Recently, it has been reported that AlV
Elsevier B.V. and Science China Pr
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species on c-alumina are surface active sites for stabilizing metal
centers or nanoparticles to suppress sintering [5]. The AlV-metal
(e.g., Ba, Cu, Ru, Au, Ag, Pt and Pd) interaction was proposed to
improve the catalytic activity of metal centers in various reactions
[6–9], such as CO2 reduction and deNOx reactions. Therefore, AlV

species have recently attracted great attention, particularly, they
were proposed to be coordinatively unsaturated surface centers
of supports for anchoring noble metal atoms for emerging single-
atom catalysts [5,10].

However, the previous reports showed that AlV species are not
highly populating the surface. Although a certain amount of AlV

species has been found to be generated during phase transforma-
tion from c-Al2O3 to a-Al2O3 (up to 17%) [1,2], only a very small
amount of AlV species (<2 at.%) was stabilized on the surface of
c-Al2O3, when suitable hydroxides or oxides such as La2O3 and
BaO were added to inhibit the phase transformation and stabilize
the unsaturated Al ions. Later, a low content of AlV species was
ess. All rights reserved.
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reported to be exclusively distributed on a c-Al2O3 surface [11]. It
was also stated that AlV species only exist nearby AlVI species on
the surface of crystalline Al2O3 and might represent AlVI in the
vicinity of an oxygen vacancy, such as the defect spinel structures
of the transition aluminas [12]. In silica-aluminas, AlV species are
considered to be located on the interface between alumina and sil-
ica or alumina and aluminosilicates [13]. To our knowledge, silica-
alumina with high population of AlV species accessible for reac-
tants has not been reported up to now. This reinforced the doubt
that AlV species are promising active centers for building high-
performance catalysts such as emerging solid acids, single-atom
catalysts and spatially confined catalysts due to their poor accessi-
bility [5,10].

Here we show that amorphous silica-aluminas (ASAs) with high
population and dispersion of AlV species on the surface can be pre-
pared by flame spray pyrolysis and that these materials possess
interesting catalytic potential. In these materials, AlV species are
well accessible for guest molecules, such as reactants or adsor-
bates. For example, most of the AlV species can be converted into
AlVI species upon water adsorption, as evidenced by 1D and 2D
27Al MAS NMR studies. These AlV-rich ASAs exhibit excellent activ-
ity in the H/D exchange with benzene-d6. The local structure of the
AlV species existing on the ASA surface was confirmed by DFT
calculations.
2. Experimental

2.1. Preparation of silica-alumina material

ASA catalysts were prepared by flame-spray pyrolysis (FSP)
within microseconds, which could combine both synthesis and cal-
cination in a single step at extremely high temperature (ca.
2,000 K). Briefly, the appropriate amount of the precursor materials
were dissolved in a 1:1 (vol.%) mixture of acetic acid and methanol.
The resulting solution was filtered using a glass filter, pumped
through a capillary at a rate of 5 mL min�1, and nebulized at
5 L min�1 O2, and finally ignited by an annular supporting
methane/oxygen flame (1.5/0.9 L min�1) to generate ASA nanopar-
ticles. The silica-alumina catalysts are designated as SA/x, where
x = nAl/(nAl + nSi) � 100, indicates mol% of the Al precursor in the
precursors.

2.2. High-resolution transmission electron microscopy (HRTEM)

HRTEM studies were carried out using a FEI Titan 80/300 ST
unit. The instrument was equipped with a Cs corrector for spheri-
cal aberration of the objective lens. For imaging, a high-angle annu-
lar dark field (HAADF) detector, a GATAN post-column imaging
filter was used. In all investigations, the microscope was operated
at an acceleration voltage of 300 kV.

2.3. 27Al NMR spectroscopy

Prior to 27Al MQMAS NMR experiments, the samples were
dehydrated in glass tubes at 723 K in vacuum at a pressure of less
than 10�2 bar for 12 h. Subsequently, these samples were trans-
ferred into the MAS NMR rotors under dry nitrogen gas inside a
glove box. After experiments, the corresponding samples were
exposed overnight to the saturated vapor of a Ca(NO3)2 solution
at ambient temperature in a desiccator for full hydration. 27Al
MQMAS NMR spectra were recorded on a Bruker Avance III 700
spectrometer with a 16.4 Tesla superconducting magnet operating
at a resonance frequency of 182.5 and 700 MHz for 27Al and 1H
nuclei, respectively. The samples were packed into 4 mm zirconia
MAS rotors fitted with a Kel-F� cap inside a glove box to prevent
any exposure to ambient air and moisture. The rotors were spun
to 14 kHz MAS in a 4 mm H-X double resonance probe. The
MQMAS spectra were acquired using the three-pulse z-filter
MQMAS pulse sequence [14]. The 2D spectra were sheared with
xfshear program. Excitation and reconversion pulses lasted
sp = 4.2 and 1.4 ls, respectively, with mrf = 100 kHz, and the
central-transition (CT) selective p/2 last pulse was 20 ms with
mrf = 4.17 kHz with a repetition time of 0.3 s. The corresponding
1D 27Al MAS NMR spectra were measured on the same spectrom-
eter at a spinning rate of 14 kHz under a single-pulse p/6 excitation
with repetition times of 0.3 s to ensure a complete relaxation of all
the signals. The obtained 1D 27Al MAS NMR spectra were decom-
posed by using Dmfit as a tool [15].

To obtain these parameters, the MQMAS spectrum was evalu-
ated yielding the second-order quadrupolar effect parameter
(SOQE) according to:

SOQE2 ¼ diso � dF2
k

; ð1Þ

where the isotropic chemical shift diso is:

diso ¼ 17
27

dF1 þ
10
27

dF2 ; ð2Þ

where dF1 and dF2 are the centers of gravity of the signals in the F1
and F2 dimension, and

k ¼ 3
10

4I I þ 1ð Þ � 3

½4I 2I � 1ð Þv0�2
� 106; ð3Þ

where, spin I = 5/2 and Lamor frequency v0 = 182.5 MHz for 27Al
under study.

The important quadrupole coupling constant CQCC was deter-
mined by numerical simulation of the corresponding 27Al MAS
NMR spectrum via

SOQE ¼ CQCC

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ ðg2=3Þ

q
; ð4Þ

where g is the asymmetry parameter of the electric field gradient
tensor (0 � g � 1).

2.4. DFT calculation studies

DFT calculations were carried out with the Gaussian09 program
[16]. 27Al absolute shielding was theoretically calculated using the
GIAO (Gauge Including Atomic Orbitals) method [17] at B3LYP/6–
311 + G(d,p) level. In order to directly compare the NMR results,
the calculated values of 27Al chemical shift were obtained through
standard conversion procedure. For the conversion from the calcu-
lated absolute isotropic shielding constants (r) to the relative
shifts (d), the following formula was used for 27Al chemical shift
of ASA samples: d(ASA) = r(ZSM-5) + d(ZSM-5) � r(ASA). It is note-
worthy that the experimental 27Al chemical shift of Si-Al-O-Si frag-
ment in ZSM-5 was 60 ppm [18], and its absolute isotropic
shielding constant was 49.5 ppm predicted at the same theoretical
level. Therefore, on the basis of the calculated absolute isotropic
shielding constants of each ASA sample, the 27Al chemical shift
can be determined theoretically.

2.5. Catalytic test using in situ H/D exchange reaction

Prior to 1H MAS NMR experiments, the samples were filled into
4 mm MAS rotors in a glove box purged with dry nitrogen. Then
the samples were dehydrated in glass tubes at 723 K in vacuum
at pressure less than 10�2 bar for 12 h. The dehydrated samples
were loaded in situ with benzene-d6 (deuteron 99.5%, Cambridge
Isotope Laboratories, Inc.) on a vacuum line. 1H MAS NMR studies
were carried out on a Bruker Avance III 400 WB spectrometer at a
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resonance frequency of 400.1 MHz with a sample spinning rate of
ca. 8 kHz. The spectra were recorded after p/2-pulse excitation,
with a repetition time of 20 s. The H/D exchange was initiated by
heating the MAS rotor in a variable-temperature MAS NMR probe.
3. Results and discussion

The ASA and Al2O3 nanoparticles were prepared by flame spray
pyrolysis as described previously, offering strong acidity similar to
zeolites [19]. All prepared particles had a size around 5–10 nm [20]
and their structure has been investigated by X-ray diffraction
(XRD), HRTEM, energy dispersive X-ray spectrometry (EDX), and
NMR. Powder XRD showed for both ASA samples, containing
10 mol% and 30 mol% of aluminum (SA/10 and SA/30), only a broad
reflection at 22� � 23� due to amorphous silica, as shown in the
Fig. S1 (online). As a reference, a pure Al2O3 sample obtained with-
out adding silica during synthesis has been also shown in Fig. S1
(online). Three broad diffraction peaks at 2h = 38.1�, 46.2� and
67.4�, corresponding to (2 2 2), (4 0 0), and (4 4 0) planes, were
observed for crystalline Al2O3 due to its small particle size. The
very fine nanoparticles with well-ordered lattice structure did
not show significant diffraction and could therefore not be identi-
fied by XRD.

HRTEM has been applied to examine the existence of alumina
phase domains in ASAs [21–23]. For Al2O3, the image clearly
revealed a well-ordered alumina lattice (Fig. S2a online), in a well
agreement with XRD analysis. For ASA samples, the alumina lattice
disappeared, and the amorphous nature of both samples was cor-
roborated, as shown in the HRTEM images in Fig. 1a and b. No
small alumina clusters were detected on the ASA surface. EDX
atom mapping images indicated that Al species were well-
distributed in the silica network of SA/10 (Fig. S2b�d online) and
SA/30 (Fig. 1c and d). No aggregated aluminum species or small
alumina nanoparticles were detectable.

To identify the local coordination of these highly dispersed Al
species, solid-state 27Al MAS NMR spectroscopy combined with
multiple quantum MAS (MQMAS) has been used to attain the nec-
essary resolution for discriminating among nuclear quadrupole-i
Fig. 1. (Color online) HRTEM images of (a) SA/10 and (b) SA/30 and EDX images of
SA/30 (c) Al and (d) Si.
nteraction-broadened signals of the different Al species
[14,24,25]. Based on analyzing the 27Al MQMAS spectrum [26–
28], the chemical environment parameters, such as diso, CQCC and
g of Al species can be determined. These parameters enable an
accurate quantification of the relative population of the Al species
by simulating the corresponding 1D 27Al MAS NMR spectrum
[26,29]. In this way, the surface properties of Al species can be
probed by the chemical shifts and concentration variation caused
by loading the sample with probe molecules, e.g., decreasing the
CQCC values of surface Al species upon interaction with H2O mole-
cules on aluminosilicates [30,31], or partial hydrolysis of surface Al
species from the silica network [32–34]. For both, the SA/10 and
SA/30 samples, AlV species have been clearly identified by 27Al
MQMAS NMR spectroscopy according to their isotopic chemical
shifts along F1 axis in Fig. 2. The subscript ‘‘de” and ‘‘hy” are dedi-
cated to species present in dehydrated and hydrated state, respec-
tively. As shown in Fig. 2a and c, two strong signals at (50, 55) and
(23, 29) were assigned to AlIV and AlV species, respectively, indicat-
ing their predominant population in the aluminate species on both
dehydrated SA/10 and SA/30 samples. Interestingly, only a small
peak at (�9, 0.5) and a very weak signal at (�5.4, 2.7) were
observed indicating the existence of a very small amount of AlVI

species on the dehydrated SA/10 and SA/30 samples, respectively.
This observation is distinct from the previous report that AlV spe-
cies only exist nearby the alumina phase containing predominantly
AlVI species [12].

To quantify the mole fraction of AlV species in ASA, 1D 27Al MAS
NMR spectra of dehydrated SA/10 and SA/30 (shown in Fig. 3a and
c) were acquired at a high field of 16.4 T and MAS spinning of
14 kHz. The decomposition and quantitative evaluation of each sig-
nal were based on the parameters obtained from 27Al MQMAS
NMR spectra (diso, CQCC, and g listed in Table 1). The obtained mole
fractions of each species has been summarized in Table 2. The mole
fraction of AlV species was 36.9% in SA/10 (with 61.9% AlIV species
and 1.2% AlVI species) and 48.7% in SA/30 (with 51.2% AlIV species
and 0.1% AlVI species), respectively. The virtual absence of the AlVI

species in both samples corroborated the findings of the TEM and
EDX measurements that no alumina phase was existing in the
silica-alumina materials. As previously reported, AlV species are
generated only in the alumina phase or nearby the alumina phase
with dominant AlVI species as encountered in phase transformation
of Al2O3 [1,2], in the defect spinel structures of the transition alu-
minas, or at the interface between alumina and silica or silica-
alumina [13]. Here, we discovered that a large amount of AlV spe-
cies can be produced (mole fraction nearly 50%) on amorphous
silica-alumina without concomitant formation of an alumina phase
or cluster.

Compared with conventional preparation techniques, FSP pro-
vides super-high temperature (up to 2,000 K) and fast cooling rate
to produce multi-composition nano-particles in single-step within
milliseconds, which is widely used in tailoring materials domi-
nated with metastable phases and polymorphs [35,36], including
AlV species. In the preparation of flame-derived ASA, the Al and
Si precursors are well-mixed, then atomized and vaporized to form
product vapor, which has been combusted and undergoes nucle-
ation and surface growth to generate ASA nanoparticles. Therefore,
the Al atoms can be incorporated throughout the silica matrix,
other than self-condensation as often observed in conventional
ASAs [37]. The super-high temperature and fast cooling rate may
facilitate freezing of metastable AlV species in the ASA product,
and thus, generates AlV-rich ASA.

As commonly achieved in the synthesis of the aluminosilicate
acids, minimizing the formation of the alumina phase or AlVI spe-
cies during the synthesis can maximize the dispersion of Al atoms
and the generation of AlIV species in the silica network or frame-
work for optimal acidity. Therefore, our discovery of the formation



Fig. 2. (Color online) 27Al MQMAS NMR spectra of dehydrated SA/10 (a) and SA/30 (c) state and in corresponding rehydrated state (b) and (d).

Fig. 3. Deconvolution spectra of 27Al MAS NMR spectra (obtained at 700 MHz magnetic fields) of dehydrated SA/10 (a) and SA/30 (c), and hydrated SA/10 (b) and SA/30 (d),
using the parameters listed in Table 1. Experiment (top, solid line), simulation line (top, dash line) and components (bottom, solid lines).
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of AlV species independent of the presence of an alumina phase is
significant to overcome the current challenge of synthesizing
highly dispersed AlV species for high performance catalysts or
active materials such as strong acids and emerging single atom
catalyst. As an example, recent work revealed Brønsted acid sites
can be formed based on AlV species, which can enhance the
Brønsted acidity in ASAs [19,38]. Moreover, it has been shown that
AlV-rich ASA materials (AlV content >37%) can significantly



Table 1
Summary of parameters and deconvolution results.a

SA10 SA30

Dehydrated Hydrated Dehydrated Hydrated

diso (ppm) CQCC (MHz) g diso (ppm) CQCC (MHz) g diso (ppm) CQCC (MHz) g diso (ppm) CQCC (MHz) g

AlIVa 58 7.7 0.5 58 7.7 0.5 58 7.7 0.5 58 7.7 0.5
AlIVb 45 11.1 0.3 – – – 47 11.1 0.3 47 9.6 0.5
AlVa 30 7.4 0.5 30 7.4 0.5 31 7.5 0.5 31 7.5 0.5
AlVb 22 10.9 0.3 – – – 20 10.9 0.3 – – –
AlVIa �5.6 6.3 0.8 1 5.1 0.5 �3 7.6 0.8 1 5.1 0.5
AlVIb – – – – – – – – – 5 8.6 0.3

a Isotropic chemical shifts (diso), quadrupole coupling constant (CQCC) and asymmetry parameters of the electric field gradient tensor (g) of each aluminum species,
determined by simulation of 27Al MAS NMR spectra of dehydrated and rehydrated SA/10 and SA/30.

Table 2
Concentration of each aluminum species (mol%), determined by simulation of 27Al MAS NMR spectra of dehydrated SA/10 and SA/30, obtained from Fig. 3.

AlIVa (%) AlIVb (%) AlVa (%) AlVb (%) AlVIa (%) AlVIa (%)

SA/10, dehydrated 24.7 37.2 4.4 32.5 1.2 –
SA/10, hydrated 60.7 – 4.2 – 35.1 –
SA/30, dehydrated 28.7 22.5 18.5 30.2 0.1 –
SA/30, hydrated 28.8 16.5 24.9 – 27.8 2
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promote the conversion of phenylglyoxal to alkyl mandelates in
alcohols, providing up to �20 times higher turnover frequency
than dealuminated zeolite H-Y [20].

Interestingly, both AlV and AlIV species could co-exist in ASA
with high population (mole fraction of nearly 50% for each species).
Hitherto it was assumed that AlIV species are available on the sur-
face of ASA or zeolites, but not in high concentration as observed
for AlV species. The surface AlIV species in silica networks or frame-
works can interact with adsorbed water molecules to be trans-
formed to AlVI species via partial hydrolysis [34,39], which is
useful to investigate whether AlV species are highly dispersed on
the surface and accessible for guest molecules. For that purpose,
the dehydrated SA/10 and SA/30 samples were exposed to water
molecules and the rehydrated samples were further investigated
using 27Al MQMAS NMR spectroscopy. As shown in Fig. 2b and d,
the signal for AlV species was dramatically reduced in 2D NMR
spectra and the signals of both AlIV and AlVI species were enhanced.
Obviously, most of the AlV species, formed independently from the
alumina phase, were accessible surface species, which were active
and interacted with adsorbed water molecules. They were mainly
transferred to AlVI species via partial hydrolysis, which was con-
firmed by the decomposition of corresponding 1D 27Al MAS NMR
spectra, as shown in Fig. 3b and d. The high or even complete con-
version of AlV demonstrates that AlV species are highly accessible
to guest molecules and active sites in driving reactions. When
introducing a small amount of aluminum (10%) (SA/10), nearly
all AlV species were located on the surface and disappeared after
rehydration. This indicates that AlV species are preferentially
located on the surface. With increasing the aluminum content up
to 30% (SA/30) part of the AlV species were formed inside the bulk
of the particles and were thus not available for hydrolysis.

Hence, AlV species are proposed to be highly dispersed in the
amorphous silica network via AlV-O-Si on the surface and their for-
mation is independent of the existence of an alumina phase. To
confirm this conclusion and gain further insights into the local
structure and geometry of the alumina species, density functional
theory (DFT) calculations were applied to find candidate structures
for AlV species in both the dehydrated and the hydrated ASA sam-
ples. It is demonstrated that the periodic structure taking into
account long-range effects is a quite reliable model to predict the
stable states and their reactivity [40–42] for the activated centers
of amorphous aluminosilicate surfaces. However, it should be kept
in mind that the ASA catalysts in this work were prepared by
flame-spray pyrolysis (FSP) technique within microseconds at
extremely high temperature (ca. 2,000 K). Cluster models were
tentatively used to predict the electronic structures and NMR prop-
erties of ASA catalysts in dehydrated and corresponding rehy-
drated states. Such cluster models composed of silica with Al of
the desired coordination number can be used to predict the 27Al
chemical shift and CQCC value [43]. The possible structures were
optimized at B3LYP/6-31 g(d) theoretical level, and the 27Al chem-
ical shifts and quadrupole parameters (Table S1 online) were pre-
dicted at B3LYP/6-311 + G(d,p) theoretical level on the basis of
optimized structures. Fig. 4a and c demonstrate that AlV species
could be stabilized and located in the vicinity of SiOH groups on
the surface. The corresponding theoretical 27Al chemical shifts
are 26 and 21 ppm for AlV species, similar to the experimental data
(20–31 ppm). Upon water adsorption (Fig. 4d and f), most of these
AlV species should be converted to AlVI species at �5 ppm (Table S1
online) with two coordinated water molecules (Fig. 4d), while a
fraction of them would be converted into AlIV species at 52 ppm
(Fig. 3b and Table S1 (online)). These findings are in line with the
NMR experimental results indicating a strong decrease of AlV sig-
nals with enhanced intensities for AlVI and AlIV signals after
adsorption of water. Moreover, these mobile water molecules are
able to improve the symmetry of AlV species when coordinated,
in good agreement with the lower CQCC values obtained with rehy-
drated samples. The conversion of the AlV species in dehydrated
states (Fig. 4a and c) to either in AlIV (Fig. 4b) or AlVI (Fig. 4d and
f) species rehydrated states, would lead to the decreasing of the
CQCC values. The DFT calculations confirm that CQCC values, 12.1,
16.2, and 13.2 MHz (in AlV species) were changed to 7.7 (in AlIV

species), 8.3, and 7.4 MHz (in AlVI species) after hydration, respec-
tively. This behavior is in line with previous theoretical and exper-
imental work on c-Al2O3, silica-alumina, and zeolites, where high
CQCC values were always found for Al species on the dehydrated
samples and lower ones for highly hydrated surfaces [39]. Besides
the aforementioned possibility, the AlV species could be formed
through dehydration reaction between the hydroxyl groups, and
thus AlV species could incorporate into the silica network without
being disturbed by SiOH groups, as shown in Fig. 4e. These AlV spe-
cies can be transferred into AlVI species upon water loading as well
(Fig. 4f). Furthermore, the optimized structures of AlV species in
dehydrated states (Fig. 4a, c and e) with different Al locations have
the same stoichiometry (Al3H15O26Si7), therefore, the relative sta-
bilities can be estimated through the comparisons of the single



Fig. 4. (Color online) 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/
6-31 g(d) theoretical level. The AlV species in dehydrated states (a, c and e) would
be converted to AlIV (b) and AlVI (d and e) species rehydrated states (shown in red),
while AlIV species without coordination change before and after rehydrations are
shown in black. Parameters determined from DFT calculations were listed in
Table S1 (online).
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point energy in the theoretical calculation at similar levels. On the
basis of the theoretical calculation, the stabilities followed the
order: Cluster A < Cluster C < Cluster E. However, the rehydrated
states (Fig. 4b, d and f) have different stoichiometries, and their rel-
ative stability cannot be compared.

In this research, much more AlV than AlIV species were involved
in the hydrolysis on the surface, which indicates that AlV species
are more accessible to guest molecules, more prone to generate
surface active sites, and more effective in driving reactions. Our
recent experiments showed that AlV-rich ASA exhibits excellent
catalytic performance for the conversion of phenylglyoxal with
various alcohols, better than that of dealuminated zeolite Y, which
hitherto was considered to be the most active solid acid in phenyl-
glyoxal conversion [20]. The existence of a large amount of AlV spe-
cies on the surface is proposed to be the reason for this behavior.
Obviously, the presence of AlIV species on ASA is not able to induce
higher activity than that of zeolites. On Al2O3 and corresponding
interfaces, most of AlV species are poorly distributed on the surface
and not available for reactants and thus not effective in catalysis.

Silica-alumina catalysts are of great importance in the activa-
tion of CAH bonds for hydrocarbon conversion in large scale
[44–47]. Here, we tested ASA catalysts having high population
and dispersion of AlV species on surface in the hydrogen-
deuterium (H/D) exchange with benzene-d6 to evaluate their cat-
alytic performance in the activation of CAH bonds. Prior to per-
forming H/D exchange between ASA and benzene-d6, Brønsted
acidic zeolite H-ZSM-5 was employed as a reference catalyst,
which has been widely used in the H/D exchange studies with
benzene-d6 [44–47]. Three signals at 1.8, 4 and 7.5 ppm (Fig. S3a
online) were assigned to terminal SiOH groups, bridging OH (SiO-
HAl) groups and hydrogen bound to aromatic rings, respectively.
After the H/D exchange reaction, the intensity of SiOH groups
remained unchanged while the intensity of bridging OH groups
decreased with increasing intensity of the aromatic hydrogens.
This indicates that the H/D exchange occurred between the
benzene-d6 and acidic OH groups (e.g., SiOHAl), and not the termi-
nal SiOH groups (d1H = 1.8 ppm) [44,47]. An activation energy of
�60 kJ/mol was obtained in the H/D exchange between H-ZSM-5
benzene d6, which is similar to that reported in the literature [45].

The stack plot of the 1H MAS NMR spectra recorded at 373 K
over SA/30 loaded with benzene d6 is shown in Fig. S3b (online).
The two strong signals at 7.3 and 1.8 ppmwere assigned to the aro-
matic hydrogen atoms and SiOH groups, respectively, while the
very weak signal at 0.8 ppm was attributed to few AlOH species.
AlOH groups were not active in the H/D exchange reaction, as indi-
cated by their similar intensity before and after reaction. The inten-
sity of SiOH groups simultaneously decreased with increasing
intensity of aromatic hydrogen. This observation demonstrates
that a H/D exchange reaction occurred between acidic SiOH groups
and deuterated benzene since non-acidic SiOH is inactive, as
observed with H-ZSM-5. The activation energy of this H/D
exchange on ASA was �30 kJ/mol (Fig. S3c online), which is about
half of that obtained for H-ZSM-5 (�60 kJ/mol). Hence, the gener-
ation of a large amount of surface AlV species can significantly
enhance Brønsted acidity of SiOH groups on ASA [19], which likely
promotes the H/D exchange with benzene-d6 resulting in a lower
activation energy compared to that of zeolite H-ZSM-5.

4. Conclusions

The present study indicates that highly dispersed AlV species,
being structurally similar to AlIV species, can be formed with high
population density on the surface of amorphous silica-alumina.
Unlike in the alumina phase or corresponding interfaces, where
the AlV species only exist in limited amount and show low surface
availability, the new structural environment of AlV species discov-
ered promotes a high surface population of AlV species and these
species are highly accessible for guest molecules. The AlV-rich
ASA is shown to promote the H/D exchange with benzene-d6 with
an activation energy, which is about half of that obtained with zeo-
lite H-ZSM-5. This finding could pave the way to maximize the effi-
ciency of Al species as unique active centers for new solid acids or
single-atom catalyst.
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