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Abstract 

Here we report a new ultrasonication assisted method for increased diffusion of gold salt in 

hydrazine reduced graphene oxide (hrGO) sheets. Gold nanoparticles (AuNP) were formed 

through in-situ reduction of diffused gold chloride within the hrGO sheets by sodium 

borohydride. Transmission electron microscopic (TEM) analysis confirmed uniform distribution 

of ∼5-10 nm AuNP in hrGO sheets. Raman spectra of hrGO-AuNP showed an increase in the 

ratio of D- band to G- band intensity as well as the absence of 2D band. This confirmed 

distortion of multilayer assembly into much thin layers by the process of AuNP nucleation in the 

composite material. X-ray diffraction (XRD) spectra of hrGO-AuNP confirmed the presence of 
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crystallite carbonic materials and AuNP by observing strong diffraction peaks of Au (111), Au 

(200), Au (220) and Au (311). UV-visible spectra of oxide hrGO-AuNP showed a spectral shift 

of 21 nm in reduced graphene oxide which confirmed the binding of AuNP with hrGO. X-ray 

photo electron spectroscopy (XPS) analysis revealed 13.4, 69.3, 13 and 2.3 % mass proportions 

for gold, carbon, oxygen and nitrogen, respectively in hrGo-AuNP. XPS analysis also showed an 

increase in sp3 carbon as compare to sp2 carbon in C1s after gold nucleation in hrGO. I-V 

response of hrGO remained unaffected by the nucleation of AuNP in hrGO composite material. 

This method may be useful to address the challenges associated with incorporation of metals into 

reduced graphene oxide without chemical functionalization of inert surfaces. 

 1. Introduction:  

The discovery of graphene, a sp2 hybridized two-dimensional crystalline carbonic material [1], 

has increased the interest of using this material in several industrial applications due to its unique 

properties in electron transportation [2-3], thermal conductivity [4], mechanical stiffness [5] and 

optics [6]. In the last few years, choice for a range of surface modifications of graphene oxide 

/reduced graphene oxide make it more suitable for preparing a range of composite materials [7-

9].  Several studies have been carried out to understand the properties of synthesized composite 

materials of graphene by incorporating metal nanoparticles, polymer and active molecules [10-

13]. 

Graphene based composite materials have already been used for transistors [3,14,15], 

antibacterial material coating [16], batteries and photovoltaic cells [17-25], and catalyst [26-31]. 

Few recent studies have showed potential applications of graphene sheets-sulfer / carbon 

composites in preparation of lithium sulfer battery [18] and phosphorene-graphene oxide 

composites as anode in sodium-ion battery [15]. Efficiency and stability of organic photovoltaic 

cell has been improved by making an additional layer of lithium-neutralized graphene oxide 
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introduced between the photoactive solar cells and electron transport layers [20]. In a recent 

study by Chen et. al. [32] enhancement in the short-circuit photocurrent density in screen printed 

solar cells have been described by using doped wrinkle graphene sheets. Photo conversion 

efficiency of organic photovoltaic device had an increased response by incorporation of gold 

nanoparticles in graphene oxide thin film [33]. Excellent micro wave absorption properties of 

graphene composite materials have been reported with the addition of oxide/iron/polyaniline 

[34]. Various other properties of graphene composite materials have been utilized in several 

applications such as: FRET based biosensor to detect the DNA with high sensitivity and 

specificity have been fabricated by using graphene oxide-NaYF4:Yb,Er composites [35]. Pollutes 

in river water have been detected by using reduced graphene oxide- MnO2/Ag composite 

materials [36]. The use of graphene gold composite as a catalytic for degradation of 4-

nitrophenol dye molecules has been also evaluated [37]. 

A study by Muszynski et. al. [38], synthesis of graphene-gold composites have been reported and 

have showed that the functionalization of graphene with octadecylamine is necessary before 

addition of HAuCl4 while reducing by sodium borohydride. This study demonstrated that 

graphene oxide without surface modification have poor ability for preparing gold composites. 

Recently Jungemann et. al. [39] reported a step by step programmable method for gold 

nanoparticle incorporation into oligonucleotides functionalized graphene. A controlled 

concentration of gold-graphene composite can be achieved in above described method; however, 

again it requires functionalization of graphene sheets for assembly of gold nanoparticles on 

graphene. This finding suggests that the nucleation of gold nanoparticles can not be started in 

reduced graphene oxide in the absence of oxygen functionality at the surface of graphene oxide. 

Recent progress made in the field of graphene hybrid architectures with a focus on the synthesis 
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of graphene-carbon nanotube, graphene-semiconductor nanomaterial, and graphene-metal 

nanomaterial hybrids have been well reviewed by Badhulika et. al. [40].  

Here we describe a simple approach for the synthesis of hrGO-AuNP composite materials using 

ultrasonication assisted assembly of in-situ gold nanoparticle formation within reduced graphene 

oxide. This can be achieved without surface modification or functionalization of reduced 

graphene oxide with organic molecules. The process has been optimiz for the synthesis of hrGO-

AuNP composite and optimum concentration obtained to achieve a better distribution of gold 

nanoparticles in hrGO. Changes in the surface chemistry of reduced graphene oxide before and 

after gold nucleation were characterized by XPS. TEM was used to quantify the distribution of 

gold particles in hydrazine reduced graphene oxide sheets.  

2. Materials and Methods: 

2.1. Materials:  

Sulphuric acid (H2SO4) and hydrochloric acid (HCl) were obtained from RANKEM. Sodium 

nitrate (NaNO3), methanol, potassium permanganate (KMnO4) and hydrogen peroxide (H2O2) 

were purchased from SRL, MERCK, and SDFCL. Sodium borohydride (NaBH4), hydrazine 

hydrate and Gold chloride (HAuCl4) were purchased from Sigma Aldrich. Graphite flakes were 

obtained from CDH. Milli-Q water (18 ohm) was used as a solvent in all the experiments. Other 

chemicals used in the experiments were analytical grade and purchased from local suppliers.   

2.2 Synthesis of Hydrazine Reduced Graphene Oxide (GO) Modified Hummer’s method used 

for the synthesis of GO as described in previous studies [41, 42]. During synthesis, H2SO4 was 

added in the mixture of graphite flakes and NaNO3, stirrered at 0-4°C to obtain homogeneous 

solution. KMnO4 was added gradually to the homogeneous solution of graphite as described 

elsewhere [43]. 
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200 mg of vacuum dried and thoroughly washed synthesized GO was dispersed in water by 

sonication for 180 mins to prepare 1 mg/ml solution. In above solution, 2ml of 64.2 mM 

hydrazine hydrate was added and the reaction was carried out at 95oC for 24 h [44]. The 

precipitate was filtered and washed by methanol, HCl and water. Material was dried at room 

temperature in vacuum for 2 days. 

2.3 Synthesis of hrGO-AuNPs composites 

To synthesize composite material, 50 mg hrGO was mixed in 198 mL water. A homogenous 

solution of hrGO was obtained after 120 mins of sonication in which 2 ml of 1 % (w/v) HAuCl4 

was added. The mixture was further sonicated for 30 mins followed by the addition of 1.36 mM 

NaBH4. Finally the solution was incubated for 30 mins to complete reduction process. A 

schematic representation of experimental steps for the synthesis of hrGO-AuNP has depicted in 

Figure 1. Optical image of the product in water suspension was taken at each stage and have 

shown in the schematic representation. We hypothesized that the gold chloride solution was 

diffused inside the reduced graphene oxide sheet during sonication process for 30 mins. 

Therefore addition of sodium borohydride initiated in-situ formation of AuNP at the diffused site 

inside the reduced graphene oxide sheets.  

To obtained hrGO-AuNP composites, we removed unbound gold nanoparticles from the 

suspension by filtration and washed three times separately by methanol, 1 M HCl and water. 

Finally the filtrate was dried in a vacuum system for three days and powers form of hrGO-AuNP 

was obtained. This power was used for further characterization to understand the characteristics 

of hrGO-AuNP. 

2.5 Characterization  

Page 5 of 26 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



ARTICLE Journal Name 

6 | RSC Advances, 2015, 00, 1-7 This journal is © The Royal Society of Chemistry 20xx 

Please do not adjust margins 

Please do not adjust margins 

The crystal structures of graphite and synthesized carbonic materials were characterized by 

various techniques. Raman spectra were obtained by RENISHAW System at 633 nm laser. 

Absorption spectra were measured by UV-2600 SHIMADZU Spectrophotometer between 200-

700 nm. The crystallite structure of GO, hrGO and hrGO-AuNP was characterized from XRD 

pattern using XRD-6000 (Japan) X-ray diffractometer in the diffraction angle range 5–80° with 

Cu-Kα radiation (λ= 1.54060 Å). X-ray photoelectron spectra of hrGO and hrGO-AuNP were 

obtained on a MultiLab200 with standard MgKα radiation to quantify elemental composition and 

surface states of carbonic materials. All spectra were taken at a working pressure of 10−9 mbar. 

Wide scan XPS survey was used for elemental proportion quantification and high-resolution 

spectra of C1s was used for characterization of surface functionalities. The different surface 

states were obtained in the high resolution C1s spectra by specifying line shape, relative 

sensitivity factor, peak position, full width at half maxima, and area constraints. Sonication of the 

material was carried out at 21 % of amplitude in SONICES vibracell. TEM images were obtained 

at 120KV acceleration voltage using JEOL (Japan) transmission electron microscope. 

3. Results and Discussion 

Figure 2 shows UV-Vis spectra of GO, hrGO and hrGO-AuNP colloidal suspension in water. 

UV-vis spectra of GO showed strong absorption peak at 235 nm due to π-π* interaction of C=C. 

Additionally a solder peak at 305 nm was also observed due to π-n* interaction between oxygen 

and carbon representing C=O bond in GO. Spectra peak at 270 nm correspond to π-π* interaction 

of C=C in reduced graphene oxide. Solder peak at 305 nm in UV-vis spectra of hrGO was 

disappeared which confirms the removal of oxygen functionality due to reduction of GO in 

hrGO. UV-vis spectra of hrGO-AuNP colloidal suspension showed a strong absorption at 249.5 

nm which corresponds to sp2 carbonic bonding of reduced graphene oxide. Absorption peak at 

249.5 nm which corresponds to π-π* interaction of sp2 carbonic bonding of C=C in hrGO-AuNP. 
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A blue shift of 21 nm in the spectra was observed as compared to hrGO due to binding of AuNP 

with hrGO. 

Raman spectra of pristine graphite and synthesized GO, hrGO and hrGO-AuNP are shown in 

Figure 3. Graphite Raman spectra had strong peaks at 1583 cm-1 and 2666 cm-1 which were 

corresponds to the G band and 2D band, respectively [42]. A small peak corresponds to D band 

at 1341 cm-1 was also observed. Raman spectra of GO showed a wide peak at 1596 cm-1 due to 

stretching of the C-C bond. Peak intensity ratio for D-band (ID) and G-band (IG) peaks were 0.8 

and 1.01 for graphite and GO, respectively. Relative peak intensity of D-band at 1341 cm-1 

increased as compared to G-band at 1583 cm-1 in GO in relation with graphite. Thus, the 

increased intensity of the peak at 1349 cm-1 represented an increased in the levels of disorder by 

the oxidation of graphite in GO. Our observations are consistent with previously reported 

findings [44,45]. Peak at 2666 cm-1 in GO Raman spectra was not observed due to conversion of 

graphite into GO. 

hrGO Raman spectra showed D-band and G-band peaks at 1329 cm-1 and 1586 cm-1, 

respectively. D-band intensity was relatively high as compared to the G-band. The peak intensity 

ratio of ID/IG for hrGO was 1.04. Raman spectra of hrGO-AuNP had a similar pattern to hrGO 

with increased ID/IG (∼1.12) ratio. Raman spectra of GO, hrGO and hrGO-AuNP at different 

laser power exposures at 633 nm was measured and results are shown in SFig. 1. GO Raman 

spectra showed a significant decrease in single to noise ratio at higher laser powers. There were 

no significant changes in the signal to noise ratio in the Raman spectra of hrGO and hrGO-

AuNP with an increase in laser power. 

XRD spectra of synthesized GO, hrGO and hrGO-AuNP are shown in Figure 4. XRD spectra 

had a sharp peak at 2ϑ ∼ 10.1o which corresponds to the reflection from the (002) plane [46]. A 

peak at 2ϑ ∼ 42.8o may correspond to the turbostratic band of disordered carbon materials. XRD 
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spectra of hrGO had a wide peak around  ∼ 23o of value 2ϑ. Peak at 2ϑ ∼ 10.1o was completely 

disappeared and peak at 2ϑ ∼ 42.8o was widened. The broad diffraction peak of hrGO indicates 

poor ordering of the sheets along the stacking direction. XRD spectra of hrGO-AuNP composite 

showed both peaks at 2ϑ ∼ 23o and ∼ 42.8o corresponding to crystallite carbonic materials. The 

presence of gold showed strong diffraction at 2ϑ ∼ 38.4o, 44.6o, 64.2o and 77.5o which 

corresponds to Au (111), (200), (220) and (311) plans. 

TEM images of hrGO-AuNP composite material are shown in Figure 5. Well dispersed AuNP 

were present in the sheets of hrGO. Careful analysis of hrGO-AuNP TEM image indicated 

folding of reduced graphene oxide sheets and deep penetration of AuNP. The average particle 

size of AuNP in the hrGO sheets was between 5 to 10 nm, however at few locations large size of 

partial distribution was seen. This may be due to multiple folding of reduced graphene oxide 

sheets. Both TEM and XRD analysis confirms the presence of gold nanoparticles in the 

synthesized hrGO-AuNP composite material. 

XPS analysis was used for estimation of the percentage (%) proportion of gold incorporated in 

composite materials. Wide scan XPS spectra of synthesized GO, hrGO and hrGO-AuNP was 

obtained and is shown in Figure 6. Carbon and oxygen % mass ratio in synthesized GO was 

54.4% and 45.3 %, respectively. Small amount of nitrogen mass proportion (0.3%) was also 

observed which could be due to adsorption of nitrogen from the environment. Spectra of hrGO 

showed significant decrease (45.3 to 14.6%) in the percentage proportion of oxygen and 

increased % proportion of carbon (54.4 to 81.5%). In addition very significant amount of 

nitrogen (3.9 % mass proportion) was also observed. The increased amount of nitrogen could be 

associated with the residue of N2H2 used for reduction of GO which probably due to the presence 

of impurities even after several time washes and vacuum drying. XPS wide scan of hrGO-AuNP 
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composite showed 13.4 % mass proportion as gold and 69.3, 13 and 2.3 % mass proportions of 

carbon, oxygen and nitrogen, respectively.  

High resolution C1s XPS analysis of GO was carried out and results are shown in Figure 7A. 

The higher resolution C1s XPS spectra of GO was fitted with six peaks of different carbon 

environments as: hydrocarbon (C=C), (C-C/C-H), (C-OX), (C=O/O-C-O), (C(=O)OX) and 

satellite peak due to π-π interactions. XPS spectra before and after nucleation of gold with hrGO 

obtained and results are shown in Figure 7B&C. The peak fitting for surface state quantification 

from C1s was done as described in previous study [47]. C1s peak mainly fitted as hydrocarbon 

(CC), hydroxyl/carbonyl (COX), C=O/O-C-O and carboxylic functionality peaks [48,49]. 

Separately two peaks of hydrocarbons as C1s (C=C, sp2 carbon) and C1s (C-C, sp3 carbon) fitted 

for a better representation of XPS observations [43]. Shake-up peak associated with carbon in 

aromatic ring was identified at the tail of the spectra towards higher binding energy and it was 

separately assigned during the peak fitting [50]. 

The higher resolution C1s XPS spectra of N2H4 reduced GO composite was fitted as: 

hydrocarbon (C=C) at 284.2 eV, (C-C/C-H) at 285.7 eV, (C-OX) at 287.1 eV, (C=O/O-C-O) at 

288.6 eV, (C(=O)OX) at 290.3 eV and shake-up peak at 292.8 eV. The position of each peak 

associated with C-OX, (C=O/O-C-O) and (C(=O)OX) were fixed by assigning 1.5 ± 0.3 eV shift 

in the binding energy, respectively [51]. Previously Chu et. al. [48] had characterized amorphous 

and nanocrystalline carbon films and observed about ∼1.7 eV difference in the binding energy 

associated with C1s (sp2) and C1s (Sp3) peak of carbon. During peak fitting we observed about 

∼1.5±0.3 eV difference in the binding energy for C1s (sp2) and C1s (sp3). The percentage 

proportion of different carbon environments in C1s was 64.8, 17.2, 8.4, 3.2 and 5.6 which 

corresponds to the C=C, C-C/C-H, C-OX, C=O/O-C-O and C(=O)OX respectively.  
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The higher resolution C1s XPS spectra of hrGO-AuNP composite (after nucleation of gold in 

hrGO) was fitted with six peaks of different carbon environments as: hydrocarbon (C=C) 284.2 

eV, (C-C/C-H) at 285.7 eV, (C-OX) at 287.1 eV, (C=O/O-C-O) at 288.6 eV, (C(=O)OX) at 

290.2 eV and satellite peak at 292.8 eV due to π-π interactions. The percentage proportion of 

different carbon environments in C1s was 61.6, 19, 9.9, 3.1 and 5.8 which corresponds to the 

C=C, C-C/C-H, C-OX, C=O/O-C-O and C(=O)OX, respectively. An increase in C1s as C-C (sp3 

carbon) was observed as compared to C=C (sp2 carbon) after gold nucleation in hrGO. Table 1 

shows relative variation of different functionalities in synthesized GO, hrGO and hrGO-AuNP. 

The effect of the nucleation of gold in reduced graphene oxide on electronic properties and I-V 

characteristics of hrGO and hrGO-AuNP were investigated as shown in Figure 8. The linear 

response of the I-V corresponds to metallic properties of the synthesized hrGO and hrGO-AuNP. 

Using the slop of the curves, electrical sheet resistance (Rs) of the hrGO and hrGO-AuNP sheets 

was estimated and found to be 2.7×105 Ω/sq and 3×105 Ω/sq respectively. We have not observed 

current conducting in the GO, therefore as per the instrument limitation of current measurement; 

the Rs of GO was estimated to be in the order of 1011 Ω/sq or higher. The nucleation of gold in 

reduced graphene oxide had no significant influence in I-V response of composite material. The 

release of AuNP from the hrGO-AuNP composite material was assessed at various sonication 

time by observing UV-vis spectra at 0, 10, 20 and 30 mins of sonication time (supporting 

information, SFig2). Gold SPR peak in the composite material was absent at zero time point of 

the sonication [38]. However, at later time points of the sonication showed an increase in the 

peak intensity of both reduced graphene oxide and SPR peak of AuNP. This increase may be due 

to better dispersion of reduced graphene oxide at higher sonication time. Previously large interest 

in exploring Pt-free counter electrodes (CE) for dye sensitize solar cells (DSSC) has been 

explored and graphene has been demonstrated to be a promising CE material for DSSCs due to 
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its excellent conductivity and high electrocatalytic activity [52]. In the future, we plan to use 

hrGO-AuNP for solar cell application. 

Conclusions 

Ultrasonication assisted method for increased diffusion of gold salt in hrGO sheets was 

developed and in-site reduction of diffused gold chloride in graphene sheets was achieved with 

sodium borohydride. The TEM analysis confirmed uniform distribution of ∼10nm AuNP in 

hrGO sheets. Functional and structures analysis of hrGO before and after gold nucleation 

showed separation of multilayer assembly of hrGO into single layers by the nucleation process 

of gold nanoparticles in the composite material. The relative proportion of gold in the hrGO-

AuNP composite material was 13.4 % mass proportion. Liner I-V response was observed for 

hrGO and hrGO-AuNP composite material. This method may have advantages in the future for 

incorporation of metals in reduce graphene without further chemical functionalization.  
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Figure Captions 

 

Figure 1: Schematic representation of the steps involved for synthesis of hrGO-AuNP 

composite material by ultra-sonication. Optical image of colloidal suspension was 

obtained at each step and shown in the figure. 

 

Figure 2: UV-vis spectra of GO, hrGO and hrGO-AuNP. 

 

Figure 3: Raman spectra of graphite, GO, hrGO and hrGO-AuNP. 

 

Figure 4: XRD pattern of (a) GO, (b) hrGO and (c) hrGO-AuNP. 

 

Figure 5: TEM image of hrGO-AuNP (A) large view and (B) high resolution image. 

Arrow in the image (B) indicates folding of reduced graphene oxide sheets in hrGO-

AuNP. 

 

Figure 6: Wide scan XPS spectra of (a) GO, (b) hrGO and (c) hrGO-AuNP. 
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Figure 7: Peak fitted C1s XPS spectra of (A) GO, (B) hrGO and (C) hrGO-AuNP. 

 

Figure 8: IV response of GO (black square), hrGO (red square) and hrGO-AuNP (green 

square). 

 

Table Caption: 

Table 1: Relative variation of different functionalities in GO, hrGO and hrGO-AuNP.  
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Figure 1: Schematic representation of the steps involved for synthesis of hrGO-AuNP 

composite material by ultra-sonication. Optical image of colloidal suspension was 

obtained at each step and shown in the figure. 
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Figure 2: UV-vis spectra of GO, hrGO and hrGO-AuNP.  
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Figure 3: Raman spectra of graphite, GO, hrGO and hrGO-AuNP. 
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Figure 4: XRD pattern of (a) GO, (b) hrGO and (c) hrGO-AuNP. 
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Figure 5: TEM image of hrGO-AuNP (A) large view and (B) high resolution image. 

Arrow in the image (B) indicates folding of reduced graphene oxide sheets in hrGO-

AuNP. 
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Figure 6: Wide scan XPS spectra of (a) GO, (b) hrGO and (c) hrGO-AuNP. 
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Figure 7: Peak fitted C1s XPS spectra of (A) GO, (B) hrGO and (C) hrGO-AuNP. 
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Figure 8: IV response of GO (black square), hrGO (red square) and hrGO-AuNP (green 

square). 
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Table 1: Relative variation of different functionalities in GO, hrGO and hrGO-AuNP. 
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Graphical Abstract 

Characteristics of Ultrasonication Assisted Assembly of Gold Nanoparticles in Hydrazine 

Reduced Graphene Oxide 
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Graphene gold composites were synthesized by ultrasonication assisted in-situ reduction of diffused gold 

chloride within the hydrazine reduced graphene oxide sheets without surface modification or functionalization 

with organic molecules. 
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