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ABSTRACT: Despite the wide utility in laboratory synthesis and industrial fabrication, gas-water-solid multiphase catalysis 
reactions often suffer from low reaction efficiency due to the low solubility of gases in water. Using a surface modification 
protocol, interface-active silica nanoparticles were synthesized. Such nanoparticles can assemble at the gas-water interface, 
stabilising micron-sized gas bubbles in water, and disassemble by tuning the aqueous phase pH. The ability to stabilize gas 
microbubbles can be finely tuned through variation of the surface modification protocol. As proof of this concept, Pd and 
Au were deposited on these silica nanoparticles, leading to interface-active catalysts for aqueous hydrogenation and 
oxidation, respectively. With such catalysts, conventional gas-water-solid multiphase reactions can be transformed to H2 
or O2 microbubble reaction systems. The resultant microbubble reaction systems exhibit significant catalysis efficiency 
enhancement effects compared with conventional multiphase reactions. The significant improvement is attributed to the 
pronounced increase in reaction interface area that allows for the direct contact of gas, water and solid phases. At the end 
of reaction, the microbubbles can be removed from the reaction systems through changing the pH, allowing product 
separation and catalyst recycling. Interestingly, the alcohol oxidation activation energy for the microbubble systems is much 
lower than that for the conventional multiphase reaction, also indicating that the developed microbubble system may be a 
valuable platform to design innovative multiphase catalysis reactions.  

1. INTRODUCTION 
Solid catalyst-containing gas-water multiphase reactions 
are widely used in laboratory synthesis and industrial 
fabrication of various fine chemicals via hydrogenation, 
oxidation, hydroformylation and biochemical processes.1−6 
Due to the extremely low solubility of gases in water, e.g. 
H2 and O2, the catalysis efficiency of these multiphase 
reactions is usually significantly suppressed.7−9 To address 
this limitation, many methods have been developed as 
follows. Introducing a co-solvent or raising the gas 
pressure is employed to increase the gas molecule 
concentrations in liquids.1,10,11 Organic solvents may be 
added to form water-in-oil Pickering emulsions, in which 
the continuous oil phase can increase gas molecule 
concentrations in the whole systems and the larger oil-
water interface benefits the reaction.3, 9,12 Obviously, these 
methods require extra additives or impact process safety, 
and do not enable gas-water-solid phases to contact 
directly. Alternatively, engineering strategies such as 
bubbling fluidized beds, packed bubble columns, “tube-in-
tube” techniques and microbubble generators have been 

exploited to increase the gas-liquid interface area.13−20 The 
work of the Mase group on bare micro- or nanobubbles is 
particularly noteworthy,7,18,19 although little mention is 
made of their sizes. These methods are more 
environmentally acceptable because of the avoidance of 
organic solvents. However, these strategies require specific 
equipment and often lead to incomplete utilization of the 
gas because of the buoyancy of large bubbles and their 
rapid collapse. Moreover, they do not guarantee that the 
solid catalyst will locate at the gas-liquid interfaces. 
Accordingly, developing a simple, effective method to 
create direct contact at the gas-water-solid interface is still 
a much-sought-after goal.14 

In parallel, natural systems can efficiently deal with 
multiphase processes such as photosynthesis and 
respiration.21 One key feature of the natural systems is the 
unique air-aqueous interface that allows gas-phase O2 and 
CO2 to expeditiously enter aqueous media, which may 
constitute an important feature for future non-natural 
multiphase systems. More interestingly, various surface 
characterization techniques and theoretical calculations 
point out that the gas-water interface has unique 
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properties that are not possessed by the bulk aqueous 
solution. For example, OH- or H+ may be preferentially 
adsorbed in the interfacial region although there is 
considerable disagreement on which one has this 
interfacial propensity.22-26 It is also revealed that some 
organic molecules at the gas-water interface have certain 
orientations.27 Also, at the gas-water interface,  gaseous 
molecules are more easily bound with metal complexes in 
solution.28 These unique interface properties probably 
affect the catalysis process and outcomes, but are rarely 
explored. One of the main reasons lies in the difficulty in 
obtaining a sufficiently large, stable and controllable gas-
water interface.  

It has been found that partially hydrophobic 
nanoparticles can assemble at the gas-water interface, thus 
stabilising gas bubbles in water.29−42 In such a scenario, gas, 
water and solid phases can directly contact with each 
other.43 However, bubbles themselves are not always 
desirable in practice because of the problems arising in the 
subsequent product and catalyst separation. Although 
alcohols or silicone oils can be used to destroy bubbles,44−49 
the defoamer separation requires extra procedures. It is 
envisioned that if the bubble sizes can be decreased to the 
micron level and at the same time bubbling can be 
switched in a controllable way, solid particle-stabilized 
microbubbles might be exploited to construct efficient 
multiphase catalysis systems and address the interface 
catalysis effects.   

 

 
Figure 1. The proposed solid catalyst particle-stabilized 
microbubble strategy. (a) Structure of a pH-responsive, 
partially hydrophobic nanoparticle catalyst and the process of 
protonation and deprotonation with acid or base. (b) 
Schematic illustration for transforming a gas-water-solid 
multiphase reaction to a catalyst particle-stabilized 
microbubble system and destruction of the latter at the end of 
reaction. A represents a reactant molecule and B represents a 
product molecule. 

 

Herein, we demonstrate a novel strategy to construct 
efficient gas-water-solid multiphase reactions by creating  
smart, particle-stabilised microbubbles. This strategy uses 
a pH-responsive nanoparticle catalyst, in which the surface 
wettability can be switched between partially hydrophobic 
and hydrophilic by addition of acid or base, as illustrated 

in Figure 1a. Such a switch can drive the system between a 
stable microbubble system and a conventional (bubble-
free) one. At the beginning of reaction, a conventional gas-
liquid-solid multiphase catalysis reaction can be 
transformed to a microbubble system (Figure 1b). Due to 
the assembly of catalyst particles at the gas-water interface, 
gas, liquid and solid phases are in direct contact 
simultaneously. As a consequence, the catalysis efficiency 
is expected to be significantly enhanced. At the end of 
reaction, the microbubble system is destroyed by adding a 
small amount of acid, allowing product and catalyst 
separation. After the recovered nanoparticle catalyst is 
treated with base, the microbubble system can be obtained 
again in the next reaction cycle. Such a microbubble 
system is expected not only to access more efficient 
multiphase reactions but also to be of use in manifesting 
gas-liquid-solid interface catalysis effects. 

2. RESULTS AND DISCUSSION  

2.1. Preparation and characterization of 
interfacially active nanoparticles. To construct the 
proposed reaction system, we first need to create a pH-
responsive, partially hydrophobic nanoparticle catalyst. 
Although a pH-responsive latex for the formation of foams 
has been reported, bubbling with these polymer particles 
requires the addition of salt,50 which is not desired for 
catalysis reactions. Moreover, for catalytic applications, 
inorganic materials are preferred because of their 
robustness. Silica is a good choice because it is widely used 
as commercial catalyst support. A mixture of hydrophobic, 
(MeO)3Si(CH2)7CH3, and relatively hydrophilic, 
(MeO)3SiCH2CH2CH2(NHCH2CH2)2NH2, organosilane 
modifiers was used to modify silica nanoparticles since this 
protocol has proven effective at tuning the surface 
hydrophobicity/hydrophilicity balance for forming 
Pickering emulsions in our recent work.51 Herein, as an 
extension to this protocol, we used smaller silica 
nanoparticles (SN, ca. 50-70 nm in diameter) since the 
detachment of smaller particles from a gas-water interface 
is energetically easier.52 Moreover, the triamine group 
concentration on the silica surface was significantly 
increased to obtain a more hydrophilic surface. The mole 
fraction of the triamine organosilane in the total silylating 
reagent mixture was varied from 5% to 25% (octyl 
organosilane from 95% to 75%) and the total amount of 
organosilanes was kept constant. The resultant 
bifunctionalized silica nanoparticles are named as SN-
ON(x), where x = 5, 10, 15, 20 or 25 (O refers to octyl 
organosilane, N triamine organosilane and x the mole 
fraction of triamine organosilane). For comparison, we also 
prepared octyl- and triamine-monofunctionalized silica 
particles, denoted as SN-O and SN-N, respectively. 

The morphology and composition of the modified 
particles were characterized with transmission electron 
microscopy (TEM), N2 sorption, solid state NMR, X-ray 
photoelectron spectroscopy (XPS), element mapping and  
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Figure 2. Characterization of the SN-ON(15) nanoparticles. (a) 
TEM image, scale bar = 500 nm. (b) TEM image, scale bar = 
100 nm. (c) Element mapping with electron energy loss 
spectroscopy (EELS).

 

elemental analysis. For example, SN-ON(15) consists of 
uniform monodisperse spheres with diameters around 50-
70 nm (Figures 2a and b). It is almost non-porous since its 
specific surface area is only 50 m2 g-1 (Figure S1, Supporting 
Information). The XPS results indicate that octyl and 
triamine groups are both grafted on the silica surface since 
C and N elements are both found simultaneously  (Figure 
S2).  The  solid  state  13C  CP-MAS  

 

 
Figure 3. Characterization of SN-ON(15) nanoparticles. (a) 
Solid state 13C CP-MAS NMR spectrum, in which the peak 
marked * may be attributed to the buried -(CH2CH2O)n 
groups inside the silica sphere during synthesis. (b) Solid 
state 29Si CP-MAS NMR spectrum. (c) Grafted amounts of 
triamine and octyl groups on functionalized silica. 
Triamine/octyl is the molar ratio based on results of elemental 
analysis. 

NMR spectrum exhibits C signals, which can be assigned 
to these two groups (Figure 3a). In the solid state 29Si CP- 
MAS NMR spectrum (Figure 3b), T3 [SiR(OSi)3] and T2 
[SiR(OSi)2(OH)] bands appear, indicating that these two 
functionalities are linked to the silica surface through Si-
O-Si bonds. In the electron energy loss spectrum (EELS) 
for the elemental mapping (Figure 2c), C and N elements 
were found to be uniformly distributed on silica 
nanospheres, indicating that these two functionalities are 
both uniformly distributed on the silica nanospheres. 
Elemental analysis gives quantitative results of 
functionality loadings (Figure 3c and Table S1). The total 
concentration of these two functionalities is up to ca. 0.5 
mmol g-1, indicating a high level of functionalization. 
Notably, for the bifunctionalized silica nanoparticles, the 
molar ratio of hydrophilic triamine to hydrophobic octyl 
chains gradually increases from 0.19 to 0.86 (Figure 3c), 
underlining that the surface chemistry can be finely tuned 
by varying the mole fraction of these two organosilanes 
during particle surface modification.  

2.2. Nanoparticle-stabilized microbubbles. The 
ability of these nanoparticles to stabilize microbubbles (i.e. 
foamability) was next assessed. After stirring a mixture of 
n a n o p a r t i c l e s  a n d  w a t e r  i n  a i r  f o r  1 0  m i n  a t  

 

 
Figure 4. Bubbling ability of the silica nanoparticles. (a) 
Appearance of a mixture of 0.15 g nanoparticles and 2 mL 
water after stirring in air and further standing for 1 h. 1, 
unfunctionalized silica; 2, SN-O; 3, SN-N; 4, SN-ON(5); 5, SN-
ON(10); 6, SN-ON(15); 7, SN-ON(20); 8, SN-ON(25). (b) 
Bubbling ability (foamability, blue points) and three-phase 
contact angle (black points) versus the molar ratio of triamine 
groups to octyl groups, nN/nO. Vfoam/Vwater= foam 
volume/initial water volume. Vfoam is defined as volume 
between foam/water boundary and foam/air boundary.  
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1200 rpm (with a magnetic stirrer bar), different 
phenomena were observed. As shown in Figure 4a, the raw 
unfunctionalized silica particles and SN-N particles remain 
dispersed in water forming a milky-white suspension, 
whereas SN-O particles float on the water surface. These 
three particle types do not lead to particle-stabilized 
bubbles. In contrast, for the bifunctionalized particles, a 
large amount of micron-sized air bubbles are observed 
within water even in the absence of salt. The foamability, 
defined as the volume ratio of foam to the initially used 
water (Vfoam/Vwater, see legend of Figure 4), is remarkably 
different however, judged from the foam height. Figure 4b 
displays the foamability of these samples versus the molar 
ratio of triamine/octyl groups on the particle surfaces. 
Interestingly, the foamability first increases and then 
decreases as the value of nN/nO increases, and the average 
size of the bubbles correspondingly first decreases and 
then increases (Figure S3). This is similar to what was 
observed for modified fumed silica-stabilised foams.32  In 
the case of SN-ON(15) particles (nN/nO = 0.66), the 
foamability reaches its maximum value (1.8), and the 
bubble sizes are a minimum value (centred around 80-100 

µm) and uniformly distributed in the system. These 
findings indicate that our protocol allows the silica 
nanoparticle to stabilise microbubbles in water and its 
ability can be finely tuned by varying the molar ratio of the 
modifiers.  

The results of the contact angle measurement of a 
water drop in air on disks composed of powdered particles 
provide an explanation for the differences in foamability. 
The contact angles measured through water on the 
substrates of SN-O, SN-ON(5), SN-ON(10), SN-ON(15), 
SN-ON(20), SN-ON(25) and SN-N samples decrease 
progressively from 137o to 102o ,85o, 70 o, 55 o, 45 o and 33o 
(Figure 4b and Figure S4). SN-O is too hydrophobic and 
SN-N is too hydrophilic to stabilise foams. Only particles 
exhibiting partial hydrophobicity can stabilize air-in-water 
foams.32 Moreover, after standing for 5 days, the 
microbubbles stabilized with SN-ON(10), SN-ON(15) and 
SN-ON(20) particles show no apparent change in terms of 
their appearance and bubble sizes, indicating that they 
have high stability against bubble coalescence, 
disproportionation and water drainage (Figure S5). 

 

 
Figure 5. pH-triggered switch between microbubble and bubble-free systems using 7.5 wt.% SN-ON(15) particles. (a) Appearance 
of systems in ten switch cycles in response to pH. HCl solution (3 M) and NaOH solution (3 M) were used to adjust the pH. (b) 
Optical micrographs for the first cycle and the tenth cycle, scale bar = 200 µm. (c) Zeta potentials of SN-ON(15) particles and SN 
particles in water as a function of pH. (d) Photos and contact angles of water drops in air on disks of SN-ON(15) particles treated 
under different conditions: (1) Fresh SN-ON(15) particles (without acid/base treatment); (2) SN-ON(15) particles after treatment 
with HCl solution (0.5 mM) and then compressed to a disk; (3) Protonated SN-ON(15) particles were treated with NaOH solution 
(0.5 mM) and then compressed to a disk. 
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2.3. pH-Triggered switch between microbubble and 
bubble-free systems. As expected, these microbubbles 
are pH-responsive since acid addition protonates the 
amine groups on the silica surfaces, thus increasing their 
hydrophilicity (Figure 1a). As Figure 5a shows, the 
microbbubles stabilized with the SN-ON(15) particles 
undergo complete destruction becoming a suspension 
after the pH is reduced to 3-4 with HCl. The process of 
collapse of the microbubbles was accomplished within 3-6 
min through gentle stirring. Moreover, this suspension is 
restored to a microbubble system after adjusting the pH 
back to 7-8 with stirring. Such a pH-triggered switch can 
be reversibly repeated at least 10 times. The foamability 
exhibits no significant change in each cycle. Optical 
micrographs further confirm these results (Figure 5b). In 
the first cycle, bubbles of diameter between 40 and 200 µm 
are observed. After lowering the pH, these microbubbles 
disappear. It is the same scenario with the tenth cycle. 

Such a pH-responsive behaviour is supported by the 
results of Zeta potential and three-phase contact angle 
measurements. As shown in Figure 5c, at pH 3 the Zeta 
potential of SN-ON(15) particles is +31.7 mV, indicating 
that the triamine on the silica surface is protonated. As the 
pH increases, the zeta potential gradually decreases due to 
deprotonation. When the pH reaches 6, the zeta potential 
is close to zero suggesting nearly complete deprotonation 
of the protonated triamines. In contrast, for the bare silica 
nanoparticles (SN), the Zeta potential is   ca. zero at pH 3, 
and becomes –23 mV at pH 6 due to deprotonation of 
surface silanol groups (SiOH). The difference between 
these two samples is attributed to the surface modification 
that alters the surface chemical properties of silica.  The 
protonation of the amine groups results in the particle 
surface becoming more hydrophilic whereas the 
deprotonation of protonated amines on the silica surface 
renders the particle surface partially hydrophobic. The air-
water-solid three-phase contact angle for SN-ON(15) 
substrates (without any treatment) was measured as 
70o (Figure 5d), which decreased to 44o after treatment 
with HCl solution and which was restored to 73o after 
subsequent treatment with NaOH solution. These changes 
in the surface wettability of the particles are the origin of 
the switching between microbubble and bubble-free 
aqueous dispersions.53 

2.4. Catalytic application I: Hydrogenation. We 
then selected a reaction of hydrogenation to assess the 
microbubble system because hydrogenation of 
unsaturated groups is one of the most important platforms 
for the synthesis of various fine chemicals.54−56 Due to the 
good complexation ability of triamine, it is easy to load Pd 
nanoparticles onto the SN-ON(x) particles via the 
adsorption of Pd(OAc)2 followed by reduction with NaBH4. 
The resultant hydrogenation catalyst is named as Pd/SN-
ON(x) with the Pd loading being kept at 0.25 wt.%. As the 
TEM image shows (Figure 6a), Pd nanoparticles with a size 
of ca. 1 nm are homogeneously distributed on the silica 
surface. The small size and uniform size distribution 

should be attributed to the presence of triamine groups 
that can prevent Pd nanoparticles from growing into large 
particles through coordination. The energy-dispersive X-
ray spectrum (EDX) confirms the presence of Pd, N, C, O 
and Si elements on the catalyst.  

 

Figure 6. TEM images and EDX spectra of catalysts. (a) 
Pd/SN-ON(15) catalyst, (b) Au/SN-ON(15) catalyst.

 

The hydrogenation of a water–soluble reactant, p-
nitrophenol, was used to evaluate the catalysis efficiency of 
this set of Pd/SN-ON(x) catalysts. In order to obtain a 
microbubble reaction system, we blended the Pd/SN-ON(x) 
particles with the SN-ON(x) particles to increase the total 
nanoparticle concentration (the mass ratio of Pd/SN-ON(x) 
to SN-ON(x) is kept at 1:3; SN-ON(x) proved catalytically 
inactive for hydrogenation). The molar ratio of substrate to 
Pd catalyst (S/C) for hydrogenations was kept at the same 
level. The batch reactions were carried out in an autoclave 
at a pressure of 0.9 MPa. Interestingly, it was found that 
the set of catalysts gave remarkably different conversions 
under the same conditions (Table S2).  Based on the 
conversions, one can calculate the catalysis efficiency (CE, 
defined in the legend of Figure 7). 

 The CE values for these reaction systems is remarkably 
dependent on the value of x (the molar fraction of 
triamine), as shown in Figure 7a. The CE first increases and 
then begins to decrease as nN/nO increases, namely, in the 
order of Pd/SN-ON(5) < Pd/SN-ON(10) <Pd/SN-ON(15) > 
Pd/SN-ON(20) > Pd/SN-ON(25) > Pd/SN-N. Interestingly, 
this maximum in CE goes alongside that of the foamability 
(Figure 4b). Among these systems, the microbubble system 
stabilised by the Pd/SN-ON(15) particles has the highest 
catalysis efficiency, which is 9 times higher than the 
microbubble-free system using Pd/SN-N particles. The 
appearance of these two systems is shown in Figure S6 
where one can see H2 microbubbles in the former system. 
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In contrast, this set of Pd/SN-ON(x) catalysts give similar 
conversions in bulk methanol, indicating that their 
intrinsic activity is around the same (Table S3).  

 

 

Figure 7. Results of p-nitrophenol hydrogenation in different 
reaction systems. (a) Catalysis efficiency (CE) of the 
microbubble systems with [Pd/SN-ON(x) + SN-ON(x)] or 
[Pd/SN-N + SN-N] versus the ratio nN/nO. The mass ratio of 
Pd catalyst to SN support is 1:3. 1, x = 5; 2, x = 10; 3, x = 15; 4, x 
= 20; 5, x = 25; 6, Pd/SN-N + SN-N. CE = moles of converted 
substrate/moles of Pd × reaction time (h). Reaction conditions: 
2.5 mL water, 1 mmol p-nitrophenol, 0.0469 g Pd/SN-ON(x) 
or Pd/SN-N, 0.1409 g SN-ON(x) or SN-N, 0.9 MPa, 25 oC, 1200 
rpm, 50 min. (b) Variation of CE (blue points) and foamability 
(black points) versus the mass ratio of Pd/SN-ON(15) to SN-
ON(15). Reaction conditions: the Pd/SN-ON(15) amount was 
fixed at 0.0469 g and the SN-ON(15) amount was varied. The 
mass ratio of Pd/SN-ON(15):SN-ON(15) was changed from 1:0 
to 1:1, 1:2, 1:3. Other conditions are the same as in (a).  

 

These differences between the microbubble systems and 
conventional gas-water-solid multiphase reactions imply 
that the enhanced catalysis efficiency may be related to the 
presence of a large number of micron-sized bubbles in the 
former that create large reaction interface area and allow 
gas, reactant and catalyst to keep direct contact. To further 
confirm this, we conducted another set of experiments in 
which a fixed amount of the Pd/SN-ON(15) particles was 
blended with gradually increased amounts of the 
catalytically inactive SN-ON(15) particles (the ratio was 

increased from 1:0 to 1:1, 1:2, 1:3). As Figure 7b shows, the 
catalysis efficiency dramatically increases upon increasing 
the amount of the catalytically inactive SN-ON(15) 
particles despite using the same amount of  catalytically 
active Pd/SN-ON(15). The catalysis efficiency for a mixture 
of Pd/SN-ON(15) and SN-ON(15) particles  (1:3) is 4.2 times 
higher than that of pure Pd/SN-ON(15) (1297 vs 307 mol 
mol-1 h-1). Notably, in the conventional bulk three-phase 
system using 19 vol.% isopropyl alcohol as co-solvent in 
water, the catalysis efficiency of this set of mixture of 
Pd/SN-ON(15) and SN-ON(15) particles does not change 
appreciably upon varying the mass ratio of Pd/SN-ON(15) 
to SN-ON(15), as shown in Figure S7. Meanwhile, as the 
amount of SN-ON(15) particles increases, the foamability 
(Vfoam/Vwater) increases (Figure 7b and Figure S8). It is 
clearly evident that the increase in catalysis efficiency 
mirrors that of the increase in foamability, confirming that 
the catalysis efficiency enhancement is due to the 
formation of stable microbubbles that increase the 
reaction interface area of gas-water-solid.  

To further confirm catalysis efficiency enhancement 
effects employing the microbubble systems, we compared 
the catalysis efficiency of the microbubble systems and the 
conventional bulk gas-water-solid multiphase systems 
using more substrates. Due to the presence of a given 
amount of isopropyl alcohol the conventional three-phase 
reaction systems are microbubble-free. The results of the 
hydrogenation of four water-soluble substrates in these 
two systems are summarized in Table 1. The microbubble 
system gave a full conversion of p-nitrophenol, while the 
conventional three-phase reaction system afforded a 
conversion of only 14% under the same conditions, i.e. a 7.1 
times conversion enhancement was obtained. At low H2 
pressure (0.1 MPa), a microbubble hydrogenation system 
can also be obtained although a longer reaction time is 
required for 100% conversion. The microbubble system 
also gives a much higher conversion than the conventional 
system in this case. Such a remarkable contrast was also 
found with other substrates such as o-nitrophenol, allyl 
alcohol and cis-2-butene-1,4-diol. These results further 
demonstrate the versatility and high efficiency of the 
catalyst particle-stabilized microbubble strategy. As 
expected, the microbubble hydrogenation systems can be 
easily switched through adjusting the pH, to enable the 
recycling of the solid catalyst. As shown in Figure S9, after 
five reaction cycles the microbubble system is still 
obtained and the catalysis efficiency is still relatively high. 
The slight decrease in catalyst efficiency is mainly due to 
the aggregation of Pd nanoparticles (Figure S10) since the 
bubbling ability and the Pd loading have no appreciable 
change. 
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Table 1. Comparison of hydrogenation in the microbubble 
systems and in the conventional bulk gas-liquid-solid 
multiphase systemsa 

 aThe reaction conditions for foam systems: 2.5 mL water, 1 
mmol substrate and 1200 rpm. The reaction conditions for the 
conventional three-phase systems are a mixture of 0.4 mL 
isopropyl alcohol and 2.1 mL water as solvent, 1200 rpm. bThe 
total mass fraction of catalyst and SN-ON(15) particles with 
respect to solvent. cThe molar ratio of substrate (S) to Pd 
catalyst (C). dReaction temperature. eH2 pressure. fReaction 
time. gConversions determined by GC; the data in parentheses 
are the conversions obtained in conventional three-phase 
systems.                

2.5. Catalytic application II: Oxidation. Our 
strategy can be extended to other types of gas-water-solid 
multiphase reactions, e.g. alcohol oxidation with O2.4,57−60 
Au nanoparticles were deposited on the SN-ON(15) 
particle surface through acid-base interaction with 
HAuCl4 followed by reduction with NaBH4, leading to a 
Au/SN-ON(15) catalyst. The Au loading is 0.8 wt.%.  The 
TEM image (Figure 6b) shows that Au particles with a size 
of ca. 2 nm are uniformly distributed on the silica surface. 
The EDX spectrum further confirms that Au, N, C, O and 
Si elements were all present on the catalyst, as expected 
(Figure 6b).  

Oxidation was performed in an autoclave under an O2 
pressure of 0.2 MPa (900 rpm). In the presence of a mixture 
of the Au/SN-ON(15) catalyst particles and the SN-ON(15) 
particles (the mass ratio of the former to latter is 2:3), a 
microbubble system was observed in the oxidation of 2-
hydroxybenzyl alcohol to salicyl aldehyde (Figure 8 and 
Figure S11). The microbubble oxidation system afforded a 
conversion of 93% within 5 h, while the conventional 
multiphase system gave a conversion of only 45%. As 
expected, the microbubbles in the reaction system can be 
destroyed in a controllable fashion at the end of reaction 
(Figure 8 and Figure S11). When the pH of the reaction 
system was adjusted to 3-4 at the end of reaction, the 
microbubble system changed to a conventional bubble-
free suspension under gentle stirring. 

 

 
Figure 8. (a) Appearance of the first and tenth cycles of 2-hydroxybenzyl alcohol oxidation over Au/SN-ON(15) particles before 
and after the reaction. (b) Corresponding optical micrographs. Scale bar = 200 µm. (c) Conversions in ten cycles of oxidation of 2-
hydroxybenzyl alcohol over Au/SN-ON(15) catalyst particles in the microbubble system. Reaction conditions: 0.1250 g Au/SN-
ON(15) catalyst particles, 0.1875 g SN-ON(15) particles, 0.25 mmol substrate, 2.5 mL deionized water, 0.2 MPa and 900 rpm. The 
reaction times from the first reaction to the tenth reaction cycle are 5, 10, 10, 12, 12, 14, 14, 14, 14 and 14 h, respectively. 
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The catalyst could be isolated from the reaction system 
via centrifugation. After being treated with a small 
amount of base, the recovered catalyst was directly used 
in the next batch reaction. A microbubble system was 
formed again (Figure S11). In the second reaction cycle, 
76% conversion of 2-hydroxybenzyl alcohol was achieved 
(Figure 8c). From the third to ninth reaction cycle, 
microbubble systems could be still formed and 
conversions of between 73% and 93% were obtained.  In 
the   tenth   reaction   cycle,   the   bubble sizes had no 

Table 2.  Comparison of alcohol oxidation in the 
microbubble systems and in the conventional bulk gas-
liquid-solid multiphase systemsa  

 aReaction conditions: 5 mL water, 0.5 mmol substrate, 0.25 
g Au/SN-ON(15) catalyst particles, 0.375 g SN-ON(15) 
particles and 900 rpm; For the microbubble systems, before 
reaction the system was stirred at 1600 rpm (at room 
temperature) for 10 min to form catalyst particle-stabilized 
microbubbles. bTotal mass fraction of catalyst and SN-ON(15) 
particles with respect to solvent. cMolar ratio of substrate (S) 
to Au catalyst (C). dReaction temperature. eO2 
pressure. fReaction time. gConversion determined by GC; the 
data in parentheses are the conversions obtained in the 
conventional gas-water-solid three-phase systems.

significant change in comparison with the first reaction 
cycle (Figure 8b), and the conversion of 2-hydroxybenzyl 
alcohol was more than 70% within a slightly prolonged 
reaction time (legend of Figure 8). The loss of reaction 
efficiency may be mainly due to the growth of Au 
nanoparticles since their ability to stabilise O2 
microbubbles and the Au loading have no appreciable 
change (Figure 8b and Figure S10). 

Moreover, for other different substrates including m-
hydroxybenzaldehyde, p-hydroxybenzaldehyde and 3,5- 
dihydroxybenzaldehyde,  O2   microbubble  systems could 
also be obtained. The reaction results are summarized in 
Table 2. For all the investigated substrates, the 
microbubble systems also gave much higher conversions 
than the conventional gas-liquid-solid multiphase 
systems, further highlighting the reaction efficiency 
enhancement of microbubble systems. It is well 
recognized that alcohol oxidation with O2 is a relatively 
slow reaction, which is supported by our above 
experiments, in which it took several hours to complete 
the oxidation reaction even with the low molar ratios of 
substrate/Au (50/1). This means that at the investigated 
reaction conditions (900 rpm) the reaction rate 
enhancement is not due to increasing mass transport by 
the particle-stabilized microbubbles. This claim is further 
supported by our experiments in that the reaction rate of 
both the conventional multiphase system and the 
microbubble systems no longer increased when the 
stirring speed was increased up to 900 rpm (Table S4).  

To clarify the difference in catalysis efficiency, we 
monitored the kinetics of the microbubble system and 
the conventional multiphase system. It was found that 
these two systems displayed pseudo-first order kinetics 
with respect to 2-hydroxybenzyl alcohol (Figure S12; in 
these systems O2 is in great excess), which is in good 
agreement with previous work.57 Based on 

  

Figure 9.  (a) Variation of the rate constant for 2-hydroxybenzyl alcohol oxidation with reciprocal temperature in the microbubble 
system and in the conventional multiphase reaction; (b) Sketch (not to scale) of the microbubble oxidation system.   
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these kinetic plots at different temperatures, the 
estimated activation energy (Ea) of the conventional 
reaction system is 58.6±2.4 kJ/mol, while that of the 
microbubble reaction system is 40.7±3.1 kJ/mol, as shown 
in Figure 9a. Since the diffusion limitation of these two 
systems is eliminated (previously mentioned), the 
difference in activation energy implies that these two 
systems are different with respect to the surface catalysis 
reaction, which is in agreement with the reported results 
that the activation energy of oxidation occurring at a gas-
solid interface is remarkably different from that at the 
liquid-solid interface.8,61-63 In the conventional tri-phase 
reactions, the oxidation mainly occurs between alcohol 
and O2 dissolved in liquid,63 while in our microbubble 
system the reaction mainly occurs at the interface 
between gas, water and solid, as shown in Figure 9b. The 
presence of a gas-water-solid interface alters the reaction 
locus, thus modifying the surface catalysis reaction 
mechanism and decreasing the reaction activation 
energy. This is also supported by the experiments 
involving smaller bubbles giving rise to higher catalysis 
efficiency (Figure S13), because the smaller bubbles create 
a larger reaction interface of gaseous O2-liquid-solid and 
thus decrease the contribution of the reaction between 
dissolved O2 and alcohol. Although the underlying 
reason for the reaction nature change is unclear at 
present, factors including the interface basicity/acidity, 
the reactant molecular orientation and chemical 
microenvironment,22,28,62,64,65 are quite different from the 
conventional bulk solution and the reported systems,8,61-

63 which gives the microbubble systems new potential in 
tailoring the multiphase reactions.  

3. CONCLUSION 
In summary, a novel strategy that can boost the 

catalysis efficiency by constructing smart reaction 
interfaces of gas-water-solid and manifest the gas-water 
interface catalysis effects is explored. Based on surface 
modification, we have developed a method to prepare 
pH-responsive inorganic nanoparticles for stabilising gas 
microbubbles in water. Their ability to trap and stabilize 
gas microbubbles can be precisely tuned by varying the 
modifier composition and also reversibly switched by 
lowering or raising the pH. As proof of this concept, using 
such type of catalysts, the conventional gas-water-solid 
multiphase systems can be transformed to the pH 
switchable microbubble reaction system, which allows 
for both high reaction efficiency and easy recycling of the 
catalyst. The significant reaction efficiency enhancement 
effect is due to the fact that the microbubble systems 
create direct contact of gas, water and solid catalyst 
phases. Moreover, the microbubble catalysis system 
results in a lower activation energy for aqueous alcohol 
oxidation, indicating that the developed microbubble 
strategy may be a valuable platform to design innovative 
multiphase catalysis systems. 

EXPERIMENTAL SECTION 
Preparation of SN-ON(x) nanoparticles. 1.0 g of as-

synthesized silica nanoparticle (dried at 125 oC for 4 h) was 
dispersed into toluene (5 mL). A mixture of 
(MeO)3SiCH2CH2CH2(NHCH2CH2)2NH2 and 
(MeO)3Si(CH2)7CH3 were added into this suspension. After 
heating under reflux at 110 oC for 4 h under a N2 atmosphere, 
the obtained material was isolated by centrifugation, washed 
five times with toluene and dried. The total amount of these 
two organosilanes was kept at 1.5 mmol, but the molar 
fraction of triamine silane in this mixture was varied from 
5%, to 25% (octyl organosilane from 95% to 75%). The 
modified silica nanoparticles are accordingly denoted as SN-
ON(x), where x = 5, 10, 15, 20 and 25.  

Preparation of Pd/SN-ON(x) and Pd/SN-N. 1 g of SN-
ON(x) or SN-N was added to 5 mL of toluene containing 
0.0053 g of Pd(OAc)2. After Pd(OAc)2 was fully absorbed by 
the particles (UV-Vis spectroscopy was used to monitor the 
absorbance of the solution; about 4 h), the solid material was 
isolated out through centrifugation. The Pd-adsorbed solid 
was further reduced with NaBH4 dissolved in 5 mL of a 
mixture of toluene and ethanol (20:1 v/v). After stirring for 4 
h at room temperature, the solid was isolated by 
centrifugation and washed four times with ethanol. After 
drying under vacuum, the solid catalyst was achieved and is 
denoted as Au/SN-ON(15) or Pd/SN-ON(x) or Pd/SN-N. The 
Pd loading for each catalyst was kept at 0.25 wt%, confirmed 
by ICP-AES determination.  

Preparation of Au/SN-ON(15). 1 g of SN-ON(15) was 
added to 13.9 mL of HAuCl4 (2.92 mM) solution. After 
stirring for 4 h at room temperature, HAuCl4 was fully 
absorbed by the particles (UV-Vis spectroscopy was used to 
monitor the absorbance of the solution) and the solid 
material was isolated through centrifugation. The resultant 
Au-adsorbed solid was reduced with NaBH4 dissolved in 5 
mL of a mixture of toluene and ethanol (20:1 v/v). After 
stirring for 3 h, the solid was isolated by centrifugation and 
washed four times with ethanol. After drying under vacuum, 
the solid catalyst was achieved and is denoted as Au/SN-
ON(15). 

Microbubble preparation. 0.15 g of SN-ON(x) was 
added into a glass vessel containing 2 mL of deionized water. 
Vigorous stirring with a magnetic bar (10 mm in length) at 
1200 rpm for 10 min in air led to particle-stabilised foams. 
The foams stabilized with SN-ON(10), SN-ON(15) and SN-
ON(20) particles stood at room temperature for 5 days to 
monitor their stability. The Au loading on the catalyst is 0.8 
wt.%. 

Switching between microbubble and 
microbubble-free systems. A small volume of HCl 
solution (3 M) was added into the microbubble system 
stabilized with the SN-ON(15) particles. After stirring gently 
for 6-8 min microbubbles disappeared. A few drops of NaOH 
solution (3 M) were then added to the above suspension 
adjusting the pH of the system to 7-8. After stirring at 1200 
rpm for 10 min, microbubbles formed again. After 5 cycles, 
the water in the systems was replaced with fresh water to 
prevent the buildup of salt.   

Hydrogenation in microbubble systems. A given 
amount of Pd/SN-ON(x) particles and a given amount of SN-



 

K 

ON(x) particles were added simultaneously to a 10 mL-
scaled vial (mass ratio of Pd/SN-ON(x) to SN-ON(x) is given 
in the footnotes of Figures and Tables). 1 mmol of reactant 
and 2.5 mL of deionized water were then added into this vial. 
The vial was placed in an autoclave (100 mL). After being 
purged four times with H2 (99.99%), the H2 pressure was 
elevated to the desired pressure. Hydrogenations were 
conducted under stirring at rate of 1200 rpm (a magnetic 
stirring bar with length of 10 mm). At the end of reaction, 
the autoclave was de-pressurised and the pH was adjusted to 
3-4 using HCl solution. The reaction system was defoamed 
under gentle stirring. Diethyl ether was used to thoroughly 
extract organics from water for GC analysis. 

Oxidation in microbubble systems. 0.25 g of Au/SN-
ON(15) particles and 0.375 g of SN-ON(15) particles were 
added into a 10 mL-scaled vial. 0.5 mmol of substrate and 5 
mL of deionized water were then added into this vial. The 
vial was placed in an autoclave (100 mL). After being purged 
four times with O2 (99%), the O2 atmosphere was elevated 
to the desired pressure. Oxidations were conducted under 
stirring at a rate of 1200 rpm (a magnetic stirring bar with 
length of 10 mm). After a period of time, the autoclave was 
de-pressurised and the pH was adjusted to 3-4 using HCl 
solution. The microbubbles in the reaction system were 
destroyed via gentle stirring. 

Catalyst recycling. At the end of the oxidation reaction, 
the autoclave was de-pressurised and the pH was adjusted to 
3-4 using HCl solution (3 M). The product was thoroughly 
extracted with diethyl ether. The catalyst dispersed in water 
was isolated through centrifugation. The obtained catalyst 
was dispersed in NaOH solution (3 M). After stirring for 10 
min. the catalyst was isolated via centrifugation, further 
washed with methanol and dried under vacuum. In the next 
reaction cycle, the recovered catalyst was added into a 10 
mL-scaled vial. Fresh reactants and deionized water were 
then added into this vial. The other procedure is the same as 
that in the first reaction cycle.    

Characterization. Samples for transmission electron 
microscope (TEM) observations were prepared by dispersing 
the sample powder in ethanol using ultrasound and then 
allowing a drop of the suspension to evaporate on a copper 
gird covered with a holey carbon film. TEM images of silica 
particles were obtained on a JEOL-JEM-2000EX instrument 
(operated at 120 kV). The electron energy loss energy (EELS) 
and energy dispersive X-ray spectroscopy (EDX) of Pd or Au-
loaded catalysts were achieved on a field emission 
transmission electron microscope equipped with an energy 
dispersive spectrometer (FEI Tecnai G2 F20, 200 kV). 
Physisorption of N2 on silica particles was measured by 
using an ASAP2020 volumetric adsorption analyzer. Before 
measurement, all samples were outgassed at 120 oC under 
vacuum for 6 h. The surface area was calculated from the 
adsorption branch in the relative pressure range of 0.05−0.15 
using the Brunauer−Emmett−Teller (BET) equation. 
Particle-stabilised foams were observed with an optical 
microscope (XSP-8CA, Shanghai, China). The foam was 
mounted on a glass slide and was observed with a digital 
camera. The size distribution of microbubbles was obtained 
using image analysis software (Super Image, version 6.0.1.2). 
Approx. 50 bubbles were selected randomly to measure the 
size distribution. 

 C and N contents of functionalized silica particles were 
determined on a Vario EL instrument (Elementar). X-ray 
photoelectron spectra (XPS) were recorded on a Kratos Axis 
Ultra DLD, and the C1S line at 284.8 eV was used as a 
reference. Metal contents were determined with an 
inductively coupled plasma-atomic emission spectrometer 
(ICP-AES, AtomScan16, TJA Co.). Solid state NMR spectra 
were recorded on an Infinityplus 300 MHz spectrometer: 
for 13C CP-MAS NMR experiments, 75.4 MHz resonant 
frequency, 4 kHz spin rate, 4 s pulse delay, 1.0 ms contact 
time, hexamethyl benzene as a reference compound; for 13Si 
CP-MAS NMR experiments, 79.6 MHz resonant frequency, 
4 kHz spin rate, 4.0 s pulse delay, TMS as a reference 
compound.  

The contact angles of water in air on silica particle disks 
were measured using a Krüss DSA100 instrument. Before 
measurement, the powder sample was compressed into a 
disk of thickness approximately 1 mm (ca. 2 MPa). A drop of 
water (1 µL) was injected on the sample disk. The appearance 
of the water drop was recorded at ca. 0.1 sec with a digital 
camera. The contact angle was determined by a 
photogoniometric method. Zeta potential measurements 
were conducted using a Brookhaven Zeta Potential analyzer. 
A suspension of 2 vol.% silica particles was used to 
determine the surface charge. The pH value of the solution 
for formulating the suspension was adjusted using HNO3 

solution (1 M) or NaOH solution (1 M) and measured with a 
pH meter (Shanghai YoKe Instrument Co. Ltd, PHS-3C). 
Prior to measurements, the suspension was treated with 
ultrasound for 5 min. 

The compositions of the reaction systems were 
determined with an Agilent7890A gas chromatography (GC) 
instrument with a flame ionization detector (HP-5 or HP-1 
column, 30 m). The conversions were estimated from peak 
areas.   
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