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ed by POSS/organosilica particle
assemblies: application for aerobic oxidation of
aromatic alcohols†

Shi Zhang,ab Dmytro Dedovetsb and Marc Pera-Titus *ac

A novel amphiphilic polyhedral oligomeric silsesquioxane (POSS) with surfactant-like behavior was

synthesized. By combining this new POSS, used as a frother, with surface-active catalytic organosilica

particles, used as a stabilizer, we designed a dual particle system able to generate foams in pure organic

solvents. Tunable foamability and foam stability were achieved in a variety of organic solvents by simply

adjusting the POSS concentration. As a result, the catalytic activity was drastically boosted in the aerobic

oxidation of pure aromatic alcohols under 1 bar O2 pressure. Particles were conveniently recycled with

high foamability and the catalytic efficiency was maintained for at least 7 consecutive runs.
1. Introduction

Foams are widely used in industrial applications such as food
manufacturing processes, cosmetics, healthcare products, re
extinguishing, wastewater treatment (froth otation), and
enhanced oil recovery.1–4 Recently, foams have been formulated
for more elaborate applications such as the manufacture of
porous materials5 and catalysis.6 Particle-stabilized (or Picker-
ing) foams are oen more attractive compared to surfactant-
based counterparts due to their much higher stability under
harsh conditions (e.g., shear stress and high temperature).
Particle-stabilized aqueous foams have been thoroughly studied
using a variety of stabilizers such as polymers,7 proteins,8

particles9 and crystals.10 However, few studies have focused on
non-aqueous/oil foams owing to the low surface tension of
organic solvents, restricting particle adsorption at the gas–
liquid interface. Nonetheless, there is room to design particle-
stabilized non-aqueous/oil foams for gas-liquid-solid micro-
reactors comprising water-insoluble reactants.

The formation of foams depends on three main factors.
First, the particles need to be dispersed in the solvent and
agglomeration should be limited. Second, stable foams can be
generated only if the interfacial contact angle of particles lies in
the “stability window” range. Contrary to Pickering emulsions,
the range of contact angles for foam formation is much
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narrower,11 making the design of surface-active particles chal-
lenging and with limited scope for accessible organic solvents.
Third, owing to the much larger size of particles compared to
surfactants, the kinetics of particle adsorption at the gas–liquid
interface is notably slower, leaving enough time for bubble
coalescence before sufficient surface coverage by particles can
be achieved. Overall, ideal particles that promote foamability
and foam stability should be highly dispersible in the solvent,
exhibit an interfacial contact angle in the “stability window”
range, and display fast adsorption kinetics. Nonetheless,
particles meeting all these requirements simultaneously for
a given solvent are scarce. In practice, particle-stabilized foams
are oen prepared using co-solvents12 or surfactants,13,14 to tune
the particle dispersion and interfacial contact angle. The use of
co-solvents, however, complicates further product separation
and purication steps, whereas the use of surfactants is limited
to aqueous foams only,15 as particle–surfactant interactions are
driven by hydrophobic forces not existing in organic systems.
Moreover, separation and purication in the case of surfactants
is not straightforward.

Here we designed a dual particle system for foam stabiliza-
tion in a broad range of organic reagents, and engineered effi-
cient gas–liquid–solid multiphase microreactors for the aerobic
oxidation of alcohols. The system combines surface-active
oleophobic (uorinated) silica particles incorporating Pd
nanoparticles, used as stabilizers, and uorinated anisotropic
polyhedral oligomeric silsesquioxanes (POSSs), used as froth-
ers. POSS are very small silica nanoparticles with surfactant-like
behavior.16,17 They can stabilize foams and tune the wettability
of large particles similarly to silica/surfactant mixtures in
aqueous systems. Unlike surfactants, POSS can be separated by
simply adjusting the liquid composition. POSS are also good
candidates for catalytic applications owing to their thermal18

and chemical stability.19–21
J. Mater. Chem. A, 2022, 10, 9997–10003 | 9997
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2. Results and discussion
2.1. Preparation of surface-active POSS particles

Phenyl-based POSS (i.e. Ph7-POSS) was synthesized by hydrolytic
condensation of triethoxylphenylsilane under basic conditions
(Fig. 1a) (see the ESI† for experimental details).22 The sample
was further functionalized with uorinated chains by reaction
with trichloro(1H,1H,2H,2H-peruorooctyl)silane (i.e. Ph7/F13-
POSS), allowing corner-capping of Si–ONa groups. The 29Si
NMR MAS spectrum of Ph7/F13-POSS (Fig. 1b) exhibits two
bands at �68.7 and �78.6 ppm. These bands appear within the
T3 range and evidence the closure of the POSS cage aer the
corner-capping reaction.23,24 The Si atom bound directly to the
benzene ring has a lower chemical shi due to the higher
electron density of phenyl groups.25 The 13C NMR MAS spectra
of the samples before and aer capping (Fig. S1†) show
a complex band in the range of 125–138 ppm belonging to
aromatic groups.26 Two additional bands are visible at 2.5 and
25 ppm in Ph7/F13-POSS that can be assigned to CH2 groups in
uorinated chains.27 Besides, a broad and complex band
appears in the range of 110–120 ppm that can be assigned to
CF3 and CF2 groups in uorinated chains.28 Tetrahydrofuran
(THF), which was used as solvent for Ph7-POSS synthesis, is
visible in the corresponding spectrum.27 This band vanishes
aer graing the uorinated chains, pointing out the full
capping of all Si–ONa groups in Ph7-POSS. The

19F NMR MAS
spectrum of Ph7/F13-POSS displays a sharp signal at 80.7 ppm
that can be ascribed to CF3 groups (Fig. S2†).28 Additional sharp
bands are visible in the range of 115–128 ppm that can be
ascribed to internal CF2 groups.28

Ph7-POSS and Ph7/F13-POSS were also analyzed by FT-IR
spectroscopy (Fig. 1c). Typical bands of silica appear at
1100 cm�1 and 800 cm�1 that can be assigned to asymmetric
stretching and bending vibrations of Si–O–Si bonds, respec-
tively.29 A broad band appears in the range of 3000–3500 cm�1 for
Ph7-POSS belonging to Si–ONa groups interacting with adsorbed
Fig. 1 (a) Synthesis of Ph7/F13-POSS. (b) 29Si NMR MAS spectra of Ph7/F13
and Ph7/F13-POSS.

9998 | J. Mater. Chem. A, 2022, 10, 9997–10003
water. This band vanishes for Ph7/F13-POSS, which conrms the
capping of Si–ONa groups. Characteristic bands ascribed to the
uorocarbon chain appear at 913, 1171 and 1237 cm�1 that can
be assigned to stretching modes of C–Si and C–F (CF2/CF3)
bonds, respectively.29 Additional bands at 710 and 670 cm�1 are
attributed to the symmetric stretching bands of CF3 groups.30

Bands ascribed to the aromatic skeleton appear at 3100 cm�1 for
asymmetric stretching modes of C–H groups, and at 1620 cm�1,
1430 cm�1 and 750 cm�1, that can be attributed to C–H
stretching and in-place and out-plane bending vibrations,
respectively.31 Additional overtones ascribed to aromatic groups
appear in the range of 1750–2000 cm�1.31

TG analysis was used to explore the thermal stability of Ph7-
POSS and Ph7/F13-POSS (Fig. 1d). Ph7-POSS exhibits a small
weight loss until 100 �C (about 5%) that is attributed to water
desorption. Phenyl groups start to decompose at 380 �C with
a weight loss of about 37% matching the theoretical value
(38.4%). Aer corner-capping of –ONa groups, Ph7/F13-POSS
shows almost no weight loss below 400 �C, but has a higher
overall weight loss as compared to Ph7-POSS, up to 600 �C.

The XRD pattern of Ph7/F13-POSS (Fig. S3†) exhibits two
diffraction bands at 2q values of ca. 8.3� and 18.9� corre-
sponding to a d-spacing of ca. 11 and 5 Å, respectively, that can
be attributed to the overall dimension and body diagonal of the
POSS cage, respectively.32 The sample shows a semicrystalline
nature which is known to be related to the choice of solvent and
lattice stabilization conditions.27

The elementary particle size and aggregation behavior of
Ph7/F13-POSS was inspected in different solvents by dynamic
light scattering (DLS). In toluene and THF (Fig. S4a and b†),
which are good solvents for POSS with phenyl groups,33 the
average particle size is below 10 nm at low POSS concentration
(#0.1 wt%). This value is in line with the theoretical particle size
of Ph7/F13-POSS (1–3 nm),34 with only partial aggregation.
However, at a Ph7/F13-POSS concentration above 0.3 wt%, large
aggregates are observed in toluene. In contrast, in benzyl
-POSS. (c) FT-IR of Ph7-POSS and Ph7/F13-POSS. (d) TGA of Ph7-POSS

This journal is © The Royal Society of Chemistry 2022
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alcohol (Fig. S4c†), Ph7/F13-POSS is present as aggregates even at
extremely low concentration (0.001 wt%).

2.2. Foamability of Ph7/F13-POSS

The foamability of Ph7/F13-POSS was tested in benzyl alcohol
(BnOH), anisole and toluene, with a surface tension of 39, 35
and 28.4 mN m�1 at 20 �C, respectively. In all cases, foams are
generated aer handshaking of a 2 mL sample (Fig. 2a), and the
foam height increases with the particle concentration (Fig. 2b).
In benzyl alcohol, foams are stable for at least 30 min above
0.3 wt% Ph7/F13-POSS, whereas they destabilize within 1 min in
anisole and toluene (Fig. 2c). The foam volume increases with
the Ph7/F13-POSS concentration, but the foam stability does not
improve (Fig. S5†), which may be explained by the low adsorp-
tion energy of Ph7/F13-POSS due to its small particle size. We
extended our analysis to 39 other liquids (Table S1†) to assess
the foaming scope of Ph7/F13-POSS (Fig. S6†). Ph7/F13-POSS can
generate foams provided that the surface tension of the liquid is
higher than 27 mN m�1. No foams are produced in very polar
liquids (diols and polyols, surface tension $45 mN m�1) due to
the poor dispersion of Ph7/F13-POSS.

Particle adsorption at gas–liquid and liquid–liquid interfaces
is oen regarded to have no or marginal effect on the surface
Fig. 2 (a) Macroscopic image of foams in benzyl alcohol, anisole and
toluene stabilized by 0.5 wt% Ph7/F13-POSS in 2 mL of liquid. (b) Effect
of the Ph7/F13-POSS concentration on the foam height at time ¼ 0,
and foam lifetime. (c) Dynamic surface tension of benzyl alcohol at
variable Ph7/F13-POSS concentrations.

This journal is © The Royal Society of Chemistry 2022
tension.14,35,36 However, POSS materials were shown to exhibit
interfacial activity similar to surfactants.37 To assess the surface
activity of Ph7/F13-POSS at the gas–liquid interface, we
measured the surface tension of benzyl alcohol at variable Ph7/
F13-POSS concentrationusing the maximum bubble pressure
method (Fig. 2d).38 The surface tension of pure benzyl alcohol is
39.6 mN m�1. Upon dispersing 0.1 wt% Ph7/F13-POSS, the
surface tension decreases to 30 mNm�1, and declines further to
27 mNm�1 at 0.5 wt% concentration. The surface tension drops
fast for a surface age within 50 000 ms. Beyond this value, it
decreases smoothly due to continuous interfacial particle
adsorption, and remains almost unchanged above 160 000 ms,
especially at a POSS concentration above 0.4 wt%.
2.3. Foamability of Ph7/F13-POSS/uorinated silica particle
mixtures

We showed above that Ph7/F13-POSS nanoparticles exhibit
surface-active behavior at the gas–liquid interface. However,
except for benzyl alcohol, the stability of foams is poor. To
promote foam stability, we combined Ph7/F13-POSS with larger
oleophobic particles, which can irreversibly adsorb at the gas–
liquid interface. A uorinated organosilica (33 wt% F, 364 nm
particle size) was synthesized by the Stöber method using
1H,1H,2H,2H-peruorodecyltriethoxysilane (PFDTES), 3-mer-
captopropyltriethoxysilane (MPTES) and tetraethyl-orthosilicate
(TEOS) precursors, with TEOS/MPTES and TEOS/PFDTES molar
ratios of 16 and 4, respectively (see the ESI† for details). Cata-
lytic Pd nanoparticles were further loaded by wet impregnation
using an ethanolic solution of Pd(OAc)2.The nal particles were
denoted as Pd@SiNP_F17 (1.33 wt% Pd).

The foaming properties of Ph7/F13-POSS and Pd@ SiNP_F17
mixtures were rst tested in benzyl alcohol using 0.1 wt% Ph7/
F13-POSS and 2 wt% Pd@SiNP_F17 (Fig. 3a and S7†).
Pd@SiNP_F17 alone, with a contact angle of 95� (Fig. S8†), is
poorly dispersible at room temperature, and only some bubbles
are generated. In parallel, Ph7/F13-POSS alone can make foams
(contact angle of 58�, Fig. S9†), but their stability at 0.1 wt% is
limited to 3 min. When both particles are combined, small
amounts of Ph7/F13-POSS helps Pd@SiNP_F17 to disperse (see
DLS distributions in Fig. S10a†), resulting in modest foaming
with a layer of bubbles remaining for 20 min. Increasing the
Ph7/F13-POSS concentration to 0.3 wt% at 2 wt% Pd@SiNP_F17
results in a higher foam height and 1 h stability. Further
increase of the Ph7/F13-POSS concentration to 0.5 wt% results in
a higher initial foam height, but with much lower stability, also
encompassing lower particle dispersion.

Given these results, we extended our analysis to anisole and
toluene (Fig. 3b, c, S7, S10b and c†). In analogy to BnOH,
Pd@SiNP_F17 is poorly wetted and cannot be dispersed in both
solvents, resulting in large agglomerates with an average size of
about 500 nm that sediment within 2 min. In both cases, Ph7/
F13-POSS alone (0.1–0.5 wt%) generates poorly stable foams,
which destabilize within 2 min. With 2 wt% Pd@SiNP_F17 and
0.1–0.3 wt% Ph7/F13-POSS, foams are much more stable (for
more than 1 h) with no obvious collapse even aer several days
(data not shown). Noteworthy, aer adding Ph7/F13-POSS,
J. Mater. Chem. A, 2022, 10, 9997–10003 | 9999
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Fig. 3 Foam height at room temperature with 2 wt% Pd@SiNP_F17 in
2 mL of (a) benzyl alcohol, (b) anisole and (c) toluene at variable Ph7/
F13-POSS concentrations.
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Pd@SiNP_F17 can be dispersed without sedimentation aer
10 min, suggesting that Pd@SiNP_F17 particles are surrounded
by Ph7/F13-POSS, altering the wettability. The two-particle
interactions are driven most likely by van der Waals forces.39

However, the foam stability decreases down to 15 min when the
Ph7/F13-POSS concentration is further increased to 0.5 wt%. At
Fig. 4 (a) Dynamic surface tension of benzyl alcohol at 1 wt% Pd@ SiN
sentation of the synergy between Ph7/F13-POSS and Pd@SiNP_F17 partic

10000 | J. Mater. Chem. A, 2022, 10, 9997–10003
these conditions, larger agglomerates are again apparent, dis-
favoring dispersion. The foam stability at this high Ph7/F13-
POSS concentration may be preserved by increasing the
Pd@SiNP_F17 concentration to 4 wt% and 6 wt% (Fig. S12†).
Finally, to show universality of the approach, we obtain highly
stable foams in 10 additional liquids using 2 wt% Pd@SiNP_F17
and 0.1 wt% Ph7/F13-POSS (Fig. S13†).

To gain more insight into the interactions between Ph7/F13-
POSS and Pd@SiNP_F17 particles, we surveyed the effect of Ph7/
F13-POSS on the surface tension of benzyl alcohol in the pres-
ence of Pd@SiNP_F17 (Fig. 4a). At a low Ph7/F13-POSS concen-
tration (0.1 wt%), the decline of surface tension is less
prominent compared to that for Ph7/F13-POSS alone at the same
concentration (Fig. 2d). In contrast, at higher concentration
(0.3–0.5 wt%), at the overall behavior is comparable to that
observed for Ph7/F13-POSS alone. This observation points out
a competition between Ph7/F13-POSS and Pd@SiNP_F17 for the
gas–liquid interface which is similar to that observed in
aqueous particles/surfactant systems.40

Fig. 4d shows a schematic representation of the Ph7/F13-
POSS and Pd@SiNP_F17 systems. Pd@SiNP_F17 particles are
predominantly wetted by the gas phase (contact angle >90�) and
are therefore badly dispersed in the liquid, resulting in no foam
formation. When a small amount of Ph7/F13-POSS nanoparticles
is added, they adsorb on Pd@SiNP_F17, embedding the uori-
nated chains while exposing phenyl groups to the liquid phase
(red curve in Fig. 3a). This results in better particle dispersion.
At an optimal Ph7/F13-POSS/Pd@SiNP_F17 ratio, the interfacial
contact angle falls into the “foaming window”, resulting in
stable foam formation (green curve in Fig. 3a). Further increase
of the Ph7/F13-POSS concentration favors Ph7/F13-POSS adsorp-
tion at the gas–liquid interface, whereas Pd@SiNP_F17 particles
are pushed into the bulk liquid. Foamability continues to
increase, while foam stability drops drastically (violet curve in
Fig. 3a).

Ph7/F13-POSS can also be applied to phase inversion. A BnOH
marble can be stabilized using solely Pd@SiNP_F17 particles,
while a mixture of these particles with Ph7/F13-POSS allows
foam generation. Ph7/F13-POSS and Pd@SiNP_F17 particles can
be separated and isolated from the mixture by washing with
THF (see more details in Section 2.5). Then, aer drying,
Pd@SiNP_F17 can be again used for marble generation.
P_F17 and variable Ph7/F13-POSS concentration. (b) Schematic repre-
les.

This journal is © The Royal Society of Chemistry 2022
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2.4. Catalysis in benzyl alcohol foams

With these results in hand, we explored the catalytic properties
of Pd@SiNP_F17 and Ph7/F13-POSS particle mixtures in the
aerobic oxidation of pure benzyl alcohol (BnOH) at 80 �C in the
presence of foam. This reaction has been explored in previous
studies over transition metal catalysts showing high selectivity
to benzaldehyde by avoiding autooxidation.41,42 In these tests,
we kept the Pd@SiNP_F17 concentration xed at 2 wt% while
varying the Ph7/F13-POSS concentration (Fig. 5a). Without Ph7/
F13-POSS, the benzaldehyde (BAH) yield is only 12% aer 2 h,
while it increases to 90% aer addition of 0.1 wt% Ph7/F13-
POSS. This is attributed to a better dispersion of Pd@SiNP_F17
particles along with foam generation and transfer of catalytic
particles from the bulk to the gas–liquid interface (Fig. 5c and
S15†). Increasing the Ph7/F13-POSS concentration to 0.3–
1.0 wt% results in a lower BAH yield due to foam instability
(Fig. 5c and S16†). Meanwhile, the interface is mainly populated
by Ph7/F13-POSS, while catalytic Pd@SiNP_F17 particles are
pushed into the bulk BnOH. A similar reaction pattern is
observed at higher Pd@SiNP_F17 concentration and a xed Ph7/
F13-POSS concentration of 0.1 wt% (Fig. 5b). The highest BAH
yield (85%) is achieved at 2 wt% Pd@SiNP_F17, while the
highest turnover number (TON) at 2 h (10 700 mol mol�1) is
Fig. 5 (a) Aerobic oxidation of BnOH over Pd@SiNP_F17 at variable
Ph7/F13-POSS concentration. Reaction conditions: 1.5 mL BnOH, O2

flow [10 mL(STP) per min], 2 wt% Pd@SiNP_ F17, 1500 rpm, 80 �C, 2 h.
(b) Aerobic oxidation of BnOH over Pd@SiNP_F17 at variable
Pd@SiNP_F17 concentration. Reaction conditions: 1.5 mL BnOH, O2

flow [10mL(STP) per min], 0.1 wt% Ph7/F13-POSS, 1500 rpm, 80 �C, 2 h.
(c) Optical images of the foam system after the reaction corresponding
to (a). (d) Microscopic image of BnOH foam stabilized by 0.1 wt% Ph7/
F13-POSS and 2 wt% Pd@SiNP_F17. (e) Fluorescencemicroscopy image
of BnOH foam stabilized by Ph7/F13-POSS and rhodamine b iso-
thiocyanate-loaded fluorinated silica particles.

This journal is © The Royal Society of Chemistry 2022
obtained with 1 wt% Pd@SiNP_F17. The BAH yield decreases at
the highest Pd@SiNP_F17 concentration (4 wt%), encompassing
the genesis of very stable foams. As a result, the ‘armored’ gas–
liquid interface is expected to show lower permeability and in
turn poorer O2 renewal during the reaction.43

Optical inspection of the foams aer reaction stabilized by
a combination of Pd@SiNP_F17 and Ph7/F13-POSS particles
reveals the formation of bubbles with a size ranging from 50 to
250 mm (Fig. 5d). By decorating Pd@SiNP_F17 particles with
rhodamine b isothiocyanate groups, preferential particle
adsorption is observed at the gas–liquid interface (Fig. 5e),
conrming the interfacial location of the catalytic particles
during the reaction. Indeed, a brighter layer of uorescent
particles is clearly visualized at the boundary of bubbles.
2.5. Particle recycling

The recyclability and reuse of combined 2 wt% Pd@ SiNP_F17
and 0.1 wt% Ph7/F13-POSS particles were studied for the aerobic
oxidation of BnOH in seven consecutive runs (see experimental
details in the ESI†). Aer each run, the Pd@SiNP_F17 and Ph7/
F13-POSS particle mixture was separated by centrifugation and
washed with THF (Fig. 6a). The solid at the bottom of the
centrifugation tube was Pd@SiNP_F17, while Ph7/F13-POSS
remained in the supernatant. Pd@SiNP_F17 was further sepa-
rated by decantation, whereas Ph7/F13-POSS was recovered aer
THF evaporation. The Ph7/F13-POSS nanoparticles were dried at
80 �C for 4 h before further use in the subsequent run aer
remixing with Pd@SiNP_F17. Overall, the particles can be
reused at least seven times without an appreciable loss of
catalytic activity and foamability (Fig. 6b). Ph7/F13-POSS
Fig. 6 (a) Schematic representation of the recycling process. (b)
Recyclability and reuse of Pd@SiNP_F17 and Ph7/F13-POSS for the
aerobic oxidation of BnOH over seven consecutive runs. Reaction
conditions: 1.5 mL BnOH, 2 wt% Pd@SiNP_F17, 0.1 wt% Ph7/F13-POSS,
O2 (flow), 1500 rpm, 80 �C, 2 h.
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Table 1 Substrate scope expansion for catalytic tests in an O2 flow
a

Reactant Pd@SiNP_F17/wt% Ph7/F13-POSS/wt% T/�C t/h Yield/%

2 — 100 2 5.6
2 0.1 100 2 50

2 — 120 2 30
2 0.1 120 2 79

1 — 80 1 12
1 0.1 80 1 46
2 0.1 100 0.5 61
2 0.1 100 1 87

a Reaction conditions: 1.5 mL substrate, 1500 rpm, O2 ow rate [20
mL(STP) per min], and 1 bar O2.
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separation is however limited to liquids with polar groups such
as BnOH. For non-polar solvents such as toluene, Ph7/F13-POSS
can hardly be separated by centrifugation due to their good
dispersion. No Pd leaching is observed during the reaction, as
inferred by ICP-OES.
2.6. Scope of aromatic alcohols

We further examined the generality of aromatic alcohol oxida-
tion in foam systems stabilized by a combination of
Pd@SiNP_F17 and Ph7/F13-POSS particles in an O2 ow
(Table 1). The results obtained in the presence of Ph7/F13-POSS
(0.1 wt%) clearly demonstrate higher activity of this system in
the oxidation of aromatic alcohols compared to experiments
without Ph7/F13-POSS. For 1-phenylethanol, the acetophenone
yield is 50% aer 2 h reaction at 100 �C in the foam system
containing Ph7/F13-POSS. This value is about 9 times higher
than the yield obtained without Ph7/F13-POSS. The conversion
of methylbenzyl alcohol into the corresponding aldehyde in the
presence of foam stabilized by Ph7/F13-POSS is 79% at 120 �C
aer 2 h, while the yield is only 30% without Ph7/F13-POSS. The
oxidation of cinnamyl alcohol to cinnamaldehyde shows a yield
of 46% at 80 �C aer 1 h under foam in the presence of Ph7/F13-
POSS, whereas the yield without Ph7/F13-POSS is only 12%.
Finally, the conversion of benzyl alcohol to benzaldehyde at
100 �C is 61% and 87% aer 0.5 and 1 h, respectively.
3. Conclusions

In summary, we prepared oil foams stabilized by a dual particle
system combining surface-active catalytic organosilica particles,
used as stabilizer, and a novel type of amphiphilic polyhedral
oligomeric silsesquioxane (POSS) with surfactant-like proper-
ties, used as frother. Both the foamability and foam stability in
aromatic solvents are promoted in the presence of a low
concentration of POSS, favoring the dispersion of catalytic
organosilica particles driven by the interaction between the
uorinated chains of organosilica and POSS particles. As
a result, the catalytic activity is drastically enhanced in the
presence of POSS with a 9-time increase of the benzaldehyde
yield in the oxidation of benzyl alcohol in pure O2 compared to
10002 | J. Mater. Chem. A, 2022, 10, 9997–10003
a catalytic test without POSS. Intermediate foam stability,
affording a high gas exchange rate, was required to achieve high
catalytic activity. The particles were conveniently recycled with
high foamability and the catalytic efficiency was maintained for
at least 7 consecutive runs. The dual particle catalytic system
was successfully applied to a range of aromatic alcohols,
demonstrating the versatility of our approach.
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4 R. Höfer, F. Jost, M. J. Schwuger, R. Scharf, J. Geke, J. Kresse,
H. Lingmann, R. Veitenhansel and W. Erwied, Foams and
Foam Control, VCH, Weinheim, 1988, vol. 11.

5 R. Murakami and A. Bismarck, Adv. Funct. Mater., 2010, 20,
732–737.

6 J. Huang, F. Cheng, B. P. Binks and H. Yang, J. Am. Chem.
Soc., 2015, 137, 15015–15025.

7 A. L. Fameau, A. Carl, A. Saint-Jalmes and R. Von Klitzing,
ChemPhysChem, 2015, 16, 66–75.

8 A. R. Cox, D. L. Aldred and A. B. Russell, Food Hydrocolloids,
2009, 23, 366–376.

9 B. P. Binks and T. S. Horozov, Angew. Chem., Int. Ed., 2005,
44, 3722–3725.

10 B. P. Binks and H. Shi, Langmuir, 2020, 36, 991–1002.
11 T. N. Hunter, R. J. Pugh, G. V. Franks and G. J. Jameson, Adv.

Colloid Interface Sci., 2008, 137, 57–81.
12 R. Murakami and A. Bismarck, Adv. Funct. Mater., 2010, 20,

732–737.
13 Y. Han, J. Yang, M. Jung, S. Han, S. Kim and H. S. Jeon,

Langmuir, 2020, 36, 10331–10340.
14 A. Maestro, E. Rio, W. Drenckhan, D. Langevin and

A. Salonen, So Matter, 2014, 10, 6975–6983.
15 L. R. Arriaga, W. Drenckhan, A. Salonen, J. A. Rodrigues,
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