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ABSTRACT: 
A straightforward and efficient approach was reported to surface functionalize graphene-like 
nanomaterial with abundant carboxylic acid groups for anchoring palladium nanoparticles with 
a highly increased stability and their use as highly active and stable heterogeneous catalyst for 
the reduction of both cationic (methylene blue, MB) and anionic (eosin-Y, Eo-Y) toxic organic 
dyes. The large specific surface area (SBET = 266.94 m2/g) graphene-like nanomaterial (GHN) 
was prepared through green and cost-effective pyrolysis process from saccharose using layered 
bentonite clay as a template. To introduce a high density of carboxylic acid functions, GHN 
nanomaterial was first doubly functionalized by successive grafting of (3-
glycidyloxypropyl)trimethoxysilane (GPTMS) and tris(4-hydroxyphenyl)methane triglycidyl 
ether (TGE) using two different approaches. The GHN nanomaterial functionalized with more 
epoxide functions was then selected for further functionalization with carboxylic acid functions 
via a ring-opening reaction through a two-step hydrolysis (H2SO4)/oxidation (KMnO4) 
approach. The GHN nanomaterial bearing carboxylic acid groups was then treated with sodium 
hydroxide to produce deprotonated carboxylic acid-rich support. Finally, GHN-COO- binds 
strongly a high density of Pd2+ ions to form stable complexes which after reduction by NaBH4 
leads to highly dispersed, densely anchored and uniformly distributed PdNPs on the surface of 
the functionalized GHN. The obtained GHN-COO@PdNPs nanohybrid revealed an excellent 
catalytic activity in the reduction of MB and Eo-Y by an excess of NaBH4 at room temperature 
with pseudo first-order rate constant (kapp) values of 1.65 x 10-2 and 0.93 x 10-2 s-1, respectively. 
In addition, the obtained results indicated that the as-synthesized catalyst exhibited excellent 
recyclability showing more than 94% conversion of MB dye even after eight consecutive runs. 
The high catalytic performance can be attributed to the high dispersion, stability, and no 
leaching of the GHN-supported PdNPs, which undoubtedly resulted from the efficiency of the 
GHN surface functionalization. Moreover, the high reactivity of the epoxy groups grafted onto 
GHN makes it versatile sustainable platform for the formation and stabilization of metallic 
nanoparticles of different nature leading to promising heterogeneous nanocatalysts for a broad 
range of catalytic reactions.   

Keywords: sustainable graphene-like nanomaterial, epoxy-surface modifiers, palladium 
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1. INTRODUCTION

Decoration of solid supports with nano-sized metallic nanoparticles is of great interest in

tuning materials properties for the fabrication of advanced hybrid materials for varied 

applications ranging from electronics,1 life sciences,2 energy storage,3 and sensing,4 to 

heterogeneous catalysis.5  

Nano-sized metallic particles possess unique optic and electronic properties.6 In addition to 

these properties, they have a remarkable surface-to-volume ratio, resulting in a high number of 

available active sites per unit area in comparison with their bulk analogs, making them excellent 

candidates for catalysis.7 However, this feature is often strongly altered, when the metallic 

nanoparticles (MNPs) are used alone, they tend to agglomerate because of their high surface 

free energy. This induces a strong decrease in their thermodynamic dispersion stability and 

hence the loss of their surface area resulting in a drastic decrease in MNPs properties such as 

catalytic activity. Indeed, it is known that the catalytic performances of MNPs is intimately 

related to their size and stability.8 To improve the MNPs dispersion and to take full advantage 

of the benefits of nanosized effect, it is necessary to support the metallic nanoparticles by a 

solid platform such as polymers,9 clay nanoparticles,10 mesoporous silica,11 cellulose 

nanoparticles,12 carbon nanotubes,13 and graphene nanoplatelets,14 to name but a few. In 

particular, graphene, as a 2D monolayer of graphite, has been emerging as a promising 

supporting material for MNPs due to its several unique properties, such as ultrasmall dimension, 

extraordinary specific surface area, unique mechanical, thermal, chemical, optical and electrical 

properties, as well as excellent electron transport property at room temperature.15 Graphene-

based nanostructures have also shown great potential in heterogeneous catalysis. 16-17 

However, despite these remarkable properties there are critical limitations to the practical 

applications of pristine graphene-supported MNPs in heterogeneous catalysis related to, on the 

one hand, the aggregation of graphene nanoparticles due to the strong π- π stacking interactions 

between graphene nanolayers, and on the other hand, the weak interactions between graphene 

and MNPs which result in a poor control of the size and the dispersion stability of the MNPs, 

thereby making the catalytic active sites inaccessible.18 Chemical surface modification of 

graphene with suitable functional entities exhibiting high binding affinity to metal ions can be 

used for the direct generation of metal nanoparticles having finely controlled size, morphology, 

size distribution, and density on the surface of the support. This is a powerful strategy for 

designing highly stabilized and homogeneously dispersed MNPs.19 The functionalization is 

very versatile as it enables the introduction of various desired functional moieties including 
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amine, thiol, phosphonic, sulphonic and carboxylic acid, and so on, providing an opportunity 

for in-situ designing a wide variety of catalytic systems by using reducing agents like hydrazine, 

ascorbic acid, sodium citrate, sodium borohydride.20-21 Furthermore, graphene surface 

functionalization has a dual role, namely, improving ability to anchor and stabilizing MNPs, 

and enhancing the dispersion of graphene, because the functional surface modifiers act also as 

surface passivation agents. Although functionalized graphene/MNPs systems exhibit 

interesting catalytic properties, their stability is compromised by the stability of the interface 

between graphene support and the functional groups.22 To date, strategies including non-

covalent and covalent chemical modification methods have been developed to design MNPs-

decorated graphene nanohybrids.23 The covalent surface functionalization strategy is expected 

to be more appropriate as it provides much stronger interfacial adhesion compared to that 

obtained with the non-covalent one. This leads to more stable and highly resistant hybrid 

nanocatalysts preventing metal leaching. Furthermore, the stability of nanocatalysts plays a key 

role not only because it preserves a desirable catalytic activity during recyclability/reusability 

tests but also it prevents toxic effect of leached metal nanoparticles that are difficult to recover 

from solution.24 Palladium nanoparticles (PdNPs) are one of the most commonly used transition 

metal nanoparticles as green catalysts for the efficient synthesis of chemical intermediates 

utilized in the design of pharmaceutical and agricultural chemicals, antioxidants, pigments for 

advanced materials using, for example, cross-coupling 25, or annulation oxidative reactions.26 

In addition, PdNPs in the presence of hydrogen donors have been applied as efficient catalysts 

in the selective conversion of toxic compounds such as dyes into environmentally benign ones 

through the cost-effective and environment-friendly hydrogenation reactions 27-28. 

Indeed, the high aqueous solubility of dyes and their wide use in several industrial fields such 

as pharmaceutical,29 food,30 paint,31 paper,32 and textile,33 lead to their inevitable presence in 

wastewater which can have significant impact on environment and human health because of 

their acute toxicity. 

With the same aim of respecting the environment, nowadays, development of a new 

generation of renewable and cost-effective value-added chemicals such as catalysts from 

sustainable, widely available, and low-cost precursors through environmentally friendly 

procedures is crucial. For this, graphene-clay nanomaterial was initially synthesized via a green 

pyrolysis process from saccharose, a natural disaccharide used as a carbon source, and 

bentonite, a natural inorganic multilayered nanomaterial acting as nanostructured template for 

graphene layers formation. The as-synthesized graphene-like nanomaterial (GHN) was then 
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successfully functionalized by epoxy reactive moieties, involving for the first time alkoxysilane 

surface modifier coupled with tris(4-hydroxyphenyl)methane triglycidyl ether (TGE). 

Alkoxysilanes are known to be powerful molecules for covalent modification of hydroxyl-

containing surfaces while tris(4-hydroxyphenyl)methane triglycidyl ether has shown its 

efficient grafting on carbonaceous materials.34-35 TGE trifunctional epoxy was used here as a 

surface modifier for covalent functionalization of graphene sheets in GHN, following a method 

previously reported by Martinez-Rubi for producing a soft covalently bonded interface around 

SWCNT.36 

The objective of such functionalization is to incorporate a high amount of tightly anchored 

epoxy-rich molecules onto the surface of GHN allowing to improve its dispersibility and at the 

same time to confer it strong chelation properties, enabling immobilization of a large number 

of small-sized palladium particles with uniform size and dispersion. For this, two different 

strategies were compared; on the one hand, GHN was first silanized with (3-glycidyloxypropyl) 

trimethoxysilane (GPTMS) and then bifunctionalized by chemical grafting of TGE. On the 

other hand, silanization of GHN using GPTMS was conducted after grafting of TGE. Then, 

GHN-GPTMS-TGE, the doubly functionalized nanomaterial with the largest number of epoxy 

moieties  was treated with H2SO4/ KMnO4 to ring-opening of the attached reactive epoxy 

groups to convert them to chelating carboxylic acid groups,37 which after deprotonation have 

been exploited to anchor a large number of Pd2+ metallic ions via complexation reaction. The 

complexed Pd2+ ions were subsequently in-situ reduced for the generation of uniformly 

dispersed nano-scale palladium particles on GHN surface. Finally, the newly designed GHN-

COO@PdNPs nanohybrid material was used as efficient and recyclable heterogeneous 

nanocatalyst in reduction of different types of dyes.  

 

2. EXPERIMENTAL SECTION 

2.1. Materials. The sodium bentonite clay (BT) was purchased from Canadian Clay Products, 

Inc (65-85 meq/100g ion-exchange capacity, 2.6 g/cm3 density) and used without further 

treatment. All the following chemicals were purchased from Sigma-Aldrich and used as 

received: saccharose (C12H22O11, 99.5 %), (3-glycidyloxypropyl)trimethoxysilane (GPTMS, 

C9H20O5Si), tris(4-hydroxyphenyl)methane triglycidyl ether (TGE, C28H28O6), sodium cubes, 

contains mineral oil, 99.9% trace metals basis), naphthalene (99%), palladium chloride 
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(≥99.9%), anhydrous toluene (99.8%), anhydrous tetrahydrofuran (99.8%) and sodium 

borohydride (NaBH4, 99%). The 0.1N sodium hydroxide (NaOH) was purchased from VWR 

Chemicals BDH Prolabo. The aqueous solutions used in this work were prepared with Millipore 

water (DI water).  

 

2.2. Synthesis of GHN. Graphene-like hybrid nanomaterial was prepared according to the 

previously described eco-friendly method where natural clay and saccharose were used as 

precursor materials 38. Firstly, homogenized BT particles (<2µm) were vigorously dispersed in 

DI water at 83.3 % by weight. After 24 h of swelling at room temperature, the resulting 

suspension was mixed for 20 min with an aqueous solution of saccharose (2 g/mL) in 1:5 weight 

ratio (BT: saccharose) using a Velp mixer with a stirring speed of 400 rpm. Subsequently, the 

mixture was dried in an oven for 48 h at 50°C, followed by an activation in a furnace at 750°C 

for 1 h under nitrogen flow. Finally, the obtained dark monolith was ground using a mortar and 

pestle (Pulvirisette 6, Laval Lab Inc.) until the particle size is less than 20 μm.  

 

2.3. GPTMS surface functionalization of GHN (GHN-GPTMS). Initially, 100 mg of GHN 

powder was homogeneously dispersed in 50 ml of 0.1M HCl under stirring for 15 min. The 

mixture was then ultrasonicated for 30 min to separate the sheets between them and facilitate 

the clay surface protonation. The suspension was filtered and rinsed with distilled water several 

times to remove Cl- and any impurities, followed by a drying step at 60°C under vacuum. The 

activated graphene/clay GHN-OH was recovered for further use. GHN-GPTMS was prepared 

by dispersing 100 mg of GHN-OH in 50 ml of anhydrous toluene followed by adding of 5 mmol 

of GPTMS under magnetic stirring. The reaction mixture was heated at 50 °C and the 

suspension was kept under stirring for 16 h under an inert atmosphere. The silanized product 

was collected by centrifugation after vigorous washing with water and ethanol and later dried 

at 60 °C overnight. 

 

2.4. TGE surface functionalization of GHN (GHN-TGE). Prior to TGE grafting on the 

surface of GHN and in order to improve its dispersion, GHN was treated with an alkali metal 

(Na) in the presence of naphthalene which plays the role of electron transfer mediator.39 Then, 

100 mg of GHN was dispersed in 50 ml of anhydrous toluene by stirring for 15 min and 

sonication for 30 min. Separately 550 mg of naphthalene and 100 mg of sodium were mixed in 
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100 mL of anhydrous toluene with constant stirring at room temperature for few minutes. The 

colloid solutions were mixed under an inert atmosphere for 16 h of stirring. Afterwards, the 

reaction mixture was washed by ethanol dropwise addition till the disappearance of the 

observed gas release, indicating the complete removal of unreacted sodium. The reaction 

mixture was subsequently purified through successive rinsing steps with ethanol, water and 

then with acetone. Then it was dispersed in 100 mL of anhydrous THF by magnetic stirring and 

ultrasonication for 15 min, 5 mmol of TGE was added to the suspension and the mixture was 

stirred at room temperature overnight under an inert atmosphere. The GHN-TGE functionalized 

powder was filtered and washed several times with THF, water and then ethanol. The product 

was dried in vacuum at 60 °C prior to storage. 

 

2.5. Functionalization of GHN (GHN-GPTMS-TGE / GHN-TGE-GPTMS). A surface 

functionalization of GHN was carried out with both GPTMS and TGE going step by step. For 

this, GHN-GPTMS was post-functionalized by TGE and vice versa GHN-TGE by GPTMS in 

the same conditions as in the case of mono functionalization.  

 

2.6. Ring opening of the epoxide modified GHN (GHN-COOH). Since the sample GHN-

GPTMS-TGE exhibited a higher grafting density of epoxy groups than GHN-TGE-GPTMS, it 

was selected for further experiments. Thus, for its transformation to nanomaterial bearing 

carboxylic acid complexing groups; first, 100 mg of GHN-GPTMS-TGE were dispersed in 5 

mL of sulfuric acid (0.1M) with constant stirring then filtered and washed thoroughly with 

water. Thereafter, the collected GHN-OH nanomaterial was dispersed in 5 mL of a solution of 

sulfuric acid (0.1M) containing 20 mg of potassium permanganate for 4 hours at room 

temperature. The obtained nanostructure (GHN-COOH) was filtered, washed with water to 

remove residuals, and dried at 60 °C under vacuum overnight. 

 
2.7. Immobilization of palladium nanoparticles (GHN-COO@PdNPs). GHN-

COO@PdNPs nanohybrid was prepared by a rapid and easy process. Initially, GHN-COOH 

was subjected to alkaline treatment by sodium hydroxide solution (0.1M) to deprotonate the 

carboxylic acid functions. Subsequently, the product (GHN-COO-) was collected without 

washing and added to 5 mL of an aqueous PdCl2 solution (10-2 M). The mixture was stirred 

overnight at room temperature. Then, 10 ml of NaBH4 solution (0.1 M) was added dropwise to 
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the suspension and the reaction was allowed to proceed for 1h under stirring. The product was 

recovered by filtration, washed several times with water and then dried at 60 °C under vacuum. 

 

2.8.  Materials characterization. The graphitic structure of GHN sample was studied by alpha 

300R confocal Raman microscope with a wavelength of 532 nm. The spectra were recorded 

using Vitec software.  

The microstructure and the elemental mapping of GHN were recorded by a SU8230 model 

scanning electron microscope (SEM, Hitachi) operated at 10 kV equipped with an Oxford 

energy dispersive X-ray spectrometer detector (EDS).  Morphology and chemical composition 

of GHN-COO@PdNPs nanohybrid was investigated with a MERLIN microscope integrated 

with an energy dispersive X-ray spectrometer (SEM-EDX) from Zeiss equipped with InLens 

and SE2 detectors using an accelerating tension of 20 kV with a diaphragm aperture of 30 μm. 

Prior to analyses, the samples were coated with a sputtered layer of platinum using a 

Cressington 208 HR sputter-coater. 

 Thermal characterization was performed on a Pyris Diamond TGA Perkin Elmer instrument 

by heating the samples from 25 °C to 800 °C at 10 °C.min–1 under pure N2 atmosphere. 

To further characterize the synthesized nanohybrids, structural analyses were accomplished 

through X-ray diffraction measurements (XRD) and X-ray photoelectron spectroscopy (XPS) 

technics. XRD analysis of the GHN-COO@PdNPs hybrid catalyst was carried out on a Bruker 

D8 advance diffractometer. The XRD spectra of the powdered sample was recorded in the 10° 

- 90° angle range using Cu Kα (λ = 1.54 Å) radiation.  

The XPS characterization was conducted for elucidating surface composition/elemental 

chemical states of the prepared nanohybrid materials. The spectra were recorded using Thermo 

Scientific K-Alpha spectrometer equipped with a monochromatic Al-Kα X-ray source (hν = 

1486 eV, spot size = 400 µm, pass energy of surveys = 200 eV and of narrow regions = 50 eV), 

and magnetic lens enables analysis of small areas with increased sensitivity. The charge 

compensation was provided by a combination of an electron flood gun with an argon ion gun. 

The collected spectra were analyzed by using Advantage software. C1s/O1s atomic ratios were 

calculated from the intensity of C1s and O1s peaks in survey spectra, multiplied by sensitivity 

factors (C1s = 1 and s O1s = 2.75).   

UV-Vis absorption spectra were recorded at room temperature in real time using an Agilent 

Cary 60 UV-vis spectrophotometer, where the measurements were performed directly in 3 mL 

quartz cuvettes between 200-800 nm. 
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2.9.  Evaluation of catalytic activity of GHN-COO@PdNPs. Investigation of the catalytic 

reduction of methylene blue (MB) and eosin Y (Eo-Y) was carried out using GHN-

COO@PdNPs nanohybrid catalysts in the presence of aqueous NaBH4 as a reductant at room 

temperature. In a typical procedure, nanohybrid catalyst (1 mg) was dispersed in deionized H2O 

(1 mL). Then, 0.1 mL of MB or Eo-Y dye solution (1 mM) and 0.1 mL of a freshly prepared 

aqueous solution of NaBH4 (25 mM) were added. At once, the reaction mixture was placed 

under continuous stirring into the spectrophotometer to monitor progress of the reduction 

reaction. UV-vis spectral analysis (Cary 60 spectrophotometer) was performed in the scanning 

range of 200-800 nm to monitor the catalytic performance of GHN-COO@PdNPs nanohybrid. 

For the evaluation of the catalytic performance of synthetized nanohybrids, control tests for 

the reduction of MB and Eo-Y were performed. Before starting the reduction experiments, on 

the one hand, to estimate the adsorption capacity of nanohybrids, UV-vis spectra were recorded 

for the dye solutions in the presence of the catalysts without addition of NaBH4. On the other 

hand, the UV-vis spectra of the dye solutions were recorded in the absence of nanohybrids in 

order to evaluate the contribution of NaBH4 in the total reduction reaction. The reusability 

experiments were achieved by reuse of the nanohybrids catalyst several times in the same 

reaction conditions. After completion of each reaction, the GHN-COO@PdNPs nanohybrid 

catalyst was separated out by centrifugation, then washed with deionized water and dried at 

60°C under vacuum for the following runs. The reusability efficiency of the nanohybrid catalyst 

was evaluated by comparison of the values of the apparent reaction rate constants (kapp) of the 

different consecutive cycles. All the experiments were performed in triplicate and the average 

values of absorbance (A) were considered for kinetic studies.  
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Scheme 1. Schematic representation of the steps for the preparation of supported palladium nanoparticles using 
graphene like nanomaterial synthesized by a green method via natural precursors.   For the sake of clarity, we 
present the functionalization of only one layer of graphene or clay.  
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3. RESULTS AND DISCUSSION 

 

3.1. Preparation and characterization of GHN. The pyrolysis technique is recognized as a 

green and low-cost synthesis method, which has increased significantly its use in practical 

applications especially for the generation of carbonaceous materials from biomass. 21, 40  Indeed, 

using this technique, graphene-like materials were successfully prepared on sand 41 and clays 
42-43, using saccharose as a source of carbon .44 Such graphene originated from natural resources 

has been shown to be promising in various applications such as adsorption of pollutants, energy 

storage, and reinforcing of polymers. Here, with the aim of using graphene-like nanomaterial 

(GHN) derived from saccharose through pyrolysis using bentonite clay as a template, to 

stabilize catalytic palladium nanoparticles, it required functionalization with chelating surface 

modifiers. Thus, GHN was first functionalized with (3-glycidyloxypropyl) trimethoxysilane 

(GPTMS) and in a second step with tris (4-hydroxyphenyl) methane triglycidyl ether (TGE). 

The as-obtained GHN nanomaterial bearing epoxy groups was then subjected to treatment with 

H2SO4/ KMnO4 in order to convert the surface grafted epoxy reactive groups to carboxylic acid 

ones used finally to in-situ generate PdNPs from previously complexed Pd2+ ions on the surface 

of GHN-COO- using NaBH4 as reducing agent. The experimental procedure is presented in 

detail in scheme 1. 

The graphitic nature of the synthesized GHN is confirmed by the Raman analysis in Figure 

1a. An intense peak at around 1350 cm-1 (D band) corresponds to the sp3 carbon atoms of 

disordered graphene sheets and a second less intense peak near 1570 cm -1 (G band) is attributed 

to the in-plane vibration of sp2 carbon atoms. The smaller peak appearing at higher wavenumber 

(∼2750 cm-1) is also a sp2 Raman signature. Both G and 2D bands reflect the crystalline 

structure of graphitic carbon.45 It is observed that the amorphous carbon reflected by the D band 

is prominent which means a high defect level.46 To evaluate the disorder of GHN, the ratio of 

the D to G peak intensities (ID/IG) is calculated (∼ 1.1) suggesting a partial amorphous nature 

of GHN resulting from its oxidation. 47-49 It was reported that during the oxidation reaction, 

disordered sp3-oxidized domains with various oxygen functional groups (such as epoxides, 

ketones, hydroxyls, carboxylic acids, …) could surround the sp2 graphitic domains.50  

The XPS survey and high-resolution of the C1s region of GHN are shown in Figure 1b. The 

survey spectrum shows the co-existence of Al2p, Si2p, Al2s, Si2s, O1s, and Na1s clay 

constituting atoms centered at around 74.4, 102.7, 119.5, 152.8, 533.4, and 1072 eV, 
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respectively. It also exhibits strong peak at 284.4 eV assigned to C1s, evidencing the presence 

of graphene sheets (a carbonaceous nanomaterial) on the surface of bentonite layers.    

The C1s spectrum of GHN is fitted with four peak components attributed to the Csp2 (C=C) 

and Csp3 (C-C /C-H) centered at 284.4 eV, the C-O from epoxide and alcohol groups (C-O-

C/C-OH) at 286.2 eV, the carboxyl groups (HO-C=O) at 288.3 eV and π–π* transition satellites 

at 290 eV; which is in full accordance with the Raman results.   

Thermal stability of GHN nanomaterial is investigated by TGA analysis and compared to 

each precursor (clay and saccharose). An important variation in weight loss is observed as 

shown in Figure 1c The bentonite curve presents three separated stages corresponding to the 

dehydration below 150 °C, the elimination of the water coordinated to the interlayer cations (at 

higher temperature) and the dehydroxylation (above 500 °C). 51 The thermal profile of 

saccharose exhibits three phases corresponding to the evaporation of the surface adsorbed 

moisture (∼ 100 °C), the decomposition of hydroxyl groups and liberation of CO, CO2 and H2 

(from 209 °C to 340 °C) and the 100% weight loss between 322 and 558°C. 52 The thermal 

decomposition of GHN occurred in four stages: (i) desorption of the interlayer water (< 150 

°C), (ii) liberation of oxygen functional groups in the temperature range of 150-400 °C, (iii) 

oxidation of the carbon skeleton of graphene between 400 and 700 °C, and (iv) dehydroxylation 

of the structural O-H groups in the temperature range of 700-800 °C. 53-54 It is observed that the 

total mass loss of GHN nanomaterial is 60 % which is located between that of its starting 

materials, namely clay and saccharose. This suggests the existence of a strong attachment 

between clay and graphene due to the hydrogen bonds formed between hydroxyl groups of 

bentonite clay with that coming from -OH and -COOH groups of graphene.  

The microstructure and the elemental mapping of GHN are shown in Figures 1-d (1-7) and 

1-f clearly substantiate the formation of a graphene/clay composite material. The elemental 

mapping indicates the presence and the homogeneous distribution of C, O, Mg, Al, Na, Si and 

Fe in the hybrid nanomaterial. Carbon is mainly originated from graphene, oxygen comes from 

both clay and graphene as a result of its oxidation while other elements are originated from 

bentonite clay with a predominant amount of Si (19.6 % of total mass) compared to the other 

elements of clay. The graphitic nature of GHN and the presence of exogenous groups are also 

confirmed by the high proportion of carbon (~ 50.5% of the total mass) in line with XPS results. 

The SEM image of GHN highlights its layered structure consisting of a superposed arrangement 

of graphene and clay nanosheets. This result is in line with previous study. 55  
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In addition, the above statements were supported by the BET surface area measurements 

based on nitrogen adsorption. Indeed, the specific surface area of GHN (SBET = 266.9 m2/g) was 

found to be three times higher than that of BT (87.4 m2/g). This can be explained by the nano-

sandwich structure of GHN formed from graphene and bentonite layers.  

 

 
Figure 1. (a) Raman spectrum, (b) XPS survey scan and C1s high-resolution region (inset), (c) TGA curves of 

bentonite, saccharose, and GHN, (d1-7) Elemental mapping of the SEM image of GHN, (e) EDS Table showing 

the elemental composition of GHN, and (f) SEM image of GHN.  

 

3.2. Surface functionalization of GHN. The surface modification of GHN plays a dual role as 

it facilitates the separation of the clay and graphene layers from each other thus preventing their 

aggregation and imparts appropriate functional groups to the GHN to enable stabilization and 

well-dispersion of metallic nanoparticles. These properties can easily be tuned by varying both 

the surface modifiers nature and their grafting density. In this work, two surface modifiers 

(GPTMS and TGE) containing both epoxy groups were used for a two-step surface 

functionalization of GHN using two different strategies: (i) first, GPTMS and TGE were grafted 
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separately on GHN and (ii) the obtained GHN-GPTMS and GHN-TGE samples were doubly 

functionalized by TGE and GPTMS, respectively.  

To testify their grafting on the surface of clay and graphene layers of GHN, detail information 

about the surface chemical surface composition of the different samples was obtained by XPS 

analysis providing full evidence for the presence of the functional groups.  

Figure 2a shows a comparison of the survey spectra of pristine and functionalized GHN. All 

spectra show the presence of both clay and graphene related elements the same as those detected 

in pristine GHN, confirming that the structure of GHN was preserved upon functionalization. 

In addition, both C1s (~284 eV) and O1s (~532 eV) peaks intensities in all functionalized GHN 

samples are much higher comparing to the C1s and O1s in pristine GHN, providing strong 

evidence for the grafting of molecules rich in carbon and oxygen on the surface of GHN; namely 

GPTMS (C9H20O5Si) and TGE (C15H19NO4). The detail of surface composition calculated from 

the survey spectra is given in the inset of Figure 2a. The differences between the values of 

O1s/C1s atomic ratios of each functionalized GHN reveal that the degree of surface 

functionalization was varied as a function of the nature of the surface modifier as well as their 

order of grafting when two epoxy-containing molecules were used. From these results, one can 

notice that the degree of functionalization varied in the following order: GHN-TGE < GHN-

TGE-GPTMS < GHN-GPTMS < GHN-GPTMS-TGE. For better understanding of chemical 

changes occurring upon GPTMS and TGE grafting, C1s high-resolution spectra depicted in 

Figures 2 b-f were investigated and as it can be seen evident differences are exhibited between 

spectra profiles. The deconvolution of the C1s spectrum of GHN-GPTMS is fitted with four 

peak components centered at 283, 284.8, 286 and 288.2 eV attributed to C-Si, Csp2/Csp3, C-O-C 

(ether/epoxide) and C-O-Si/O-C=O groups, respectively, in agreement with the chemical 

structure of GPTMS at the surface of the GHN nanomaterial. For GHN functionalized with 

TGE, the C1s spectrum could be deconvoluted into three peaks centered at 284.4, 286.2 and 

288.4 eV assigned to Csp2/Csp3, C-O-C (ether/epoxy) and O-C=O (ester and carboxylic acid), 

respectively. All these results confirmed the presence of GPTMS and TGE on the surface of 

GHN samples. However, one can notice that the contribution of C-O-C component of GHN-

GPTMS is larger than that of GHN-TGE. This can probably be explained by the fact that the 

GPTMS silane coupling agent can bind to both edges and internal surface of clay and graphene 

layers while TGE can only be grafted onto graphene (as carbonaceous material). 

A comparison between C1s spectra of GHN-GPTMS-TGE with GHN-TGE-GPTMS revealed 

that the degree of grafting is largely higher in the case where GHN was first treated with 
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GPTMS then with TGE, indicating an enhanced C-O-C epoxy component at ~ 286 eV in 

accordance with the higher O1s/C1s ratio of GHN-GPTMS-TGE than GHN-TGE-GPTMS 

(inset of Figure 2a). This marked difference can be explained by the interlayer spacing 

enlargement of graphene and clay after grafting of GPTMS which facilitates the penetration of 

TGE molecules in between the layers and thus their grafting. In contrast, when TGE was used 

first, the grafting density is low as shown above, which results in poor dispersion of GHN-TGE. 

In addition, the hydrophobic nature of TGE molecules limits the accessibility of GPTMS 

entities to the internal surface of graphene and clay.   

After treatment of GHN-GPTMS-TGE successively with H2SO4 and KMnO4, significant 

changes can be detected in the chemical structure of the GHN as shown in Figures 2a and 2f. 

Indeed, a strong decrease of the intensity of the component at 286.1 eV associated with C-O-C 

of the epoxide groups is observed due to their conversion to carboxylic acid functions via ring 

opening reaction. The C1s spectrum shows that GHN-COOH contains C-Si (283 eV), 

Csp2/Csp3 (284.3 eV), C-O-C (286.1 eV), and C-O-Si/O-C=O (288.8 eV).  

 

 
 

Figure 2. XPS survey (a) and C1s high-resolution spectra of (b) GHN-GPTMS, (c) GHN-TGE, (d) GHN-GPTMS-
TGE, (e) GHN-TGE-GPTMS, (f) GHN-COOH prepared by conversion of epoxy groups of GHN-GPTMS-TGE 
to carboxylic acid ones. Inset: atomic fraction and values of O1s/C1s rations of pristine and all functionalized 
GHN samples. 

 

3.3. Palladium nanoparticles decorated GHN. The functionalized GHN nanohybrid contains 

large amount of carboxylic acid moieties at the surface, allowing palladium nanoparticles to 
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grow and bind to the GHN layers since COO- functional group is an effective complexing agent 

for divalent cations, such as Pd2+. 25  

SEM analysis is carried out to evaluate the distribution and dispersion state of palladium 

nanoparticles generated on the surface of the carboxylate-rich GHN nanohybrid. Figure 4a 

clearly shows that the surface of the layered nanohybrid material was fully covered with 

homogeneously and uniformly distributed ultrasmall PdNPs with an average diameter around 

4.5 nm as shown in the inset of Figure 3a. Energy dispersive X-ray analysis (EDX) was used to 

identify the elemental composition of the nanohybrid. The EDX spectrum shown in Figure 3b 

revealed a signal of palladium centered at 2.85 eV with an estimated amount around 14 wt.%. 

The dense covering of the surface of GHN with PdNPs is indicative of the effectiveness of the 

surface functionalization.   

The SEM/EDX results were supported by XRD characterization, as shown in Figure 3c. The 

typical pattern of GHN-COO@PdNPs presents different planes of this nanomaterial.56 While, 

the peaks at about 2ϴ = 39.95, 46.16, 68 and 81.5° are related to the (111), (200), (220) and 

(311) diffraction peaks for face-centered-cubic structure palladium crystals57, demonstrating 

that the palladium nanoparticles were successfully in-situ generated on the surface of GHN 

nanohybrid. It is noteworthy that the narrow and intense peak observed at 2ϴ = 26,5° 

corresponding to the diffraction from (002) plane, confirms that the ordered structure of GHN 

was preserved. 

To provide information about the nature of the palladium generated on the deprotonated 

GHN-COOH nanomaterial, XPS was performed and the result is shown in Figure 3d. We can 

obviously detect a metallic Pd 3d contribution. Indeed, intense spin-split doublet peaks are 

displayed at binding energies centered at 335.6 and 340.7 eV assigned to 3d5/2 and 3d3/2 

electronic state of zero valent palladium, respectively, confirming the successful formation of 

PdNPs on the surface of GHN. In addition to Pd (0), shoulders of the main peaks are also 

detected at higher binding energies values of 337 and 343 eV, characteristic of the Pd (II) ions, 

which can be explained by the oxidation of a small amount of PdNPs to form PdO NPs. These 

results are close to those reported in the literature for supported palladium nanoparticles. 58  
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Figure 3. GHN-COO@PdNPs (a) SEM image (inset: PdNPs size distribution), (b) EDS spectrum 
(inset: elemental composition), (c) XRD pattern.and (d) Pd 3d high-resolution XPS spectrum. 
 

3.4. Catalytic properties of GHN-COOH@PdNPs. The catalytic activity of the palladium 

nanoparticles-decorated hybrid nanomaterial was evaluated in batch process on the reduction 

of methylene blue (MB) as cationic organic dye and eosin Y (Eo-Y) applied as model anionic 

organic dye and in the presence of NaBH4 as reducing agent. Firstly, control experiments were 

carried out to rule out the possibility of the adsorption of the studied dyes on the GHN-

COOH@PdNPs nanohybrid as well as their reduction by NaBH4 in the absence of catalysts. 

The obtained real time UV-vis spectra are shown in Figure 4. For this, an amount of 1 mg of 

GHN-COOH@PdNPs was dispersed under magnetic stirring in 1 mL of water before mixed 

with dye solutions. Additionally, the adsorption of the same dyes on the nanohybrid was studied 

without introducing NaBH4 and the absorbance variation was monitored by time-dependent 

UV-vis spectrophotometry. The experimental results show a slight decrease of the intensities 

of absorption peaks of MB (16.6%) and Eo-Y (20.8%) but no visible change of the initial dye 

solution colour was observed after 24 h of contact time. The slight decrease of the characteristic 

absorption peaks is due to adsorption of the dye molecules onto the functionalized GHN layers 

via π-π interactions and hydrogen bonds. 59-61 Furthermore, when the dye solutions were mixed 

with freshly prepared aqueous solutions of NaBH4 in the absence of the immobilized PdNPs 
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nanocatalyst, a very low decrease of the characteristic absorption peaks at 666 nm (30.1-

16.6=13.5%) and 517 nm (22.4-20.8=1.6%) corresponding respectively to MB and Eo-Y 

occurred. These investigations showed that in the absence of PdNPs decorated GHN, very slow 

and slight decrease of the intensity of the characteristic peak of each dye was observed even 

after a long time (24h) indicating that the reduction reaction did not occur (very low yield of 

the reduction reaction was reached).  
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Figure 4. (a and c) UV-vis absorption spectra of pure (blue) MB and Eo-Y, and (red) 24h after addition of GHN-
COO@PdNPs nanocatalyst without NaBH4, respectively. (b and d) UV-vis absorption spectra of pure (blue) MB 
and Eo-Y, and (green) 24h after addition of an excess NaBH4 without catalyst, respectively. Reaction conditions: 
[Dyes] = 0.1 mM, [NaBH4] = 25 mM, [GHN-COO@PdNPs] = 0.25 g/L. 

 

To investigate the catalytic activity of the GHN-COOH@PdNPs nanohybrid, a higher NaBH4 

concentration of 25 mM was used as compared to that of dyes ([MB] = [Eo-Y] = 0.1 mM). The 

catalytic reduction, at room temperature, of dye solutions was carried out by introducing 1 mg 

of nanohybrid catalyst in the dyes/NaBH4 solution mixture. 

The recorded real time UV-Vis spectra (Figures 5 a-b) showed a rapid decrease in the 

intensity of the maximum absorption band (λmax) at 666 nm and 517 nm of MB and Eo-Y dye 

solutions, respectively. The catalytic conversion was found to be complete and rapid in the 

presence of immobilized PdNPs. Based on these results, we can conclude that their presence on 
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the surface of GHN is the key feature which contributes to achieve a total conversion with a 

fast reaction rate. The reduction process was achieved by the electron’s transfer from the BH4
− 

anions with high nucleophilicity to the dyes through the surface of the immobilized PdNPs 

which play the role of electron reservoir redox catalyst and this by acting as electron relay 

system.62 Firstly, functionalized GHN adsorbs the dye molecules through π-π interactions and 

hydrogen bonds as demonstrated above, which increases their concentrations into the 

nanohybrids and favor the close vicinity of the dye molecules on the immobilized PdNPs 

surface.62-63 Subsequently, the diffusion of both dyes and BH4
− anions to the surface of the 

PdNPs occurred. Then, the electrons generated from the oxidation of BH4
− anions are rapidly 

transferred to dyes mediated by the catalyst surface thereby allowing to reduce their activation 

energy and thus accelerate the reduction reaction.63 Figures 5a and 5b represent the UV-Vis 

spectra for the reduction of MB and Eo-Y, respectively, by NaBH4 in the presence of GHN-

COO@PdNPs nanocatalyst recorded every 30 s to track the reaction progress. It was found that 

the catalytic reduction of dyes happened immediately and the intensity of the characteristic UV-

Vis absorption spectra of MB (666 nm) and Eo-Y (517 nm) vanished within 240 s and 420 s, 

respectively. Accordingly, a total decolorizing of dye solutions at the end of the reaction was 

observed (see photographs of Figure 5d) revealing the complete destruction of chromophoric 

structure of the MB and Eo-Y by the reduction of their double bonds to single bonds. Moreover, 

a linear correlation between ln(A/A0) versus reaction time (in second); with ‘A’ is the 

absorbance at time ‘t’ after the addition of the nanocatalyst and ‘A0
’
 is the initial absorbance 

before the addition of the nanocatalyst; was established in the degradation reaction of the two 

dyes and the kinetic data were fitted by a pseudo-first-order reaction. The reaction rate constants 

kapp  for MB and Eo-Y dyes reduction were calculated from the plot of Ln(A/A0) versus time 

and were found to be equal to 1.65x10-2 and 0.93x10-2 s-1, respectively (Figure 5c). 

These results proved that the NaBH4 alone is insufficient to reduce the dyes and this requires 

the presence of a catalyst to accelerate the kinetics of the reaction as it has been already 

demonstrated.62-63 Indeed, it is important to highlight the crucial role of the palladium 

nanoparticles which act as mediator surface for electrons transfer from BH4
- donor species to 

the dyes acceptor molecules 62, 64, which favor the kinetic reduction of dyes as shown in Figures 

5c and 5d. 
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Figure 5. Time-dependent of UV–vis absorption spectra showing the gradual reduction of a) MB and b) Eo-Y. c) 
Plots of ln(A/A0) versus reaction time for pseudo-first-order reaction for the reduction of MB and Eo-Y at room 
temperature by using excess NaBH4 in the presence of GHN-COO@PdNPs as catalysts. Reaction conditions: 
[Dye] = 0.1 mM, [NaBH4] = 25 mM, [GHN-COO@PdNPs]=0.25 g/L. d) Proposed mechanism of the reduction 
of MB, and Eo-Y organic dyes by PdNPs immobilized on GHN-COOH nanohybrid with excess of NaBH4.  

 

In order to evaluate the benefits of the synthetic approach developed in our work, the catalytic 

performance of the PdNPs decorated carboxylate-rich graphene-like nanomaterial was 

compared to those reported in literature. As seen in the Table 2, the nanohybrid catalyst 

synthesized in our work exhibits an excellent catalytic efficiency compared to other reported 
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Pd catalysts for the reduction of organic dyes. This high catalytic activity could be attributable 

to three main reasons. Firstly, the homogeneous Pd NPs loading on the two-dimensional 

graphene-like nanomaterial surface allows for a high surface area for efficient complexing the 

dye molecules. 59, 63 Secondly, the organic functionalization process of the GHN surface leads 

to a greater stabilizing of PdNPs and inhibits the aggregation of the small-sized nanoparticles. 
65-66 thirdly, the good dispersion of the nanohybrid catalyst (GHN-COO@PdNPs) in water 

provides a highly efficient contact between the catalytic sites (Pd NPs) and the exposed dye 

molecules. 62, 67 

These three factors result in a very high reduction rate with respect to the previously reported 

ones. Interestingly, this work demonstrates a facile and efficient approach for preparing 

supported Pd nanocomposites as well as its great benefices in the catalytic reduction of 

hazardous dyes solutions. Finally, the synergistic effects between the Pd NPs and the silane 

modified graphene oxide structure makes of our nanohybrid catalyst a promising candidate for 

more wide catalysis applications. 49, 68 

 
Table 2. Comparison of literature results obtained with PdPNs catalysts for the reduction of various dyes. 

Catalyst Dye molecule 
kapp (10-2 

s-1) 
Time (min)  Reference 

Pd75Au25/Dens-OH 

MO 

0.587 3.5 69 
GO/Pd nanocomposite  5 70 
Natrolite zeolite/Pd 
nanocomposite 

 5 71 

Pd-PEI-RGO 
MB 

0.74 6 62 
Pd-TNPs/RGO nanohybrid 0.66 7 72 
PDA-RGO/Pd  0.4 13 60 

Pd NPs/Fe3O4-PEI-RGO 
nanohybrids 

MO 
R6G 
RB 

- 10 28 

Si/Pd catalyst Eo-Y 0.11 20 73 
GO/Pd NCs 
GO/Ru-Pd NCs 
GO/Pd NCs 
GO/Ru-Pd NCs 

CV 
0.48 - 

74 
0.55 - 

MG 
0.47 - 
0.54 - 

GHN/Pd nanocomposite 
MB 1.65 4 

This work ALZ 1.6 3.5 
Eo-Y 0.93 7 

 

3.5. GHN-COOH@PdNPs Catalyst regeneration. Although GHN-COOH@PdNPs 

promoted a great catalytic efficiency, it is vital to assess the nanocatalyst stability as an 
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influencing factor in practical applications. Therefore, recyclability of this nanocatalyst in the 

catalytic reduction of MB (10-4M) in presence of NaBH4 was chosen as model reaction and was 

investigated for 8 consecutive cycles. At the end of each reduction run, the nanohybrid catalyst 

was readily separated from the reaction mixture by centrifugation, washed with water and 

ethanol, and further dried under vacuum. By comparing the degradation rates calculated for 

eight reduction cycles, no significant change in the reduction activity is found, also the catalyst 

exhibited similar apparent rate constants, as shown in Figure 7. Therefore, the high catalytic 

performance, the great stability and the easy recycling make the GHN-COO@PdNPs 

nanohybrid material a very competitive for catalyst =for environmental remediation. 
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Figure 7. Reusability of GHN-COO@PdNPs catalyst for the reduction of MB with NaBH4 for 8 cycles.  

 

4. CONCLUSION 

In summary, covalent surface functionalization of graphene-like nanomaterial (GHN) 

prepared from natural precursors with two epoxy-containing molecules was reported for the 

first time. GHN was generated from saccharose as a carbon source in the presence of bentonite 

clay layers using pyrolysis method. Subsequent functionalization of GHN by two different 

epoxy-containing molecules, namely GPTMS and TEG, followed by ring opening of the epoxy 

reactive groups via an oxidation reaction by H2SO4/KnO4, allowed for the introduction of a 

high density of carboxylic acid functions onto the GHN surface. The as-designed GHN-COOH 

nanohybrid was first deprotonated using NaOH solution and then used as support for 

complexation of Pd2+ ions to finally in-situ reduce them to palladium nanocrystals using NaBH4 
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as a mild reducing agent. The GHN-COO@PdNPs nanohybrid exhibits excellent catalytic 

performance in the reduction of both cationic (MB) and anionic (Eo-Y) toxic organic dyes in 

aqueous solution and can be recycled for at least 8 consecutive cycles while retaining its 

catalytic activity. All these beneficial features result from the high stabilization of the PdNPs 

on the GHN-COOH platform induced by the strong interaction between the PdNPs and the 

grafted carboxylic acid groups. Due to the well-known versatility of epoxy groups, the 

sustainable strategy proposed here can straightforwardly be used to prepare various 

heterogeneous catalysts by incorporating desired chelatant moieties onto epoxy decorated GHN 

and hence use them as selective supports for a high variety of catalytic metal nanoparticles.  
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