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A preparation strategy for palladium (Pd) nanoparticles anchored on the surface of kaolinite nanorods to 

form Pd/kaolinite nanocomposite and the highly efficient catalytic hydrogenation performance has been 

presented in this paper. Natural kaolinite nanorod served as a mild and outstanding stabilizer for 

supporting Pd nanoparticles. The results indicated that well-dispersed Pd nanoparticles successfully 

anchored on kaolinite nanorods via self-assembly method. Natural rod-like kaolinite possessing hydroxyl 

groups on its surface serves as an ideal nanoscale support for assembly and integration with Pd particles. 

Thus, it was revealed that kaolinite nanorods not only interacted favorably with the Pd species, but also 

acted as a support that suppressed the aggregation and precipitation of the Pd nanoparticles. The 

nanocatalyst was found to be effective for the catalytic hydrogenation of styrene to ethylbenzene. The 

process of catalytic hydrogenation was further depicted. 

 

1. Introduction 

Nanostructured noble metallic particles are attracting tremendous 

attention for advanced versatile applications such as heterogeneous 

catalysts1, hydrogen storage2, gas sensors3 and photovoltaic devices4, 

or fuel cells5. Noble metal-based catalysts are preferred for deep 

hydrogenation since they can work at lower temperatures. In 

addition, Pd-based catalysts are able to maintain high activities of 

hydrogenation compared to transition metal catalysts. At present, 

matrices used for supporting Pd nanoparticles are polystyrene 

spheres6, carbon materials7, oxide8, 9, mesoporous materials10, 11, 

silica spheres12, natural and artificial polymers13, and clay minerals14 

(such as palygorskite15,montomorillonite16-18, halloysite19). Although 

the preparation of these samples was successful, majority of the 

approaches involve complicated surface modifications using organic 

surfactants or polymeric ligands to inhibit particles agglomeration. 

However, the addition of organic dispersants could have negative 

consequences on various applications which were unwanted organic 

residues. Meanwhile, selection of the matrix for composite materials 

depends on the material’s application20-22. Therefore, a facile route 

devoid of organic modification agents to synthesize nanosized Pd-

based catalysts has become highly desirable. 
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It is well known that surface of clay minerals possess plentiful 

hydroxyl groups, which usually act as protective groups to prevent 

nanoparticles from coagulating by binding to the particle surface and 

enhance their stability23, 24, 25. Kaolinite (Al2Si2O5(OH)4) is a 1:1- 

type clay type clay mineral composed of stacked layers of SiO4 

tetrahedral sheets and AlO2(OH)4 octahedral sheets and naturally 

possesses a nanorod-like morphology. It is a suitable catalytic 

support provided with the strong ability to stabilize and disperse 

noble metal nanoparticles. Recently, kaolinite nanorods have gained 

a great deal of interest due to their multi-faceted applications in 

optical devices26, catalyst27, and thermal energy storage 

materials28,29,30. On the other hand, immobilization of catalytically 

active noble metals on the heterogeneous support has drawn 

significant interest. Therefore, employing kaolinite nanorods as a 

catalyst support, which possess many hydroxyl groups on its surface 

would be highly promising because of their good surface property 

and ease of functionalization. Pd/kaolinite nanocomposites described 

herein showed high catalytic hydrogenation activity. 

In this work, we have successfully synthesized Pd/kaolinite 

nanocomposites via anchoring Pd nanoparticles on the surface of 

kaolinite nanorods under ambitious conditions. Furthermore, we 

chose the catalytic hydrogenation of styrene in the liquid phase as 

the model reaction to evaluate the catalytic performance of catalysts. 

Moreover, atomic-level hydrogenation process for room-temperature 

hydrogenation of styrene was clarified. 

2. Experimental 

2.1 Materials preparation 

Kaolin (kaolinite>95%) used in this study was obtained from Fujian, 

China, possessed the natural nanorod-like morphology. Other 

reagents were analytical grade without further purification. In a 
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typical synthesis, a dispersion of kaolinite (0.5, 1.0 and 1.5 g) in 10 

mL deionized water was homogenized in an ultrasonic bath for 1 h at 

room temperature, and followed by the addition of aged Na2PdCl4 

solution (500 μL, 5 wt%) to each clay solution with continuous 

stirring for 2 h. The mixed solutions containing clay and Pd species 

were maintained in the dark under static conditions at room 

temperature. The formation of Pd nanoparticles was indicated by a 

color change in the reaction solution from brown to black within 24 

h of mixing. After collection by centrifugation, the final products 

were washed with distilled water repeatedly and dried at 60 °C in a 

vacuum oven. The nominal Pd loading amount of Pd/kaolinite 

composites were 3.0%, 1.5% and 1.0%, respectively. 

 

2.2 Characterization 

Powder X-ray diffraction (XRD) measurements of the samples were 

recorded on a DX-2700 X-ray diffractometer using Cu Kα radiation 

(λ=0.15406 nm) at a scanning rate of 0.02 deg/s with a voltage of 40 

kV and 40 mA. Scanning electron microscopy (SEM) was performed 

with a JEOL JSM-6360LV scanning electron microanalyzer with an 

accelerating voltage of 5 kV. Transmission electron microscopy 

(TEM) studies were performed using a JEOL JEM-2100F operating 

at 200 kV and equipped with EDS capabilities. The morphology of 

Pd/kaolinite was observed with a high-resolution transmission 

electron microscopy (HRTEM, JEOL JEM-3010). The samples for 

TEM analysis were dispersed in ethanol by ultrasonication and a 

drop of each solution was deposited on a Cu grid coated by a holed 

carbon film and subsequently dried in air. Fourier transform infrared 

(FTIR) spectra of the samples over the range of 4000~400 cm−1 were 

recorded on a Nicolet Nexus 670 FTIR spectrophotometer using KBr 

pellets. X-ray photoelectron spectroscopy (XPS) measurements were 

performed on a Thermo Fisher Scientific K-Alpha 1063 equipped 

with a hemispherical electron analyzer and an Al Kα X-ray radiation 

source (1486.6 eV), a voltage of 15 kV, and an emission current of 

10 mA. To compensate for surface charge effects, the XPS results 

were calibrated using the C 1s hydrocarbon peak at 284.6 eV. The 

N2 adsorption isotherms were recorded at 77 K and analyzed using 

an ASAP 2020 surface area analyzer (Micromeritics Co. Ltd.). The 

catalytic hydrogenation of styrene reaction was monitored by gas 

chromatographic (SHIMADZU 2010, column RTX-5 with inner 

diameter 0.25 mm, film depth 0.25 μm and length 30 m) analysis of 

the solution withdrawn from the reactor for a given time. 

 

2.3 Catalytic activity 

The catalytic hydrogenation of styrene to ethylbenzene was carried 

out in a 150 mL glass batch reactor equipped with a magnetic stirrer 

at 25°C at atmospheric pressure. Moreover, an additional stability 

test was performed under the same conditions. For each experiment, 

100 mg sample was firstly suspended in 100 mL ethanol together 

with 0.1 mL n-decane (used as the internal standard) and pretreated 

in H2 flow (40 mL/min) at 25°C for 1 h. Then 1 mL styrene was 

added into the solution in H2 flow under stirring at room temperature 

and atmosphere pressure. 1 mL solution was withdrawn and filtered 

for gas chromatographic test for a given time. After the catalytic test, 

the catalyst solution was filtered and the catalyst precipitate was re-

suspended in ethanol for the next run. The styrene conversion 

efficiency was calculated as: styrene conversion efficiency (%) = 

(M0 − Mt)/M0 × 100%, where M0 is the the initial amount of styrene 

in the solution, and Mt is amount of styrene of the reation solution at 

reaction time t. k was the reaction rate for each catalyst in the styrene 

hydrogenation reaction, which was calculated from the slope of the 

straight line to show the activity of the catalyst in terms of 10−3/min. 

3. Results and discussion 

Fig. 1a showed the XRD patterns of the as-synthesized Pd/kaolinite  
 

 

 

 

Fig. 1  (a) XRD patterns and (b) styrene hydrogenation reaction 

curves of kaolinite and Pd/kaolinite with different Pd:kaolinite mass 

ratios (inset table gave the reaction rate of different catalysts). (c) 

The stability of Pd:kaolinite-3.0% for styrene hydrogenation reaction 

(inset was TEM image and EDS spectra of Pd:kaolinite-3.0% after 

repeating the hydrogenation reaction for 3 cycles). 
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composite obtained with different Pd:kaolinite mass ratios. The 

reflections at 2θ of about 40.1°, 46.7° and 68.1° all corresponded to 

the crystal planes of the (111), (200) and (220) of face-centered 

cubic (fcc) palladium (JCPDS standard card No.65-2867, space 

group: Fm3m)31, while additional peaks corresponded well to 

kaolinite32 and no other crystalline impurities could be detected. 

Obviously, the structure of kaolinite kept maintained after the 

introduction of Pd nanoparticles. The broad distribution and low 

intensities of the above-mentioned peaks were due to the low 

incorporation of Pd. In addition, the intensity of the Pd reflections 

became more apparent in the samples synthesized from a higher Pd: 

kaolinite mass ratio. Catalytic activity data of the catalysts for 

styrene hydrogenation were compared in Fig. 1b. It was obvious that 

little change existed for the kaolinite nanorods, which indicated that 

the kaolinite itself has no catalytic activity. However, the kaolinite 

possesses a natural nanorod-like morphology and plentiful hydroxyl 

groups on its surface to avoid Pd nanoparticles aggregation and 

movement, thus leading to a higher catalytic efficiency. Meanwhile, 

kaolinite has good adsorption performance and the specific surface 

area measure in the experiment was 26.6 m2/g, which was beneficial 

for the Pd nanoparticles immobilization on the kaolinite surface. 

According to the reference33, styrene hydrogenation intrinsic kinetics 

coincides with zeroth-order reaction law, therefore, the rate of the 

conversion of styrene keeps constant in the entire reaction process.  

 

   

   

   
Fig. 2  (a) SEM and (b) TEM images of kaolinite; TEM images of Pd/kaolinite composites: (c) Pd:kaolinite-3.0%, (d) Pd:kaolinite-1.5%, (e) 

Pd:kaolinite-1.0%, insets in (b-e) were the EDS spectra and corresponding elemental compositions. (f) HRTEM image of Pd:kaolinite-3.0%. 
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Fig. 3  XPS spectra of Pd:kaolinite-3.0%: (a) survey-scan; (b) magnified part of the corresponding area in (a); (c) Pd 3d spectra. 

 

For Pd/kaolinite composites, the initial reaction rate was calculated 

from the slope of the straight line to give the activity of the catalyst 

in terms of 10−3/min and the results were listed in Fig.1b. Comparing 

with the catalytic efficiency in the references, it was showed that the 

as-synthesized nanocatalysts were more effective for the catalytic 

hydrogenation of styrene to ethylbenzene, and the styrene 

conversion efficiency reached about 75%, 89% and 100% in 140 

min for catalysts with the increase of Pd:kaolinite mass ratio, while 

the styrene conversion efficiency of Pd–Pc complex in the reference 

was only about 50%34. Meanwhile, the as-synthesized samples were 

achieved under very mild conditions without adding extra polymeric 

ligands. Michal Sabo et. al.,35 have reported the palladium loaded on 

MOF-5 had a high catalytic activity in styrene hydrogenation 

comparable to that of palladium on activated carbon. The 

concentration of ethylbenzene after 8 h was 97 wt%. Antje Henschel 

et. al.,36 investigated the catalytic activity of Pd/MIL-101 in the 

hydrogenation reaction, and compared with other catalysts. It was 

shown that the use of Pd/MIL-101 as a hydrogenation catalyst led to 

a complete conversion of styrene to ethylbenzene after 7 h. However, 

other catalysts, under the same reaction conditions, Pd/MOF-5 

yielded 80 wt% hydrogenation products after the same reaction time 

whereas Pd/Norit A afforded ~65 wt% and Pd/C less than 50 wt% 

ethylbenzene. Meanwhile, the stability of Pd/kaolinite (Pd:kaolinite-

3.0%) has been investigated by repeating the hydrogenation reaction 

for 3 cycles and the TEM image and EDS spectra of Pd:kaolinite-

3.0% after repeating the reaction for 3 cycles was showed in Fig. 1c. 

It was clearly showed that the catalyst was almost stable after 

circulating cycles and the real Pd loading amount (2.13%) was 

decreased a little than before (2.2%). The TEM result was consistent 

with the recycling catalytic results. 

Obviously, according to the results mentioned above, some 

approaches involved complicated polymeric ligands and other 

experiments conducted under high temperature and pressure. The 

comparison and analysis indicated that kaolinite was a suitable 

support for catalytic application. Furthermore, the catalyst with a 

higher Pd:kaolinite mass ratio exhibited higher styrene catalytic 

hydrogenation activity. 

Typical SEM and TEM images of kaolinite indicated that the 

kaolinite possessed the natural nanorod-like morphology and smooth 

surface without contamination with 2~5 μm in length and 0.1~0.3 

μm in diameter (Fig. 2a&b). The images of Pd/kaolinite composites 

clearly indicated that the Pd nanoparticles with particle size of about 

8.67 nm (Pd:kaolinite-3.0%, Fig.2c), 9.43 nm (Pd:kaolinite-1.5%, 

Fig.2d), and 12.71 nm (Pd:kaolinite-1.0%, Fig.2e) were isolated and 

well-dispersed throughout the kaolinite rod without severe 

agglomeration via self-assembly. The results indicated that the 

average size of Pd nanoparticles of Pd/kaolinite composites had 

decreased trend with increasing Pd loading amount, which was 

possible because when the Pd:kaolinite mass ratio was lower, the 

crystal nucleus was relatively less and could grow up into a large 

size particles. When the Pd:kaolinite mass ratio was larger, there 

were more crystal nucleus in the solution and the crystal nucleus 

grew up separately to form more uniform and smaller particles. The 

typical HRTEM image of Pd:kaolinite-3.0% shown in Fig. 2f 

depicted clearly visible lattice fringes that evinced the formation of 

Pd nanoparticles. And the average lattice spacing of 0.225 nm 

(marked in Fig. 2f) corresponds to the (111) plane of metallic Pd37. 

The corresponding EDS spectra of the surface of as-prepared 

Pd/kaolinite composites suggested that the presence of Pd, Al, O and 

Si, which confirmed the existence of Pd nanoparticles on the 

kaolinite nanorods. With the increase of Pd:kaolinite mass ratios, the 

real amount of Pd nanoparticles loading was about ~0.84, 1.27 and 

2.20 wt%, respectively. The kaolinite nanorods possessing rich 

surface hydroxyl groups could interact with palladium ions in the 

solution and avoid Pd nanoparticles aggregation and movement, so 

leading to a higher catalytic effciency. 

XPS analysis was conducted to investigate the surface states 

and chemical compositions of as-synthesized Pd/kaolinite, as 

shownin Fig. 3. The measurement further indicated the presence of 

the interaction between Pd nanoparticles and kaolinite rods. A wide 

survey scan of XPS spectra was taken in the range 1300~0 eV (Fig. 

3a), and the magnified part over the range of 400~0 eV was shown in 

Fig. 3b. The peaks corresponding to Al, Si, O and Pd were observed, 

and the Al, Si and O elements were found to derive from the surface 

of the kaolinite nanorods. No extra peaks corresponding to 

impurities. Fig. 3c showed the high-resolution fitted XPS spectra of 

Pd 3d to verify the state of Pd, which indicated that Pd/kaolinite 

(Pd:kaolinite-3.0%) contained two different Pd surface species. Pd 

3d5/2 and Pd 3d3/2 peaks observed at about 334.7 and 339.9 eV were 

ascribed to the metallic Pd only, whereas peaks at approximately 

Page 4 of 8RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



Journal Name ARTICLE 

This journal is ©  The Royal Society of Chemistry 2013 J. Name, 2013, 00, 1-3 | 5  

336.4 and 341.7 eV were corresponded to Pd 3d5/2 and Pd 3d3/2 

peaks of oxidized Pd–O species, respectively38. The coexistence of 

Pd(0) and Pd(II) suggested that the reduction process led to only a 

partial reduction of Pd(II) to Pd(0) for Pd/kaolinite. After the Pd 

particles assembling on the kaolinite, the binding energies assigned 

to Pd(0) (3d5/2 = 334.7 eV, 3d3/2 = 339.9 eV) was lower than those of 

pure Pd (3d5/2 = 335.1 eV, 3d3/2 = 340.3 eV). The binding energy 

shifts indicated the presence of the interaction between Pd 

nanoparticles and kaolinite rods. 

The FTIR spectra of kaolinite and Pd/kaolinite were 

recorded in Fig. 4. The bands at 545, 470 and 429 cm−1 were 

attributed to the vibration of Si–O–Al39. The bands at 793, 753 

and 690 cm−1 were due to the translational vibration of O–Al–

OH40, 41. The other bands at 3658, 1116, 1033 and 915 cm−1 

were assigned to inner surface hydroxyl out-of-phase stretching 

vibration, apical Si–O stretching vibration, skeleton Si–O–Si 

stretching vibration and the bending vibration of inner Al–OH 

groups, respectively39, 41. Meanwhile, the absorption bands at 

3736, 3694 and 3620 cm−1 were ascribed to Si–OH stretching 

vibration, inner-surface hydroxyl stretching vibration for 

kaolinite sample41-43. After loading Pd nanoparticles on the 

kaolinite nanorods, the peaks were similar to that of kaolinite, 

except for the peaks at 3620 cm−1 and from 1300 to 400 cm−1, 

which were attributed to inner –OH stretching vibration and 

some Al–OH groups. As the Pd nanoparticles decorated on the 

kaolinite nanorods, the bands corresponding to vibrations of 

inner –OH stretching vibration at 3620 cm−1 and Al–OH 

vibration at 915, 793, 753 and 690 cm−1 decreased. Furthermore, 

according to the reference44, it was indicated that molecular 

interactions between the Pd species and hydroxyl groups on the 

surface of the kaolinite nanorods instigated the anchor of the Pd 

species. Pd nanoparticles were then generated, and they 

underwent well-controlled growth while adhering to the 

kaolinite nanorods. It was reported that silanol moieties on 

silica-rich substrates could induce the reduction of the Pd 

species. In the aqueous clay dispersion in the present study, it 

was feasible that the silanol groups on the surfaces of the 

kaolinite nanorods induced the relatively mild in situ reduction 

of the Pd species. In the aqueous solution of Na2PdCl4, the 

PdCl4
2− ions underwent the following solvolysis reactions:  

PdCl4
2− + H2O ⇄ PdCl3(H2O)− + Cl−                        (1) 

PdCl3(H2O)− + H2O ⇄ PdCl2(H2O)2 + Cl−                     (2) 

When a known amount of aqueous Na2PdCl4 solution was added to 

the clay dispersion with stirring, the Pd ions interacted with the 

silanol groups (Si−OH) and form the complex under the preparation 

conditions. Subsequently, reduction of the Pd species was mildly 

induced by the silanol groups, and the resulting Pd nanoparticles 

adhered to the kaolinite.  

2SiOH + PdCl2 → SiOSi + Pd + 2HCl                  (3) 

Based on the above analysis, the experimental process 

diagram for room-temperature hydrogenation of styrene (Fig. 5) 

was shown to exhibit the process of catalytic hydrogenation. 

When hydrogen molecules were absorbed on the surface of Pd 

nanoparticles, and the surface reaction was performed. As a 

result, hydrogen molecules were dissociated into hydrogen  

 

Fig. 4  FTIR spectra of kaolinite and Pd/kaolinite with different 

Pd:kaolinite mass ratios. 

 

 
Fig. 5  The schematic diagram for catalytic hydrogenation of styrene 

at room-temperature. 

 

atoms. H2 dissociation was a very essential surface reaction on 

noble metal to hydrogenate the organic molecule45. In the 

process of hydrogenation, styrene adsorbed on the Pd surface 

was attacked by hydrogen atoms activated by Pd nanoparticles. 

Finally, styrene was converted to ethylbenzene. It appeared 

likely that this process was strongly affected by Pd dispersion 

or the particle size of the Pd nanoparticles. The kaolinite 

nanorod possessing high length-diameter ratio and rich surface 

hydroxyl groups is an ideal nanoscale support. Furthermore, it 

was reported that hydroxyl groups on the surfaces of clay could 

interact with metal ions in the solution and contribute to the 

nanopartiles anchored on the clay44. When a known amount of 

kaolinite dispersion was added to the Na2PdCl4 solution with 

stirring, the Pd ions interact with the surface –OH groups and 

form the complex under the preparation conditions. After in-

situ reduction, strong interactions were existed between the 

surface –OH on kaolinite nanorods and Pd particles, which 

could avoid Pd nanoparticles aggregation and movement. And 

it was also identified by FTIR data (Fig. 4), thus leading to a 

higher catalytic effciency. 
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4. Conclusions 

This paper proposed a facile route to synthesize remarkably 

functional Pd nanocomposites using kaolinite nanorods without 

any modifications at room temperature. Palladium nanoparticles 

were successfully assembled on the surface of kaolinite 

nanorods to form Pd/kaolinite nanocomposite. Palladium 

nanoparticles were well-dispersed on the surface of kaolinite 

nanorods. The kaolinite possessing rich surface hydroxyl 

groups and high length-diameter ratio make it could avoid Pd 

nanoparticles aggregation and movement, thus leading to a 

higher catalytic effciency. It was showed that the catalyst with a 

higher Pd:kaolinite mass ratio exhibited higher catalytic 

hydrogenation activity in the liquid phase hydrogenation of 

styrene to ethylbenzene. Moreover, atomic-level hydrogenation 

process for room-temperature hydrogenation of styrene was 

clarified. We believe that the as-synthesized Pd/kaolinite 

nanocomposites could have interesting potential application in 

the catalytic fields. 
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Graphical abstract 

 

 

 

Natural kaolinite nanorod without surface modification served as a mild 

and outstanding stabilizer for supporting Pd nanoparticles. 
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