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Abstract: The paper presents the morphological, struc-
tural and compositional properties of the sonochemically
prepared ZnO-1.4wt% Graphene (Z-G) nanocomposites as
a function of pH value of suspension varying from 8.5 to
14 and thermal annealing at 450°C in nitrogen or air am-
bient. The SEM analysis of the Z-G hybrids dried at 150°C
in air has shown a nano-flower like nanostructure for a
pH value of 14. The XRD analysis of dried Z-G hybrids re-
vealed a crystallite size increase from 3.5 nm to 18.4 nm
with pH increase, and this result was explained in terms
of colloids zeta potential evolution with pH value. The Ra-
man and EDS spectroscopy have shown a split of the G
band (1575 cm™!) of graphene into two bands (1575 cm™?
and 1605 cm™1), an increased height of D (1323 cm™!) band,
and an additional amount of carbon due to CO, absorp-
tion from the air, respectively. The carbon incorporation in-
creased with the decrease of pH, and was associated with
a hydrozincite phase, Zns;(C03),(0H)¢. The formation of
dried Z-G nanocomposite was clearly demonstrated only
at a pH value equal to 14, where two ZnO Raman active
bands at 314.9 cm™! and 428.2 cm™! appeared. This result
may indicate the sensitivity of the Raman spectroscopy to
the nanoflower-like nanostructure of dried Z-G hybrids pre-
pared at pH=14. The thermal treatment of Z-G hybrids in N,
at 450°C has increased the number of ZnO Raman bands
as a function of pH value, it has decreased the amount
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of additional carbon by conversion of hydrozincite to ZnO
and preserved the graphene profile. The thermal treatment
in air at 450° C has increased the crystalline symmetry and
stoichiometry of the ZnO as revealed by high and narrow
Raman band from 99 cm™! specific to Zn optical phonons,
but it has severely affected the graphene profile in the Z-G
hybrid, due to combustion of graphene in oxygen from the
ambient.

Keywords: ZnO-graphene nanocomposite, nano-flower ar-
chitecture, sonochemistry, colloids, zeta potential, hydroz-
incite

1 Introduction

Zinc oxide (ZnO) is a multifunctional n-type metal oxide
semiconductor with wide bandgap (3.37 eV) and large ex-
citon binding energy (60 meV) which has been exten-
sively researched in chemiresistive gas sensors [1, 2], piezo-
electric nanogenerators [3], photoelectric devices like flat
panel display, solar cell, light emitting diodes and laser
diodes [4-6]. In addition, due its high photosensitivity,
Zn0 was also considered a good candidate for novel pho-
tocatalysts, and a possible replacement for TiO, [7-13].

However, there are material limitations in using ZnO
in all the above applications. For example, in chemiresis-
tive gas detection, the use of ZnO as semiconducting metal
oxide sensitive layer has required the heating of the sub-
strate for sensor operation, which increased the power con-
sumption for the device operation [1]. Similarly, in active
devices, the ZnO semiconductor is very difficult to be pre-
pared as a reproducible p-type semiconductor, and there-
fore there are challenges in doing p-n homojunctions [14],
while as a photocatalyst, ZnO has a very high recombina-
tion rate of photogenerated electron-hole pairs, which re-
duces its efficiency [15].

An important step-forward in improving the func-
tional properties of ZnO was made by mixing it with or-
ganic [16] or carbonic materials [17], due to the benefits of
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the synergy of the hybrids developed by different synthe-
sis methods, which, for example, have drastically reduced
the operation temperature of the chemiresistive gas sen-
sors from about 300°C to near the room temperature. On
the same direction, ZnO-graphene nanocomposites have
been used for the increase of the photocatalytic properties
by combining ZnO as a good electron donor with graphene
as a good electron acceptor, and thus creating a an effec-
tive electron transfer which finally reduced the recombina-
tion rate of the photogenerated electron-hole pairs [18].

Further improvements of functional properties of ZnO-
carbonic material nanocomposites were obtained by the
development of the synthesis methods which have gener-
ated nanostructured architectures for these hybrids. For ex-
ample, in the case of chemiresistive gas sensors, as a result
of a high specific area of the nanostructured sensing layer
and its increased porosity, the operation temperature and
the response time were reduced, while the lifetime of gas
sensors was increased [19].

In the early stage of the semiconductor metal oxide-
carbonic material composites fabrication, for example,
the multiwall carbon nanotube (MWCNT) were thoroughly
mixed in water with ready-made SnO, nanoparticles of
10-15 nm, in the presence of cetyltrimethylammonium bro-
mide, used as a structuring agent [20]. This SnO,-MWCNT
nanocomposite has shown room temperature sensing
properties for the detection of ammonia. The next evolu-
tionary step was the synthesis of the semiconductor metal
oxide-carbonic material composite by mixing precursors
of the metal oxide (like salt (nitrates, acetates) or acids of
the metal) together with aqueous solutions of CNT, or pre-
cursors of graphene (graphene oxide), so that an intimate
chemical bonding at atomic level to occur between the
two components during synthesis. For example, synthesis
of WO3-Reduced Graphene Oxide composite prepared by
such a bottom-up approach was demonstrated to provide
photocatalytic properties much higher than the same com-
posite obtained by simply mixing WO5 nanoparticles with
graphene [21]. Recently, excellent work on photocatalytic
properties of carbonic materials (modified CNT, graphene
oxide (GO) [22] and metal oxide (ZnO, Fe304-Zn0)- car-
bonic materials composites (SWCNT, MWCNT, GO) [23-28]
was published, bringing such materials closer to industrial
applications.

However, there is still a research gap concerning novel
methods for the metal oxide-carbonic material composites
fabrication, with controlled nanostructure as a function of
processing parameters. In addition, there is a strong need
for understanding the stability of the metal oxide-carbonic
material hybrids as a function of annealing gas and tem-
perature, which is of paramount importance in gas sens-
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ing applications, where the Z-G composite can be exposed
to air at different operating temperatures. For such applica-
tions, the ambient temperature can reach higher tempera-
tures, above 250°C.

It is the purpose of this paper to present the re-
sults of an experimental study of synthesis and mate-
rial characterization of the ZnO-Graphene (Z-G) nanocom-
posite by means of a novel approach, where the nanos-
tructured hybrid was directly obtained by one-pot sono-
chemical synthesis [29] without the use of growth orienta-
tion agents, while the precursors were aqueous solutions
of zinc nitrate (Zn(NO3), x 6H,0) and pristine graphene
nanoplatelets [30] with sodium hydroxide (NaOH) as a pre-
cipitation and orientation agent. The control of evolution
of the hybrid nanostructure during sonochemical process-
ing as a function of pH of the suspension will be presented,
here. In addition, the effect of the thermal treatments in ni-
trogen or air will show major changes of chemical compo-
sition of this Z-G hybrid as a function of specific ambient. It
will be shown that the ZnO-Graphene hybrid will preserve
the graphene profile after annealing at 450°C in nitrogen,
but not in air !. This result should be considered during dif-
ferent applications where the nanocomposite is exposed
to higher temperatures in air, with a major influence on
chemiresistive gas sensing, where in some cases heating
of the ZnO-Graphene nanocomposite in air is needed.

2 Experimental

The sonochemical synthesis was performed in a Hielscher
Ultrasonics, UP 200 St apparatus operating at a working
frequency of 26 KHz, presented schematically in Figure 1.
The maximum electric power of 200 W of the ac generator 1
is converted in acoustic power by an ultrasonic transducer
2 providing a maximum power density of 130W/cm? for a
sonotrode 3 with the surface area of 1.53 cm? which was im-
mersed in water at a depth of minimum 5 mm. The longitu-
dinal vibrations of the sonotrode on the z-direction have a
maximum amplitude of 9-240 pm, depending on the type
of sonotrode used. The acoustic energy transferred from
the sonotrode to the solution is creating acoustic waves
manifested as compression and rarefaction regions in the
liquid, which end-up with a transient regime of continu-
ous bubble formation and collapse, a process called cav-
itation. It has been shown that the gas inside these bub-
bles can reach temperatures of 5000 K and pressures of
1000 bar [29] and their implosion will create local hot spots
which are able to trigger water dissociation with free rad-
ical formation of H and OH'. These radicals are activat-
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ing the liquid phase chemical reactions, as well as solid
state crystallization of the newly formed materials. From
this brief description, it is obvious that there is no direct in-
teraction of the acoustic radiation with the matter due the
immense difference between the wavelength of the acous-
tic waves and the molecular dimensions. Therefore, all the
chemical and physical effects of the sonochemistry come
from the cavitation process described above. Such a pro-
cess has many applications in the synthesis of complex bi-
nary, ternary and quaternary hybrids, where efficient son-
ication and reaction of precursors occur [31, 32]. This is of
extreme importance in the case of synthesis of carbonic
composites, where the dispersion of CNT’s, graphene or
carbon nanohorns (CNH) in the matrix is the key of the ho-
mogenous hybrid formation.
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Figure 1: Schematic presentation of the ultrasonic apparatus for
sonochemical synthesis. 1=ac generator, 2=ultrasonic converter,
3=sonotrode, 4=Pt100 thermometer, 5=beaker, 6=suspension.

The sonochemically prepared ZnO-Graphene hybrids
were obtained by using Zn(NOs), x 6 H,0, purum p.a.,
crystallized, > 99.0% (KT) from Sigma-Aldrich and a com-
mercial aqueous solution of graphene (0.05 mg/mL) con-
taining flakes with 1-4* layers of graphene, very well dis-
persed in the aqueous solution. Such a graphene precur-
sor, delivered by Nanolntegris, has had a homogeneous
dispersion of graphene flakes in water solution by means
of the amphiphilic surfactant of sodium cholate having
the hydrophobic head interacting with the hydrophobic
graphene and the hydrophilic head associated to the aque-
ous environment [30]. The precipitation method for the
synthesis of the metal oxides from their nitrate or acetate
precursors requires the presence of a precipitation agent,
like sodium hydroxide (NaOH) which is acting as a hy-
droxyl source for the conversion of the metal cations to
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metal hydroxides and finally to metal oxides, as it will be
shown later. This work will show that the pH of the sus-
pension will play also the role of nanostructure orienta-
tion for the Z-G hybrids, where nanoflower-like 3D archi-
tectures will be obtained for pH=14.

The synthesis of ZnO-1.4 wt% Graphene hybrid con-
sisted in dissolving an amount of 0.894 grams of Zn(NOs),
x 6 H,0 in deionized (DI) water, which was then slowly
added to 71.4 mL of aqueous solution of graphene, while
the suspension was under stirring for about 15 minutes.
Then, the NaOH which was initially dissolved in DI water
was added droplet by droplet to the suspension until the
pH reached the desired value. During entire sonochemical
synthesis the volume of the suspension was kept constant
to about 80 mL, which determined an intensity of acoustic
radiation of about 2.5 W/mL of suspension. Thus, four sus-
pensions were prepared having the pH value equal to 8.5,
10, 11.5 and 14.

Then, each suspension was exposed for about 1.5
hours to the sonochemical process of high acoustic irradia-
tion density described above. In each case, the concentra-
tion of graphene in the matrix of ZnO-Graphene (Z-G) was
about 1.4 wt%. A ZnO-Graphene precipitate was obtained
for each of the four suspensions after washing and filter-
ing in DI water a few times till the pH of the supernatant
phase was equal to 7. The Z-G precipitate was dried at 150°C
and calcinated in nitrogen for 1 h at 450°C. As such ZnO-
Graphene nanocomposites could be used at higher temper-
atures in air, like in the case of sensing layers for chemire-
sistive gas sensor, a calcination at 450°C in air was also
performed and evaluated. X-Ray-Diffraction (XRD) pattern
of Z-G powders after drying and calcination has been ob-
tained on a 9kW Rigaku SmartLab XRD System with ro-
tating anode, while the Raman spectra on the same speci-
mens have been acquired by Lab Ram HR 800 Raman spec-
trometer with a He-Ne laser excitation of wavelength equal
to 633 nm. Scanning electron microscopy (SEM) has been
used for surface morphology investigation and formation
of nanostructured ZnO-Graphene as a function of the pH
of the emulsion during sonochemical synthesis.

3 Results and Discussion

The experimental results of crystallization obtained from
XRD analysis of the ZnO-1.4 wt% Graphene (Z-G) nanocom-
posites have been sensitive to the sonochemical process-
ing conditions and composition of the hybrid, even if the
hexagonal phase with wurtzite structure of zincite, spe-
cific to ZnO was found after drying at 150°C for all pH con-
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ditions used during hybrid synthesis. Thus, in Figure 2, the
XRD pattern of a ZnO-1.4 wt% Graphene powder prepared
at pH=14, after drying at 150°C in air is shown. The angular
positions of XRD peaks are 31.81, 34.49, 36.28, 38.64, 40.52,
4763, 56.61, 62.85, 66.28, 67.97, 69.10, 72.5, 76.95 and 81.42°
are in full agreement with the zinc oxide wurtzite struc-
ture [33], while the amount of graphene added for the Z-G
synthesis is hardly influencing the XRD pattern of the Z-G
hybrid.
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Figure 2: XRD pattern of ZnO-1.4wt% Graphene powder obtained
at pH=14, after drying process at 150°C (black curve). Red curve
stands for the simulated data using Rietveld analysis.

The crystallite size of 18 nm obtained from Debye-
Scherrer equation on (101) atomic plane of this Z-G pow-
der prepared at pH=14 was the highest value with respect
to the Z-G hybrids prepared at lower pH values. The XRD
patterns of the Z-G powders sonochemically prepared at
pH values of 11.5, 10 and 8.5 have had a crystallite size in
the range from 11 to 17 nm. In order to gain a deeper in-
sight of the crystallite size, we considered all reflections
using Rietveld refinement [34], which is based on a least
squared method. The obtained results depend on the in-
formation held by each phase. The theoretical profile (red
curve) was used to simulate the experimental data (black
curve) with different fitting parameters using least squares
fitting. The obtained values for Rwp and S, which are a mea-
sure of goodness of fit, are listed in the inset from figures
for each sample.

Also, from Rietveld refinement it was obtained that the
crystallite size increases with pH values as follows: 3.5 nm
at pH = 8.5, 10.8 nm at pH = 10, 12.9 nm at pH = 11.5 up to
18.4 nm at pH = 14.

Sonochemically synthetized ZnO-Graphene nanohybrids and its characterization =—— 179

This systematic increase of Z-G crystallite size as a
function of pH value of the suspension during sonochem-
ical synthesis may be explained by the colloidal science
in terms of electrical diffuse double layer (DDL) at the in-
terface between each particle suspended in a liquid elec-
trolyte, as follows [35]. Simply speaking the first “layer” of
DDL consists of surface charge of the solid particle, while
the second “layer” consists of counterions of that sur-
face charge (including solvated counterions and solvent
molecules) which are screening the surface charge. Some
of the these counterions remain fixed to the surface charge
while others are mobile due to combined effect of electro-
static forces and thermal motions. The electro-kinetic po-
tential determined by the net charge included in the fix
portion of the DDL is called zeta potential. It is this zeta
potential which is determining the level of electrostatic re-
pulsion between particles and finally the stability of the
colloidal suspensions. Thus, if the zeta potential of a col-
loid is high, i.e. outside of the range of -40 mV; +40 mV,
the electrostatic repulsion between particles in the suspen-
sion is high and therefore these particles will not aggre-
gate each other. On the contrary, if the zeta potential is
low, within the above voltage range, the particles will co-
agulate [36, 37].

Recently, it has been experimentally demonstrated
that the particle size of the ZnO colloids has increased as a
function of pH value of the suspension, while the zeta po-
tential has decreased below +40mV with pH increase, en-
tering the stability domain for pH >7. This result confirmed
the general theory of zeta potential from above [38].

Therefore, our results showing the increase of the ZnO-
Graphene nanoparticles size as a function of pH increase
are in full agreement with the above colloidal theory and
can be explained by means of the zeta potential evolution
as a function of the pH of the suspension exposed to sono-
chemical process. We can thus deduce that the zeta po-
tential of the sonochemically prepared ZnO-Graphene col-
loids has continuously decreased as a function of pH in-
crease from 8.5 to 14, explaining the particle size increase
with pH value.

On the other hand, it is known that during sonochem-
ical synthesis performed in atmospheric ambient, the CO,
from air is absorbed in the suspension and may react with
hydroxyl anions and Zn?* cations for creating zinc car-
bonate hydroxide (hydrozincite), Zns(CO3),(0OH) [39]. It is
also known that such a Zn compound will be decomposed
to ZnO by thermal annealing at temperatures between 180
and 350°C [40]. It is interesting to note that the analysis
of XRD pattern of Z-G powder prepared at pH=14, from Fig-
ure 2, showed that the amount of zinc carbonate hydroxide
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was too small to be detected at the end of a drying process
performed at 150°C, even if graphene was also there.

However, the analysis of XRD patterns at lower pH val-
ues has revealed not only the zincite phase, but also a weak
“graphite” phase with a crystallite size increasing from 2.7
to 2.9 nm and to 9.1 nm, when the pH value was decreas-
ing from pH=11.5, to pH=10 and pH=8.5, respectively. Such
a “graphite” phase indicated by the XRD instrument may
be a direct consequence of the presence of Zn carbonate
hydroxide in the composition of the Z-G hybrid, in addition
to graphene, immediately after drying process, at 150°C. In
Figure 3, the XRD pattern of such a Z-G hybrid sonochemi-
cally prepared at a pH value equal to 8.5, containing weak
carbon peaks at 26.42°, 40.58° and 54.21° is shown. The
low intensity peaks of carbon compound, slightly above
the noise background from Figure 3 demonstrate that a
quite small amount of zinc carbonate hydroxide may be
formed during the sonochemical process.
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Figure 3: XRD pattern of ZnO-1.4wt% Graphene hybrid sonochemi-
cally prepared at pH= 8.5, after drying at 150°C. Red curve stands
for the simulated data using Rietveld analysis.

The “graphite” phase, below the limit of detectabil-
ity of XRD method for the composites prepared at pH=14
was the first indication of the important role played by the
pH value in the composition and nanostructure formation
for this hybrid. The thermal treatment of the Z-G hybrid
in nitrogen at 450°C has converted most of the “graphite”
phase into ZnO phase, and the XRD analysis proved that a
very small amount of “graphite” was obtained for pH from
8.5 to 14 at the end of this annealing, even if the Raman
spectra (to be shown later) have revealed the graphene
with its specific vibration modes is still there. More con-
vincing data on this aspect will be presented by energy dis-
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persive X-ray spectroscopy (EDS), later. In the same time,
the crystallite size of the Z-G hybrid thermally treated in
N, at 450°C further increased, being in the range of 10-24
nm, with the highest value obtained, again, for the sam-
ples prepared at pH=14. A calcination process in air at
450°C performed on a sample sonochemically prepared at
pH=10 has also provided the presence of zincite phase for
Z-G hybrid, with a crystallite size equal to 10.8 nm. These
XRD results, where the crystalline state was evinced before
higher thermal treatments prove the important role of both
sonochemical process, with its high local thermal and me-
chanical energies, and even the effect of the pH value on
the nanostructure and crystallization of the ZnO-1.4 wt%
Graphene.

Further, texture characterization was achieved using
XRD and pole figures. Using all reflections from ZnO, the
texture coefficient (TC) on (101) was derived using the fol-
lowing formula [41]:

Lo1/I90: 1)
% E Ihkl/I?lkl

where I, are the observed peak relative intensities, ngl
the relative intensities for the isotropic random oriented
powder for reflection (hkl) and N is the number of consid-
ered Bragg reflections. In our case, we considered 12 re-
flections and we obtained values for TCs closely to unity
at both pH of 8.5 and 14, which indicates that the investi-
gated samples are poor-textured. The poor texture is also
confirmed by pole figures (Figure 4), where the specific
spots for hexagonal lattice of ZnO are absent. Although
the atoms are almost randomly distributed, a flower-like
shape in the pole figures can be remarked for both pH of
8.5and 14.

The morphological investigations performed by SEM
on Z-G hybrids sonochemically prepared at different pH
values are presented in Figure 5 (a-d) after the drying at
150°C. These results have proved the preeminent role of
the concentration of the hydroxyl anions in the crystal
and nanostructure growth, in agreement with previous re-
sults on pure ZnO powders prepared by precipitation meth-
ods [42]. From Figure 5 (a), it is obvious that for sonochemi-
cal synthesis of Z-G nanocomposite at pH value equal to 14,
well defined 3D architectures of nanoflowers-like are ob-
tained in the absence of any chemical agent for nanostruc-
ture orientation. This nanoflower nanostructure can be ex-
plained by an anisotropy of ZnO-Graphene hybrid growth
on certain directions perpendicular on a central seed, thus
forming nanopetals with a certain length of 300-600 nm
and width of 100200 nm.

On the other hand, from Figures 5(c-d) one can note
that when the pH of the suspension is decreasing, the ini-

TCuoy =
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Figure 4: Pole figures recorded on (101) atomic plane. The schematic representation is made in 3D Explore software from Rigaku.

tial architecture is changed, as follows. The nanostructure
of Z-G hybrid prepared at a pH value equal to 11.5 is still
nanoflower-like preserving in a way a certain number of
growth seeds, but in this case the anisotropy is not so
high and the nanopetals are wider and touching one to
the other. For a pH value equal to 10, the anisotropy of Z-G
growth is almost vanished, and the nanostructure is a mix-
ture of some remaining nanoflowers and nanopetals and
many agglomerated particles with dimensions of 50-100
nm. Finally, for a pH value equal to 8.5, the entire nanos-
tructure of Z-G hybrids consists mainly of nanopetals and
nanoparticles with dimensions in the range of 50-500 nm.

A phenomenological model for the explanation of
the above Z-G nanostructure formation should be mainly
based on the evolution of the hydroxyl anions concentra-
tion [42] in the suspension during the sonochemical pro-
cess, and the associated zeta potential of Z-G colloids. The
graphene present in the suspension may act as a function-
alization component of the ZnO crystal growth, further lim-
iting the crystal growth, but not imposing the above nanos-
tructure formation, which was directly correlated with the
pH of the liquid phase.

The major chemical reactions leading to the above
nanostructure evolution as a function of hydroxyl anions
could be the following [39, 43]:

Zn(NO3),(aq) — Zny,(aq) + 2(NO3) (aq) ()]
NaOH — Na* + OH™ 3)

Zn?* + 20H™ — Zn(OH), )

Zn(OH), + 20H™ — Zn(OH);~ (5)

(if OH™ anions are in excess)

CO, + 20H™ — CO3™ + H,0 (6)

5Zn**60H™ + 2C03™ — Zn5(CO5),(OH) @)

The experimental results from Figure 5 (a-d) suggest that
the concentration of hydroxyl anions determines not only
the zeta potential and particle flocculation, but also both
the anisotropy of ZnO growth and the number of the active
sites on a certain ZnO seed. Thus, an increased number of
active sites on the same seed will explain the formation of
an increased number of nanopetals, as shown schemati-
cally in Figure 6. Unlike the results described in work [44],
where very many nanopetals are grown on the same seed,
the presence of the graphene on such seed may limit the
number nanopetals formed for the same nanoflower, as
depicted in Figure 5 (a) for the sonochemical synthesis at
pH value of 14. The energy dispersive X-ray spectroscopy
(EDS) performed on the ZnO-1.4 wt% Graphene powders
prepared at the pH values from 8.5 to 14 has revealed the
elemental analysis of the Z-G hybrid confirming the major
peaks of Zn and oxygen elements and also showing an in-
teresting evolution of the carbon element, in agreement
with the qualitative observations provided by XRD analy-
sis. Thus, in Figure 7, the EDS spectra of Z-G hybrids pre-
pared at different pH values are shown as a function of dif-
ferent thermal treatments. From this figure one can notice
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Figure 5: SEM images of the ZnO-1.4% Graphene nanocomposites sonochemically prepared at pH=14 (b) pH=11.5, (c) pH=10, (d) pH=8.5,
after drying process at 150°C in air.
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that after drying in air at 150°C, the Z-G hybrid obtained
at pH=14 has the lowest peak of carbon which can be at-
tributed to incorporated graphene, mainly, while its value
is continuously increasing with the decrease in pH of sus-
pension from 14 to 8.5 during sonochemical synthesis.

<=

Figure 6: Schematic modelling of the nanoflower growth for high
value of the pH of the suspension during sonochemical processing.
The stars are the active sites and the hexagon is the ZnO nucleus.
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Figure 7: EDS spectra of ZnO-1.4wt% Graphene hybrids as a function
of different thermal treatments in nitrogen or air.

Even if after 450°C annealing in N, of the Z-G hybrids
the XRD results discussed above have hardy identified car-
bon above background noise, the EDS results from Figure 7
are still showing a residual amount of carbon which is very
weakly increasing when the pH is decreasing from 14 to 8,
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and this may be due to annealing in nitrogen of Z-G hybrid,
and not in air. However, after calcination in air at 450°C,
the EDS spectra of Z-G hybrid from Figure 7 did not indi-
cate any peak of carbon, due to conversion of zinc carbon-
ate hydroxide (hydrozincite) to ZnO, in agreement with the
work [40]. For better understanding the formation of the
ZnO-Graphene nanocomposite, Raman spectroscopy was
performed on ZnO-1.4 wt% Graphene hybrids prepared by
sonochemical synthesis as a function of pH of the suspen-
sion, after drying in air at 150°C and after thermal anneal-
ing at 450°C in either nitrogen or air ambient.

Thus, in Figure 8, the Raman spectra of the Zn0O-1.4%
Graphene hybrids prepared at different pH values from 8.5
to 14 and dried at 150°C in air are shown. These results
indicate that in the case of ZnO-Graphene hybrids, pre-
pared at pH values from 8.5 to 11.5 only the Raman bands of
graphene are evidenced as follows : D (1325-1329) cm ™!, G
(15711681) cm ™!, G* (1602:1617) cm ™!, 2D (2638-2651) cm™*
, D+G (2905-2913) cm™!. The split of the G band into two
bands G and G* as well as the greater height of the D defect
peak with respect to G peak can be associated to the high
number of defects introduced by the sonochemical pro-
cess on the atomic arrangement of graphene flakes. Such a
split of the G band was also found in the Raman spectra of
the commercial graphene consisting of 1-4 layers graphene
flakes in aqueous solution [30], and this could be also asso-
ciated with the fabrication method of the graphene flakes
from graphite, where horn sonication of graphite was used.
The rather similar height of 2D Raman peak from Figure 8
obtained at different pH values indicate that the thickness
of the graphene flake is not changes during ZnO-graphene
hybrid formation by sonochemical method. The absence
of the ZnO Raman bands for the Z-G hybrid for the pH val-
ues from 8.5 up to 11, after the drying process at 150°C was
rather unexpected considering the XRD findings, where
diffraction peaks of the ZnO were identified, as shown in
Figure 3 from above. This result may be explained by the
defect structure of the hybrid and maybe by the decreased
or even lack of nanostructure formation for such low pH
values, as revealed by the SEM images from Figure 5 (b-d).
As shown in Figure 8, the Raman band of ZnO from 314.9
cm™! with a broad peak associated to multiphonon pro-
cess [45] and the 428.2 cm™! band associated to optic vibra-
tion modes (E2 high mode [46] are revealed for the Z-G hy-
brids prepared at pH value equal to 14, where nanoflower
3D architectures are also obtained. This E2 high mode with
a broad peak may indicate that the ZnO atomic ordering
process is still in the early stage after drying process, even
if a nanoflower formation has been obtained.

The Raman spectra of the ZnO-Graphene powders af-
ter temperature treatment at 450°C in nitrogen are shown



184 —— C.Cobianuetal. DE GRUYTER
~ o .
8 2R e Nogs -
2o I =z = ek o
=) o pH=8S ~ ~ — 1 N 2
g 4 P, 5 ‘ pH=85
3‘ a Yo < E
2 " g\ A = 2 | Q< I
S 2% on-10 3§ G s 2y G\ 8 g
r " 1 272 T3
: T s 2 | foF e A8
£ op 22 & 8 - |o -
S M “p~ pH=115 & 3 T T o N o0 i
I o TOF 2/ b pH=115 ¢
- 8 8 =3 - = Ak P A
/\L\x T opH=14 3 o T
- = & 3 nil o~ T
rL)L e %é;g o &‘9&@ pH=14 % 3
1000 1500 2000 2500 3000 M X T
Raman Shift (cm'1) 500 1000 1500 2000 2500 3000

Figure 8: Raman spectra of Zn0-1.4wt% Graphene hybrids after dry-
ing process in air at 150°C, for different pH values during synthesis.

in Figure 9 for different values of the pH value during sono-
chemical synthesis of the Z-G hybrid. From this figure it
is noticed that at a pH value equal to 8.5 the Raman spec-
tra of ZnO are still silent, even if there is a weak tendency
that the peak associated to low mode of heavy Zn sublat-
tice to exist [42]. With the increase of the pH value of the
suspension from 8.5 to 14 during the sonochemical synthe-
sis of ZnO-Graphene composite, the number of Raman ac-
tive bands of ZnO is increasing, being similar for pH values
equal to 11.5 and 14. The optical modes from 90-99 cm™!
and 430-434 cm™! found in these spectra are associated
to E2 (low) mode and E2 (high) modes of the zinc sublat-
tice and oxygen sublattice, respectively, and their presence
is an indication of the development of the crystallization
process. The Raman band from 321327 cm™! associated to
multiphonons process [45] which was found in samples
from pH=11.5 and 14 (Figure 9) was much sharper after the
450°C annealing in nitrogen process with respect to the
same band found in Z-G hybrid from pH equal to 14 an after
drying process, and this change in the shape of the band
is associated to the crystallization process.

The very weak Raman band from 145-156 cm™! from
Figure 9, for the 450°C-N;, annealed Z-G hybrid prepared
at pH values of 11.5 and 14, not previously described in the
literature, might be correlated with the ZnO wurtzite crys-
tallization process in the presence of the graphene.

One of the key issues in the use of ZnO-Graphene
nanocomposites for different gas sensing applications is
the chemical stability of the hybrid used as sensing layer,
when this is exposed to higher temperatures in air, as
it is the case of chemiresistive sensors [47]. For this rea-
son, in Figure 10, the Raman spectra of the ZnO-Graphene

Raman shift (cm -1 )

Figure 9: Raman spectra of Zn0-1.4 wt% Graphene hybrids after
thermal treatment in nitrogen at 450°C, for different pH values of
the suspension during sonochemical synthesis.

nanocomposite treated at 450°C in air for a pH value equal
to 10 and is shown. The Raman spectra for the Z-G hybrid
after this high temperature treatment in air prove that the
graphene fingerprint has decreased, with a relatively weak
G band surviving at 1575.1 cm™!. After calcination in air, the
Raman band from 91 cm™! was very narrow and its inten-
sity was very high suggesting the highest stoichiometry of
the ZnO matrix, due to further oxygen atoms coming from
the air and filling the lattice vacancies. Thus, the higher
order and symmetry in the atomic arrangement of the ZnO
network may explain the high value of the band from 99
cm™ . The major changes in the Raman bands of graphene
are explained by the fact that the onset of graphene oxi-
dation in air starts at about 250°C [48], and this oxidation
process is revealed in Figure 10 by almost disappearance
of specific Raman bands of graphene. In addition, the pos-
sible zinc hydrozincite formed during sonochemical pro-
cess was decomposed during the thermal treatment in air
at 450°C according to the reaction from below and thus be-
ing converted into ZnO [49]:

Zn5(C03)>(OH)¢ — 5Zn0 + 2CO, + 3H,0 (8)

From Figure 10 one can also notice the presence of a new
Raman band at 1078.4 cm™ !, which was assigned in the lit-
erature to the acoustic combination of the A1 mode, as a
polar transversal optic mode and E2 optic mode associated
to the vibrations of ZnO lattice [46]. Such a Raman active
band from 1078 cm~! which was not seen before this ther-
mal annealing in air at 450°C may suggest the relative con-
version of the ZnO-Graphene composite into more stoichio-
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metric ZnO crystal, after the partial oxidation of graphene
and conversion of the hydrozincite into ZnO as described
in the equation (8) from above.

91.0 ZnO

a.u.

1078.4 ZnO A1&El

438.3 ZnO

1575.1 G

2000

3000

1000
Raman Shift (cm-1)

Figure 10: Raman spectra of the Zn0-1.4 wt% hybrid after thermal
treatment in air at 450°C.

In agreement with previous fundamental studies, the
above Raman spectra of the ZnO-Graphene hybrid prove
the chemical instability of the Z-G material when treated at
450°C in air. As a practical conclusion, the ZnO-Graphene
hybrid used as a sensing layer in chemiresistive sensors
should not be heated above the onset temperature of the
graphene reaction with oxygen of about 250°C.

4 Conclusions

The present paper has presented the morphological, struc-
tural and compositional properties of the ZnO-1.4wt%
Graphene nanocomposites prepared by sonochemical
method from aqueous solutions of zinc nitrate and com-
mercial graphene with 1-4 layers as a function of pH value
of the suspension during synthesis, from 8.5 up to 14,
and different thermal annealing in nitrogen and air up to
450°C.

By interpretation of the experimental results of XRD,
EDS, SEM and Raman spectroscopy, the following findings
could be mentioned here as follows.

The sonochemical synthesis of the Z-G hybrid at high
density of acoustic radiation has determined a crystalliza-
tion process of the as-prepared nanocomposite, with par-
ticle size increasing from 3.5 nm to 18 nm, when pH in-
creased from 8.5 to 14. The result was explained in terms of
zeta potential decrease as a function of pH increase. Dur-
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ing synthesis, the CO, from the air was absorbed in the lig-
uid phase and determined the increased carbon concentra-
tion in the Z-G powder, beyond contribution of graphene
itself. A possible hydrozincite phase was proposed to be
formed by this process. The XRD and EDS analyses of the Z-
G nanocomposite after the drying at 150°C in air have indi-
cated the presence of this total carbon in the composition,
and its amount has increased with the pH decrease from
14 to 8.5. The amount of total carbon in the Z-G hybrid has
decreased after N, treatment at 450°C in N, but the same
trend of increased amount for pH value decreasing from
14 to 8.5 was kept, as revealed by EDS spectra, while the
graphene composition, as revealed by Raman spectra, was
not affected. The thermal annealing of the Z-G hybrid in air
at 450°C has burned most of the carbon from the composi-
tion, including most of the graphene content.

The SEM analysis of the Z-G hybrids has shown the
strong role of the pH value of the suspension in the
development of nanostructures, where nano-flower like
3D architectures were obtained at pH equal to 14, with-
out addition of any orientation agents. With the decrease
of pH value, the nanoflowers with high particle growth
anisotropy degenerated into nanoflowers with wide petals
at pH equal to 11.5 and then to dispersed nanopetals at pH
equal to 10 and finally to agglomerated nanoparticles at pH
equal to 8.5. An intuitive model for the nanoflower growth
was proposed, where the number of active sites on a ZnO
seed increased with the increase of hydroxyl anions con-
centration in the suspension, which also determined the
decrease of zeta potential and associated flocculation pro-
cess.

The Raman spectroscopy has clearly demonstrated
the formation of the Z-G nanocomposite, indicating also
the important role of pH value in the nanostructure forma-
tion. Thus, at lower values of pH, from 8.5 up to 11, the
ZnO-specific Raman active bands were not evinced for the
Z-G hybrids dried at 150°C. Some of the important Raman
bands for ZnO started to be seen only for the dried pow-
der prepared at pH equal to 14, proving thus the role of
atomic arrangement and symmetry given by nanoflower-
like nanostructure. Moreover, even after the thermal an-
nealing at 450°C in N,, the role of pH was still evident, as
the number of ZnO Raman active bands has increased as a
function of pH value increase.

The experimental study has shown that for practical
applications of the ZnO-Graphene nanocomposites, like
chemiresistive gas sensing, it is essential to limit the expo-
sure of the material much below 450°C in air, in order to
prevent the oxidation of graphene and thus preserve the
chemical composition of the Z-G hybrid.
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