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Utilizing a Pickering emulsion for the Suzuki-
Miyaura coupling with an amine-coordinated Pd
catalyst

Mingshuang Li, ©2° Junhao Huang,? Xing-Bao Wang® and Yuanyuan Shan*®

The Suzuki-Miyaura coupling reaction catalyzed by transition metals and their complexes for the construc-
tion of C-C bonds has been widely used in many fields. However, there have been problems such as diffi-
culty in recycling homogeneous catalysts and low transfer efficiency of heterogeneous catalysts in reac-
tions. To address above problems, an amine-coordinated Pd catalyst (GO-DAP-PdCl,) was prepared by
coordinating PdCl, on graphene oxide (GO) with a solid-loaded amine ligand (2,6-diaminopyridine, DAP)
on the surface. Among which the amphiphilic Pickering emulsion catalyst (GO-DAP) could form stable O/
W emulsions, where the hydrophilic GO sheets and hydrophobic DAP moieties were anchored at the oil-
water interface to provide a high interfacial area for the reaction, and significantly reduce the mass-transfer
resistance between the two phases. In the Suzuki-Miyaura coupling reaction, the coordination Pd-based
Pickering emulsion catalyst (GO-DAP-PdCl,) showed excellent catalytic performance; the conversion rate
of iodobenzene reaches up to 95%, the TOF reaches up to 14100 h™%, the conversion still reaches up to
85% after 6 cycles, and the catalyst also exhibits good substrate suitability.

Introduction

The Suzuki-Miyaura (SM) coupling reaction, first reported by
the Japanese chemists Suzuki and Miyaura in 1979, is a clas-
sic method for constructing C-C bonds in organic synthesis.!
Owing to its high efficiency and broad substrate scope, this
reaction has become a cornerstone in modern synthetic
chemistry.>® The catalytic mechanism involves three funda-
mental steps: oxidative addition, transmetalation, and reduc-
tive elimination.” Among these, oxidative addition and trans-
metalation are recognized as the rate-determining steps.>®
Early studies primarily focused on homogeneous catalytic sys-
tems, which exhibit high activity but suffer from drawbacks
such as difficult catalyst separation and recovery, poor
recycling stability, and residual metal contamination.””
These limitations have significantly restricted their applica-
tion in large-scale industrial production. Although heteroge-
neous catalytic systems can alleviate the issue of catalyst re-
covery, they still face challenges such as low mass-transfer
efficiency and excessive consumption of organic solvents,
which contradict the principles of green chemistry.'®™** There-
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fore, how to maintain high catalytic activity while improving
catalyst stability and recyclability, and simultaneously reduc-
ing mass-transfer resistance in multiphase systems, remains a
key challenge in this field.

To address these challenges, coordination metal catalysis
has emerged as a promising strategy. As an important branch of
metal catalysis, this strategy creates highly stable active sites by
directional coordination between ligands and metal centers,
providing well-defined spatial and electronic environments.
Such design allows for precise control of reaction pathways
while effectively preventing metal leaching and aggregation.™*'®
For example, Tang et al.'’” reported the self-assembly of Cu-X
MOFs (X = Cl, Br, I) from copper ions, halide ions, and 4,4-
bipyridine, where halide coordination finely tuned the geometry
and electronic structure of the copper active sites, thereby regu-
lating enzyme-like activity. In these systems, active centers are
formed through coordination bonds between metal atoms and
specific ligands, such as phosphines or N-heterocyclic
carbenes."® ' Among these, amine ligands have received partic-
ular attention due to their diverse coordination modes and ease
of functionalization.>* Therefore, this study employed amine li-
gands to stabilize the palladium active sites. However, signifi-
cant mass-transfer resistance remains at the interfaces in multi-
phase coordination catalytic systems. This resistance limits the
overall catalytic efficiency.

In recent years, Pickering emulsion interfacial catalysis
has attracted increasing attention owing to its unique interfa-
cial stabilization mechanism and superior mass-transfer
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efficiency.>*** Unlike traditional surfactants, Pickering emul-
sions are stabilized by solid particles (e.g., nanoparticles or
two-dimensional materials) adsorbed at oil-water inter-
faces.>?® These particles not only reduce interfacial tension,
but also form dense physical barriers, effectively preventing
droplet coalescence and thus ensuring emulsion stability.>”*®
As a result, each droplet can act as an independent micro-
reactor, significantly expanding the interfacial area for bi-
phasic reactions, shortening substrate diffusion pathways,
and reducing mass-transfer resistance.>*' For instance, Gao
et al.>® prepared controllable Pickering emulsions via sulfo-
butylation modification of lignin, followed by the in situ de-
position of Pd nanoparticles. This catalyst achieved complete
conversion of nitrobenzene to aniline within 3 h at room
temperature. These findings demonstrate that Pickering
emulsion catalysis offers significant advantages in enhancing
interfacial mass-transfer efficiency and overall catalytic
performance.*

In this work, coordination metal catalysis is combined
with Pickering emulsion interfacial catalysis to develop a sta-
ble O/W Pickering emulsion catalytic system. Amine-
coordinated PdCI, active sites are immobilised on the emulsi-
fier surface, resulting in the stable confinement of catalyti-
cally active Pd species at the oil-water interface. This interfa-
cial localisation markedly increases the available reaction
interface and reduces mass-transfer limitations. The synergis-
tic effects arising from interfacial confinement and spatially
differentiated microenvironments facilitate the activation of
both arylboronic acids and aryl halides, thereby promoting
the key elementary steps of the Suzuki-Miyaura coupling re-
action. In addition, the interfacial architecture effectively sup-
presses Pd aggregation and leaching, leading to enhanced
catalytic stability and recyclability. Furthermore, the use of
water as the continuous phase reduces the consumption of
organic solvents and enables straightforward catalyst recov-
ery, highlighting the potential of this system for green and
sustainable catalysis.

Experimental

Chemicals and reagents

Palladium chloride (PdCl,, 99.0% purity), iodobenzene
(99.0% purity), chlorobenzene (99.0% purity), bromobenzene
(99.0% purity), phenylboronic acid (>98.0% purity), 2-iodo-
anisole (>98.0% purity), 3-iodoanisole (>98.0% purity),
4-iodoanisole (97.0% purity), 4-iodotoluene (>98.0% purity),
4-nitroiodobenzene (99.0% purity), and various bases (so-
dium carbonate, 98.0% purity; potassium carbonate, >99.5%
purity; cesium carbonate, 99.9% purity; potassium hydroxide,
>98.0% purity; potassium phosphate, analytical grade; so-
dium hydroxide, >96.0% purity; sodium bicarbonate,
>98.0% purity) were purchased from Shanghai Adamas Re-
agent Co. Ltd. Graphite, potassium permanganate (>99.0%
purity), sodium nitrate (analytical grade), concentrated sulfu-
ric acid (>95.0% purity), and toluene (analytical grade) were
obtained from Sinopharm Chemical Reagent Co. Ethanol
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(>99.7% purity) was obtained from Tianjin Zhiyuan Chemical
Reagent Co. 2,6-Diaminopyridine (97.0% purity) was pur-
chased from Shanghai Aladdin Biotechnology Co. Concen-
trated hydrochloric acid (analytical grade) was obtained from
Chengdu Cologne Chemical Co. Hydrogen peroxide (30% pu-
rity) was supplied by Tianjin Obokai Chemical Co. All
chemicals were of the highest purity available and were used
as received without further purification.

Characterization

Transmission electron microscopy (TEM) images were ob-
tained using a JEOL JEM-1400 microscope. The sample pow-
der was ultrasonically dispersed in ethanol to prepare a sus-
pension, and a drop of the suspension was deposited onto a
copper grid. After ethanol evaporation, the grid was placed in
a TEM sample chamber for morphological observation and
imaging. The surface morphology and particle size of the ma-
terial were characterized by scanning electron microscopy
(SEM, JSM-7900F). Powder X-ray diffraction (XRD) patterns
were recorded on a LabX XRD-6100 diffractometer under the
conditions of a 26 range from 5° to 80° with a scanning rate
of 4° min!, using Cu Ko radiation (1 = 1.5418 A). Fourier
transform infrared (FT-IR) spectra were collected on a
Thermo Fisher Nicolet™ IS50 spectrometer. The samples
were prepared by the KBr pellet method, in which the sample
and KBr were thoroughly mixed at a mass ratio of 1:100,
pressed into transparent pellets under 15 MPa to ensure high
signal transmittance, and measured in the wavenumber
range of 400-4000 cm™'. X-ray photoelectron spectroscopy
(XPS) was performed using a Kratos AXIS Supra spectrometer
with a maximum power of 72 W and an energy scanning
range of 0-1500 eV to analyze the surface chemical composi-
tion of the samples. Raman spectra were recorded using a
Thermo Scientific DXR2 Raman spectrometer to analyze the
characteristic carbon peaks of the material, with a spectral
range of 50-9000 cm ™', using a 50x long-focus objective lens.
After setting the spectral range and other parameters, spectra
were collected accordingly. The emulsion type was character-
ized using a THUNDER Imager Tissue fluorescence micro-
scope. The water contact angle of the material was measured
using a SINDIN CSCDIC-100 instrument. The metal disper-
sion of palladium was determined by CO-Pulse Chemisorp-
tion using an AutoChem II 2920 instrument. The sample was
first pretreated under a H, atmosphere at 200 °C for 2 h to
remove surface impurities, followed by cooling to 50 °C. Sub-
sequently, successive CO pulses were introduced into the sys-
tem until saturation of the adsorption signal was achieved.

Preparation of GO-DAP

In this study, GO was synthesized using a modified Hum-
mers’ method,** with the detailed procedure provided in the
SI. The preparation of GO-DAP was as follows: 100 mg GO
and 320 mg NaOH were dispersed in 35 mL of deionized wa-
ter. The mixture was stirred for 10 min and then sonicated
for 30 min. Subsequently, a predetermined amount of DAP
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was added, followed by an additional 10 min of sonication
and 3 h of stirring in a water bath at 70 °C. After completion
of the reaction and cooling to room temperature, GO-DAP
was washed with deionized water until neutral, freeze-dried,
and stored for further use.

Preparation of GO-DAP-PACI,

In brief, 30 mg GO-DAP was dispersed in 80 mL of ethanol
and sonicated for 1 h. Subsequently, 635 pL of PdCl, hydro-
chloric acid aqueous solution (6.7 mg mL ") was added, and
the mixture was stirred at room temperature for 24 h. After
completion of the reaction, the product was washed three
times with ethanol and deionized water, respectively,
followed by freeze-drying to obtain GO-DAP-PdCI,. The prepa-
ration process of GO-DAP-PACI, is illustrated in Fig. 1.

Preparation of the Pickering emulsion

A certain amount of GO-DAP was dispersed in deionized wa-
ter in a 15 mL glass vial and sonicated for 1 h. After GO-DAP
was evenly dispersed in water, toluene was added to it, and
emulsified with a high-speed shear for 2 min (10000 r
min™"). The mixture was allowed to rest for 1 h before a mi-
croscope photograph was taken.

Catalytic experiment

In the SM coupling reaction, 6 mg of GO-DAP-PACI, and 2
mmol of K,CO; were added to a reaction vial containing 8 mL
of deionized water. The mixture was sonicated for 1 h to ensure
uniform dispersion of all components. Subsequently, 1 mmol of
iodobenzene and 2 mmol of phenylboronic acid were intro-
duced into the reaction mixture to form an emulsion, which
was then employed for the SM coupling. Upon completion of
the reaction, the products were extracted with toluene and ana-
lyzed by gas chromatography (GA-2009). The TOF value is deter-
mined based on the conversion rate achieved after 10 min of re-
action and calculated using eqn (1).
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Fig. 1
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n
TOF = ——— (1)
Neat XD Xt

In eqn (1), n represents the amount of substance of the re-
action product formed within a specific reaction time, 7., de-
notes the total amount of substance of palladium in the reac-
tion system, and D is the metal dispersion degree of Pd.
Based on the 1:1 specific chemisorption between Pd and CO,
the dispersion degree was calculated as the ratio of surface-
accessible Pd atoms to the total Pd atoms in the catalyst, and
t represents the reaction duration.

Results and discussion
Morphology and structure

SEM and TEM analyses were performed to investigate the mi-
cromorphology of the samples. As shown in the SEM images
(Fig. 2a-c), GO exhibits a smooth lamellar structure. Upon
grafting amine ligands onto GO, pronounced wrinkles ap-
peared on the surface, while the overall layered morphology
was largely preserved. After PACI, adsorption, the wrinkled la-
mellae exhibited partial aggregation. Further analysis of the
TEM images (Fig. 2d—f) reveals that GO displays a translucent
lamellar structure with slight wrinkles and folds, which can
be attributed to its inherent flexibility and the abundance of
oxygen-containing functional groups. Compared with GO, the
surface of GO-DAP became rougher, likely due to DAP modifi-
cation introducing additional functional groups onto the GO
surface. Following PdCl, modification, the surface of GO-
DAP-PdCl, becomes rougher. However, no distinct solid parti-
cles are visible. This suggests that PdCl, is mainly present on
the material surface in ionic form. Moreover, SEM-EDS ele-
mental mapping of GO-DAP-PACI, (Fig. 2g) confirms that C,
O, N, Pd, and Cl are uniformly distributed across the GO sur-
face. Collectively, these results demonstrate that DAP was
successfully grafted onto GO and GO-DAP has successfully
captured Pd™.

The structures of the samples were characterized by XRD.
As shown in Fig. 3a, GO exhibits a characteristic diffraction

GO-DAP-PdCI,

Schematic illustration of Pickering catalyst GO-DAP-PdCI, synthesis for the configured Suzuki-Miyaura coupling reaction under a droplet reactor.
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Fig. 2 SEM images of GO (a), GO-DAP (b) and GO-DAP-PdCI; (c). TEM images of GO (d), GO-DAP (e) and GO-DAP-PdCl; (f). SEM-EDS elemental

mappings of GO-DAP-PdCL, (g).

peak at 20 = 12.9°, corresponding to the (001) crystal plane,*®
which shifts to 11.7° after DAP modification. According to
Bragg's law, the decrease in diffraction angle indicates an in-
crease in interlayer spacing.*® Therefore, it is speculated that
DAP reacts with oxygen-containing functional groups on the
GO surface. This reaction reduces interlayer interactions. As
a result, the interlayer spacing in GO-DAP increases. A com-
parison of the XRD patterns of GO-DAP and GO-DAP-PdCIl,
reveals no significant difference; this may be because the in-
creased structural disorder of GO-DAP diminishes the effect
of PdCl, on its structure.

The structural properties of the materials and the effects
of functional modification were further analyzed by Raman
spectroscopy (Fig. 3b). The spectra of GO, GO-DAP, and GO-
DAP-PACI, show two characteristic peaks at 1355 and 1592
ecm™. These correspond to the D band and G band, respec-
tively. The D band relates to structural defects. The G band
represents the in-plane vibration of sp> carbon. The intensity
ratio (Ip/Ig) is commonly used to evaluate the defect density
of graphene-based materials, with a higher ratio indicating
more structural defects and greater disorder.’” Based on the
spectra, the Ip/I; ratio of GO is 0.80, which increases to 0.91
after DAP modification. This suggests that the sp* carbon

network of GO is partially disrupted and new sp*-hybridized
carbon is introduced.*® Combined with the XRD results,
these findings indicate that DAP reacts with some oxygen-
containing functional groups on the GO surface, thereby in-
creasing atomic disorder after amine modification. Upon the
addition of PdCl,, the I/l ratio further rises to 0.94. This in-
crease likely results from the formation of coordination
bonds between Pd" ions and nitrogen atoms in the amino
groups. Such bonding induces local structural distortion on
the GO surface. Consequently, the defect density increases.

Surface chemistry

To further elucidate the bonding interaction between GO and
DAP, FT-IR and XPS analyses were conducted. As shown in
the FT-IR spectra (Fig. 4a), compared with GO, GO-DAP ex-
hibits a new vibration peak at 1155 cm™" corresponding to
the C-N bond. Meanwhile, the stretching and bending vibra-
tions of C-O-C at 1055 cm " are significantly weakened, and
the intensity of the C-O stretching vibration at 1726 cm™
also decreases. Furthermore, the XPS full spectra (Fig. 4b)
show that GO-DAP displays a characteristic N 1s peak at
400.3 eV, accompanied by a marked reduction in the O 1s

(a) —— GO-DAP-PdCl, (b)

—— GO-DAP Dband G band

—Go
5 : :
s e 3
= S 1,/16=0.94 GO-DAP-PdCI,
£ 2
£ 5
= £ | 15/16=0.91

1,/15=0.80 GO
10 20 30 40 50 60 70 80 900 1200 1500 1800 2100

209/(°)

Raman Shift /cm™

Fig. 3 XRD spectra (a) and Raman spectra (b) of GO, GO-DAP and GO-DAP-PdCl,.
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Fig. 4 FT-IR spectra of GO, GO-DAP, DAP and GO-DAP-PdCl; (a). XPS full spectra (b) and C 1s high-resolution XPS spectra (c) of GO, GO-DAP,
and GO-DAP-PdCl,. N 1s high-resolution XPS spectra of GO-DAP and GO-DAP-PdCI, (d).

peak intensity. These results indicate that GO-DAP is formed
through chemical reactions between the C-N bonds of DAP
and the C-O-C or C-O bonds of GO. Moreover, the high-
resolution C 1s spectrum of GO-DAP (Fig. 4c) reveals a new
signal at 285.3 eV corresponding to the C-N bond. Taken to-
gether, the FT-IR and XPS results suggest that GO-DAP is gen-
erated via a ring-opening reaction between the C-N bonds of
DAP and the C-O bonds of GO.

To determine the chemical state of Pd on GO-DAP, the
XPS spectrum of GO-DAP-PACl, was analyzed. As shown in
Fig. S1, the Pd 3ds,, and 3d;/, peaks appear at 337.5 eV and
342.8 eV, respectively, which are characteristic of Pd". This
indicates that Pd is present in the form of Pd" in GO-DAP-
PdCl,. In addition, a characteristic Cl peak is observed in the
XPS full spectra, and the Cl 2p spectrum (Fig. S2) exhibits a
characteristic absorption peak at approximately 199.7 eV,
confirming that Pd exists as PdCl, on the surface of GO-DAP.
Furthermore, the high-resolution N 1s spectra of GO-DAP
and GO-DAP-PACI, (Fig. 4d) reveal a shift in the binding en-
ergy of the C-N bond from 400.3 eV to 400.7 eV. This shift
can be attributed to the coordination interaction between Pd"
and the nitrogen atoms, which decreases the electron density
around N and consequently leads to a higher binding
energy.”’

Emulsion optimization

According to desorption energy theory, the formation of Pick-
ering emulsions is governed by the wettability of solid parti-
cle surfaces, with the three-phase contact angle serving as a
key evaluation parameter.’’ In this study, the water contact
angles of GO, GO-DAP, and GO-DAP-PACl, were measured
(Fig. S3). The results demonstrated that both GO-DAP and

568 | RSC Appl. Interfaces, 2026, 3, 564-575

GO-DAP-PACl, particles exhibited suitable amphiphilic prop-
erties for stabilizing emulsions.

The oil-to-water volume ratio plays a crucial role in the for-
mation and functional performance of emulsions, as it affects
the interfacial force balance, spatial distribution of the dis-
persed phase, and the adsorption efficiency of emulsifiers.”* To
investigate this effect, Pickering emulsions were prepared using
toluene as the oil phase with oil-to-water ratios of 1:7,1:10, 1:
14, 1:23, and 1:70. As shown in Fig. 5a-e, the average droplet
size gradually decreased with decreasing oil-to-water ratio. Nota-
bly, even at an oil-to-water ratio as low as 1:70, a stable emul-
sion with uniform droplet distribution and an average diameter
of approximately 20 pm was still obtained. Smaller droplets pro-
vide a larger oil-water interfacial area, increasing the probability
of contact between the reactants and the catalytic active sites,
thereby accelerating the mass transfer rate of hydrophobic sub-
strates and enhancing the overall reaction rate. Subsequently,
the oil phase was fluorescently stained to further confirm that
the emulsion was of the O/W type (Fig. 5f). Furthermore, the
catalyst was fluorescently labeled with fluorescein isothiocya-
nate (FITC) and the Pickering emulsion was examined using
confocal laser scanning microscopy (CLSM). The CLSM image
(Fig. 5g) indicates that the catalyst is predominantly located at
the oil-water interface, consistent with the proposed interfacial
catalysis mechanism.

In the SM coupling reaction, the concentration of base
plays a crucial role in determining reaction efficiency and se-
lectivity. An appropriate base concentration facilitates the de-
protonation of phenylboronic acid, leading to the formation
of more reactive boronate species and thereby accelerating
the transmetalation step in the catalytic cycle.** In Pickering
emulsion systems, variations in base concentration may also
influence emulsion stability and interfacial behavior. In this

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Effects of emulsion and histograms of particle size distribution at different oil-water volume ratios (a-e). Fluorescence microscope image of
the emulsion (f). Confocal laser scanning microscopy (CLSM) image of the Pickering emulsion stabilized by the FITC-labeled catalyst (g).

study, the effect of different base amounts on the formation
of Pickering emulsions was investigated. As shown in Fig. S4,
when the amount of base increased from 2 to 10 mmol, the
average droplet size remained approximately 50 um with a
uniform size distribution. This result indicates that the Pick-
ering emulsions stabilized by GO-DAP maintain excellent sta-
bility even under highly basic conditions. This stability can
be attributed to the strong interfacial adsorption of GO-DAP
particles, which helps maintain the balance of interfacial ten-
sion even in the presence of excess hydroxide ions. Moreover,
the protonation-deprotonation equilibrium of amino groups
under basic conditions enhances electrostatic repulsion be-
tween particles, effectively preventing aggregation and pre-
serving the structural integrity of the emulsion droplets.

In addition to the effects of the oil-water ratio and alkali
concentration, the stability of Pickering emulsions under
practical reaction conditions, including elevated temperature
and mechanical stirring, is essential for maintaining reliable
catalytic performance. Accordingly, systematic experiments
were performed to evaluate the thermal stability of the emul-
sion and its structural integrity under continuous agitation.

To probe the emulsion stability during the reaction, the
droplet size of the GO-DAP-PACl,-stabilized Pickering emul-
sion was monitored at different time intervals. As shown in
Fig. S5, the emulsion remained stable throughout the reac-
tion. After 3 h, the average droplet diameter increased
slightly from the initial value of approximately 25 pm to
about 37 pum, while no obvious droplet coalescence, phase
separation, or demulsification was observed. These results in-
dicate that the Pickering emulsion retains good structural
stability under the reaction conditions. Notably, heating at 85
°C did not disrupt the emulsion, which can be attributed to
the suitable amphiphilicity of the GO-DAP particles. Their
strong adsorption at the oil-water interface, associated with
an adsorption energy substantially higher than the thermal
energy at 85 °C, effectively suppresses particle desorption
and emulsion destabilization. At the same time, under con-

© 2026 The Author(s). Published by the Royal Society of Chemistry

tinuous stirring at 500 rpm, the Pickering emulsion interface
remained intact, and a more homogeneous droplet disper-
sion was observed. This behavior can be ascribed to the coop-
erative contribution of multiple interactions among the GO-
DAP particles, including electrostatic repulsion between pro-
tonated amine groups and van der Waals interactions be-
tween GO sheets, which together enhance the mechanical ro-
bustness of the interfacial film. As a result, the emulsion
withstands shear forces without noticeable structural degra-
dation. Meanwhile, stirring facilitates mass transfer of reac-
tants to the interfacial catalytic sites without inducing cata-
lyst desorption, thereby contributing to improved reaction
efficiency.****

Overall, these results demonstrate that the GO-DAP-PACI,-
stabilized Pickering emulsion exhibits good thermal and me-
chanical stability under the applied reaction conditions. The
preservation of emulsion integrity at elevated temperature
and under continuous stirring ensures the sustained avail-
ability of the interfacial catalytic environment, which is
closely associated with the high catalytic activity and recycla-
bility of the system.

Reaction optimization

In this study, a Pickering emulsion system was constructed
using the substrate as the oil phase, and the optimal reaction
conditions were systematically investigated. As shown in Fig. 6a,
the catalytic yield increased progressively with reaction time
and reached a plateau after 3 h, which was identified as the op-
timal reaction time. Fig. 6b shows the effect of reaction temper-
ature; as the temperature increased from 25 to 95 °C, the con-
version rate rose sharply from 4% to 99%, indicating that
elevated temperature significantly accelerated the coupling reac-
tion. This enhancement can be mainly attributed to the im-
proved solubility and diffusivity of the reactants in the biphasic
medium at higher temperatures. However, excessively high tem-
peratures may lead to water evaporation and disruption of
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reactions.

emulsion droplets, resulting in catalyst aggregation and the loss
of interfacial active sites. Therefore, 85 °C was selected as the
optimal reaction temperature to balance catalytic efficiency and
emulsion stability. In addition, the effect of different base types
on the reaction was evaluated. As shown in Fig. 6c¢, all tested ba-
ses afforded high conversion rates, suggesting good adaptability
of the catalytic system. Among them, K,CO; exhibited the
highest catalytic performance, which may be attributed to the
relatively large ionic radius of K, facilitating easier ion dissocia-
tion and thereby enhancing the overall reaction activity. In sum-
mary, the optimal reaction conditions were determined to be a
temperature of 85 °C, a reaction time of 3 h, and K,CO; as the
base. Under these conditions, the system achieved both high
catalytic conversion and excellent emulsion stability.

Catalytic performance

To evaluate the high activity of GO-DAP-PACl,, the reaction
conversion rate was investigated under the condition of in-

creased substrate amount. As shown in Fig. 7a, when the sub-
strate amount was enlarged by 10 times, the reaction conver-
sion rate decreased from 95% to 90%, with only a 5% activity
decay rate. As shown in Fig. 7b, the conversion rate and TOF
value at 5 min of reaction were calculated under different
substrate amounts, with the TOF reaching as high as 14 100
h™". Combined with the previous emulsion particle size analy-
sis, the smaller droplets provide a larger interfacial area, ex-
posing more Pd active sites at the reaction interface, thus
achieving the high catalytic activity of GO-DAP-PdCI,.

To further highlight the unique advantages of the Picker-
ing emulsion platform, three catalytic systems were com-
pared under strictly identical conditions, including catalyst
type, Pd loading, substrate ratio, temperature, and reaction
time: a non-emulsified biphasic system, a conventional het-
erogeneous system (toluene as the sole solvent), and the Pick-
ering emulsion system developed in this work. As shown in
Fig. 8a, the non-emulsified biphasic system and the heteroge-
neous system exhibited limited conversions of 45% and 63%,
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Fig. 7 Effects of the reaction substrate amount on the Suzuki-Miyaura cross-coupling reaction at 3 h (a) and 5 min (b).
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respectively, due to mass transfer restrictions arising from in-
sufficient interfacial contact. In contrast, the Pickering emul-
sion system, in which the catalyst simultaneously acts as an
emulsifier, generated an enlarged interfacial area, thereby
shortening the diffusion path of reactants and increasing the
conversion to 95%. These results demonstrate that the Pick-
ering emulsion platform effectively addresses the mass trans-
fer limitations inherent to biphasic catalysis.

To further investigate the synergistic mechanism of this sys-
tem, we conducted a series of performance experiments with
different catalytic systems to examine the individual contribu-
tions of amine coordination and the Pickering emulsion inter-
face (Fig. 8b). The GO-PdCl, without DAP exhibits significantly
lower conversion (58%) and poorer recyclability, confirming that
amine coordination stabilizes Pd active sites, making them
more stable, while also imparting amphiphilicity to GO, which
enables the formation of a stable Pickering emulsion. Further-
more, the homogeneous DAP-PACl, complex achieved a high
initial conversion (92%), but its recycling efficiency was very
low, indicating that while DAP enhances Pd activity, the absence
of a Pickering emulsion limits mass transfer and catalyst recov-
ery. Finally, we formed an emulsion using the conventional sur-
factant (SDS) and then added the GO-DAP-PACI, catalyst. The
conversion was still relatively low (65%), and we observed rapid
droplet coalescence, with the emulsion failing to remain stable
(Fig. S6), which indirectly demonstrates the superior stability of
Pickering emulsions in facilitating reactions and maintaining
high catalytic performance. In summary, the high catalytic per-
formance of the GO-DAP-PACI, system arises from the synergis-
tic effect between amine coordination and the Pickering inter-
face: amine coordination stabilizes the active centers through
electronic regulation and imparts amphiphilicity to the support,

© 2026 The Author(s). Published by the Royal Society of Chemistry

while the Pickering interface enhances mass transfer efficiency
and facilitates the efficient recovery of the catalyst.

It is noteworthy that the GO-DAP-PACI, system not only ex-
hibits high activity in single-use reactions but also demon-
strates excellent stability during practical recycling. As shown
in Fig. 8¢, the conversion rate decreased slightly from 95% to
85% after six reaction cycles. This result demonstrates that
GO-DAP-PACl, maintains high catalytic activity after repeated
use and exhibits excellent recyclability. To investigate the
cause of the activity decline, the catalysts subjected to differ-
ent numbers of cycles were systematically characterized in
terms of their microstructure and chemical states. TEM im-
ages of the catalyst after different numbers of cycles were ob-
tained (Fig. S7). The images revealed the formation of numer-
ous solid particles on the catalyst surface after multiple
reactions. This phenomenon can be attributed to the reduc-
tion of Pd" to Pd® during the reaction, accompanied by an in-
crease in the average size of Pd nanoparticles. After six cycles,
Pd° agglomeration became evident, leading to a reduction in
accessible active sites and, consequently, a decline in cata-
Iytic efficiency.

To further clarify the valence-state evolution, XPS measure-
ments were performed on the catalyst after six cycles. As
shown in Fig. S8, a portion of Pd** was indeed reduced to
Pd° after 6 recycles. This result is consistent with the particle
aggregation observed in the TEM images, collectively indicat-
ing that the slight loss of catalytic activity primarily originates
from the reduction and aggregation of Pd active species,
which results in the depletion of available active sites.

The substrate scope of the SM coupling reaction catalyzed
by GO-DAP-PACI, was examined under the optimized reaction
conditions. To assess the influence of electronic and steric
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effects, haloarenes bearing different substituents were se-
lected for coupling with phenylboronic acid. As summarized
in Table S1, ortho- and meta-substitutions had little impact
on the reaction yield, whereas para-substitution resulted in
reduced product conversion. This decrease is likely due to
the physical state of the para-substituted substrate,
4-methoxyiodobenzene, which is solid under the reaction
conditions and therefore unable to form a stable emulsion
system. A comparison of 4-nitroiodobenzene and 4-iodo-
toluene revealed that electron-withdrawing substituents, such
as the nitro group, significantly promote the reaction. In con-
trast, substrates such as bromobenzene and chlorobenzene
exhibited much lower reactivity because of the higher bond
dissociation energies of the C-Br and C-Cl bonds. During the
oxidative addition step, these stronger C-X bonds are less
readily activated, resulting in diminished catalytic activity.*’
Overall, the GO-DAP-PdCl, catalyst demonstrates excellent
substrate tolerance in SM coupling reactions.

Mechanistic insights

Although the elementary steps and general principles of the
SM coupling reaction have been extensively documented,*®*’
the kinetic behavior of the present system is fundamentally
altered by the combined effects of amine coordination and
Pickering interfacial confinement. To elucidate the individual
roles of these two factors, initial reaction rate measurements
were conducted at short reaction times (<5 min), where
product accumulation and interfacial evolution effects are
minimized; the corresponding calculation procedures are
provided in the SI.***° As summarized in Table S2, the GO-
PdCl, system exhibits a markedly lower reaction rate under
identical conditions, indicating reduced intrinsic activity of
the Pd center in the absence of amine coordination. This be-
havior can be attributed to an unfavorable electronic environ-
ment and decreased stability of the Pd species. In contrast,
the homogeneous DAP-PdCl, complex shows a relatively
higher initial activity, demonstrating that amine coordination
intrinsically enhances Pd-catalyzed coupling. However, its
poor recyclability highlights that ligand coordination alone is
insufficient to overcome the mass-transfer limitations inher-
ent to biphasic reaction systems. Notably, the highest initial
reaction rate is observed for the GO-DAP-PACl, Pickering
emulsion, in which amine-coordinated Pd sites are
immobilized at the oil-water interface. This interfacial con-
figuration allows hydrophobic aryl halides to approach the
active sites from the oil phase while hydrophilic boronate
species simultaneously access them from the aqueous phase.

XPS further provides direct evidence for electronic interac-
tions between the amine ligand and the Pd center. As shown in
Fig. 4d, the N 1s binding energy shifts from 400.3 eV in GO-DAP
to 400.7 eV upon Pd coordination, indicating electron donation
from the amine nitrogen atoms to the Pd center. Acting as a
o-donor ligand, the DAP increases the electron density at
Pd,>™" thereby facilitating oxidative addition of aryl halides
and promoting the subsequent transmetalation step.
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Based on the above kinetic and electronic-structure analy-
ses, a corresponding reaction mechanism is proposed in Fig.
S9. The catalytic process follows a classical Pd>*/Pd*" cycle, in
which amine coordination stabilizes high-valent Pd interme-
diates, suppresses catalyst deactivation, and electronically
promotes the key steps of oxidative addition, trans-
metalation, and reductive elimination.”®>* Furthermore, sys-
tematic variation of the oil-water ratio was performed to
probe the influence of the interfacial area on reaction kinet-
ics. The results (Fig. 8d) reveal a strong correlation between
the initial reaction rate and the interfacial area, indirectly in-
dicating that catalytic conversion predominantly occurs at
the Pickering emulsion interface rather than within the bulk
droplets. Combined with the CLSM image (Fig. 5g), which
clearly shows the pronounced enrichment of the catalyst at
the oil-water interface, this spatial localisation provides di-
rect morphological evidence for the interfacial confinement
catalytic mechanism. Taken together, these results demon-
strate that the synergistic effects of interfacial confinement
and amine coordination stabilisation collectively govern the
efficient Suzuki-Miyaura coupling reaction.

Conclusions

A novel amine-coordinated Pickering emulsion catalyst (GO-
DAP-PdCl,) was developed in this study. It was prepared by
immobilizing DAP onto graphene oxide. An amine ligand was
grafted onto the graphene oxide surface through an epoxide
ring-opening reaction, and PdCl, was subsequently coordi-
nated to the material in the form of Pd". The resulting Pick-
ering emulsion, stabilized by GO-DAP at the oil-water inter-
face, exhibited uniform droplet distribution and high
stability. The GO-DAP-PACI, catalyst shows excellent catalytic
activity for the Suzuki-Miyaura coupling reaction under a
Pickering emulsion system, achieving 95% conversion within
3 h at 85 °C, with a turnover frequency as high as 14100 h™".
The catalyst maintained 85% of its activity after six consecu-
tive runs and displayed broad substrate compatibility. The
Pickering emulsion provided a large interfacial area for the
biphasic reaction, which effectively reduced the mass-transfer
resistance during the reaction. The amine-based ligand stabi-
lized the active site through covalent bonding, which
achieved the dual effects of reaction microenvironment opti-
mization and active site protection.
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