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Abstract

In this study, bacteria Lactococcus lactis was employed as a bioreducing agent for ecofriendly and
economical production of reduced graphene oxide at room temperature. Characterizations have

showed that highly reduced graphene oxide was produced in mild conditions.

Exfoliation by

Lactococcus lactis has been succeeded to produce single or few layer reduced graphene oxide.
Decrease in ratio of Ip/lg from 2.15 to 0.97 calculated from Raman spectrum, decrease and/or
disappearance of characteristic peaks of oxygen functional groups from FTIR, and changes observed
in 20 characteristic peak values at XRD spectrum have confirmed the reduction success of
Lactococcus lactis. These results have indicated that Lactococcus lactis biomass could be employed as
a new reductant to prevent the use of harmful chemicals and harsh conditions for reduced graphene

oxide generation having high stability.
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1. Introduction

In recent years, extensive potential applications of
graphene derived materials in particular graphene oxide
(GO), reduced graphene oxide (RGO) has attracted
attentions [1]. With the increase in graphene
commercialization, the more need for finding
ecofriendly production methods [2] have been appeared.
Most of the methods generally start with GO production
from graphite and reduction processes apply to produce
RGO. Various techniques for reduction, i.e. thermally,
chemically etc., has been reported for production of
reduced GOs. Chemical reduction is the most widely
used method, however, there have been records for the
use of hazardous and harmful chemical substances, i.e.
hydrazine, sodium borohydride etc., for efficient
reduction of GO. On the other hand, vitamin C, bovine
serum albumin, ginseng, green tea, and bacteria have
recently been studied as green reduction agents [3].
These agents have provided environmentally friendly
GO reduction paths [4] as an alternative.

Bacteria may extract some molecules from their
environment to live. They convert these molecules into
materials that can be used by the oxidation-reduction
mechanism for their cellular cycles [5]. There are
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studies using the general redox cycle performed by
bacteria such as Shewanella [6], Bacillus subtilis [7],
Escherichia coli [4], and other microorganisms [8-13] in
GO reduction. It should be noted that the mechanisms
involved in the reaction that determine the capacity to
hydrolyze oxygen groups in GO depend on the bacterial
cell structure. In one study, Shewanella [6] was used to
reduce GO. Here, it is reported that electron exchange is
provided by the mechanism where heme-type proteins
are used for reduction [14]. In another study [7], it was
stated that the properties of the final material to be
obtained in accordance with the application to be used
can be selected by a method according to the type of
bacteria to be used in reducing GO. It was also
suggested that in bacterial reduction processes the
efficacy could be improved by simultaneous use of
different bacteria. Based on the findings of Zhang,
Raveendran et al [8] manage to reduce GO using
extremophile bacteria to obtain graphene with excellent
conductive properties. Utkan et al [15] used
Lactobacillus plantarum (L. plantarum) biomass for the
reduction of GO and a few layer of RGO without
agglomeration was obtained.

There are many different reducing agents used for
reduction of GO as mentioned above Each of the
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reducers affected the structure of the RGO, in other
words, it gave different structural properties than GO
[3]. These structural differences has been characterized
as differences in C/O ratio as shown in Table 1 as well
as the change in intensity ratio (Ip/lg) between graphene
defects/the surface disorder and the graphitic
composition of the materials as given in Table 2.

Table 1. C/O ratio of RGO after different reduction
process.

Reducing agents C/O Ratio | Reference
Hydroxylamine 9.7 [16]
L ascorbic acid 5.7 [17]
Tea solution 3.1 [18]
Yeast 5.9 [19]
Shewanella 3.1 [6]
Azotobacter chroococcum 4.18 [9]
Lactococcus plantarum 3.3 [15]

Table 2. Ip/lg ratio of GO and RGO with different
reducing agents.

. Ip/lg Ip/lg
Reducing agents for GO | for rco Reference
Baking Soda 1.47 1.37 [20]
E-coli 1.37 097 [21]
Vitamin C
(L-Ascorbic acid 0.95 12 [22]
Tanin 0.97 1.18 [23]
Yeast 0.80 1.44 [19]
Lactobacillus 0.94 0.92 [15]
plantarum
Shew_anella 085 1 [6]
onediens
Mixed bacteria 0.9 15 [7]
Rhizopus oryzae 0.97 1.17 [12]
Bacillus marisflavi 1.4 1.7 [13]

In this study, first time reduction of GO by Lactoccocus
lactis DSMZ 20481 (L. lactis) cells under aerobic
culture was obtained. It was demonstrated that reduction
capacity of the microorganisms was considerable with
respect to other microorganisms reported [6, 15, 21].
Single/a few layer graphene structures were obtained
successfully.  Produced RGO has showed different
physical properties compared to the one obtained in our
previous study with L. plantarum [15]. Compared to
conventional methods, the microbial reduction used in
this study is environmentally friendly and simple
method to be employed for the production of large
amount of graphene.

2.1. Experimental
2.1.1. Materials

Graphite, including graphitic carbon with 92%, in
powder form was supplied from Syrah Resources

(Australia). All chemicals, potassium permanganate
(KMnQy), nitric acid (HNO;), sulphuric acid (H,SO,,
98%), hydrogen peroxide (H,O, 30%), hydrochloric
acid (HCI, 36%), ethanol were supplied by Sigma-
Aldrich (USA) and used directly. Solutions were
prepared by deionized water. Lactococcus lactis
(20481) were provided from the German Collection of
Microorganisms and Cell Cultures GmbH (DSMZ) and
cultured in DSMZ medium no 53 medium.

2.1.2. Preparation of bacterial biomass

Precultures and bacterial biomass was prepared
according to procedure in Utkan et al [15] in
medium DSMZ 53 and phosphate-buffered saline
(pH 7.2) was used for washing the harvested cells.
Wet cells around 200 mg were obtained.

2.2.3. Graphene oxide preparation

For GO preparation and purification, Utkan et al [15]
procedure based on modified Hummer’s method [2] was
followed. 6 mg/ml dark brown GO dispersion was
obtained after 2 hr sonification.

2.1.3. Reduction of graphene oxide

Dilute, 0.5 mg/ml, GO dispersion was added to 200
mg of L. lactis biomass and incubated at 30°C. A
static culture was applied for 3-4 days and black
precipitate (RGO) was obtained. After 5 min
sonification, bacteria removal was accomplished by
10,000 rpm/min, 10 min centrifugation. The black
pellet (RGO) was suspended in water and
successive 80% ethanol and 1N HCI washings were

applied [5]. Lyophilized black precipitate was
named as L. lactis reduced graphene oxide
(LLRGO).

2.1.4. Characterization

Fourier transformed infrared spectroscopy (FTIR)
(Shimadzu IR Prestige 21) was employed for
chemical characterizations. Pellets of samples were
prepared in potassium bromide (KBI).
Microconfocal Raman spectra (Renishaw Invia
Raman Microprobe with argon ion laser 532 nm)
were used for characterization of GO and RGO
samples and recorded from 200 to 3000 cm™. X-ray
diffraction (XRD, Rigaku MinFlex, D/max 2550-
PC) with Cu Ka radiation (A=0.15406nm) was
employed with scanning rate of 2° min™(26=5-90°).

Thermogravimetric analysis (TGA) (TA Instrument
Thermogravimetric Analyzer Q50) of GO and RGO
was carried out under nitrogen. 5°C/min heating
rate up to 600 °C was applied to the samples.
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High resolution transmission electron microscopy
(HRTEM) (JEOL JEM 2100 HRTEM) with 200 kV
was used for characterization of morphology of the
samples. Samples were prepared on 200 mesh
copper grids and CCD cameras were employed for
taking images. An atomic force microscopy (AFM)
(XE-150, non-contact mode; Park systems) with a
stylus profiler (P-6; KLA Tencor, Milpitas) was
used to determine nanostructure of the samples.

3. Results and Discussion
3.1. Structural Characterization
3.1.1. FTIR

Chemical structures were determined by FTIR. In
Figure 1, characteristic peaks of GO were C-O
stretching at 1111 cm™, C-O-C bending at 1219 cm™, C-
OH stretching at1404 cm™, C=0 stretching at 1643 cm™
and O-H stretching vibration of C-OH groups and water
at 3441 cm™ were observed. When the RGO spectrum
were considered, reduction by L. lactis biomass was
observed as removal and/or reduction of functional
group peaks existing on GO. In RGO spectrum, the
peaks at 1111, 1219 cm™ were disappeared and 1643,
3441 cm™ was decreased significantly. This result is an
evidence of effective reduction of oxygen groups
existing on GO. Removal of some peaks indicated that
corresponding functional groups were used by L. lactis
by their oxidation-reduction mechanism however,
reduced peaks were still on RGO with weaker intensity
which shows the existence of residual oxygen
containing functionalities. It means that L. lactis was
very effective to remove some of the functionalities
more than the others [11, 15]. It should be also noted
that the carbonyl peak on GO at 1643 cm™ overlapped
with sp? lattice at 1639 cm™ which corresponds to
graphene sheet aromatic ring C=C peak. The results
obtained by FTIR analysis are in agreement with
literature [3].

3.1.2 Raman Analysis

The Raman spectra of graphene shows the appearance
in Figure 2, D peaks at 1350 and G peaks at 1580 cm-1
confirm the lattice distortions in GO. The D band shows
the surface disorder and graphene defects and the G
band expresses the materials' graphitic composition.
Intensity ratio (Ip/lg) between D and G band is used for
distinguishing RGO and GO and it is giving information
about the disorder grade of graphene. Ip/lg ratio either
decreased or increased with respect to reducing agent
used in literature as seen in Table 2. This is explained
by occurrence of two different regime: the high defect
density regime and the low defect density regime. At
high defect density, the ratio starts to fall with increment
of defect density and forms more amorphous carbon
texture graphene structure. At low defect density
regime, the ratio starts to increase, and more crystalline
structure obtained [3].

In our case, ratio of peak intensity (lp/lg) which
represents defect ratio coming from oxygenation of
graphitic carbons are about 2.15 for GO and 0.97 for
RGO. It meant that chemical oxidation produced a lot of
defects on sp’ region and graphitic domain decreased
but applying reduction process with removal of
functional groups recovered the sp® graphitic domain
significantly.

Decrease of Ip/lg ratio has corresponded to size
decrease in domain of sp? that means decrease in edge
defects in GO. Similar trend, decrease in intensity ratio
from GO to RGO, was observed in literature with
different reducing agents, for example, for baking soda
from 1.47 to 1.37 [20], for L. plantarum from 0.94 to
0.92 [15], and for E coli from 1.37 to 0.97 [21]. But,
none of them have high recovery of sp? domain as
obtained with L. lactis. All carbon materials having sp?
domains give G band, and this peak comes from first
order Raman scattering of C-C bond. After oxygenation
of graphite to GO, sp® domains form. Oxygenation
moves G band to a higher wave number. During the
oxygenation, formation of defects reduces sp® domain
size which has broadened D band in GO.
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Figure 1. Chemical structure of GO and LLRGO by
FTIR.
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Figure 2. Raman spectrum of GO and LLRGO.
3.1.3 XRD
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Graphite has highly organized layer structure and XRD
gives a single very sharp 26 peak at around 26.24°. This
peak belongs to (002) plane. The distance between
layers has been calculated as 0.34 nm for graphite by
using Braggs’ law [3]. When graphite oxidized, GO
forms, and at this point the graphite sharp peak
disappears, however, a new plane along (001) appears at
around 10°. In figure 3, (001) plane for GO obtained
was at around 9.98°. From this peak, distance between
layers was calculated as 0.89 nm according to Braggs'
law [3]. Higher interlayer spacing was observed for GO
compared to graphite (0.34 nm, 20=26.24°), which
shows that oxygen functional groups and water
molecules existing between layers opened up well the
distances between layers. This expected result has
showed that graphite has almost had complete
oxidation. It was also observed that there is a very
small broad peak around 25.9° in Figure 3, it was
speculated that this peak came from un-oxidized part of
the graphite.

After reduction, XRD pattern of obtained RGO, in
Figure 3, has showed that GO peak along (001) plane
moved to 20 =11.35°. In the same way, graphitic (002)
plane at 26 = 23°-26° has been appeared as small wide
peak. The peak of (001) orientation plane seen at 20
=11.35° comes from unreduced oxygenated part of
RGO and it has 0.78 nm distance between layers. This
interlayer distance is either due to restacking of RGO
layers or with the sacrification of groups containing
oxygen functionality. The small wide peaks in the range
of 23°-26° represented the disposal of oxygen
functional groups by this way RGO having graphitic
carbon was observed as few layers RGO sheets
formation. It was speculated that the formation of few
layer RGO with interlayer distance of 0.78 nm may be
resulted from restacking of RGO formed with 0.34 nm
interlayer distance. Thus, decrease in distance between
layers has been approved by the dispose of oxygen
groups [3]. These results are in agreement with
literature [24].
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Figure 3. GO and LLRGO XRD pattern.

3.2. Thermal Analysis
3.321TGA

Thermal stability of samples was evaluated by TGA as
seen in Figure 4. It was observed that there were two
weight loss steps in the range of 25-300°C for both GO
and RGO. These meaningful weight losses of 48% and
23% for temperatures are in the range of 25-168°C and
168-300°C for GO. For RGO, 11% weight loss for 25-
300°C and 18% weight loss for 25-300°C were
determined. The first step has been grounded to the
hydrophilicity of GO and the elimination of adsorbed
water molecules. The second one has been connected to
both release of steam and gases such as CO, and CO
that comes from decomposition of functional groups. At
this temperature range, 25-300°C, GO lost almost 71%
of weight, however, RGO lost only 29% of weight
which means as reduction progressed, oxygen
functional groups decomposition was resulted in as
minimal weight loss in RGO. When high temperature
region (>300°C) in Figure 4 was examined, continuous,
but slow, weight losses in both GO and RGO were
observed. The weight loss percentages at 450°C
reached to 94% for GO and 40% for RGO. This thermal
behavior has been explained by dissipation of more
stable functional groups and burn of carbon skeleton.

Similar thermal behavior for RGO has been reported in
literature [25, 26, 28].
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Figure 4. Thermal stability of GO and LLRGO by
thermogravimetric analysis.

3.3 Topographical Analysis
3.3.1AFM

Surface topographical image of L. lactis reduced
graphene oxide is given in Figure 5. Micrograph has
been taken from scanned area of 1 um X 1 um. Surface
roughnesses were observed as optical contrast in the
AFM image where the higher layers give whitish color
from their reflections. When this image considered
together with TEM image (Figure 6), it is attributed to
the existence of wrinkles. It was thought that wrinkles
were coming from sample preparation. Sample has been
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prepared by drop casting of LLRGO dispersions onto
mica and wrinkled layer was air dried [27].

1000
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0 20
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Figure 5. AFM topography of LLRGO (scan area: 1 um
x 1 pum).

3.32TEM

TEM image of LLRGO in Figure 6 showed that a very
thin layer with ultrathin silk veil morphology was
obtained by microbial reduction process. A few layer
LLRGO have a large width, around 1 pm, and
transparent. TEM micrograph has also shown that layers
have little wrinkles on the surface and some folds at the
edges [28].

Figure 6. TEM image of LLRGO

In our previous study, L. plantarum were used to reduce
GO and less reduction of GO was obtained with a lot of
wrinkles [15]. Compared to this work, reduction with L.
lactis has provided higher number of single layer
graphene with some wrinkles. When GO and LLRGO

suspensions’ electrical conductivity was measured by
simple multimeter, it was seen that GO has not have any
resistance, however, LLRGO has 11 Ohm resistance.
This small experiment showed that the reduction
mechanism of L. lactis works very effectively in this
study and has produced graphene-like structure having a
potential of electrical conductivity. Further study should
focus on the measurement of electrical conductivity of
LLRGO.

In literature, it was reported that molecular oxygen
removal of L. lactis from the environment is occurred
by conversion either to water or peroxide. Water
conversion process is either directly by water forming
NADH oxidase (NoxE) or indirectly by combination of
peroxide forming NADH oxidase (AhpF) and by an
alkyl hydroperoxide reductase (AhpC) to convert
peroxide to water. Instead of water formation, peroxide
production could be obtained by superoxide dismutase
(SodA) from dismutation of superoxide (O2-). These
enzymes are responsible for the conversions [29]. It was
also reported that peroxide accumulation under aerobic
conditions was found to be non-enzymatic but followed
the pyruvate pathway under high metabolic flux [30].
There are enzymatic and non-enzymatic pathways of L.
lactis to reduce GO. This aspect is not the focus of the
study. However, since, very effective reduction was
observed by L. lactis and obtained RGO has very
promising properties, the mechanism of graphene oxide
reduction by L. lactis should be the focus of further
study.

4. Conclusion

In this study, graphene oxide was successfully reduced
by L. lactis. RGO's physical and chemical properties
were determined by several instrumental methods to
verify its quality compared to pristine graphene. High
reduction capacity of L. lactis provided 1-3-layer
graphene sheets with a promising electrical conductivity
to be obtained. This study demonstrated that use of
microorganisms is a highly suitable environmental
method for graphene production. L. lactis could be used
for reduction of GO as bioreducing agent in this
method. Further studies should focus on understanding
of the reduction mechanism of the L. lactis and the
continuation of the studies to increase the electrical
conductivity will contribute significantly to this area
and applications on graphene.
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