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Microwave-assisted rapid approach (300 W, 180 s) has been demonstrated for the synthesis of graphene nano-
sheets (GNs)-zinc oxide (ZnO) nanocomposites. It is noted that the microwave process not only fastens the
nucleation and growth but also gives better control to engineer anisotropic nanostructure over a carbon core. In
the studied system, surface morphological analysis reveals the well-defined growth of a ZnO tetrapods (TPs)
nanostructure over the carbon core (graphene). Raman signature confirms the formation of GNs-ZnO tetrapods
(GZnTPs) nanocomposites with a tri-layered GNs system. GZnTPs exhibits a lower bandgap (3.09 eV) than that of
pure EG and ZNTPs. Best photocatalytic activities are noticed for the GZnTPs owing to the recombination of
photogenerated electrons. GZnTPs are tested for their ability to photodegrade Rhodamine B (RhB), Methyl or-
ange (MO), and Methylene blue (MB) dyes under UV and visible (both 125 W) light irradiation. GZnTPs act as
excellent photocatalysts for RhB with a maximum degradation efficiency of 91.6% under UV light irradiation and

stable for three cycles.

1. Introduction

Technological development not only improving the living standard
of humankind but also destroying the ecological system. Waste products
from the industries (i.e. textile, paper, plastic, packaging, etc.) con-
taining hazardous pollutants (i.e. organic dyes, heavy metal ions, etc.)
are being dumped in our aquatic system and severely affecting it [1-2].
The remediation of these organic pollutants/dyes is being carried out
through photo-decomposition using different photocatalyst (e.g. metal
oxides, carbon material, etc.) [3-6]. Since the discovery, graphene:
single-atom-thick carbon sheets arranged in a two-dimensional honey-
comb lattice has been grabbed wide attention due to its exceptional
properties such as excellent room temperature carrier mobility
~200,000 cm? V™! 571, high optical transmittance ~97.7%, large sur-
face area ~2630 m?/g, fracture strength ~ 130 GPa, high flexibility, and
excellent thermal conductivity ~5000 W m! K! [7,8]. Therefore,
graphene has shown potential applications in the field of photochem-
istry, nanoscience, and engineering [9-11]. Various methods have been

reported for the synthesis of graphene nanosheets (GNs) which include
chemical vapor deposition (CVD) [12], arch discharge [13], and wet
chemistry routes [14]. Among these methods, wet chemistry GNs syn-
thesis routes are widely used due to their simplicity, cost-effectiveness,
and high yield [15,16]. In recent years, different nanoparticles (ZnO,
CdS, TiO,, and SnO,) have been decorated over the graphene (carbon
core) for various applications [17-20]. In particular, Zinc oxide (ZnO,
wide bandgap ~3.37 eV) is used widely due to its ease of production,
and low toxicity; and investigated wieldy for various other applications
such as ultraviolet (UV) lasers, sensors, solar cells, and as a photocatalyst
[21-23]. Despite having a wide bandgap, the photocatalytic efficiency
of ZnO is found low which may be due to the recombination of the
photo-induced electron-hole pairs [24], However, its combination with
GNs not only improves the photocatalytic performance but also prevents
the recombination of photo-generated electron-hole pairs [25]. There-
fore, carbon-metal nanocomposites (NCs) have been promoted by re-
searchers for their potential for photocatalytic activities. Specifically, a
number of studies have reported the use of ZnO decorated over carbon
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Fig. 1. Steps involved in the synthesis and testing of photocatalytic activity of GZnTPs.

core as a photocatalyst to degrade pollutants from textile industries. For
example, zinc oxide-reduced graphene oxide (ZnO/rGO) NCs have been
synthesized by Fan et al. using the hydrothermal method, and tested for
photocatalytic degradation of methylene blue (MB), methylene orange
(MO), and Rhodamine (RhB) under ultraviolet (UV) light irradiation
(150 W). The results show that degradation efficiency (DE) of ~99% is
achieved in 30 min [25]. Ravi et al. also prepared ZnO/rGO NCs using
the hydrothermal method, and tested their photocatalytic activity under
UV with Congo red (CR) and Eosin yellow (EY) as the target contami-
nants. They achieved up to 98% removal of the dyes in 90 min [26].
Similarly, Jabeen et al. have achieved 68% removal of MB in 120 min
under UV light (500 W) using ZnO/rGO NCs [27]. Moreover, a ternary
Zn0O/Cu0/rGO NCs have also been synthesized via the solid-state
method and studied for the removal of RhB, and 99% DE is achieved
in 20 min under visible light (150 W) [28]. These NCs worked effectively
as photocatalysts; however, their preparation methods are tedious and
energy-intensive [29]. Microwave synthesis is reported to be effective
for rapid and controlled nucleation and growth of nanomaterials, and it
is less energy-intensive than other methods [30]. However, microwave-
assisted synthesis methods have not been explored extensively for NCs
preparation.

The present work was an attempt to rapidly grow ZnO anisotropic
tetrapods (TPs) over graphene to prepare graphene-zinc oxide tetrapod
NCs (GZnTPs). We hypothesized that the multifaceted anisotropic
structure would have enhanced photocatalytic activities owing to their
direction-oriented properties and functionalities. The GZnTPs were
further evaluated for photocatalytic properties via degradation of three
organic dyes [methylene blue (MB), methylene orange (MO), and
Rhodamine B (RhB)] under UV and visible light irradiations.

2. Experimental
2.1. Materials

Natural flakes graphite (NFG) (99.9% pure, Sigma Aldrich) was used
for the synthesis of exfoliated graphite (EG). Zinc acetate dihydrate (Zn
(02CCH3)2(H20)2, 98%), potassium permanganate (KMnOy4, 99%), hy-
drazine hydrate (NoH4, 99%), nitric acid (HNO3, 63%), and sulphuric
acid (H2SO4, 98%) were procured from Qualigens Fine Chemicals Ltd.

(India). Rhodamine B (RhB), Methyl orange (MO), and Methylene blue
(MB) dyes were procured from Loba Chemie Pvt. Ltd. (India).All mate-
rials were used received unless otherwise specified.

2.2. Preparation of EG

The exfoliation of NFG was carried out using a dry process as per
Chamoli et al. [31]. Briefly, the graphite intercalation compound (GIC, a
mixture of various strong acids and oxidizing agents) was used as the
precursor material for the synthesis of EG. In this exfoliation process,
NFG was mixed with sulphuric acid (H2SO4), nitric acid (HNOg), and
potassium permanganate (KMnOy) in a porcelain dish for 10 s using a
glass rod in the weight ratio 1:1:1:1 (NFG: H,SO4: HNO3: KMnOQy) at 25
=+ 5°Cto get GIC. The GIC was then transferred to a 250 mL glass beaker
and placed in a commercially available domestic microwave oven
(Samsung, 2448 MHz, variable up to 800 W). The precursor was then
cooked (treated) with microwave irradiation at 800 W for 50 s to
exfoliate the NFG to form EG.

2.3. Preparation of GZnTPs

First, ZnO tetrapods (ZnTPs) were synthesized by microwaving (300
W, 180 s) a mixture of Zn (O,CCH3)2(H20), and NoHy (1:4 M ratio) [32].
Once the formation of ZnTPs was confirmed by electron microscopic
(FESEM) analysis (Fig. S1), the GZnTPs were synthesized as follows. EG
(0.2 mg/mL) was mixed in 100 mL deionized (DI) water and sonicated
for 3 h to achieve homogenous dispersion. Thereafter, Zn
(02CCH3)2(H20), and NoH4 were mixed (1:4 M ratio) in the EG solution
under continuous stirring. NyH4 instantly reacted with Zn
(02CCH3)2(H20)5 to form a slurry-like precipitate. The mixture was
stirred for 0.5 h to ensure that the reaction was complete. Then the
resultant mixture was transferred to the microwave oven (300 W, 180 s)
for further reaction. The slurry became clear with a greyish precipitate
settled to the bottom. The greyish precipitate was filtered using a 0.2 um
membrane filter and washed several times with ethanol and a copious
amount of DI water. The resultant filtrate was dried overnight in a
vacuum oven at 80 °C to get GZnTPs. The synthesized NCs (GZnTPs)
were characterized and tested for photocatalytic behavior (Fig. 1).
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Fig. 2. FESEM micrograph of (a) NFG, (b) EG, and (c-d) GZnTPs.

2.4. Photocatalytic activity

Photocatalytic activities of the synthesized NCs (GZnTPs) were
measured via separate photo-decomposition studies of three different
organic dyes, namely RhB, MO, and MB (1 mg/L). For the photo-
decomposition experiment, GZnTPs (0.1 or 0.2 mg/L) was added to an
aqueous solution of organic dyes (100 mL, 1 mg/L). The reactors were
kept in a dark place with continuous stirring for 0.25 h to homogenize
the mixture of the specific dye by the NCs. The reactors were then
transferred to a custom-made UV/visible light irradiation chamber and
were exposed to UV (wavelength ~365 nm, 125 W) or visible light (125
W) for a definite period. The working distance between the light source
and the top of the reactor was kept as 12 cm based on preliminary
optimization. Photocatalytic degradation behaviors of RhB, MB, and MO
were monitored by measuring the dye concentration in the bulk solution
over time (t). A UV-vis spectrophotometer (Perkin Elmer Lambda 365)
was used to measure dye concentration (at Aypax ~ 663 nm) and calcu-
lated as C"C’a & x 100%, where Cy is the initial (t = 0) dye concentration
and C; is the concentration of the dyes at time t.

2.5. Characterization

The crystalline phase of NFG, EG, ZnTPs, and GZnTPs was recorded
through X-ray diffraction (XRD) using X'Pert Powder PANalytical,
Advanced X-Ray Diffractometer. Raman analysis of ZnTPs and GZnTPs
was recorded by LabRam Micro-Raman spectrometer (Jobin-Yvon HR
800 UV) using a He-Ne (632.8 nm) laser excitation source. The
morphology of the specific nanostructure was examined using a field
emission scanning electron microscopy (FESEM, Zeiss EVO-50) and a
transmission electron microscope (TEM, FEI Titan G2 60-300). The bond
stretching in EG and GZnTPs in the range of 4000-400 cm ' were
analyzed by Fourier transform infrared spectroscopy (Bruker-FTIR)

using a KBr pellet. The elemental analysis of EG and GZnTPs was carried
out by X-ray photoelectron spectroscopy (XPS) with spectra acquired
with a PHI500 (Versa Probell, FEI Inc.) with Al Ka (1486.6 eV) X-ray
source. Brunauer-Emmett-Teller (BET) method was used to find the
specific surface area of ZnTPs and GZnTPs with an automatic instrument
Quantachrome (ASiQwin).

3. Results and discussion
3.1. Morphological analysis

FESEM micrograph of NFG (Fig. 2a) shows a plate-like structure
having a diameter of ~450 ym. A worm-shaped microstructure has been
seen for EG (Fig. 2b) which is comprised of several oxygenated graphene
layers (more detail about oxygenated layers is given in a subsequent
section). The ZnO has formed unique tetrapods (TPs) structure having
lengths of facets in the range of 200-500 nm (Fig. 2c-d). The shape of
the present ZnO is unique compared to the others synthesized via
microwave-assisted reaction [Supplementary Information (SI),
Table S1].

The ZnO NCs consist of randomly crumpled thin sheets of GNs with
ZnTPs. This confirms the formation of ZnTPs on the surfaces of GNs. The
FESEM micrographs of GZnTPs reveal that the average diameter of
ZnTPs is ~300 nm of prongs (Fig. 2d). The formation of nanostructure in
microwave-assisted growth not only depends upon the microwave pa-
rameters (power, radiation energy, temperature, and reaction time) but
also on the solvent and precursors properties such as polarity of the
solvent, the concentration of the precursor, pH, nature of the reducing
agent, and surface modifying agents [33-35]. Microwave radiation
usually affects the chemical reactions and penetration of chemicals, and
thus not only initiates the nucleation process but also enhances crys-
tallite growth [35]. In the present study, NoH, acted as a reducing agent
and a complexing agent at the same time. Zn(OH); is formed initially
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Fig. 3. Possible growth mechanism of ZnTPs under microwave irradiation
(modified after Shiojiri et al. [38].

(Eq. (1)) due to the addition of NyH,4 to Zn (O2CCH3)2(H20)2, and the
produced Zn(OH); is further dissociated to Zn®** and OH™ ions (Eq. (2))
leading to the formation of ZnO (Eq. (3)) [34].

Zn** 4+ 20H I 70(OH), ®)
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Zn** +20H —27Zn0 +2H"* 3

Equation (3) represents the direct precipitation of the ZnO nuclei in the
solution These nuclei are linked further to grow in the multiple lattices
of a common connection. Each crystal grows along the c-axis which in
turn leads to the formation of TPs with multi-faceted morphologies
(Fig. 3). The growth of such TPs in the vicinity of EG in the microwave-
assisted synthesis could be the result of the fusion of particles at the
collision point and the growth of more primary complexes. The pH of the
solution also plays an important role to control the morphology or in the
growth of complex multi-facets tetrapod structures [36]. It is reported
that pH > 11 is optimal for the growth of nanostructures with a higher
aspect (length to diameter) ratio [37]. In our study, the overall pH of the
microwaved solution was ~14. The NyHy is a strong base with a pH of
~11, and the exfoliated graphite also contains hydroxyl groups at the
surface to boost up the pH of the reaction mixture. The highly basic pH
of the studied systems could also be a reason for the growth of multi-
faceted tetrapod structures.

Working with micromaterials, Shiojiri et al. [38] reported the for-
mation of ZnTPs via rapid growth along with four (1 1 1) directions
perpendicular to the {1 1 1}/Zn faces. They proposed a mechanism
where wurtzite crystals are formed on their {1 1 1} faces by introducing
stacking faults, and they cultivate easily along their [0001] directions to
produce ZnTPs and named the mechanism as an octa-twin model for
crystal growth (Fig. 3) [38]. Nishio et al. [39] expanded the work by
Fujii et al. [40] and indicated that multiple twins of nuclei are respon-
sible for the growth ZnTPs. Our results vindicate that such simple mi-
crowave methodologies can also be utilized to engineer complex
tetrapod-like multifaceted structures rather than using tedious

Fig. 4. TEM micrograph of (a, b) ZnTPs (Inset: SEAD pattern); (c) GZnTPs (Inset: high magnification); and (d) GZnTPs showing GNs layers (Inset: SEAD pattern).
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peaks of GZnTPs well fitted with six Lorentz curves.

catalytic and surfactant mediated synthesis. Lower temperature, lower
power, and shorter reaction time (180 s) in our approach might have
been achieved because of the high polarity of the solvent.

Further, the TEM micrographs of ZnTPs and GZnTPs show stacking
of GNs (Fig. 4). ZnTPs are uniform in size and shape having four awl-
shaped prongs arrangements. These prongs are gradually impending
from a common core to the outside with an average angle of about 72°
between the neighboring arms. The TP prongs are found to be 516-576
nm in length along the growth direction with an average diameter of
294 nm (Fig. 4ab). The diameters of prongs are gradually shrunk and
that is very common for TPs with long prong lengths [41]. Well-faceted
morphology has been observed at the junction indicating that no lattice
mismatch occurred after the nucleation of ZnO in the central region. The
growth mechanism has been already discussed (Fig. 3) and the TP
growth happens due to the formation of wurtzite crystals on their {111}
faces by introducing stacking faults and their easy cultivation along with
their [0001] directions. The selected area electron diffraction pattern
(SAED) confirms these plan formations (Fig. 4b: Inset). However, TEM
micrographs of GZnTPs (Fig. 4cd) show that the acceptable quantity of
ZnTPs have been grown over GNs. Awl-shaped prongs of ZnO have been
found to be 289-414 nm in length. The average diameter of prongs is
174 nm and gradually shrunk in the growth direction from the core
(Fig. 4cd). Additionally, the TEM image depicts that the GNs are having

curled edges and several micrometers in size. The SAED shows a clear
hexagonal electron diffraction pattern of graphene lattice (Fig. 4d:
Inset). The number of layers is measured of the GNs, and a three-layered
GNs system is found (Fig. 4d). The interlayer spacing of GNs is ~0.327
nm which is in agreement with the d-spacing value reported in the
literature for the few-layer GNs (Fig. 4c: Inset) [42]. Additionally, the
specific surface area of ZnTPs and GZnTPs have been evaluated by the
BET method using N adsorption/desorption isotherms at 77.35 K.
Firstly, ZnTPs and GZnTPs have been degassed in Ny for 8 Hours at
200 °C under vacuum. The specific surface areas were calculated and
found 11.25 m?/g for ZnTPs and 126.02 m2/g GZnTPs (SI, Fig.52). These
values are in agreement with reported values of the surface area of ZnO
(multi-facet system, 0.90 m2/g) and ZnO/GNs based nanocomposites
(115.70 m?/g) [43,44].

3.2. Structural analysis

The crystalline phases of NFG, EG, ZnTPs, and GZnTPs were recorded
through X-ray diffraction (XRD) Fig. 5 (a, b). The XRD pattern of NFG
shows a sharp intense peak at 20 = 25.92°, denoting the crystalline
structure [(0 O 2) plane] of hexagonal graphite (d = 3.41 nm). The XRD
pattern of EG shows an intense peak at 20 = 25.76° (d = 3.43 nm) which
is further matched with reported data by Sykam et al [45]. The
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increased d-spacing indicates the exfoliation of graphite along the c-axis. 0),(103),(200), (112),and (20 1), respectively. These peaks are
In addition, XRD patterns of ZnTPs comprise nine peaks appearing at 26 indexed with wurtzite-structured of ZnO (JCPDS No. 36-1451) [46]. The
= 31.75, 34.43, 36.25, 47.46, 56.59, 62.92, 66.47, 67.92, and 69.01°, XRD pattern of GZnTPs composite exhibits all corresponding diffraction
corresponding to the crystal planes (1 00),(002),(101),(102),(11 peaks of the wurtzite structure of ZnO and less intense graphene peak (0
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0 2) at 20 ~26.51°. No impurity peaks are detected in the XRD patterns.

Raman spectrum (room temperature, 20 + 2 °C) of EG exhibits three
sharp intense peaks at 1333 cm ™ for D, 1581 cm ™~ for G and 2680 cm ™!
for 2D (Fig. 5¢). The G band peak at 1581 cm ! is due to the doubly
degenerate Zone center (E2g mode of graphite) and related to the in-
plane vibration of carbon atoms (sp?-bonded). The 2D peak at 2680
em! is due to the second-order zone boundary phonons. The less
intense D band peak at 1333 cm ™ is associated with disordered graphite
and arises due to the unsatisfied Raman fundamental selection rule of
zone-boundary phonons [47]. For hexagonal wurtzite, ZnO shows the
optical phonons at the I" point of the Brillouin zone and are ascribed A1l
+ 2B1 + E1 + 2E2 [48]. Al and E1 polar modes are both infrared and
Raman active, whereas the B1 modes are both infrared and Raman
inactive. Moreover, Al and E1 modes can be split into transverse (TO)
and longitudinal optical (LO) phonons. A sharp and dominant E; (high)
mode located at 445 cm ™! is the intrinsic Raman active mode of wurtzite
hexagonal ZnO, which is a nonpolar mode associated with oxygen
displacement. The weak peak at 341 cm ™! may correspond to the multi-
phonon scattering process of (Ez (high)-E; (low)) and one at 390 em ™ to
A1 (TO). The Raman mode observed at 555 cm ™! can be assigned to Al
(LO) mode. Thus, the presence of high intense E (high) mode and
suppressed E1 (LO) mode indicate that the synthesized ZnTPs possess
crystalline nature with a hexagonal wurtzite structure. The Raman
spectra of GZnTPs clearly show the graphene and ZnTPs fingerprints. In
addition, Ip/Ig ratio has increased from 0.90 to 0.19, indicating the
reduction of oxygen species from EG attached during the exfoliation of
NFG. The number of layers can be calculated by the Lorentz fitting of the
2D peak of Raman spectrum [49]. Here, 2D peak (2682 cm ™) is well-
fitted by six Lorentz curves (2625, 2639, 2661, 2678, 2689, and 2711

cm’l) with R? accuracy of 0.97533 (Fig. 5d) which indicates that the tri-
layer graphene system has been successfully formed. This supports the
TEM analysis of the tri-layer graphene system (Fig. 4d). The functional
groups present in EG, ZnTPs, and GZnTPs were analyzed with FTIR
spectroscopy (Fig. 6a). In the FTIR spectrum of EG (Fig. 6a-i), the peak at
3410 cm™! corresponds to the O-H group (phenolic or alcoholic group),
the peaks at 2919 and 2850 cm ™! correspond to C-H vibration, the peak
at 1731 cm ™! corresponds to C=0O vibration, one at 1633 em ™! corre-
sponds to C=C vibration, those at 1451 and 1373 em™! correspond to
C—0/C—N vibration and ones at 872, and 691 cm™! correspond to C-O
vibration [50]. The FTIR spectrum of ZnTPs (Fig. 6a-ii) exhibits peaks at
534 and 499 cm™! corresponding to Zn—O bond stretching vibration.
The peak at 3461 cm ! corresponds to —OH group attached to ZnO.
Moreover, the FTIR spectra of GZnTPs (Fig. 6a-iii) exhibits peaks at
3376 cm ! that corresponds to ~OH group, the peak at 1574 cm™!
corresponds to C—=C vibration, and those at 534 and 499 em ! to Zn-O
bond stretching vibration. In contrast, oxygen-related peaks at 1451,
1373, 872, and 691 cm™! (Fig. 6a-i) got suppressed or weakened, indi-
cating the removal of oxygen functionalities from the honeycomb
lattice.

UV-Vis spectroscopy was done to analyze the characteristic ab-
sorption of EG, ZnTPs, and GZnTPs (Fig. 6b). The spectrum for EG shows
a shoulder at 316 nm to indicate n-n* transition of the aromatic C—C
ring. While UV-Vis spectrum of ZnTPs shows less intense shoulder at
370 nm. The spectrum of GZnTPs shows a less intense peak at 264 nm
that corresponds to GNs. This is due to the change in the electronic
configuration of EG during the reduction process. The bandgaps (Eg) of
EG, ZnTPs, and GZnTPs have been calculated (Fig. 6b: Inset) by Tauc
plot [51]. The Eg of ~4.97 eV is observed for EG due to the high amount
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Table 1

. The comparison of degradation of dyes by different nanocomposites.
Material Dye DC* (mg/L) PC* (mg) Irradiation
GNs-ZnO RhB - 50 uv
GNs-ZnO RhB 10 10 uv
1GO-ZnO RhB 15 10 uv
rGO-ZnO RhB - 20 Visible
rGO-ZnO RhB 10 05 Visible
1GO-ZnO MO 25 25 uv
GNs-ZnO MO 13 25 Sun light
rGO-ZnO MB 10 200 uv
GNs-ZnO MB - 50 Visible
1GO-ZnO MB 05 1500 uv
GNs-ZnO RhB 01 20 uv
GNs-ZnO MO 01 20 uv
GNs-ZnO MB 01 20 uv

Power (Watt) Time (min) DE* (%) Source

300 60 100 Li et al.[55]

100 30 50 Yang et al.[56]

350 20 50 Kumar et al. [57]
70 120 97.5 Ramanathan et al. [58]
100 180 86 Mogbel et al. [59]
15 60 98 Metia et al. [60]

- 210 100 Wang et al. [61]
300 20 98 Qin et al. [62]

300 100 100 Gayathri et al. [63]
500 250 88 Lv et al. [64]

125 40 91.6 Present work

125 40 45.43 Present work

125 40 70.87 Present work

" DC = Dye concentration, PC = Photocatalyst concentration, DE = Degradation efficiency.

~=— 0.1 mg/mL
—&— 0.2 mg/mL

Visible
J . 125'W

L} v L AJ \ L) v L} L . L}
0 5 10 15 20 25 30 35 40
Time{min)
100 4 UV ~—0.1 mg/mL

125 W

50 Fyreor———7—"—T7—

Visible
125 W
I L) L) L v A L L L)
0 5 10 15 20 25 30 35 40
Time{min)
0.0 4 = 0.1 mg/mL

& 0.2 mg/mL

L) Al Al Al L)
0 5 10 15 20 25 30 35 40
Time{min)

1] 1 T v T 4 T v T ' T 4 T
0 5 10 15 20 25 30 35 40
Time(min)

Fig. 9. Photocatalytic degradation of MO by GZnTPs: (a) change in dye concentration with time under 125 W visible light; (b) rate kinetics of dye degradation under
125 W visible light; (c) change in dye concentration with time under 125 W UV light; and (d) rate kinetics of dye degradation under 125 W UV light.

of oxygen functional groups attached during exfoliation of NFG by mi-
crowave irradiation. The Eg of ~3.25 eV is observed for ZnTPs, and that
is close to the reported literature value (3.0-3.3 eV) for Eg of ZnO [21].
The observed Eg of GZnTPs is ~3.09 eV.

3.3. Elemental analysis

X-ray photoelectron spectroscopy (XPS) was used to study the sur-
face and composition of EG and GZnTPs (Fig. 7). XPS survey scan
(Fig. 7a) shows only C, O, and Zn elements confirming the successful
formation of GZnTPs. The deconvoluted- high-resolution XPS Cls

spectrum with Shirley background of EG (Fig. 7b) shows a sharp intense
peak corresponding to C—C (284.5 eV) bonds of carbon atoms in 2D
planner honeycomb lattice (fitting parameters in SI, Table S2). In
addition, other deconvoluted carbon bonding configurations are found
at C—O (286.6 eV), C=0 (287.1 eV), and C—C=0 (288.8 eV).

The presence of different oxygen functional groups (e.g., carboxyl,
epoxy, hydroxyl groups) in the EG is marked as reported in the literature
[31]. This indicates that a high degree of oxidation has occurred during
the exfoliation of graphite. Moreover, a high-resolution spectrum of C1s
of GZnTPs (Fig. 7c) suggests that NoH4 promotes the reduction of oxygen
functional groups present in EG (attached during exfoliation of NFG)
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Fig. 10. Photocatalytic degradation of MB by GZnTPs: (a) change in dye concentration with time under 125 W visible light; (b) rate kinetics of dye degradation under
125 W visible light; (c) change in dye concentration with time under 125 W UV light; and (d) rate kinetics of dye degradation under 125 W UV light.

and the oxygen-related peaks are suppressed. In the high-resolution
spectrum of Zn 2p, a peak at 1021.70 eV corresponds to Zn 2ps,> and
another peak at 1044.71 eV corresponding to Zn 2p; 2 were observed.
These peaks were originated from Zn-O bonds (Fig. 7d) [52].

3.4. Photocatalytic activity

The photocatalytic activity of a material depends on various pa-
rameters such as type of the semiconductor, light source and intensity,
and temperature. The photocatalytic performance of bare semi-
conducting materials (in our case, ZnTPs) has been found to improve if it
is combined with GNs [53,54]. Here, we have analyzed the photo-
catalytic performance of synthesized GZnTPs (two different concentra-
tions, 0.1 and 0.2 mg/ mL) to degrade organic dyes (RhB, MO, and MB)
under 125 W UV and visible light irradiation (SI, Fig. S3, Fig. S4, and
Fig. S5). GZnTPs only minimally removed RhB dye under visible light
after 40 min (Fig. 8a); the removal was 2.82% with 0.1 mg NCs/mL and
that improved only marginally to 5.27% when 0.2 mg NCs/mL was used.
In contrast, 76.42% removal was achieved under UV radiation with 0.1
mg NCs/mL and that increased to 91.6% with 0.2 mg NCs/mL (Fig. 8b).
Our NCs worked very effectively within a very short time (40 min)
compared to work reported by others (Table 1). The NCs could not
effectively remove MO under visible light (<6% removal, Fig. 9a).
However, once exposed to UV light (Fig. 9b), 0.1 mg NCs/mL degraded
18.48% of MO, and the percentage of degradation increased to 45.48%
with 0.2 mg NCs/mL. For MB, the removal under visible light was

14.66% with 0.1 mg NCs/mL, and 17.26% with 0.2 mg NCs/mL
(Fig. 10a), and the removal efficiency increased to 59.69% (0.1 mg NCs/
mL) and 70.87% (0.2 mg NCs/mL) under UV light (Fig. 10b). Even
though MO and MB removal good under UV radiation was not very high,
results clearly demonstrate the photocatalytic behavior of the synthe-
sized NCs.

The reaction kinetics of dye (RhB, MO, and MB) degradation have
been studied to further understand the photocatalytic activity of the
synthesized GZnTPs (Fig. 11). The reactions were found to follow
pseudo-first-order kinetics (—In(C¢/Cp) = kt) where the slope of the liner
fitted line gives the rate constant k (min’l), Cp and C; correspond to the
concentration of dye at the start (initial concentration, t = 0) and at time
t, respectively (Fig. 8bd, Fig. 9bd, and Fig. 10bd). It is evident from the
results that the maximum value of k = 0.045 min ! is found for RhB with
0.2 mg/mL photocatalyst (GZnTPs) concentration under UV irradiation
(Fig. 11d) with an associated degradation of 91.6% (Fig. 11b). The
highest value of k = 0.005 min~"! is associated with MB degradation at
0.2 mg/mL photocatalyst concentration under visible light irradiation
(Fig. 11c). We compared the relative photocatalytic activity of NCs with
that of bare ZnTPs (Fig. S6). The DE has been found to be 59.3, 37.5, and
45.5% for RhB, MO, and MB dyes, respectively with 0.2 mg/mL of bare
ZnTPs. The result indicates that GZnTPs NCs are more effective for
photocatalytic activity as compared to bare ZnTPs. The comparison of
our results with reported literature indicates that our GZnTPs perform
better than most NCs in terms of energy input and degradation time
(Table 1).
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3.5. Recyclability of GZnTPs

The recyclability of GZnTPs has been studied for RhB, MO, and MB
by comparing their photocatalytic activity for several cycles (Fig. 12). In
this batch study, 0.2 mg/mL of GZnTPs is added to the dye solution (1
mg/L, 100 mL), and exposed to UV radiation (125 W). The dye con-
centration in the bulk solution is measured at the end of the experiment
and the DE of the GZnTPs is calculated. The filtered GZnTPs are washed
and dried at 70 °C and weighed before reusing it for another cycle. The
DEs from three such cycles have been compared (Fig. 12d). The recy-
cling studies show that GZnTPs remained effective up to 3 cycles for dyes
(Fig. 12abc). It has been found that DE is decreased for RhB from 91.5%
(Cycle 1) to 81.7% (Cycle 3). While, the DE is decreased from 45.5%
(Cycle 1) to 36.4% (Cycle 3) for MO, it decreased from 70.8% (Cycle 1)
to 49.5% (Cycle 3) for MB. The decrease in DEs should be viewed in the
context that ~2% of GZnTPs have been lost during the separation pro-
cess (filtration, washing, drying, and weighing) after each cycle. The
results indicate that GZnTPs are reusable for contaminant removal.

3.6. Photocatalytic degradation mechanism

The photocatalytic mechanism for GN-based NC systems is well un-
derstood and reported in the literature (Fig. 13) [24], ZnO displays the
conduction band at —4.05 eV and valence band at —7.25 eV [65], The
work function can be tuned in the range of —4.5 eV to —5.5 eV for GNs
produced by reduction techniques [66], This gap in energy level
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between ZnO and GNs can create favorable conditions for the direct
transfer of electrons from the conduction band of ZnO to GNs. During the
UV/Visible light irradiation, the photo-induced electron-hole pairs are
generated, and they play a vital role in photocatalytic activity. These
photo-generated electrons are transferred to GNs due to their lower
energy levels and react with oxygen molecules leading to the formation
of reactive oxygen species ('02‘) [67,68]. This reactive ‘0% can degrade
organic dyes (RhB, MO, and MB) easily. The photo-generated holes also
can react with OH- ions to produces hydroxyl radicals (OH). The
generated "OH acts as a strong oxidizing agent to degrade dyes (Egs. (4)—
(9)). GN-based NC systems not only offer a larger surface area but also
hinder the charge recombination [25], and that leads to excellent pho-
tocatalytic activity.

ZnO 4 hv - ZnO (h" 4 ¢7) 4
ZnO (e”) + GNs — ZnO + GNs (e") (5)
GNs (¢7) + 0, » "0%~ + GNs (6)
‘0% + H' - 'OH )
h* + H,O - "OH + H' (8
ht + 'OH + "0*™ + Organic dyes - CO; + H,O 9
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Fig. 13. The schematic illustration of the photocatalytic mechanism of GZnTPs
for dye degradation.

4. Conclusions

A rapid microwave (300 W, 180 s) solution-phase process has been
demonstrated for the successful preparation of graphene-zinc oxide
tetrapods nanocomposites (GZnTPs). In this process, NyHy acts as an
excellent reducing agent; reduces exfoliated graphene (EG) and zinc
precursors simultaneously in a very short period. The reduction of EG
and formation of GZnTPs is confirmed by Raman, FTIR, and XPS sig-
natures. The formation of such tetrapods (TPs) is a case of anisotropic
faceted growth via the coalescence of ZnO nuclei on the core along the c-
axis. Further, the growth mechanism for TP structures has been
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explained based on the Octa-twin model for crystal growth. The results
from organic dye degradation studies indicate that prepared GZnTPs
show excellent photocatalytic performance under UV light. Under UV
radiation, GZnTPs could degrade various organic dyes (1 mg/L) like
Rhodamine B (RhB, 91.6% removal), methylene blue (MB, 71%), and
methyl orange (MO, 45%) within 40 min. The GZnTPs show a lower
bandgap (3.09 eV) than the bare ZnO TPs (3.25 eV) which may be
responsible for effective dye degradation. The synthesized GZnTPs may
be explored as a promising photocatalyst due to their reasonable sta-
bility (up to 3 cycles) and high photo-degradation efficiency for organic
dyes present in water and wastewater. The reported synthesis method
can be further explored as a simple one-step technique to grow multi-
facets nanostructures and composites with controlled dimensions.
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