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Two-step Process for Programmable Removal of Oxygen
Functionality of Graphene Oxide: Functional, Structural and
Electrical Characteristics

Kashyap Dave®, Kyung Hee Park®, Marshal Dhayal®

Here we report two step programmable reduction of graphene oxide (GO) which was synthesized by oxidation of graphite.
X-ray photoelectron spectroscopic (XPS) analysis confirmed the synthesis of exfoliated graphene oxide (GO) by
introduction of oxygen as carboxylic (-COOH), epoxy (C-O-C) and hydroxyl (-OH) groups. First step of GO reduction was
achieved separately by (i) hydrazine (rGO,;) and (ii) sodium borohydride (rGO,;). Soda lime was used in the second stage
reduction of (a) hydrazine reduced GO (rGO3,) and (b) sodium borohydride reduced GO (rGO,,) to remove the remaining
carboxylic functionality from the rGOy; and rGO,; surface. XPS spectra of rGO,; showed decrease (38 to 30 %) in the
oxygen whereas the further reduction of rGO,; with soda lime can further reduce the oxygen content. Quantitative
analysis of C(=0)OX in GO shows about 43% proportion of carbon atoms in Cls as carboxylic functionality whereas the
reduction of it with sodium borohydride reduced it to about 10%. The use of soda lime for both rGO;; and rGO,; had
further reduced the carboxylic functionality. An increase in the proportion of carbon atoms as sp2 and decrease in the
oxygen functionality were controlled in two step process of reduction. A very good correlation in the conductivity of

reduced GO with the % proportion of sp2 carbon observed.

1. Introduction:

Since the discovery of the graphene, a two dimensional carbonic
material has showed an increased interest because of its distinct

properties and potential applications 3 Several researchers had

reported the potential use of graphene in ballistic transport at room

temperature 4 high electron and hole mobility ®, as super capacitor

6

, thin film transistors 7. Functional groups at the surface of

chemically synthesized graphene and tunable optical properties

have advantages in biosensing and optoelectronics applications 810,

Several methods were used to synthesize graphene such as (i) zip

11 .. . .
remove from the carbon nanotube , (ii) micromechanical method

12-13 14-18

to exfoliate graphite and (iii) chemical vapor deposition

The method used for production of graphene by zip removed from
carbon nanotube can provide higher purity but still the challenges

are many at the commercial production. The unzipping of single-
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wall carbon nanotubes can provide higher purity and again it is not
a commercially viable method. The use of micromechanical method
to exfoliate graphite can have graphite crystallite plane size in the
order of Imm and these are only used in research at the moment.
Despite of several advantages of graphene, the large scale chemical

synthesis of graphene with purity is still a challenging task.

The graphene synthesized by chemical vapor deposition methods

has been wused in several applications like photonics,

nanoelectronics, transparent conductive layers, sensors, biomedical
applications. Similarly chemically reduced graphene oxide has
crystallite plane size of 100 um are also used for coatings, paint/ink,
making composites, transparent conductive layers, energy storage
devices and biological applications. Extensive studies were carried

19-24

out for graphene synthesis by chemical routes . Studies showed

that the reduction of GO via chemical methods removes most of the

oxygen functionalities from the surface of graphene oxide 2528

Graphene production at the large scale may be possible by the
chemical exfoliation of graphite. This includes, oxidation of graphite
powder and followed by reduction by strong reducing reagents such

29,30

as hydrazine , hydroquinone 3 sodium borohydride and its

J. Name., 2013, 00, 1-3 | 1
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32,33 35,36

34 . .
, ascorbic acid A

40
, ethylenediamine ™,

derivatives , lithium aluminium hydride

38

37 . ! 39
, norepinephrine ~,

saccharides KOH

polyelectrolyte **, protein **, sodium citrate **, plant extracts ***,

47-54 56-59

. .55 . .
metal/acid , melatonin °°, amino acids

60-65

, bacterial respiration

67-71

, thermal treatment 66, photocatalytic , sonochemical 72,

73-76 79-81

laser , plasmas 7 lysozyme 78, electrochemical electric
current &, However, the complete removal of oxygen functionalities
at the surface of graphene oxide has not achieved via reduction
methods of GO. There were reports assessing the potential of two-
step reduction for removal of selective functional groups, but still

83,84
these process .

are poorly understood The graphene
synthesized via chemical routes contains several impurities and it
has a large number of disorders. Thus, the synthesis of large surface
area sheets of graphene with high purity via chemical route is also

very challenging.

The oxidation of graphite via chemical method introduces mainly
carboxylic, aldehyde and ketonic functional groups at the edge and
epoxide and hydroxyl groups at the basal plans of graphene oxide
8590, N,H, and NaBH, were the most commonly used reducing
agents for reduction of graphene oxide. The NaBH, has ability to
reduce aldehyde, ketone and carboxylic groups into the hydroxyls
groups whereas N,H, can reduce epoxide groups and hydroxyls

19 The above reported reducing reagents in the literature

9
groups
can remove most of the oxygen from the surface of GO but still a
large proportion of carboxylic and hydroxyls groups may remain at

the surface of graphene oxide.

Here we report two step programmable reduction of graphene
oxide which was synthesized by oxidation of graphite. The main
objective of the study was to target the removable of carboxylic
acid from the surface of reduced graphene oxide. Uniqueness of
this study was the use of soda lime for removing carboxylic
functional group from the surface of reduced GO by
decarboxylation % First level of reduction of GO was obtained via
chemical route by the separate use of (i) hydrazine and (ii) sodium
borohydride. Physico-chemical nature of the synthesized graphene
oxide and hydrazine and sodium borohydride reduced GO were
characterized by different spectroscopic techniques. Subsequent
effect of the soda lime on removal of carboxylic acid from the (i)
hydrazine and (ii) sodium borohydride reduced GO was estimated

by x-ray photoelectron spectroscopy. In this study, we further

2| J. Name., 2012, 00, 1-3

quantified the proportion of carbon as spz and sp3 in reduced GO

and GO by XPS.
2. Materials and Methods:

2.1. Materials:

NaBH,, hydrazine hydrate and soda lime were purchased from
Sigma Aldrich. Graphite flakes were obtained from CDH. H,SO, and
hydrochloric acid (HCI) were obtained from RANKEM. KMnO, and
H,0, were purchased from MERCK and S D Fine-Chem Limited
(SDFCL) respectively. Milli-Q water (18 Mohm) was used as a solvent
for all the experiments. All other chemicals were of analytical grade

and purchased from local suppliers.
2.2 Synthesis of Exfoliated Graphite Oxide Sheets

Here, we have modified the hummer method for the synthesis of

L 120,94
graphene oxide

. The H,S0, (46 ml) was added in the mixture of
graphite flakes (2g) and NaNO; (1 g), stirred at 0-4°C using an ice
bath till the solution becomes homogeneous. Gradually 6 g of
KMnO, was added to the homogeneous graphite solution in 7 h at
~20°C by carrying out reaction in an ice bath chamber during the
reaction period. Further to this mixture, 6 g of KMnO, was added to
the graphite homogeneous solution in 4 h at 35-40°C and stirred for
another 8 h. This reaction mixture was allowed to cool to the room
temperature (25 °C) and poured onto ice prepared from ~260 ml of
Milli-Q water. Finally 6 ml of 30% H,0, was added to complete the
reaction. Then the mixture was filtered with whatman paper and
filtrate was collected. The filtrate was washed with 10% HCI and
ethanol. Finally the product was thoroughly washed with Milli-Q
water. The wet graphite oxide was dried by vacuum at room

temperature for 5 days.
2.3 Reduction of GO
2.3.1 Reduction of GO with NaBH, and Hydrazine Hydrate

Synthesized graphite oxide (200 mg) was added to 200 ml water
and ultra sonicated for 3 h while maintaining the pH 8-9. NaBH,
(1.600 g,62.2 mM) was added to well dispersed graphene oxide
solution and stirred at 70-80 °C for 2 h. The reaction mixture was
allowed to cool down to the room temperature and was filtered by

whatman paper. Filtrate was washed with methanol and MQ water

This journal is © The Royal Society of Chemistry 20xx
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and dried in vacuum at room temperature for 3 days. For reduction
of GO by hydrazine, 200 mg of GO was dispersed in 200 ml water by
sonicating for 3 hr and 2ml of 64.2 mM of hydrazine was added and
the solution was continuously stirred at 95°C for 24 h. The reaction
mixture was allowed to cool down to the room temperature and
was filtered by whatman paper. Filtrate was washed with methanol
and MQ water and dried in vacuum at room temperature for 3

days.
2.3.2 Reduction of hydrazine and NaBH, reduced GO by Soda Lime

The reaction of soda lime with rGO can be described as

R-COOH + soda lime 2(NaOH/CaO) - RH + Na,COs + H,0, where 'R'

3 The

represents rGO with remaining COOH functionalities
decorboxilation of rGO by soda lime can add hydrogen 'RH' to the
'‘R' (conversion of CH, into CH;) while removing carboxylic
functionalities. 100 mg of NaBH, reduced graphene oxide were
dissolved in 100 ml water by ultrasonication for 2 h. 60 mg of 6.2
mM soda lime at pH (7 to 8) was added and stirred at 45-50 °C for 1
h. To adjust the pH of the solution, 1 M NaOH and 1 M HCl was
used. The solution was filtered by whatman filter papers and filtrate
was subsequently washed with 1 M HCI, methanol and MQ waters.
The material was dried by vacuum at room temperature for 3 days.
100 mg of hydrazine reduced graphene oxide were dissolved in 100
ml water by ultrasonication for 2 h. 30 mg of 3.1 mM soda lime at
pH (7 to 8) was added and stirred at 45-50°C for 1 h. To adjust the
pH of the solution, 1M NaOH and 1HCl was used in the same way
discussed above. The solution was filtered by whatman filter papers
and filtrate was subsequently washed with 1 M HCI, methanol and
MQ waters. The material

was dried by vacuum at room

temperature for 3 days.

Using above methods for synthesis of graphene oxide and reduced
graphene oxides, we have synthesized five different types of
carbonic materials as: (i) Graphene oxide (GO), (ii) N,H, reduced GO
(rGOy44), (iii) NaBH,; reduced GO (rGO,,), (iv) Soda lime reduced
rGO,; (rGOy,) and (v) Soda lime reduced rGO,; (rGO,,). Above
materials were dissolved in three different solvents (water,
tetrahydrofuran (THF) and methanol) and optical images of these
are shown in Fig. 1. After sonication of 10 min, hydrazine reduced
graphene oxide showed relatively less solvability as compare to the

NaBH, reduced GO. For both the soda lime reduced GO had showed

very good solvability in all three solvents. The GO and reduced GO

This journal is © The Royal Society of Chemistry 20xx
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dissolved in water used for further characterized by Raman
spectroscopy, UV-Visible Spectroscopy, ATR-FTIR Spectroscopy,

TGA, XPS and XRD.
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Fig 1. Optical images of graphene oxide (GO), N,H, reduced GO
(rGO,,), NaBH, reduced GO (rGO,), soda lime reduced rGO;;
(rGO,,) and soda lime reduced rGO,; (rGO,,) in three different

solvents (water, THF and methanol).
2.4 Characterization

The order and disorder crystal structures of carbonic materials
(graphite, graphene oxide and reduced graphene oxide) were
characterized by Raman spectroscopy. Raman spectra of GO and
reduced GO were measured by RENISHAW System at 532 nm laser.
Absorption spectra of GO and reduced GO were measured by UV-
2600 SHIMADZU Spectrophotometer. ATR-FTIR Spectroscope

(Alpha-e Bruker System) was used to obtain the information about

the surface functionalities of GO.

The crystallite structure of GO and reduced GO was characterized
from XRD pattern. The XRD spectra were obtained by using a XRD-
6000 (Japan) X-ray diffractometer in the diffraction angle range 5-
80° with Cu-Ka radiation (A= 1.54060 A). Electrical characteristics of
GO and reduced GO was characterized by taking same amount of
the materials and solution casting in between the gold electrodes.
The current was measured at different voltage and current voltage
characteristic plotted. X-ray photoelectron spectra of GO and
reduced GO were obtained by MultiLab200 with standard MgKa
radiation to quantify elemental composition, surface carbon and
oxygen functionalities. All spectra were taken at a working pressure

of ~10° mbar. Wide scan XPS survey was used for elemental

J. Name., 2013, 00, 1-3 | 3
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proportion quantification and high-resolution spectra of Cls was
used for characterization of surface functionalities. The different
surface states were obtained in the high resolution Cls spectra by
specifying a line shape, relative sensitivity factor, peak position, full

width at half maxima, and area constraints.
3. Results and Discussion

Raman spectra of graphite, synthesized GO and reduced GO (rGO;,
rGO,,, rGO,; and rGO,,) were shown in Fig. 2. The Raman spectra of
graphite show a sharp peak at 1576 em?asin Fig. 2. Normally two
distinct peaks in Raman spectra of graphite materials are observed
due to (i) breathing of sp2 atom of carbon (known as D band ~ 1360
cm'l) and (ii) graphitic carbonic sp2 of carbon atoms (known as G
band ~ 1580 cm™) * The peak at 1576 em™ corresponds to the G-
band which represents stretching of the C-C bond. The conversion
of graphite into graphene oxide induces several disorders in sz_
hybridized carbon sheets; therefore an increase in D-band peak

intensity of Raman spectra in GO occurs 299

. The Raman spectra of
GO shows a wide peak at 1597 cm™ due to stretching of the C-C
bond present in aromatic ring of GO in all sp2 carbon. The peak at
1358 cm™ mainly associated with disorder introduced by addition of
oxygen atom at the surface of graphite by oxidation process in GO.
Observed ratio of the peak intensities of the D-band (Ip) with the G-
band (lg) peaks were 0.30 and 0.85 for graphite and GO,
respectively. The relative peak intensity of D-band at 1358 em™ was

increased as compared to G-band at 1597 em™ in GO in relation

with graphite.

The Raman peak for D-band and G-band are at 1349 em™ and 1581
cm'l, respectively for rGO,;. The measured intensity ratio of Ip/lg for
rGO;, was 1.17. The peak intensity of D-band as compared to the G-
band in Raman spectra of rGO,; was relatively higher which is
similar to previous finding 2 A further reduction of rGO4, by soda
lime which additionally deoxygenating the surface of rGO4; has
showed a decrease (lp/lg ~1.08) in the intensity of D-band (at 1333
cm'l) as compare to G band (at 1596 cm'l) in Raman spectra of
rGO;,. Raman spectra of NaBH, reduced GO (rGO,;) had a similar
pattern to GO and D-band and G-band peaks are at 1355 em™ and
1589 cm ™, respectively. The intensity ratio of Ip/Ig (~0.93) for rGO,;

has slightly decreased as compared to rGO;;. The Raman peak

4| J. Name., 2012, 00, 1-3

position for D band and G bands are at 1331 em™ and 1599 cm?,

respectively for rGO,, and the peaks intensity ratio I/l was ~1.14.

Raman Intensity (a.u.)

4 Graphite

1000 1200 1400 1600 1800 2000

Raman Shift (cm'?)

Fig 2. Raman spectra of graphite, graphene oxide (GO), N,H,
reduced GO (rGO,,), NaBH, reduced GO (rGO,,), soda lime reduced
rGO1; (rGOy;) and soda lime reduced rGO,; (rGO,;,).

The Raman spectra of GO showed a large red shift in the G-band
position after oxidation of graphite into GO and results are shown
in supporting information (SFig.1). Previously similar red shift was
observed by Bo et al. %, Gupta et. al.”” had explained the red shift
of the G band in Raman spectra due to an increase in the number of
layers of graphene. The change in Raman peak position and shape
were used to estimate the number of layers of graphene %, Thus,
the observed red shift in the G-band position of GO Raman spectra
in our finding indicated an increase in the thickness of the layered
structures of graphene oxide sheets. Reduction of GO by both the
reducing agents (i) NaBH, and (ii) N,H, had showed a decrease in
the red shift of the D-band. The oxidation of graphite had showed
red in D band whereas the further reduction of GO cause a blue
shift in D band of the Raman spectra. This change may be due to
change in spz hybridize cluster size by addition / removal of oxygen
functional groups from the surface in oxidation and reduction
process. A further reductions with soda lime cause a large red shift
in the spectra and D-band position are at 1596 and 1599 cm™ for
rGO;, and rGO,,. We do not understand the mechanism, but it
could be due to multiple folding of highly reduced graphene oxide.
Previous Raman peak at 1582-1600 em? correspond to glass carbon

. . . 199
in carbonic materials™".

This journal is © The Royal Society of Chemistry 20xx
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Fig 3. XRD spectra of graphene oxide (GO), N,H, reduced GO
(rGO,4), NaBH, reduced GO (rGO,,), soda lime reduced rGO;;
(rGO4,) and soda lime reduced rGO,; (rGOy,).

XRD spectra of synthesized GO and reduced GO (rGO,;, rGOg,,
rGO,; and rGO,,) are shown in Fig. 3. A sharp peak at 29 ~ 10°,
corresponds to the reflection from the (002) plane, was observed in
XRD spectra of GO'. Peak at 29 ~ 43° may correspond to the
turbostratic band of disordered carbon materials. XRD spectra of
N,H, reduced GO showed a wide peak at 29 ~ 43° and the peak at
29 ~ 10° was completely disappeared. Reduced graphene oxide has
a peak around 29 ~ 23°. The broad diffraction peak of rGO indicates
poor ordering of the sheets along the stacking direction. rGO,; XRD
had a broad peak at 29 ~ 10° with increased full width half maxima
(FWHM). Further reduction of rGO,; with soda lime shows a peak
shift towards higher 28 and an increase in the peak broadening.
This change in peak position and FWHM of the peak could be due to
the exfoliation of GO sheets after removal of the intercalated
carboxylic groupswl‘m. These XRD results are closely related to the

exfoliation and reduction processes of GO.

Fig 4A shows UV-Vis spectra of synthesized GO and reduced GO
(rGO44, rGO;,, rGO,; and rGO,,) between the spectral range 200-
700 nm. Absorbance peak of graphene oxide was present at 225 nm
corresponds to the n-m transition and peak at 303 nm due to the

transition in the =0 *®

. GO reduced by NaBH, and further by soda
lime shows a peak shift at 262.5 nm and 263.5 nm, respectively.
Reduction of GO by hydrazine and hydrazine with soda lime shows
peak at 256 nm and 266.5 nm, respectively. Previous studies also

64,68,71
and

showed a red shift in chemically reduced graphene oxide
our experimental results are also consistence with previous

observations.

This journal is © The Royal Society of Chemistry 20xx
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Fig 4. (A) UV-vis spectra and (B) TGA of graphene oxide (GO), N,H,
reduced GO (rGO,,), NaBH, reduced GO (rGO,,), soda lime reduced
rGO;4 (rGO;,) and soda lime reduced rGO,; (rGO,,).

Thermal stability of synthesized GO and reduced GO (rGO,4, rGO;,,
rGO,; and rGO,,) was measured between the temperature 10 to
1000 °C by thermogravimetric analysis and results are shown in Fig
4B.The thermal stability data of GO had shows maximum weight %
loss due to higher number of oxygen and pyrolysis of liable oxygen
functional groups at 150 °C. Further increase in the temperature
shows a very small decrease in the remaining mass which may be
due to release of CO and CO, gases. The comparative data for rGO,;
and rGO;, had shows about 50 % of weight loss at 430 and 520 °C,
respectively. These results suggest that the less number of oxygen
groups present in rGO,, as compared to rGO4;. Similar observations

were recorded for rGO,; and rGO,,.

i i ) rGO,,

rG0Oy,

7 GO

ATR Intensity (a.u.)
1

Graphite

500 1000 1500 2000 2500 3000 3500 4000

Wavenumber(cm™)

Fig 5. ATR-FTIR spectra of graphite, graphene oxide (GO), N,H,
reduced GO (rGO,,), NaBH, reduced GO (rGO,,), soda lime reduced
rGO1; (rGOy;) and soda lime reduced rGO,; (rGO,;,).

Fig.5 shows ATR-FTIR spectra of graphite, synthesized GO and
reduced GO (rGO4;, rGO;,, rGO,; and rGO,,). The absence of any

functional group in the ATR-FTIR spectrum of graphite was

J. Name., 2013, 00, 1-3 | 5
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observed. Oxidation of graphite show peaks at 1035, 1390, 1635
and 1751 cm™ in the ATR-FTIR spectrum. The peak at 1751 cm™
corresponds to the saturated carboxylic acids and peak at 1635 em™
correspond to H,C=CH,. Peaks at 1035 and 1390 cm™ may be due to
the presence of C-O and C=0. The presence of different oxygen
functional groups and an increase in D-band of Raman spectra
confirms the conversion of graphite into graphene oxide by the
oxidation process used in this study. The ATR-FTIR spectra of rGO4,
obtained after reduction of GO with N,H, showed a very wide peak
between 1300-1700 cm™. The disappearance of several functional
peaks and the week peak intensity between 1300-1700 cm™
confirms the removal of oxygen from the surface of GO by
reduction process. A small peak at 1255 cm™ is due to the presence
of C-O. The FTIR result suggests that the maximum numbers of
oxygen functionalities were removed from the surface of GO after
reduction. The use of soda lime for further removal of carboxylic

functional groups from the surface of reduced GO (rGO;,).

The strong appearance of the peak at 1645 em?in NaBH, reduced
GO (rGO,;) ATR-FTIR spectrum indicates that the reduced GO has
mainly H,C=CH,. A peak at 905 in the spectra was assigned to the
alkenes in the reduced GO sample. Two small peaks at 1373 and
1108 cm™ could be associated with the C-O and -OH which
indicating the presence of small proportion of oxygen groups at
NaBH, reduced GO surface. ATR-FTIR spectra of soda lime
deoxygenated NaBH, reduced GO (rGO,,) samples was very similar
to the NaBH, reduced GO ATR-FTIR spectra as shown in Fig 5. Peak
intensity at 1373 em™ was slightly reduced whereas a small increase
in the peak intensity at 1645 em™ was observed. XPS analysis was
carried out for quantitative analysis of carbon functionalities of GO

and rGO.

Wide scan XPS spectra of synthesized GO and reduced GO (rGO;,
rG0;,, rGO,; and rGO,,) were obtained to further quantify the
chemical nature of GO and reduced GO. Wide scan XPS spectra of
these are shown in supporting information (SFig. 2). Oxygen to
carbon elemental percentage proportions in synthesized GO was
38% and 62%, respectively. XPS wide scan spectra of GO reduced
with NaBH, shows significant decrease (38 to 30 %) in the oxygen
content at the surface. About 11% (atomic percentage) of oxygen
was observed in N,H, treated GO whereas before reduction it was

38% (atomic percentage). A further reduction of rGO,; with soda

6| J. Name., 2012, 00, 1-3

lime can further reduce the oxygen content at the surface of rGO. In
contrary to the NaBH,, the use of N,H, can reduce the higher

proportion of oxygen content from the surface of GO.

High resolution XPS spectra of Cls of synthesized GO and reduced
GO were obtained. The peak fitting for surface state quantification
from Cls was done as described in previous studies'™™ and results
are shown in Fig 6. Cls peak mainly fitted as hydrocarbon (CC),

hydroxyl (COX), C=0/0-C-O and carboxylic functionality peaks 10-

27 1n our analysis and peak fitting, we have separately fitted two
peaks of hydrocarbons as Cls (sz) and Cls (spa) for a better
representation of the XPS observations 198 An additional peak at
the tail of the spectra towards higher binding energy which know as
shake-up peak associated with carbon in aromatic ring was also

separately assigned during the peak fitting 109

. Thus, the higher
resolution Cls XPS spectra of GO was fitted with six peaks of
different carbon environments as: hydrocarbon (C=C) at 283.5 eV,
(C-C/C-H) at 285.7 eV, (C-OX) at 287.4 eV, (C=0/0-C-O) at 288.9 eV,
(C(=0)OX) at 290.8 eV and satellite peak at 293.5 eV due to pi-pi
interactions. The positions of each peak associated with C-OX,
(C=0/0-C-0) and (C(=0)OX) were fixed by assigning 1.5+0.3 eV shift
in the binding energy, respectively 1o, Previously Chu et. al. 108 had
characterized amorphous and nanocrystalline carbon films and
observed about ~1.7 eV difference in the binding energy associated
with Cls (spz) and Cls (Spa) peak of carbon. During peak fitting we
have observed about ~1.7+0.3 eV difference in the binding energy
for Cls (spz) and Cls (sps). The percent proportion of different
carbon environments in Cls was 8.3, 17.7, 13.2, 17.6 and 42.1
corresponds to the C=C, C-C/C-H, C-OX, C=0/0-C-O and C(=0)OX,

respectively.

This journal is © The Royal Society of Chemistry 20xx
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Fig 6. Peak fitted Cls XPS spectra of graphene oxide (GO), N,H,
reduced GO (rGO,;), NaBH, reduced GO (rGO,;), soda lime reduced
rG0O44 (rGO4,) and soda lime reduced rGO,; (rGO,,).

The higher resolution C1ls XPS spectra of NaBH, reduced GO was
fitted with six peaks of different carbon environments and the
values for hydrocarbon (C=C) at 284.2 eV, (C-C/C-H) at 286.1 eV, (C-
OX) at 287.6 eV, (C=0/0-C-0) at 289.1 eV, (C(=0)OX) at 290.6 eV
and shake-up peak was at 293.2 eV. The percent proportion of
different carbon environments in C1s was 22.9, 30.1, 24.2, 12.4 and
9.7 corresponds to the C=C, C-C/C-H, C-OX, C=0/0-C-O and
C(=0)OX, respectively. The higher resolution Cls XPS spectra of
soda lime reduced rGO,; was also fitted with similar six peaks as:
hydrocarbon (C=C) at 284.2 eV, (C-C/C-H) at 286 eV, (C-OX) at 287.4
eV, (C=0/0-C-0) at 288.9 eV, (C(=0)OX) at 290.5 eV and a shake-up
peak at 293.1 eV due to aromatic carbon atoms. The percent
proportion of different carbon environments in C1ls was 43.9, 34.1,
12.6, 4.9 and 3.8 corresponds to the C=C, C-C/C-H, C-OX, C=0/0-C-O
and C(=0)0X, respectively.

The higher resolution Cls XPS spectra of N,H, reduced GO 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=0/0-C-0) at 288.6 eV, (C(=0)OX) at 290.3 eV
and shake-up peak at 292.8 eV. The percent proportion of different
carbon environments in Cls was 64.8, 17.2, 8.4, 3.2 and 5.6
corresponds to the C=C, C-C/C-H, C-OX, C=0/0-C-O and C(=0)OX,

This journal is © The Royal Society of Chemistry 20xx

respectively. The Cls XPS spectra of soda lime reduced rGO,; was
fitted as: hydrocarbon (C=C) at 284.2 eV, (C-C/C-H) at 285.8 eV, (C-
OX) at 287.2 eV, (C=0/0-C-0) at 288.3 eV, (C(=0)OX) at 290.5 eV
and shake-up peak at 292.9 eV. The percent proportion of different
carbon environments in Cls was 56.4, 26.9, 11.1, 1.9 and 3.7
corresponds to the C=C, C-C/C-H, C-OX, C=0/0-C-O and C(=0)OX,
respectively. The XPS spectra of GO showed a spectra shift towards
lower binding energy which may be due to insulating nature of
sample 1 However, there was no spectral shift was observed in

reduced GO which indicates conducting nature of reduced GO.

12

10 4

0)OC in Cls

% Proportion of C(
'

||l

rG0O22 rGO11 rGO12

0 -

rG021

Fig 7. Percent proportion of carboxylic functionalists in Cls XPS
spectra of N,H, reduced GO (rGO4,), NaBH, reduced GO (rGO,,),
soda lime reduced rGO;; (rGO;,) and soda lime reduced rGO,;

(rGOy,).

Fig.7 shows quantitative analysis of C(=0)OX in synthesized GO and
reduced GO (rGO,;, rGO;,, rGO,; and rGO,,). The synthesized GO
has about 43 % proportion of carbon atoms in Cls as carboxylic
functionality whereas the reduction of it with NaBH, reduced it to
about 10 %. The use of soda lime further reduced the % proportion
of carboxylic functionality. The rGO;; had showed a very low
percentage of carboxylic functionality as compare to NaBH,
reduced GO. The reaming carboxylic functionalities of rGO,; and
rGO,; further reduced by soda lime and low level of carboxylic
functionalities were achieved. Soda lime had reduced the carboxylic
group significantly in both NaBH, and N,H, reduced GO. An increase
in the proportion of carbon atoms as spz and decrease in the
oxygen functionality was controlled in two step process in much

more precise way. Table 1 shows comparison of D and G band shifts

J. Name., 2013, 00, 1-3 | 7
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in Raman spectra, peak intensity ratio of D to G Raman band and

oxygen functionalities for different rGO.

Table 1. D and G Raman band shifts and oxygen functionalities for different rGO.

Raman  Raman In/lg" XPS
Code  D-Band G-Band COOX®

(em™)  (em™) (%)
GOy, 1349 1581 117 5.6
GO\, 1333 1596 1.09 2.7
1GOsy 1355 1589 0.94 9.7
GO, 1331 1599 1.14 3.8

* Experimentally observed peak intention ratio of D- band (Ip) and G- band (Ig) from

Raman spectra and hpercemage proportion of carboxylic functionalities in C1s XPS spectra.

Fig.8 showing I-V characteristics of GO and reduced GO (rGO;;,
rG0;,, rGO,; and rGO,,). As expected, the GO did not show current
conduction whereas the IV response of hydrazine reduced GO
(rGO4;) showed a liner response. Two step increase in the current
response of rGO;, observed. IV response of rGO,; was very distinct
from the rGO4; and rGOg,. Initially a low current conduction was
observed upto the 2V volt bias. A further increase in the bias
voltage showed a rapid increase in the current and reached on
saturation at 4V bias voltage.

Change in the relative conductivity of different types of reduced GO
assessed by comparison of current at contact bias voltage in IV
response curve. The conductivity of different types of reduced GO
was observed according to the chemical and structural nature of
the reduced GO. A very good correlation in the conductivity of
reduced GO with the % proportion of SP? carbon obtained from XPS
analysis was observed (supporting information SFig. 3). The two
step process of reduction described here may provides an
improvement and better structural, functional and electrical
properties control in the reduction of GO. The two step process of
reduction described here may provide a better conversion of

graphite into graphene.
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Fig.8 IV response of GO (black squire) and reduced GO (green
squire). (A) rGO;4, (B) rGO4,, (C) rGO,4 and (D) rGO,,.

Conclusions

Here we have described a method for a synthesis of chemically
reduced graphene oxide which has higher proportion of graphene.
First we have prepared highly exfoliated graphene oxide from
graphite which was reduced by hydrazine and sodium borohydride.
The Raman spectroscopic and XPS analysis confirm the synthesis of
exfoliated graphene oxide by chemically introduced oxygen as
carboxylic groups (-COOH), hydroxyl (—OH) and epoxy groups (C-O-
C). Two distinct peaks of graphene oxide and reduced graphene in
Raman spectra present due to breathing mode of sp2 atom and
graphitic carbonic sp2 of carbon atoms. Raman spectra of hydrazine
reduced GO showed relatively higher intensity of D-band as
compare to the G-band in the spectra. A strong red shift in the G-
band position was observed after oxidation of graphite into GO due
to increase in the number of layers of graphene. The reduced GO by
both reducing agent NaBH, and N,H, had showed a decrease in the
red shift of the D-band due to decrease in the thickness of the
reduced GO sheets. The synthesized GO has very high % proportion
of carbon atoms as carboxylic functionality whereas the reduction
of it with NaBH, and Hydrazine is less. Soda lime had reduced the
carboxylic group significantly in both NaBH, and N,H, reduced GO.
The two step process of reduction described here provides an
improvement in the reduction of GO, therefore better conversion of

graphite into graphene.

This journal is © The Royal Society of Chemistry 20xx
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