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4.1 Introduction

With a rapidly growing population, urbanization and industrialization, the
environmental pollution is becoming increasingly serious. Various techniques are used
for water decontamination like adsorption [1, 2], coagulation [3], biodegradation [4] and
photocatalysis [5-7]. In comparison to these techniques, photocatalytic degradation is
considered as the most high-efficient and promising method as it is economic and can
completely oxidizes the organic pollutants to water and carbondioxide [8, 9].

There are number of metal oxide and sulfide semiconductor materials used as
photocatalyst for photocatalytic degradation such as TiO,, ZrO;, ZnO, WO3, Fe,0s,
V05, Nb,Os, SrTiOs, ZnS and CdS [10,11]. Among them, ZrO, has been considered as
an important metal oxide because of its numerous unique properties that makes it
versatile for a wide range of applications. Due to its environmental friendly nature with
less toxicity, high chemical inertness, biocompatibility, cost effectiveness with good
thermal stability and electrochemical properties it can be successfully applied as catalyst,
catalyst supports, dielectric materials, high-performance ceramic materials, fuel cells, as
well as photocatalytic materials [12-20]. It has been considered as an efficient
photocatalyst in various photochemical reactions such as water purification and water
splitting because of its relatively wide band gap value and high negative value of the
conduction band. The reported band gap value of ZrO, range was 3.25 to 5.1 eV
depending on the phase and synthetic approaches [21-23].

The use of ZrO, as an efficient photocatalyst requires a good manipulation of its
morphology, porous structure and crystallinity development. ZrO, possesses three well
known polymorphs: cubic, monoclinic and tetragonal. Out of these the pure monoclinic
phase ZrO, having the lowest band gap value has highest photocatalytic activity. The
highest photocatalytic activity of the monoclinic ZrO, can be attributed to the combined
effects of high crystallinity, large pore sizes, high density of surface hydroxyl groups and
the presence of small amount of oxygen-deficient zirconium oxide phase [24]. Due to its
wide band gap ZrO; can absorbs only UV light which comprises a minimum fraction
(~4%) of solar energy. Modification of ZrO, by doping or compounding carbon
nanomaterials can enhance its photocatalytic activity under visible light [25].

Among various carbon nanomaterials, graphene based photocatalysts have
attracted extensive attention because of their unique electronic and optical properties [26,

27]. The high electron mobility and conjugated structure of graphene make it as an ideal
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electron acceptor and good electron transporting medium. Anchoring semiconductor
nanoparticles on graphene sheets can decrease the electron-hole pair recombination and
increase the absorptivity in the visible region. Graphene-based materials with enhanced
photocatalytic efficiency can degrade both cationic and anionic organic dyes [28, 29].
Although graphene and nanoparticles should provide high surface-active sites due to the
high van der Waals energy the graphene prone to aggregation, which hinders the
interactions between graphene and nanoparticles [30, 31].

Sulfonated graphene (SG) is a functionalized graphene with p-phenyl-SO3H
groups covalently bonded to the graphene sheet surface as well as edges. SG is not only
highly water-soluble but also has linear dispersed charge carrier travelling at nearly the
speed of light and would be a photo-induced electron reservoir to transfer and separate
electrons and holes [32-35]. Hence, it provides a great support to nanoparticles on the
basis of preserving the functionality of graphene [36].

Incorporating ZrO, on graphene can enhanced the photocatalytic activity of ZrO..
Rani et al. [37] has synthesized ZrO,-graphene composite by using solution based
method and studied their photocatalytic activity towards degradation of MO under UV-
light. They have found that with increasing the concentration of graphene the
photocatalytic activity of ZrO, increased. In another work, Gurushanta et al. [38]
reported a green synthetic route for synthesis of ZrO,-graphene composite and used as a
photocatalyst for the degradation of RB 4 under sunlight.

To the best of our knowledge, no systematic study on the photocatalytic activity
of monoclinic ZrO, supported on SG (m-ZrO,/SG) has been carried out so far. So in this
work, m-ZrO,/SGE was synthesized by a simple solution based method. The
photocatalytic degradation of methyl violet (MV) dye was studied by using SG, m-
ZrO,/rGO annealed at three different temperatures and m-ZrO,/SG (annealed at 1200°C)
under visible light. It was found that the incorporation of m-ZrO; into rGO and SG has
increased its photo-catalytic activity. The photo-catalytic activity of m-ZrO, further
increased with increasing annealing temperatures. m-ZrO,/SG photo-catalyst was
observed to possess the highest catalytic efficiency amongst the other synthetic
composites. The photo-catalyst can be recycled and reused after washing with absolute

alcohol and DI water.
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4.2 Experimental section

4.2.1 Chemicals

Graphite power (<20 micron) was purchased from Aldrich and used as received
NaNOs;, conc. H,SO4; KMnO4 H,0, (30%), HCI, NaOH, hydrazine monohydrate,
dichloro methane, chlorosulfonic acid, zirconium oxychloride octahydrate and methyl

violet were procured from Merck.

4.2.2 Synthesis of SG and m-ZrO,

SG was synthesized by sulfonation of rGO. rGO was prepared from natural
graphite using modified Hummers method [39] followed by reduction as mentioned in
Chapter 3. To prepare SG, 76 mg of graphene was dispersed in 30 mL dichloromethane
by ultrasonication treatment. 10 mL of chlorosulfonic acid was added dropwise into the
dispersion 0°C. Then the reaction mixture was allowed to go up to the room temperature
and held overnight. The reaction was stopped by neutralization with 20 % NaOH
solution. The obtained precipitation was collected by filtration, washed with 1M HCI
solution and DI water several times and dried at 80°C [40].

To prepare m-ZrO,, zirconium oxychloride octahydrate was dissolved in DI water
zirconium hydroxide was precipitated by adding 2M NaOH dropwise (maintaining pH at
8.0) with constant stirring. The resulting precipitate was filtered and washed with DI and
acetone several times and then dried at 100°C overnight followed by calcination at three
different temperatures (600°C, 1000°C and 1200°C) for 2 h in furnace.

4.2.3 Synthesis of m-ZrO,/Graphene (m-ZrO,/rGO) and ZrO,-sulfonated graphene
(m-ZrO,/SG) nanocomposites

The synthesized m-ZrO, calcined at three different temperatures and rGO were
used as precursors to prepare m-ZrO,/rGO. rGO dispersion was made in DI water by
ultrasonication and m-ZrO, solution was prepared by dissolving m-ZrO, powder on dilute
HCI solution. Then the two solutions were mixed and subjected to stirring for 12 h after
30 min ultranication treatment. The black colored product was filtered, washed with DI
water and dried in oven at 80°C.

m-ZrO,/SG was synthesized from m-ZrO, (calcined at 1200°C) and SG by
following the same procedure.
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4.2.4 Characterization
The prepared samples were characterized by using several analytical methods
such as FTIR, XRD, Raman analysis, SEM and EDX analyses.

4.2.5 Evaluation of photocatalytic activity

The photocatalytic activity of the synthesized materials was investigated using
the degradation of MV dye in an aqueous solution under visible light irradiation (200 W,
LED light). Initially the photocatalysts were suspended in an aqueous solution of MV by
using a magnetic stirrer. Prior to the degradation reaction is carried out; the suspended
mixture was left in dark for 30 minutes to established the adsorption equilibrium. The
reaction was started by irradiating the suspension by the light source placed at a distance
of 10 cm at room temperature. The mixture was withdrawn periodically and centrifuged
to separate the photocatalyst from the dispersion. The degradation was monitored by
UV-Vis Spectrophotometer via recording the absorbance of characteristic peak of MV at

579.4 nm wavelength.
4.3 Results and discussion

4.3.1 FTIR analysis

Fig. 4.1 shows the FTIR spectrum of GO, SG, m-ZrO,/rGOyyc, and m-
Zr0,/SGix00c. In the FTIR spectrum of GO (Fig. 4.1a), the peak at 3408.46 cm™ is
attributed to O-H bending vibrations, peak at 2930.24 cm™ indicates C-H bending
vibrations. The peak at 1731.34 cm™ is attributed to C=O stretching in carbonyl or
carboxyl moiety. The peak at 1623.03 cm™ shows the C=C stretching vibrations. Peak at
1379.75 cm™ is attributed to C-O bending and the peak at 1069.82 cm™ is due to C-O
stretching vibrations. In the FTIR spectrum of SG (Fig. 4.1b), the intensity of the peak
due to carbonyl group at 1708.69 cm™ decreases significantly, which indicate successful
reduction of GO. The new peak appeared at 1158.89 cm™ is attributed to S=O stretching
vibrations which confirms formation of SG. In the FTIR spectrum of m-ZrO,/rGO 50:c
(Fig. 4.1c), the peaks due to rGO appeared with little shifting along with some new
peaks. The peak observed at 1555.75cm™ is due to Zr-O stretching vibration. In the FTIR
spectrum of m-ZrO,/SG1,0:c (Fig. 4.1d) peaks correspond to both ZrO, and SG appears

which indicates successful formation of m-ZrO,/SGi90°c. The peaks for S=O group is
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shifted from 1158.89 cm™ to 1170.73cm™ and Zr-O is shifted from 1555.75cm™ to

1559.65cm ™ which is because of the -7 interactions between ZrO, and SG.
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Fig. 4.1 FTIR spectrum of (a) GO, (b) SG, (c) m-ZrO,/rGO 200°c, and (d) m-ZrO,/SG

1200°C-

4.3.2 XRD analysis

XRD analysis was carried out to identify the crystallinity of the samples. Fig.4.2
shows the XRD pattern of SG, m-ZrO/rGOgpp:c, M-ZrO2/rGO;g00-c, M-ZrO2/rGO1200:c
and m-ZrO,/SGy00°c. SG exhibits two broad peaks at 26=25.45° and 42.8° corresponds
to the (002) and (100) planes (Fig.4.2a). In the XRD pattern of m-ZrO,/rGOgo:c
(Fig.4.2b), peaks observed at 26=28.06°, 31.42°, 33.95°, 35.08°, 38.36°, 40.64°, 44.81°,
49.12°, 50.12°, 54.04°, 55.44°, 57.33°, 59.86°, 62.64° and 65.54° for the planes (111),
(111), (002), (200), (012), (211), (112), (022), (220), (202), (013), (310), (131), (311)
and (132) respectively, are due to monoclinic phase of ZrO, (JCPDS card no: 899066). A
broad peak is observed at 26 =24.29° for the presence of graphene in the composite. In
the XRD spectra of m-ZrO,/rGO;gpo-c (Fig.4.2¢), m-ZrO,/rGO 1590°c (Fig.4.2 d) and m-
Zr0,/SGp00°c (Fig.4.2e) peaks correspond to both ZrO, and rGO appeared while the
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peak intensity of ZrO, increases with annealing temperature which is due to removal of
absorbed molecules at higher temperature. Again, little shifting of the peaks occurred
which is due to the interaction of ZrO, and graphene. In the XRD patterns of all the
composites there are no peaks of cubic and tetragonal phases of ZrO,. This confirms that
the synthesized composites contain a single crystalline monoclinic phase ZrO, without
any phase impurities. The intense sharp peaks of ZrO, confirm the formation of high

crystalline ZrO, nanoparticles.
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Fig. 4.2 XRD pattern of (a) SG, (b) m-ZrO2/rGOggo-c, (€) M-ZrO2/rGO109-C, (d) m-
ZrO,/rGO1200:c and (e) m-ZrO2/SG1,00°c

4.3.3 Raman analysis

Raman spectra of (a) rGO, (b) SG, (¢) m-ZrO,/rGO9p°c and (d) m-ZrO2/SG 1200°c
are shown in Fig.4.3. The D band G band and the peak intensity between these two bands
(Ip/lg) are shown in table 4.1. The D band arises from defect structure, and the G band is
related to the vibration of sp2 carbon. It is observed that, Ip/lg ratio of m-ZrO,/rGO290:c
is less than that of rGO which indicates the successful incorporation of ZrO; (1200°c) into
the rGO structure respectively. Also the Ip/lg ratio of m-ZrO,/SG 1,0-c is less than that of

Studies on catalytic properties of Graphene and Functionalized Graphene based nanocomposites Page 4.6



Chapter 4: Photocatalytic degradation of dye over zirconium oxide supported on sulfonated graphene
under visible light

SG which indicates the successful incorporation of ZrO; (1200:c) into the SG. The shifting

of the D and G band indicates the n-n interaction among each material in the composites.
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Fig. 4.3 Raman spectra of (a) rGO, (b) SG, (¢) m-ZrO,/rGO1,p-c and (d) m-
ZrO,/SG1a00°c.
Table 4.1 Raman spectral data

rGéo 1377.80 1621.61 1.10
SG 1375.97 1604.58 1.01
mM-ZrO,/rGO 299-c 1375.97 1604.58 1.09
M-ZrO2/SG1200°c 1368.19 1611.58 1.07

4.3.4 SEM and EDX analysis

The surface morphology and the elements present in the synthesized
nanocomposites were studied by using SEM and EDX analyses, respectively. Fig.4.4
shows the SEM images of rGO, ZrO, m-ZrOy/rGO 200'c and m-ZrO,/SGiz90:c. The SEM
image of rGO shows the crumple, layered structure while the ZrO, nanoparticles show
spherical structure. SEM images of m-ZrO,/rGO0p°.c and m-ZrO,/SG0:c Show that the
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layered structure of graphene become rough due to surface functionalization. The
nanosized particles of ZrO, seen to be dispersed on the layers graphene and sulfonated

graphene.
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Fig. 4.4 SEM image of (a) rGO, (b) ZrO; (c) m-ZrO,/rGO1500:c and (d) m-ZrO,/rGO1,0c

Fig.4.5 shows the EDX analysis of m-ZrO,/rGOip0:c and m-ZrO,/SGizgo-c.
Fig.4.5a confirms the presence of Zr, C and O in the m-ZrO,/rGO;,0:c Nanocomposite
and Fig.4.5b confirms the presence of Zr, C, O and S in the m-ZrOy/SGiy0:c

nanocomposite.
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Fig. 4.5(a) EDX analysis of m-ZrO,/rGO290:c

Spectrum 1

1] 5 10 15 20
Ful Scale 2772 cts Cursor: 0.000 kel

Fig.4.5(b) EDX analysis m-ZrO,/SGxo:c

4.3.5 Photocatalytic activity analysis
Degradation factor (X) can be calculated by using the following equation:
X=(Co-C)/ Cy

Where, Cyis the initial dye concentration and C is the concentration of dye at any time.

The degradation of the MV dye without any catalyst is shown in the Fig.4.6a. In
the absence of catalyst no degradation is observed. However, in presence of SG as
catalyst, complete photo-degradation of the dye takes place after 105 minutes as shown
in Fig.4. 6b. The spectrums were taken after every five minutes of the reaction under
irradiation of light. It was observed that the concentration of MV decreases gradually
with increase in duration of irradiation time.
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Fig.4.6 UV-vis spectrum of the dye after treatment in visible light (a) in absence of
catalyst, (b) in presence of SG
Fig. 4.7 shows the degradation factor versus time variation. In absence of any
catalyst the degradation factor remains almost same even upto 60 minutes (Fig.4.7a) and

in presence of SG the degradation factor increases with increase in time (Fig.4.7b).
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Fig. 4.7 Degradation factor vs time plots of (a) (a) in absence of catalyst, (b) in presence
of SG

The degradation of MV with m-ZrO,/rGOgp:c, M-ZrO/rGO;gp0:c, M-
ZrO,/rGO1500:c and m-ZrO,/SGi,90:c Catalyst in presence of visible light was carried out.
Their UV spectrum and corresponding degradation factor versus time plots are shown in
Fig.4.8 and Fig.4.9 respectively. With increasing annealing temperature degradation time
decreases. The degradation time for m-ZrO./rGOgpo:c, M-ZrO2/rGO1p00°c, M-
ZrO,/rGO1200:c and m-ZrO,/SGz00:c are 50 min, 45 min, 25 min and 8 min, respectively.
The degradation and % degradation values for the various photo-catalysts are shown in
table 4.2.
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Fig. 4.8 UV spectrum of photocatalytic degradation of MV by (a) m-ZrO,/rGOgo-c, (b)
m-ZrOZ/rG01000°C, (C) m-ZrOQ/rGolz()o"C and (d) m-ZrOZ/SGlzoo"c
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Fig. 4.9 Degradation factor vs time (minutes) plots for (a) m-ZrO2/rGQOgoo-c, (b) m-
ZrOZ/rGolooo"C, (C) m-ZFOQ/rGOu()()”C and (d) m-ZrOZ/SGuoyC

Table 4.2 Degradation of MV in presence of catalyst

SG 100 91.5
m-ZrO,/rGOgpo°c 50 99.1
mM-ZrO,/rGOygp0°c 45 99.7
mM-ZrO,/rGO1290°c 25 99.8

mM-ZrO,/SGi200°c 8 99.9

It was clearly observed that the incorporation of ZrO, onto the surface of rGO and
SG has increased its photo catalytic activities. It was also observed that the photo
catalytic activity shows strong dependence on the irradiation time and degradation
increases with increase in irradiation time. ZrO, surface gain more energy from light at

higher exposure time, and due to this reason the degradation of MV was increased with
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time. The photo degradation of MV was increased with increasing annealing
temperatures. This effect may be observed due to decrease in band gap of ZrO, with
increase in annealing temperature, reduction in recombination centers and improved
crystallinity at higher temperatures. This decrease in band gap was correlated with grains
size increases with temperature, when the latter increases the defects and impurities tend
to disappear causing a reorganization of the structure. The presence of single monoclinic
phase also enhanced the photo catalytic activity which acts as active sites for photo
degradation. m-ZrO,/ SGiy00:c Shows lowest degradation time as well as highest
degradation factor which may be due to the enhanced adsorptivity of SG. SG can bind

dye molecules through n-n conjugated stacking and hence increase the adsorptivity.

4.3.6 Recyclization and reuse of m-ZrO,/SGzg9°c

In order to investigate the stability of the photocatalyst after one use,
recyclization of m-ZrO,/SGi,00°c catalyst was performed. The photocatalytic degradation
reaction was carried out in visible light for 8 minutes. After each cycle the catalyst was
washed with absolute alcohol and distilled water. A significant degradation occurred for
the first three cycles. After the third cycle, the degradation seemed to decrease i.e. the
concentration of the MV solution did not decrease significantly. This may be due to the
loss of the catalyst while washing with alcohol and distilled water for several times. The
change in concentration of dye with no. of cycles is shown in Fig.4.9.

Concentration(mg/l)

0 e e
1. 2 3 4 6 8

No. of cycles (8 minutes/ cycle)

Fig. 4.10 Column graph showing change in concentration of undegraded MV solution

versus number cycles.
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4.4 Conclusion

In this study, it was seen that the incorporation of ZrO, into graphene and
sulfonated graphene has increased its photo-catalytic activity. The photo-catalytic
activity of ZrO, also increases with the increase in annealing temperatures. Thus, the m-
Zr0,/SG 1500:c catalyst was observed to possess the highest catalytic efficiency amongst
the other synthesized materials. This effect may be observed due to decrease in band gap
of ZrO, with increase in annealing temperature, reduction in recombination centers and
improved crystallinity at higher temperatures. This photocatalyst can be used for
successful dye degradation or removal of dyes from waste water. The photocatalyst can

also be regenerated and reused after washing it.
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