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ABSTRACT: A simple strategy to configure a high thermodynamically stable
Pickering emulsion with 2D sheet-shaped layered double hydroxide (LDH)
coupled carbon nanotube (CNT) nanohybrid (LDH−CNT) is reported. With
the benefit of a unique 2D sheet-shaped structure of the LDH, the as-made
LDH−CNTs with amphiphilicity as solid emulsifiers have a good capability for
assembling and stabilizing at the water−oil interface, and a superior
thermostability emulsion is delivered, indicative of an increased catalytic
performance for selective oxidation of benzyl alcohol to benzaldehyde. Such a
unique and excellent thermodynamic stability characteristic makes high reaction
interfacial areas well-kept during the reaction process, yielding high catalytic
performance. The present strategy provides a simple method for configuration
and design of solid nanoparticle emulsifiers with high thermodynamic stability,
which will make such a material be of great potential in many important
applications such as catalysis and emulsifiers.
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1. INTRODUCTION

Pickering interfacial catalysis (PIC) stabilized by solid nano-
particle emulsifiers at the water−oil interface has received
increasing interest for fine chemicals synthesis due to the higher
activity derived from enhanced interfacial areas and easier
separation and recovery in comparison to the traditional
surfactants after reaction.1,2 It is not uncommonly believed that
such an emulsion is a kinetically relatively stable system at room
temperature to a great degree, which would not reflect the real
and intrinsic characteristics of Pickering emulsion catalysis
during reaction process at a special temperature.3,4 It is well-
known that the reactions available now for fine chemicals
synthesis usually happen at high temperature. Moreover,
mechanical stirring is also employed to ensure formation of
emulsion and mitigate mass-transport resistance, thus leading to
a large energy input.5,6 With this in mind, it is very necessary
and critical to keep the thermodynamic stability of emulsion
during relatively harsh reaction conditions, which will also take
full advantage of the intrinsic characteristics and avoid or
reduce energy input to some extent. Therefore, creating novel
solid nanoparticle emulsifiers with high thermostability,
especially at a certain temperature, and investigating the effects
of emulsion stability on their catalytic performance remain
major challenges.
It was also not an uncommon fact that the stability of an

emulsion is mainly affected and dominated by the solid
nanoparticle emulsifiers,7 of which the nanohybrids with

amphiphilicity can more efficiently stabilize emulsion than
solid nanoparticles with uniform wettability and homogeneous
surface.8 As for concerns regarding amphiphilic nanohybrids,
researchers have tried to combine hydrophilic sphere-shaped
metal oxides (such as SiO2, Al2O3, MgO, and TiO2) with the
hydrophobic carbon nanotube (CNT) matrix, thus producing
nanohybrids with amphiphilicity. It was also found that the as-
formed emulsion properties and type can be tuned by
controlling the hydrophilicity/lipophilicity balance (HLB),9

which was also confirmed by Resasco et al.10 Nevertheless,
these emulsifiers available now still need to be considered to
further modulate and increase their thermostability, thus being
capable of bringing into play intrinsic functions at a certain
temperature. Nonomura found that the particle shape and
surface properties are the effective and key factors for
modulating the adsorbing state of the solid nanoparticles and
further affecting its stabilized emulsion properties.11−13 It was
also found that the nanosheet-shaped emulsifiers at the water−
oil interface can restrict the rotation in comparison to sphere-
shaped emulsifiers to a great degree, thus making the emulsion
relatively more stable.14 As we know, the active sites of the two-
dimensional (2D) sheet-shaped materials are easily exposed in
comparison to those of the sphere-shaped particles, thus
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leading to the large surface areas and distinctive properties,
which would be favorable for the catalysis process to some
degree.15−17

Layered double hydroxide (LDHs) as typical 2D nanosheet-
shaped materials has been conceived to be promising
candidates as basic supports for the oxidation of alcohol
reaction because of their tunable composition and environ-
mental friendliness.18−20 It was also found that the emulsion
stabilized by LDHs can be produced via emulsification;
nevertheless, the emulsion is unstable due to their low
attachment energy.3 As a result, the poor stability of emulsion
stabilized by LDHs limits the practical application of LDHs in
emulsion catalysis reactions to a certain degree. Sun et al. found
that the sodium dodecyl sulfate and Span 80 modification show
a positive effect on the formation and stability of the emulsion
stabilized by LDHs.3,21 Nevertheless, the separation of
surfactants after reaction needs to be considered in such a
system. In this regard, configuring a novel Pickering emulsion
with high thermodynamic stability by amphiphilic LDH-based
nanohybrid solid emulsifiers in the absence of surfactants is
highly desired.
Herein, we report a simple method to configure a highly

thermodynamically stable Pickering emulsion with 2D sheet-
shaped LDH-coupled CNT nanohybrids (LDH−CNTs). With
the benefit of the unique 2D sheet-shaped structure of LDHs, a
superior thermostability emulsion is realized at the water−oil
interface, which is not explored in the previous literature. Also,
the selective oxidation of benzyl alcohol as a probe reaction was
used to detect the catalytic activities of the Ru-based LDH−
CNTs catalyst as solid emulsifiers. It is found that LDH−CNT
nanohybrids can stabilize and assemble at the water−oil
interface without stirring under the present reaction, and high
catalytic activity and selectivity for alcohol oxidation can be
achieved.
The synthetic process of LDH−CNT nanohybrids is

outlined in Scheme 1. For a typical run, acid-treated CNTs
was first dispersed in the mixed alkaline solutions, and then
they were treated under ultrasonic conditions, yielding well-
dispersed CNTs. Also, the as-obtained negatively charged
CNTs were easily coated by sheet-shaped LDHs via electro-
static interaction followed by interface nucleation and crystal
growth under hydrothermal conditions.

2. EXPERIMENTAL SECTION
Preparation of LDH−CNTs. Before preparation of the LDH−

CNT nanohybrids, the pristine CNTs material was refluxed in a

mixture of water, HNO3, and H2SO4 (volume ratio, 1:1:3) at 100 °C
for 4 h, and then filtered and washed with deionized water until the
filtrate was neutral. After that, it was dried at 80 °C for 12 h under
vacuum, yielding acid-treated CNTs. The as-treated CNT material was
dispersed in mixed solution containing NaOH (0.15 M) and Na2CO3
(0.1 M) with ultrasound for 1 h. The mixed salt solution containing
Mg(NO3)2·6H2O (2.0 mmol) and Al(NO3)3·9H2O (1.0 mmol) was
slowly added into the above sodium alkali solution containing CNTs
under vigorous stirring, and the pH value of the solution was adjusted
to 10.5 with the mixed sodium alkali solution. Then, the as-obtained
solution was transferred to an autoclave and treated at 100 °C for 16 h.
The as-obtained products were washed with deionized water for
several times to remove nitrate and sodium ions, and then finally dried
at 80 °C for 12 h under vacuum, yielding LDH−CNT nanohybrids.

Preparation of Ru-Based Emulsion Catalysts. Ru catalysts
supported on LDH−CNTs were prepared by a wetness impregnation
method.22 For a typical run, 1 g of RuCl3·3H2O is dissolved in 100 mL
of deionized water, yielding 7.9 mg mL−1 of RuCl3 aqueous solution.
The as-made LDH−CNTs was impregnated in an aqueous solution of
RuCl3 (mass ratio of LDH−CNTs to RuCl3 is 50:1) under ultrasonic
conditions for 30 min, and then the mixture was incubated at room
temperature (RT) for 24 h. The LDH−CNTs supported RuCl3
samples were dried at 80 °C for 12 h under vacuum, reduced at 400
°C in flowing H2 for 2 h, and then cooled to RT in argon. For
comparison, the Ru/CNTs and Ru/LDHs catalysts were also
prepared, in which the same procedures as described above were
adopted.

Preparation and Characterization of Emulsions. Before
measuring the emulsion properties, a certain amount of LDHs,
CNTs, or LDH−CNTs was added to deionized water and toluene
mixed solution with 1:2 of volume ratio, then sonicated and vibrated,
forming a homogeneous emulsion between the water (bottom) and
the organic (top) phases. The interfaces of the three water, emulsion,
and oil phases can be clearly distinguished. The droplet size of
emulsion stabilized by emulsifiers was monitored with a polarizing
microscope after the emulsion was prepared for 1 h. The volume
fraction of the emulsion phase was measured after the homogenized
solution was suspended for 1 h.

Emulsion Type Measurement. The emulsion type was
investigated by dilution method, in which the emulsion droplet is
incorporated to the water phase of the water and oil mixture, meaning
that the emulsion is o/w (oil in water) type; otherwise, it is the w/o
(water in oil) type.9

Contact Angle Measurement. The three-phase contact angle (θ)
of the LDH−CNTs and CNTs was measured across the water phase
using the compressed disk method at 25 °C.3 The sample powders
were compressed into a circular disk with Shimadzu Press at the
pressure of 400 kgf cm−2. The thickness of the compressed disk was
about 2 mm. The prepared disk was then placed at the bottom of an
open, transparent glass vessel. The detailed process of contact angle
measurement is as follows: the toluene was first poured into the vessel,

Scheme 1. Schematic of the Synthetic Process and Formation Mechanism for the LDH−CNT Nanohybrids
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and then a drop of methyl orange aqueous solution was placed on the
particle layer. The appearance of the water drop on the particle layer
was immediately photographed, and the contact angle was directly
measured using a protractor.
Evaluation of Emulsion Catalytic Activity. Emulsion oxidation

of benzyl alcohol was carried out in a 50 mL three neck round-bottom
flask without vigorous stirring; the detailed information for this process
was described in our previous work.22,23 For a typical run, 0.2 g of Ru/
LDH−CNTs catalyst, 2 mmol of benzyl alcohol, 10 mL of toluene,
and 5 mL of water were placed in a flask that had been flushed with
flowing oxygen at atmospheric pressure, and heated at 85 °C for
different time. The products were analyzed by GC (Agilent 6890N).
Materials Characterization. The field-emission scanning electron

microscopy (FESEM, FEI Nova Nano SEM 450 at 3 kV) and
transmission electron microscope (TEM, FEI Tecnai F30 at 300 kV)
were employed to observe the morphology of the samples. Powder X-
ray diffraction (XRD) patterns were recorded on a D/Max-2400 with
Cu Kα radiation (λ = 1.5406 Å). The content of Ru was measured by
inductively coupled plasma (ICP, Optima 2000DV, PerkinElmer).
Specific surface area and pore size distribution were calculated on the
basis of the nitrogen physical adsorption results (Micromeritics 3Flex).

3. RESULTS AND DISCUSSION
The typical XRD pattern of LDH−CNTs nanohybrids is shown
in Figure 1a, of which the peak at 24.1° corresponding to the

(002) diffraction of graphite layers can be clearly observed. The
peaks at 11.8°, 23.1°, and 61.5° are indexed as (003), (006),
and (110) characteristic diffractions of the hydrotalcite-like
structure in the LDH−CNTs samples, implying that the
material is a layered structure. As we know, the reduction of
catalysts is a crucial step and is commonly carried out at a
relatively high temperature; in this case, the layered structure of
the LDH as support easily collapses, and an amorphous
material will be produced,24 which will have a negative effect on
practical catalysis application. With this in mind, LDH−CNT
nanohybrids after treatment at 400 °C and redispersion at the
water−oil interface or in the water phase were further
characterized to investigate their structure and component
properties. The corresponding XRD results are also shown in
Figure 1. It can be clearly seen that the characteristic diffraction
peaks of LDHs disappears after thermal treatment (Figure 1b).
The reason for this would be that amorphous layered double
oxides (LDOs) were formed after the removal of CO3

2− and
OH−, which was also in agreement with the results in the
literature.24 It is very interesting that such a structure of the

LDOs can be easily rehydrated and reconstituted either at the
water−oil interface or water phase, which can also be confirmed
by XRD patterns of as-made LDH−CNT nanohybirds by
rehydrating fresh LDO−CNTs at the toluene−water interface
for 3 h (Figure 1c) and fresh LDO−CNTs in water for 24 h
(Figure 1d). In other words, the present reduction temperature
has no influence on the layered structure of LDHs; thus, the
intrinsic characteristics of the catalysis still corresponds to LDH
catalysis instead of LDOs in the present system.
The representative SEM and TEM images of the LDH−

CNTs nanohybrids are shown in Figure 2. It can be clearly seen

that CNTs can be uniformly distributed within the sheet-
shaped LDHs matrix, and the size of the LDHs is in the range
50−100 nm (Supporting Information Figure S1), as indicated
by arrows in Figure 2a. An additional TEM image (Figure 2b)
shows that CNTs can be better bridged and incorporated into
the LDHs nanosheet, which is in agreement with the results of
SEM. The corresponding LDO−CNTs image (Figure 2c)
shows that a layered morphology can be well-kept after removal
of CO3

2− and water with thermal treatment. The TEM image of
rehydrated LDO−CNTs is also shown in Figure 2d, where a
distinguishing interface still exists between the LDH and CNT.
An interplanar distance of 0.26 nm corresponding to the (012)
plan characteristic of an LDH nanosheet is also found in the
rehydrated LDO−CNT nanohybrids, further confirming that

Figure 1. XRD patterns of (a) LDH−CNTs, (b) LDO−CNTs, (c)
LDH−CNTs by rehydrating fresh LDO−CNTs at the toluene−water
interface for 3 h, and (d) LDH−CNTs by rehydrating fresh LDO−
CNT in the water phase for 24 h.

Figure 2. (a) SEM and (b) TEM images of LDH−CNTs, (c) TEM
image of LDO−CNTs, (d) TEM and (e) HRTEM images of LDH−
CNTs by rehydrating fresh LDO−CNTs at the toluene−water
interface for 3 h, and (f) TEM of Ru/LDH−CNTs.
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the LDHs is recovered and reconstituted in the presence of
water. Such superiority of LDH−CNTs with a water memory
effect can guarantee the natural characteristics based on LDHs
instead of LDOs catalysis in PIC process.
The catalytic activity of the LDH−CNT nanohybrids as the

emulsion catalyst support for the selective oxidation of benzyl
alcohol to benzaldehyde was evaluated and compared with
those of LDHs and CNTs, of which the detailed results are
shown in Figure 3. Compared with the results for Ru/CNTs

and Ru/LDHs, Ru/LDH−CNTs catalyst shows a relatively
high catalytic activity and selectivity with more than 99.9%. The
conversions of benzyl alcohol increase with an increase of
reaction time and reach 92% when reaction time is 5 h. The Ru-
based catalysts are also further characterized by ICP and TEM
to further reveal Ru active component effects. It is also noted
that, for as-obtained catalysts, the actual loading of Ru derived
from ICP analysis is almost the same (0.7 wt %, Supporting
Information Table S1). Also, the sizes of Ru nanoparticles on
LDHs, CNTs, and LDH−CNTs are narrowly distributed, and
the Ru nanoparticles with 2−3 nm (Figure 2f and Supporting
Information Figure S2) are uniformly dispersed on the surface
of supports. In other words, the size effects can be neglected in
the present system to some extent. It is also found that the BET
specific surface area of the LDH−CNTs reaches 89 m2 g−1,
which is close to that of the LDHs and CNTs (Supporting
Information Table S2). Moreover, the supports themselves
show no any catalytic activities for selective oxidation of benzyl
alcohol to benzaldehyde (Supporting Information Table S3).
Nevertheless, the results presented above clearly show that the
catalytic activities for the benzyl alcohol oxidation over Ru
supported LDHs, CNTs, and LDH−CNTs catalysts vary
greatly with the supports. The possible reason for this is
attributed to different emulsion properties stabilized by
emulsifiers to a great degree,9 which can be further confirmed
by the following results.
The capacities of the CNTs, LDHs, and as-made LDH−

CNT nanohybrids to stabilize water−oil emulsions composed
of water and toluene were evaluated and compared, and the
results are shown in Figure 4. The emulsifying capacities of
CNTs, LDHs, and LDH−CNTs at water−oil emulsions are
completely different under the identical experimental con-
ditions. The emulsifying capability of LDHs is relatively weak,
where several emulsion droplets with large diameters are
present in the system (100−300 μm, Supporting Information
Figure S3). It has also been confirmed that the hydrophilic
LDHs nanosheet is unstable at the water−oil interface due to

its low attachment energy.3 This is not the case for the CNTs;
the volume fraction of the emulsion stabilized by CNTs is 77%.
Nevertheless, the size of the emulsion droplet is relatively large
(100−300 μm, Supporting Information Figure S3). It is
interesting that the large volume fraction of 100% and the
emulsion droplet with a relatively small size (30−150 μm,
Supporting Information Figure S3) are produced in the system
stabilized by LDH−CNT nanohybrids, resulting in an increased
emulsion interfacial surface area to a great degree. The
increased reaction interfacial area is favorable for the PIC
process and leads to an enhanced catalytic activity, which is
verified in our previous work and literature.23,25 This is also the
case for the present system. For comparison, it is noted that
only 54% conversion of benzyl alcohol is obtained over Ru/
LDH−CNTs with toluene as solvent (Supporting Information
Table S3), which is much lower than that in the present
emulsion system, suggesting that the PIC process is a
determining step for high conversion.
Moreover, it is also expected that the emulsion thermo-

stability can be kept at reaction temperature, thus yielding a
well-kept interface area during reaction process. It is interesting
that the emulsion stability at reaction temperature varies greatly
with different supports. For the LDHs, the emulsion droplets at
the water−oil interface begin to coalesce, and LDH material is
gradually transferred to the aqueous phase and deposited at the
bottom of the reaction vessel owing to its hydrophilicity
(Supporting Information Figure S4). As we know, the benzyl
alcohol is more likely to dissolve in toluene; thus, Ru/LDHs in
the aqueous phase does not catalyze the reaction, where low
conversion is achieved in such a system. For CNTs, it still
shows the capability of dispersing at the water−oil interface
(Figure 4e), and the PIC emulsion catalysis is still dominating,
although the partial emulsion droplets occur to coalesce
(Supporting Information Figures S4 and S5). Such a water/
oil type emulsion9 system stabilized by CNTs can also lead to
an increased interface area in comparison to that of LDHs,
yielding the high catalytic activity over Ru/CNTs catalyst. In
the case of LDH−CNT nanohybrids, surprisingly, the o/w type
emulsion (Supporting Information Figure S6) formed by
LDH−CNT nanohybrids at the water−oil interface (Figure
4i) is relatively stable at reaction temperature in comparison to
that of CNTs (Supporting Information Figure S4). The
potential reason behind this is that the nanosheet-shaped
structure can restrict the rotation of emulsifiers at the water−oil
interface to a great degree, which has also been confirmed in

Figure 3. Conversions of benzyl alcohol over different supports in the
aerobic oxidation of benzyl alcohol [reaction conditions: benzyl
alcohol 2 mmol, deionized water 5 mL, toluene 10 mL, catalyst 200
mg (0.02 mmol Ru), T = 85 °C, t = 5 h, O2 flow rate 25 mL min−1].

Figure 4. Digital photos of emulsions stabilized by LDHs, CNTs,
LDH−CNTs, LDH−CNT-4s that were produced by changing
hydrothermal time to 4 h. The green dotted line represents the
interfaces of emulsion and water or toluene: (a, d, g, j) water (methyl
orange in water) and toluene mixed solution without any particles, (b,
e, h, k) water and toluene mixed solution in the presence of solid
nanoparticles, (c, f, i, l) Pickering emulsion stabilized by different
nanoparticles after ultrasound.
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the literature.14 In order to further investigate the thermo-
stability of the emulsion stabilized by LDH−CNT nanohybrids,
the optical images of toluene/water emulsion stabilized by
LDH−CNT nanohybrids at 85 °C for different time are shown
in Figure 5. It can clearly be seen that the diameters of
emulsion droplets have a slight increase with an increase of
time; nevertheless, LDH−CNTs can still assemble at the
interfaces of emulsion droplets after 5 h. This further exhibits
the high and superior thermodynamic stability of emulsion
stabilized by LDH−CNTs. Benefiting from the high thermo-
stability, the high emulsion interfacial surface areas that derive
large emulsion volume fraction and the emulsion droplets with
a relatively small size can be well-kept, thus leading to the
higher conversions on Ru/LDH−CNTs.
In order to further demonstrate the positive effects of 2D

LDH nanosheets for the PIC process, a comparative study was
also performed by changing hydrothermal time to 4 h, yielding
LDH−CNT-4s. It is also noted that the content of LDHs in
LDH−CNT-4s is close to that in LDH−CNTs (Supporting
Information Figure S7), indicative of a similar HLB value, even
if the LDHs in LDH−CNT-4s has a relatively small size in
comparison to that in LDH−CNTs (Supporting Information
Figure S8). It can be clearly seen that the conversions (84%) of
benzyl alcohol on Ru/LDH−CNT-4s are higher than that over
Ru/CNTs (Figure 3), even though the emulsion volume
formed by LDH−CNT-4s (55%, Figure 4) is lower than that of
CNTs (77%). This result also further confirms the positive
effects of 2D nanosheets derived from the highly thermody-
namically stable emulsion (Supporting Information Figure S9)
in the PIC process.

It has been reported that there are many factors affecting the
stability of the Pickering emulsion, including wettability that is
often expressed as a contact angle (θ) at the three-phase
boundary, emulsifier shape, and so on.26 As shown in Figure 6,

the three-phase contact angle (θ) of LDH−CNTs at the
water−oil interface is 97°, lower than that of CNTs (110°). In
other words, the wettability of hydrophobic CNTs can be
modulated in the presence of hydrophilic LDHs to some
degree, thus producing the more stable emulsion. On the other
hand, the nanosheet-shaped structure can restrict the rotation
of emulsifiers at the water−oil interface to a great degree and
further result in a high thermodynamic stability, which has been
pointed out in the previous literature.13,14,27

4. CONCLUSIONS
In summary, the amphiphilic nanohybrids composed of CNT-
bridged 2D nanosheet-shaped LDHs are synthesized by
hydrothermal method and can assemble at the water and
toluene interface very well. Also, large emulsion volume fraction
and droplets with small size were easily formed, thus producing
high emulsion interfacial surface areas. The emulsion stabilized
by LDH−CNT nanohybrids demonstrates a high thermody-

Figure 5. Optical images of toluene/water emulsion stabilized by LDH−CNT nanohybrids in 85 °C for different time: (a) 0 h, (b) 1 h, (c) 2 h, (d) 3
h, (e) 4 h, (f) 5 h. (g) Droplet diameter distribution.

Figure 6. Schematic representation of the three-phase contact angle
(θ) of (a) LDH−CNTs and (b) CNTs at the toluene−water interface.
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namic stability at the toluene−water interface due to the
presence of 2D sheet-shaped LDHs, which makes the high
emulsion interfacial surface areas well-kept during the PIC
process. With the benefit of such a unique structure and
emulsion characteristics, with the LDH−CNTs as catalyst
support, the Ru/LDH−CNTs catalyst shows a high catalytic
conversion for selective oxidation of benzyl alcohol to
benzaldehyde in the emulsion system. The present strategy
will also provide a simple method for configuring a high
thermodynamically stable Pickering emulsion, and such a
catalytic system with less extra energy input will lead to low
energy consuming. These unique characteristics make such a
material have great potential in many important applications
such as catalysis and emulsifiers.
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