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acidity is due to a distinct nanostructure, characterized by a uniform interface of silica— I J o0

alumina and homogeneously dispersed alumina domains. The BAS population density of
as-prepared ASAs is up to 6 times higher than that obtained by classical methods. The
BAS/LAS ratio, as well as the population densities of BAS and LAS of these ASAs, could
be tuned in a broad range. In cyclohexanol dehydration, the uniform Brensted acid
strength provides a high selectivity to cyclohexene and a nearly linear correlation between acid site densities and cyclohexanol
conversion. Moreover, the concerted action of these BAS and LAS leads to an excellent bifunctional Brensted—Lewis acid catalyst

for glucose dehydration, affording a superior S-hydroxymethylfurfural yield.

Product vapor
’l Double-flame-spray ‘

pyrolysis system

Amorphous silica—alumina, Bronsted and Lewis acidities, double-flame-spray pyrolysis, glucose conversion,
cyclohexanol dehydration, solid-state NMR

compared to the microporous zeolites and are thus of great
interest in acid-catalyzed conversions of biomass and
derivatives.'”'* In ASAs, the formation of BAS has been
widely accepted to originate from an Al atom flexibly
coordinated to a neighboring silanol oxygen atom (Scheme
1b)*™" or via aluminic pseudobridging silanol (PBS-Al
Scheme 1c, d) at the interface between silica and
alumina.'”'®"” Zeolite-like bridging Si(OH)AI or replacement
of an Al atom by Si in Scheme 1c (PBS-Si) are also proposed
for BAS formation by theoretical calculation studies but lack

Silica—alumina catalysts, including amorphous silica—aluminas
(ASAs) and zeolites, are the most popular emerging solid
acidic catalysts utilized in hydrocarbon transformation and
biorefining. In zeolites, the strong Brensted acid sites (BAS)
originate from protons compensating for the negative charges
caused by AP’ replacing framework Si** (Scheme 1a)."”
Enhancing the acidity of zeolites by framework dealumination
or Al exchange’™ introduces Lewis acidic extra-framework Al

(EFAI) species, which then act as bifunctional Bronsted—Lewis
acidic catalysts. These bifunctional catalysts facilitate the
integration of multiple acid-catalyzed reaction steps with high
efficiency and promote the conversion of biomass-derived
sugars, alcohols, and glycerol into valuable chemicals,®~® which
have attracted great attention recently. However, the EFAI
species generated on zeolite surfaces can easily leach out in
liquid-phase reactions, resulting in severe activity loss.”""
Recent advances in the sustainable production of chemicals
and fuels from biomass conversion often involve reactions with
large molecules. ASAs without diffusional constraints show
superior diffusional mass transfer properties for large molecules

© 2021 The Authors. Published by
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direct spectral evidence yet.'® Moreover, alumina domains on
ASAs are associated with the formation of Lewis acid sites
(LAS)." These properties render ASAs ideal bifunctional
Bronsted—Lewis acidic catalysts with versatile acid strengths,
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Scheme 1. Proposed Models for Bronsted Acid Sites (BAS)
in Silica—Alumina Catalysts”
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“(a) BAS consisting of a bridging silanol site bonded to a tetra-
coordinated aluminum (AI'Y) site (Si(OH)AI) in zeolites.” (b) BAS
consisting of flexible coordination between silanol oxygen and
neighboring Al (c) BAS consisting of a pseudo-bridging silanol
(PBS) interacting with an AI' site.'® (d) BAS consisting of the
synergy of tetra- and penta-coordinated Al (Al' and Al") sites with
the same SiOH.'° In b—d, the dotted line does not denote a covalent
bond but only the close proximity between O and Al atoms.

high stability, and lower energy barriers compared to
zeolites.' "'

ASAs are generally prepared by impregnation,” sol—gel,””
precipitation,” surface §rafting,l4’16’24 and flame-spray pyrol-
ysis (ESP) techniques.””*® Using wet-chemistry and post-
synthetic modification techniques, the dissolution and
recondensation of Al or Si species with surface amorphization
result in heterogeneity of Al species inside the silica
networks, ¢’ accounting for a wide distribution of acid
strengths in ASAs.'®***” Nonuniform acid strengths of solid
acids often promote side reactions resultin@ in lower selectivity
and even catalyst deactivation by coking. "*>*' Atomic layer
deposition (ALD) has been proposed to afford ASAs with
uniform BAS strength via the selective reaction of the Si
precursor with surface AIOH groups on the alumina support.'*
However, the formation of BAS is strongly hampered by the
low density of AIOH groups, which can largely limit the
formation of BAS and LAS on ALD-made ASAs. Therefore,
the synthesis of ASAs with uniform acid strength and enhanced
acidity remains a challenge for both selective and bifunctional
Bronsted—Lewis acid catalysis as well as a key in tuning
supported metal catalysts with identical electronic properties
for high chemoselectivity in hydrogenation reactions.”

Uniform acid sites generally require an unvarying local
structure of BAS and LAS. Similar domains of alumina on silica
or silica on alumina can generate a uniform interface structure
for the acid formation. The FSP technique facilitates the
preparation of uniform nanoparticles with atomically mixed

components or particles with segregated or embedded
components in a single step from a liquid precursor
solution.”™* In contrast to the classical flame spray pyrolysis,
where the precursor solution containing all components is
sprayed and dispersed into a single flame, double-flame spray
pyrolysis (DFSP)**™*° uses two separate flames and the
intersection zone of these flames, where the mixing of the two
separately generated aerosols occurs, and can be controlled by
proper positioning of the nozzles. This enables the tuning of
the intermixing of the components of the synthesized materials
on the micro- and/or nanoscale.

Silica—alumina catalysts exhibit high activity in promoting
biomass conversions for sustainable production of chemicals
and fuel additives.”' =" For instance, catalytic dehydration of
glucose affords S-hydroxymethylfurfural (HMF), an important
building block in the production of liquid alkanes, biofuels, and
furan derivatives.**> This production requires glucose isomer-
ization at LAS to fructose, followed by fructose dehydration at
BAS to yield HMF,*"*** which is a typical reaction for
evaluating the catalytic performance of Bronsted—Lewis acidic
catalysts with practical relevance. Dehydration of biomass-
derived cyclohexanol to cyclohexene is another example, which
is a key precursor to dicarboxylic acids for drug and resin
syntheses.”” The high selectivity to cyclohexene is sensitive to
the uniform acid strength of solid acids, which is often utilized
as a diagnostic reaction.' !

Herein, we used the DFSP technique to tune the structure of
ASAs. We successfully synthesized ASAs made up of uniform
alumina domains and a silica—alumina interface, comprising
BAS and LAS with virtually unvarying acid strength. The
structures of the as-synthesized ASAs were characterized by
EDS element mapping and *°Si and *’Al MAS NMR
spectroscopy, and their acidities were determined by
quantitative "H and *'P MAS NMR. The catalytic properties
of these materials were evaluated using chemical trans-
formations relevant for biomass conversion. A linear relation-
ship between BAS density and cyclohexanol conversion
confirms BAS of uniform moderate strength, formed on
ASAs, independent of their compositions. The cooperativity of
BAS and LAS on DEFSP-made ASAs could significantly
promote acid-catalyzed glucose dehydration to HMF, provid-
ing excellent HMF yields compared to other silica—alumina
catalysts.

Table 1. Properties of d-SA/x Catalysts with Different Si/Al Ratios and Catalytic Results in Cyclohexanol Dehydration

A“/mz/g SiOHb/mmol/g BASb/mmol/g

d-SA/5 207 12 3% 1072
d-SA/10 218 1.7 7.2 X 1072
d-SA/30 221 2.1 12.3 X 1072
d-SA/50 218 1.3 9.1 x 1072
d-SA/70 207 0.76 8.5 x 1072
ALD ASA°®

CLD ASA°®

LAS‘/mmol/g X%/% S%/% rd/mol/(m2 s)
1.1 x 1072 44 98.2 3.5 % 1078
22 % 1072 9.5 98.7 7.3 x 1078
3.0 X 1072 12.9 99.1 9.7 x 1078
4.6 x 1072 10.4 98.8 8.0 x 1078
5.8 X 1072 9.2 99.2 7.4 % 1078

9.1 6.6 x 1078
47 x 1078

“A is the specific BET surface area. “The numbers of total SIOH groups and Bronsted acid sites (BAS) were determined by quantitative 'H MAS
NMR measurements. “The number of Lewis acid sites (LAS) was quantified from the number of BAS and from the LAS/BAS ratio obtained after
simulations of the *'P MAS NMR spectra of TMPO-loaded samples. dX, S, and r are the conversion of cyclohexanol, the selectivity to cyclohexene,
and the rate of cyclohexanol conversion per unit surface area of ASA and per second, respectively. Conditions: 40 mg of catalyst were added into 2
mL of cyclohexane solution containing 0.1 mmol cyclohexanol; the reaction was carried out at 448 K for 10 min to determine the initial reaction

rate r. “Taken from ref 14.
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Metallorganic precursors, aluminum acetylacetonate (Al(acac)s,
>99.9%) and tetraethyl orthosilicate (TEOS, >99.9%) were
purchased from Sigma-Aldrich, and solvents, analytical grade acetic
acid and methanol, were from Fluka. All chemicals were used as
received. Two precursor solutions were prepared by dissolving the
corresponding metal precursors (0.5 M by metal) in a mixture of
equal volumes of acetic acid and methanol. The DESP experimental
setup has been described earlier.*® The geometrical arrangement of
the two nozzles and corresponding flames is shown schematically in
Figure S1 in the Supporting Information. The nozzles were placed at
an angle of 160° to each other and 11 cm apart, such that the aerosol
streams were homogeneously mixed at a distance of ca. 34 cm
perpendicular to the nozzle. Each precursor solution was pumped
through a capillary at a flow rate of S mL min™' and was dispersed
with 5 L min™" of O, into a fine spray. The spray was ignited, with a
premixed CH,/O, flame at a volume ratio of 1:2 (total flow rate of
the flamelet: 3 L min™'). The nomenclature of the silica—alumina
powders is defined as d-SA/x, where «x (S, 10, 20, 30, 50, 70) specifies
the atom percent of Al in the mixed oxide and d indicates that the
DESP system was employed. The reference catalysts Al,O; and H-
ZSM-S were prepared as described in refs 25 and 6, respectively.

Nitrogen adsorption—desorption isotherms. The measure-
ments were performed at 77 K using an Autosorb IQ-C system to
determine the specific surface areas. Before measurements, the
samples were degassed at 423 K under vacuum to remove adsorbants
from the surface. The specific surface areas, determined using the
Brunauer—Emmett—Teller (BET) method, are summarized in Table
1.

X-ray Diffraction (XRD). The XRD patterns of d-SA/x powders
were recorded on a Bruker D8 diffractometer with Cu—Ka radiation
(A = 0.154 nm, 35 kV, 40 mA).

Scanning Transmission Electron Microscopy (STEM). The
TEM images and STEM-EDS results were acquired on a JEOL-
2200FS instrument with 200 kV acceleration tension. The high-angle
annular dark-field (HAADF) STEM images were collected on a
ThermoFisher Themis Z instrument equipped with a double spherical
aberration corrector, and the high tension was 300 kV.

Before *’Al and **Si MAS NMR investigations, all samples were
exposed overnight at ambient temperature in a desiccator to the
saturated vapor of Ca(NO,), solution for definite hydration. Before
the "H MAS NMR experiments, the samples were filled into glass
tubes and dehydrated at 723 K for 12 h at a pressure of less than 107
bar. These dehydrated samples were then either sealed into the glass
tubes or directly loaded with ammonia on a vacuum line.
Subsequently, the loaded samples were evacuated at 393 K for 1 h
to remove the weakly physisorbed molecules. Then, the samples were
transferred into the MAS rotors under dry nitrogen gas inside a
glovebox. The MAS rotors were sealed with suitable MAS caps and
were then subjected to NMR measurements.

One-dimensional (1D) 'H, %Al and *’Si MAS spectra were
recorded at 9.4 T on a Bruker Avance III 400 WB spectrometer at
resonance frequencies of 400.1, 104.3, and 79.5 MHz, with sample
spinning rates of vy = 8, 8, and 4 kHz; rotor diameters of 4, 4, and 7
mm; single-pulse (SP) excitation of 90°, 30°, and 90° flip-angle and
recycling delays of RD = 20, 0.5, and 20 s, respectively. High-power
'H decoupling was applied during *Si acquisition. Quantitative 'H
MAS NMR measurements were carried out with vy = 8 kHz using a
zeolite H, Na—Y (35% ion-exchanged) as an external intensity
standard. The 'H—{*’Al} TRAPDOR (transfer of population in
double resonance) MAS experiment was performed vy = 4 kHz by
sending a *’Al irradiation with an rf-field of v; = 50 kHz during the
first 7 = 200 ms delay of the n/2—7—n—7—Acq pulse sequence

264

applied to the 'H nuclei. The data were simulated with the Dmfit
software to quantify the different peaks of the 1D spectra.

*'P MAS NMR spectra were recorded at 7.05 T on a Bruker DRX
300 spectrometer at 121.5 MHz, with RD = 10 s, 4 mm zirconium
oxide rotors, vx = 10 kHz, and NS = 6656—16896. Before >'P NMR
measurements, samples were dehydrated at 723 K under evacuation
conditions overnight. The dehydrated catalysts (ca. 100 mg) were
then mixed in a glovebox with TMPO (10 mg) inside the rotor, which
was sealed with an O-ring-containing Macor-cap. The sealed sample
rotor was finally subjected to thermal treatment at 433 K for 2 h. The
data were simulated with the Dmfit software to quantify the different
peaks of the 1D spectra.

2D (two-dimensional) ?’Al NMR spectra were recorded at 18.8 T
on a Bruker Avance III 800 spectrometer equipped with 3.2 mm MAS
rotors spinning at vy = 20 kHz. The Al MQMAS (multiple-quantum
MAS) NMR spectra of d-SA/10 and d-SA/S0 were recorded using the
three-pulse z-filter pulse sequence.*® The 2D spectra resulted from the
accumulation of respectively NS = 576/192 transients for each of the
8/32 t; increments with States-TPPI acquisition, with At; = 25 us and
RD = 0.5 s. The 2D spectra were sheared with the xfshear program
included in the TOPSPIN software. Excitation and reconversion
pulses lasted 3 and 1.3 us, respectively, with v, = 100 kHz, and the
central-transition (CT) selective /2 last pulse lasted 8 ys with v,~
10 kHz. During Al DQ-SQ_(double — single-quantum) 2D
experiments, CT-selective /2 and z-pulses of 8 and 16 s, that is, an
tf amplitude of about 10 kHz, were applied. The *’Al two-spin DQ
coherences were excited and reconverted by applying the BR2} pulse
sequence,” which reintroduces the ’Al-?’Al dipolar interactions
under MAS. The lengths of the excitation and reconversion periods
were equal at 800 us. The rf amplitude applied during the B2} pulse
sequence was v, = 3.3 kHz, which corresponds to a nutation
frequency of 10 kHz for the *’Al CT. Furthermore, the hyper-secant
(HS) scheme was applied before the BR2! excitation,*® to enhance
the 27Al CT polarization by saturating the satellite transitions.”"** HS
employed a shaped pulse lasting 4 ms with an rf field amplitude of 16
kHz and a frequency sweep of 20 kHz around an offset of 200 kHz
with respect to the CT. *’Al DQ—SQ 2D spectra resulted from
averaging 14 400 and 3200 transients for d-SA/10 and d-SA/50 with
recycle delay of 2 s, respectively.

Before the reaction, the d-SA/x catalysts were preheated overnight at
723 K under a nitrogen flow of 50 mL/min. The activated d-SA/x
catalysts (0.04 g) were added into a 2 mL cyclohexane (>99.5%,
Sigma-Aldrich) solution containing 0.1 mmol of cyclohexanol (>99%,
Sigma-Aldrich) in a glass pressure reactor. A 10 mg portion of
adamantane was used as an internal standard. The reactor
temperature was kept at 448 K by a temperature-controlled oil
bath, and the reaction was carried out under stirring for ca. 10 min.
The reaction mixtures were then cooled down to room temperature
for sample collection. Reaction products were analyzed using a
Shimadzu GCMS QP2010 Ultra (Rtx-SMS column 30 m X 0.25 mm
X 0.25 ym) and a Shimadzu GC2010 (25QC3/BP1 column 25 m X
0.32 mm X 5 ym).

Glucose (0.06 g, >99.5%, Sigma-Aldrich) was dissolved in a mixture
of deionized water (0.6 mL) and dimethyl sulfoxide (1.4 mL, DMSO,
>99.5%, Sigma-Aldrich) as the organic phase. The mixture was then
transferred into a glass pressure reactor (25 mL) together with the
activated d-SA/x catalysts (0.02 g). The reaction was performed at
433 K under magnetic stirring for 4 h in a temperature-controlled oil
bath. Samples of the reaction mixture were collected after 15, 30, 45,
60, 90, 120, 180, 240 min, diluted with 20.0% (v/v) methanol
aqueous solution and filtered for HPLC analysis. The HMF was
analyzed by an Agilent 1260 system equipped with a reversed-phase
C18 column (Agilent Eclipse Plus Columns, 250 X 4.6 mm, S ym)
and a multiwavelength detector (DAD) at 284 nm. The mobile phase
was 20% (v/v) methanol aqueous solution at a flow rate of 0.6 mL/
min. Substrate (glucose) was analyzed using an Agilent 1290 system
equipped with a Biorad Aminex HPX-87H column (300 X 7.8 mm, 9
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um) and a refractive index detector (RID). A 0.005 M H,SO,
aqueous solution was used as the mobile phase (flow rate: 0.60
mL/min). And, the temperatures of the column and RID were
maintained at 333 and 323 K, respectively.

d-SA catalysts were amorphous as indicated by the XRD
patterns (Figure S2). All XRD patterns of d-SA/x catalysts
were dominated by a broad peak due to amorphous silica at 26
25°°% and no crystalline alumina could be detected.
Increasing the Al content to 50% and above resulted in a small
amount of amorphous alumina, showing diffraction peaks at 26
= 46° and 67°, which confirm that no crystalline alumina phase
was formed, as often detected in ASAs prepared by
conventional methods.”

Since the formation of small Al domains is invisible by XRD
analysis, the ASAs were also examined by EDS element
mapping. As expected, Al nanodomains were formed in d-SA/
10 (Figure la and 1b) instead of the homogeneous distribution

~

Al K series

[ pererew— |

100nm

Si K series

| v e—— |

100nm

100nm !

Figure 1. EDS element mapping of (a, b) d-SA/10 and (c, d) d-SA/
S0.

of Al and Si atoms in ASAs at low Al/Si ratio.>> This behavior
is further substantiated by more alumina nanodomains formed
with increasing Al content, such as in d-SA/50 (Figure 1c and
1d), but no obvious alumina phase could be detected at such
high Al/Si ratio (Figure S3), in contrast to the significant
alumina phase formed in ASAs prepared by wet-chemistry
methods by the faster condensation rate of Al—O-—Al
compared to Al-O—S8i.>*

Since using DFSP could minimize the recondensation
between the Si and Al precursors, the resulting surface areas
of d-SA/x catalysts are almost independent of their
compositions and are well in the range of the surface areas
of pure silica and alumina. Indeed, the BET-surface areas of all
d-SA/x catalysts were in a relatively narrow range of 207—221
m?*/g (Table 1). In contrast, other ASAs often exhibit a wide
range 2(?£s surface areas, strongly dependent on the Al/Si
ratios.” "™
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The local structure of the d-SA/x catalysts was investigated by
»Si and Al 1D MAS NMR spectroscopy. The *Si spectrum
(Figure 2a) of d-SA/S consists of two nonsymmetric peaks

-101

e) d-SAI70 91| | -109

e AT 1IN ) R
I

d) d-SA/50 |

¢) d-SA/30

b) d-SA/10

a) d-SA/S |
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8205/ ppm
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Figure 2. 2Si MAS NMR spectra of d-SA/x catalysts, with x = 5 (a),
10 (b), 30 (c), 50 (d), and 70 (e).

with a broad shoulder, at d,95; = —109, —101, and —91 ppm,
respectively. The line shapes and chemical shifts of these three
peaks are nearly independent of the Si/Al ratio, while their
intensities decrease from Figure 2a—e due to decreasing Si
content. The line shape and chemical shift differences of the
9Si peaks are typical for silica—alumina samples with different
Si/Al ratios, including both zeolites and ASAs prepared by
various methods.”****” The systematical shift of the 2Si peaks
to higher frequencies with decreasing Si/Al ratio of ASAs is
attributed to more Al atoms incorporated into the silica
network.”***”*% Compared to these ASAs, the identical line
shapes and chemical shifts of the three *Si peaks demonstrate
that Al domains exert a limiting effect on Si domains in d-SA/x
catalysts. Therefore, the *Si peaks are mainly controlled by the
Si domains, and the peaks at d,95; = —109, —101, and —91 ppm
can be ascribed to Q* (Si(0Si),), Q* (Si(0Si);0H), and Q
(Si(0Si),(OH),) species, respectively, similar to those
observed with pure silica.”

The effect of Si addition on Al domains was investigated by
*’Al MAS NMR (Figure 3). All Al spectra of d-SAs consist of
two main resonances at ca. 64 and 7 ppm with a small hump at
35 ppm. These three peaks were analyzed by 3QMAS
experiments and assigned to tetrahedral (AI"), octahedral
(AI'"), and pentahedral (Al") aluminum species, respectively
(Figure 4a and b).*

*’Al 1D and 2D 3QMAS NMR spectra of all d-SA/x samples
are similar and typical for pure AL, O;>° Moreover, the
Y’Al-*’Al correlations were further investigated in d-SA/x
catalysts by 2’Al DQMAS experiments (Figure 4c and d). The
2D spectra are independent of the Si/Al ratio and similar to
those reported for AL,Os, consisting of mainly AlV'—AI"!, AlY—
A", and AIY—AI"' correlations.”® In comparison, more
complicated correlations between Al species were detected in
SA/x catalysts due to the strong disturbance of the Al matrix
upon silica incorporation.'® Therefore, we can conclude that
the Al distributions and correlations in Al domains were not
significantly affected by the Si domains in d-SA/x catalysts.
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Figure 3. Al MAS NMR spectra of d-SA/x catalysts, with x = § (a),
10 (b), 30 (c), 50 (d), and 70 (e).
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Figure 4. ”7Al MQMAS (a, b) and DQMAS (¢, d) NMR spectra of d-
SA/10 (a, ) and d-SA/50 (b, d).

Generally, BAS are generated through the spatial proximity
between SiOH groups and Al sites in ASAs.'”'*'® The EDS
atom mapping analyses and *’Si and *’Al MAS NMR
investigations, suggest a clear separation with an interface
between Al and Si domains in d-SA/x catalysts. Whether there
exist spatial proximities between Al sites and SiOH groups on
the interface of d-SA/x catalysts was examined by double-
resonance 'H—{*’Al} TRAPDOR (transfer of population in
double resonance) NMR experiments.' > In these experi-
ments, the applied *’Al irradiation decreases the magnetization
of 'H species close to *’Al nuclei, and thus the difference of 'H
MAS spectra obtained with and without *’Al irradiation can
probe "H—?"Al spin pairs with short distances, such as OH
groups interacting with Al species. As shown in Figure Sa, the
peak at 1.8 ppm can thus be assigned to SiOH groups having
neighboring Al sites.®'

It has been frequently observed that Al sites can withdraw
the electron density from neighboring oxygen atoms of SiOH
groups and thereby enhance the acid strength of the SiOH
groups, acting as BAS. "H MAS NMR spectroscopy was often
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Figure 5. Characterization of surface Bronsted acid sites: 'H MAS
NMR spectra of d-SA/x catalysts. (a) "H—{*’Al} TRAPDOR spectra
of dehydrated d-SA/10 without (top) and with (middle) *’Al
irradiation and their difference spectrum (bottom). (b—f) 'H spectra
of dehydrated d-SA/x recorded before (bottom) and after loading
with NHj; (top); with x = § (b), 10 (c), 30 (d), 50 (e), and 70 (f).
Dehydrated samples were prepared by heating at 723 K for 12 h at a
pressure of less than 1072 bar. Loading of dehydrated samples with
NH; was followed by evacuation and desorption of weakly adsorbed
(physisorbed) NH; at 393 K for 1 h.

employed to investigate the surface hydroxyl protons.”” As
shown in Figures Sb—f, the 'H MAS spectra of dehydrated d-
SA/x catalysts are dominated by a strong SiOH peak at 8, =
1.8 ppm, which often overlaps with the peak of the acidic
SiOH groups (BAS). Adsorption of strong bases, such as NH;,
is a suitable method to probe these surface BAS."> Adsorption
of ammonia on pure silica is unable to induce any peak
change.”> After Al addition of only 5%, a peak at &,;; & 6.6
ppm was immediately observed with d-SA/S (Figure Sb top),
assigned to ammonium ions generated by ammonia protonated
at BAS. The intensities of the ammonium peaks were utilized
to quantify the population densities of BAS listed in Table 1.
The densities increased from 3 X 107> to 12.3 X 107> mmol/g
with rising Al content from S to 30% and then decreased to 8.5
X 107> mmol/g with further increase of the Al content up to
70%. This decrease of BAS density is ascribed to the significant
drop of the total number of SiOH groups at low Si loading on
the interface. These trends are similar to those reported for
ASAs prepared by wet-chemistry methods due to rapid self-
condensation of Al nuclei when their content is larger than
30%, forming an alumina phase.“’65 However, no such
alumina phase could be observed with d-SA/x catalysts.
Instead, more Al nanodomains were generated with increasing
Al loading in d-SA/x catalysts (Figures 1 and 3), which is
proposed to promote the formation of LAS.

*'P MAS NMR using TMPO as a probe molecule is a
suitable spectroscopic method to distinguish different types of
acid sites with various strength.s’“’é7 Often, the chemical shift
of TMPO increases with a higher acid strength of BAS. As
shown in Figures 6a and b, a strong peak at 45 ppm and a
broad hump at ca. 68 ppm were observed on d-SA/S and d-
SA/10. The first peak is assigned to physisorbed TMPO,*®
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Figure 6. *'P MAS NMR spectra of dehydrated (773 K) d-SA/«x
loaded with TMPO: with x = 5 (a), 10 (b), 30 (c), 50 (d), and 70 (e).

while that at ca. 68 ppm is attributed to TMPO adsorbed at
weak BAS.°*®” Moreover, a broad hump at ca. 8;,p & 51 ppm
was detected, which is typical for TMPO strongly adsorbed at
LAS.° Similarly, the strongly adsorbed ammonia at LAS on
ASAs could result in a broad hump at 8, &~ 3 ppm,”" which is
also observed in Figure S4. The increase of the broad peak at
higher Al content enables one to assign it as TMPO adsorbed
at LAS.

The simulation results shown in Figure 6 are based on these
observations. The identical acid strength of BAS on all d-SA/x
catalysts is thereby probed with the same chemical shift of 68
ppm. The acid strength of LAS on d-SA/x catalysts is slightly
higher than that on flame-made (50 ppm) and commercial
alumina (48 ppm).*® This is attributed to the fact that LAS are
present in nanodomains, compared to their existence in
nanoparticles, and the large alumina phase of the two other
samples, respectively. Moreover, the density of LAS can be
determined by that of BAS and by the LAS/BAS ratio obtained
in '"H and *P MAS experiments, since only one TMPO
molecule can be adsorbed per BAS or LAS. The quantitative
results, summarized in Table 1, show that the number of LAS
(LAS density) correlates well with the Al content.

Figure 7 shows a simplified scheme of the possible particle
formation pathways occurring in the ASA syntheses using
DESP. As shown, the liquid Si and Al precursors are fed
through the independent nozzles, which spray the liquid
precursors into the two flames. The precursors are vaporized
and intermixed in the zone where the flames overlap. Primary
small nanoclusters are formed by nucleation, surface growth,
and/or condensation. BAS formation is proposed to occur in
the mixing zone by surface interaction between Al sites in
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Figure 7. Schematic of possible particle formation pathways during
the aerosol synthesis by injecting Si and Al precursors from two
independent nozzles (DFSP setup) for nanoparticle synthesis. The
dotted line for BAS does not denote a covalent bond but only the
close proximities between O and Al atoms.

proximity to SiOH groups on the interface. These domains
grow by coagulation—agglomeration, forming finally aggregates
and agglomerates in the final mixed oxide powders (Figure
S2).

Decoupling of the interaction between Al and Si precursors
during DESP synthesis was demonstrated by the characteristics
of silica and alumina domains that are independent of the
compositions of d-SA/x catalysts, as shown in Figures 1—4.
Previous DFSP studies show that the metal species (e.g., Pd)
are selectively located in the vicinity of SiOH groups on the
surface,”® due to the high electron density of the hydroxyl
oxygen. Similarly, we propose that the LAS prefer to interact
with surface SiOH groups on the interface, which is confirmed
by '"H—{*’Al} TRAPDOR experiments (Figure 5a). Since the
local structure of interfaces in d-SA/x catalysts is similar and
does not depend on their compositions (Si/Al ratio), the acid
strengths of BAS and LAS are uniform for all prepared ASAs.

Employing the DFSP technique with the given conditions,
the number of uniform alumina domains as well as the
interfacial area in silica—aluminas increased with higher Al
content. Consequently, the population density of BAS and LAS
on ASAs could be improved by using DESP. For example, the
BAS density on d-SA/x catalysts is up to 6 times higher than
those obtained by other methods.'*”" The LAS/BAS ratio of
d-SA/x catalysts could be flexibly tuned, and both the density
of LAS and BAS could be boosted, which contrasts the
behavior of ALD-made ASAs, where the LAS density decreases
monotonously with increasing BAS density. The number of
uniform BAS on ASAs prepared by ALD is also limited by the
small amount of AIOH groups on low-surface area alumina
(large alumina support, particle size < 3 ym).

d-SA/x catalysts with uniform and moderate BAS and LAS
strengths have been successfully prepared in this work.
Dehydration of biomass-derived cyclohexanol with high
selectivity to cyclohexene (Scheme 2) is a typical test reaction
to characterize BAS with uniform and moderate strength, since
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Scheme 2. Catalytic Dehydration of Cyclohexanol to
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the product distribution is sensitive to strong BAS, resulting in
side reactions and catalyst deactivation.'”"

The catalytic activity of d-SA/x catalysts was evaluated using
cyclohexanol dehydration, and the results are summarized in
Table 1. As previously reported,"**" Al, O, is virtually inactive
under the conditions applied here. GC analysis mainly
detected cyclohexene, without carbonaceous deposits, which
are typically formed with strong solid acids.”” With d-SA/x
catalysts, the selectivity to cyclohexene (98—99%) is much
higher than that achieved with corresponding catalysts
prepared by single-nozzle FSP and coprecipitation methods
(38—95%), which both show a wide distribution of BAS
strength.”’ The high cyclohexene selectivity achieved with
DESP is in line with the unvarying and moderate BAS strength,
which is independent of the compositions of d-SA/x catalysts.

Increasing the BAS density on d-SA/x catalysts could
promote their activity in cyclohexanol dehydration. Figure S5
shows that the conversion and reaction rate, r, of cyclohexanol
almost linearly increases with the density of BAS. As an
example, the reaction rate r on d-SA/30 (9.7 X 107 mol/(m?
cat. s)) is 6 and 3 times higher than corresponding rates
observed on pure alumina (1.6 X 107 mol/(m? cat. s))*' and
d-SA/5 (3 x 107® mol/(m” cat. s)), respectively. Further
increase of the Al content up to 70% resulted in a decrease of r
to 7.4 X 1078 mol/(m? cat. s) due to the decline of the BAS
density. At a similar selectivity to cyclohexene, d-SA/x catalysts
showed up to 1.5 times higher r than those reported for SiO,/
Al O, prepared by ALD and CLD techniques."*

The bifunctional Brensted—Lewis acidic properties of d-SA/x
catalysts were examined using the glucose dehydration to
HMF (Scheme 3 and Table 2). Employing d-SA/x catalysts

Scheme 3. Proposed Reaction Pathway for Catalytic
Dehydration of Glucose to HMF*

OH
HO. o
HO OH
OH

Glucose

(o]
—_— (o]
Ho' ont  HO W

Fructose 5-hydroxymethylfurfural (HMF)

“LAS: Lewis acid sites. BAS: Bronsted acid sites.

could more efficiently promote the glucose conversion
compared to other ASAs with similar Al content,'’ for
instance, 50 vs 23% and 91 vs 70%, at 10 and 50% Al content,
respectively, after 2 h of reaction under similar conditions. The
higher glucose conversion is attributed to the higher density of
LAS generated by the DFSP synthesis,lz’25 which is further
demonstrated in Figure S6 by a nearly linear correlation
between glucose conversion and the density of LAS.

It emerges from the reaction data in Table 2 that the HMF
selectivity determined after 2 h of reaction increases gradually
up to that of the d-SA/70 catalyst. This increase of the HMF
selectivity with BAS density (Table 1) became more
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Table 2. Catalytic Performance of ASAs in the Conversion
of Glucose to HMF“

conversion” /% yield”/% selectivity”/%
d-SA/S 34 (90) 9 (36) 26.5 (40)
d-SA/10 50 (92) 14 (43) 28.1 (45)
d-SA/30 78 (100) 30 (64) 38.5 (64)
d-SA/50 91 (100) 38 (54) 41.8 (54)
d-SA/70 100 (100) 45 (49) 45.9 (49)
ASA/30° 64 25 39

“Conditions under stirring at 433 K: 20 mg of catalyst were added to
a mixture of deionized water (0.6 mL) and DMSO (1.4 mL)
containing 60 mg of glucose. YThe conversion of glucose, selectivity,
and yield to HMF are provided after 2 h of reaction, and the results
after 4 h of reaction are given in parentheses. “ASA/30 with an Al/Si
ratio of 30/70 was obtained from ref 25.

prominent after 4 h of reaction, and maximum selectivity
was already observed for d-SA/30 (Table 2, Figure S7). HMF
is generated by dehydration of fructose, which depends on the
preceding step, the glucose isomerization to fructose. On d-
SA/x catalysts, the LAS density increases at higher Al content,
while the maximum BAS density is obtained at 30% Al loading.
This could explain the observed HMF selectivity behavior
since BAS and LAS have a different influences on the reaction
steps 1 (glucose isomerization) and 2 (fructose isomerization).

The dependence of the HMF selectivity at full conversion of
glucose on the LAS/BAS ratio in the range 0.24—0.68, shown
in Figure 8, indicates that at a low LAS/BAS ratio the HMF

70 I HMF selectivity
B HIVFF yield after 2 h
60 I HVFF yield after 4h
50
40
2
30

0.3 04 0.5

LAS/BAS ratio

0.6

0.7

Figure 8. Selectivity at full conversion of glucose and yield of HMF vs
the ratio of LAS/BAS (R = coefficient of determination). Conditions
under stirring at 433 K: 20 mg of the catalyst were added into a
mixture of deionized water (0.6 mL) and DMSO (1.4 mL) containing
60 mg of glucose.

formation is enhanced. This result is similar to that obtained
using mesoporous silica—alumina catalysts, but with a much
lower LAS/BAS ratio (0.1—0.47).”* However, the increase of
the LAS/BAS ratio from 0.53 to 1.7 in H-Beta zeolites
improves the HMF selectivity from 36 to 55% at 453 K, after 4
h in H,O—DMSO (9:1)/THE (1:3),”* while an increase of the
LAS/BAS ratio from 0.25 to 2.5, in ion-exchanged (Fe(II) and
Cu(1I)) H-ZSM-S, enhances the HMF selectivity from 13 to
35% at 468 K for 150 min of reaction in a water/methyl
isobutyl ketone biphasic system.”> This has been attributed to
a higher LAS/BAS ratio which could inhibit the formation of
humins or oligomers at strong BAS.”® This hypothesis has been
confirmed by comparing the HMF selectivities obtained using
d-SA/70 with only moderate BAS, and ASA/70 with strong
BAS but a much lower LAS/BAS ratio. Indeed, both catalysts
afforded similar HMF selectivities, 47% and 50%, respectively,
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at ca. 85% glucose conversion. This further substantiates that
d-SA/x catalysts with unvarying moderate BAS and lower
LAS/BAS ratios are selective for generating HMF in glucose
conversion. As shown in Figure 8, the HMF yields seem to be
rather independent of the LAS/BAS ratio. The rareness of LAS
on d-SA/S and d-SA/10 hampers the isomerization of glucose
to fructose, forcing the HMF yields to remain less than 14%
after 2 h, but then rapidly increase to 36—43% after 4 h of
reaction. d-SA/S0 and d-SA/70 with a 1.5-3 times higher
amount of LAS than d-SA/S and d-SA/10 enabled the HMF
yield to increase from 38 to 45% after 2 h of reaction.
Compared to ASA/x catalysts, d-SA/x catalysts provide a
higher LAS density and, thus, promote the formation of HMF,
as shown in Table 2.

d-SA/30 with the highest density of BAS, unvarying
moderate strength, and a nearly optimized LAS/BAS ratio
afforded the highest HMF yield (63%) after 4 h of reaction
among the d-SA/x catalysts. This yield is much higher than
that achieved with other silica—alumina based catalysts
reported so far,”””>”” indicating that d-SA/x catalysts are
promising bifunctional catalysts for glucose dehydration.
Particularly, compared to ASAs prepared by sol—gel and
coprecipitation techniques, up to 1.5 times higher HMF y1e1d
is achieved under the same conditions after 2 h of reaction.'
This property has been attributed to the concerted action of
BAS and LAS on d-SA/x catalysts. As shown in Figure 9, LAS

d-SA/x catalysts
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Q o, \// =, P uniform acid stregnths
— Q }) ° _‘0,5'\ high acid densities
Al=0 |

Promote the cooperativity
of BAS & LAS for efficient
glucose dehydration

-~ H
n
roximit,

Glucose ° Y

OH

HO. Isomerization at ™\ HO 2 OH ~~ Dehydration at
Q < /\S—Z(O\H Brons{ed acid sites /\w/\
OH -Lewis acid sites. OH

Fructose 5-Hydroxymethylfurfural
\ /4\ Ilmltatlon
Conventional

Impeding the cooperativity
of BAS & LAS

va \ (o}
ASAs O—TAI"’ Si,,/ y
Bulk phase o\ ™ o OX: —OAl or —OSi
Low LAS density X OX at interface region
Al,03 Interface Si0,

Figure 9. Proposed reaction mechanism for glucose dehydration into
HMEF over ASA and d-SA/x catalysts.

and BAS commonly originate from different phases in ASAs.
This impedes the surface diffusion of the fructose formed at
LAS on the alumina phase to the BAS existing at the interface
between alumina and silica phases for subsequent dehydration
yielding HMF. Note that concentrated reactant/intermediates
at the strong BAS or LAS would likely result in the formation
of humins or ollgomers 376 On d-SA/x catalysts, the BAS with
uniform moderate strength are generated by the interaction of
very small domains of alumina and silica constituents, which is
expected to promote the fructose formed at LAS and its
diffusion to neighboring BAS for dehydration to HMF. The
cooperative action of BAS and LAS also provides an almost
twice higher HMF selectivity and yield with d-SA/30 than with
ASA/30 (Al/Si = 30/70) at full conversion of glucose. This is
remarkable since ASA/30 possesses mainly moderately strong
BAS and a similar population density (ASA 11.1 X 10> mmol/
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g, compared to d-SA/30 12.3 X 107> mmol/g). The reusability
of d-SA/30 was tested under identical conditions, and after five
recycles, no significant activity loss was detected (Figure S8).
This demonstrates that the interaction of the nanodomains of
alumina and silica constituents can generate in d-SA/30 a
uniform BAS and LAS proximity, thereby promoting the
efficiency of the transformation of glucose to HMF.

In this work we reported a route to synthesize a new class of
high-performance ASAs, containing BAS and LAS with
uniform strength, using double-flame spray pyrolysis (DFSP).
The structural characterization of as-synthesized d-SA catalysts
by EDX element mapping and various solid-state NMR
techniques revealed that BAS of similar strength are generated
on an interface formed by Al sites on nanodomains of alumina
interacting with neighboring SiOH groups on small silica
domains. Moreover, the small silica and alumina nanodomains
generated in the aerosol during flame synthesis give rise to a
high surface area as well as a large silica—alumina interface, and
alumina nanodomains promoting both the formation of BAS
and LAS. The obtained BAS population density is up to 6
times higher than that of ASAs prepared by conventional
methods, and the LAS density increases with increasing Al
content.

The existence of BAS with uniform moderate strength
formed on d-SA catalysts has been substantiated by the high
selectivity to cyclohexene achieved in the dehydration of
cyclohexanol. In the bifunctional Brensted—Lewis acid-
catalyzed glucose conversion, an HMF vyield of 63% was
achieved on d-SA/30 with a nearly optimal LAS/BAS ratio.
This is the highest HMF yield among silica—aluminas
(including ASAs with strong BAS) reported under similar
conditions. This novel route for synthesizing silica—alumina
catalysts with uniform BAS and LAS strengths facilitates an
adaptive tuning of the density of BAS and LAS, which is crucial
for efficient conversion of hydrocarbons and biomass. DFSP
proved to be a powerful method for tailoring the structure of
mixed oxides at the submicron- and/or nanoscale, as shown in
this work on the tuning of the acidic properties of ASAs.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jacsau.0c00083.
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Preparation of H-ZSM-5 zeolite

All chemicals used for ZSM-5 synthesis, such as NaOH (> 99.99 %),
tetrapropylammonium hydroxide (TPAOH, 1.0 M in H20), silicic acid (> 99.9 %),
sodium aluminate (50~56 % Al203, 37~45 % Na20), ammonium hydroxide solution
(28 % NHs in H20) and AI(NO3)s (= 98 %) were obtained from Sigma-Aldrich.
Aluminum-containing Na-ZSM-5 was synthesized via a hydrothermal route.!!! First,
seeding gel was prepared by thoroughly mixing deionized water, NaOH, TPAOH, and
silicic acid solution in the molar ratio of 116:1.6:1:5, respectively. The resulting mixture
was stirred for 1 h under ambient temperature, followed by aging at 100 °C for 16 h. A
mixture consisting of water, sodium hydroxide, sodium aluminate, silicic acid, and
seeding gel with the respective molar ratio of 375:1.7:0.3:9.4:1 was stirred at ambient
temperature for 1 h. Then the resulting gel was placed into an autoclave and aged at
180 °C for 40 h. The products were recovered by filtration, washing, and drying at 105
°C for 24 h. Finally, to completely remove organic compounds, the as-synthesized
samples were calcined in a flow of synthetic air (58 L/h, 20 vol% oxygen) at 550 °C
with a heating rate of 1 °C/min for 5 h. Then, ammonia exchange with the obtained
solid product was employed to prepare H—form zeolites, as described in our earlier
work.[? Briefly, the solid product was mixed with a specified amount of 0.1 M NH4NO3
aqueous solution and stirred at 80 °C for 3 h. After filtration and washing with deionized
water, until no nitrate ions could be detected anymore, the obtained product was dried
at room temperature overnight. The above procedure was repeated four times to

ensure an ion-exchange degree > 99 % in the final product.



DFSP setup
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Fig. S1. Geometrical arrangement of nozzles in DFSP setup used for the synthesis of

d-SA/x catalysts. A photo of the setup used is shown in Ref. 3 (Fig. 11).



XRD analysis of d-SA/x catalysts
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Fig. S2. XRD patterns of d-SA/x catalysts

HAADF images of d-SA catalysts

Fig. S3. HAADF images of d-SA/10 (a, b) and d-SA/50 (c,d). Scale bar: 200 nm for (a)
and (c), and 20 nm for (b) and (d).



Characterization of BAS and LAS using 1H MAS NMR difference spectra
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Fig. S4. 'H MAS NMR difference spectra recorded before and after ammonia loading

on dehydrated ASAs with different Al content.

Conversion of cyclohexanol vs. BAS density

-
f =

-
P
| L

Conversion (%) or r (mol.m™,s™)
[==]
1

2 4 6 8 10 12 14
BAS density {(x10” mmol.g™)
Fig. S5. Conversion of cyclohexanol (black square) and rate of cyclohexanol

conversion r (red circles) versus the density of BAS on d-SA catalysts. The conversion

and rate of pure alumina is subtracted from the conversion and rate of each catalyst.



Conversion of glucose vs. LAS density
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Fig. S6. The conversion of glucose vs. the density of LAS after 1.5 h of reaction.

Selectivity of HMF vs. BAS density
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Fig. S7 The selectivity of HMF vs. the density of Brgnsted acid sites after 2 h (black

square) and 4 h (red circle) reaction



Recycle study over d-SA/30 catalyst
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Fig. S8. d-SA/30: conversion of glucose (black) and selectivity of HMF (red) after 5

recycle uses.
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