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ABSTRACT: Liquid-liquid interfaces in principle have the potential to regulate the selectivity of chemical reactions because 

of highly anisotropic microenvironments, but have not yet been well exploited. Here, we present a liquid-liquid interface-

based strategy to boost catalytic selectivity, exemplified by selective hydrogenation of α,β-unsaturated aldehydes. The key 

to this success is the spatially controlled assembly of tubular catalyst particles just at the narrow inner interfacial layer of 

Pickering emulsion water droplets. The catalyst particles that are assembled at the inner interfacial layer of water droplets 

exhibit much higher selectivity to C=O hydrogenation than ones located either at the outer interfacial layer, in the interior 

of droplets or at the conventionally-called Pickering emulsion interface. 92.0−98.0% selectivity to the thermodynamically 
and kinetically unfavorable C=O hydrogenation over the C=C hydrogenation was achieved unexpectedly. Our strategy and 

the phenomena of interfacial catalysis reported here constitute an important supplement to the existing methods for the 

tuning catalytic selectivity, providing tremendous opportunities to construct highly selective catalysis systems. 

KEYWORDS: biphasic catalysis; Pickering emulsions; liquid/liquid interface; heterogeneous catalysis 

1. INTRODUCTION 

To improve catalytic selectivity is a long-standing theme 
for chemical synthesis.1,2 A typical example is the selective 
hydrogenation of α,β-unsaturated aldehydes to 
unsaturated alcohols, obtaining important industry-
relevant intermediates. This transformation is always 
known as a challenging reaction because the desired 
hydrogenation of the C=O bond is, however, 
thermodynamically and kinetically unfavorable over the 
C=C bond.3,4 To improve the selectivity to the C=O 
hydrogenation, several catalysts have been developed 
such as organic molecule-modified metal nanoparticles,5–

8 metal-supported catalysts,9–16 bimetallic catalysts,17–19 
and organometallic catalysts.20 Despite state-of-the-art 
progress made and cutting-edge catalysis knowledge 
obtained, these methods of selectivity regulation are 
largely limited to the tuning of electronic state and 
structure of catalysts. 

Liquid-liquid interface is ubiquitous chemical reaction 
systems. This kind of interface in principle has the 
potential to regulate the selectivity of chemical reactions 
because they feature anisotropy of a few nanometers 
thickness,21,22 interfacial acidity-basicity,23 and unique 

interfacial microenvironments.24,25 Past two decades 
witnessed that amphiphilic molecular catalysts or solid 
particle catalysts were assembled at the liquid-liquid 
interfaces for catalytic reactions, leading to high 
selectivity.26–35 For example, enantio-selectivity 
significant enhancement was observed when amphiphilic 
molecular catalysts were assembled at the liquid-liquid 
interfaces through formation of emulsions or micelles.26–

28 Solid particle catalysts were also assembled at the 
liquid-liquid interfaces through the Pickering emulsion 
(solid particle-stabilized emulsion) effects.29–41 One 
noteworthy finding for the catalysis at Pickering 
emulsion interfaces is that the selectivity of cascade 
reaction was improved due to the phase-selective 
partitioning of reactants in a biphasic system.29,34 
Although tremendous progress made, harnessing the 
aforementioned salient features of the liquid-liquid 
interfaces to tune catalytic selectivity has not yet been 
well explored so far. The main reason for this obstacle is 
that the catalyst at the liquid-liquid interface protrudes 
partly into the oil phase (organic phase) and partly into 
the water phase, which is true especially for particle 
catalysts.29–33 Consequently, it is practically difficult to 
precisely control the reaction solely at the narrow 
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interfacial layer of aqueous side or oil side. Janus particles 
that consist of a hydrophobic part and a hydrophilic part 
were successfully synthesized and were assembled at 
Pickering emulsion interfaces,29,42–45 however, it is still 
difficult to control reaction locus on a microscale because 
it is very challenging to position catalytic sites selectively 
on one of the parts with nanometer sizes.42 In this context, 
the spatially precisely controlled assembly of catalyst 
particles at the liquid-liquid interfaces at a microscopic 
level for selective catalysis remains a persistent, 
unresolved challenge.  

Herein, we demonstrate a novel strategy for regulation 
of the catalytic selectivity through exquisite control of the 
liquid-liquid interfacial reaction within Pickering 
emulsions at a microscopic level. It is exemplified by 
selective hydrogenation of α,β-unsaturated aldehydes. It 
was found that the assembly of catalyst particles right at 
the inner interfacial layer of Pickering emulsion droplets 
gave 97.6% selectivity to C=O hydrogenation, much 
higher than those at the outer interfacial layer, within the 
interior of droplets and at the conventionally-called 
Pickering emulsion interfaces (which includes both outer 
and inner layers, namely composite interface). We 
attempt to clarify the origins for such an unexpected 
selectivity enhancement effect. Our strategy for the 
precise control of catalyst assembly at liquid-liquid 
interfaces and the novel phenomena of interfacial 
catalysis constitute an important supplement to the 
existing methods for the tuning catalytic selectivity 
through regulating the electronic state and structure of 
catalysts. 

2. EXPERIMENTAL SECTION 

2.1 Preparation of TNTs-C and TNTs-C+. Titanate 
nanotubes (TNTs) were obtained by an alkaline 
hydrothermal treatment of TiO2, as described by 
Kasuga.46 Typically, 3 g anatase was dispersed in NaOH 
solution (120 mL, 10 mol L-1) and placed in a stainless steel 
autoclave at 150 oC for 24 h. The precipitate was washed 
with HCl solution (0.1 M) and deionized water until pH < 
8. This was then dried in an air circulating oven at 80 oC 
for 5 h, thus yielding TNTs. An amount of 1.0 g “as-
synthesized” TNTs was dispersed into toluene (6 mL). A 
mixture of 5 mmol CH3Si(OCH3)3 and 5 mmol (C2H5)3N 
were added into this toluene suspension. After refluxing 
at 120 oC for 6 h under a N2 atmosphere, the obtained 
material was isolated through centrifugation. The sample 
was washed five times with toluene and then dried under 
air. The resultant methyl-functionalized TNTs are 
denoted as TNTs-C. For TNTs-C+, 10 mmol CH3Si(OCH3)3 
and 10 mmol (C2H5)3N were used. Other procedures are 
the same as those for TNTs-C. 

2.2 General Procedure for Preparing Pickering 
Emulsion Reaction Systems. Typically, 2.5 mL 
deionized water and 2.5 mL toluene were added into a 10 
mL vessel containing 0.03 g TPPTS, a certain amount of 
the emulsifier and the catalyst (if needed). For the inner 

interfacial layer reaction, 0.05 g Ru@TNTs as catalyst and 
0.05 g TNTs-C as emulsifier; for the droplet interior 
reaction, 0.05 g Ru@TNTs as catalyst and 0.05 g SiO2-C 
as emulsifier; for the composite interfacial reaction, 0.05 
g Ru@TNTs-C as both catalyst and emulsifier; for the 
outer interfacial layer reaction, 0.05 g Ru@TNTs-C+ as 
catalyst (added after forming Pickering emulsion) and 
0.05 g TNTs-C as emulsifier. After vigorously stirring 
(10,000 rpm) with a homogenizer for 2 min, w/o 
Pickering emulsions were obtained. Then, 1.0 mmol 
substrate was added for reaction into the continuous oil 
phase. 

2.3 Hydrogenation in w/o Pickering Emulsion 
Systems. The above Pickering emulsion reaction mixture 
was loaded in a vessel (10 mL), and the vessel was placed 
in a 100 mL autoclave. Before the reaction, the autoclave 
was sealed and flushed with H2 three times in order to 
remove any air. Afterwards the autoclave was charged 
with H2 at a pressure of 3 MPa at room temperature. The 
sample was heated to 60 oC within 20 min and was kept 
at this temperature while being stirred (700 rpm). 
Following the reaction, the autoclave was cooled to room 
temperature. The products were isolated through 
centrifuging and then analyzed by gas chromatography 
(Agilent 7890A). This was equipped with a HP-5 capillary 
column. The resulting structures were confirmed by GC-
MS (Agilent 7890B GC/5977A MS, HP-5 column). After 
each run, the organic phase was separated from the 
reaction system also by centrifuging, where the solid 
catalyst and emulsifier remained in the aqueous phase. In 
the next reaction cycle, 2.5 mL of fresh toluene and a 
given amount of substrate were added into the above 
system. All the other procedures are the same as those 
already described for the first reaction. 

3. RESULTS AND DISCUSSION  

3.1 Preparation and Characterization of 
Emulsifiers and Catalysts. We chose Pickering 
emulsions to create the large liquid-liquid interfaces 
because solid particles assembled at the interfaces lead to 
more stable emulsion droplets in compassion to 
surfactant-stabilized emulsions.38 Titanate nanotubes 
(TNTs) were selected to serve as the emulsifier for 
preparing Pickering emulsions. Such a choice is based on 
the following considerations: (i) the narrow width of the 
nanotubes is helpful for the control of the interfacial 
reaction occurring in nanoscale regions; (ii) the hollow 
structure can accommodate catalytic sites, e.g. metal 
nanoparticles.47 After modification with CH3Si(OCH3)3 
(silylation of surface Ti-OH), the nanotubes were 
transformed to an effective particle emulsifier, named as 
TNTs-C. Fourier transform infrared (FT-IR) spectra 
(Figure S1) and thermogravimetric (TG) analysis (Figure 
S2) confirm the successful modification. The loading of 
methyl groups was determined to be 0.5 mmol g−1 by 
elemental analysis. As the transmission electron 
microscopy (TEM) images in Figure 1A and Figure 1B 
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Figure 1. TEM images and water contact angles of different TNTs materials and micrographs of the w/o Pickering emulsion 
prepared with 2 wt % TNTs-C (with respect to water). (A) TEM image of TNTs. (B) TEM image of TNTs-C. (C) Optical 
micrograph of the Pickering water-in-toluene emulsion. (D) Fluorescence confocal microscopy image of the Pickering 
emulsion with the water phase dyed by FITC-I. (E) TEM image of Ru@TNTs, inset showing Ru nanoparticle size distribution. 
(F) High magnification TEM image of the Ru@TNTs catalyst. (G) Water-air contact angles of various samples. 

 

 

show, the bare TNTs and TNTs-C are both 100−400 nm 
in length and 4−7 nm in width, and exhibit a uniform 
hollow tubular structure open at both ends. The inner 
pore width is 6.7 nm on average, agreeing with the N2 
sorption analysis results (Figure S3). TNTs before 
modification are highly hydrophilic per se since the 
contact angle of a water drop in air is only 29o (Figure 1G), 
while TNTs-C become partially hydrophobic on account 
of the methyl groups grafted on their surfaces (exhibiting 
a water contact angle of 109o, Figure 1G). Using TNTs-C 
as emulsifier allowed us to formulate water-in-toluene 
(w/o) Pickering emulsions with droplet sizes of 50−150 
µm (Figure 1C), which was further confirmed by 
fluorescent dyeing of water (Figure 1D). Ru was chosen as 
a catalytically active metal because it is much less 
expensive compared to other noble metals. Ru 
nanoparticles (2−3 nm) were introduced into the interior 
of TNTs through impregnation of RuCl3∙3H2O followed 
by reduction (Supporting Experimental Section), leading 
to a Ru@TNTs catalyst.48 This catalyst is highly 
hydrophilic since its water contact is 30o (Figure 1G). The 

TEM images (Figure 1E and Figure 1F) and the X-ray 
diffraction (XRD) patterns (Figure S4) reveal that Ru 
nanoparticles were positioned on the inner walls of 
titanate nanotubes with a high dispersion. Besides the 
hydrophilic Ru@TNTs catalyst, we also prepared two 
other hydrophobic catalysts by varying the methyl 
loading using a similar method: partially hydrophobic 
catalyst Ru@TNTs-C and more hydrophobic catalyst 
Ru@TNTs-C+. Their water contact angles are 106o and 
129o, respectively (Figure 1G). 

3.2 Identification of the Liquid-Liquid Interface 
Impact on Selectivity. Prior to investigating the 
hydrogenation reactions within Pickering emulsions, we 
examined the reactions occurring in a single toluene 
phase, in a single water phase and at a “planar” water-
toluene interface (conventional biphasic system), aiming 
at establishing the impact of the liquid-liquid interface 
on the reaction outcome (Figure 2A). To obtain good 
reaction activity and selectivity, tri(sodiumphenylsulfon-
ate)phos ph ine  (TPP TS)  was  added at  a  f ixed  
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Figure 2. Conversion and selectivity of α,β-unsaturated aldehydes hydrogenation in different reaction systems. (A) Cartoon 
representing the different reaction systems: (a) single organic phase (5 mL toluene as solvent), (b) single aqueous phase (5 
mL water as solvent), (c) water (2.5 mL)-toluene (2.5 mL) biphasic system and corresponding schematic illustration of the 
reaction taking place at the planar interface (TPPTS is omitted for clarification). Conversion and selectivity of (B) CAL and 
(C) trans-2-hexenal in different reaction systems. Reaction conditions: 0.05 g Ru@TNTs, 0.03 g TPPTS, 1.0 mmol CAL or 
trans-2-hexenal, 3.0 MPa H2, 60 oC, 700 rpm, 5 h. 

 

 

concentration into the reaction systems catalyst for 
cinnamaldehyde (CAL) hydrogenation since the CAL 
conversion and the selectivity to cinnamyl (Figure S5). 
One of the roles of TPPTS is to server as water-soluble 
ligand modifying the Ru nanoparticle surface to improve 
the conversion and selectivity. Such a surface 
modification was confirmed by X-ray photoelectron 
spectroscopy in Figure S6 and solid-state 31P MAS NMR 
spectra in Figure S7. Ru@TNTs with the aid of TPPTS 
proved a good alcohol (COL, desired product) is much 
better than a Ru/SiO2 catalyst or a Ru/TiO2 catalyst 
(using commercial TiO2 particles as support, Figure S5). 
It was notable that the methyl modification of the TNTs 
itself had a negligible effect on the catalytic performance 
since Ru@TNTs, Ru@TNTs-C and Ru@TNTs-C+ are 
completely comparable in terms of selectivity and activity 
in a water-ethanol system (Table S1). Under the same 
conditions, the single toluene system gave 42.1% 
conversion of CAL and 2.1% selectivity to COL, whereas 
the conversion and selectivity in the single water system 
were dramatically increased up to 69.0% and 71.5%, 
respectively (Figure 2B). Interestingly, in the water-
toluene biphasic system, the conversion and selectivity 
were improved up to 72.4% and 82.2%. For another 

substrate trans-2-hexenal, these three systems also 
exhibited very different reaction outcomes (Figure 2C). 
The selectivity to C=O obtained in the biphasic system 
was much higher than that obtained in the single water 
phase or single toluene phase. Moreover, this 
hydrogenation in the biphasic system gave much higher 
selectivity than those in other common organic solvents 
(Table S2). These results highlight an oil-water interfacial 
effect that impacts the catalytic selectivity. It was 
previously found that “on water” effects49−51 and H-shuttle 
effects caused by the presence of water were reported to 
improve the reaction rate or alter the reaction 
selectivity.52−56 However, in our case, the selectivity 
enhancement should not be attributed to the effects 
arising from the presence of water molecules since the 
oil-water biphasic system gave much higher selectivity 
than the single water system (82.2% vs 71.5%). The 
presence of a liquid-liquid interface (biphasic system) 
should be responsible for the catalytic selectivity 
enhancement (Figure 2A, c). 

3.3 Control of Reaction Locus at Pickering 
Emulsion Interfaces. Encouraged by the impact of the 
planar liquid-liquid interface on the selectivity, we 
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Figure 3. Cartoon describing the catalyst locations within w/o Pickering emulsions and corresponding 3D fluorescence 
confocal micrographs. (A) Catalyst is located at the conventionally-called Pickering emulsion interface. (B) Catalyst is 
located at the outer interfacial layer of water droplets. (C) Catalyst is located at the inner interfacial layer of water droplets 
by the interaction of Ru@TNTs with TNTs-C. (D) Catalyst is distributed in the interior of droplets. The emulsion consists 
of 2.5 mL toluene, 2.5 mL water, 0.05 g FITC-I-labelled Ru@TNTs-C (for A), 0.05 g FITC-I-labelled Ru@TNTs-C+ (for B), 
0.05 g FITC-I-labelled Ru@TNTs (for C and D), 0.05 g TNTs-C (for B and C), 0.05 g SiO2-C (for D), 0.03 g TPPTS. Drawing 
are not to scale. 

transformed the above biphasic system to a Pickering 
emulsion system, in order to significantly increase the 
reaction interfacial area through generating numerous 
droplets (Figure 3). Pickering emulsion reaction systems 
(w/o) were achieved using shear in the presence of 
Ru@TNTs-C as both emulsifier and catalyst. The 
assembly of Ru@TNTs-C particles at water droplet 
interfaces was evidenced by a fluorescent circle in 3D 
confocal fluorescence microscopy with FITC-I-labelled 
Ru@TNTs-C (Figure 3A). For this Pickering emulsion 
system, the conversion (87.6%) is higher than that 
obtained in the biphasic system, but the selectivity 
decreases down to 69.6% (Figure 4A, a). The improved 
conversion is due to the location of the Ru@TNTs-C 

catalyst particles at droplet interfaces, which promotes 
sufficient contact of the reactant with the catalyst. Such 
remarkable differences in selectivity caused by the 
catalyst location prompts us to further consider the 
interfacial reaction locus at a more microscopic level. In 
the Pickering emulsion system, the tubular emulsifier 
particles adopt an orientation parallel to the interface 
(Figure S8);57,58 one side of Ru@TNTs-C protrudes into 
the water droplet and the other side into the oil phase. 
These two sides, in fact, make different contributions to 
the observed reaction outcome because the single 
aqueous system and the single oil system are very 
different in selectivity, as revealed above. The spatially
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Figure 4. Results of unsaturated aldehydes hydrogenation in different reaction loci within w/o Pickering emulsions: (a) 
catalyst is located at the conventionally-called Pickering emulsion interface, (b) catalyst is located at the outer interfacial 
layer of water droplets, (c) catalyst is located at the inner interfacial layer of water droplets, (d) catalyst is distributed in the 
interior of droplets. Conversion and selectivity for (A) CAL, (B) trans-2-hexenal, (C) 3-methyl-2-butenal, and (D) cis-4-
heptenal hydrogenation in different reaction loci. Reaction conditions: 1.0 mmol unsaturated aldehydes, 2.5 mL toluene, 
2.5 mL water, 0.05 g Ru@TNTs-C (for a), 0.05 g Ru@TNTs-C+ (for b), 0.05 g Ru@TNTs (for c and d), 0.05 g TNTs-C (for b 
and c), 0.05 g SiO2-C (for d), 0.03 g TPPTS, 60 oC, 3.0 MPa H2, 700 rpm, 5 h. 

precise control of the interfacial reaction locus on a 
microscale and thereby discriminating the composite 
interfacial reaction (conventionally-called Pickering 
emulsion interface), the outer interfacial layer reaction, 
the inner interfacial layer reaction and the reaction 
within droplet interiors, is necessary and significant. 

Fortunately, we unexpectedly found that the unique 
interaction between TNTs and TPPTS makes possible the 
spatially controlled assembly of TNTs at the droplet 
interface (Figure S9). This interaction (to be discussed 
later) is another role of TPPTS besides the modification 
of Ru nanoparticles. The use of TNTs-C as emulsifier and 
Ru@TNTs-C+ as catalyst enabled us to position Ru@TNT-
C+ exclusively at the outer interfacial layer. The location 
of FITC-I-labelled Ru@TNT-C+ at the outer interfacial 
layer of water droplets was confirmed by the presence of 
a fluorescent circle whose intensity gradually increases 
on approaching the interface from outside (Figure 3B). 
This is because the Ru@TNTs-C+ particles per se are too 
hydrophobic to assemble at droplet interfaces (Figure 
S10a), being initially distributed in the oil phase, and then 

spontaneously migrate to the droplet interface due to the 
weak interactions with the TNTs-C emulsifier in low 
dielectric toluene (hydrophobic interactions of particles 
with high aspect ratio57,58), as shown in Figure S11. 
Conversely, when the Ru@TNTs-C+ catalyst was replaced 
with the hydrophilic Ru@TNTs catalyst (FITC-I-labelled), 
the catalyst assembled at the inner interfacial layer of 
water droplets since the intensity of the observed 
fluorescent circle in Figure 3C decreases from the 
interface to the droplet center (The Ru@TNTs particles 
per se are too hydrophilic to assemble at droplet 
interfaces as revealed in Figure S10b; the migration of 
Ru@TNTs to the inner interface of water droplets was 
monitored by fluorescence microscopy as shown in 
Figure S12. The stirring did not cause the change of the 
location of Ru@TNTs at the inner interfaces due to the 
strong interactions between Ru@TNTs and TNTs-C 
through TPPTS bridging effect discussed later, as shown 
in Figure S13). Moreover, we had attempted to use cryo-
TEM to directly observe the location of Ru@TNTs 
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Figure 5. Proposed mechanism and evidence. (A) Schematic illustration of the inner interfacial layer reaction scenario. (B) 
Dynamic interfacial tensions in different water-toluene biphasic systems: (a) 3 mg mL-1 TPPTS in water, (b) 3 mg mL-1 TPPTS 
in water and 5 mg mL-1 TNTs-C in toluene, (c) 3 mg mL-1 TPPTS and 5 mg mL-1 TNTs in water, 5 mg mL-1 TNTs-C in toluene. 
(C) CAL conversion and COL selectivity versus droplet size in the inner interfacial layer reaction system, reaction time: 3 h. 
(D) CAL conversion and COL selectivity versus the thickness of inner interfacial layer in the inner interfacial layer reaction 
systems: (a) absence of TNTs, (b) adding 0.025 g TNTs, (c) adding 0.05 g TNTs. Other reaction conditions are same as those 
in Figure 4. 

 

catalyst. As shown in Figure S14, a few layers of TNTs-C 
as emulsifiers lie flat at the oil-water interface where no 
Ru nanoparticles were discerned. Notably, at the inner 
surface of emulsion droplet the Ru@TNTs catalysts are 
observed since Ru nanoparticles are present. Finally, 
when using partially hydrophobic silica particles SiO2-C 
as emulsifier (Supporting Experimental Section), the 
Ru@TNTs particles (FITC-I-labelled) were distributed 
throughout the interior of the water droplets due to the 
absence of interactions with the emulsifier at the 
interfaces, confirmed by a convex fluorescence image 
(Figure 3D). 

Impressively, these different scenarios led to 
substantial differences in reaction outcome. In the CAL 
hydrogenation, the outer interfacial layer reaction gave 
39.0% conversion and 45.2% selectivity to COL (Figure 
4A, b), both much lower than those obtained in the case 
of the composite interfacial reaction (Figure 4A, a). Such 

low conversion and selectivity are due to the difficulty for 
catalyst particles at the outer interfacial layer to access 
water-soluble TPPTS. To our delight, the inner interfacial 
layer reaction gave 97.3% conversion and 97.6% 
selectivity (Figure 4A, c; other two surface-active 
additives were also checked, but their results are inferior 
to those obtained with TPPTS in Table S3). Such a high 
selectivity outperforms that obtained in most reported 
catalysts, even including expensive Pt catalysts (Table S4). 
However, when the reaction occurred within the droplet 
interior (Figure 4A, d), the CAL conversion and COL 
selectivity sharply dropped to 88.9% and 80.4%, 
respectively. For this case, the decrease in conversion can 
be explained by the fact that the distribution of catalyst 
within droplet interiors decreases the accessibility to the 
oil-soluble CAL in comparison to the inner interfacial 
layer reaction. The lowered selectivity results from the 
further hydrogenation due partially to the untimely 
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transfer of COL outside the droplets. The data in Table S5 
are in support of this inference since COL was further 
hydrogenated to hydrocinnamyl alcohol (HCOL, 16.1%) 
in this case, while only 1.8% HCOL was observed in the 
inner interfacial layer reaction system. This inference is 
further supported by the experiment in which the 
selectivity declined on prolonging the reaction time 
(Figure S15). Moreover, the remarkable enhancements of 
reaction efficiency and selectivity for the inner interfacial 
reaction have been observed in the selective 
hydrogenation of other unsaturated aldehydes, for 
example trans-2-hexenal, 3-methyl-2-butenal and cis-4-
heptenal (Figure 4B, Figure 4C and Figure 4D). For all 
these investigated substrates, the selectivity to C=O 
hydrogenation is as high as 93.3−99.6%. Such an 
excellent selectivity is not easily obtained for the reported 
single phase systems.4,10 Based on these results, we can 
conclude that the difference in selectivity is caused by 
changes in the reaction locus, and the assembly of 
catalyst particles exclusively at the inner interfacial layer 
significantly boosts the selectivity (the possibility of the 
influence of droplet surface coverage is excluded, as 
displayed in Figure S16).  

3.4 Reasons for Selectivity Enhancement. With 
such interesting results, we become aware of the unique 
mechanism of the formation of the inner interfacial layer 
for highly selective catalysis (Figure 5A). The process of 
the assembly of Ru@TNTs at the inner interfacial layer 
was tracked by fluorescence labelling (Figure S12). The 
FITC-I-labelled Ru@TNTs were dispersed in water, and 
the TNTs-C emulsifier particles were dispersed in toluene. 
Immediately after emulsification of a mixture of these 
two suspensions, the fluorescence intensity at the inner 
droplet interface gradually increased and then levelled off, 
while the fluorescence intensity of the interior of a 
droplet gradually decreased and levelled off after 10 min. 
This indicates that Ru@TNTs migrated from the interior 
of a droplet to the inner interface. The driving force for 
such an assembly was found to be related to the presence 
of TPPTS since the migration of Ru@TNTs towards the 
interface was not observed when TPPTS was absent 
(Figure S9). The FT-IR spectrum results reveal that 
TPPTS tends to adsorb onto TNTs because the -SO3

− 
groups in TPPTS are coordinated with surface 4-
coordinated Ti (Figure S17; Despite the methyl 
modification, the surface coordination interactions 
between uncovered Ti sites and -SO3

− groups still 
exists).59 Owing to the interactions, TPPTS bearing three 
-SO3

− groups can bridge the TNTs-C emulsifier and the 
Ru@TNTs catalyst (Figure 3C, the other role of TPPTS), 
thus forming an inner interfacial layer. This inference is 
also supported by the following experiments. Ligands 
containing two -SO3

− groups, such as disodium 

piperazine-1,4-diethanesulphonate and disodium 
butane-1,4-disulfonate, exhibited an effect similar to 
TPPTS but sodium allylsulfonate and sodium 
benzenesulfonate containing only one sulfonate group 
did not (Figure S18). These experiments confirm that the 
additive containing two or more -SO3

− groups is 
necessary for the assembly of catalyst particles at the 
inner interfacial layer. 

Dynamic interfacial tension measurements further 
support the interactions between Ru@TNTs and TNTs-C 
in the presence of TPPTS (Figure 5B). The equilibrium 
toluene-water interfacial tension in the presence of 
TPPTS was measured to be 28.9 mN m−1. The interfacial 
tension decreased to 25.0 mN m−1 after adding TNTs-C 
particles, due to the adsorption of nanoparticles.57 
Notably, when TNTs particles were introduced into the 
above system, the interfacial tension further declined to 
15.5 mN m−1, reflecting the adsorption of TNTs onto the 
interface due to the interaction with the TNTs-C. In 
contrast, if TNTs-C particles are replaced with the 
interface-active SiO2-C particles, the interfacial tension 
does not significantly decrease after adding TNTs (23.8 
mN m−1, Figure S19), indicating the migration of TNTs to 
the interface did not occur (the SiO2-C surface lacks the 
coordination interaction with TPPTS). These findings are 
consistent with the aforementioned fluorescence 
observations. 

Based on the supportive results, we propose a 
mechanism for the inner interfacial reaction with high 
selectivity. Prior to the investigation of the interface role, 
we compared the Ru@TNTs catalyst with the Ru/TNTs 
catalyst on which Ru nanoparticles are located on outside 
of the titanate nanotube (Figure S20). The comparative 
results reveal that the different Ru nanoparticle location 
had similar reaction outcome, ruling out the possibility 
of the impact of the nanotube confinement space on the 
selectivity. As Figure 5A illustrates, the oil-soluble CAL 
can relatively easily contact the catalyst assembled at the 
inner interfacial layer, where TPPTS is enriched 
(supported by the results of interfacial tension in Figure 
5B).61,62 The TPPTS enriched at the droplet interfaces 
leads to the high selectivity, which is supported by the 
finding that the selectivity is gradually increased upon 
increasing the TPPTS concentration in a water-toluene 
biphasic system (Figure S21). Additionally, the high 
selectivity is also related to the timely and instant 
removal of COL from the inner interfacial layer to the 
outside of droplets, due to the shorter diffusion distance 
compared to the case where the reaction occurs in the 
droplet interior. Further hydrogenation of the C=C bond 
was accordingly avoided. This agrees with the findings 
that the COL selectivity decreased as reaction time was 
prolonged in both an aqueous system and a water- 
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Table 1. Selective hydrogenation of different 
unsaturated aldehydes within different w/o 
Pickering emulsion systems.a 

Entry Reactant Product 
Conv. 
(%) 

Sel. 
(%) 

1b 
  97.0  

(63.0) 
91.6 

(84.6) 

2b 
 

 
99.0 

(59.0) 
95.4 

(73.0) 

3 
 

 
99.3 

(46.5) 
95.0 

(89.2) 

4 
 

 
96.4 

(60.5) 
97.5 

(79.6) 

5   97.0 
(60.2) 

98.3 
(87.1) 

6   92.4 
(56.0) 

95.0 
(88.5) 

aNumbers in brackets refer to the results obtained in the 
composite interface reaction within the conventional 
Pickering emulsions. Reaction conditions: 1.0 mmol 
unsaturated aldehydes, 2.5 mL toluene, 2.5 mL water, 0.05 g 
catalyst, 0.05 g emulsifier, 0.03 g TPPTS, 60 oC, 3.0 MPa H2, 
700 rpm, 4 h. b4.0 MPa H2, 6 h. 

 

toluene biphasic system, while the HCOL selectivity 
increased upon prolonging the reaction time (Figure S15). 
The resultant unique local microenvironment led to high 
catalytic activity. Moreover, the basicity of water droplet 
interfaces (due to enriching of OH−) that was reported in 
literature,63,64 may also play a certain part in improving 
the selectivity since the CAL hydrogenation carried out 
at different pH values showed that the COL selectivity 
increased from 71.5% to 81.8% when the pH increased 
from 7 to 11 in a single water system (Figure S22), which 
is consistent with the reported results.4 Taken together, 
although the liquid-liquid interface effect is relatively 
complicated, involving multiple factors such as ligand 
enriching effects, mass transport, basicity, and 
harnessing of these features can really improve the 
catalytic selectivity as revealed here. To further confirm 
this interface effect, we also replaced TPPTS with 
disodium butane-1,4-disulfonate that can bridge TNTs-C 
and Ru@TNTs but cannot modify Ru nanoparticles 
because of the absence of phosphine ligand. It was found 
that the COL selectivity was also improved at the inner 
interfacial layer in comparison to the case of droplet 
interior reaction where disodium butane-1,4-disulfonate 

was not added (notably, disodium butane-1,4-disulfonate 
itself has no effect on the selectivity and CAL conversion, 
as revealed by Table S6). 

To further investigate the effects stemming from the 
inner interfacial layer, we studied the influence of 
average droplet size, thickness of inner interfacial layer 
as well as TPPTS dosage. The reaction systems with 
different droplet sizes were achieved by varying the 
stirring rate during emulsification. Upon decreasing the 
droplet diameter from 300 µm to 214 µm and further to 
102 µm (Figure S23), the CAL conversion increased 
gradually from 42.9% to 57.1% and then to 61.5%, and the 
COL selectivity increased from 88.9% to 92.7% and then 
to 96.8% (Figure 5C). These increases in conversion and 
selectivity are caused by the increase in the total area of 
inner interface that manifests the inner interfacial effects. 
Moreover, by adding different amounts of catalytically 
inactive TNTs together with a fixed amount of the 
Ru@TNTs catalyst, we could change the thickness of the 
inner interfacial layer, as depicted in Figure 5D. It was 
found that the CAL conversion and COL selectivity both 
decreased with increasing the thickness of the inner 
interfacial layer. This finding suggests that narrowing of 
the inner interfacial layer is crucial to obtaining high 
selectivity and conversion. This is probably because the 
narrow inner interfaces facilitate the rapid mass transfer 
of COL from the inner interfacial layer to the outside of 
droplets, and the further hydrogenation is avoided. 
Additionally, we compared the inner interfacial reaction 
with the conventional biphasic reaction in terms of 
dosage of TPPTS. There is only a small decrease in 
selectivity (from 97.6% to 94.0%) upon decreasing the 
dosage of TPPTS for the inner interfacial reaction (Figure 
S24), whereas a substantial decrease in COL selectivity 
was observed in the conventional biphasic system (from 
82.2% to 65.3%). The negligibly small decrease in COL 
selectivity is attributed to the inner interfacial effect that 
is in favor of enriching TPPTS. The findings from these 
three aspects further highlight the uniqueness and 
importance of the inner interfacial reaction.  

3.5 Substrate Scope and Recyclability. The substrate 
scope was further extended to other unsaturated 
aldehydes beyond those in Figure 4. As summarized in 
Table 1, for all the investigated substrates including 
various phenyl and furyl-containing unsaturated 
aldehydes, the inner interfacial layer reaction gave 
conversion of 92.4−99.3% and selectivity of 91.6−98.3%, 
which are all higher than those obtained in the composite 
interfaces of Pickering emulsions (data in parentheses as 
benchmark). These results further confirm that our 
liquid-liquid interface strategy is generally more effective 
at improving the catalytic selectivity. 
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Another advantage of our system is the good 
recyclability of the catalyst (Figure S25). After the first 
run, the Pickering emulsion was demulsified via 
centrifugation. The upper layer of toluene containing 
product was collected by liquid transfer, and the lower 
aqueous layer containing catalysts and TPPTS was used 
directly for the second reaction cycle. After adding fresh 
reactant and toluene followed by emulsification, a w/o 
Pickering emulsion reaction system was obtained again. 
In the fourth reaction cycle, the conversion and 
selectivity reached 91.3% and 91.8%, respectively (Figure 
S25a). This slight decrease was caused by the loss of 
emulsifier and catalyst during multiple cycles. After four 
reaction cycles, the Ru content on the catalyst decreased 
from 1.6 wt.% to 1.24 wt.% according to the ICP results. 
The micro-structure of catalyst particles did not change 
significantly, as revealed by TEM images (Figure S26). 
The loss of emulsifier led to an increase in droplet size, 
weakening inner interface effects (Figure S25b).  

4. CONCLUSION 

We have successfully demonstrated a strategy of liquid-
liquid interface to improve catalytic selectivity. The key 
to this success is the precise assembly of tubular catalyst 
particles at the inner interface of w/o Pickering emulsion 
droplets. It is found that for all investigated α,β-
unsaturated aldehydes the selectivity and catalysis 
efficiency for the inner interfacial layer reaction are much 
higher than those obtained for all of the composite 
interface reaction within Pickering emulsions, the outer 
interfacial layer reaction within Pickering emulsions, the 
reaction within droplet interiors and reactions in single 
aqueous or organic phases. 92.0−98.0% selectivity to the 
thermodynamically and kinetically unfavorable C=O 
hydrogenation over C=C hydrogenation was achieved 
unexpectedly. The significant enhancement in catalytic 
selectivity is attributed to the unique microenvironment 
of the inner interfacial layer of water droplets and the 
timely departure of unsaturated alcohol from the water 
droplet avoiding further hydrogenation. We envisage 
that the strategy of spatially precisely controlled 
assembly of catalysts in liquid-liquid interfaces together 
with the observed phenomenon of selectivity 
enhancement at the interfaces opens a new way to tune 
catalytic selectivity. 
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