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Abstract

- Shyamal K. Das'

Engineering the band gap of semiconductors is often crucial in the quest for developing new and advanced technologies. In
this report, the implication of graphene on the band gap optimization of tungsten trioxide (WOj) is discussed. Simple one-
step sol—gel process was followed to anchor WO; nanoparticles in graphene. Graphene induces a redshift in the band gap
of WO;. Band gap narrowing of 6.60% is observed for 7 wt% graphene-tethered WOj;. Interestingly, a profound difference
is observed in estimating the band gap energy values following the usual Tauc equation. Our observation suggests that the
differential form of Tauc equation is better suited to determine the band gap energy of inorganic semiconductors than the

typical extrapolation method.

1 Introduction

The crowning of Nobel prize in Physics in 2010 for the
discovery of two-dimensional graphene has set off unparal-
leled research activity globally to understand its fundamen-
tal properties, and consequently its technological aspects
[1-11]. Establishing itself as a wonder material of the dec-
ade in the vast domain of materials science, graphene has
unprecedentedly demonstrated its might in a plethora of
applications. In the last few years, extensive research has
been done to find viable pathways to use graphene in nano-
electronics, nanophotonics, energy storage devices, solar
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cells, biosensors, etc. [4—11]. This overwhelming success
has been sustained due to the unique richness in the thermal,
mechanical, optical and electrical properties of graphene
[12-20].

The unique exuberant properties of graphene are simul-
taneously harnessed by developing graphene-based nano-
composites [21]. Researchers have demonstrated that the
addition of an infinitesimal fraction of graphene in nanocom-
posites can substantially change the physicochemical proper-
ties of the conjugated components of the nanocomposites.
For example, the glass transition temperature of polyme-
thyl methacrylate is increased by 30 °C by the addition of
0.5 wt% functionalized graphene and the elastic modulus is
increased by 80% with the addition of 1 wt% graphene [22].
The Al-graphene nanocomposite with 0.3 wt% graphene
showed 62% enhancement in tensile strength compared to
that of pristine Al [23]. The lithium and sodium battery per-
formance of titanium dioxide is dramatically improved by
the addition of 0.5 wt % and 2.28 wt% graphene, respectively
[24, 25]. Graphene nanochannel-supported GaN LED shows
33% enhancement in the light output power with 25% and
30% reduction in junction temperature and thermal resist-
ance, respectively [26]. Conversely, the conjugated compo-
nents in graphene nanocomposites can also complement the
properties of graphene. For instance, the core—shell quantum
dot structure of ZnO and graphene induces an electronic
band gap of 250 meV in graphene [27].

Therefore, in the present work, we systematically address
the influence of graphene in tuning the band gap and optical
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emission of tungsten trioxide (WOj;). WO; is chosen as
the model material considering its immense technological
importance. It is paramount to applications such as photo-
voltaics, photocatalysis, electrochromics and energy storage
[28-31]. Furthermore, band gap engineering is often crucial
to wring out additional benefits from traditional semicon-
ductors. For instance, titanium dioxide starts to demonstrate
visible light photoactivity if the band gap is engineered via
nitrogen doping, which otherwise is UV light active [32].
Similarly, the band engineering (indirect to direct) of bulk
silicon makes it plausibly an important light emitting active
material [33, 34].

In this study, we observed that the energy band gap of
WOj; undergoes redshift in the presence of graphene. More-
over, a profound difference is observed in estimating the
energy band gap values following the usual Tauc equation.
We have found that the differential form of Tauc equation is
better suited than the typical extrapolation method to esti-
mate the band gap energy of semiconductors.

2 Experimental
2.1 Synthesis of graphene-WO; nanocomposite

Sodium tungstate was used as the tungsten precursor. Gra-
phene (graphene platelet nanopowder) was obtained from
Sisco Research Laboratories Pvt. Ltd. India. The graphene
nanopowder was treated with concentrated HNO; for 24 h
and washed thoroughly with distilled water several times.
For the synthesis of WO;—graphene composite, a certain
amount (e.g., 10, 20, 30, 40, 50 mg) of acid-treated graphene
was dispersed in 50 ml water by ultrasonication for 30 min.
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Then, 1 g Na,WO, was dissolved in the above solution. Fol-
lowing this, 8 ml of 3 N HCI was added to the solution
under stirring condition. This resulted in a gray precipitate
after 10 min. The precipitate was recovered by centrifuga-
tion and washed with deionized water and dried at 120 °C
for 24 h. The dried product was further heated at 350 °C
for 3 h in air at a heating rate of 5 °C min~!. Pristine WO,
was synthesized in a similar way except for the addition of
graphene. The graphene—-WO; composite is designated as
G-WO; hereafter.

The crystallographic phase identification of the prod-
ucts was performed using powder X-ray diffraction (XRD;
Rigaku; Cu-K radiation, 1=1.5418 A). The morphology
was observed by scanning electron microscopy (SEM,
JEOL JSM 6390LV) and transmission electron microscopy
(TEM, FEI Technai T20; accelerating voltage 200 kV).
Ultraviolet—visible (UV-Vis) spectroscopy was utilized for
determining the optical absorption of the composites. The
UV-Vis absorption spectra were recorded using Shimadzu
UV 2450 spectrometer. The spectra were recorded using
solid state measurement. All experiments were performed
at room temperature (25 °C). Estimation of graphene content
was done using thermogravimetric analysis (TGA, Mettler
Toledo). TGA experiments were performed by heating the

sample in air at a heating rate of 5 °C min~'.

3 Results and discussion

The XRD patterns of pristine WO; and G-WO; are shown in
Fig. 1a. The XRD patterns of both pristine WO; and G-WO,
could be indexed to the hexagonal crystal structure of WO,
(JCPDS 75-2187) with lattice parameters a =b="7.2980 A,

100 200 300 400 500 600
Temperature °C

Fig. 1 a X-ray diffraction (XRD) patterns and b thermogravimetric analysis for pristine WO; and G-WO;
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¢=3.8990 A. The average crystallite size is estimated using
the Scherrer equation [35, 36]. From the full width at half
maximum (FWHM) at the (100) peak (260=13.90°), the
crystallite size is determined to be approximately 33.4 nm
and 32.2 nm, respectively, for WO; and G-WOj;.

The TEM images (Fig. 2) clearly show that WO, nanopar-
ticles are anchored to the graphene surface. The TEM image
of the pristine WO; nanoparticles is also shown in Fig. 2c.
Elemental mapping performed using scanning electron
microscopy shows distribution of C, W and O in G-WO;
(Fig. S1 in supplementary information). It is observed that
there is formation of random aggregation of nanoparti-
cles. The formation of WO; nanoparticles in the described
method is trivial. In general, adequate acidification of an
aqueous solution of Na,WO, results in the formation of yel-
low H,WO, particles. These particles when heated in air at
high temperatures (>200 °C) produced conversion of WO,
according to the following reaction: H,WO, — WO;+H,0.
Since there is no capping agent, the formed WO, nanopar-
ticles tend to randomly aggregate.

The graphene contents in all graphene—WO; are esti-
mated from the yield of the synthesis. In our experiments,
10 mg, 20 mg, 30 mg, 40 mg and 50 mg of graphene cor-
respond to its percentage weight of 1.4 wt %, 2.8 wt %, 4.25
wt %, 5.7 wt % and 7.1 wt %, respectively, in G-WO;. TGA
experiments were performed for actual quantification of the
graphene content in 50 mg graphene using graphene—WO;
composite and we found it to be 6.63% from the weight
loss (Fig. 1b).The weight loss value is in close agreement
with the predicted values form the yield of the synthesis.
The color of the composites also changes, turning more
intense gray, with increase in the concentration of graphene
as shown in Fig. S2.

Figure 3 shows the UV-visible absorption spectra of all
G-WO; composites. Excitonic feature (considering the point
around which the optical absorption increases sharply in
the UV-visible spectrum) of pristine WO; appears around
430 nm. There is lack of unanimous value for the excitonic
point and, hence, the band gap energy of WO; in the literature
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-—
o
—
3
o 04
<
0.0

300 375 450 525 600 675
Wavelength/ nm

Fig.3 UV-visible absorption spectra of G-WO;

[37—47]. Generally, band gap energy of WO; hvis in the range
of 2.6-3.0 eV, which corresponds to excitonic wavelength
range of 410-500 nm [37—48]. The optical band gap energy
of all the graphene—~-WO; composites was evaluated by the
well-known and widely used Tauc equation [49]. According
to Tauc equation, the photon energy (/) is related to optical
band gap energy (E,) of a semiconductor (ahv) " by the fol-
lowing relationship:

ahv = A(hv — Eg)“, 1)

where o and A are absorption coefficient and optical transi-
tion-dependent constant of the material under investigation,
hv is the energy of the photon, and E, is the band gap energy
of the material. The exponent “n” indicates the nature of
optical transition in the semiconductor. For allowed indirect
and direct optical transitions, the values of n are respectively
2 and 0.5 [50]. Optical band gap energy can be estimated by
extrapolating the linear portion near the onset on the plot
of versus hv. Considering the nature of optical transition in

Fig.2 TEM micrographs of a, b G-WO;, ¢ pristine WO;. Inset of ¢ represents the pristine graphene
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WO; as indirect transition [48], the band gaps for the respec-
tive graphene—WO; composites were evaluated as shown in
Fig. 4 and Fig. S3 (in supplementary information). The esti-
mated band gap values for all the nanocomposites are sum-
marized in Table 1. Figure 4c shows the variation of band
gap of G-WO; with grapheme concentration. It is evident
that band gap continuously decreases (suggesting redshift)
with increasing concentration of graphene in nanocompos-
ites. It implies that a wide band gap semiconductor could be
transformed to a very narrow band gap one by anchoring the
semiconductor to an optimized amount of graphene. This
appears to be an interesting finding. However, ironically,
the UV-visible absorption spectra of G-WO; nanocompos-
ites were found not to be in corroboration with these above-
stated dramatic band gap narrowing values (Fig. 3). It is
evident that there is redshift, but a band gap value of 1.46 eV
(for 7.1 wt % graphene—WO, composite) corresponds to an
excitonic absorption edge near the photon wavelength of
850 nm. Surprisingly, the adsorption edge is near 480 nm
for G-WO; (Fig. 3) suggesting an energy value of 2.58 eV.
Therefore, the thus obtained band gap values stated above
seem to be misleading. It is noteworthy that this particular
method mentioned above is very often employed for deter-
mination of band gap energy of inorganic semiconductors
[37—47, 51-56]. This mismatch in evaluation of energy band
gap (using Tauc equation) has become an incentive for us to
further access artifacts, if any, in band gap narrowing (with
increase of graphene content in G-WOj;). For this, we have
used a modified form of Tauc equation [57, 58] as outlined
below.

Equation (1) can be written in a differential form as
follows:

d (In ahv) n
d(h)  h-E, @)
The above equation suggests that there exists divergence
or discontinuity in the plot of %VGI‘SUS hv at ho=E,.

Table 1 Estimated values of band gap energy by extrapolation and
differential methods

Graphene concentration (wt ~ Band gap of G-WO;

%) - -
Extrapolation method Dif-
ferential
method
0 2.67 3.01
1.40 2.24 2.89
2.80 1.85 2.83
4.25 2.02 2.83
5.70 1.63 2.81
7.10 1.46 2.81
Therefore, the divergence point in the plot of % versus

hv signifies the optical band gap energy without any assump-
tion about the nature of the optical transitions. It is noted
here that the previous method demands direct assumption of
direct or indirect nature of the semiconductor, which may
not be correct at times for an unknown semiconductor. The
experimentally obtained optical absorption curves do not
show sharp transitions at hv = E, (Fig. 3). A sloping absorp-
tion is commonly present in the optical spectra at hv <E,.
Therefore, the plot shows a maximum and the band gap

energy is determined from the maximum [58]. The & fjh;h’z})”’)

versus hv plots are shown in Fig. 5 and Fig. S4 (in supple-
mentary information). The estimated band gap energies in
this manner are summarized in Table 1. Figure 5c¢ shows the
variation of band gap energies of G-WO; with graphene
concentrations. It is apparent that the band gap initially
decreases for G-WO; with increasing concentration of gra-
phene before reaching saturation. The saturation point (that
implies maximum change) in the change of band gap is only
6.6% (inset of Fig. 5¢). It is phenomenally in contrast to the
results obtained using Eq. (1). Thus, the results obtained
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Fig.4 Band gap energy estimation using extrapolation method for a pristine WO; and b 7.1 wt% G-WO;, ¢ band gap energy variation with
graphene concentration obtained using extrapolation method. Inset shows percentage decrease of band gap energy with graphene concentration
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Fig.5 Band gap energy estimation using differential method for a pristine WO; and b 7.1 wt% G-WOj;, ¢ band gap energy variation with gra-
phene concentration obtained using the differential method. Inset shows percentage decrease of band gap energy with graphene concentration

using Eq. (2) are more realistic and in close corroboration
with the UV-visible spectra.

4 Conclusion

In summary, nanoparticles of WO, are anchored to graphene
by simple sol-gel procedures. We observed that grapheme
content in the nanocomposites plays a vital role in tuning the
optical band gap of WO;. Redshift is observed for G-WO,
composites with increase in graphene content. Band gap
narrowing of 6.6% is observed for 7.1 wt% G-WO; nano-
composite. We also observed saturation in the shift. We also
stressed on the fact that the method of evaluation of the opti-
cal band gap is notably important. While the extrapolation
method of Tauc equation is widely used for estimating the
band gap energy of direct/indirect semiconductors, the pre-
sent work manifests the differential method of Tauc equation
for better evaluation of the band gap without reckoning the
nature of optical transitions.
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