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ABSTRACT: A bio-inspired approach for the fabrication of
reduced graphene oxide (rGO) embedded ZnO nanostructure
has been attempted to address issues pertaining to charge
recombination and photocorrosion in ZnO for application as an
effective photocatalyst. Herein we demonstrate the synthesis of
rGO-ZnO nanostructures in a single step using polyamines,
which simultaneously aid in the mineralization of ZnO
nanostructures from zinc nitrate, reduction of graphene oxide
(GO), and finally their assembly to form rGO-ZnO composite
structures under environmentally benign conditions. The
interspersed nanocomponents in the assembled heterostructures
result in enhanced photocatalytic activity under UV light,
indicating an effective charge separation of the excited electrons.
Furthermore, the composite structure provides stability against photocorrosion for efficient recyclability of the catalyst.
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■ INTRODUCTION

ZnO based photoactive materials are of great interest because
of their potential for addressing the environmental issues such
as photodegrdation of organic parpollutants and conversion of
photon into chemical energy.1,2 However, the rapid recombi-
nation of photogenerated electron−hole pairs within the
semiconductor material results in its low efficiency, thus
limiting its practical applications. Several approaches have
been reported for effective charge separation such as by
combining with metal nanoparticles3,4 or with other semi-
conductor materials.5,6 The role in the heterostructure is to
drain or trap photoexcited electrons and thereby separate the
electron−hole pairs. Particularly, a lot of attention has recently
been paid to the carbon−semiconductor hybrid materials
having potential for improved photoactivity via their effective-
ness in electron-trapping.7

In this context, graphene, a two-dimensional allotrope of
carbon, has been proven to enhance the photocatalytic activity
of various semiconductors including ZnO.8,9 The combination
of graphene has also been claimed to address the photo-
corrosion issues in ZnO.7,10 Hence, there have been efforts to
develop methodologies for the fabrication of nanostructured
ZnO/graphene with properties suitable for photoinduced
applications. Various methods, such as in situ photoreduction
of graphene oxide on presynthesized ZnO,11,12 solvothermal
growth of ZnO on graphene sheets,13−15 thermal decom-
position of precursors,16,17 colloidal mixing,18 microwave

method,19 and ultrasonication,20 etc., have been reported.
However, these methods mostly require drastic conditions of
either high temperature or strong alkali medium, while in some
cases complicated multiple steps of fabrication processes are
involved. The enhancement in photocatalytic activity is also
dependent on the intrinsic differences in electron trans-
portation and trapping capability of the graphene-ZnO in the
composite structure, as well as their ability to absorb organic
pollutants. So, there is a requirement to develop methodology
for fabrication of such composite materials not only under
environmentally benign conditions but also with improvement
in the desired properties for photocatalytic applications.
In the present work, we make use of a bio-inspired route for

assembly of ZnO and graphene to develop facile methodologies
and to enhance interfacial interaction for improved photo-
activities. Similar to the bio-mineralization processes, which
occur in aqueous solution under ambient conditions of near
neutral pH and room temperature, there have been efforts to
develop methods for fabrication of functional materials.21

Particularly in diatoms, it has been established that, in the bio-
mineralization process, complex architecture is achieved via
polyamine-mediated mineralization and assembly.22 In this
regard, our approach has been to explore and develop
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polyamine-mediated bio-inspired methods for fabrication of
nanostructured materials with control on size and morphology
under environmentally benign conditions.23−25 Herein we
demonstrate that poly(allylamine), which can mineralize ZnO
from water-soluble zinc precursor, simultaneously facilitates
reduction of graphene oxide and their assembly to generate
rGO-ZnO nanocomposites in a single step.

■ RESULTS AND DISCUSSION
The bio-inspired route to fabricate rGO-ZnO composites is
schematically illustrated in Scheme 1. First to examine the

interaction of GO with polyamine, we mixed an aqueous
suspension of graphene oxide (GO) with poly(allylamine). It
resulted in stabilization of the suspension as indicated by
dynamic light scattering (DLS) analysis. From the ζ potential
measurements we observed that the initially negatively charged
GO particles became positively charged with their interaction
with the polyamines. This suggested a successful functionaliza-
tion of the GO with the polyamine via the interactions among
(-C−OH, -CO, and -COOH, etc.) and amine groups.26,27

The polyamines, which are also known to be responsible for
bio-mineralization processes,22−25 were then utilized for
mineralization of ZnO in the presence of GO so that the
poly(allylamine), while mineralizing ZnO, can simultaneously
functionalize GO under the mild conditions at 60 °C and
neutral pH in an aqueous medium. As shown in Scheme 1,
addition of poly(allylamine) into a mixture containing zinc
nitrate and graphene oxide resulted in an immediate gray color
precipitate (rGO-ZnO), which was collected for further
analyses (Supporting Information (SI) Table S1).
Figure 1 shows the XRD patterns of the synthesized rGO-

ZnO and ZnO along with that of graphite and GO for
comparison. The XRD pattern of graphite in Figure 1a shows a
typical diffraction peak at 2θ = 26.4° representing the graphitic
layers. In the case of GO, while the graphitic peak disappeared,
a new diffraction peak appeared at 2θ = 12.6°. Clearly with
oxidation of graphite the interlayer distance increased from
graphite (0.335 nm) to graphene oxide (0.672 nm). This is
indicative of hydration and exfoliation of GO in an aqueous
medium facilitated via formation of various oxygen containing
functionalities, such as hydroxyl, epoxy, carbonyl, and carboxyl
groups, etc.16,27 Further it was observed that, in the as-
synthesized rGO-ZnO, the characteristic diffraction peak of GO
disappeared and instead a broad peak appeared at 2θ = 22.4°
(Figure 1b). This suggests that the crystallographic ordering
has been lost leading to a random packing of the graphene
sheets in rGO.16,27 In addition, the mineralized ZnO exhibited

XRD peaks assignable to (100), (002), (110), (102), and (103)
planes of a wurzite phase (JCPDS card no. 36-1451).25 The
crystallite size of ZnO as estimated using the Debye−Scherrer
equation was ∼8 nm, while the ZnO prepared in the absence of
GO had a crystallite size of ∼14.5 nm. Therefore, we believe
that the presence of graphene sheets during the ZnO
mineralization restricts the growth of the mineralized
crystallites by stabilizing the smaller crystallites on their surface.
The transmission electron microscopy (TEM) images of

graphene oxide sheets and rGO-ZnO are shown in Figure 1c,d.
The TEM image illustrates the exfoliated graphene oxide
sheets. In the rGO-ZnO, the mineralized ZnO particles are seen
entangled with the rGO sheets to form nearly spherical
aggregates (Figure 1d). Further examination reveals that the
ZnO particles are of ∼20−25 nm sizes as assembled in the
aggregate. The selected area electron diffraction (SAED) of
graphene oxide (SI Figure S1) showed ring patterns assignable
to (1100) and (1120) planes of a hexagonal crystal lattice.28 In
the case of rGO-ZnO, there were additional spots in the SAED
pattern due to the wurzite phase of ZnO in conformity with the
XRD result. The scanning electron microscopy (SEM) analysis
indicated the sheet-like morphology of the GO (SI Figure S2a).
In the SEM image of rGO-ZnO, we observed the presence of
spherical aggregates of sizes 180−220 nm (Figure 1e). The

Scheme 1. Schematic Representation of the Polyamine-
Mediated Bio-inspired Mineralization of ZnO in the
Presence of GO Leading to the Formation of rGO-ZnO
Assembled Structure

Figure 1. X-ray diffraction patterns of (a) graphite flakes and GO and
(b) ZnO and rGO-ZnO; transmission electron microscopy (TEM)
images of the synthesized (c) GO and (d) rGO-ZnO; and (e, f) field
emission scanning electron microscopy (FE-SEM) images of rGO-
ZnO at different magnifications.
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particles were slightly smaller than the sizes seen for the ZnO
sample (SI Figure S2b). Further analysis by field emission SEM
(FE-SEM) revealed that the assembly of graphene sheets along
with the mineralized ZnO nanoparticles generated the spherical
structures (Figure 1f). As shown earlier, the polyamine
facilitates both the mineralization and assembly of ZnO
nanoparticles under mild conditions.24 In the present case,
when we carried out the reaction in the absence of polyamine,
there was no ZnO formation. It also indicates that the GO does
not have any influence on the mineralization process.
The DLS analysis of rGO-ZnO showed a hydrodynamic size

distribution in the range of 100−250 nm (SI Figure S3). On
the other hand, the ZnO particles prepared in the absence of
GO had a broader size distribution of 110−520 nm. This
suggests that the presence of GO not only restricts the growth
of the crystallite size of ZnO as estimated from XRD but also
influences the assembly process to narrow down the size
distribution of the aggregates. ζ potential measurement showed
that the ZnO particles mineralized in the absence of GO had a
ζ potential of 46.4 mV (SI Figure S4). In the case of rGO-ZnO,
the electrostatic interaction of amine groups in polyamine with
GO besides ZnO led to a decrease in the ζ potential to 33.8
mV. It is also plausible that since this additional interaction of
polyamine with GO can result in a lesser number of amine
groups being available for the mineralization of ZnO, it may
produce a lesser number of ZnO nanoparticles and hence
generate smaller sized aggregates as seen in rGO-ZnO
compared with that in ZnO.
The confocal micro-Raman analysis was carried out to

identify the different forms of carbon present in the prepared

materials (Figure 2a). In the case of both rGO-ZnO and GO
there were two typical Raman shifts at 1328 and 1589 cm−1

indicating the D band (disordered carbon) and the G band (sp2

hybridized carbon), respectively. When the intensity ratio (ID/
IG) was compared, interestingly it was found to increase from a
value of 1.23 for GO to 1.39 for rGO-ZnO. This increase in ID/
IG is a clear indication that the graphene oxide has been
reduced in the rGO-ZnO sample, which results in new
extended sp2 domains that are smaller in size but in greater
number than those present in GO before reduction.16 Further,
to understand the reduction process, we performed a control
reaction in which the polyamine was reacted with GO in the
absence of the zinc precursor under similar conditions. It was
observed that the polyamine could reduce GO to rGO (Figure
2a) as evident from the corresponding increase in the ID/IG
ratio to 1.32. On the other hand, when the preceding reaction
was carried out without polyamine, the ID/IG ratio did not
change much (1.25; SI Figure S5d). Similar reduction of GO by
various organic reagents containing amine functionalities has
also been observed previously.29,30

Additional Raman shifts at 325, 434, and 570 cm−1 observed
in the case of ZnO and rGO-ZnO samples could be assigned to
various vibrational modes (3E2H−E2L, E2H, and E1L) in
ZnO.25,31 When compared with the spectra of ZnO, the E1L
intensity in case of rGO-ZnO was found to be relatively higher.
Since the E1L mode signifies the presence of oxygen vacancies
in the ZnO lattice, it further suggests that the rGO-ZnO has
more lattice defects. These defects are generally attributed to
homogeneously distributed surface impurities or the presence
of dopants, which in our case may be due to the presence of

Figure 2. (a) Confocal micro-Raman and (b) FT-IR spectra of the as-synthesized samples; (c) XPS spectra for C 1s; (d) UV-DRS spectra of (i) rGO
and (ii−vi) rGO-ZnO with rGO wt % of (ii) 2.26, (iii) 2.07, (iv) 1.78, (v) 1.60, and (vi) ZnO; and (e) emission spectra of rGO-ZnO and ZnO
keeping the ZnO amount constant.
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polyamines and rGO attached with ZnO nanoparticles.25 As has
been shown previously, more interfacial contact between rGO
and ZnO can lead to such surface defects and therefore can
result in better photoactivity and anti-photocorrosion proper-
ties.32 Moreover these vacant sites in ZnO, which act as anchor
sites for the carbon based materials, can substantially reduce the
activation of the surface oxygen atom resulting in photo-
corrosion inhibition of ZnO.7

The FT-IR spectra for ZnO and rGO-ZnO showed the
characteristic Zn−O stretching band at 470 cm−1 (Figure 2b, SI
Table S2). The bands at 1734 and 1074 cm−1 assignable to the
stretching vibrations of CO and C−O, respectively, indicated
the presence oxygen containing functionalities in GO. The N−
H vibration at 1630 cm−1 due the amine groups confirmed the
presence of poly(allylamine) in the mineralized samples. After
reduction of GO, we found a decrease in the intensity of the
CO and C−O stretching bands with a simultaneously
increase in the intensity of 1563 cm−1 (CC) and 874 cm−1

(aromatic OH) bands in the spectra of rGO-ZnO and rGO.
The reduction of GO was further investigated by XPS. The
XPS elemental survey of rGO-ZnO revealed the presence of Zn
along with C (carbon) and O (oxygen) (SI Figure S6)). As
estimated for GO, the C 1s to O 1s intensity ratio was 1.08,
indicating the presence of oxygen containing species as a result
of the oxidized graphitic layers. On further analysis the C 1s
region revealed peaks at 284.9, 286.5, 287.9, and 289.8 eV,
assignable to the carbon in CC (C−H), C−OH, CO, and
COOH, respectively.12 The presence of similar species was also
observed in rGO-ZnO (Figure 2c). From the estimation of the
peak areas of various carbon species, we observed a decrease in
the amount of C−OH, CO, and COOH in rGO-ZnO when
compared with that in GO. The decrease was 8.3% for C−OH,
31.8% for CO, and 33.3% for COOH, respectively (SI Table
S3). Except for C−OH, for which the change in peak area was
less due to the close proximity of the C 1s binding energy in
C−OH and C−N (polyamine) bonds,33 the decreases in CO
and COOH peaks were indicative of GO reduction. It further
corroborated with the results obtained from Raman analyses
confirming the presence of the reduced form of graphene oxide
in rGO-ZnO.
The optical properties of the synthesized materials were

characterized by using UV−vis diffuse reflectance spectroscopy
(Figure 2d). The ZnO and rGO-ZnO samples showed an
absorbance in the UV region (378 nm) corresponding to a
band gap of 3.28 eV. The presence of reduced graphene oxide
in rGO and rGO-ZnO was also supported by a corresponding
increased absorption in the visible region. It was observed that
with an increase in the weight percent of rGO in rGO-ZnO, the
absorbance in the visible region increased. The fluorescence
measurement showed a green emission at 562 nm, which was
assigned to the lattice oxygen vacancies in ZnO. Quenching of
this emission generally provides information regarding the
interfacial electron transfer process between the excited ZnO
and GO.11 We observed that there was a decrease in the
emission intensity by 62% in the case of rGO-ZnO as compared
with ZnO when excited at 350 nm keeping the amount of ZnO
the same (Figure 2e). In order to rule out any possibility of
interference from the excitation of rGO, the absorption spectra
were compared.11 The fraction of light absorbed at 350 nm due
to the presence of rGO in rGO-ZnO was 28.4% more than that
of ZnO (SI Figure S7), which is less than the observed
quenching in emission. Clearly it proves the interfacial electron
transfer from the excited ZnO particles to rGO.

The photocatalytic activities of the rGO-ZnO samples were
then tested to verify the effect of rGO in the composite
structure. We carried out the photocatalytic reactions using
rhodamine B (RhB) as the model pollutant under UV
irradiation. For comparison, GO, rGO, and ZnO samples
were also used as the catalysts under similar experimental
conditions. It was observed that the combination of rGO with
ZnO resulted in enhanced activity compared to that of only
ZnO (Figure 3a and SI Figure S8). With rGO-ZnO (1.78 wt %

rGO), 98.9% of the dye degraded under UV irradiation in 60
min. On the other hand, the ZnO sample showed 71.3% dye
degradation under UV light. The enhanced activity in rGO-
ZnO indicates that the presence of rGO facilitates the transfer
of photoinduced electrons so as to prevent their recombination
with the generated hole.20 On the contrary, the material
obtained by simply mixing the individual components (1.78 wt
% polyamine-functionalized rGO and ZnO) prepared sepa-
rately showed less activity than rGO-ZnO, indicating the
importance of interfacial contact between ZnO and rGO
toward the efficiency in photoactivity (Figure 3b). Therefore,
we consider that the bio-inspired method wherein the in situ
mineralization of ZnO takes place in the presence of GO,
further enables better surface interactions among these
components. The variation in rGO amount in rGO-ZnO
showed an initial increase in the activity with the rGO content
and then decreased with an optimum amount of rGO as low as
1.78 wt %. Photocatalytic activity of the catalyst for other dyes
such as sulforhodamine B, alizarin red S, methylene blue, and
methyl orange were also tested under UV light (Figure 3c). In
all of the cases the enhancement of dye degradation was
observed when rGO-ZnO was used as the catalyst.
For the photocatalytic reactions when carried out under

visible light, it was observed that 61.5% of the dye was degraded
within 60 min, while the ZnO showed 55.4% dye degradation
and only rGO did not exhibit any substantial activity (Figure
3b). Although ZnO does not absorb in the visible region,

Figure 3. (a) Catalytic activity (k = apparent rate constant) of various
catalysts in the RhB degradation under UV light; (b) activity of rGO-
ZnO with different rGO content in the RhB degradation under visible
and UV light; (c) photocatalytic degradation of various dyes (SRhB =
sulforhodamine B, MB = methylene blue, MO = methyl orange, AR =
alizarin red S) under UV light; and (d) activity of rGO-ZnO (1.78 wt
% rGO) in various cycles for the degradation of RhB under UV-light.
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introduction of a high level of surface defects or oxygen
vacancies can enable visible-light-driven photocatalytic activ-
ity.34 The high concentration of oxygen vacancies in ZnO has
been suggested to be responsible for a narrowing of bandgap.35

Since in our case there was not any apparent change in the ZnO
absorbance, its activity under visible light can be attributed to
the dye-sensitization mechanism (SI Figure S9).36 So, the
observed enhancement in activity for degradation of RhB under
visible light was not as high as in the reaction under UV
irradiation. Even with an increase in rGO content the change in
activity was only marginal. Therefore, as suggested previously,
the ZnO, when excited under UV light, can transfer its electron
to graphene facilitated by the excellent electrical conductivity of
the latter. On the other hand, the observed slight increase in
activity under visible light could be due to the accompanied
variation in surface area in rGO-ZnO (SI Table S4), which
influences the amount of dye adsorbed on the catalyst (SI
Figure S10 and Table S5).
The stability of the catalyst against photocorrosion is another

important requirement for the applications of ZnO as
photocatalysts. The reaction of the photogenerated holes with
the surface oxygen on ZnO is the main reason for the decrease
in activity. Therefore, a strong interaction between ZnO and
rGO via formation of C−O linkages has been suggested to
reduce the activation of the surface oxygen atom of ZnO and
thereby can lead to the enhancement of photostability.7

Photostability of the ZnO and rGO-ZnO was tested by
performing recyclability experiments with RhB solution for
different time intervals under UV irradiation. In the case of
rGO-ZnO the catalytic activity was almost retained as tested up
to a sixth cycle (Figure 3d) with a marginal decrease in activity
by 2 wt % in cycles 5 and 6. On the other hand, the reused ZnO
exhibited a clear decrease in activity by 15% as seen for the sixth
cycle (SI Figures S11 and S12). The decrease in photocatalytic
activity for ZnO resulted from the photocorrosion effect.32 We
therefore consider that the bio-inspired method to mineralize
ZnO in the presence of GO leads to a composite structure of
rGO-ZnO, that not only allows for enhanced photocatalytic
activity but also effectively prevents the photocorrosion
resulting in a stable catalyst with reusability.

■ CONCLUSIONS

In conclusion, a polyamine-mediated bio-inspired approach was
shown to facilitate the preparation of rGO-ZnO under mild
condition. The polyamine, while acting as a mineralizer for
ZnO, further assisted in reduction of graphene oxide and
assembly of these nanounits simultaneously to form a
composite structure. This unique construction arises from the
interactions of the polyamine with rGO and ZnO, allowing
them to intersperse with each other for efficient interfacial
interaction. As a result, enhanced photocatalytic activity was
observed via effective separation of photoinduced carriers.
Moreover, this interaction also provided photostability,
allowing the catalyst to be recycled and reused without any
loss in activity. Hence the bio-inspired method as demonstrated
herein provides an effective route to fabricate hybrid structures
as photocatalysts, which can further be extended for the
preparation of other graphene−semiconductor based hybrid
nanostructured materials having potential applications in
various photoactive devices.

■ EXPERIMENTAL SECTION
Materials. Zinc nitrate hexahydrate (Zn(NO3)2.·6H2O), poly-

(allylamine) (PAA, 17 kDa), potassium persulfate (K2S2O8), KMnO4,
P2O5, graphite flakes (25 μm), rhodamine B (RhB), sulforhodamine B
(SRhB), methylene blue (MB), methyl orange (MO), alizarin red S
(AR), and dialysis sacks (12000 Da MWCO) were purchased from
Sigma-Aldrich and used as received. In all cases, Millipore water (18.2
MΩ) was used for the solution preparation.

Synthesis of Graphene Oxide. Graphene oxide (GO) was
synthesized by using modified Hummer’s method.37 Typically, 12 mL
of H2SO4 and 1.5 g of graphite (25 μm) were mixed in a round-
bottom (RB) flask. Then 1.25 g of P2O5 was added slowly, followed by
the addition of 1.25 g of K2S2O8 in a similar manner. After complete
addition, the temperature of the solution mixture was slowly raised to
80 °C and kept static for 5 h. After the oxidation, the mixture was
cooled to room temperature and slowly diluted with 0.25 L of water.
The final mixture was then filtered and washed with 1.0 L of water and
dried at 80 °C for 2 h. As such, preoxidized GO was then dissolved
with 60 mL of H2SO4 in a RB flask and then the solution temperature
was slowly lowered to 5 °C followed by slow addition of 7.5 g of
KMnO4. After the complete addition of KMnO4, the temperature of
the mixture was raised to 35 °C and stirred for 2 h. The solution was
cooled to room temperature (RT) followed by slow addition of 0.25 L
of water while keeping the RB flask in an ice bath. A 10 mL aliquot of
H2O2 was then added slowly, and the solution was kept stirring for 4 h.
The reaction mixture was centrifuged and washed with hot water for 8
times. The obtained dispersion was dialyzed with dialysis tubing for 2
days to remove residual ions. Thus, prepared GO was re-disperssed in
water to get a final concentration of 2 mg/mL for further use.

Mineralization and Assembly of Zinc Oxide with Reduced
Graphene Oxide (rGO-ZnO). Solid zinc nitrate was weighed and
dissolved in 10 mL of GO in water in a RB flask to get a final Zn2+

concentration of 0.1 M. The solution temperature was then increased
to 60 °C followed by drop by drop addition of 0.2 mL of PAA solution
(100 mg/mL). A gray color precipitate formation was observed within
5 min. The reaction mixture was further stirred for about 12 h at a
speed of 1500 rpm at the same temperature. Finally thus obtained
product was centrifuged and washed 4 times with Millipore water and
dried at RT. Synthesis of ZnO was carried out following the same
method but in the absence of GO. SI Table S1 shows the variation in
concentration of GO and the rGO to ZnO ratio in the final sample.

Photocatalytic Studies. For the photocatalytic reactions dye
solutions were prepared by dissolving the required amount in
deionized water (Millipore, 18.2 MΩ). All photocatalytic reactions
were carried out using a 400 W Hg lamp as UV-light and a 400 W
sodium vapor lamp as visible-light source. In a typical reaction, an
aqueous suspension was prepared containing 0.5 mg/mL catalyst and
1 × 10−5 M dye solution. The mixture was sonicated for 10 min
followed by stirring for 1 h in the dark in order to reach adsorption−
desorption equilibrium for the dye on the catalyst. The reaction
mixture was then kept in a photoreactor and irradiated with the light
for various time durations. The reaction progress was monitored by
measuring the amount of dye degraded at different time intervals. The
catalyst was first separated by centrifugation, and then the amount of
dye remaining in supernatant was estimated using a UV−vis
spectrophotometer. The recycle experiment was carried out by
collecting and washing the used catalyst and testing with fresh dye
solution each time. The dye adsorption study on different samples was
carried out by keeping the aqueous suspension containing 0.5 mg/mL
catalyst and dye stirred in the dark for 1 h. The amount of dye
adsorbed was calculated by using the following equation.

= −C C A A B( (1 / ))/A O R O

where CA = concentration of adsorbed dye, AR = absorbance due to
the residual dye after treatment with catalyst, CO = initial
concentration of dye, AO = absorbance at CO, and B = amount of
catalyst.

The apparent rate constant k was determined by the first order rate
expression:
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=k A A t(ln( / ))/O

where AO = absorbance of dye at time (t) of zero and A = absorbance
of the dye at different time (t) intervals.
Characterization. Powder XRD patterns were recorded on a

Siemens (Cheshire, U.K.) D5000 X-ray diffractometer using Cu Kα (λ
= 1.5406 Å) radiation at 40 kV and 30 mA with a standard
monochromator equipped with a Ni filter to avoid Cu Kβ interference.
The powder XRD patterns were used to identify the crystalline phases
of the precipitated powder and to estimate the crystallite size using the
Debye−Scherrer formula [L = 0.9λ/(D cos θ)], where λ is the X-ray
wavelength, θ is the Bragg angle, and D is the full width of the
diffraction line (hkl) at half-maximum intensity (converted into
radians). A transmission electron microscope (Philips Technai G2 FE1
F12), operating at 80−100 kV, was used to investigate the morphology
and size of the particles. The samples for TEM were prepared by
dispersing the material in ethanol by ultrasonication and drop-drying
onto a Formvar-coated copper grid. SEM analyses were performed by
using a Hitachi S-3000N scanning electron microscope operated at 10
kV, and FE-SEM analysis was performed on a JEOL-7610F
instrument. FTIR spectra were recorded within 400−4000 cm−1 on
a Bruker ALPHA spectrometer equipped with a DTGS detector.
Confocal micro-Raman spectra were recorded on a Horiba Jobin-Yvon
LabRam HR spectrometer using a 17 mW internal He−Ne laser
source having a wavelength of 632.8 nm. N2 physisorption
measurements were performed with a Quantachrome NOVA4000e
gas sorption system. ζ potential and particle size measurements were
done using a Malvern Zetasizer (Nano-ZS) instrument equipped with
the detector at 173° angle and with a 668 nm laser source. UV−vis
absorbance was measured using a Varian Cary 5000 spectrometer. For
the solid samples, the UV−vis spectra were recorded using a diffuse
reflectance spectroscopy (DRS) accessory, and the absorbance was
plotted using a Kubelka−Munk function. XPS analyses were carried
out on a KRATOS AXIS 165 with a dual anode (Mg and Al) apparatus
using the Mg Kα anode.
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