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Reduced  graphene  oxide-zinc  oxide  (rGO-ZnO)  nanocomposites  were  successfully  synthesized  using
a facile  microwave-hydrothermal  method  under  mild  conditions,  and their  electrocatalytic  properties
towards  O2 evolution  were  investigated.  The  microwave  radiation  played  an  important  role  in  obtain-
ment  of well  dispersed  ZnO nanoparticles  directly  on  reduced  graphene  oxide  sheets  without  any
additional  reducing  reagents  or passivation  agent.  X-ray  diffraction  (XRD),  Raman  and  infrared  spec-
troscopies  indicated  the reduction  of  GO as  well  as  the  successful  synthesis  of rGO-ZnO  nanocomposites.
inc oxide
raphene
anoparticles
icrowave

lectrocatalysis
2 evolution

The  chemical  states  of  the  samples  were  shown  by  XPS  analyses.  Due  to the  synergic  effect,  the  resulting
nanocomposites  exhibited  high  electronic  interaction  between  ZnO and  rGO  sheets,  which  improved  the
electrocatalytic  oxidation  of  water  with  low  onset  potential  of  0.48  V (vs.  Ag/AgCl)  in  neutral  pH and
long-term  stability,  with  high  current  density  during  electrolysis.  The  overpotential  for  water  oxidation
decreased  in  alkaline  pH,  suggesting  useful  insight  on  the  catalytic  mechanism  for  O2 evolution.

©  2017  Elsevier  B.V.  All  rights  reserved.
. Introduction

Development of efficient catalysts for the splitting of water
o produce hydrogen (H2) and oxygen (O2) is one of the most
romising challenges for producing sustainable energy with min-

mal environmental impacts [1,2]. However, the water splitting −
hemical processes that involves proton reduction and water oxidation

 is mainly hindered by dioxygen O2 evolution, which involves
ignificant molecular rearrangements and requires large overpo-
ential [3,4]. In this process, H2O is the renewable multi-electron
ource, providing a total of four electrons and four protons to form
xygen–oxygen bonds [5]. Energy demands motivated the devel-
pment of promising energy conversion devices with low-cost, that
perate at lower overpotential and present selectivity, high speed
nd stability [6–8]. Metallic oxides, such as Ir2O and Ru2O have been
mployed to enhance the catalytic performance for oxygen evalua-

ion catalysts with low overpotential, especially in acidic conditions
9]. However, these catalysts suffer from their high cost and low ele-

ental abundance as well as poor long-term stability in alkaline

∗ Corresponding author.
E-mail address: rclima@ufu.br (R.C. Lima).

ttp://dx.doi.org/10.1016/j.apsusc.2017.06.221
169-4332/© 2017 Elsevier B.V. All rights reserved.
media [4]. Suntivich et al. [10] showed that perovskite oxide cata-
lysts can enhance the intrinsic activity for the oxygen evaluation in
alkaline solution due to a near-unity occupancy of the eg orbital of
surface transition-metal ions. Given the diversity of materials stud-
ied for energy conversion and storage applications, the graphene
structure has attracted attention due to large specific surface area,
high intrinsic mobility, excellent mechanical strength and thermal
conductivity [11–14]. One possible route to harnessing these prop-
erties for catalyst applications would be to use the graphene as
the support material due to excellent electronic communication
achieved between the catalyst and the graphene in addition to other
synergistic effects [15–19]. Among oxides, the well-recognized
semiconducting ZnO presents high exciton binding energy (60
meV) and wide band-gap (3.37 eV), which allow a variety of uses
in electrochemical properties [20,21], magnetic compounds [22],
solar cells [23], photocatalysts [24–26] and gas sensing devices [27].
According to Osterloh [28], to facilitate water oxidation, the semi-
conductor band-gap energy must exceed the oxidation potential of
water (∼1.23 eV), what enables ZnO for such application. In view of

the notable individual properties of graphene and ZnO, attempts
to combine these compounds to obtain hybrid materials with
superior electrochemical properties have been reported [29–31].
The microwave-assisted hydrothermal (MAH) method has been

dx.doi.org/10.1016/j.apsusc.2017.06.221
http://www.sciencedirect.com/science/journal/01694332
http://www.elsevier.com/locate/apsusc
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apsusc.2017.06.221&domain=pdf
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emonstrated efficiency in the preparation of organic and inorganic
ompounds. The use of MAH  route provides uniform heating, high
eaction rate, rapid nucleation and growth of particles, which can
educe the reaction time [20,32]. Besides allowing the formation of
nO particles [33], the microwaves can be absorbed by graphene
xide (GO), which results in a local heating effect on GO nanosheets
hich facilitates their reduction [34].

In this work we report a simple one-step synthesis of pure ZnO
nd rGO-ZnO nanocomposites for electrochemical water oxida-
ion using facile MAH  method without reducing agents. The MAH

ethod promoted the formation of ZnO nanoparticles dispersed
n rGO sheets by the strong local heating, leading to graphene
xide reduction. The rGO-ZnO nanocomposites showed enhanced
2O oxidizing power at lower potential for the nanocomposite
ith higher quantity of rGO. This fact was attributed to excellent

lectron transport and the reduction of charge carrier recombi-
ation resulting from the use of the carbonaceous material. The
tructural properties of samples were investigated using pow-
er X-ray diffraction (XRD), Raman and infrared spectroscopies,
-ray photoelectron spectroscopy (XPS), field emission scanning
lectron microscope (FE-SEM) and transmission electron micro-
cope (TEM). Electrochemical characterization was  performed
sing cyclic voltammetry, chronoamperometry and electrochemi-
al impedance spectroscopy.

. Experimental

.1. Synthesis of rGO-ZnO nanocomposites

The ZnO was  obtained from the addition of 5.0 × 10−3 mol
f Zn(CH3COO)2 in 40 mL  of distilled water under constant stir-
ing. KOH solution (3.0 mol  L−1) was added until a pH = 10.5 was
ttained. Graphite oxide was obtained from natural graphite by
he Hummers method [35]. Graphene oxide was prepared using
ispersions containing 8.0 and 16 mg  of graphite oxide in 20 mL
f distilled water with posterior overnight stirring. Subsequently,
ltrasonic treatment for 30 min  to form a light brown suspension.
fter, a suspension of Zn(CH3COO)2 in 20 mL  of distilled water,
btained from ultrasonic treatment for 30 min, was  added into the
O dispersion under magnetic stirring. The final solutions were

ransferred into a Teflon autoclave, and then sealed and placed in
he microwave-assisted equipment. All solutions were annealed
or 8 min  at 100 ◦C. The precipitate powder was washed several
imes with deionized water and ethanol. Finally, the powder sam-
les were dried at 60 ◦C for 2 h in air atmosphere. For simplicity,
he nanocomposites prepared from addition of 8.0 and 16 mg  of
O were referred as 8rGO-ZnO and 16rGO-ZnO, respectively.

.2. rGO-ZnO nanocomposite film preparation

The nanocomposite films were prepared based on interfacial
ethod [36–38]. Briefly, 3.0 mg  of rGO-ZnO nanocomposite was

dded in 20 mL  of water under strong magnetic stirring for 30 min.
he solution was  maintained under ultrasound bath for 30 min.
hen, the resulting mixture was transferred to a 50-mL round-flask
ontaining 20 mL  of toluene. The two-phase system was main-
ained under strong magnetic stirring for 24 h. After 24 h, the

agnetic stirring stopped, and the transparent film obtained in
nterface was deposited onto the FTO surface and dried at 70 ◦C
or 2 h in air atmosphere.
.3. Electrochemical studies

Cyclic voltammetry (CV) and chronoamperometry analyses
ere carried out using a PGSTAT12 Autolab potentiostat equipped
Fig. 1. XRD patterns of the GO, ZnO and rGO-ZnO samples.

with a conventional one-compartment three-electrode cell con-
taining the working nanocomposite film electrode, a platinum wire
as a counter electrode and an Ag/AgCl (3.0 mol  L−1 KCl) as reference
electrode. Electrocatalytic activity for water oxidation was  mea-
sured in 0.1 mol  L−1 phosphate buffer (pH 7.0), and either 3 mol  L−1

KOH was used for pH adjustment in pH dependent measurements.
Cyclic voltammetry (CV) of the electrode was obtained at a scan rate
of 50 mV  s−1 in the potential range of 0.4 to 1.4 V. Chronoamperom-
etry measurements were conducted using 0.1 mol  L−1 phosphate
buffer (pH 7.0) as the electrolyte. Electrochemical impedance spec-
troscopy experiments were carried out using an Autolab PGSTAT
128N potenciostat with FRA2 module. The AC signal was collected
using an amplitude of 10 mV  (rms), and varying the frequency in the
0.01–30 kHz range. All the experiments were performed at ambient
temperature. 2.4. Physical characterization rGO-ZnO nanocompos-
ites powders were characterized by X-ray diffraction (Shimadzu
XRD 6000) with a Cu K� radiation source (� = 1.5406 Å). Scan-
ning electron microscopy (SEM) analysis were performed using
a Mira field emission gun FEG-SEM (TESCAN, BrnoKohoutovice,
Czech Republic) operated at 10 kV. The samples were dispersed
in ethanol and drop-casted on silicon substrates. Transmission
electron microscopy (TEM) analyses of the nanocomposites were
performed using a FEI microscope Tecnai G2TF20 operating at
25 kV in different magnifications. Raman spectra at room tem-
perature were recorded using a Renishaw Raman spectroscopy
microscope (Gloucestershire, United Kingdom) with 1 mm  spot and
using a 514.5 nm He-Ne laser with an incidence power of 2 mW.
The infrared spectra were measured from powder samples diluted
in KBr on an FTIR Bomem-Michelson 102 spectrometer in the
4000–400 cm−1 region. X-ray photoelectron spectroscopy (XPS)
analyses were performed on a Scienta Omicron, model ESCA± spec-
trometer using monochromatic AlK� (1486.6 eV) radiation. Peak
decomposition was performed using a Gaussian-Lorentzian line
shape with a Shirley nonlinear sigmoid-type baseline. The binding
energies were corrected for charging effects by assigning a value
of 284.8 eV to the adventitious C 1 s line. The data were analyzed
using CasaXPS software (Casa Software Ltd., U.K.).

3. Results and discussion
The XRD patterns of the GO, ZnO and rGO-ZnO samples are
shown in Fig. 1. The XRD pattern of GO shows a typical diffraction
peak at 2� = 11.28◦ attributed to the (001) lattice plane and nar-
row peaks at 26.46◦ and 42.47◦ attributed to (002) and (101) planes,
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ig. 2. (a) FTIR spectra and (b) Raman spectra of the ZnO and rGO-ZnO samples.

espectively. ZnO and rGO-ZnO samples show the single pure phase
f wurtzite structure − hexagonal symmetry and P63mc space
roup. The absence of peaks from GO in the rGO-ZnO nanocompos-
tes in the XRD patterns is an indicative that the reduction of GO to
GO under microwave hydrothermal conditions has been occurred.

FTIR spectra of GO, ZnO and rGO-ZnO samples are shown
n Fig. 2(a). For GO sample is observed a broad band centered
t 3172 cm−1 attributed to the O H stretching. The bands at
723, 1620, 1368 cm−1 were assigned to the C O stretching, sp2

ybridized C C group and C OH deformation, respectively [39].
he absorption bands at 1056 and 1225 cm−1 are attributed to
he stretching of C O C and C O of COOH groups situated on GO
heets, respectively [40,41]. The bands of GO disappear in the FTIR
pectra of the rGO-ZnO nanocomposites, confirming the reduction
f GO in agreement with the XRD results [41]. In addition, the
TIR spectra of the pure ZnO and rGO-ZnO showed a band around
37 cm−1, corresponding to the E2H mode of hexagonal ZnO [42].

In Fig. 2(b) is displayed the Raman spectra of ZnO and rGO-ZnO
amples. The ZnO and rGO-ZnO samples presented a band at around
38 cm−1 corresponding to E2(high) mode, which is characteristic
f the ZnO wurtzite structure [43]. The Raman modes at 330 and
78 cm−1 are ascribed to 3E2H-E2L and E1(LO) phonon modes, also

elonging to ZnO [44]. The broad band located at around 1147 cm−1

s related to 2A1(LO) and 2E1(LO) modes at the point of the Brillouin
one of ZnO [44]. The spectrum of rGO-ZnO nanocomposites are
onsisted of additional bands related to reduced graphene struc-
Fig. 3. XPS spectra of (a) 16rGO-ZnO, (b) 8rGO-ZnO, (c) pure ZnO samples in the C
1  s region and (d) high-resolution O 1 s spectrum for rGO-ZnO samples.

ture. The two  prominent bands for rGO-ZnO nanocomposites at
1355 cm−1 (D band) and 1592 cm−1 (G band) correspond to the
carbon–carbon vibrations that become actives due to defect states
in graphene sheets and the E2g phonon of sp2 bonds of carbon
atoms, respectively [45]. So, the intensity ratio ID/IG can be used
as an analysis factor for disorder evaluation in carbonaceous mate-
rials. It is noted for 8rGO-ZnO composite that this value (3.17) is
higher than that of the 16rGO-ZnO composite (3.09), which sug-
gest the presence of more structural defects in the rGO lattice due
to reduction of GO in presence of a major ratio of ZnO nanoparti-
cles [46]. The band around 2706 cm−1 (2D) can be related to second
order of zone boundary phonons [47], and the band at 2926 cm−1

associates with the D + G band vibration [41]. Ghosh, et al. [45]
attributed the appearance of the bands at ∼3157 cm−1 to the over-
tone of intra-valley double resonance effect. The nanocomposites
presented vibrations modes related to ZnO and rGO, indicating the
successful synthesis of the materials, in good accordance with XRD

and infrared results.

The XPS survey spectra of pure ZnO, 8rGO-ZnO and 16 rGO-ZnO
samples revealed only the presence of Zn, O and C elements, as seen
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ig. 4. FE-SEM images of nanocomposites obtained by the MAH  method (a–b) pur
orresponding FE-SEM images). TEM images of nanocomposites (g–h) 8rGO-ZnO an

n Fig. S1(a) (Supplementary Material). The high-resolution Zn 2p
pectra were measured for all samples, and the comparison of the

igh resolution Zn 2p 3/2 XPS spectra revealed similar results for
ure ZnO and rGO-ZnO samples, i.e., the predominance of Zn2± (Fig.
1(b); Supplementary Material).
 (c–d) 8rGO-ZnO and (e–f) 16rGO-ZnO (the histograms are on the right side of the
) 16rGO-ZnO.

Fig. 3 presents the high-resolution XPS spectra of C 1s, and O
1s. First, the high-resolution carbon region was  deconvoluted into

three types of components, labeled as C1s(1), C1s(2) and C1s(3). The
main peak at around 284.8 eV (C1s(1)), correspond to the C C bonds,
while the other two peaks with a binding energy of approximately
286.1 eV and 288.7 eV are ascribed to oxygen-containing functional
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Fig. 5. (a) CVs of the FTO background (black), ZnO and rGO-ZnO nanocomposites in phosphate buffer, pH = 7 and (b) Nyquist plots obtained for the prepared films. Electrolyte:
1.0  mmol  L−1 ferro/ferricyanide in 0.1 mol  L−1 KCl.gr5gr5
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Fig. 6. Schematic representation of (a) electron transfer process

roups, as C O C and O C O, respectively[48–50]. Furthermore,
onsidering the XPS peak areas ratio (Table S1; Supplementary
aterial), the results showed that rGO-ZnO samples presented a

ower contribution of oxygen containing bond due the high reduc-
ion degree of the GO in rGO-ZnO nanocomposites [48,49,51]. The
PS high-resolution O 1 s spectra are displayed in Fig. 3(d). The anal-
sis of these spectra revealed the presence of three oxygen species,
abeled as O1s(1), O1s(2) and O1s(3). The lower energy peak at around
30.0 eV (O1s(1)), correspond to O2− ions in lattice connected with
n ions, while the second peak at around 531.7 eV (O1s(2)) was
ttributed to oxygen species weakly adsorbed on surface in forms
f OH and carbonate. The third peak located at approximately
33.0 eV was assigned to water molecules, C OH and/or C O C
roups [50,52,53]. In addition, the XPS peak areas ratio evidenced a
ignificant decrease of O1s(3) component for 8rGO-ZnO and 16rGO-
nO samples, which is in accordance with XPS high-resolution C

 s spectra. The deconvoluted O 1 s XPS spectra of all samples are
isplayed in Fig. S1(c–e) (Supplementary Material).

Fig. 4 shows the FE-SEM and TEM images and the respective
istograms related with the average particle size distributions of
he pure ZnO and rGO-ZnO nanocomposites. The FE-SEM images
how that the pure ZnO presented irregular elongated shapes and
gglomerates with particle size of 122 nm (Fig. 4(a–b)). The size of

nO particles decreased with the increase of rGO content in 16rGO-
nO (110 nm)  nanocomposites. Besides, the ZnO particles become
ell dispersed on the rGO and present particles with regular shape
echanism for water oxidation on rGO-ZnO electrocatalyst film.

decorating rGO sheets (Fig. 4(c-f)). The FE-SEM images show an
effective contact between ZnO nanoparticles and rGO, which can
improve electronic interaction between the components [54]. TEM
micrographs of 8rGO-ZnO and 16rGO-ZnO samples are displayed
in Fig. 4(g–j). The ZnO nanoparticles exhibited an irregular shape
with a large size distribution, in accordance with FE-SEM analy-
ses. Furthermore, it was  also observed that the transparent rGO
sheets were successful decorated by the ZnO nanostructures in both
samples, suggesting the formation of rGO-ZnO nanocomposites.

The synthesis process used in this work represents an attractive
route for controlling the nanoparticles morphology and size, with
efficient nucleation. Moreover, the homogeneous particles growing
at low temperatures and in short reaction times offers high mobility
of dissolved ions and molecules [55], with simultaneous reducing
of graphene oxide to rGO by MAH  treatment. In a polar solvent
and under thermal treatment, the reduction of graphene oxide can
be facilitated with water acting as a reducing agent, which was
observed by Van Hoa, et al. [56]. In the synthesis process, Zn2+ ions
react with the OH− groups forming the precipitates of Zn(OH)2,
which in excess of OH−, dissolve and react with these ions forming
[Zn(OH)4]2−, which is stable at high pH. When the concentration
of Zn2+ and OH− reaches the saturation degree of zinc oxide, the
formation of the first ZnO nuclei initiates, which leads to the crystal

growth [57]. In presence of GO precursor, the large number of polar
groups in the carbon material act as anchors to enable the formation
of ZnO nanoparticles, promoting the formation of homogeneous in
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ig. 7. CVs of 1 in aqueous solutions at different pH values (7, 10, 12, 13 and 14) (me
d)  O2 gas bubbles formed on the 16rGO-ZnO film during application of 1.40 V.

ize and well dispersed ZnO nanoparticles decorating the surface
f GO sheets [58].

The electrochemical activity of pure ZnO and rGO-ZnO
anocomposite films for water oxidation was investigated by
yclic voltammetry in a 0.1 mol  L−1 phosphate buffer (pH = 7.0).
yclic voltammetric studies obtained for FTO background are
lso included for comparison. Fig. 5(a) reveals that 16rGO-ZnO
anocomposite film exhibits a significant electrocatalytic effect for
xygen evolution reaction, with an onset potential at 0.48 V (vs.
g/AgCl), lower than thermodynamic requirement for water oxi-
ation (0.62 V vs. Ag/AgCl at pH = 7) [59], while this process for
he ZnO film occurs at around 1.19 V. In addition, the 16rGO-ZnO
anocomposite films exhibited higher current when compared to
ure ZnO film (Fig. 5(a)). In order to verify the influence of rGO on
he electrical properties of ZnO films, EIS experiments were per-
ormed. The Nyquist spectra, Fig. 5(b) obtained for both electrodes
pure ZnO, 8rGO-ZnO and 16rGO-ZnO) showed well-defined semi-
ircles from which the values of the ohmic (R�) and the charge
ransfer (Rct) resistances were calculated. By comparing the profile
f these semicircles, it is observed that the presence of carbona-
eous material provides a decrease in impedance charge transfer
esistances for 8rGO-ZnO (R� = 25.6 �,  Rct = 839.8 �)  and 16rGO-
nO (R� = 19.8 �,  Rct = 570.8 �)  films compared with pure ZnO
R� = 26.8 �,  Rct = 914.1 �).  These results are in agreement with
uperior electrical contact induced by synergistic interaction of ZnO
anoparticles with the rGO sheets.

These results are more impressive when confronted with other

lectroactive materials and its respectively water oxidation poten-
ials in neutral conditions: Zhao et al., 0.858 V [60]; Han, et al.,
1.00 V [61]; Takashima et al., 0.76 V [62]. Table 1 highlights the
d at i = 25 �A) (a) ZnO pure (b) 8rGO-ZnO and (c) 16rGO-ZnO nanocomposites films

performance of 16rGO-ZnO film compared with the standard IrO2
and RuO2 materials for oxygen evolution reaction.

The excellent electrocatalytic effect may  be due to electrical
contacts induced by good interaction of ZnO nanoparticles with
the rGO functional groups. [30]. In the electrochemical process, the
potential applied at the nanocomposite films interface promoted
the formation of electron–hole pairs generated in the conduction
and valence bands, respectively [69]. The presence of rGO in the
nanocomposites increased charge separation of the electron-hole
pairs [70], which allowed the higher electrocatalytic effect oxida-
tion of water molecules by the holes to form O2 when compared
with pure ZnO film (Fig. 6(a)). Similarly, the improve of catalytic
activity were reported by Suryanto, et al. [71], which related their
results to catalytically active sites of Co3O4 and graphene, where
the Co3O4 layer provided catalytically active sites for oxygen evo-
lution and graphene promoted fast dissipation of the electrons
generated during oxygen evolution.

The influence of pH on the electrochemical activity of films for
water oxidation was  also evaluated, as shown in Fig. 7(a–c). In the
range of pH = 7.0 to 14.0, the anodic current was  assignable to the O2
evolution reaction, which the onset potential for water oxidation
decreased for high pH values.

This pH dependence can suggest useful insight on the catalytic
mechanism and intermediates of the reaction [72]. The assessed
system, rGO-ZnO nanocomposites can act as an electrocatalyst for
water oxidation process forming charged intermediates with low
stability comparable to products [72]. In neutral pH the adsorp-

tion of H2O molecules by rGO-ZnO surface (S) can occurs, forming
an intermediate S-OH2. Sequentially, the proton can thus to be
transferred and the reaction proceeds through a charged interme-
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Table  1
Comparative table on the OER performance of 16rGO-ZnO film compared with the standard IrO2 and RuO2 materials.

Catalyst Synthesis method Onset potential (V vs. Ag/AgCl) at neutral condition Onset potential (V vs. Ag/AgCl) at alkaline condition Ref.

IrO2 commercial – 0.61 V, (pH = 13.6) [63]
IrO2 commercial – 0.57 V [64]
IrOx eletrodeposition 0.87 V, (pH = 7.0) 0.45, (pH = 13) [65]
IrO2 thermal oxidation – 0.44 V, (pH = 13) [66]
RuO2 commercial – 0.52 V, (pH = 13) [67]
RuO2 commercial 0.766 V, (pH = 7.4) 0.44, (pH = 14) [68]
RuO2 Commercial – 0.56 V, (pH = 13.6) [63]
RuO2 commercial – 0.51 V [64]
RuO2 thermal oxidation – 0.44 V, (pH = 13) [66]
16rGO-ZnO microwave-hydrothermal 0.48 V, (pH = 7.0) 0.67 V, (pH = 13) this work
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Fig. 8. Chronoamperometric tests for (a) ZnO pure (b) 8rGO-ZnO (c) 16rGO

iate [S OH]−. One electron and one proton from [S OH]− can be
emoved leading to the formation of an [S O]− intermediate. This
S-O]− intermediate can interacts with other H2O molecule fol-
owed by loss of one proton and one electron, generating [S OOH]−.
his [S OOH]− intermediate possibly deprotonates and another
lectron is transferred, which forms [S-OO]−. The reaction pro-
eeds and the O2 molecules are obtained by loss of one electron
ith S-OO formation and posterior restoration of rGO-ZnO surface

S) (Fig. 6(b)) [72]. The addition of base was expected to promote
n initial interaction of hydroxide ions with nanocomposite as the
rst step in the reaction, which lower energy cost required to

orm O2 [73,74]. In this way, minimal potential can drive all of the
CET (proton-coupled electron-transfer) steps, avoiding thermo-
ynamic barriers, where the overpotential is approximated by the
ree energy cost of the most demanding oxidation step by the for-

ation of the first rGO-ZnO–oxo moiety [75]. The working potential
ange is often limited to the potential range in which water is sta-
le, according to the Nernst equation, this range shifts by −59 mV
or every increase of one pH unit [76].

To evaluate the stability of ZnO and rGO-ZnO nanocompos-
tes films under catalytic turnover conditions, constant potential
lectrolysis experiments were applied at potential of 1.4 V in the
resence of 0.1 mol  L−1 phosphate buffer, pH = 7 (Fig. 8). The cur-
ent density rapid decay at the early stages of the electrolysis, due
earrangement of surface active sites and instability of the cata-
yst particles [77]. The current then remained relatively constant
or ZnO and 8rGO-ZnO electrodes (Fig. 8(a–b)), respectively. The
6rGO-ZnO nanocomposite electrode (Fig. 8(c)) presented a non-
tationary behavior and highest current density during electrolysis,
ith accumulation of O2 bubbles on its surface observed during the

est (Fig. 7(d)). All catalyst electrodes show stable current density
s function of time.

SEM images before and after the chronoamperometric tests
re displayed in Fig. S2 (Supplementary Material). It is observed

or pure ZnO and 8rGO-ZnO films that after the electrochemi-
al process occurs a consuming of ZnO particles. It is important
o note that despite 16rGO-ZnO present a slight decreasing of
xide amount on electrode surface after the application of potential
anocomposites films during 480 min  of electrolysis at 1.40 V (vs. Ag/AgCl).

application, there is no evidence of significant morphology change
of the nanocomposite film. EDX analysis (Fig. S2; Supplementary
Material) after the cronoamperometric measurements confirms
the results obtained by SEM, showing the presence of intense peaks
related to zinc, oxygen and carbon elements for 16rGO-ZnO film.
These results evidence the importance of the amount of carbon
material for the stability of the nanocomposite films.

4. Conclusions

In summary, rGO-ZnO nanocomposites were successful syn-
thesized without any additional reducing reagents by microwave-
hydrothermal method. According to the XRD analyses, Raman, XPS
and infrared spectroscopy, GO were reduced under microwave-
hydrothermal treatment, which is accompanied by formation of
ZnO nanoparticles of about 110 nm distributed on rGO surface.
The combination of ZnO nanoparticles and rGO enhanced electron
transport, decreased the resistance of the films and facilitated the
O2 evolution reaction, with small overpotentials and higher cat-
alytic current. The obtained results demonstrate that the rGO-ZnO
nanocomposite films possess high electrical conductivity and elec-
trocatalytic activity, promising characteristics in splitting of water
for producing sustainable energy resources.
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