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Abstract: Hollow silica nanospheres with ultra-high acid density were fabricated successfully via
sulfonation of phenyl-functionalized hollow silica nanospheres, which were synthesized through
a single micelle (F127 (EO;96PO70EO1¢4))-templated method, with phenyltrimethoxysilane and
tetramethoxysilane (TMOS) as silane precursors under neutral conditions. The density of sulfonic
acid reached as high as 1.97 mmol/g. The characterization results of 3! P-NMR using triethylphosphine
oxide as a probe molecule suggested that the acid strength of hybrid solid acids could be systematically
tuned by tuning the content of sulfonic acid and higher acid density results in stronger acid strength.
Attributed to the unique hollow structure and high-acid density, the sulfonic acid-functionalized
hollow silica nanospheres exhibited good catalytic performance in the condensation reaction of
benzaldehyde with ethylene glycol. Notably, this study found that the catalytic activity was
significantly influenced by the acid density and the ultra-high acid loading was beneficial for
the activity due to the enhanced acid strength. This novel solid-acid catalyst also showed good
recyclability and could be reused for at least 11 runs.

Keywords: solid-acid catalysis; hollow silica nanospheres; high-acid density; condensation reaction
of benzaldehyde

1. Introduction

Replacing hazardous and corrosive mineral liquid acids with solid acids is meaningful for the
industrial production of fine chemicals with environmental and safety considerations [1-4]. Solid
acids, including zeolites, sulfonated metal oxides, heteropolyacids, and ion-exchange resins, have
been developed and applied in various acid-catalysed reactions, such as esterification, Beckmann
rearrangement, olefin hydration, condensation reaction, alkylation of phenols, etc. [5-14]. Among
these solid acid catalysts, sulfonic acid-functionalized mesoporous silica have attracted much research
interest owing to their superior advantages, such as high surface area and pore volume, large pore size,
and good thermal stability [15-20]. These features make them promising alternatives to commercial
sulfonated polymer resins (like Amberlyst-15, Nafion-H) which suffer from the drawbacks of low
surface area. In addition, it provides a new way to settle the limitations of micropores in zeolites for
transformation of bulky molecules.

The sulfonic acid-functionalized mesoporous silica catalysts are typically synthesized by attaching
sulphur or phenyl-containing organic silanes on the pore walls of mesoporous silica materials via
post-grafting or co-condensation methods followed by oxidation with hydrogen peroxide or sulfonation
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with HySO4/CISO3H [21-24]. However, the dosage of functionalized silanes in these processes must
be carefully controlled to avoid the destruction of ordered mesostructures or the possibility of pore
blocking. In most situations, only a limited functional silane amount is allowed to be used, which often
leads to a low-acid density in the pore walls [25-27]. Nevertheless, the acid density influences the acid
strength and catalytic activity significantly and is an important parameter for practical applications [28].
Therefore, synthesizing functionalized mesoporous heterogeneous solid-acid catalysts with high-acid
density is of great importance and interest.

Different strategies have been employed to increase the acid density of sulfonic acid-functionalized
mesoporous silicas [15,25,26,29]. For example, Wilson [25] reported the synthesis of SBA-15 with
ultra-high sulfonic acid loading (2.2 mmol/g H*) through a hydrothermal silane-promoted grafting
method. Yang's group [15,29] also reported a confined polystyrene sulfonic acid resins catalyst with
local acid loading as high as 2.0 mmol/g. Though these strategies are efficient, the design of solid acid
with tunable acidity is still a goal being pursued in the development of excellent solid-acid catalysts.
Furthermore, the most reported sulfonic acid-functionalized mesoporous silica catalysts have no a
well-defined morphology, which is important for the accessibility of active sites and fast diffusion of
the reactants and products.

Solid catalysts with hollow nanosphere morphology have attracted much attention recently, since
their catalytic performances can be improved by their shortened diffusion lengths [30-35]. However,
the acid loading is usually limited because the morphology and structure will be damaged with high
organic group content [36]. Here, we report the construction of hollow silica nanospheres with ultra-high
acid loading (1.97 mmol/g, denoted as SO3H-Ph-HNS-x) via sulfonation of phenyl-functionalized
hollow silica nanospheres (denoted as Ph-HNS-x), which were fabricated by a one-pot hydrothermal
method with phenyltrimethoxysilane and tetramethoxysilane (TMOS) as precursors (x is the mass
ratio of added phenyltrimethoxysilane with TMOS) and F127 (EO1¢sPO70EO;¢4) as a single micelle
template under neutral conditions. Systematic study of the relationship of the acid loading, acid
strength, and catalytic performance was conducted.

2. Results and Discussion

2.1. Synthesis and Characterization of the Solid-Acid Catalyst SO3H-Ph-HNS-x

The solid-acid catalyst SO3H-Ph-HNS-x was obtained by sulfonation of phenyl-functionalized
hollow nanospheres with a commonly used chlorosulfonic acid. F127 was used as a soft template
for the preparation of phenyl-functionalized hollow nanospheres under neutral conditions [37,38].
Because of the lower hydrolysis rate of phenyltrimethoxysilane, a pre-hydrolysis strategy was utilized
in the synthesis process, and samples with different contents of phenyl groups were prepared.
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Figure 1. TGA curves of phenyl-functionalized hollow nanospheres before sulfonation: (a) Ph-HNS-1/6,
(b) Ph-HNS-1/3, (c) Ph-HNS-1/2, (d) Ph-HNS-3/4, (e) Ph-HNS-1/1, and (f) Ph-HNS-G.
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Firstly, the content of phenyl groups incorporated into the hollow silica nanospheres was
determined by the weight loss of TGA (thermogravimetric analysis) curves in the range of 400-800 °C
(Figure 1 and Table 1). As shown, the content of phenyl groups could be verified in the range of
13.5% to 34.1%, as the mass ratio of phenyltrimethoxysilane during the synthesis process increased
from 1/6 to 1/1, indicating that the phenyl content could be adjusted by changing the initial dosage of
organosilanes. Compared with phenyl-functionalized hollow nanospheres prepared by the traditional
grafting method, Ph-HNS-1/1 showed a much higher content of phenyl groups (34.1 versus 11.0 wt%)
and a little higher decomposition temperature of phenyl groups.

Figure 2. TEM images of (a) SO3H-Ph-HNS-1/6, (b) SO3;H-Ph-HNS-1/3, (¢) SO3H-Ph-HNS-1/2,
(d) SO3H-Ph-HNS-3/4, (e) SO3H-Ph-HNS-1/1, (f) SO3H-Ph-HNS-G, (g) Ph-HNS-1/1, and (h) and
(i) SO3H-Ph-HNS-1/6 and SO3H-Ph-HNS-1/1 without thermal treatment.

The TEM images of obtained SO3H-Ph-HNS-x solid catalysts are shown in Figure 2. All the
samples exhibited uniform hollow nanosphere structures as the mass ratio of phenyltrimethoxysilane
increased from 1/6 to 1/1 (Figure 2a—e), which was similar to the sulfonated post-grafting sample
(Figure 2f). The sizes of the hollow nanospheres were measured to be 18 + 2 nm with a shell thickness
of 3.5 = 0.5 nm while leaving a large hollow cavity. Notably, the hollow nanosphere with high
phenyltrimethoxysilane ratio of 1/1 possessed almost the same morphology and particle size, indicating
that the synthesis method is applicable for incorporating abundant organic groups (Figure 2g). Notably,
a thermal treatment (at 350 °C for 2 h) before sulfonation was needed to obtain such intact hollow
nanospheres, and without thermal treatment, the sulfonated samples would break (Figure 2h,i), which
might be ascribed to the relatively low condensation level of TMOS under neutral conditions.
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Figure 3. Nitrogen-sorption isotherms (A) and pore size distributions (B) of (a) SO3H-Ph-HNS-1/6,
(b) SO3H-Ph-HNS-1/3, (c) SO3H-Ph-HNS-1/2, (d) SO3H-Ph-HNS-3/4, (e) SO3H-Ph-HNS-1/1.

The nitrogen-sorption isotherms and pore size distribution curves of the hollow nanosphere
catalyst SOsH-Ph-HNS-x are presented in Figure 3, and their corresponding textural parameters are
listed in Table 1. As shown, the adsorption—desorption isotherms of the samples displayed type IV
isotherm patterns which is typical for mesoporous silicas. The adsorption isotherms of these samples
exhibited two capillary condensation steps, indicating that two types of mesopores existed. This was
also verified by the corresponding pore size distribution curves (Figure 3B). The first hysteresis loop
appeared at relative pressure P/Pj of 0.50-0.80, which might have originated from the interior space of
the hollow nanospheres, while the second capillary condensation (P/Py = 0.80-1.0) might be from the
void space among aggregated nanospheres. The interior cage sizes of the hollow nanospheres were
determined to be about 9.2-5.5 nm, using a Barrett-Joyner-Halenda (BJH) calculation method, which
were smaller than the TEM observations. This phenomenon can be easily explained, since the BJH
calculation method is often for cylindrical pore size analysis and might underestimate the pore of
cage type materials. Sulfonated hybrid hollow nanospheres possess high Brunauer-Emmett-Teller
(BET) surface area and pore volume, which will be beneficial for the fast diffusion of the substrates
and products. The BET surface area and pore size decreased from 629 to 366 m?/g and 9.2 to 5.5 nm,
respectively, as the phenyltrimethoxysilane ratio increased from 1/6 to 1/1, probably due to the
occupation of organic groups in the interior nanocages. Compared with SO;H-Ph-HNS-G, most of the
solid catalyst SO3H-Ph-HNS-x exhibited higher surface area, revealing the superiority of the one-pot
hydrothermal method to the traditional post-grafting method.
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Figure 4. (A) FTIR spectra of (a) pure silica HNS, (b) Ph-HNS-G, (c) Ph-HNS-1/1, (d) Ph-HNS-1/1 after
thermal treatment, and (e) SO3H-Ph-HNS-1/1; (B) Solid *C NMR spectra of (a) Ph-HNS-1/1 and (b)
SO3;H-Ph-HNS-1/1.
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Table 1. Textural parameters of SO3H-Ph-HNS-x and weight loss of Ph-HNS-x.

BET Surface Area  Pore Volume Cage Size Phenyl Content
Sample

(m?/g) (em3/g) ! (nm) 2 (Wt%) 3
SO3H-Ph-HNS-1/6 629 1.06 9.2 13.5
SO3H-Ph-HNS-1/3 600 0.98 9.1 21.1
SO3H-Ph-HNS-1/2 507 1.40 8.3 25.2
SO3H-Ph-HNS-3/4 465 1.13 6.3 30.0
SO3H-Ph-HNS-1/1 366 0.68 5.5 34.1
SO3H-Ph-HNS-G 394 2.03 13.3 11.0

1 Single-point pore volume calculated at relative pressure P/Pj of 0.99. 2 Barrett-Joyner-Halenda (BJH) method
from the adsorption branch. 3 Mass loss between 400-800 °C.

To verify the successful introduction of -SO3H groups, several representative samples were
characterized by FTIR spectra. As exhibited in Figure 4A, two strong bands around 3680-3130 and
1350-1000 cm™! were clearly observed for all of the samples, which can be ascribed to characteristic
bands of v (O-H) and w (Si—O) for silica materials. Due to the decreased amount of Si-OH after
post-grafting with the phenyl group, the strength of Ph-HNS-G around 3680-3130 cm™~! was weakened,
suggesting the successful grafting of the phenyl group. Compared with pure silica HNS, the other
samples exhibited weak bands around 3100-3000 em™!, 1540-1450 cm ™!, and 730-650 cm ™!, which are
assigned to the C-H stretching vibration, the C=C vibration, and breathing vibration of phenyl-ring
groups. Notably, the sulfonated sample also exhibited additional bands at 610 and 1380 cm™ that
were associated with sulfonic groups. This observation confirmed the successful sulfonation of the
phenyl-functionalized samples, which was further demonstrated by solid *C NMR spectra. As shown
in Figure 4B, compared with Ph-HNS-1/1, SO3H-Ph-HNS-1/1 clearly showed the signal assigning to
the aromatic carbon that coordinated with -SO3H groups at around 138 ppm, further confirming the
successful anchoring of the sulfonic acid group on aromatic rings of the hollow nanospheres.

To quantitatively analyse the contents of the sulfonic acid in the hollow nanospheres, the sulphur
content was obtained by elemental analysis, while the acid exchange capacity was obtained through
an acid-based titration method. As listed in Table 2, as the content of the phenyl groups in the hollow
nanosphere increased, higher sulphur content and acid exchange capacity could be obtained. Moreover,
while the S elemental content increased from 0.90 to 1.78 mmol/g, the acid exchange capacity of
SO3H-Ph-HNS-x varied from 1.16 to 1.97 mmol/g. The amount of H* and S were similar, suggesting
that most of the acid sites were exposed during the titration process. The slight difference might be
attributed to existing errors in the measuring methods. According to the amount of acid exchange
capacity, the acid density on the hollow nanosphere was in the range of 0.86-2.93 nm~2.

The acid strength of SOsH-Ph-HNS-x and SO3H-Ph-HNS-G were then characterized by a 3p
MAS NMR technique using TEPO (triethylphosphine oxide) as a probe molecule. Such a unique
method was found to be practical for acidity characterization, since the >'P chemical shift of TEPO
chemisorbed on the sulfonic acid site was very sensitive to acid strength. Stronger acid usually leads
to a larger chemical shift of TEPO. As shown in Figure 5, SO3H-Ph-HNS-1/1 with the highest acid
content had the strongest acid strength and SO;H-Ph-HNS-1/6 showed the lowest acid strength due
to its low acid content. Encouragingly, the chemical shift of SO3H-Ph-HNS-1/1 was similar to that
of Amberlyst-15 (88.3 versus 89.4 ppm). All the samples prepared by the one-pot co-condensation
method have stronger acid strength than SO;H-Ph-HNS-G, as verified by the larger chemical shift
of the former samples. The chemical shift of most samples followed the same sequence of the acid
content with the exception of SOsH-Ph-HNS-1/3. This sample with moderate acid content had stronger
acid strength than SO3H-Ph-HNS-1/2 and SO3H-Ph-HNS-3/4 with higher acid content, which might
be related to the location of sulfonic acid groups within the SO3H-Ph-HNS. For samples Ph-HNS-x
(x = 1/6, 1/3) with low phenyl content, the phenyl groups were preferentially distributed in the inner
surface under the single micelle synthesized system since that was the hydrophobic region of the
micelle. The concentration of phenyl groups in the inner part generated high acid site density on the
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inner surface, and the interaction between -SO3;H groups was enhanced, which was helpful to enhance
the acid strength. The high SO3H concentration in the inner region of Ph-HNS-1/6 also resulted in
stronger acid strength than SO;H-Ph-HNS-G, though its acid content was lower. Further increasing
the loading of phenyl groups, the SOsH will also be distributed on the outer surfaces, which was
demonstrated by the small peaks at the chemical shift of 80-90 ppm.

Chemical shift/ppm

Figure 5. 3'P MAS NMR spectra of (a) SO3H-Ph-HNS-G, (b) SO3H-Ph-HNS-1/6, (c) SO3H-Ph-HNS-1/3,
(d) SO3H-Ph-HNS-1/2, (e) SO3H-Ph-HNS-3/4, and (f) SO3H-Ph-HINS-1/1 (with TEPO as a probe molecule).

2.2. The Catalytic Performance of Sulfonated Hollow Nanospheres SO3H-Ph-HNS-x

To investigate the catalytic performance of sulfonated hollow nanospheres, the condensation
reaction of benzaldehyde with ethylene glycol, an important way to protect functional groups, was
chosen as a model. The catalytic results are listed in Table 2. Under identical reaction conditions, all the
sulfonated hollow nanospheres could efficiently catalyse the reaction with 88-90% conversion within
90 min. For SO3H-Ph-HNS-x catalysts, significant enhancement of the overall catalytic activity was
observed as increasing the surface density of acid sites. For example, SOsH-Ph-HNS-1/1 was about twice
as active as SO3H-Ph-HNS-1/6 (TOF: 563 vs 287 h™1; acid density: 2.93 vs 0.86 nm™~!). The higher activity
might be attributed to the increased acid strength. Notably, the catalytic activity of SO3H-Ph-HNS-1/1
was even similar to commercial Amberlyst-15 (89% conversion and TOF value = 596 h™!) and much
better than previously reported [13], further suggesting its good performance.

Table 2. The phenyl group content, sulfur content, and acid exchange capacity of sulfonated hollow
nanospheres and their catalytic performance in the condensation reaction of benzaldehyde with

ethylene glycol.
O\ O/—\O
OH
O
OH
Ph Group S Content Am'oun.t of Acid S.ite Conv. TOF
Catalyst Content (mmol/g) 2 Acid Sites Density (%) (h-1) 5
(mmol/g) ! & (mmol/g) 3 (nm~2) 4 ?
SO;H-Ph-HNS-1/6 1.75 0.90 1.16 0.86 88 287
SO3H-Ph-HNS-1/3 2.74 1.25 1.55 1.25 88 301
SO;H-Ph-HNS-1/2 3.27 1.53 1.56 1.82 89 411
SO;H-Ph-HNS-3/4 3.89 1.61 1.77 2.08 90 384
SO;H-Ph-HNS-1/1 4.43 1.78 1.97 2.93 89 563
SO3H-Ph-HNS-G 1.43 0.62 0.62 0.95 90 359
Amberlyst-15 - - 4.7 - 89 596

Reaction conditions: solid catalyst, benzaldehyde (106.1 mg, 1 mmol), ethylene glycol (62.1 mg, Immol) and 3.0 mL
of cyclohexane, S/C = 50, 90 °C, toluene as internal standard, for 90 min. 1 Calculated with TG results. 2 S element
analysis. 3 Determined through ion exchange and titration.  Number of acid sites divided by surface area. > Turn
over frequency, calculated with the initial conversion of benzaldehyde.
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The variation in activity for SO3H-Ph-HNS-x cannot, however, be mainly attributed to the acid
strength. The distribution of -SO3H groups within the hollow nanospheres is another influential
factor. For Ph-HNS-x (x = 1/6, 1/3) with low acid content samples, most of the -SO3H groups might
be distributed in the interior surface, and in-pore diffusion limitations will be increased. As shown
in Figure 6, compared with SO3H-Ph-HNS-G, these samples showed lower catalytic activity though
they possess higher acid strength (TOF 287, 301 versus 359 h~!), which might be due to the effect of
in-pore diffusion limitations. Further increasing the acid content, -SOsH groups will distribute on the
outer surface, and the interaction between -SO3H groups in these samples becomes more significant.
However, SO3H-Ph-HNS-3/4 showed a little lower activity than SO3H-Ph-HNS-1/2 (TOF 384 versus
411 h71), which might be related with their different support surface area (507 versus 465 m?/g).

90

T
%
b

Chemical shift/ppm

\ \

\
N =

O e \
& N N )
\Q}éﬁ Q@C’ Qéc" & Qﬁc"
0 gi Sﬁy g‘f SSX RV(
NeE %03» %03‘ R R R

%O”a %03 %03
Figure 6. The acid strength (chemical shift) and catalytic activity (TOF values) of different samples.

The catalytic stability of sulfonated hollow nanospheres was tested using SO3H-Ph-HNS-1/1 as a
model catalyst. The solid catalyst was isolated by centrifugation, washed thoroughly with cyclohexane.
After being dried in a vacuum, the solid catalyst was used in the next cycle. As shown in Figure 7A,
above 90% of conversion could be well maintained even after running 11 cycles, suggesting a good
reusability. Moreover, to better evaluate the recyclability, TOF values for each reaction cycle were also
calculated. As exhibited, the TOF of the solid catalyst could be maintained within 11 cycles, although
a slight decrease was observed (563 to 440 h™!). After recycling, the hollow nanospheres were also
characterized by TEM. As shown in Figure 7B, the hollow structure was still maintained, indicating a
good stability of the solid catalyst.
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Figure 7. (A) Recycling stability of SO3H-Ph-HNS-1/1 in the condensation reaction of benzaldehyde
with ethylene glycol; (B) TEM image of SO3H-Ph-HNS-1/1 after recycling test.
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3. Materials and Methods

3.1. Chemicals and Materials

All of the commercial chemicals were used directly without any further purification.
Phenyltrimethoxysilane was purchased from Alfa Aesar. Pluronic F127 (Mw = 12,600, EO10sPO790EO1¢)
was obtained from Sigma—Aldrich. Other used reagents were from Shanghai Chemical Reagent
Company of the Chinese Medicine Group.

3.2. Synthesis of Phenyl-Functionalized Hollow Silica Nanospheres (Ph-HNS-x)

For a typical procedure, 24 mL of deionized water was added to a conical flask containing 0.40 g of
F127 and 1.40 g of K»SO4. After dissolving at 13.5 °C under vigorous stirring, a mixture of TMB (0.40 g)
and phenyltrimethoxysilane (0.20 g, 0.40 g, 0.60 g, 0.90 g or 1.20 g) were quickly added under stirring.
After pre-hydrolysis for about 3 h, TMOs (1.20 g) were injected and a mixture with molar composition
of TMOs/F127/phenyltrimethoxysilane/TMB/K,SO4/H>0O = 1:0.0040:x:0.42:1.02:169 (x = 0.13, 0.26, 0.39,
0.585 or 0.78) was obtained. After further stirring at 13.5 °C for 24 h, the resultant mixture was
transferred to an oven and kept static at 100 °C for another 24 h. The solid product was isolated by
filtration and washed with water and ethanol. Then, the F127 surfactant was removed by refluxing
the obtained solid material (1.0 g) in a HCl-ethanol solution (1.5 g 36.5 wt% HCl in 200 mL of EtOH)
for 24 h. After filtration and thoroughly washing with ethanol, the samples were dried. The final
products were denoted as Ph-HNS-x (x = 1/6, 1/3, 1/2, 3/4 or 1/1), where x is the mass ratio of added
phenyltrimethoxysilane with TMOS.

For comparison, the phenyl-modified hollow nanosphere was also synthesized through a
post-grafting method. The hollow nanospheres without phenyl group were synthesized as described
above, except no phenyltrimethoxysilane was added. The surfactant was removed by calcination.
Then, 0.50 g of pure silica nanosphere was dispersed into 30 mL of toluene, followed by the addition
of Et3N (1.0 mL) and phenyltrimethoxysilane (1.0 mL). The mixture was refluxed at 110 °C for 24 h
under an Ar atmosphere. The solid product was centrifugated and washed with toluene and ethanol.
The sample was denoted as Ph-HNS-G.

3.3. Synthesis of Sulfonated Ph-HNS Catalyst (SO3H-Ph-HNS-x)

The synthesized phenyl-modified hollow nanospheres were firstly treated under 350 °C in air for
2 h. After thermal-treatment, 1.0 g of the sample was weighed in a round flask. After cooling to 0 °C,
40 mL of CH,Cl, and 10 mL of chlorosulfonic acid were added. Then, the mixture was stirred for 12 h.
After centrifugation, the solid catalyst was thoroughly washed with a large amount of water until the
filtrate was neutral. The powder products were dried in vacuum at 60 °C overnight. The yielded solid
catalyst was denoted as SO;H-Ph-HNS-x.

3.4. Characterization

Nitrogen physical adsorption measurement was performed on the micromeritics ASAP2020
volumetric adsorption analyser. The samples were degassed at 393 K for 5 h before the measurements.
The BET surface area, total pore volume, and pore diameter were determined from the data at P/P
of 0.05 to 0.25, the adsorbed amount at P/Pj value of 0.99, and the adsorption branch with a BJH
method, respectively. Transmission electron microscopy (TEM) was conducted using a FEI Tecnai
G2 Spirit (Hongkong, China) with an acceleration voltage of 120 kV. The FTIR spectra were collected
with a Nicolet Nexus 470 IR spectrometer (Wisconsin, United States). Thermogravimetric analysis
(TGA) was carried out using a NETZSCH STA-449F3 thermogravimetric analyser (Selb, Germany),
with 5 °C/min of heating rate under air atmosphere. The MAS '*C NMR spectra were obtained on a
Bruker DRX-400 (Rheinstetten, Germany) with analysed parameters as 8 kHz spin rate, 3 s pulse delay,
4 min contact time, and 1000 scans. The 3'P NMR spectra were performed at a frequency of 242.9 MHz
using a 4 mm MAS probe on a Bruker Avance III 600 spectrometer (Rheinstetten, Germany), while
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high-power proton decoupling with a spinning rate of 12 kHz was utilized. The chemical shift spectra
were referenced to an external standard (85 wt% phosphoric acid).

An acid-based titration method was utilized to determine the acid exchange capacity. Typically,
0.05 g of solid catalyst was firstly degassed under 120 °C, and then dispersed into 25 mL of 2 M NaCl
aqueous solution. After stirring at room temperature for 24 h, equilibrium was reached. Subsequently,
the solution was titrated with standard NaOH solution.

3.5. The Condensation Reaction of Benzaldehyde with Ethylene Glycol

The reaction was performed in a 10-mL Schlenk tube with a reflux condenser. Typically, a desired
amount of solid catalyst SOsH-Ph-HNS-x (S5/C = 50) was added into the tube reactor containing a
mixture of benzaldehyde (1 mmol, 106.1 mg) and ethylene glycol (1.0 mmol, 62.1 mg) in 3 mL of
cyclohexane. The reaction was performed at 90 °C under stirring. After reaction, the solution was
analysed by GC equipped with a FID detector and a HP-5 capillary column (30 m X 0.32 mm ID, 0.5 pm
film, temperature program 100 °C for 15 min). For recycling tests, the solid catalyst was filtered from
the reaction solution and thoroughly washed with cyclohexane. After being dried under vacuum,
the powder was used in the next cycle.

4. Conclusions

In conclusion, we have proposed an efficient sulfonic hybrid hollow nanosphere catalyst with
tunable acid content for catalysis applications. The sulfonic acid site loading reached as high as
1.97 mmol/g while maintaining a hollow nanosphere structure. The effects of acid site density on
the overall acidity and catalytic performance were investigated. The study showed that higher acid
density could increase the acid strength, leading to an increase in the catalytic activity. Our results are
helpful for designing novel functional hybrid silica nanoreactors for catalysis applications.
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