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ABSTRACT: Amphiphilic Janus silica particles tunable 
with oleophobic-oleophilic properties and low fluorine con-
tent (8wt%F) exhibited prominent foamability for a variety 
of aromatic alcohols at low particle concentration (<1 wt%) 
compared to randomly functionalized silica particles. When 
selectively loaded with Pd nanoparticles on the oleophilic 
hemisphere, the particles displayed more than two-fold in-
crease of catalytic activity in the aerobic oxidation of benzyl 
alcohol compared to non-foam bulk catalysis at ambient O2 
pressure. Particles were conveniently recycled with high 
foamability and catalytic activity maintained for at least 5 
consecutive runs. 

KEYWORDS: Janus particles, gas-liquid-solid interface, 
alcohol oxidation, oil foams, microreactor, photo-induced 
force microscopy (PiFM) 

1. INTRODUCTION 

Liquid foams are omnipresent in our everyday life and are 
widely used in the formulation of food and beverages, cos-
metics, health-care and homecare products, as well as in fire 
extinguishing, froth flotation and for manufacturing porous 
materials.1-4 Foams are typically stabilized using either sur-
factants, surface-active polymers, or globular proteins.5-8 
These stabilizers exhibit efficacy solely within an aqueous en-
vironment and can hardly be applied to organic solvents ow-
ing to their low surface tension (typically from 14 to 50 
mN·m-1). The generation of non-aqueous foams requires sta-
bilizers with low surface energy (e.g., fluorinated surfactants, 
asphaltenes, fatty acid crystals),9-12 being as a result much 
more challenging compared to aqueous foams. 

Particles can adsorb at the gas-oil interface and generate 
‘armored’ foams in organic solvents preventing the coales-
cence of gas bubbles and drainage of the liquid phase.13 To 
adsorb at the gas-oil interface, particles need: (1) to be overall 
oleophilic to disperse in the solvent before foaming; (2) a bal-
anced surface density and distribution of oleophilic and ole-
ophobic (aerophilic) groups to adjust the interfacial contact 
angle within a stability window;14 and (3) a controlled size to 
diffuse fast from the bulk liquid to the interface. Few low-sur-
face energy particles can meet concomitantly these three re-
quirements, containing mainly a high surface density of 

fluorocarbon chains (e.g., fluoropolymers/ oligomers,15-17 
fluorocarbon chains,18-21 highly hydrophobic low-carbon 
chains22) in a randomly distributed fashion. This limited 
scope arises from the low surface tension of organic solvents 
restricting particle adsorption at the gas-oil interface.23 

Janus particles (JPs) are a class of anisotropic colloidal 
particles that possess different chemical composition (and 
opposing wettability) on each hemisphere.24-28 This am-
phiphilic nature allows JPs to adsorb much more strongly at 
the water-oil interface (up to 3-fold increase of detachment 
energy) compared to randomly functionalized counterparts due 
to much lower liquid-particle surface tensions.29-32 As a re-
sult, JPs can generate emulsions, where the interfacial parti-
cle self-assembly, orientation and droplet morphology can be 
governed by the type and density of functional groups on 
each hemisphere,33 and by the particle shape and architec-
ture (e.g., spherical, cubic, icosahedral, nano-sheets, dumb-
bell, mushroom-like).34-40 These properties make JPs excel-
lent candidates to engineer biphasic catalytic reactions at the 
water-oil interface by carefully locating catalytic centers ei-
ther on the water or oil sides of the interface.41,42 JPs with 
catalytic centers located at the hydrophobic hemisphere are 
suitable for reactions in oil phases including organic synthe-
sis43-48 and desulfurization.49 In contrast, JPs with catalytic 
centers located at the hydrophilic hemisphere can promote 
dye decomposition,50-53 and photocatalytic water split-
ting.54,55 JPs can also be employed to design interfacial cata-
lysts with spatial isolation of acid and basic centers that pro-
moted acid-base tandem reactions.56 

Despite the significant progress of JPs for stabilizing 
emulsions, the use of JPs to generate foams has been seldom 
explored. JPs consisting of a hydrophilic hemisphere incor-
porating OH / NH2 surface groups, and an oleophobic hemi-
sphere with either pendant alkyl / fluoroalkyl chains or Au 
nanoparticles, can adsorb at the air-water interface and gen-
erate aqueous foams at low particle loading (<1 wt%).57-60 
Polymer-functionalized JPs and bearing Au nanoparticles 
can also generate aqueous foams, and display a 2.2-fold in-
crease of the catalytic activity compared to a non-foam sys-
tem in the liquid-phase oxidation of D-glucose to gluconic 
acid.61 

Herein, we disclose the high potential of amphiphilic sil-
ica JPs with oleophilic and oleophobic hemispheres and 



 

selective spatial location of Pd nanoparticles for generating 
oil foams based on aromatic alcohols at low particle concen-
tration (1 wt%) and low fluorine content (8 wt% F), and con-
duct selective aerobic alcohol oxidation reactions at the gas-
liquid interface at ambient O2 pressure. In this configuration, 
the gas and liquid are expected to mix directly at the G-L at 
the surface of particles by-coadsorption increasing their mis-
cibility and cutting mass transfer resistances. We also report 
for the first time the direct visualization of the surface distri-
bution of organic moieties on Pd/JPs using photo-induced 
force microscopy (PiFM), unveiling their anisotropic archi-
tecture at the nanoscale level. 

2. RESULTS AND DISCUSSION 

2.1. Preparation and characterization of surface-
active particles. Pristine silica particles (250 nm) were 
synthesized by the Stöber method using tetraethyl orthosili-
cate (TEOS) as silica precursor, ammonium as catalyst and 
ethanol as solvent (Figure S1).62 JPs (7.89 wt% F) were syn-
thesized by the Pickering emulsion template method,63,64 
whereby 1H,1H,2H,2H-perfluorooctyltriethoxysilane 
(PFOTES) and 3-mercaptopropyltriethoxysilane (MPTES) 
(equimolar ratio) were sequentially grafted on silica (Figure 
S2, Figure S3, see SI for details). Besides, randomly func-
tionalized particles (i.e. Non-JPs, 8.01 wt% F) were synthe-
sized by concomitant grating of PFOTES and MPTES on sil-
ica. Subsequently, Pd nanoparticles were deposited onto both 
particles using a modified sol-immobilization method,65 
yielding Pd/JPs (0.81 wt% Pd) and Pd/Non-JPs (0.82 wt% 
Pd), respectively (see also Figure S4). 

Thermogravimetric analysis (TGA) was used to inspect 
the stability and grafting efficiency of fluorinated and mer-
captoprpyl chains on JPs and Non-JPs (Figure S5a). Both 
particles exhibit similar weight loss until 150 °C (~1.5%) that 
is attributed to water desorption. This weight loss is lower 
than that measured on pristine silica (~2.4%) due to its 
higher hydrophilicity. The total weight loss of JPs and Non-
JPs particles is very similar (19% vs. 18%), indicating the 
same grafting degree of fluorinated and mercaptopropyl 

chains (8 groups/nm2 overall). The derivative TG curves for 
JPs and Non-JPs display three main peaks (Figure S5b): (i) 
a peak at 100 °C that is attributed to water desorption, (ii) a 
prominent peak at 300-500 °C due to the decomposition of 
fluorinated and mercaptopropyl chains and ethoxy groups,66 
and (iii) a peak between 500-600 °C that is ascribed to water 
release due to condensation of SiOH groups.67 The derivative 
curve for the pristine silica also displays two peaks at 400-
500 °C and 500-600 °C that are attributed to the decompo-
sition of ethoxy groups and condensation of silanol groups, 
respectively. 

JPs and Non-JPs were analyzed by 29Si NMR MAS and 
13C NMR prior to Pd deposition. The 29Si NMR MAS spec-
trum shows an intense Q4 resonance band centered at 111.6 
ppm that is indicative of siloxane bridges [(SiO)4Si] (Figure 
S6). An intense Q3 band is also visible at -102.7 ppm together 
with a small Q2 band at -92.2 ppm that are ascribed to Si-OH 
and geminal HO-Si-OH groups. A small T3 band is observed 
at -66.5 ppm that is attributed to (SiO–)3SiR (tripodal) moi-
eties on silica. Notably, no T1 [(SiO–)SiR(–OH)2)] (monopo-
dal) and T2 [(SiO–)2SiR(–OH)] (dipodal) moieties are ob-
served.68 The 13C NMR MAS spectra of JPs confirms the 
grafting of both fluorinated and mercaptopropyl chains (Fig-
ure S7). Two bands are observed at 3.8 ppm and 26.6 ppm 
that are attributed to CH2 groups in the fluorinated and mer-
captopropyl chains, respectively.69,70 The bands at 19.6 and 
63.5 ppm are indicative of CH3 and CH2 groups, respectively, 

in ethoxy groups.71 The bands between 110 ppm and 125 ppm 
are attributed to CF2 and CF3 groups in the fluorinated 
chains.69,70 

The pristine silica, JPs and Non-JPs were further ana-

lyzed by FT-IR spectroscopy (Figure 1a, Figure S8). In all 

cases, two characteristic bands are visible at 1080 cm-1 and 
798 cm−1 that are ascribed to asymmetric stretching and 

bending vibrations of Si-O-Si bonds, respectively.68,72 A large 

band is also visible in the range 3000-3500 cm−1 due to Si-
OH groups interacting with adsorbed water. The presence of 

Si-OH groups is also confirmed by the asymmetric stretching 

vibration band centered at 950 cm-1. A tiny band is visible for 
Non-JPs at 1610 cm-1 that can be assigned to asymmetric 

stretching modes of C-C groups.73 No band is observed cor-

responding to the stretching vibration of S-H groups (2560 
cm-1),74 which can be explained by a low concentration of 

mercaptopropyl groups. Additionally, there is a broader 

spectral feature in the 1100-1300 cm-1 range associated with 
weaker transverse (TO) and longitudinal optical (LO) modes. 

These particular modes, as previously described by Lange et 

al, are centered at 1254, 1200, and 1170 cm-1, representing 
LO3, TO4, and LO4 modes, respectively.75 These weak bands 

appear as a broad shoulder, making it challenging to differ-

entiate them. This difficulty in distinguishing bands becomes 
apparent when trying to assign the C-F component from 

PFOTES on functionalized particles, as it frequently overlaps 

with these silica FTIR bands. However, a subtle increase of 
intensity in the 1150 cm-1 region for both JPs and Non-JPs 

samples hints the presence of C-F bond vibrations.73 

To gain more insight and resolution on the C-F compo-
nent, we used PiFM measurements,76 taken with a penetra-
tion depth of 20 nm in the sideband acquisition mode. The 
local IR spectra measured by PiFM on different particle loca-
tions are congruent with the FT-IR spectra measured on the 
bulk samples (Figure 1a-b). However, unlike FT-IR which 
samples several micrometres into the bulk of the sample and 
averages over several microns laterally, PiFM mitigates 
against the interference from bulk SiO2 frequencies and thus 
prevents them from obscuring the C-F component.73 For pris-
tine silica surfaces, three prominent IR components are visi-
ble at 958, 1095, and 1200 cm-1 corresponding to Si-OH, Si-
O-Si, and TO4 vibrations, respectively (Figure 1b). Upon 
functionalization with PFOTES and MPTES, the overall in-
tensity of the 1100-1300 cm-1 region increases, with notable 
features at 1225 and 1320 cm-1 corresponding to Si-CH2 func-
tionalities. The heightened intensity around ~1150 cm-1 con-
firms the presence of the C-F stretching vibrations on both 
JPs and Non-JPs. 



 

 

Figure 1 (a) FT-IR and (b) PiFM spectra of pristine silica, JPs 
and Non-JPs. The green line indicates the location of C-F 
stretching vibrations. 

 

Figure 2. Topography, PiFM at 1145 cm−1 and HR-TEM micro-
graphs of (a1-a3) pristine silica, (b1-b3) Pd/JPs, and (c1-c3) 
Pd/Non-JPs. The dark blue and green colors in a2-c2 refer to flu-
orocarbon chains and Si-O-Si moieties with bands at 1145 and 
1085 cm-1, respectively. 

The nanoscale distribution of organic moieties on the sur-
face of pristine silica, JPs and Non-JPs was also inspected by 
PiFM. Pristine particles display relatively smooth surfaces 
with a roughness of 2.3 nm (Figure 2a1). The surface rough-
ness increases to 18.3 nm and 16.9 nm for JPs and Non-JPs, 
respectively, due to the immobilization of Pd nanoparticles 
[Figure 2(b1, c1)]. The anisotropic nature of JPs is clearly 
visible in Figure 2b2 with fluorohydrocarbon chains (band 
at 1145 cm-1) appearing in dark blue color and the Si-O-Si 
moieties (band at 1085 cm-1) appearing in green (see also 
Figure 2a2). Interestingly, the intensity of fluorohydrocar-
bon chains is magnified by Pd nanoparticles compared to 
Non-JPs due to a lack of preferential Pd nanoparticle binding 
in the latter case (Figure 2c2). The decrease in the Si com-
ponent atop Pd nanoparticles points out a spacing between 
the tip and silica that noticeably affects the acquisition area 
given the similar penetration depth of the tip compared to the 

particle size. Pristine silica, JPs and non-JPs were also visu-
alized by HR-TEM after loading with Pd Figure 2(a3-c3). Pd 
nanoparticles are clearly visible on JPs and Non-JPs. Nota-
bly, in the case of JPs, Pd nanoparticles are selectively dis-
persed on the thiol hemisphere (oleophilic). 

X-ray photoelectron spectroscopy (XPS) was performed 
to analyze the Pd speciation on Pd/JPs and Pd/non-JPs (Fig-
ure S9a-f). The Pd 3d5/2 core level can be deconvoluted into 
two bands centered at 335.8 eV and 337.9 eV that can be as-
signed to Pd(0) and PdIIO, respectively (Figure S9b).77,78 
The C1s XPS core level region shows bands at 293.3 eV and 
290.9 eV that are assigned to CF3 and CF2 groups (Figure 
S9c-d).79 The ratio of band areas for CF2 and CF3 groups is 
4.87, which is consistent with the theoretical value of 5. An 
additional band is visible at 288.2 eV that is attributed to 
methylene groups connected with CF2.80 F 1s and S 2p core 
level bands are observed at 797.8 eV and 164.0 eV, respec-
tively, that confirms the presence of fluorinated and mercap-
topropyl chains in Pd/JPs and Pd/Non-JPs (Figure S9e,f). 

2.2. Physicochemical properties of JPs. The inter-
action of particles with the gas and liquid phases can be char-
acterized by the interfacial contact angle. The contact angles 
of non-metal JPs and Non-JPs particles was measured in 
pure BnOH, pure o-xylene and in a BnOH/o-xylene (1:1 v/v) 
mixture. For both particles, the contact angle decreases in the 
sense BnOH > mixture > and o-xylene (see Figure 3a-c for 
JPs and Figure 3d-f for Non-JPs). The contact angles of JPs 

are systematically lower than those of Non-JPs (e.g., 115.5 

vs. 131.2) despite the similar surface density of fluorinated 
chains, which is consistent with the anisotropic structure of 
JPs. 

 

Figure 3. Contact angle and foamability of JPs and Non-JPs 
with (a, d) BnOH, (b, e) mixture, and (c, f) o-xylene, respec-
tively. Foaming conditions: 1.8 mL of solvent, 1wt% particles, 
1500 rpm, 100 °C, 1 h. 

The foamability of metal-free JPs and Non-JPs was stud-
ied in pure BnOH, pure o-xylene and in a BnOH/o-xylene (1:1 
v/v) mixture at 100 °C for 1wt% particle loading using a stir-
ring rate of 1500 rpm. Both particles display no foamability 
in pure BnOH (surface tension = 39 mN m-1) and o-xylene 
(surface tension = 28.9 mN m-1). In contrast, JPs exhibit ex-
cellent foamability a BnOH/o-xylene (1:1 v/v) mixture (sur-
face tension = 35 mN m-1), whereas a very thin layer is formed 
using Non-JPs. These results point out a much stronger in-
terfacial adsorption of JPs than Non-JPs in BnOH/o-xylene 
(1:1 v/v) mixture. Noteworthy, JPs exhibit foaming proper-
ties that are comparable to those of fluorinated silica parti-
cles prepared by co-precipitation, but requiring much higher 
fluorine content (25-33wt% vs. 8wt% for JPs).81 Loading of 



 

JPs and Non-JPs with Pd nanoparticles does not alter their 
foamability (Figure S10a). The foamability (i.e. foam 
height) of JPs increases dramatically from 3.2 mm to 7.2 mm 
by increasing the particle loading from 0.5wt% to 4wt%, with 
concomitant decrease of the average bubble size declines 355 

m to 115 m (Figure 4). The foams show high stability for 
a least 48 h with minor decrease of the foam height from 5.9 
mm to 4.8 mm, and increase of the average droplet size from 

305 m to 370 m (1wt% JP loading) (Figure 5. The bubble 
size distributions are collected in Figure S11. The liquid 
phase is turbid just after foaming, revealing that a small frac-
tion of particles does not adsorb at the gas-liquid interface. 
These particles sediment further within 3 h, leading to a clear 
liquid phase. 

The dispersion of JPs and Non-JPs in BnOH/o-xylene 
mixture (1:1 v/v) was investigated by dynamic light scattering 
(DLS). Non-JPs display agglomeration even at very low con-
centration (0.001 wt%) with an average particle size of 1280 
nm, and becomes more prominent at higher particle concen-
trations (0.01 wt% and 0.1 wt%). Agglomeration of Non-JPs 
is systematically larger compared to JPs which is consistent 
with the higher hydrophobicity of the former as inferred from 
their higher contact angles (Figure S12). The broader peak 
for Non-JPs reveals a higher polydispersity that can be ex-
plained by a higher hydrophobicity compared to JPs, making 
them more difficult to be wetted by the BnOH-xylene mix-
ture. 

 

Figure 4. (a) Morphology and foamability of JPs in BnOH / o-
xylene (1:1 v/v) mixture at room temperature and variable JP 
loading. The bar size is 500 µm. (b) Evolution of the foam height 
(left ordinate axis) and average bubble (right ordinate axis) 
against the particle concentration. Foaming conditions: 0.8 mL 
of BnOH, 0.8 mL of o-xylene, 0.5-4.0wt% JPs, 1500 rpm, 100 °C, 
1 h. 

 

Figure 5. (a) Morphology and foam stability of JPs in BnOH / 
o-xylene (1:1 v/v) mixture at room temperature and 1wt% JP 
loading. The space bar size is 500 µm. (b) Time-evolution of 
foam height and average bubble size. Foaming conditions: 0.8 
mL of BnOH, 0.8 mL of o-xylene, 1 wt % JPs, 1500 rpm, 100 °C, 
1 h, kept static at room temperature. 

 

Figure 6. (a) Aerobic oxidation of BnOH over Pd/JPs and 
Pd/Non-JPs. Reaction conditions: 0.8 mL of BnOH, 0.8 mL of 
o-xylene, O2 balloon, 1 wt % particles, 1500 rpm, 100 °C, 1 h. (b) 
Kinetic profiles for the aerobic oxidation of BnOH over Pd/JPs 
and Pd/Non-JPs. Reaction conditions: 0.8 mL of BnOH, 0.8 mL 
of o-xylene, O2 balloon, 1 wt % particles, 1000 and 1500 rpm, 100 
°C, variable reaction time. 



 

To assess the surface activity of JPs and Non-JPs at the 
gas-liquid interface, the surface tension of BnOH/o-xylene 
mixture (1:1 v/v) was measured before and after adding JPs 
and Non-JPs (0.001 wt%, 0.01 wt%, and 0.1 wt%) (Figure 
S13). The results demonstrate that both particles cannot re-
duce the surface tension, which is consistent with previous 
reports.82 

2.3. Aerobic oxidation of BnOH. With the results 

above, we investigated the catalytic properties of Pd/JPs and 

Pd/Non-JPs (1wt.%) in the aerobic oxidation of BnOH in a 
BnOH/o-xylene (1:1 v/v) mixture with/without foam (Fig-

ure 6a). The reaction was conducted at 100 °C for 1 h using 

a stirring rate of 500 rpm and 1500 rpm. Under Non-foaming 
conditions (500 rpm), both particles exhibit a similar benzal-

dehyde (BAH) yield (about 9%). However, at 1500 rpm, 

Pd/JPs displays a prominent increase of the BAH yield 
(22%), whereas it remains almost unchanged (9%) for 

Pd/Non-JPs. The marked difference in the catalytic activity 

between both particles is attributed to the generation of 
abundant foam for Pd/JPs at 1500 rpm, while Pd/Non-JPs 

display low foamability at the same stirring rate. Figure S14 

plots the evolution of the BnOH conversion and selectivity to 
the different oxidation products in the aerobic oxidation re-

action of BnOH over Pd/JPs and Pd/Non-JPs with and with-

out foam, respectively, as a function of the stirring speed. For 
Pd/JPs particles, the BnOH conversion increases drastically 

from 10% to 25% when raising the stirring speed from 500 

rpm to 1500 rpm. Meanwhile, the BAH selectivity increases 
from 86% to 92%, which can be explained by a higher O2 ac-

cessibility to the active sites decreasing concomitantly the 

toluene selectivity by BnOH disproportionation from 11% to 
7%. Opposing these observations, the BnOH conversion only 

increases slightly (from 10% to 12%) for Pd/Non-JPs when 

the stirring speed is raised from 500 rpm to 1500 rpm, 
whereas the BAH and toluene selectivities keep almost un-

changed at 11%. Over this catalyst, the BnOH conversion in-

creases from 12% to 17% when rasing the O2 pressure from 1 
bar to 5 bar (maximum pressure of our reactor) (Figure S15). 

To reach the BnOH conversion obtained using Pd/JPs in 

foam at 1500 rpm (25%), the reaction requires a higher O2 
pressure, whereas the reaction in foam is operated at ambi-

ent pressure. In all cases, no benzoic acid was observed (se-

lectivity <1%) which can be explained by radical scavenging 
from BnOH.83 Benzyl benzoate was formed in very tiny 

amounts (selectivity <1%), which may come from a hemiace-

tal intermediate that is expected to be unstable under the re-

action conditions and oxidized to the ester.84 

The kinetic profiles were measured for Pd/JPs and 

Pd/Non-JPs at 100 °C in BnOH/o-xylene (1:1 v/v) mixture at 
1000 and 1500 rpm stirring speeds (Figure 6b). The BAH 

yield increases faster and reaches higher values after 5 h re-

action over Pd/JPs compared to Pd/Non-JPs due to the for-
mation of foam. Increasing the stirring speed from 1000 to 

1500 rpm results in a prominent increase of the activity and 

final yield due to the higher foamability. To be noted, the 
BAH yields obtained over Pd/Non-JPs at 1500 rpm are lower 

than those measured at 1000 rpm after 2 h which can be at-

tributed to partial catalyst sticking on the reactor wall that 
decreased the amount of catalyst available for the reaction. 

This phenomenon was not observed at 1000 rpm. From the 

kinetic plots, the catalytic activity at time = 0 (turnover fre-
quency, TOF0) is 2118 h-1 for Pd/JPs and 1046 h-1 for 

Pd/Non-JPs at 1500 rpm. The TOF0 keeps unchanged for 

Non-JPs when changing the stirring speed from 1000 to 1500 
rpm. As a result, the BAH yield reaches 70% for Pd/JP after 

5 h at 1500 rpm, whereas it is only 32% for Pd/Non-JPs at 

1000 rpm (used as reference). We measured the activation 
energies (Ea) for Pd/JPs and Pd/non-JPs from the Arrhenius 

plots of TOF values in the temperature range of 353-383 K 

(Figure S16). The activation energy is 103 kJ/mol for 
Pd/Non-JPs in bulk system and decreases to 86 kJ/mol for 

Pd/JPs in foam system. The higher activation energy in the 

former case is consistent with the observation reported ear-
lier for alcohol oxidation in aqueous foams,85 and notes that 

it aligns with the reported findings that the activation energy 

for oxidation at a gas-solid interface is significantly different 
from that at a liquid-solid interface.86. Overall, we can infer 

from these results that the reaction is conducted in the ab-

sence of mass transfer resistances for Pd/Non-JPs as the cat-
alytic activity remains unchanged while varying the stirring 

speed. In the case Pd/JPs foaming system, the catalytic activ-

ity and selectivity increase with the stirring speed, which is 
attributed to a promoted gas-liquid-catalyst contact at the 

surface of bubbles. 

2.4. Catalyst recyclability and reuse. We further 
studied the recyclability and reuse of Pd/JPs in the aerobic 
oxidation of BnOH for five consecutive runs. The catalytic 
tests were carried out at 100 °C for 1 h using 1wt% Pd/JPs. 
After each run, the catalytic particles were separated by cen-
trifugation at 7200 rpm for 3 min, washed twice in acetone 
and dried at 80 °C for 4 h before use in the subsequent run. 
Pd/JPs were robust and kept their activity and foamability 
after each run without any significant loss (Figure 7). The 
selectivity of the reactions kept unchanging as well after re-
cycling shown in Figure S17. No evidence of Pd leaching 
during the reaction was observed, as inferred from ICP-MS 
analysis of the catalysts after the 5th run (Table S2). Also, no 
Pd sintering is observed after the 5th run by comparing the 
size distribution of Pd nanoparticles over Pd/JPs before and 
after reaction (Figure S4a-d). This observation can be at-
tributed to the thiol group acting as an anchor, providing sta-
bility to Pd nanoparticles.87 

2.5. Extension to aromatic and aliphatic alcohols. 
The results above point out the much higher catalytic activity 
of Pd/JPs compared to Pd/Non-JPs for the aerobic oxidation 
of BnOH at comparable grafting degree. We then used 
Pd/JPs to conceive foam systems for the aerobic oxidation of 
aromatic alcohols under O2 using 1wt% particles (Table 1). 
In particular, we designed stable foam systems for cinnamyl 
alcohol/o-xylene, 1-phenylethanol/dodecane, 2-phenyleth-
anol/ dodecane and vanillyl alcohol/dodecane mixtures, all 
1:1 v/v (Figure S10b-e). Cinnamyl alcohol can be oxidized 
to cinnamaldehyde at 100°C for 1 h over Pd/JPs in foam with 
34% yield (entry 2), whereas the yield is only 13% over 
Pd/Non-JPs in non-foam system. In the case of 1-phenyleth-
anol, the foam system stabilized by Pd/JPs yields 6.6% phe-
nylacetaldehyde at 120°C after 1 h reaction, whereas the non-
foam system (Pd/Non-JPs) yields only 2.1% at the same con-
ditions (entry 3). By increasing the temperature to 140°C, the 
yield in the non-foam system rises to 5.4%, which is still 
lower than the yield in the foam system at 120 °C. The twofold 
boost in yield is a result of the elevated kinetic energy associ-
ated with the temperature rise from 120 to 140°C. Likewise, 
when converting 2-phenylethanol to acetophenone, the foam 
system stabilized by Pd/JPs affords 14% yield at 120°C after 
1 h, while the yield is only 2.1% over Pd/Non-JPs in non-foam 
system (entry 4). Finally, vanillyl alcohol is converted into 
vanillin with 34% yield at 120 °C after 1 h over Pd/JPs in foam 



 

system, while the conversion only reaches 16% over Pd/Non-
JPs without foam. Moreover, we broadened the scope from 
aromatic alcohols to aliphatic alcohols. Pd/JPs generated 
abundant foam in 1-octanol and 2-octanol and afforded 
higher yields for the aerobic oxidation, reaching 19.7% and 
4.4%, respectively, compared to the Pd/Non-JPs system 
without foam, where the yields were 4.4% and 1.4%. 

 

Figure 7. Recyclability and reuse of Pd/JPs for the aerobic oxi-
dation of BnOH over five consecutive runs. Reaction conditions: 
0.8 mL of BnOH, 0.8 mL of o-xylene, 1 wt% Pd/JPs, 1 bar O2 
balloon, 1500 rpm, 100 °C, 1 h. 

Table 1. Substrate scope expansion for catalytic tests in O2 at-
mosphere. 

Reactant Catalyst T /°C Solvent System Yield /% 

 

JPs 

Non-JPs 

100 

100 

Xylene 

Xylene 

Foam 

Non-foam 

23 

11 

 
JPs 

Non-JPs 

100 

100 

Xylene 

Xylene 

Foam 

Non-foam 

34 

13 

 

JPs 

Non-JPs 

Non-JPs 

120 

120 

140 

Dodecane 

Dodecane 

Dodecane 

Foam 

Non-foam 

Non-foam 

6.6 

2.1 

5.4 

 

JPs 

Non-JPs 

120 

120 

Dodecane 

Dodecane 

Foam 

Non-foam 

14 

6.9 

 

JPs 

Non-JPs 

120 

120 

Dodecane 

Dodecane 

Foam 

Non-foam 

34 

16 

 
JPs 

Non-JPs 

140 

140 

Dodecane 

Dodecane 

Foam 

Non-foam 

19.7 

4.7 

 

JPs 

Non-JPs 

150 

150 

Dodecane 

Dodecane 

Foam 

Non-foam 

4.4 

1.4 

Reaction conditions: 0.8 mL substrate, 0.8 mL solvent, 1 wt% Pd/JPs cat-
alysts, 1500 rpm, O2 balloon, 1 h. (According to the Antoine equation, the 
partial pressure correction of O2 at 100 °C in the solvent of o-xylene is 
around 0.74 bar. The partial pressure in the solvent of dodecane at 120 
°C, 140 °C, and 150 °C are 0.95 bar, 0.89 bar, and 0.85 bar, respectively)  

3. CONCLUSIONS 

In summary, we prepared silica Janus particles grafted se-
lectively with fluorinated and mercaptopropyl chains on each 
hemisphere, respectively, allowing tunable design of oleo-
phobic-oleohipilic properties at low fluorine content (8 
wt%F). The particles were decorated with Pd nanoparticles 
on the oleophilic hemisphere. The anisotropic surface archi-
tecture of the particles was confirmed by pulse-induce force 
microscopy, allowing high resolution of fluorocarbon chains 
by Pd nanoparticles. Janus particles exhibited higher foama-
bility in oil solvents compared to particles with a homogene-
ous surface distribution of fluorinated and mercaptopropyl 
chains at the same surface density of fluorinated and 

mercaptopropyl groups owing to their stronger adsorption at 
the oil-O2 interface. The catalytic performance was strongly 
affected by the foaming properties, and Pd-loaded Janus par-
ticles exhibited at least double yield to aldehyde/ketone 
products in the aerobic oxidation of aromatic alcohols com-
pared to non-Janus particles. Extension of aromatic and ali-
phatic alcohols in the foam system confirms the generality of 
the JPs foam system. Janus particles were conveniently recy-
cled with high foamability and catalytic efficiency maintained 
for at least five consecutive runs. 

The results presented in this study pave the way to the de-
sign of on-purpose, adjustable oleophobic-oleophilic Janus 
particles to generate oil foams à la carte for a large variety of 
aromatic alcohols that could be extended to other alcohols 
and organic reactants by fine design of the particle hemi-
spheres and nanoscale distribution of organic functions. 
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