
Atomic Layer Deposition of the Geometry Separated Lewis and
Brønsted Acid Sites for Cascade Glucose Conversion
Wenjie Yang, Xiao Liu, Luke A. O’Dell, Xingxu Liu, Lizhuo Wang, Wenwen Zhang, Bin Shan,
Yijiao Jiang, Rong Chen,* and Jun Huang*

Cite This: JACS Au 2023, 3, 2586−2596 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Solid acid catalysts with bi-acidity are promising as workhouse catalysts in biorefining to
produce high-quality chemicals and fuels. Herein, we report a new strategy to develop bi-acidic cascade
catalysts by separating both acid sites in geometry via the atomic layer deposition (ALD) of Lewis acidic
alumina on Brønsted acidic supports. Visualized by transmission electron microscopy and electron energy loss
spectroscopy mapping, the ALD-deposited alumina forms a conformal alumina domain with a thickness of
around 3 nm on the outermost surface of mesoporous silica−alumina. Solid state nuclear magnetic resonance
investigation shows that the dominant Lewis acid sites distribute on the outermost surface, whereas intrinsic
Brønsted acid sites locate inside the nanopores within the silica-rich substrate. In comparison to other bi-acidic
solid catalyst counterparts, the special geometric distance of Lewis and Brønsted acid sites minimized the
synergetic effect, leading to a cascade reaction environment. For cascade glucose conversion, the designed ALD
catalyst showed a highly enhanced catalytic performance.
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■ 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
attention.1−3 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 charges,4 whereas the
dihydroxylation, steaming, or dealumination resulting in extra-
framework Al species on zeolites are believed to be the origin
of surface Lewis acidity.5 Therefore, both BAS and LAS on
zeolites contribute to the bi-acidic catalysts, where a synergistic
effect between Brønsted-Lewis pairs has been observed.6,7 The
synergistic effect gives enhancement of Brønsted acidity for the
catalysis,8,9 and the cooperation between both acid sites leads
to the enhanced performance of multistep catalytic con-
version.10,11

However, the spatially adjacent BAS-LAS pairs on zeolites
generally contribute to the ultrastrong 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 ultrastrong BAS that enhances the
activation of the methane C−H bond.12 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 conversion.13 Caused by the polarizing
effect of multivalent extra-framework 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−Y.14 Nevertheless, the
ultrastrong acid site limits the cascade reaction on both sites
and results in lower selectivity for the target products due to
side reactions such as overoxidation.3,15,16 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.17

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
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properties of catalysts within defined overlayer regions.18

Currently, ALD has been mainly applied in BAS formation and
the improvement of silica−alumina catalysts. Stair et al.19

observed the BAS formation ability of the ALD-deposited
nonacidic SiO2 overlayer on alumina. The formed BAS-based
(AlO)3Si(OH) sites showed an enhanced catalytic perform-
ance on cyclohexanol dehydration. Ardagh et al.20 demon-
strated 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.21 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 with

Figure 1. (A) Scheme of AlALD@high silica substrate synthetic approach; (B) Schematic 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.
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complex reaction networks,22−24 converting glucose into
platform chemicals 5-hydroxymethylfurfural (HMF) stands as
one of the most promising routes for green chemistry.2,25

Thus, the typical biorefining cascade glucose conversion is
applied as the testing reaction for the cascade performance of
the prepared catalysts.

■ RESULTS AND DISCUSSION

Synthesis and Geometry of ALD Catalysts

To construct the precisely controlled cascade architectural
structure, the ALD cycles under elevated temperature were
conducted in order to make nanolevel architectural mod-
ification 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 substrates.26 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 (Figure 1A,B).
The geometry of the ALD silica−alumina catalysts has been

visualized by high-resolution transmission electron microscopy
(HRTEM). As shown in Figure 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,

27 SiO2MLD-TiO2,
28 and AlALD-Pt/Al2O3.

29 It supports
that the ALD process predominantly creates an alumina
nanolayer on the outermost surface as an overcoat instead of
dispersing aluminum species into the nanopores or network
lattice of the support, 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 (Figures S1 and S3, Tables S1−2), where the
ALD-alumina overcoat geometrically 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

Figure 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 aluminum species based on the isotropic chemical shift. (C) and (D) 1D 27Al MAS NMR spectra and the corresponding simulations
(X3 refers to that the signal has been magnified three times).
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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 1E,F demonstrate the shell-like homoge-
neous 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 condensation,30 hinting that no
large aggregation of alumina had been formed during the ALD
aluminum deposition. Furthermore, to visualize the detailed
nanolevel local geometry of the prepared cascade architectural
silica−alumina, the electron energy loss (EELS) EDS mapping
has been applied. In the Figure 1G,H, the ALD deposited
alumina geometrically contributes to a nanolevel shell with ca.
3 nm thickness. Table S2 summarizes the physicochemical
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 is much smaller compared to that of the parent
substrates (Tables S1−2). 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 a 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
1B).
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 (Figure 2A,B) for resolving Al coordination of ALD
catalysts with higher resolution and which can be utilized to
predict the surface acidity.31 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 MAS NMR spectrum of AlALD@m-S are similar to that of
the pure Al2O3

32 (Figure 2B,D). With the fitting on 1D 27Al
MAS NMR spectra for quantitative evaluation of Al species,
the AlALD@m-S showed a dominant AlVI species (70.9%, Table
1), which was generally the contributor of the surface LAS.33

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 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 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 led to the presence of BAS.24

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 sites.34−36 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 3).37 The direct
adsorption of TMPO on LAS also contributes to δ31P = 43−45
ppm in the 31P MAS NMR spectra (Figure 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 the 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.37

The one-dimensional 31P MAS NMR spectra provide
quantitative information on the surface-accessible acid sites
(Figure 3A−C). With the predominant AlIV species on the m-
SA substrate, the m-SA support exhibits a predominant
Brønsted acidity of 0.17 μmol/g (Figure 3A, Table S1).
With the identified strong AlVI signal intensity, the AlALD@m-S
had a dominant surface LAS of 0.19 μmol/g (Figure 3B, Table
S2). 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 AlALD@m-SA, the BAS has a 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 the ALD process
and was still accessible to the reactant (Figure 3C). This is in
agreement with the predominance of BAS on m-SA (Figure
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
external surface of the m-SA substrate but leaves BAS on
nanopores intact (0.17 and 0.10 μmol/g for m-SA and AlALD@
m-SA, respectively, Tables S1−2). Additionally, the similar
LAS concentrations observed on both catalysts (0.19 and 0.22
μmol/g for AlALD/m-S and AlALD/m-SA, respectively, Table
S2) 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 site
distribution is drawn in Figure 3D, where BAS is located inside
the nanopores and LAS on the external surface.
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 catalyst.38 It is widely accepted that the LAS
promotes the isomerization of glucose to fructose, while BAS is
responsible for the secondary dehydration step.39,40 For the
applied catalysts, with predominant accessible nonacidic SiOH,
accessible surface BAS, and predominant surface LAS on m-S,

Table 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-SA25 94.0 - 6.0
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m-SA, and AlALD@m-S surface, these catalysts are assigned to
be catalysts with nonacidity, 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 S6, with the absence of an acid site (m-

S), only low conversion (CGlucose, 180 min = 21%) can be
identified. The reaction rate constants could not be optimized
from the nonlinear least-squares regression (not shown).
Moderate conversions of glucose can be observed on catalysts
with either predominant Lewis acidity (AlALD@m-S, Figure
4A) or Brønsted acidity (m-SA, Figure 4B). With dominant
surface Lewis acidity on the ALD deposited alumina overlayer
of AlALD@m-S, the constant rates of glucose decomposition is
doubled compared to nonacidic m-S (kG = 0.00309 and
0.00154 min−1, respectively, Table S4). This suggests the
importance of LAS in 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.41

With only a few accessible BAS on the interface of the
outermost alumina nanolayer and pure silica substrate, the
selectivity of HMF did not increase obviously with the increase
in reaction time (SHMF,60 min = 13% vs SHMF,180 min = 17%,
respectively, Table 2). The accumulation of intermediate
fructose with the evolution of time (Sfructose,180 min = 20%) on

the AlALD@m-S agreed well with the reported claim that the
LAS contributes little to the dehydration of fructose but only
to the glucose isomerization. Consistently, regarding fructose
dehydration, the observed low conversion rate and HMF
selectivity on AlALD@m-S (CFructose, 90 min = 40% and SHMF,90 min
= 13%, Figure 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
selectively achieved a maximum of SHMF,180 min = 39% (Figure
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 barrier.42 The important role of
BAS in producing HMF via the dehydration step is also
supported by the observed highest HMF selectiveness on
fructose dehydration (SHMF,45 min = 76%, Figure 4E). The
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 a
much enhanced catalytic performance such that, after 3 h of
reaction, ca. 93% glucose was converted, and high selectivity to
HMF of 66% was achieved (Figure 4C). Additionally, as
demonstrated by Table 2, AlALD@m-SA showed the best

Figure 3. 31P MAS NMR spectra of (A)m-SA, (B)AlALD@m-S, and (C) AlALD@m-SA catalysts (*represent sidebands) (black line: spectra, dashed
line: simulations; colored blocks: components), (D) the proposed schemetic diagram of the acid site distrubution on AlALD@m-SA.
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catalytic activity regarding the calculation of turnover
frequency (TOF). In the first 30 min 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 is only present inside the nanopores of the
support, the free surface diffusion of reactant directly to BAS is

hindered.16 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 progressed, the HMF selectivity increased significantly
while the fructose selectivity reduced on AlALD@m-SA. This is
because the fructose produced further diffuses along the
catalyst from the outermost surface LAS to BAS inside the

Figure 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. Reaction conditions: 20 mg of AlALD@high silica substrate catalysts, 2 mL of cosolvent
(DMSO/Water = 7/3) containing 60 mg of glucose or fructose at 160 °C under continuous stirring.
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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 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. Figure 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 the

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 overoxidation and rehydration of HMF
are preferred on strong BAS and LAS.43 With the control of
diffusion and surface acidity, the cascade-structured LAS-BAS
system contributes to the enhanced cascade reaction perform-
ance.
Glucose conversion has also been conducted on a powder

mixture of BAS catalyst, m-SA, and LAS catalyst, AlALD@m-S
(Figure S8), in order to construct a BAS-LAS system without
cascade architectural structure and no diffusion control. Under
identical reaction conditions, the reactant should have access
to the active sites of the physical mixture of the BAS catalyst
and LAS catalyst. Without diffusion control, the observed
CGlucose, 180 min = 63% and SHMF,180 min = 33% are much lower
than that of the cascade architectural structured BAS-LAS
system, which 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 analyze 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

coprecipitation 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 ASAcoprecipitation, ASAsol−gel, and AlALD@m-SA,
respectively), the prepared AlALD@m-SA in this study showed
more than 9-fold (AlALD@m-SA 66% vs ASAcoprecipitation 6.3%)
and 3-fold (AlALD@m-SA 66% vs ASAsol−gel 18.8%) enhance-
ment in HMF yield at identical conditions.44 Besides, under
comparable reaction conditions, the AlALD@m-SA with a
spatially separated LAS-BAS system showed better perform-
ance than the bi-acidic catalysts with disorderly arranged acid
sites, such as zeolites of Sn-Beta,45,46 MCM41,47 ZSM-5,48

SBA15,49 etc. (Table S3).
Additionally, recyclability, an important performance factor

for practical applications, has been studied under identical
reaction conditions. Figure 5A−C displays the reusability of
the catalysts. After recycling, only a slight reduction in glucose
conversion was observed for catalysts. These observations
support the notion that the ALD-deposited alumina overlayer
can stay stable on the outermost 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.
Based on the characterizations and catalytic performance

tests, the structure-acidity-catalytic performance relationship
has been plotted (Figure 6). On the ALD-generated overcoat,

Table 2. Summary of Catalytic Data of Glucose Conversion
to HMF over the Catalysts

catalysts CGlucose
a (%) SHMF

b (%) SFructose
b (%) TOFc (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 refers to the conversion of glucose. bSHMF/SFructose refers to
the selectivity of 5-hydroxymethylfurfural/fructose. cTOF refers to the
turnover frequency.

Figure 5. Recycling experiments for glucose conversion with (A) AlALD@m-S, (B) m-SA, and (C) AlALD@m-SA catalysts. Reaction conditions: 20
mg of AlALD@high silica substrate catalysts, 2 mL cosolvent (DMSO/Water = 7/3) containing 60 mg glucose or fructose at 160 °C under
continuous stirring.

Figure 6. Proposed cascade reaction scheme for glucose conversion
into HMF on AlALD@m-SA.
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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 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 absorbed
glucose. This results in the introduced glucose always come
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.
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 and
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 architectural structure,
including ASAsol−gel, ASAnanodomain, and previously published
zeolites such as ZSM-5, zeolite H, and SBA-15 (refer to Table
S3), 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 a bi-acidic catalyst with a unique cascade
architectural structure for efficient cascade reactions.

■ MATERIALS AND METHODS

Catalyst Preparation
The construction of the mesostructured amorphous silica substrate
was reported previously by our group via a one-step room-
temperature preparation.24 Utilized chemicals were purchased from
Sigma-Aldrich and are listed here: ammonium hydroxide solution
(28% NH3 in H2O, 0.9 g/mL), tetraethylorthosilicate (TEOS, >98%),
hexadecyltrimethylammonium chloride solution (CTAC, 25 wt % in
H2O), and aluminum(III) nitrate nonahydrate (Al(NO3)3·9H2O,
>98%). Briefly, without aluminum precursor loading, the pure silica
was synthesized as follows: in 200 mL of deionized water with 5 mL
of CTAC and 5 mL of NH4OH solution, 5 mL of TEOS was added
under vigorous stirring at a temperature of 298 K. After the formation
of white colored gel, the formed gel underwent 20 min of
ultrasonication, followed by another 1 h of vigorous stirring. The
solid content of the prepared gel was then collected via vacuum
filtration and washed with deionized water and ethanol three times.
After drying the obtained solid overnight under 80 °C, the collected
solid experienced a calcination process at 550 °C for 6 h with a
temperature increase rate of 1 °C/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 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
study.50 The temperature of the reactor was set at 200 °C and the
rotation speed of the 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 and 120 s, respectively. Twenty cycles of Al2O3 ALD
were carried out on samples in this work, and after 500 °C calcination
for 6 h, the catalysts were named AlALD@m-S and AlALD@m-SA.
Chemical and Physical Properties Characterization
Wide-angle XRD patterns were recorded from fine powder samples by
using a PANalytical XPert Pro powder diffractometer in the Bragg−
Brentano geometry with Co Kα radiation (λ = 0.1789 nm, 40 kV, 40
mA). The nitrogen adsorption−desorption isotherms were measured
via an Autosorb IQ-C system. The system was cooled to 77 K prior to
the experiment to avoid chemisorption by liquid nitrogen. The
specific surface area and the mesopore properties were calculated via
the Brunauer−Emmett−Teller (BET) method and the Barrett−
Joyner−Halenda (BJT) method, respectively. The morphology of the
catalysts was characterized by high-resolution transmission electron
microscopy (HRTEM) over FEI Themis Z with a double spherical
aberration corrector operated on 300 keV. The electron energy loss
spectroscopy (EELS) mapping is acquired over the same instrument
with a Gatan electron prism. The surface chemical analysis of the
catalysts was measured by a Thermo Fisher ESCALAB 250Xi
spectrometer with a focused monochromatic Al Kα-rays (1486.6 eV)
source. The surveys of X-ray photoelectron spectroscopy (XPS)
measurements have been applied to measure the surface compositions
with a passing energy of 20 eV.
The solid-state NMR spectra were recorded at 11.7 T on a Bruker

Avance III 500WB spectrometer at room temperature. Using 4 mm
ZrO2 rotors, one-dimensional (1D) single pulse (SP) excitation of 1H
and 31P spectra were recorded at the resonance frequencies of 500.1
and 202.5 MHz, respectively, using π/2 excitation pulses. The
quantitative 31P MAS NMR measurements were conducted using
ammonium dihydrogen phosphate (ADP, >98%, Sigma-Aldrich) as
the external standard. The 1D SP excitation of 27Al was acquired at
the resonance frequency of 130.3 MHz within 2.5 mm ZrO2 rotors
using a π/6 excitation pulse. For the measurement of dehydrated
samples, the sample was pretreated under 673 K overnight under a
nitrogen environment and then sealed into the rotor within a N2
glovebox, while for hydrated samples, they were exposed to the
atmosphere for a week for full hydration prior to the NMR
experiments. The 1H/27Al TRAPDOR NMR spectra were obtained
via the subtraction of the 200 W 27Al dephasing pulse 1H spectrum
from the 1H spectrum obtained without this pulse. The two-
dimensional (2D) 27Al multiple quantum (MQ) NMR spectra were
recorded using the published three-pulse z-filter MQ MAS pulse
sequence under MAS rate of 25 kHz.51 The NMR spectra were
simulated based on the Gaussian−Lorentzian peak shapes using Dmfit
software.52

Catalytic Performance Measurement
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 of
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 were pretreated and
activated at 673 K under a nitrogen environment, and then 20 mg of
catalyst was transferred into the reactor for each run. In an oil bath
with a 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
min up to 180 min (for glucose conversion) or every 15 min up to 90
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min (for fructose conversion). The collected samples were diluted
into deionized water and filtered by a 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.
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