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and characterization
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Graphene – novel 2D material, which possesses variety of fascinating properties, can be considered as a conveni-
ent support material for the nanoparticles. In this work various methods of synthesis of reduced graphene oxide 
with metal or metal oxide nanoparticles will be presented. The hydrothermal approach for deposition of platinum, 
palladium and zirconium dioxide nanoparticles in ethylene glycol/water solution was applied. Here, platinum/
reduced graphene oxide (Pt/RGO), palladium/reduced graphene oxide (Pd/RGO) and zirconium dioxide/reduced 
graphene oxide (ZrO2/RGO) nanocomposites were prepared. Additionally, manganese dioxide/reduced graphene 
oxide nanocomposite (MnO2/RGO) was synthesized in an oleic-water interface. The obtained nanocomposites were 
investigated by transmission electron microscopy (TEM), X-ray diffraction analysis (XRD), Raman spectroscopy 
and thermogravimetric analysis (TGA). The results shows that GO can be successfully used as a template for direct 
synthesis of metal or metal oxide nanoparticles on its surface with a homogenous distribution.

Keywords: reduced graphene oxide, platinum nanoparticles, palladium nanoparticles, zirconia nanopar-
ticles, manganese dioxide nanoparticles.

INTRODUCTION

    In recent years, graphene, one of the most fascinating 
materials in materials science, has been widely investi-
gated owing to its unique electronic, thermal, mechanical, 
and chemical properties and potential technical appli-
cations1–3. One of the graphene derivatives, graphene 
oxide, has been considered as a promising material for 
various applications due to its surface functionalizability, 
amphiphilicity, and excellent aqueous processability. 
These unique properties are associated with its chemical 
structure composed of sp3 carbon domains surrounding 
sp2 carbon domain and a variety of functional groups: 
epoxy, hydroxyl, and carboxyl groups    4, 5. Such structure 
of graphene oxide and large specifi c surface area make 
it a new 2D support to load metal nanoparticles (NPs) 
for various applications. Recently, a lot of efforts have 
been put into the harnessing the useful properties of 
graphene materials in composites via the incorpora-
tion with functional materials such as organic6, 7 and 
inorganic8–10 structures, metal – organic frameworks11, 
biomaterials such as enzymes, molecular beacons12, 13, 
carbon nanotubes14, polymers15, 16, etc. Graphene–based 
nanocomposites are widely investigated in applications 
such as biomedicine17, photocatalysis18, biosensors13, 
batteries19, supercapacitors20, fuel cells21, Raman en-
hancement22.

In the last years, a lot of attention has been paid 
to elaborate the methodology of obtaining graphene 
and graphene derivatives composites with inorganic 
nanostructures with controlled shape, size, crystallinity 
and functionality. Numerous metals, chalcogenides and 
metal oxides have been deposited on graphene platform, 
e.g. Au8, 23, 24, Ag24, 25, Pd24, 26, 27, Pt24, 28, 29, Cu30, Ni31, 
TiO2

32, 33, ZnO34, SnO2
35, MnO2

36, Fe3O4
37, 38, SiO2

39, 
CdS40 and CdSe41.

Herein, we report a facile methods of obtaining graphe-
ne – based nanocomposites with well –dispersed inorganic 
nanoparticles such as palladium, platinum, zirconia and 
manganium dioxide of various sizes and shapes. 

MATERIALS AND METHODS

Synthesis of graphene oxide
Graphene oxide (GO) was synthesised from synthe-

tic graphite using modifi ed Hummers method. Briefl y, 
135 ml of a mixture of concentrated sulphuric acid and 
orthophosphoric acid (v:v = 8:1) was poured to graphite 
(1 g) and potassium permanganate (6 g), and stirred with 
magnetic stirrer for 24 hours at 50oC. After the reaction, 
the mixture was poured into an ice (150 ml) and H2O2 
(30%, 1 ml) and then centrifuged followed by washing 
with water, hydrochloric acid (30%) and ethanol. Finally, 
the GO was dried in air at 60°C.

Synthesis of Pt/RGO nanocomposite
75 mg of GO powder was dispersed in 150 ml of 

aqueous solution of ethylene glycol (EG) (water to EG 
volume ratio 2:1) and sonicated for 2 hours in ultraso-
nic bath to obtain a homogeneous suspension. 200 mg 
of H2PtCl6 crystals were also dissolved in an aqueous 
solution of ethylene glycol (H2O to EG volume ratio 
2:1). The solution and  suspension were mixed together 
followed by 1 hour sonication. After that the mixture 
was placed in an autoclave and vigorously stirred at 
110oC for 24 hours. The fi nal product of Pt/RGO was 
repeatedly washed with water and ethanol, fi ltrated and 
dried in air at 60°C.

Synthesis of MnO2/RGO nanocomposite
MnO2/reduced graphene oxide nanocomposite (MnO2/

RGO) was synthesised in an oleic-water interface. RGO 
was obtained in a thermal reduction of graphene oxide at 
300oC under acetylene (600 sccm) and argon (600 sccm) 
atmosphere for 30 minutes. The obtained material was 
used as a platform for a growth of manganese dioxide 
nanoparticles. Briefl y, 200 ml of graphene oxide water 
suspension (0.5 mg/ml) was prepared by the ultrasoni-
cation process. Next, 4 ml of oleic acid was introduced 
followed by pouring 4 ml of KMnO4/water solution 



96 Pol. J. Chem. Tech., Vol. 17, No. 4, 2015

The enhanced thickness of graphene oxide compared to 
the theoretical value can be ascribed to the individual 
graphene sheets bearing oxygen-containing functional 
groups on both faces43, 44. Further study on a morphology 
of graphene oxide was performed using transmission 
electron microscopy. TEM image of GO is presented 
in Figure 1(c). One can see that GO shows lamellar 
layered structure and slight wrinkles. The sizes of GO 
sheets was estimated to be in the range of 0.6–2 μm.

Another useful technique to analyse graphite exfolia-
tion into graphene oxide is X-ray diffraction (Fig. 1(d)). 
Basing on Braggs equation, interlayer distance as an 
indicator of intercalation of oxygen-functional groups 
can be estimated. XRD pattern of GO demonstrates 
a sharp (001) peak at two theta of 10.842° which is 
shifted to the lower angle in comparison to the starting 
graphite (26.475°), proving an increase in d-spacing from 
0.334 nm to 0.815 nm. This is a result of the intercalation 
of oxygen-functional groups and water molecules into 
carbon layer structure during the oxidation process45, 46.

Figure 1(e) presents Raman spectrum of GO. Three 
characteristic peaks appear around 1310 cm–1, 1598 cm–1 
and 2591 cm–1, attributed to D, G and 2D bands, respec-
tively. The G band indicates the in-plane vibrations of 
sp2 bonded carbon atoms and it is blue shifted compared 
to the pristine graphite47, due to the presence of the 
isolated double bonds which resonate at higher frequen-
cies48. The D band is a breathing mode of A1gvibrations 
of six-membered sp2 carbon rings, which are absent in 
defect-free graphene. So, D peak indicates the defect in 
graphene and the ratio of peak intensities ID/IG can be 
used to characterize the level of disorder in graphene. 
Hence, the ID/IG was calculated to be 1.45, which fully 
confi rms graphite oxidation. 2D band arises from a two 
phonon double resonance Raman process and, according 
to its shape and position, it is usually used to identify 
a number of graphene layers. The inset of Figure 1(e) 
presents 2D band of GO fi tted with Lorentzian function. 
It is observed that the band is composed of 2 sub-pe-
aks, 2D1 and 2D2, located at 2556 cm–1 and 2620 cm–1, 
respectively. This observation suggests that the analyzed 
graphene oxide is composed of two layers49.

In further study thermogravimetric analysis was used 
to explore the thermal stability of graphene oxide and to 
determine the content of oxygen-functional groups. The 
TGA curve presents 48% – mass loss at the temperature 
range of 150–300°C, attributed to a loss of covalently 
bonded oxygen from the GO sheets50. The second stage 
of the mass loss corresponds to the bulk pyrolysis of 
carbon skeleton and starts at the temperature of 420°C51.

Characterization of Pt/RGO nanocomposite
Representative TEM images of Pt/RGO nanocomposite 

are presented in Figure 2(a) and (b). Figure 2(a) shows 
typical 2D wrinkled and crumpled structure of the re-
duced graphene oxide sheets with uniformly distributed 
platinum nanoparticles on the basal planes and edges. 
The surface is densely packed with metal nanoparticles 
and no individual RGO sheets are observed. Figure 2(b) 
with a scale of 5 nm reveals the crystalline features of 
platinum nanoparticles with the spherical shapes. 

XRD pattern of Pt/RGO composite, presented in Fig-
ure 2(c), shows the diffraction peaks at 2θ of 39.7°, 46.3°, 

(100 mg/ml) and stirring for 24 h at room temperature. 
The resulting material was collected by the centrifuga-
tion and washed several times with water and ethanol 
to remove any possible residual reactants. Finally, the 
product was dried in air at 100°C for 24 h.

Synthesis of Pd/RGO
Graphene oxide was mixed with aqueous solution of 

ethylene glycol and sonicated. The same procedure was 
used for palladium acetate (PdAc). Then the solutions 
of graphene oxide and palladium acetate were mixed 
together and refl uxed at 110°C for 6 h. Weight ratio of 
EG:GO was 1500:1 and GO:PdAc – 1:1. After 6 h the 
mixture was cooled down, fi ltered and washed several 
times with water and ethanol. The product was dried 
at 100oC. In a typical procedure 75 mg of GO, 75 mg 
PdAc, 200 ml H2O and 100 ml EG were used. 

Synthesis of ZrO2/RGO
Graphene oxide was mixed with aqueous solution of 

ethylene glycol and placed in an ultrasonic bath. The same 
procedure was used for zirconium (IV) acetylacetonate 
(ZrAc). The solutions of graphene oxide and zirconium 
(IV) acetylacetonate in EG were mixed together. The 
solution of HCl was dropped into the mixture in order 
to change pH to 3. The mixture was then placed in an 
autoclave and heated at 270°C for 6 h. Then the mixtu-
re was cooled down to room temperature, fi ltered and 
washed thoroughly with water and ethanol. The product 
was placed in a dryer for 24 h at 100°C. Weight ratio of 
EG to GO was 1500:1, while graphene oxide to precursor 
of zirconia – 1:2. In a typical procedure 75 mg of GO, 
150 mg ZrAc, 200 ml H2O and 100 ml EG were used. 

Characterization
A morphology of the samples was examined with 

transmission electron microscopy (TEM, Tecnai G2 F20 
S-TWIN, FEI). Powder X-ray diffraction (XRD) patterns 
of as-prepared samples were recorded on a X’Pert Philips 
Diffractometer. Thermogravimetric analysis (TGA), used 
to verify the loading of the nanoparticles, was carried 
out on a TA Instrument SDT Q600 under an air fl ow 
of 100 mL/min at heating rate of 10°C/min from room 
temperature to 800°C. Raman spectra were acquired on 
the inVia Raman Microscope (Renishaw) at an excitation 
wavelength of 785 nm.

RESULTS

Characterization of graphene oxide
It has been established that oxidation of graphite has 

an effect on exfoliation of graphene layers as a result 
of the formation of oxygen-containing functional groups 
such as hydroxyl and epoxy groups that are formed 
on a basal plane of graphene layers and carboxyl and 
carbonyl groups created on graphene edges42. The effi -
ciency of the chemical exfoliation can be analyzed with 
atomic force microscope which measures a thickness of 
graphene sheets. The topography and the height profi les 
of graphene oxide measured with AFM are presented 
on Figure 1(a) and (b), respectively. The thickness of 
GO sheets was established to be in the range of 0.8–1.1 
nm, which corresponds to a single-layer graphene oxide. 
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67.6°, and 81.5°, which can be assigned to (111), (200), 
(220), and (311) refl ections of Pt with face-centered-cubic 
(fcc) phase, respectively52, 53.

Figure 2(d) presents Raman spectrum of Pt/RGO 
nanocomposite. The spectrum exhibits two bands, D 
and G bands, which appear at 1314 and 1596 cm−1, 
respectively. The ratio of D and G peaks intensities 
(ID/IG) was used to characterize the level of disorder 
in graphene. For pristine graphene oxide ID/IG equals 
1.45 and for Pt/RGO nanocomposite – 1.43. There is 
no signifi cant difference between these values what can 
be the effect of the release of functional groups during 
the reduction process and    simultaneous replacement of 
the vacancies by platinum nanoparticles.

Figure 2(e) shows the thermal behavior of Pt/RGO. The 
TGA curve shows about 3 wt% loss at the temperature 
range of 25–150°C which is due to the loss of water. 
About 3 wt% loss up to 250oC and 28 wt% loss in the 
range of 280–450oC are attributed to the decomposi-
tion of the residual oxygen-containing functional groups 
and the pyrolysis of the carbon skeleton from reduced 
graphene oxide, respectively54. The weight loss related 
to the removal of the oxygen functional groups from 
the Pt/RGO is much lower than that for the GO. This 
indicates successful elimination of those groups during 
the solvothermal process. Basing on the TGA analysis, 
the content of Pt nanoparticles in the nanocomposite 
was estimated to be about 64 wt%.

Figure 1. (a) AFM image, (b) height profi le, (c) TEM image, (d) XRD pattern, (e) Raman spectrum and (f) TGA curve of gra-
phene oxide
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Characterization of MnO2/RGO nanocomposite
Morphology of the MnO2/RGO nanocomposite was 

analysed with transmission electron microscopy and 
images are shown in Figure 3(a) and (b). The nano-
composite consists of monodispersed nanospheres with 
diameters of 60 ±10 nm covered with reduced graphene 
oxide nanosheets. One can observe that MnO2 created 
honeycomb structure that was formed by the self-assembly 
of the nanoplatelets55, 56. The thickness of the nanoplate-
lets was established to be in the range of 2–4 nm which 
self-aligned perpendicular to the spherical surface and 
emanated from the centre (panel (b) of Fig. 3).

A phase and crystallographic structure of the prepared 
nanocomposite was analysed with X-ray diffraction 
technique and Raman spectroscopy, presented in Figure 
3(c) and (d), respectively. XRD pattern of MnO2/RGO 
nanocomposite exhibits diffraction peaks at 2θ of 12.3°, 
36.6°, 41.9° and 65.7°, attributed to (003), (101), (015) and 
(110) planes of hexagonal birnessite MnO2

57. The broad 
peak at 2θ of approximately 24.6° can be a result of the 
overlapping of (006) plane of MnO2 and (002) plane of 
the reduced graphene oxide. Raman spectrum, presented 
in Figure 3(d), shows three bands related to birnessite-
type of MnO2, at around 503, 576, and 652 cm−1. The 
band at 576 cm−1 is attributed to the (Mn–O) stretch-
ing in the basal plane of the MnO6 sheet, while the 
feature at 652 cm−1 can be viewed as the symmetric 
stretching vibration (Mn–O) of the MnO6 octahedron in 
MnO2 · H2O58. Furthermore, Raman spectrum exhibits 
bands arising from the reduced graphene oxide detected 
at 1318 cm–1 and 1600 cm–1, corresponded to D and G 
band, respectively. The ID/IG ratio was determined to 

0.87, which is much lower than that of GO (1.45). The 
decreased value can be attributed to reordering of the 
graphene structure during the thermal reduction of GO.

Figure 3(e) presents TGA curve of MnO2/RGO nano-
composite heated in air from the room temperature to 
600°C. A slight mass loss below 150°C originates from 
the vaporization of water. The releasing of the remain-
ing oxygen-containing functional groups is detected at 
the temperature range of 150–300°C (3 wt%). Further 
increase of the temperature results in the pyrolysis of 
carbon skeleton. No weight loss is observed above 350°C 
indicating that the content of MnO2 in the nanocom-
posite is 82 wt%.

Characterization of Pd/RGO nanocomposite
Transmission electron microscopy was used for the in-

vestigation of the morphology of the sample and the size 
distribution of palladium nanoparticles. Representative 
TEM images of Pd/RGO nanocomposite at different 
magnifi cations are presented in Figure 4(a) and 4(b). 
TEM images indicate an excellent and homogenous 
distribution of palladium nanoparticles on the surface of 
reduced graphene oxide fl akes. The sample consists of 
the mixture of various shapes of palladium nanoparticles: 
spherical, triangular, cubic, hexagonal, rhomboidal, rod 
– like with broad size distribution (5 to 40 nm).

After the decoration of the graphene fl akes with 
palladium nanoparticles, a powder X-ray diffraction 
pattern (XRD) of the sample was recorded. Figure 4(c) 
presents XRD pattern of Pd/RGO nanocomposite. Five 
peaks indexed to the (111), (200), (220), (311), and 
(222) refl ections of a face-centered cubic (fcc) struc-
ture of metallic Pd (JCPDS, card no. 05-0681) were 

Figure 2. (a) and (b) TEM images, (c) XRD pattern, (d) Raman spectrum and (e) TGA curve of Pt/RGO nanocomposite
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Powder X-ray diffraction technique is a useful tool to 
characterize the crystal structure of the samples. Figure 
5(c) shows the XRD pattern of ZrO2/RGO nanocompo-
site. Four strong diffraction peaks at 30°, 35°, 50° and 
60° arising from (111), (200), (220), and (311) diffraction 
planes of the tetragonal zirconia (card no.79–1771) have 
been detected. Any other obvious peaks have not been 
recorded. 

In order to investigate the thermal behavior of the 
sample and to estimate the content of the residual 
functional groups and the amount of zirconia in the 
sample, TG analysis was performed (Fig. 5(d)). During 
the synthesis the starting material was reduced what is 
indicated by very small mass loss (4 wt%) in the tem-
perature range of 120–300°C. The content of zirconia in 
the nanocomposite has been estimated for ~ 60 wt%.

Figure 5(e) depicts Raman spectra of ZrO2/RGO na-
nocomposite. The peaks from D and G bands, appeared 
at 1313 and 1599 cm–1 have been observed, respectively. 
The intensity ratio ID/IG of RGO decreases to the value 
of 1.39 after the decoration of graphene platform with 
zirconia indicating partial restoration of sp2domains 
during the functionalization process.

   DISCUSSION

   An extremely powerful tool facilitating characterization 
of graphene-based materials, including graphene oxide, 
reduced graphene oxide and their composites with metals 
and metals oxides, is Raman spectroscopy as a fast, non-
-destructive and high-resolution method for examination 
of their fundamental physical properties. Hence, we 

noticed, showing the crystalline nature of the prepared 
nanoparticles. No obvious peaks from other phases are 
observed. The absence of a peak attributed to reduced 
graphene oxide may originate from its low crystallinity 
compared to palladium nanoparticles and its low content 
in the nanocomposite.

Figure 4(d) presents the TGA curve of Pd/RGO nano-
composite based on the weight loss during the heating in 
air. No signifi cant weight loss between 120oC and 300oC 
is observed on TG curve of Pd/RGO nanocomposite, 
suggesting the reduction of GO during the synthesis. 
However, the TGA analysis indicates the incomplete 
reduction of the functional groups because their ~ 3 
wt% did not undergo the reduction. The sample contains 
approximately 55 wt% of palladium.

Figure 4(e) presents Raman spectrum of Pd/RGO 
nanocomposite. The spectrum exhibits peaks at 1311 and 
1601 cm–1, corresponded to D and G bands, respective-
ly. The intensity ratio ID/IG of GO increases after the 
deposition of palladium nanoparticles (ID/IG = 2.11). 

Characterization of ZrO2/RGO nanocomposite
Transmission electron microscopy was applied to 

explore the structure of the sample and the size and 
shape of the deposited nanoparticles. Figure 5(a) and 
(b) present TEM images of ZrO2/RGO nanocomposite 
at different magnifi cations from which the fl ower-like 
morphology of zirconium dioxide of sizes of 10–20 nm 
can be observed. One can also notice a homogenous 
distribution of ZrO2 on the graphene platform. 

Figure 3. (a) and (b) TEM images, (c) XRD pattern, (d) Raman spectrum and (e) TGA curve of MnO2/RGO nanocomposite
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utilized Raman spectroscopy to study reduced graphene 
oxide-nanocomposites in terms of the structural defects 
and doping of RGO. Table 1 summarizes Raman peaks 
positions (D, G and 2D), ID/IG ratios and full width at 
half maximum (FWHM) of G band of graphene oxide 
and the each nanocomposite. One can see that G band 

of GO appears at 1598 cm–1, which is upshifted compared 
to graphite as a results of oxidation. On the other hand, 
when graphene oxide undergoes reduction, the G band 
shifts back near the position of the starting graphite59. This 
effect has been reported in both chemical and thermal 
reduction of GO60. However, in case of the Pt/RGO, Pd/

Figure 5. (a) and (b) TEM images, (c) XRD pattern, (d) TGA curve and (e) Raman spectrum of ZrO2/RGO nanocomposite

Figure 4. (a) and (b) TEM images, (c) XRD pattern, (d) TGA curve and (e) Raman spectrum of Pd/RGO nanocomposite
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RGO, MnO2/RGO and ZrO2/RGO nanocomposites the 
G bands are located at 1596, 1601, 1600 and 1599 cm–1, 
respectively, which are still blue-shifted in comparison to 
graphite. The upshifting of G band might be associated 
with the doping of graphene, already confi rmed experi-
mentally by many researchers61–66. Moreover, the doping 
of graphene infl uences the reduction of the FWHM of 
the G peak, as it was reported by Das et al. and Iqbal 
et al.63, 67. Here, each nanocomposite exhibits FWHM of 
the G band lower than that of graphene oxide, indicating 
the doping of graphene upon the deposition of Pt, Pd, 
MnO2 and ZrO2, respectively.

The values of ID/IG ratio indicates that the level of 
disorder of reduced graphene oxide in Pt/RGO and 
ZrO2/RGO is similar to that of graphene oxide which 
might be related to replacement of the vacancies for-
med during the reduction of GO by the nanoparticles. 
Conversely, the nanocomposites Pd/RGO and   MnO2/
RGO show much higher (2.11) and lower (0.87)    ID/IG 
ratios than graphene oxide, respectively. The decreased 
ID/IG ratio of MnO2/RGO might be attributed to two 
possible behaviors. Firstly, there is a regime of “low” 
defect density where ID/IG will increase until a regime 
of “high” defect density, at which point ID/IG will begin 
to decrease as an increasing defect density results in 
more amorphous carbon structure,  attenuating all Raman 
peaks68. Though, the other reason is that reduction of 
graphene oxide resulted in the restoration of the ordered 
graphene structure. The enhanced ID/IG value of Pd/RGO 
Raman spectrum could be  associated with the strong 
chemical interaction between palladium and RGO. The 
Raman spectroscopy analysis showed that type of metal/
metal oxide nanoparticles strongly infl uences the level 
of the reduced graphene oxide doping and disordering. 

SUMMARY

The paper presents methods of reduced graphene 
oxide functionalization with platinum, palladium, man-
ganese dioxide and zirconium dioxide nanoparticles. The 
functionalization of RGO with Pt, Pd and ZrO2 was 
carried using solvothermal reduction of the nanoparticles 
precursors, while creation of MnO2 nanospheres with 
simultaneous deposition on RGO underwent in oleic/
water interface. The nanocomposites were characterized 
with transmission electron microscope, XRD, TGA and 
Raman spectroscopy. The content of the nanoparticles 
was 64 wt%, 55 wt%, 60 wt% and 82 wt% in Pt/RGO, 
Pd/RGO, MnO2/RGO and ZrO2/RGO, respectively. 
Raman spectroscopy analysis indicated doping of RGO 
with the nanoparticles, and, depending on the type of 
nanoparticles, RGO showed various level of doping 
and disorder.
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