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Abstract

In this paper, the structural and optical properties of reduced graphene oxide (rGO) doped
vanadium pentoxide nanocrystalline films were studied. rGO was synthesized using mod-
ified Hummer method and confirmed by EDX, XRD and HRTEM. XRD measurements
showed good fit with known card JCPDS 40-1296 of vanadium pentoxide with nanocrys-
tals structure oriented toward the c-axis. The line of (002) in XRD graphs is getting weaker
by the addition of rGO till nearly missing at the higher concentrations indicating intercala-
tion of rGO within the vanadium layers. The average particle size measured decreased with
increasing rGO content from 4.86 to 3.17 nm. Optical properties were studied by measur-
ing the absorption, reflectance and transmittance of the prepared samples using double-
beam UV-Vis spectrophotometers. The optical constants like refractive index n, extinction
coefficient k, real and imaginary dielectric constants, absorption coefficient o, and optical
band gap E,, of the nanocrystalline films have been evaluated. The absorption coefficient
decreases with increasing rGO content, which may be attributed to decrease in lattice dis-
tortion owing to rGO content due to the decrease of particle size as indicated in the XRD
and HRTEM. Optical measurements revealed that there are two different optical gaps pre-
sent. The optical gap Eop, was found to decrease with increase in rGO content, while the
optical gap Eop, was found to increase with increase in rGO content. The carrier’s concen-
trations as well as the effective mass were calculated assuming hydrogen-like model. The
good absorption in the UV region of rGO,V,05nH,0 films are promising candidate for
solar cell photostabilizer applications.
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1 Introduction

Nowadays, transparent electronics devices are the center of interest in many applica-
tions. Many materials are a good candidate and one of them is oxides based on vana-
dium as it is a promising transparent oxide semiconductors (TOS) (Prociow et al. 2011).
Vanadium oxides are one of the best candidates due to the layered structures, which are
well known to intercalate water molecules between the layers (McNulty et al. 2019).
The structural model for the V,05 xerogel, proposed by Legendre et al. (1983) and Yao
and Oka (1997) has a lamellar structure, as shown in Figs. 1 and 2, respectively which
is a distorted orthorhombic structure. This distortion is the main producer of sheet like
shapes.

Sol—-gel methods is a preferred synthetic process as it offers creating an optical mate-
rial with much different properties compared to other traditional chemical solid-state
methods (Klein 2013; Al-Assiri et al. 2010). This is because solid-gel synthesis is dis-
tinguished by lower synthesis temperature, homogeneous mixing at the atomic level,
better crystallinity and uniform particle size at the nanometer level.

Making thin films of nanocrystalline material can be easily achieved using the
sol—gel technique. And vanadium pentoxide gels are a good candidate for optical and
electronic devices (Ramana et al. 1997; Bahgat et al. 2011; Mady et al. 2012) as it
exhibits its semiconducting properties from electron transfer between V** and V3 ions
(Wright 1984; Takeda et al. 1996).

Fig. 1 Structural model for
theV,05 xerogel, proposed by |
Aldebertetal | |

Fig.2 Structural model for
theV,05 xerogel, proposed by Z Aon
Yaoetal T
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The optical transmittance spectrum of V,05 sol-gel exhibit a characteristic absorp-
tion band at a wavelength of about 500 nm and it has a steady transmittance of 75% in
the visible region. The absorption edge at 2.3-2.5 eV in vanadium—oxygen compounds
is ascribed to O2p — V3d electron transitions and it is consistent with the energy gap of
V,05, Eop=2.35 ¢V, and V,05xnH,0, Eop=2.49 eV (Ganeshan et al. 2016; Kazakova
et al. 2014; Pergament et al. 2002).

Graphene is a 2D material with one atom thick carbon sheet. The atoms are arranged
in a honeycomb-shaped structure made of hexagons. They can be imagined as a com-
posed of benzene rings after being stripped out from their hydrogens (see Fig. 3) (Rand-
viir et al. 2014). Graphene has many unique properties such as zero band gap with
extremely high intrinsic carrier mobility (20,000 cm?/V s), high chemical stability and
superior optical and thermal properties (Wang et al. 2018). Graphene also has a tre-
mendously high optical transparency that can reach up to 97.7% for monolayer (or low
optical absorptivity for a monolayer as low as 2.3%) (Randyviir et al. 2014). The origin
of the unique optical properties can be defined by the fundamental constants lies in the
two-dimensional nature of this material combined with the gapless electronic spectrum
of graphene and does not directly involve the chirality of its charge carriers (Wang et al.
2018).

Nowadays, graphene is considered a promising material for many application fields
including optics. For example, Li et al. have synthesized NiS,/reduced graphene oxide
(rGO) nanocomposite for an efficient dye-sensitized solar cells (DSSCs) (Li et al. 2013).
The composite material showed higher performance than individual components due to
the synergetic effect between metal compounds and graphene sheets. Also, M. Lee and
S. K. Balasingam, used graphene modified vanadium pentoxide nanobelts as an efficient
counter electrode for dye-sensitized solar cells (DSSCs) (Lee et al. 2016a).

In this work, our aim is to study the change in the nano-structural and optical prop-
erties in the visible and near infrared regions of vanadium pentoxide films after being
doped with reduced graphene oxide (rGO) in the form of xrGO (x —1)nH,0V,05 where
x=0,0.05, 0.10, 0.20, 0.25 and 0.35 mol%. The films were formed on glass substrate by
sol-gel method.

Fig.3 Graphite and graphene

graphene

graphite
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2 Experimental

The modified Hummer method was used to synthesize the rGO. Started by preparing an ice
dipped container then adding 5 g of extra pure graphite to 2.5 g sodium nitrate (NaNO;)
in110ml H,SO, and cooling to 0° using the ice. Then stirring and slowly adding 15 g of
potassium permanganate (KMnO,) while controlling the heat not exceeding 20 °C by con-
trolling the adding rate. Then adding 1.5 L of H,O slowly and watch the temperature rises
up to 98 °C. Start treating by adding 200 ml of 30 mol% hydrogen peroxide (H,0,) to
reduce the residual of KMnO, then washing and drying to get Graphene oxide powder
(GO). Sonicating in 20 ml H,O until yellow dispersion is obtained then adding 40ul of
hydrazine hydrate (HH) as a reducing agent. After that, the solution was microwaved for
60 s till the yellow dispersion turns to black indicating the reduction to reduced graphene
oxide (rGO).

Five different samples, of xrGO-(1 —x)V,05-nH,0 (x=0.05, 0.10, 0.20, 0.25 and 0.35
mol%) were proposed for the present investigation. Then for each sample, added the doping
weight of rGO to 5 ml of H,O and sonicated for 1 h. Then for each sample, adding 1 g of
pure V,05 to 30 ml of 5% H,0, while stirring and keeping the mixture at 55-60 °C. Just
before gelation starts, we slowly add the sonicated rGO. Nanocrystalline films made by
dipping technique were obtained for each concentration (see Fig. 4).

For XRD analysis, we used SIEMENS D5000 X-ray Diffractometer (with Cu-Ka radia-
tion and A=1.5406). The diffraction data were recorded for 2@ between 5° and 60° with
a resolution of 0.05. The resulted graphs were processed and compared with international
database by pattern recognition software “X’Pert HighScore®” which identifies the existing
planes, crystal structure and the and interplanar spacing. Furthermore, graph analysis soft-
ware, Origen ®, was used to analyze the peaks and their full width half maximum (FWHM)
to calculate the average particle size using Scherrer method for each rGO concentartin.

TEM for present samples were analyzed by JEOL JEM-2100 TEM. For each sample,
the general structure, particle size and EDX was analyzed.

For the optical properties we used SHIMADZUE UV-2600 spectrophotometer oper-
ating from UV region (A=200 nm) to IR region (A=1200 nm). The prepared samples
were tested for optical transmittance (T), absorption (A) and reflectance (R) at room
temperature. Slit width or signal amplification gain is controlled automatically to adjust
the base line before any series of measurements. Then, film thickness (t), was obtained
using SWANEPOEL method (Sanchez-Gonzalez et al. 2006; Li et al. 2009; Caglar et al.
2006). Other optical parameters for different doping concentrations were investigated
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Fig. 4 Dip coating illustration
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including optical direct and indirect band gap, Urbach activation energy, the dissipation
factor (tan §), surface energy loss, volume energy loss, dispersion energy parameters
and real ¢’ and imaginary " parts of the dielectric constant.

3 Results and discussion

3.1 XRD analysis

The resulted x-ray differaction for the prepared samples are illustrated in in Fig. 5 were
the heighest intensisty peak is rekated to (001) plane appearing at 20 of 6.8-7.2. Other
peaks related to (002), (003), (004) and (005) are appearing with good fit with vanadium
pentoxide xerogel card number 00-040-1296 or/(JCPDS 40-1296) with Orthorhombic
crystal system (Al-Assiri et al. 2010; Li et al. 2014). However, peak (002) is weak or
mising in higher rGO concentrations.

From XRD analysis, the obtained nanocrystalline films were found to be highly
orientated nanocrystals with their c-axis normal to the substrate surface (Bahgat et al.
2005). The (0 0 2) line is weak in the pure V,05 sample as a result of the layer struc-
ture of the nanocrystalline films and gets from weaker to missing as the rGO increases,
which facilitates a layer of intercalation.

The average particle size (D) of nanocrystalline films was calculated by Scherrer
equation, Eq. (1)
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(007)
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Fig.5 Room-temperature XRD for different rGO content in the relevant angles (20)
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Table 1 Particle size in (nm) calculated for different rGO content

Sample Pure  0.05mol% 0.10mol%  0.20mol%  0.25mol%  0.35 mol%
[-GO/V,0s] mol ratio 0 0.0005 0.0010 0.0020 0.0025 0.0035
Peak [001] 566  5.30 5.10 4.94 4.83 4.14
Peak [003] 4.07  3.48 3.12 2.72 2.58 2.20
Average D (nm) 4.86 4.39 4.11 3.83 3.70 3.17
6.0
| —=— Plane (001)
5.5 - —e— Plane (003)
1 —a— Average
5.0 1
E 4.5 -
° ]
N 4.0
(72]
o ]
T 3.5-
t ]
©
o 3.0
2.5+
20 T T T T T T T T T T T
0 0.05% 0.10% 0.20% 0.25% 0.35%
rGO (mlo%)
Fig. 6 Particle size for different rGO content
kA
D= )
pCOSO

where k~1, A=1.5406 A for Cu (Ka), p is the full width at half maximum (FWHM) in
radians and © is Bragg angle (Bartram and Kaelble 1967). We used the Gauss fitting
method from Origin® software for the main peaks (001) and (003) to calculate the particle
size. Table 1 contains the calculated particle size from both planes (001) and (003). The
average particle size decreased with increasing the amount of rGO from 4.86 to 3.17 nm as
indicated in Fig. 6.

3.2 HRTEM

The structural information of the prepared samples with rGO of 0.10 mol%, 0.20 mol% and
0.35 mol% are obtained from high resolution transmission electron microscope (HRTEM)
observation. Figures 7 and 8 show HRTEM images for representative samples 0.10 mol%,
0.20 mol% and 0.35 mol%.

Figure 7a—f taken at 100 nm and 200 nm scale shows vanadium layers penetrated
by rGO. And in Figs. 7b and 6d at a scale of 200 nm, showing large sheet of graphene
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0.35 mol%

Fig.7 a—f HRTEM at 100 nm and 200 nm scale
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Fig.8 a—c HRTEM of measured particle size, d interplanar spacing (d-spacing) for 0.20 mol% and e, f
SAED for 0.10 mol% and 0.35 mol%
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almost 1000 nm wide. In Fig. 7f, a large rGO sheet at the scale of micrometer appears
penetrating the vanadium layers. This indicated the successful of preparation of rGO
sheets inset vanadium layers.

The particle size was measured as indicated in Fig. 8a—c showing particle size
measured from 4.62 to 5.96 nm which agrees with calculated particle size from XRD
analysis.

Figure 8d shows clear lattice fringes of 0.20 mol% sample implying high nanosheet
crystallinity. It brings out a lattice spacing of ~0.422 nm which is related to (003) plane
which correspond to c-axis and which is higher than that calculated from X-ray diffrac-
tion of (003) plane (0.361 nm). This can be explained by the effect of structured water
due to the sample preparation of HRTEM which involves dissolving in water (Zheng
et al. 2017).

The inset of Fig. 8e, f shows the corresponding selected area electron diffraction
(SAED) pattern of 0.10 mol% and 0.35 mol% samples. The diffraction spots match in
good agreement with the JCPDS file (40-1296) (Nagaraju et al. 2014).

3.3 Film thickness

The film thickness (t) was calculated using SWANEPOEL method (Sanchez-Gonzélez
et al. 2006; Li et al. 2009; Caglar et al. 2006). This method calculates the thickness by
analysing the envelop of the transmittance spectrum and perform theoretical calcula-
tions which takes into account the interference effects. Where (t) is film thickness, (n) is
a complex refractive index and (k) is extinction coefficient that is expressed in the terms
of the absorption coefficient (a). The substrate has a thickness of several orders of mag-
nitude larger than that of the film and a refractive index (s). As the interference phenom-
ena between the wave fronts generated at the two interfaces (air and substrate), defines
the sinusoidal behavior of the curves’ transmittance versus wavelength of light (Aris-
tizabal and Mikan 2016). Using Origin® signal processing tools to draw curve envelop
Tax and T, are the transmissivity envelope curve maximum and the minimum of the
normal incidence transmitted spectrum where N is defined according to Eq. (2) to be:

1
N = 5(1 +SZ) + 2S<me - Tmln)>/<Tmux * Tmin)) (2)

and s is the refractive index of glass substrate (1.52). The thickness of the nanocrystalline
films was calculated using Eq. (3) as following:
o hk
=S 3
2(Ayny — Any) ®)

Applying the above given method nanocrystalline films thicknesses are evaluated
accordingly and given in Table 2.

Table 2 Film thickness for different rGO content

Sample 0 mol% 0.05 mol% 0.10 mol% 0.20 mol% 0.25 mol% 0.35 mol%

t (um) 1.391 1.649 1.877 1.679 2.304 2.165
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3.4 Spectral distribution and the absorption coefficient a

In the present work, absorption, A, transmittance, T and reflectance, R, spectra were meas-
ured at room temperature as a function of wavelength in the range from 200 to 1200 nm as
indicated in Fig. 9a—c, respectively.

In Fig. 9a, from 200 to 500 nm, the absorptivity decreases with the increase of the rGO
but without any shift in wave lengths lower than 500 nm. This indicates good absorption
in the UV region which can rather be used as good candidate for solar cell photostabilizer
applications (Lee et al. 2016b; Roose et al. 2016, 2018). The decrease in absorption after
adding rGO is attributed as multi-layered graphene has lower absorption intensity com-
pared to single and double layers (Zhao et al. 2012). On the other hand, the addition of law
absorption rGO and high-transparent~97.7% replacing of high-absorbing V,05 reduces
absorption with increased rGO (Brownson et al. 2012). In Fig. 9b, the transmittance can
also be divided into two regions, from 200 to 500 nm, the transmittance increases with the
increase of rGO, while from 500 to 1200 nm, the transmittance decreases with the increase
of rGO. Also, the transmittance is generally higher in the region from 500 to 1200 nm than
from 200 to 500 nm. This property shows that transmittance for certain wavelengths can be
controlled by the addition of rGO.

Figure 9c, shows that the reflectance generally decreases by the increase of rGO content
specially in the lower wavelength region up to 500 nm. This overlapping behavior is typi-
cal for vanadium pentoxide nanocrystalline films as noticed in other papers (Dultsev et al.
2006; Abyazisani et al. 2015; Tashtoush and Kasasbeh 2013). The tendency of reflectance
to decrease with replacing of high-reflectance V,05 by low reflectance rGO reduces reflec-
tance with rGO content. On the other hand, the tendency of the reflectance to decrease with
the addition of rGO is related to the increase of number of layers of rGO (Ghamsari et al.
2016).

The absorption coefficient (a) for the prepared nanocrystalline films was calculated
using Eq. (4)

o= 2.303 x A% 4
" Thickness (t) “)

The result of () as a function of E (eV) for the present samples are illustrated in Fig. 10.

The absorption coefficient decreases with increasing rGO content, which may be attrib-
uted to decrease in lattice distortion owing to rGO content due to the decrease of particle
size as indicated in the XRD and HRTEM (Gupta and Ramrakhiani 2009).

3.5 Studying extinction coefficient k and refractive index n

The obtained curves of T and R for prepared nanocrystalline films were used to compute n
and k. The extinction coefficient k, represents the light fraction which lost due to scattering
and absorption per unit distance of the penetrated medium. Where o and k are related by
Eq. (5) (Al-Assiri et al. 2010; Tashtoush and Kasasbeh 2013; El-Desoky et al. 2018) and k
is illustrated in Fig. 11a.

k_a/l 5)

T4z
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Fig.9 a Absorption, A, b trans- (a)
mittance, T and c¢ reflectance, R, 3.0 4
spectra for different rtGO content
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Fig. 10 Absorption coefficient () as a function of photon energy

While the refractive index n can be calculated according to the following, assum-
ing normal incidence, the reflection coefficient affecting the intensity of the radiation is
given by Eq. (6) and illustrated in Fig. 11b.

+VR
el 0

(=8

It is clearly showing from the curves that k decreases with the increasing of rGO.
This is a predicted behavior as k is directly proportional to the A which also decreases
with increasing the rGO content. The refractive index of samples exhibit slightly varia-
tion with rGO content which can be attributed to the increase of rGO layers intercalated
between V,0s layers which as similar behavior for refractive index of graphene and
reduced graphene oxide was found in other researches (Arefinia et al. 2013; Schmie-
dova et al. 2017; Matkovic and Gajic 2013). In general, the refractive index behavior is
derived by the reflectance as indicated by Eq. (6).

3.6 Determining the optical band gap (E,)

The optical band gap E,, is the gap corresponds to the minimum energy difference
between the bottom of the conduction band and the top of the valance band take place.
This gap also depends on the transitions between extended states in both valence and
conduction bands. For a semiconductor to become nanocrystalline, the absorption edge
may get shifted toward either lower or higher energies. Also, in some cases, extended
new edges are formed and observed.

The absorption spectrum can be divided into three regions according to the magni-
tude of the measured absorption coefficient .
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Fig. 11 a Extinction coefficient (k), b refractive index (n) as a function of wavelength A

1 A high absorption region (o> 10* cm™!) where band gap is related to the absorption
coefficient o using Tauc’s equation (Tashtoush and Kasasbeh 2013; Ghobadi 2013):

ahv = p(hv —E,,)" @)

Where p is the band edge width parameter related to the quality of the film and m is a
parameter representing the type of the optical transition as following:
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m = 1/2 for direct allowed transition, m = 3/2 for direct forbidden transition

m = 2 for indirect allowed transition, m = 3 for indirect forbidden transition

2 Anintermediate absorption region (where 1 cm ' <a<10*cm™), or (50 <a<5x 10).
Where the absorption is directly depending on the photon energy and obeys Urbach’s
empirical equation (Studenyak et al. 2014):

a=ao expE (8)
0 Ee
where E, is Urbach energy representing the width of the band tail which is formed due
to localized states at the band tail which represents the degree of disorder in an amor-
phous semiconductor (Olley 1973).
3 A low absorption region, where (o< 1 cm™'), this region or tail mainly depends for its
shape and magnitude on the purity, thermal history and preparation condition of the
sample. This part is difficult to be studied due to very low absorption

3.6.1 First region absorption band

To calculate the optical band gap, E, in this region, Eq. (7) is used. By plotting a graph
between the energy in (eV) on the x-axis and (ah)\)™ on Y-axis. Now, m is as described can
be either 1/2, 2/3, 2 or 3 according to the type of the transition. The band gap is the inter-
sect on the y-axis of the extrapolated linear part of the graph. Where the slope of that linear
part is the value of p.

To study the absorption band, we used the complex dielectric permittivity, € =g, —ie,
where €, and ¢, are respectively the real and imaginary parts of the dielectric constant. By
plotting €, against the energy E then extrapolating the linear parts to the intercept on the
Y-axis as illustrated in Fig. 13, the fundamental absorption band can be obtained.

Both real e, and imaginary €, parts of the dielectric constant are illustrated against
wavelength in Fig. 12.

The imaginary part of the dielectric constant &,, is a function of refractive index n and
extinction coefficient k, as per the following equation:

€, =2nk )

and the real part of the dielectric constant, €, is also a function of refractive index n and
extinction coefficient k, as pe the following equation:

g, =n*— K> (10)

The real part of the dielectric constant is similar to its behavior to the refractive index
which was expected given the direct relation in Eq. (10). As for the imaginary part, it
shows clear decrease by increasing rGO.

Figure 13 shows the calculated values of €, as a function of E (eV) for rGO,V,05-nH,0
with different values of x. From Fig. 13 it is observed that there are two linear parts for the
graphs and hence, two independent absorption bands. This indicates that rGO,V,05-nH,0
nanocrystalline films have more than one type of conduction mechanism. Consequently,
Eq. (12) may be applied next with the earlier knowledge of the optical gap.

By using the dielectric constant two parts &, and ¢,, the dissipation factor (tan d) can
be determined (El-Nahhas et al. 2012). It represents the power loss-rate of a mechanical
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Fig. 12 a Real part of the dielectric (¢,), b imaginary part of the dielectric (e,) constant against wavelength

A

mode, such as an oscillation in a dissipative system and is given by the following equa-

tion and illustrated in Fig. 14

&
tano = —
3

an
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Fig. 13 Imaginary part of dielectric (g,) as a function of photon energy
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Fig. 14 The dissipation factor (tan §) as a function of wavelength
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The dissipation factor decreases with increasing of the r-GO. It is clearly that dis-
sipation factor (tan d) will also behave like the imaginary part of the dielectric constant

which is expected as indicated in Eq. (11).
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From the absorption data and absorption coefficient, we can see that > 10*. Accord-
ingly, our data is in the high-energy range where it obeys Tauc’s law (Mott and Davis
2012; Pankove 1971).

The band gap of a material can be determined from a measurement of the absorption
coefficient versus wavelength. If the bottom of the conduction band and the top of the
valence band are assumed to have a parabolic shape, the absorption coefficient (a) can
be expressed as follows:

(hv B Eg)m
o=A—F""— (12)
hv
Here, A is a constant and m depends on the nature of the optical transition (Al-Assiri
et al. 2010; Ghobadi 2013):

m=1/2 for a direct allowed band gap

m =2 for an indirect allowed band gap
m=3/2 for a direct forbidden band gap
m =3 for an indirect forbidden band gap

The band gap for each optical transition type was investigated and listed in Table 3.
It was also found that the direct band gap for pure vanadium is close to previous studies
(Dultsev et al. 2006; Tashtoush and Kasasbeh 2013).

By using Eq. (12), all values of the optical band gaps for the four possible optical
transition type were obtained and illustrated in Table 3. Then the regression coefficient
was used to determine the most suitable transition type.

Figure 15a—d show the Indirect allowed band gap, direct allowed band gap, indirect
forbidden band gap and direct forbidden band gap, respectively. Applying the results
obtained from the absorption band (e, vs. E of Fig. 13) it is noted that the first high
energy band gives B, ~2.656 to 4.225 eV as given in Table 3. This is characterized
by an indirect forbidden transition with m=3, see Fig. 15c, while the second region for
hv<1.5 eV is best presented by an absorption band with a gap of E,; around 1.467 eV
and m=3/2, see Fig. 15d

To select the type of transition, the obtained values of band gaps in Table 3 were
taken with regression varies from 0.995 to 0.998. The average regression suggests
the direct forbidden transition to be the most suitable transition as it gives the highest

Table 3 Optical band gap for different concentrations of rGO

x (mol%) 0 0.05 0.10 0.20 0.25 0.35
Indirect allowed band gap 1 (IDA1) 2.175 2.321 2.342 2.015 2.299 1.628
Indirect allowed band gap 2 (IDA2) 3.129 3.315 3.468
Direct allowed band gap 1 (DA1) 2.384 2.588 2.537 2.260 2.015

Direct allowed band gap 2 (DA2) 3.660 3.282 3.798 3.895 3.925 4.225
Indirect forbidden band gap 1 (IDF1) 2.180 2.195 2.204 2.051 2.099 1.719
Indirect forbidden band gap 2 (IDF2) 2.656 3.076 3.382

Direct forbidden band gap 1 (DF1) 2.276 2.309 2.333 2.228 2.042 1.467
Direct forbidden band gap 2 (DF2) 3.237 3.359 3.704
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Fig. 15 a Indirect allowed band gap, b direct allowed band gap, ¢ indirect forbidden band gap, d direct for-
bidden band gap

regression as indicated in Table 4 for rGO,,5V,05-nH,0. Figure 16 shows the fitting
process for determining E,; and E, for representative rGO, ,5V,05-nH,0 sample.

Figure 17 shows the two obtained band gaps for direct forbidden transition. E_,
increases by adding rGO till reaching 0.10 mol% then, starting from 0.20 mol%, E,,
appears resulting in reducing E,; while E, increases with the increase of rGO mol%
(Tashtoush and Kasasbeh 2013). The variation in optical band gap associated with the
addition of rGO, can be attributed to the change in the absorption coefficient due to
increasing of layers intercalating between V,05 layers.

Table 4 Optical band gap regression for 0.25rGO (mol%)

0.25 rGO mol% Band gap Regression “R” R (average)
Indirect allowed band gap 1 (IDA1) 2.299 0.9976 0.99571
Indirect allowed band gap 2 (IDA2) 3.315 0.9939

Direct allowed band gap 1 (DA1) 2.015 0.997 0.99523
Direct allowed band gap 2 (DA2) 3.925 0.9934

Indirect forbidden band gap 1 (IDF1) 2.099 0.9985 0.99661
Indirect forbidden band gap 2 (IDF2) 3.076 0.9947

Direct forbidden band gap 1 (DF1) 2.042 0.9986 0.99832
Direct forbidden band gap 2 (DF2) 3.359 0.998

Bold value indicate the highest regerssion value
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Fig. 16 Illustration for fitting to determine Eopl and Eop2 for rGO ,5V,05-nH,O
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Fig. 17 The obtained results for Eopl and Eop2 as a function of rGO content
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Fig. 18 Urbach tail for different rGO content

Table 5 Urbach energy for different rGO content

X(mol%) 0 mol% 0.05 mol% 0.10 mol% 0.20 mol% 0.25 mol% 0.35 mol%

Urbach energy (eV) 0.525 0.531 0.606 0.626 0.751 0.799

3.6.2 Second region: Urbach activation energy

Urbach activation energy or called the band tail, this region can be investigated in the low
values of the absorption coefficient where a<10* cm™'. Because this region is in at low
photon energy, it is usually following Urbach’s rule (Mott and Davis 2012; Khan and Hog-
arth 1991). The Urbach’s rule is described in. Equation (8), where E, is Urbach’s energy
and o, is constant, the Urbach’s energy represents the width of the localized states of the
conduction band (band tail states). In general, the Urbach energy represents the amount of
damage due to disorder in an amorphous or nanocrystalline semiconductor. The absorption
in this region is caused by optical transitions between localized states in the middle of the
gap and extended states in the conduction or valence band.

Urbach energy was calculated using the equation below (Bahgat et al. 2005; Studenyak
et al. 2014)

a = Bexp (hv/Ee)forhv <E, (13)

Plotting In a as a function of /v, as shown in Fig. 18, by plotting In (o) and the incident
photon energy (hv), a straight portion appears. The slope of this line is the value of E,
(Morigaki and Ogihara 2017).

The values were calculated and listed in Table 5. It is clear from Table 5 that the Urbach
energy increases with the increase of rGO. This can be explained by the increase of the
degree of disorder due to more localized states as a result of adding rGO.
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3.7 Dispersion energy parameters and effective mass

The calculated refractive index can then be used in the following simple oscillator
model proposed by Wemple-DiDomenico (WDD) (Gonzalez-Leal 2013; Yakuphanoglu
et al. 2004) as shown in Eq. (14)

2
nw-l=—2%9°
EZ — (hv)? (14
where E is the energy of a single oscillator and E; is the energy of dispersion. Both of
these energy values can be calculated by modifying Eq. (15) as follows:

E
w-1nt==2 !

_ 2
=%, " EL, (hv) (15)

Then, by plotting (n® = 1)~! versus (hv)?, Fig. 19, it is possible to calculate (EoEd)_1
(i.e., the slope) and E/E; (i.e., the y intercept) from the linear regression in the area
with this behavior.

The oscillator energy E, and dispersion energy E; are obtained from the slope
(E,Ey)~" and intercept E./E, on the vertical axis of the straight-line portion of (n*— 1)~
versus (hv)? plot, respectively listed in Table 6.

Furthermore, the single oscillator parameters E; and E; is related to the imaginary
part of dielectric constant (¢,) which include the desired response information about
electronic and optical properties of the material. Thus, the determination of imaginary
dielectric constant moments is important. The M; and M; moments of the optical

1.6
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144 ——0.05" Y
0.10" :
12d — 0.20"
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—0.35"

T T T T T
0 300000 600000 900000 1200000 1500000
(hv)*(ev)’

Fig. 19 Plotting (n>— 1)~! versus (hv)? showing straight lines intersecting with y-axis

@ Springer



M. M. EI-Desoky et al.

315 Page22o0f27

08°CH oL’ 8T'1 0TS 69T 88T €0 L81 IS 1%'C S0
0g°er €81 €T1 So0e T veE 99°0 6£T g4 161 §T0
LS'EY 881 1Tl 68T 8SY sce 850 vST €6 60T 0T0
ST 591 9I'l 8TT 09°S €LT 0 §TT 6TC 01 010
Lv'vy 1S°1 PIl 0 €y 67T P9'1 oLl €L'1 01 500
08+ 191 Il 1%C 80°S 09T vE'l 81 91T LIT 0
() y ‘u (e-) 0T X'N wy/;w 0T X W/ N 2 00T X IN " 01X 01X (%10w) X

QOUR)SIP OTWOJL-IAUI PUB SSEW JATIOY ‘s1ojowrered A31oud uorsradsiq 9 ajqep

pringer

Qs



Characterization and optical properties of reduced graphene... Page 23 0f27 315

spectrum (Al-Assiri et al. 2010; Nwofe et al. 2012) are given by Ez = % and Ei = Z—E‘
The final calculated moments M; and Mj; are listed in Table 6. ’ '

The obtained data of refractive index n can be further analyzed to obtain the high-fre-
quency dielectric constant €, according to the following procedure. According to Pankove
(1971), this procedure describes the contribution of the free carriers and the lattice vibrational
modes of the dispersion energy as presented in Eq. (16)

N, 2
Rt iy (16)

where ¢, is the lattice dielectric constant, A is the wavelength, e is the electron charge, N,
is the free charge-carrier concentration, €, is the permittivity of the free space, m* is the
charge carriers effective mass in kg, and c is the speed of light. Figure 19 illustrates the
plotted graph of the real dielectric constant €, with the A2. Where it shows the relation is
linear at higher wavelengths (Mady et al. 2012). The extrapolation of these linear parts on
the y-axis gives the value of € as shown in Fig. 20. Then, from the slope of these linear
parts, we can deduce the value of N/m* for the prepared nanocrystalline films for different
rGO concentrations (Abdel-Aziz et al. 2006). Values of ¢, and N,/m* are given in Table 6.

Due to the insertion of electrons from rGO into the V,05nH,0O nanocrystalline films, the
electron concentration N, in the prepared nanocrystalline films increased and increasing with
it the Fermi level to be near the bottom of the conduction band. According to Mott criterion
(Mott 2004), there is a critical electron concentration value N, that if the concentration is
larger than it, the Fermi level enters the conduction band. This value can be calculated as fol-
lowing Eq. (17)

N!a*=0.25 (17)

= 0 mol%

T T T T T T L
200000 400000 600000 800000 1000000 1200000 140000
2 2
()" (nm)

Fig.20 Real part of the dielectric constant (g,) as a function of A?
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where a* can be expressed as a* =aje (m./m*), a, is the effective Bohr radius, €, is the die-
lectric constant of the host lattice, m, is free electron mass and m* is the effective charge
carrier mass.

The free charge carriers inter-atomic distance is given by using the present data
where it can be calculated using the following Eq. (18). These parameters are calculated
and listed in Table 6.

R=—7 (18)

3.8 The volume and surface energy loss

The volume energy loss function (VELF) and the surface energy loss function (SELF)
are computed using Eq. (19) and Eq. (20), respectively (Ammar et al. 2002) and as illus-
trated in Figs. 21 and 22 respectively:

VELF =¢" / ("> +¢?) (19)
SELF ="/ (% + (¢/ +1)°) (20)

In general, both surface (SELF) and volume (VELF) energy loss decreases by the
increase of rGO. Also, it is obvious that the surface energy loss function values are
smaller than volume energy loss function. This can be explained as the energy loss is a
result of inter-band electronic transition in the interior of the nanocrystalline films (Ali
et al. 2013).

Fig.21 Volume energy loss with 0.040
rGO content
0.035 4
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Fig.22 Surface energy loss with 0.030
rGO content = 0mol%
0.025 4 e 0.05"
010"
v 020"
0.020 0.25"
<4 035"
L 0.015 4
—
L
n
0.010
0.005 -
0.000 T T T T 1
200 400 600 800 1000 1200

Mnm)

4 Conclusion

Nanocrystalline films of xrGO (x—1)nH,0V,05(0<x>0.35) were prepared by the
sol-gel technique. Optical constants such as absorption coefficient (o) and band tail
(Ea), extinction coefficient (k), refractive index (n), dielectric constant (&), loss fac-
tor (tan 8), volume (VELF) and surface (SELF) energy loss functions were calculated.
XRD showed that the obtained films are nanocrystalline with the particle size 4.9-3.2
nm. Optical measurements revealed that there are two different optical gaps present.
E.,1 and E,, suggests an indirect forbidden transition with optical gap in the range
1.719-2.180 eV and 2.656-3.382 eV, respectively. Wemple—Didomenico single effec-
tive oscillator model was used to study the dispersion of films refractive index. Relating
the real part of the optical dielectric function led to the calculation of the charge car-
rier concentration and their effective mass. In the UV region, the absorbance curve was
not showing any shifting with the increase of the r-GO and absorbance shoulder still
detected for wave lengths lower than 500 nm. Finally, we conclude that this film is a
good candidate for solar cell photostabilizer applications.
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