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Optimization of bandgap reduction
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and nanocomposites of GO/
iron-oxide for electronic device
applications
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In this report we have developed different fabrication parameters to tailor the optical bandgap

of graphene oxide (GO) nanosheets to make it operational candidate in electronic industry. Here

we performed two ways to reduce the bandgap of GO nanosheets. First, we have optimized the
oxidation level of GO by reducing amount of oxidizing agent (i.e. KMnO,) to control the sp?/sp?
hybridization ratio for a series of GO nanosheets samples. We noticed the reduction in primary band
edge 3.93-3.2 eV while secondary band edge 2.98-2.2 eV of GO nanosheets as the amount of KMnO,,
is decreased from 100 to 30%. Second, we have fabricated a series of 2-dimensional nanocomposites
sample containing GO/Iron-oxide by using a novel synthesis process wet impregnation method.

XRD analysis of synthesized nanocomposites confirmed the presence of both phases,«-Fe,0; and
Fe;0, of iron-oxide with prominent plane (001) of GO. Morphological investigation rules out all

the possibilities of agglomerations of iron oxide nanoparticles and coagulation of GO nanosheets.
Elemental mapping endorsed the homogeneous distribution of iron oxide nanoparticles throughout
the GO nanosheets. Raman spectroscopy confirmed the fairly constant I/l ratio and FWHM of D
and G peaks, thus proving the fact that the synthesis process of nanocomposites has no effect on
the degree of oxidation of GO flakes. Red shift in G peak position of all the nanocomposites samples
showed the electronic interaction among the constituents of the nanocomposite. Linear decrease

in the intensity of PL (Photoluminescence) spectra with the increasing of Iron oxide nanoparticles
points towards the increased interaction among the iron oxide nanoparticles and GO flakes. Optical
absorption spectroscopy reveals the linear decrease in primary edge of bandgap from 2.8 to 0.99 eV
while secondary edge decrease 3.93-2.2 eV as the loading of «-Fe,0; nanoparticles is increased from
0 to 5% in GO nanosheets. Among these nanocomposites samples 5%-iron-oxide/95%-GO nanosheet
sample may be a good contestant for electronic devices.

Graphene in its monolayer form is a zero bandgap material with sp?>-sp? bonding between carbon atoms. For
its use in semiconductor devices, its bandgap has to be opened by functionalization of oxygen in formation of
Graphene oxide (GO). This oxygen functionalization results in sp®-sp® bonding between atoms and almost insu-
lating properties with a very high bandgap. To reduce this bandgap, it is most important to control the amount
of oxygen/carbon (O/C) ratio without reducing GO into reduced GO (known as r-GO). A linear relationship
between oxygen concentration and bandgap of GO is observed theoretically with linear increase in bandgap
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with increase in oxygen to carbon ratio'?. This increase in bandgap is observed due to localization of electronic
states and weak bonding between C-C atoms. This weak bonding results from interaction between  orbital
of graphene and 2p, orbital of Oxygen from epoxy group. With increase in O/C ratio up to or more than 50%
in GO, bandgap also transition from direct to indirect>*. Stacking configuration of GO layers also have effect
on bandgap with AA stacking being more suitable than AB due to loosening of unoccupied stated near fermi
level®. Its low cost and large scale production method make it favorable for electronic devices applications. But
the optical bandgap of GO is far greater than it is required to operate as a semiconductor in electronic devices.

Fabrication of GO aerogels with ordered structures (e.g. radial and centrosymmetric) using freeze cast-
ing method had been demonstrated by Wang et al.%”. Recent developments in 3D printing of graphene and
its derivatives based materials and possible potential of their applications for batteries, supercapacitors, solar
steam generators, and electro-thermal conversion are comprehensive reviewed®. Using rapid heating technique
Chen et al.? had produced uniform, expanded, and reduced GO films of a desired thickness to a given height by
the use of a physical barrier, followed by compression to create a dense paper-like material with a low oxygen
content and a greater content of carbon sp? hybridization that provides a route for fabricating “graphenic” foils
of different thicknesses that are likely to be useful for many applications.

Usually, nanocomposites provide extra ordinary results as they have improved structural, optical, electri-
cal, thermal, photocatalytic and mechanical properties. Nanocomposites of nickel-iron sulfide and carbon
nanotubes are revealed for application of supercapacitors'®. High atomic level Fe (Iron) loading density for the
understanding of electronic structure modulation and intrinsic activity aimed at high-efficiency catalyst are
designed toward oxidation-related reactions'!. Pen et al.'> had developed a novel spin regularization strategy to
prepare regularized GO membranes with ordered and stable laminar structures through uniform interlayer mass
transfer channels (exhibits a high gravimetric capacitance) for high-performance electrodes for obtaining high
electron and charge transfer capability that can meet the increasing requirement for high-rate energy storage
devices. Zhang et al."* proposed 3D interconnected N, S co-doped branched carbon nanotubes structure with
uniformly distributed active sites can form intimate contact interface and interconnected channels, thus facili-
tate the electron transfer and electrolyte infiltration for applications of energy devices. Lv et al.'* had fabricated
GO membranes by insertion of various metals (e.g. Cu, Fe, Ni, and Zn) and obtained improved high aqueous
stability and high separation performance due to cation-mn coordination and electrostatic interaction between
metal cations and GO nanosheets.

Bandgap of 2D materials can be tuned by doping, surface modification, defects engineering and nanocom-
posite formation. Bandgap of MoS, was reduced by surface doping of oxygen atoms. Surface doped oxygen atom
enhanced the intrinsic conductivity of MoS, confirming the significant effect of surface doping on the electronic
structure®. Another way of reducing bandgap of nanomaterials is by incorporating material having narrow
bandgap. The introduction of narrow bandgap material generates impurity energy levels above the valence
band edge, resulting in less energy required to excite charge carriers hence decreasing optical bandgap'®. Many
nanomaterials are being employed to reduce the bandgap of other materials. Graphene is being used to reduce
optical bandgap of TiO, for enhanced photocatalytic activities. 2D/0D type hetero-structures are also in use to
tailor optical bandgap of materials. Adding r-GO in wide bandgap of g-C;N, nano-dots resulted in narrowing
of bandgap of nanocomposite'’. In similar trend, optical band-gap of the r-GO/TiO, film decreases linearly
with increasing r-GO proportion. Here r-GO acts as narrow bandgap material and increasing its value results
in increase and shift in density of State (DOS) distribution towards the gap, resulting in the conduction band
(CB) edge to move to a significant level of a new mobility edge and restore the initial electron effective DOS'®.

Here are many other techniques applied to reduce the bandgap of GO. Hasan et al.® propose that ozone-
induced functionalization decreases the size of graphitic islands affecting the GO band gap and emission energies,
based on this model of GO fluorescence originating from sp? graphitic islands confined by oxygenated addends.
The optical band gap of GO can be reduced and tuned effectively from 2.7 to 1.15 eV, by its reduction with mild
reagents e.g. glucose, fructose and ascorbic acid while NH,OH speeds up the reaction®. The chemical bond
C-Ti between the titanium oxide and graphene sheets is at the origin of bandgap reduction of TiO, Assembled
with Graphene Oxide Nanosheets?!. Auspiciously, Iron(III) chloride is photochemically active and have quantum
yields for FeCl" are 0.048 at 300 nm and 0.038 at 340 nm. The quantum yields for FeCl** are 0.088 at 300 nm and
0.051 at 340 nm. The presence of FeCI** and Fe(Cl,)" species will result in an enhanced photoreduction rates
due to a shift in action spectra to longer wavelengths around 340 nm. To some extent, graphene and its deriva-
tives can also be considered as super-aromatic molecules, and have potential to react with the Fenton reagent?.
Recently, the Fenton reaction has been successfully employed to investigate the effect of hydroxyl radical (HOs)
on the surface structure of multi-walled carbon nanotubes (MWNTs) and fabricate graphene quantum dots
(GQDs)*.Moreover, compared with the classical Fenton method, theIron(III) chloride like other + 3 oxidation
state like other systems ferrioxalate-mediated photo-Fenton method exhibits much higher etching efficiency due
to more efficient and stable HOe« production benefiting from the highly efficient regeneration of ferrous ions. To
be specific, the classical Fenton (the ferrous and/or ferric cation decomposes catalytically hydrogen peroxide to
generate powerful oxidizing agents) method produces HO« mainly via the Haber-Weiss reaction. Meanwhile,
Fe(II) can be regenerated from Fe(III) through the Fenton-like reaction®.

In GO based composites physical properties could be improved more even for very small amount of loading
of the filler. In this article we have used narrow bandgap property of Iron oxide nanoparticles and used it to fur-
ther reduce the bandgap of GO without reduction.In this article,we have designed and performed reproducible
scheme to tailor the optical bandgap of GO to make it usable in electronic industry. This composite formation
technique is designed by keeping one thing in mind, to make GO nanocomposite without its reduction. In this
method suspension of GO and Iron oxide are mixed together using ultra sonication. Nanocomposites formed
by this technique have reduced band gap owing to the electron transfer among the heterojunction interfaces
while retaining the sp* hybridization of GO. Both series of samples are characterized for structural, morphology,
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compositional analysis and optical properties. Optical bandgap of GO is highly dependent on the sp*/sp? hybridi-
zation ratio of carbon atoms. Theoretically if we could somehow control the degree of oxidation during the
synthesis of GO its optical bandgap could be controlled. This reduction of optical band-gap can be credited to
electronic interactions between the composite materials during synthesis process.

Results and discussion

X-ray diffraction analysis. To analyze the phase formation of GO nanosheets and interplanar distance for
our samples, we performed X-ray Diffraction (XRD) measurements. Figure 1a shows the XRD crystal spectra
of as synthesized GO samples. We observed that most prominent plane (001) correspond to GO with another
minor peak related to (002) plane of graphite as reported earlier®. It is also noted that the peak intensity peak
of GO (001) plane increases as we increase the concentration of KMnO, from 20 to 100% while overall the
opposite trend of graphitic (002) plane is observed. This observation clearly indicates that at higher concentra-
tion of KMnO, more single prominent GO phase formation is stabilized. The variation in peak positions of GO
(001) plane is more elaborated as revealed inset of Fig. 1a, may be owing to the different degree of oxidation. It is
observed that (001) plane shifts toward higher 26 as the amount of oxidant is decreased. Ayrat group* explained
these two phases and reported that oxidation of graphite flake starts from the edge and moves toward the center.
As the amount of oxidization is low only edges of graphite flakes gets oxidized and center portion remains un-
oxidized. This uneven oxidation is not carried out for all the flakes, some flakes get fully oxidized while other
remains partially oxidized. These partially oxidized flakes have un-oxidized sp? hybridized graphitic domain in
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Figure 1. (a) XRD spectra of a series of controlled oxidized GO nanosheets samples with varying KMNO4
concentration (b) Crystallite height (c) Peak position of (001) plane and interplanar distances of controlled
oxidized GO nanosheets samples.
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them surrounded by sp® hybridized GO. This results in the presence of both GO and graphite in the diffraction
spectra of the samples.

The crystallite thickness is measured and demonstrated in Fig. 1b. We observed that crystallite thickness is
highest (~10.5 nm) for 40%- KMnO, and smallest (~ 6 nm) for 100%- KMnO, concentrations. Peak position
of (001) plane and interplanar distance of controlled oxidized GO nanosheets samples are showing opposite
behavior with increasing %ages of KMnO, as presented in Fig. 1c. As the amount of KMnO, is increased may
be greater functional groups gets attached to the basal plane thus enlarged the interplanar distance as stated
by Marcano et al.?*. Here we may argue the increase in d-spacing with an increase in the amount of oxidizing
agent. In other words we can say that with the increase in oxidizing agent, d-spacing increases so possibly sp?
to sp® hybridization ratio may decrease which may be responsible for increasing the optical bandgap of these
nanosheets GO samples.

Figure 1Sa represents the XRD spectra of analytical grade Graphite powder of Sigma-Aldrich. This XRD
spectra shows three significant peaks at 26.38°, 44.25° and at 54.54° identified as (002), (101) and (004) planes
of graphite respectively according to the JCPDS card no 01-075-1621. To get information regarding oxidation
level and the effects of chemical processes performed throughout the synthesis of GO and its nanocomposites,
determination of interplanar distance (d) is of great importance, so Graphite sample is used as a reference for
that purpose. For the determination of interplanar distance Bragg’s law

(nA = 2dsind) (1)

is used®. Here 6 is the one half of peak diffraction angle, d is the interplanar distance, A represents the Cu K(a)
wavelength, which in our case is 1.54 A and n is the mode of vibration. For all the analysis second mode of vibra-
tion is used. The interplanar distance calculated is 0.337 nm for (002) plane and 0.358 nm for (004) plane, these
values corresponds to the JCPDS card no 01-075-1621. In order to calculate the number of layer in the crystallite,
L. lattice parameter in z-axis or the crystallite height is required. Scherer’s equation

Lc = 0.894/8 cos6 (2)

can be used to calculate the crystallite height for graphitic materials because of their planner structure”=*. In
this relation 0.89 is the Scherrer’s constant used for L, of graphitic materials,/ is the wavelength of Cu K(a), f is
the graphically calculated full width and half maxima of the peak. Average crystallite height is found ~ 26.78 nm
for pure graphite. To find out the number of layers lattice spacing “d” and crystallite height “L.” is used in the
following relation

=200 3
==+ 3)
According to this relation, there are around 151 layers in an average graphite crystallite. Figure 1Sb shows the
XRD spectra of as synthesized GO flakes carried out at 26 value of 5° to 70°. A single prominent peak at 9.88°
is identified to be as (001) plane of GO. Peak position and intensity corresponds to the earlier reported values®.
Inter-planner distance calculated with the help of Bragg’s law showed a substantial increase in “d” spacing from
0.33 nm of Graphite to 0.885 nm of GO. This rise in inter planar distance is because of the hydroxyl and epoxy
functional groups attached on the basil plane of honey comb lattice of graphite during its chemical exfoliation®.
These functional groups make bonds with the IT electrons of the carbon atoms. This results in the change in
hybridization of carbon atoms from sp? to sp>. This change of hybridization alters the band gap of the material,
zero band gap Graphite becomes semiconductor with a band gap ranging to about 3.7 eV. Degree of oxidation or
the amount of functional groups attached to the basal plane of GO could be easily monitored with the help of inter
planner distance. Higher oxidation levels leads toward the increased d-spacing and vice versa. This d-spacing also
identifies any kind of reduction in GO in reduction process functional groups gets removed from the basal plane
of GO thus in turn causing the interplanar distance to decrease. Scherrer’s formula gives the approximated L,
value of 6.099 nm for as-synthesized GO nanosheets. Here we can see a substantial decrease in crystallite thick-
ness as compared to its precursor. This decreased crystallite thickness is an indicator for a successful chemical
exfoliation. This exfoliation is carried by the exothermic oxidation reaction. We found that instead of 151 layers
in untreated commercial grade Graphite; GO only have about 7 layers of sp® hybridized carbon atoms. The XRD
spectra of as synthesized iron oxide nanoparticles obtained as given in Fig. 1Sc. After very careful analysis it
is found that as synthesized iron oxide nanoparticles contained a-Fe,0; and Fe;O, phases by comparing with
JCPDS card no-65-3107 and 89-0598. Both phases of iron oxide in pure nanoparticles sample have been marked
in Fig. 1Sc. Presence of Fe;0, in the specimen is because of the further oxidation of a-Fe,0; during the synthesis
process. Crystallite size for these Iron oxide nanoparticles is found with the help of Scherrer’s equation. Analysis
reveals the presence of nanoparticles in the specimen with an average size of 28.1 nm.

XRD spectra of GO/iron-oxide nanocomposites synthesized by using “wet impregnation technique” are shown
in Fig. 2a for various compositions of 0.25, 3, 5 and 7% Iron-oxide concentration. Presence of (001) characteristic
peak of GO at 9.6° indicates the fact that no reduction of GO (i.e. --GO) is carried out during the nanocomposite
synthesis process*. Peaks at 30.3°, 36.3° and 39.63° turns out to be (220) and (311) of Fe;O, and (113) planes
of a-Fe,O; respectively, when compared with JCPDS card no-65-3107 and 89-0598. Interplanar distance of the
nanocomposite calculated is 0.91 nm as compared to 0.885 nm of pure GO. This slight increase is because of the
penetration of iron oxide nanoparticles between the layers of GO. Crystallite thickness of the nanocomposite
is 6.95 nm which is also slightly greater than the pure GO sample. For 3% a-Fe,O; and 97% GO nanocompos-
ite synthesized, Peaks at 33.1°, 35.5° and 42.3° corresponds to (104), (110) and (202) peaks of a-Fe,O; when
compared with JCPDS card no-65-3107. Interplanar distance calculated with the help of Bragg’s law is 0.88 nm
and L. value is 5.37 nm. These values are similar to that of pure GO. These values also suggests that any kind
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Figure 2. (a) XRD spectra of nanocomposite (GO/Iron-oxide) (b) Interplanar distance between sheets of
graphene oxide in nanocomposite samples.

of structural changes have not occurred during the nanocomposite formation and iron oxide nanoparticles
are present only on the surface of GO. The diffracted peaks for nanocomposite samples 5 and 7% Iron-oxide
concentration has been marked in Fig. 2a. Interplanar distance and crystallite height for 5% iron oxide-95% GO
sample is 0.96 and 4.64 nm respectively and for 93% GO%-7% iron oxide nanocomposite d-spacing is 0.84 nm
and L. parameter is 3.34 nm. The data of prominent peak position of GO and interplanar distances for variations
compositions of nanocomposites extracted from Fig. 2a has been elaborated in Fig. 2b. From Fig. 2, we may infer
that 5% nanocomposite sample has best options among series of samples, where we noticed highest d-spacing.

Micro-structural properties. To observe the morphology, the elemental distribution of nanocomposites
and regional reduction of graphene oxide flakes during nanocomposite synthesis Field Emission Scanning Elec-
tron Microscopy (FE-SEM) and energy dispersive spectroscopy (EDS) measurements were performed for entire
series of GO nanosheets samples and GO/Iron-oxide nanocomposites samples. Figure 3a—d represents the SEM
images of GO nanosheets at different scale (a) 20-um (b)10-pm (c) 5-pm (d) 2-um. We observed that nanosheets
are not fully separated from each other but still agglomeration was present at small scale. These GO flakes were
further exposed to EDS to know the elemental composition. This study provides valuable information about the
elemental composition of GO. The EDS spectra and elemental mapping of GO nanosheets had been demon-
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Figure 3. SEM images of pure graphene oxide nanosheets at different scale (a) 20 pm (b) 10 um (c) 5 pm (d)
2 um.

strated in Fig. 4. Here we noted that GO nanosheets sample showed the presence of higher amount of carbon and
oxygen. Presence of Sulfur and chlorine is because of Sulfuric acid and hydrochloric acid used in the synthesis
scheme whereas silicon is because of the impurities present in the precursor graphite®'. Hydrogen present in
hydroxyl functional groups attached on the basal plane of GO flakes is undetectable because of its lower atomic
mass. The percentage presence of normal concentration and atomic concentration is given accordingly in table
inset EDS spectra (Fig. 4).

Figure 5a-d is the SEM images of GO/Iron-oxide nanocomposites at 500 nm scale for various concentrations
of iron oxides (a) 0.25% (b) 3% (c) 5% (d) 7%. We noted the agglomeration among nanosheets. GO flakes are
evenly decorated with iron oxide nanoparticles. More concentration of nanoparticles of iron oxide is visible in
Fig. 5d i.e. 93%GO/7%-Iron-oxide nanocomposites as compared to Fig. 5a i.e. 99.75%G0/0.25%-Iron-oxide
nanocomposites sample. Any sign of reduction is not present in any of the sample, thus proving the results of
XRD. GO flakes are fully oxidized and have around 25-32 nm thickness. Particle size of iron oxide nanoparticles
and sheet thickness of GO flakes observed with the help of SEM images are in accordance to the XRD results. The
EDS spectrum and elemental analysis of 95%GO/5%-Iron-oxide nanocomposites sample had been presented in
Fig. 6. The EDS spectrum represents very prominent peaks of carbon, oxygen and iron. Generic impurities of
GO, silicon and sulfur are also present in the spectrum?'. Elemental mapping and atomic percentages of these
constituent elements are demonstrated in Fig. 6. Even distributions of oxygen atoms throughout the flake rules
out any chance of regional reduction of GO caused by the synthesis process or due to the oxidation of a-Fe,O;.
Atomic percentages of these constituent elements are shown in table inset EDS spectra (Fig. 6). Higher carbon
to oxygen ratio proves the XRD results that no reduction of GO is carried out during the nanocomposite forma-
tion. Sulfur is because of sulfuric acid used in the synthesis of GO and silicon is present in the nanocomposites
because silicon based compounds are found in the graphite used as a starting material for GO synthesis.

Raman spectroscopy. To identify the degree of oxidation and to observe the un-oxidized domain size
variation during the controlled oxidation of GO nanosheets samples and GO/Iron-oxide nanocomposites sam-
ples, Raman spectroscopic measurements were accomplished at room temperature with LASER excitation wave-
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Figure 4. EDX spectra of pure graphene oxide nanosheets. Elemental mapping of pure GO sample reflects the
presence of different constituents in GO as O (oxygen), C (Carbon), Si (Silicon), Cl (Chlorine) and S (Sulfur).

length of 514 nm. Raman spectra for various samples of GO nanosheets with varying KMnO, concentrations for
entire range 400-3000 cm ™! had been exhibited in Fig. 7a. The spectrum of each sample reveals the presence of
D, G and 2D characteristics peaks of GO nanosheets as reported previously’~°. The peak at 1366 cm™ position
corresponds to D-band that may be assigned by A;, mode of vibrations. The formation of D-band is probably
due to the defect generated phonon mode vibrations or disorderness in the honeycomb graphitic structures such
as vacancies, bond-angle disorder, edge defects and bond-length disorder®*-**. Another reason of D-band can be
the presence of hydroxyl and epoxide functional groups on the basal plane of GO nanosheets®. Another most
prominent peak at 1617 cm™ position linked with G-band that may be caused by the first order C-C stretch-
ing vibrations of E,, phonons observed for sp® carbon domains®>*"~**. Moreover, another 2D peak is observed
at 2755 cm™! and it is assigned to second-order zone boundary phonons or to a two phonon double resonance
process*.
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Figure 5. SEM images of GO/Iron Oxide nanocomposites samples for various concentration of iron oxides (a)
0.25% (b) 3% (c) 5% (d) 7%.

Both the Full width half maximum (FWHM) of D-band and G-band, intensity ratios of D-band to G-band
(Ip/Ig) versus KMnO, concentrations have been plotted in Fig. 7b. From this analysis we noted that FWHM
values of both bands increases as % age of KMnO, increases. On getting this information we may propose that
degree of oxidation may increase as FWHM of D and G bands increase. In previous studies, FWHM of D-band of
GO is directly related to the degree of oxidation because the oxidation process has a direct effect on sp?/sp® ratio*!
i.e. the reduction of sp*/sp® hybridization ratio of GO flakes. Similarly, the FWHM of G-band also increased with
increasing the degree of oxidation level of GO nanosheets*?. We found the I;,/I; ratio reflected opposite trend as
that of FWHM of bands with the increase of % ages of KMnO,. The I,/I; ratio of GO nanosheets is also associated
with the degree of oxidation and in-plane sp? domain size***!. As the degree of oxidation increases Ip/]; ratio
decreases representing the decrease in in-plane sp* domain size. On the basis of above Raman results we may
argue that degree of oxidation in GO samples increased as we increased the KMnO, concentrations in samples.

Raman spectrum of Iron oxide nanoparticles is demonstrated in Fig. 8a. We analyzed the spectroscopic data
and found that both phases of a-Fe,0; and Fe;O, are present as we extracted from XRD data. The characteristics
peaks at positions of 271, 389.8, 485 and 1302 cm™ represents the a-Fe,O; phase while the peaks at 208 and
591.5 cm™ belongs to Fe;0, as reported in previous studies*~**. Peaks at 208 and 591 cm™" corresponds to A,
mode of vibrations while the remaining peaks except the one at 1302 cm™" are assigned to E, mode of vibrations
and the peak at 1308 cm™ corresponds to the two magnon scattering caused by the interaction of two magnons
created on anti-parallel close spin sites inconsistent as reported in literature*. Figure 8b reflects the Raman spec-
tra of GO and GO/Iron-oxide nanocomposites. Owing to the lower concentration of iron oxide nanoparticles,
no characteristic peaks of iron oxide is visible in any of the Raman spectra of GO/Iron-oxide nanocomposites
samples. Analysis to these spectra reveals the presence of D-band (1366 cm™) is assigned to the A, G-band
(1617 cm™) is caused by the first order C-C stretching vibrations of E,, phonons observed for sp> carbon domains
and 2D characteristics peaks (2755 cm™) assigned to second-order zone boundary phonons or to a two phonon
double resonance process of GO as reported in previously**~**. We measured the FWHM of D-peak is found to
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Figure 6. EDX spectra of composite of GO/Iron-oxide nanocomposites. Elemental mapping of reflects the
presence of different constituents, C (Carbon), O (oxygen), Fe (Iron) S (Sulfur) Si (Silicon) and Cl (Chlorine) in
nanocomposite sample.

be 167 cm™ and FWHM of G-peak is found to be 107 cm™" for GO/Iron-oxide nanocomposites samples which
correspond to reported values previously®>~.

G-band position of GO and GO/Iron-oxide nanocomposites had been plotted in Fig. 8c. Position of the
G-band in Graphene based nanosheets systems is an ideal marker to study the interaction among nanomateri-
als. To check that whether our GO/Iron-oxide nanocomposites samples with proper electronic interaction is
made or not, positions of G-band are compared. We found a red shift in the peak position of G-band as with
increasing the Iron-oxide concentration in GO nanosheets structures. Similarly, electronic interaction between
the carbon based materials and nanoparticles causes the G-band to red shift*’~>. This red shift becomes greater
as the interaction among the constituents of the nanocomposite increases a linear red shift in G-band position
could be seen in Fig. 8c as the loading of iron oxide nanoparticles is increased from 0.25 to 7%. This analysis
gives us information that iron oxide nanoparticles are not just resting on the basal plane of GO nanosheets but
they are electronically interacting with each other.

Figure 8d showed the extracted data of intensity as well ratio of D and G peaks (Ip/I;) ratio of GO/Iron-oxide
nanocomposites samples while in general the Ip/I; ratio in GO nanosheets is inversely proportional to the degree
of oxidation and in-plane sp? domain size. As the degree of oxidation decreases I;,/I;; ratio increases representing
an increase in in-plane sp* domain size***!. This fairly similar Ip/I; ratio points towards the fact that no reduction
of GO nanosheets is carried out during the synthesis process of nanocomposite nor by the chemical reaction
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Figure 7. (a) Room temperature Raman spectra of a series (varying the % ages of KMNO,) of controlled
oxidized GO nanosheets samples (b) Variation in FWHM of D and G bands and I,/1; ratio of controlled
oxidized GO nanosheets samples versus concentration of KMNO,.

between the o —Fe,O; or Fe;O, nanoparticles and GO as reported earlier*?>*%. The I/1; ratio could also be used
for the determination of the size of sp? domains in the GO based systems*"*®. For this purpose many relations
such as the Knight and White formula® and Tuinstra and Koeng’s relation® have been employed to measure
the average sp* domain size. Here in this work we have used a general relation, given by Cancodo et al.*® for the
measurement of the average crystallite size of the sp? domain. The expression for this relation is given below;

L,(nm) = [(2.4*107'%)(A1)*1/[Ip/16] ()

Where L, is the average crystallite size of the sp? domains, 2 is the input laser energy, I, is the intensity of the
D-band, and I is the intensity of the G-band. In plane sp? domain sizes of GO and GO/Iron-oxide nanocompos-
ites samples calculated utilizing equation-5as are plotted in Fig. 8d. All the nanocomposites have L, value fairly
closer to the pristine GO nanosheets, thus suggests that no reduction of GO is carried out during the synthesis
process of nanocomposites nor by the chemical reactions between the «—Fe,O; or Fe;O, nanoparticles and GO
nanosheets*>>%,

Photoluminescence spectroscopy. Photoluminescence (PL) spectra is a well-known technique to study
transfer process of the interface charge carrier as well as the recombination process involving the electron-hole
pairs in semiconductor systems®~*! and PL emission results from the radiative recombination of excited elec-
trons and holes. Room temperature (RT) PL spectrum of few selected controlled GO nanosheets samples with
varying oxidizing agent is presented in Fig. 9a, while Fig. 9b showed RT PL spectrum of GO (i.e. 100% KMnO,),
iron oxide nanoparticles and GO/Iron-oxide nanocomposites samples. We noted that the nanosheets based on
GO systems showed strong PL intensity at wavelength of ~420 nm as reported earlier®. This high intensity rep-
resents the high recombination rate of photo generated charge carriers. While we observed that Iron oxide nano-
particles on the other hand do not show any PL intensity in this region. PL spectra of 95%GO-5% iron oxide and
93% GO-7% iron oxide nanocomposites represented in Fig. 9b gives us a great insight about understanding the
electronic interaction among the iron oxide nanoparticles and GO flakes. Another interesting result we noticed
that the PL intensity of the GO/Iron-oxide nanocomposites decreased with the increasing mass ratios of iron
oxide nanoparticles, indicating that the recombination of photo generated electron-hole pairs is efficiently hin-
dered. Our data from Fig. 10b reflects that 5% nanocomposite shows relatively lesser PL intensity as compared
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to the pure GO but for only 2% more loading as compared to 5% nanocomposite, 7% iron oxide-GO nanocom-
posite shows a drastic decrease in PL intensity, meaning the better separation of photo generated charge carriers.

Optical absorption studies. To identify the optical bandgap of synthesized GO nanosheets samples, UV-
Visible absorption spectrophotometry at room temperature was carried out in the range of 190-700 nm. Fig-
ure 10a represented absorption spectra of a series of well controlled oxidized GO nanosheets samples for various
concentrations of KMnO, Similarly, we have obtained the UV-Visible absorption data for the series of GO/
Iron-oxide nanocomposite samples as demonstrated in Fig. 11a. From absorption data we noted that overall
more prominent and sharp absorption occurred around ~226 nm and this sharp peak represents the ordered
graphitic structure with a T — 7* transition of aromatic C=C bonds present in the GO structure®*®*. Another
less intense absorption band occurred at ~ 300 nm that reported previously for n— * transition and commonly
assigned to either C-O-C bonds or C=0 bonds and therefore provides evidence for oxygen functionality on the
GO sheets®~%. We were unable to measure the absorption spectra of GO (20% KMnO,) sample. The reduced
amount of oxidizing agent may have induced the hydrophobic behavior in GO nanosheets that may decrease
sp*/sp? ratio in this sample, which eliminates the ability of this sample to get dispersed in deionized water. In all
the specimens of controlled oxidized GO samples no absorption peak is observed in the range of 400-500 nm.
Existence of absorption peaks in this region corresponds to KMnO,*.
To calculate the optical bandgap from this absorption data linear extrapolation of Tauc plot is used® as;

ahv = A(hv — Eg)" (5)

where « the absorption coefficient, h is the frequency of light, A is proportionality constant, E is the band-gap
energy, and n is the type of electron excitation. Its value is different for direct and indirect band transition. Usu-
ally, “n” is 1/2 for direct bandgap and 2 for indirect bandgap transitions®”%. In our case we are only concerned
with direct band to band transition of electron. Tauc plot of each controlled oxidized GO samples and GO/
Iron-oxide nanocomposite samples have been extracted from absorption data and revealed in Figs. 10b and
11b respectively. We found and measured two distinct bandgap for each GO sample as reported earlier®>**. We
denoted these bandgap with names primary edge (higher values of bandgap) and secondary edge (lower values
of bandgap) as presented in Figs. 10b and 11b respectively for controlled oxidized GO samples and GO/Iron-
oxide nanocomposite samples.
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Figure 9. Photoluminescence (PL) spectra of (a) controlled oxidized GO nanosheets samples (b) Graphene
oxide, Iron oxide nanoparticles and GO/Iron-oxide nanocomposites.

We noticed that both edges of each sample are increasing with increasing the concentration of KMnO, as
displayed in Fig. 10c. It was found that owing to the crude nature of the synthesis of GO nanosheets degree of
oxidation of no two flakes is identical. One flake gets completely oxidized while the other still have an un-oxidized
sp? graphitic domain in it. This uneven sp* to sp® ratio may be the reasons behind two distinct bandgap of GO
nanosheets®>’*”!. In other words, by decreasing concentration of oxidizing agent, there is shrinkage in both band
edges of each GO nanosheet samples that may be due to altering the sp?/sp? ratio or may be the lesser amount of
functional groups attached to the basal plane of GO nanosheets*2. At this point if the amount of oxidant is further
decreased exfoliation efficiency got effected and the graphite flacks gets only edge oxidation®*. This rise in sp?
domain size induces hydrophobic behavior in to the material resulting in the loss of ability of the synthesized
GO to dissolve in the polar solvents under normal conditions. Due to this reason UV absorption spectra could
not be found for the samples made using less than 30% (1.8 wt. equiv.) of KMnO,. Here, we found an interesting
correlation and trend that interplanar distance (extracted from XRD data), FWHM of D-band/G-band (dig out
from Raman spectra) and band edges (calculated from UV-Vis absorption data) are increased with increasing
the concentration of oxidizing agent KMnO, and vice versa.

Figure 11c represents the relative band gaps of GO nanosheets and GO/Iron-oxide nanocomposite samples.
Sudden decrease in bandgap values of 0.25% iron oxide-99.75%GO nanocomposite is observed for both the
secondary and primary band edges from 3.93 and 2.8 eV of pure GO to 3.47 and 2.2 eV respectively. This sud-
den change in electronic property even for 0.25% loading of iron oxide nanoparticles is because of the greater
surface area of nanoparticles that allows greater interaction and more possibility of electronic transfer. Same
trend was observed for other nanocomposite samples. Tauc plot of as synthesized Iron Oxide nanoparticles were
plotted (not shown here) and the linear extrapolation of this graph gives a value of 1.5 eV which is smaller than
1.92 eV of Fe,0,7? and 2.18 eV of Fe;0,. Presence of both the a-Fe,0; and Fe;O, phases in specimen indicated
by the XRD results or the greater crystallite size of these particles also calculated with the help of XRD could be
a reason behind this decreased band gap value. This decrease in optical band gap is linear as the loading of iron
nanoparticles is increased. But for 5% iron oxide/95% GO nanocomposite we have observed a huge decrease in
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Figure 11. (a) Absorption spectra of composite samples (b) Tauc plot of nanocomposite samples (c¢) Band gap
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both the major and minor bandgaps. This decrease in bandgaps is even greater than that of 7% iron oxide/93%
GO nanocomposites. XRD analyses of 5% iron oxide-95% GO eliminates the possibility of bandgap reduction
because of the increased sp*/sp® ratio caused by the in situ reduction of GO flakes during nanocomposite synthesis
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process. Bandgaps of 7% nanocomposite is greater than the bandgap of 5% nanocomposite. This sudden increase
in bandgap apart from increased loading reveals that 5% loading of iron oxide nanoparticles in GO is an opti-
mum loading amount at which the nanocomposite shows the most decrease in bandgap values. These results
have been verified by repeating the sample synthesis and characterizations at same parameters. XRD analysis
performed previously reveals that GO is not reduced into r-GO in our composite sample formation. So the only
reason behind any change in optical bandgap is because of the electronic transitions between the Fe,05/Fe;0,
nanoparticles and GO nanosheets in nanocomposite samples.

The optical bandgap of GO is far greater than it is required to operate as a semiconductor in optoelectronic
devices. This bandgap can be reduced by controlling oxidation level in GO but it has its limitations as discussed.
Another way to reduce is optical bandgap is by the incorporation of nano-scaled oxide particles that have a
narrow energy gap’>. Iron Oxide nanoparticles have ability to reduce GO in r-GO. In this article, we have care-
fully devised a method to incorporate Iron oxide nanoparticles in GO without its in-situ reduction. Mechanism
behind this reduction in bandgap can be deeply understood by understanding band edge positions of iron oxide
nanoparticles and GO. Band edge position on NHE are theoretically calculated and are shown in Fig. 12 and
given in Table 1. Conduction band edge and valence band edge potentials for a-Fe,0; and Fe;0, are calculated
using the absorption data and using the equation given below’*

Eqp(Fe,03) = x (Fe03)—ES—0.5 By )

€Y
Graphene Oxide
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Figure 12. (a) Schematic representation of band edges (b) Band edge positions on Neutral hydrogen scale.

GO major edge | GO minor edge | «—Fe,0; | Fe;0,
Conduction band potential (eV) -0.52 -0.52 0.63 0.53
Valence band potential (eV) 3.27 1.98 2.13 2.03
Band gap energy (eV) 3.37 2.54 1.5 1.5

Table 1. Band edge positions of Graphene oxide, Fe;0, and a-Fe,0;.
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Eqp(Fe3s04) = x (Fes04)—E—0.5 Eg (7)
Eyp = Eg—Eq (Fe3O4) (8)
Eyp = Eg—Ec (Fe203) 9)

where x represents absolute electronegativity of the corresponding material. x for a-Fe,Oj; is 5.88 eV and for
Fe,0, value of  is 5.78 eV”>. E¢ is the scaling factor for converting absolute vacuum scale to NHE and its value
is 4.5 eV. Band edge position of GO are taken from 7°. Band edge positions given in Fig. 12 provide us insight
about the mechanism governing the decrease in bandgap of the nanocomposite. The conduction band edge of
GO mainly formed by the anti-bonding n* orbitals is at —0.52 eV, whereas for a-Fe,O; and Fe;O, lies significantly
lower at 0.63 and 0.53 eV respectively. Because of the variations in stoichiometry and small defects of Oxygen
atoms a-Fe,0; and Fe;O, shows n-type behavior”’. These thermally majority career electrons present in conduc-
tion band of iron oxide nanoparticles when interacts with the incident photons jumps to the conduction band
of GO. Due to this lower band edge value, transfer of electrons in between different bands in nanocomposite is
feasible. This transfer of electrons might be the reason behind the resultant reduced bandgap of GO-iron oxide
nanocomposite as the difference in energy of these potentials is similar to the observed bandgap.

Conclusion

In this report, we conclude that it is possible to alter the optical bandgap of GO without subjecting it to thermal or
chemical reduction. To tailor optical bandgap of GO, four samples of GO are synthesized by Improved Hummer’s
method utilizing 100, 40, 30 and 20% of the prescribed amount of KMnO,. X-ray diffraction (XRD) examina-
tion discloses the presence small un-oxidized graphitic domain (002) with prominent (001) plane of GO all over
the flakes which in turn affects the exfoliation efficiency and hydrophilic properties except at 100% KMnO, we
observed pure GO (001) nanosheets. The XRD analysis also proves this controlled oxidation as the interplanar
distance is found to decrease along with the oxidizing agent. But the presence of (002) Graphite peak in lower
oxidized GO nanosheets points towards the shortcoming of this process. Raman spectroscopy reveals a linear
decrease in I/I ratio and linear increase in FWHM of D and G peaks as the amount of KMnQ, is increased,
representing a linear increase in degree of oxidation or sp?/sp® hybridization ratio. Optical bandgap calculated
with the help of Absorption spectroscopy also shows a linear decrease as the amount of KMnO,is decreased.
Limited control over the optical bandgap and compromised exfoliation efficiency made us to look for alternative
approaches such as nanocomposites of GO with iron oxide nanoparticles.

A novel synthesis process for GO/Iron-oxide nanocomposites named as “Wet impregnation method” is
devised that uses pre-synthesized Iron oxide nanoparticles. XRD analysis of synthesized nanocomposites ruled
out the possibility of in situ reduction of GO. SEM ruled out all the possibilities of agglomeration of iron oxide
nanoparticles and coagulation of GO nanosheets. EDX analysis confirmed the wt.% of constituent elements in all
samples while elemental mapping showed the even distribution of nanoparticles throughout the GO nanosheets.
Raman spectroscopy confirmed the fairly constant I,/1; ratio and FWHM of D and G peaks, thus proving the
fact that the synthesis process of nanocomposites has no effect on the degree of oxidation of GO flakes. Red
shift in G peak position of all the nanocomposites synthesized using Wet impregnation method showed the elec-
tronic interaction among the constituents of the nanocomposite. Linear decrease in the intensity of PL spectra
as the loading of Iron oxide nanoparticles is increased points toward the increased interaction among the iron
oxide nanoparticles and GO flakes. Optical bandgap revealed the linear decrease with increasing of Iron oxide
nanoparticles from 0.25 to 7% and we noted maximum shift to 0.99 eV in primary bandgap edge of 5% iron-
oxide/95% GO nanosheet sample.

Methods

Synthesis of graphene oxide (GO). According to Ayrat et al.** Potassium Permanganate(KMnO,) is the
main oxidizing agent in the synthesis of GO by Tour’s method (Improved Hummer’s method) and by changing
the amount of KMnO, degree of oxidation could be altered. We used improved hummer’s method but instead of
using complete 6 wt. equiv. of KMnO, decreased amount is used. Four experiments were carried out by incor-
porating 3 (50%-GO), 2.4 (40%-GO), 1.8 (30%-GO) and 1.2 (20%-GO)wt. equiv. of KMnO, or in other words
1.5, 1.2, 0.9 and 0.6 g of KMnO, was used for each 0.5 g batch of graphite. Apart from this modification, each
step was followed and every composition was followed according to the prescribed Tour’s or Improved hummer’s
method.

To synthesize GO nanosheets, 2-g of graphite powder was slowly added in to the acid mixture of 270-ml of
concentrated sulfuric acid (H,SO,) and 30-ml of concentrated phosphoric acid (H;PO,). During that addition
vigorous stirring is done with the help of magnetic stirrer to avoid agglomeration. In this step acid molecules
seep between the graphite layers and thus confirmed making an intercalation compound. After that the solution
was kept in an ice bath to lower its temperature to about 10 °C. As the temperature drops 12-g of Potassium
Permanganate (KMnO,) was slowly added in to the acid solution in such a manner that temperature never rises
above 20 °C during this exothermic reaction. After this addition, solution turned to dark green color. To achieve
complete oxidation, solution was heated to about 50 °C and stirred for 12 h. Then 250 ml of deionized water was
slowly added while keeping the mixture on ice bath followed by the addition of 6 ml hydrogen peroxide (H,0O,).
This H,0, neutralizes the oxidizing permanganate ions and stops the oxidation reaction, which was indicated
by the change in color from dark green to yellow. At this point solution was washed with deionized water with
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the help of a centrifuge until the pH of the solution reaches to 7. The resultant slurry is then dried in a vacuum
oven below 60 °C. Dried GO powders were finely ground and used for further characterizations.

Synthesis of iron oxide nanoparticles. To synthesize iron oxide nanoparticles co-precipitation tech-
nique was used’®. In this regard aqueous solutions of FeCl; 6H,0 (1.54 g/10 ml) and FeCl, (0.56 g/10 ml) were
made and added in to 150 ml of deionized water to start precipitation 25% ammonium hydroxide (NH,OH) was
added slowly and pH of solution was maintained to 10. Solution was heated to 90 °C and 3-ml Hydrazine hydrate
was added to prevent further oxidation of Fe;O, nanoparticles and stirred for four hours then products was
cooled to room temperature and filters washed with the help of repeated deionized water and absolute alcohol
cycles. The remaining black brownish precipitates were then annealed at 450 °C for 3 h to improve crystallinity.

Synthesis of GO/Iron-oxide nanocomposites. For the synthesis of nanocomposites series of GO/Iron-
oxide, the suspensions of GO and Iron-oxide nanoparticles were mixed together in DI water with the help of
ultra-sonicator bath in a ratio defined by the given empirical formula;

GO(1—x) — Fe203.(x) (10)

This sonication was performed at room temperature for 45 min. The resultant was then placed in autoclave
at 65 °C for two hours and then dried in a hot air oven at 100 °C.

Characterization techniques. In this study Powder X-ray diffractometer from BRUKER D8 was used to
perform the measurements. This diffractometer have a Copper (Cu) X-ray tube and an incident beam graphite
monochromator, with Cu K(a) radiation operating at 45 kV and 40 mA. All the samples were scanned for 20
value of 5° to 80° with a scanning resolution of 0.02°.UV-vis absorption spectra (1 nm resolution) were acquired
using UV-vis spectroscopy (Analytik Jena Specord 200 Plus UV-vis-NIR absorption spectrometer), utilizing
quartz cuvettes with optical path lengths of 10 mm. For analysis 70 ppm solutions of all the materials are made
using deionized water as a solvent. These solutions were then subjected to 25 min of ultra-sonication to achieve
complete dispersion of the material. This process is carried out at room temperature to avoid thermally induced
reduction of GO. Field Emission Scanning Electron Microscopy (FE-SEM) and energy dispersive spectroscopy
(EDS) measurements were performed to study morphology and elemental distribution of GO and GO/Iron
oxide nanocomposite. SEM was performed at a resolution of 10um, 5um, 2um and lum.Raman spectropho-
tometer was used to observe degree of oxidation in our samples at room temperature with LASER excitation
wavelength of 514 nm.

Data availability
The datasets used and/or analyzed during the current study available from the corresponding author on reason-
able request.
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