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Abstract: 
   Here, we report that the reduced graphene oxide nanosheets were successfully synthesized using the 

Lactobacillus plantarum biomass in a simple, environmentally friendly and scalable manner. We 

produced graphene oxide by oxidization and exfoliation of graphite flakes with modified Hummer's 

method and then reduced to reduced graphene oxide by using Lactobacillus plantarum biomass as a 

reducing agent.  Samples were characterized using Fourier transform infrared spectroscopy, X-ray 

photoelectron spectroscopy, transmission electron microscopy, scanning electron microscopy, 

microconfocal raman spectroscopy and thermogravimetric analysis. After the reduction, we observed 

that a considerable decrease in the oxygen containing functional groups of graphene oxide and an 

increase in C/O ratio from 1.7 to 3.3 in which confirms sp2 graphitic carbons increase. Mainly, we 

observed a significant decrease in epoxy and alkoxy functionalities.  Furthermore, we determined an 

exfoliation of graphene oxide to one or several (2-5) layers after the complete reduction. In addition to 

reducing potential, Lactobacillus plantarum biomass also plays an important role as stabilizing agent; 

here the reduced graphene oxide showed a good stability in water. The green synthesis reported in this 

work is concerned with the production of high purity water-dispersible reduced graphene oxide using 

Lactobacillus plantarum CCM 1904. 
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1. INTRODUCTION  
   Recently, graphene has attracted great 

interest of researchers in materials 

world, since it has excellent mechanical 

[1], thermal [2], electrical [3]
 

and 

optical [4,5] properties coming from its 

two dimensional structure [6] for 

various applications, such as super-

capacitors, batteries, duel cells, solar 

cells, hydrogen storage, reinforcement 

of polymer, ceramic and metal matrix 

composites, conductive paints and inks, 

drug delivery, biosensors etc. [7-13]. 

The most recent applications related 

with graphene and graphene related 

substances are graphene oxide modified 

photocatalysts [14], preparation of 

biodegradable bionanocomposites [15], 

graphene humidity sensors [16], gas 

separation [17] electrochemical energy 

storage devices [18], graphene-based 

flexible and stretchable bioelectronics 

in health care systems [19], and dye-

sensitized solar cells [20]. Growing 

increase in applications of these materials 

are also necessitates the development of 

new strategies for mass production.  

   In the literature, there are some 

strategies reported to synthesize 

graphene such as micro - mechanical 

exfoliation of graphite [21], epitaxial 

growth [22-24], chemical vapour 

deposition [23,25,26] etc. Although all 



128                                                            Utkan et al. 

of these methods have their own 

advantages and disadvantages, 

achieving a stable dispersion and 

scalability in the preparation of the 

graphene is a major problem. One of 

the most effective way of a large scale 

graphene production have been based 

on oxidative-exfoliation of graphite to 

graphene oxide (GO) and then 

additional treatments to reduce it to 

reduced graphene oxide (RGO) [6, 21, 

24, 28-44]. 

   Main research should focus on 

advancement of reduction processes 

which keep the structure and properties 

of pristine graphene.   That means, it is 

important to reduce the graphene oxide so 

as to recover the honeycomb hexagonal 

lattice of graphene. The exact process 

parameters used when reducing GO into 

rGO play a major role in the quality of the 

material, affecting how close a structure to 

perfect graphene is achieved.  Applying 

different reduction processes produces 

reduced graphene oxide (RGO) in 

different properties which finally affect 

the performance of materials and 

devices built up from RGO. In terms of 

mass production of graphene, the chemical 

reduction of graphene oxide is considered 

to be one of the most viable methods. 

However, scientists have found it 

challenging to create graphene sheets that 

have the same quality as those made by 

mechanical exfoliation on a large scale. 

Chemical [45-48], electrochemical 

[49,50] and thermal [51] reductions are 

the mostly reported reduction processes.     

   When large-scale production is 

considered, these methods bring some 

economical and/or       chemical reduction 

requires hydrazine like strong reducing 

agents, and toxic or/and corrosive 

concentrated alkaline solutions, thermal 

reduction requires very high temperatures 

and special reactors and electrochemical 

reduction consumes too much energy and 

requires expensive electrodes. These 

disadvantages put forward the search of 

new strategies for reduction of GO under 

mild and environmentally benign 

conditions [48,52,53]. Researchers are now 

concentrating on reduction of GO by 

biological methods as a new strategy.     

   Microbial reduction among the other 

biological methods is an exciting new 

area to develop a considerable potential 

for reduction of GO. A number of 

microbial species would be able to use 

as reducing agent.  Some 

microorganisms, bacteria, like 

Shewanella [54,55], E. coli [56,57], 

have been utilized for reducing oxides 

on the edges of GO. Yeast Candida 

albicans A.T.C.C. 10231 was also 

reported for reduction of graphene 

oxide to graphene [58].  In another 

work, reducing ability of baker’s yeast 

towards ketones on graphene oxide has 

been reported [59].  

   In this work, we report a simple and eco-

friendly strategy to obtain reduced 

graphene oxide by using Lactobacillus 

plantarum as reducing agent. In this green 

route, large scale production of stable 

dispersions of reduced graphene oxide is 

possible. 

 

2. EXPERIMENTAL 

2.1 Materials 

   All chemicals were purchased from 

Sigma-Aldrich (USA) as analytical grade 

and used directly without further 

purification. All aqueous solutions were 

prepared with deionized water. Graphite 

(92% graphitic carbon content) flake was 

supplied from Syrah Resources (Australia). 

 

2.2 Preparation of Biomass 

   Lactobacillus plantarum CCM 1904 

was supplied from Czech Collection of 

Microorganisms. The preculture (5 ml 

of CCM medium no 6 in 25 ml flask) 

was inoculated with a single colony of 

Lactobacillus plantarum CCM 1904 

and incubated on a rotary shaker at 

30°C for 18 h. The second precultures 

were inoculated with the first preculture 

(1% v/v) and incubated on a rotary 

shaker 30°C for 24 h in 150 ml batch 
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medium in 500 ml shake flasks. The 

cells were harvested by centrifugation, 

washed twice with phosphate-buffered 

saline (pH 7.3) and 720 mg wet cells 

collected in a 50-ml tube and further 

used for synthesis of reduced graphene. 

 

2.3 Graphene Oxide Synthesis 

   GO was prepared from flake graphite 

using modified Hummer’s method [43] 

given by Gurunathan et al [57]. In a 

typical preparation, 2 g of graphite 

powder was mixed with 80 mL H2SO4 

and 20 mL HNO3 in an ice bath, and 

then 12 g KMnO4 was very slowly 

added. After KMnO4 addition, the 

solution heat was raised to 35 °C for 

30 min and 160 mL deionized water 

was added for dilution and rested for 1 

h. Further dilution was achieved by 

addition of 400 mL deionized water, 

followed by slow addition of 12.0 mL 

of H2O2 (30% v/v) and black graphite 

suspension was turned to yellow 

graphite oxide solution after these 

procedures. After centrifugation at 

3000 rpm/min for 15 min, the graphite 

oxide precipitate was obtained and 

washed with deionized water.  Pellet 

was re-suspended in water and aqueous 

solution of graphite oxide was obtained.   

   A few layer graphene oxide 

nanosheets in an aqueous solution (dark 

brown in color) (6 mg/ml) was prepared 

by application of 2 hr sonification to 

graphite oxide solution for exfoliation 

of layers.  

 

2.4 Reduction of Graphene Oxide 

and Purification of Reduced 

Graphene 

   The reduction experiment, 200 mg of 

Lactobacillus plantarum CCM 1904 

biomass was added to the GO 

dispersion (0.5 mg/ml), and the mixture 

was incubated at 30°C for in static 

conditions for 1 week. After reduction, 

the stable black dispersion was 

sonicated for 5 min to disperse the cells 

from graphene materials and then 

centrifuged at 10,000 rpm/min for 10 

min to remove bacteria as a supernatant 

liquid. The black pellet was 

resuspended in water. Further 

purification steps continued with 

washing 80% ethanol and 1N HCl 

including water washings between the 

steps and final water washing step until 

neutralization were obtained according 

to method given by Salas et al [54].             

   After completing washing steps, 

samples were lyophilized. The obtained 

black dispersion was designated as 

Lactobacillus plantarum CCM 1904 

reduced graphene oxide (RGO) and 

used for further characterization. 

 

2.5 Characterization of GO and RGO 

   The morphology of the samples was 

analysed using JEOL JSM 6335F high 

resolution scanning electron microscope 

(HRSEM). HRTEM (high resolution 

transmission electron microscopy) was 

used for more detailed analysis. 

Transmission electron microscopy 

investigations were performed on JEOL 

JEM 2100 HRTEM operating at 200 

kV. Images were taken by Gatan Model 

794 Slow Scan CCD Camera and also 

by Gatan Model 833 Orius SC200D 

CCD Camera. Carbon support film 

coated copper TEM grids (Electron 

Microscopy Sciences, CF200-Cu, 200 

mesh) were used.  

  Fourier transformed infrared 

spectroscopy (FT-IR) was carried out 

on a Shimadzu IR Prestige 21, for 

which samples were prepared in 

potassium bromide (KBr) pellets. 

   For X-ray photoelectron spectrometer 

(XPS) analysis, the control and test 

samples were mounted on a carbon tape 

and recorded the XPS spectra using a 

Thermo Scientific K-Alpha X-ray 

photoelectron spectrometer. 

Monochromatized Al Kα radiation (Al 

K∝ = 146.3 eV) was used as the X-ray 

source and flood gun was used for 

charge compensation during the 

measurements. The X-ray spot size was 
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approximately 400 μm. Electron take-

off angle between the sample surface 

and the axis of the analyzer lens was set 

to 90°. Spectra were recorded using 

Avantage 5.9 data system. The binding 

energy scale was calibrated by 

assigning the C1s signal at 284.5 eV.    

   Microconfocal Raman spectra were 

recorded from 200 to 3000 cm
-1

 on a 

Renishaw Invia Raman Microprobe by 

using a 532 nm argon ion laser.   

   Thermogravimetric analysis (TGA) of 

graphene oxide and reduced graphene 

was carried out under N2 flow using TA 

Instrument Thermogravimetric 

Analyzer Q50 (USA) and their masses 

were recorded as a function of 

temperature. The samples were heated 

from room temperature to 600 °C at 5 

°C/min. 

 

3. RESULTS AND DISCUSSION 

   GO was produced by modified 

Hummers’ method [43]. In this method, 

graphite powder was first oxidized to 

graphite oxide by using KMnO4/H2SO4 

and GO nanosheets were formed by 

ultrasonification. The obtained GO has 

dark brown color and kept its stability 

more than 6 months in water, which is 

attributed to high number of hydrophilic 

functional groups existing on and at the 

edges of GO nanosheets. RGO was 

produced by microbial reduction. For 

this reason, the biomass of 

Lactobacillus plantarum CCM 1904 

was added into the GO dispersion and 

kept in static condition at 30 
◦
C for a 

week.  After reduction, color changed 

to black and precipitated since there 

was a huge decrease in number of 

functional groups which causes a loss in 

dispersion stability. The reduction of 

GO by Lactobacillus plantarum CCM 

1904 was confirmed by control 

experiment designed without bacterial 

biomass. In control experiment, color of 

GO dispersion did not change after it 

kept at 30 
◦
C in static culture for a 

week. It is determined that 

Lactobacillus plantarum CCM 1904 

biomass plays an important role in the 

GO reduction.   

   Besides the visibility observations in 

color change, the presence of different 

type of oxygen functionalities in GO 

and RGO, as well as reduction, were 

determined by FT-IR analysis.  

   FTIR spectrum of GO and RGO was 

given in Fig. 1. The following 

characteristic peaks were observed (cm
-

1
) for GO: 3410(s) O-H stretching from 

alkoxy and carboxyl groups, 1636(m) 

C=O stretching vibration of carboxylic 

acid, 1528 (w) C=C skeletal vibration 

of the graphene planes (aromatic ring), 

1396(w) C–O vibrational stretching of 

carboxylic acid or deformation 

vibration of tertiary alcohol, 1211 (m) 

and 1159 (w) epoxy C-O stretching 

vibrational bands, 1103(m) and 

1057(m) alkoxy C-O stretching, 

872(m), 674 (m) and 586 (m) aromatic 

sp
2
 C-H bending vibrations. FTIR peak 

of RGO presents that O-H stretching 

vibrations observed at 3387 cm
-1

 was 

significantly reduced, however there 

were still O-H coming from water 

absorbed. 1636 (m) peak moved to 

1643 cm
-1 

and
 

oxygen coming from 

carboxylic acid was decreased. After 

reduction, the peaks for oxygen-

containing groups significantly 

decreased or disappeared and the 

characteristic peak of C=C stretching 

vibration at 1535 cm
-1 

increased. 

Vibrational stretching of carboxylic 

acid or deformation vibration of tertiary 

alcohol C–O peak at 1388 cm
-1 

remained the same. 1211 (m) C-O 

epoxy stretching vibrational band was 

significantly decreased and almost 

disappeared. 1159 (w), 1103(m) and 

1057(m) C-O stretching bands were 

disappeared due to reduction process 

and a single C-O (m) vibrational 

stretching band at 1096 cm
-1

 was 

formed from remaining carboxyl or 

alkoxy groups. The peak at 870 cm
-1

 

was remained the same, however 671 
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cm
-1 

and 586 cm
-1

 were formed a new 

single peak at 664 cm
-1

 which was 

attributed to aromatic sp
2
 C-H bending 

[60]. 

   Chemical structure of GO and RGO 

were further examined with XPS as 

shown in Fig. 2. The C 1s XPS 

spectrum of GO clearly shows that 

there are peaks correspond to carbon 

atoms in different functional groups: 

 
 

Figure 1. FT-IR analysis of GO and 

RGO. 

 

   Non-oxygenated C in C-C (284.3 eV), 

the C in C-OH bonds (286.07 eV), C-O-

C (286.6 eV), C=O (287.76 eV), O-

C=O (288.8 eV).  Also, after reduction 

C 1s XPS spectrum of RGO binding 

energy at 284.3 eV for C-C, 285.9 eV 

for C-OH, 286.6 eV for C-O, 287.6 eV 

for C=O, 288.97 eV for O-C=O. 

Although the RGO has the same 

oxygen functional group peaks at C1s 

XPS spectrum, their intensities were 

reduced significantly as seen in Figure 

2.  

   This reduction showed that 

microorganisms were very effective for 

the reduction process through C-O-C 

and C-OH functional groups compared 

to C=O and C-O=O groups.   This 

noticeable reduction in C1s peak 

intensities of C-OH, C-O-C, C=O, C-

O=O groups are consistent with the 

results of FTIR spectra reported.  

   Atomic ratio of carbon to oxygen 

(C/O) was also calculated for both GO 

and RGO by taking ratio of C 1s to O 

1s peak areas in XPS spectra.  It was 

observed that the C/O ratio increased 

from 1.7 to 3.3 after microbial 

reduction. It can be speculated that 

51.5% increase in C/O ratio after 

reduction comes from decrease in 

intensity of C-OH and C-O-C at the 

same time increase in C-C sp
2
 bond as a 

result of removal of oxygen groups.   

   It was reported that C-OH and C=O 

peak intensities were decreased 

considerable amount by chemical 

reduction and biological reduction by 

Shewanella [54]. There was no 

indication of any epoxy and carboxyl 

groups in the reacted samples by 

Shewanella [54]. After reduction of GO 

with baker’s yeast, there was a dramatic 

decrease in the oxygen functionalities such 

as -COOH and –OH, a slight decrease in 

epoxy and no change in alkoxy were 

observed [59]. A change in C=O bands in 

GO by E. coli reduction was reported [57]. 

In this study, it was seen that reduction of 

GO with Lactobacillus plantarum CCM 

1904 was very effective in reducing epoxy 

and alkoxy functionalities. 

 

 
Figure 2. XPS analysis of GO and 

RGO. 

 

   Additionally, Raman spectroscopy 

was used to monitor structural changes 

in the oxidation and reduction 

processes. Raman spectroscopy analysis 

is sensitive to electronic structure and 

valuable tool for characterization of 

carbon-based materials having high 

Raman intensity by C=C in their 

structure [61]. Typical Raman spectra 

of graphene has a prominent peak at 

1580 cm
-1

 (G band) attributed to the E2g 
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phonon of C sp
2
 atoms and 1350 cm

-1 

(D band) originated from a second-

order overtone of a different in-plane 

vibration [62].   

   In this study, both GO and RGO 

samples were deposited on glass slide 

as thin layer and dried at room 

temperature. Fig. 3 showed the Raman 

spectra of both GO and RGO which had 

two major peaks at G and D bands. 

These two bands were broader in GO 

than those in RGO as a result of higher 

disorder in GO. The higher intensity 

and sharper bands in RGO 

corresponded to the restoring C-C sp
2
 

domains as well as addition of new C-C 

sp
2
 network after the reduction process.  

The spectrum of GO had peaks at 1365 

and 1613 cm
-1

 which were 

corresponding to D and G bands, 

respectively. D band indicated decrease 

in average size of in-plane sp
2
 domain 

of GO or RGO originating from defects 

[63]. The intensity of ratio of D band to 

G band (ID/IG) of GO was about 0.94. 

The D and G bands shifted to 1360 and 

1608 cm
-1

and its ID/IG decreased to 0.92 

due to removal of oxygen functional 

groups during the reduction. This result 

suggested that RGO has less defect 

compared to GO. After reduction, 5 cm
-

1
 shift decrease in G band suggests us 

that the numbers of graphene layers are 

around 2-5.  

 

 
Figure 3. Raman spectra of GO and RGO. 

 

    Thermal stability of GO and RGO were 

investigated with TGA analysis.  It was 

showed that GO decomposes with one 

clear step at 162 °C with total weight loss 

of 85.9% in Fig. 4.  A significant decrease 

in mass was observed at 162 °C.  The 

major mass reduction was caused by 

pyrolysis of the oxygen-containing 

functional groups, generating CO, CO2 and 

steam. However, the RGO exhibited slight 

two step decomposition of oxygen 

containing groups at 207.3 °C and 289.6 

°C with total weight loss of 62.2%.  

Smaller weight loss of RGO compared to 

GO could be explained by decrease in 

oxygen containing functional groups 

amount after reduction which enhances the 

thermal stability of the material. 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. TGA analysis of GO and 

RGO. 

 

   The morphology and structure of GO and 

RGO were analyzed by SEM and TEM 

observations.  

   Fig. 5 showed SEM image of RGO 

nanosheets in flaky, layered, irregular and 

folding structure at the edges. They are 

entangled with each other. They are 

transparent and have rippled leaf-like 

morphology. They have rough surface.  

   In Fig. 6, TEM image of GO, a few layer 

of independent GO nanosheets with size of 

2 μm were observed. They are flat since 

van der Waals interactions between GO 

layers were broken during the sonification 

process and sample preparation and they 

have large amount of oxygen-containing 

functional groups on their surfaces.  

Mostly a single or a few (2-5) layer RGO 

nano sheets with some wrinkles were 

observed in TEM images as shown in Fig. 

6. 

   Genes that encode a bd-type cytochrome 

(cydABCD) were identified in the genome 

of Lactobacillus plantarum. 
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Figure 5. SEM image of RGO 

nanosheets obtained from different 

regions. 

 

 
Figure 6. TEM images of GO and 

RGO. 

 

   The existence of a non-redundant 

branched electron transport chain in 

Lactobacillus plantarum WCFS1 was 

proposed that was capable of using 

oxygen or nitrate as terminal electron 

acceptor [64]. The possible mechanism 

of synthesis of graphene by bacteria 

involves cell trapping or electron 

mediators [57].   

   We speculate that bd-type cytochrome 

(cydABCD) exists in Lactobacillus 

plantarum CCM 1904 genome plays an 

important role in reduction process of 

GO by providing electron transport. 

Further research should focus on 

electron transport mechanism of 

Lactobacillus plantarum CCM 1904 

and reduction-responsible genes should 

be shown. 

 

4. CONCLUSIONS 

   In this study, we have successfully 

showed that GO could be efficiently 

reduced by Lactobacillus plantarum 

CCM 1904 biomass. Reduction process 

does not need any toxic chemicals and 

harsh process conditions. The reduction 

was carried out in aqueous medium at 

30°C. Efficiency of reduction processes 

were confirmed by TEM, XPS and 

microconfocal Raman spectroscopy.     

   The results showed that Lactobacillus 

plantarum CCM 1904 is very affective 

for the reduction of GO and RGO forms 

clear graphene nanosheets dispersible in 

water. Further study should focus on the 

electron transport mechanism of 

Lactobacillus plantarum during the 

reduction of GO.  

   This eco-friendly and simple 

approach opens up the possibility of 

production of graphene in large scale. 
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