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No presente trabalho foram confeccionados de maneira simples e eficiente fotoeletrodos
baseados em ZnO produzidos a partir de sintese de combustio, diretamente na superficie de
oxido de indio dopado com estanho (ITO), na presenga de diferentes combustiveis: dcido citrico,
glicina e ureia, submetidos a tratamento térmico em 500 e 600 °C. Os filmes foram caracterizados
por andlise termogravimétrica, difratometria de raios X, Raman, refletdncia difusa, microscopia
eletronica de varredura e medidas eletroquimicas, na presenca e auséncia de luz. O poder redutor
de cada combustivel investigado, bem como baixas temperaturas de tratamento térmico foram
determinantes para a drea superficial disponivel dos materiais de ZnO formados. A completa
conversao a 6xido de zinco a baixas temperaturas de calcinacdo, bem como o tamanho das particulas
foram determinantes para a eficiéncia fotoeletrocatalitica. O fotoeletrodo obtido ao utilizar a glicina
como combustivel da sintese e tratado a 500 °C, por 2 h, apresentou melhor resposta em relagio
a fotocorrente (103 pA cm™ mg™') e aos pardmetros cinéticos (22,9 X 10? min"! cm™ mg™') para a
fotoeletrocatélise do corante azul de metileno, sob irradiacdo UV.

In this work photoelectrodes based on ZnO produced from combustion synthesis were prepared
in a simple and efficient way, directly on the surface of indium tin oxide (ITO), in the presence
of different fuels: citric acid, glycine and urea, and undergoing heat treatment at 500 and 600 °C.
The films were characterized by thermogravimetric analysis, X-ray diffraction, Raman, diffuse
reflectance spectroscopy, scanning electron microscopy and electrochemical measurements in the
presence and absence of light. The reducing power of each fuel was investigated, as well as low
temperature heat treatment was crucial to the available surface area of the formed ZnO materials.
The complete conversion to zinc oxide at low calcination temperatures, as well as the particle size
were crucial for the photoeletrocatalytic efficiency, since the photoelectrode fuel obtained with
glycine and treated at 500 °C showed better response of the photocurrent (103 uA cm? mg™) and
the kinetic parameters (22.9 x 107 min' cm™ mg™) for the photoelectrocatalysis of methylene
blue dye under UV irradiation.

Keywords: zinc oxide, combustion solution synthesis, discoloration, photocurrent, methylene
blue

Introduction

The semiconductor oxides have been shown as
interesting materials for both photoeletrocatalytic and
photocatalytic remediation of organic contaminants,

*e-mail: luizh@uel.br

such as in application as photovoltaic solar system
and photoelectrocatalytic water splitting, and others.'
Concerning the knowledge about semiconductors, zinc
oxide (ZnO) has been widely used as a photocatalyst by
having a stable hexagonal wurtzite structure, band-gap of
3.37 eV (368 nm), the exciton binding energy of 60 meV,
high electron mobility, good transparency and excellent
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physical properties for electronic and optical applications.®*
In addition, ZnO has a direct electron transition and highly
organized crystalline structure. These features allow the
material to absorb higher energy quantity for the electronic
transitions to occur. The high crystallinity of ZnO is
considered an important feature of the catalytic efficiency.

The application of ZnO in photoelectrocatalysis'®
implies its use as a photoelectrode,'"'? which applies
fixed potential under irradiation, which generates a
potential gradient that enables the separation process
of the charge carriers (h*/e”). The use of this type of
photocatalyst rather than particles in suspension provides
certain advantages such as reducing the aggregation and
sedimentation and increased interaction with the incident
light. Accordingly, the application of electrochemical
principles has allowed improvement in the efficiency of
photocatalytic processes.'*!

Furthermore, synthesis of oxide semiconductors has
been performed under unfavorable conditions: concerning
the energy requirements and long time duration. Moreover,
there is difficulty with the size, distribution and purity of
the materials produced. Thus, the solution combustion
synthesis (SCS), which uses the metal precursor solution
and an organic fuel, has received considerable attention as
amethod which has important characteristics as precursors:
environmentally safe, simple and fast production of
the material'®'® Moreover, it is interesting to note the
exothermicity of the combustion reaction, as well as
extensive gas release during the process, which enhances
the production of highly crystalline materials, thin, porous,
non-agglomerated and nanoscaled;'¢ these are important
characteristics for the catalytic efficiency of the material.
Another important aspect of this synthesis remains in
its intrinsic ability to alter the chemical composition of
the solid product and the reaction yield, by varying the
precursor (metal salt or fuel).'®

The influence of different fuels in the SCS is interesting,
distinguishing between these with respect to the amount
of gases released during combustion, as well as the
temperature of the flame ignition. These factors affect the
size and morphology, optical and electronic characteristics
of the products, as mentioned earlier. Potti and Srivastava®
investigated the combustion synthesis of ZnO using
different fuels in solution (citric acid, dextrose, glycine,
oxalyl dihydrazide, oxalic acid, and urea). The presence
of pronounced hysteresis in N, adsorption-desorption
isotherm curves indicated the three-dimensional network
arrangement of pores in the ZnO samples prepared using
dextrose and urea as fuels. Moreover, samples using
glycine and oxalyl dihydrazide as fuel exhibited higher
particle sizes as compared to other samples. The sample
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morphology also varied according to the fuel, samples
synthesized with dextrose seems to be the most porous,
whereas urea seems to be the least porous. The structure
using oxalic acid and urea presents cylindrical particles.
These fuels present a higher fuel:oxidizer molar ratio.
On the other hand, other fuels show spherical particles;
however, their particle size distribution seems to be varied.
These fuels present a lower fuel:oxidizer molar ratio. It
has been observed that some correlation exists between
the structure type and fuel:oxidizer molar ratio. The
oxide produced using oxalic acid as fuel promoted better
photocatalysis for the degradation and discoloration of
Orange G azo dye. Deorsola and Vallauri?' analyzed the
influence of the type of fuel (citric acid, glycine and urea)
in the synthesis of ZnO. Samples obtained using glycine
as fuel present the highest values for specific surface area
when compared with samples from other fuels. Also, the
morphology observed was also dependent of the fuel used
during the synthesis process, samples with citric acid and
urea as fuel showed the presence of strongly agglomerated
nanoparticles; however, samples obtained with glycine as
fuel showed the lowest degree of agglomeration and the
distribution of the particles size was narrower and more
uniform. The similar characteristics of samples with citric
acid and urea as fuel were attributed to the very similar
behavior in terms of exothermicity, reaction velocity and
development of gases using those fuels.

Hwang and Wu* found that the molar ratio of fuel and
oxidant interferes with the combustion reaction and thus
with the characteristics of oxide formed when glycine was
used as fuel in the preparation of nano ZnO. The crystalline
structure of as-synthesized powders becomes more defined
as fuel:oxidant molar ratio increases. The specific surface
area decreases when the fuel:oxidant molar ratio changes
from less than 1.05 (20.8 m? g') to fuel:oxidant molar
ratio between 1.05 and 1.90 (17.6 m? g'!), however, it
increases under fuel:oxidant molar ratio between 1.90
and 3.00 (31.5 m? g'!). Moreover, Ahmad et al.?® studied
the effect of the ratio of glycine and zinc nitrate. The
fuel and oxidant molar ratio (F/O) significantly affected
the particle size since the augmentation in F/O provokes
a crystallite size decrease. UV-vis diffuse reflectance
spectroscopy showed a gradual shift of optical absorption
spectra in the visible region of light when F/O ratio was
increased. Photoluminescence spectroscopy confirmed that
the prepared photocatalysts had better charge separation
capability as compared to the commercial ZnO and
also these capability augments as F/O increases. The
photocatalytic activity of ZnO and 1.70 molar ratio of fuel
(glycine) and oxidizing agent (zinc nitrate) was found to be
the best photocatalytic particle activity for ZnO.
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The search for photoelectrodes with high efficiency
based on ZnO has generated intense research in the
development of new materials,??” in order to improve
and/or enhance their photoelectrochemical, catalytic and
surface characteristics.?®? To the best of the knowledge
of the authors the production of ZnO photoelectrodes by
direct combustion synthesis process directly on top of ITO
glass has not been described. Moreover, the effect of fuel
type on the structural, optical, textural, and photocatalytic
degradation abilities of ZnO photoelectrodes synthesized
through the SCS route has not been investigated yet,
and how different fuels affect ZnO electrode properties
obtained by combustion in solution. This manuscript
describes how the synthesis of ZnO by SCS route was
performed directly on the surface of conducting substrate
(indium tin oxide, ITO) allowing greater adherence to
photoanodes. In this way, this study aims to prepare, in a
simple and proficient way, photoelectrodes based on ZnO
produced from combustion synthesis in the presence of
different fuels: citric acid, glycine and urea, undergoing
heat treatment at 500 and 600 °C and study its properties
as photoanode in photoelectrocatalysis applied to the
methylene blue dye.

Experimental
Materials

Methylene blue dye (C,H,,CIN,S.3H,0, C1 52015) was
used without prior purification. Other reagents, such as zinc
nitrate hexahydrate (Zn(NO,),.6H,0, Synth, 99.4%), glycine
(C,H,NO,, Vetec, 98.5-101.5%), citric acid (C,H,O,, Synth,
99.5%), urea (NH,CONH,, Nuclear, 99.0%), ammonium
hydroxide (NH,OH, Biotec, 28.0-30.0%), nitric acid (HNO,,
Biotec, 65.0%) and anhydrous sodium sulfate (Na,SO,,
Biotec, 99.0%) were of analytical grade. The solutions were
prepared using ultrapure water.

Synthesis of ZnO photoelectrodes (ITO/ZnO) applying
solution combustion

Solutions containing 0.76 mol L' Zn(NO,),.6H,0 and
1.64 mol L fuel (citric acid, glycine and urea) of equal
volume were mixed and homogenized in a magnetic stirrer
at room temperature, keeping the fuel:cation ratio equal
to unity.* Concentrated NH,OH and/or HNO, were added
until pH 7.0 was reached. The resulting solution was left in
the oven at 80 °C for 20 h, in order to obtain a gel, which
was diluted with appropriate amount of deionized water.
Five-layer films were prepared by casting the gel on a glass
slice covered with a conducting layer of ITO. Between
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layers a treatment was conducted at 100 °C for 10 min and
after 5 layers were deposited, the film was submitted to a
thermal treatment at 500 to 600 °C for 2 h.

Characterization

Thermogravimetric analysis (TGA) measurements of
the gels were performed using the Universal V4.5a TA
equipment under air atmosphere at 25 to 1000 °C, with
a heating rate of 10 °C min™'. The alumina was used as
reference substance. X-ray diffractograms (XRD) were
obtained by the powder method at 40 kV and 30 mA, using
the PANalytical X’Pert PRO MPD equipment with Cu-Kou
radiation source. The adjustment of the diffractograms of
the samples was performed by the Rietveld refinement
using the software GSAS-EXPGUI. The quality of the
refinements was measured using the control parameters
x> and Rp, from equations 1 and 2, respectively, which are
statistical tests that show how much the calculated crystal
parameters are close to real values.

X=X

(0 =v.) (1

szzy;—yk (2)

wherein w, = 1/y,, y, is the intensity measured in the i-th point
and y , is the intensity calculated (teorically) in the i-th point.
The indices “0” and “c” indicate the observed and calculated
values, respectively. The vibrational modes of the material
powder prepared for spectra were obtained in Raman
spectrometer Renishaw System 3000 coupled to a Leica
Microscope (Olympus lens objective 50 x). Laser source
of Ar+ Melles Griot. Excitation at 488 nm was obtained
by a Nd/YAG laser beam with a power of 200 mW. The
scanning system was used with an accumulation of 256 scans
and spectral resolution of 2 cm'. The determination of the
band-gap energy (Eg) of the powder was estimated using
the diffuse reflectance spectrum obtained with the Shimadzu
UV-Vis UV-3101 PC. The morphology and structural
organization of the prepared powder were characterized by
scanning electron microscopy (SEM, Philips FEI Quanta 200).

Electrochemical measurements were performed, in the
presence and absence of UV light, by cyclic voltammetry
in 5.0 mV s by using the potentiostat/galvanostat
AUTOLAB (128N) coupled with three electrodes: an Ag
wire as reference, a Pt wire as counter electrode and ZnO
films as the working electrode. The electrolytic cell used
was a quartz cuvette (1.0 x 1.0 x 4.0 cm?®). The supporting
electrolyte was 0.1 mol L' Na,SO, solution.
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Photoelectrocalysis measurements

The irradiations were carried out within a box
(0.13x0.14 x 0.07 m?) internally padded with aluminum
foil, using as source of UV irradiation a 15 W Hg vapor
lamp, placed horizontally at 2 cm from the electrolytic
cell. Chronoamperometry was used to evaluate the
discoloration of 2 mL of methylene blue (10.0 umol L)
by the application of +1.0 V potential at intervals of
predetermined time (0, 10, 20, 40, 60 and 120 min). The
discoloration was analyzed through the measurement
of absorbance from the electrolyte solution at 664 nm
(Ocean Optics USB4000) and the discoloration rate
constant, k, , was determined graphically considering a
kinetic behavior of pseudo-first order.>! Methylene blue
was chosen as a molecule model to follow the electrode
photoelectroactivity since it presents a very simple
chemical structure and electronic spectrum.

Results and Discussion

Thermogravimetric analysis (TGA) of gels containing
three different fuels - citric acid (26.2 mg sample mass),
glycine (25.1 mg sample mass) and urea (39.0 mg sample
mass) - showed that the decomposition of the compounds
was significantly dependent on fuel used in the synthesis
(Figure 1). The formation of ZnO from citric acid was
distinguished by five major mass losses (Figure 1a). The
first (4.90%) corresponds to a loss of moisture and hydration
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Figure 1. Thermogravimetric analysis (TGA) of the gels formed by three
different fuels: (a) citric acid; (b) glycine and (c) urea.
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of water molecules present in the gel. The second (41.8%)
was assigned to the combustion process. The third (20.5%)
and fourth (16.4%) losses correspond to the gradual loss of
remaining organic residue of combustion. Finally, the fifth
loss (9.58%) was attributed to the complete pyrolysis. The
residual mass of ZnO was observed as 6.93%.

By using glycine as a fuel (Figure 1b), the reaction was
characterized by three steps of mass loss, the first (4.93%)
due to loss of water. The second (65.6%), defined by the
combustion reaction at 240 °C, and the third (9.40%),
characterized by complete pyrolysis with ZnO as a
remaining product (20.1%).

When urea was used as fuel, the thermogram was also
categorized by five characteristic mass losses (Figure 1c).
The first (14.9%) was related to the loss of water present
in the sample. Following the merger of the precursor
material and fuel (urea, 133 °C) the combustion process
starts, characterizing the second weight loss (39.6%). The
third (14.9%) and fourth (4.11%) are related to the gradual
loss of remaining organic residue of combustion. The fifth
loss (2.49%) represents the complete pyrolysis with ZnO
residual product (23.3%).

The obtained residual percentages are consistent with
expected values, 6.92% (citric acid), 19.2% (glycine)
and 22.2% (urea), considered as quantities of fuel mass
used for each synthesis and the ratio between them, as
well as the mass of each sample used to perform the
measurements.

The formation of ZnO occurs at lower temperature when
using the fuel glycine (476 °C) as compared to citric acid
(552 °C) and urea (525 °C) (Figure 1). This behavior can
be explained by the value for combustion heat for citric acid
(10.2kJ g, glycine (13.0kJ g!) and urea (10.5 kJ g1),'"
as well as the amount of each fuel used per mol of zinc
nitrate. Accordingly, the amount of heat generated when
citric acid was used as fuel was the highest, followed by
glycine and urea. The largest amount of fuel makes the
reaction highly explosive and it is not self-propagating,
which prevents the completion of the reaction kinetics,
and consequently affects the formation of considerable
organic byproduct quantities.'® After ZnO formation
with temperature augmentation it was not observed any
weight change until 1000 °C was reached, this indicates
that combustion was complete and no solid state reaction
occurs in the samples.

The combustion reaction in solution is characterized
as a redox process, wherein the precursor mixture or
metal nitrate acts as an oxidizing agent and the organic
fuel as a reducing agent.'® The synthesis of ZnO, using
citric acid, glycine and urea as fuels can be represented by
equations 3, 4 and 5, respectively.
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Zn(NQO,),.6H,0 + C,H,O, + 20, — ZnO + 6CO, +

10H,0 + N, 3)
Zn(NO,),.6H,0 + 2NH,CH,COOH + 20, — ZnO +
4C0O, + 11H,0 + 2 N, (4)

Zn(NO,),.6H,0 + 2(NH,),CO + 1,0, — ZnO + 2CO, +
10H,0 + 3N, (5)

The resulting samples based on the synthesis using
different fuels (citric acid, glycine and urea) and thermal
treatment temperatures (500 and 600 °C) presented the
same diffraction pattern for XRD results (Figure 2). The
diffraction patterns indicated good crystallinity, with
intense and very well-defined peaks, which allowed
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Figure 2. X-ray diffraction of synthesized ZnO samples using different
fuels and temperatures of heat treatment: (a) citric acid, 500 °C; (b) citric
acid, 600 °C; (c) glycine, 500 °C; (d) glycine, 600 °C; (e) urea, 500 °C;
and (f) urea, 600 °C. Inset: unit cell of ZnO.
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Rietveld refinement of the crystal structures, from a
pattern of ZnO (ICSD 67454 or PDF 01-079-2205). The
presence of impurities in the samples, due to incomplete
combustion, causes no changes in the XRD patterns; it is
considered that they are not in their crystalline form. From
these results, it was verified that the materials obtained
are mostly of ZnO crystals of wurtzite structure, with
the parameters of refinement > = 1.66 and Rp = 8.56%.
These kind of crystals are characterized by the peaks in
20 31.7°(100); 34.4° (002); 36.3° (101); 47.5° (102); 56.6°
(110); 62.8° (103) and 67.9° (112),>"*> which belong to
the hexagonal system P6,mc (186) crystallographic class
6mm (PDF code 01-079-2205), with estimated lattice
parameters a = 3.25 A and ¢ = 5.21 A, and volume of the
unit cell 47.6 A3 (3% = 1.66; R, = 8.56%) (Table 1). Due
to the low values for %> and Rp it may be concluded that
crystal parameters obtained by refinement are sufficiently
close to the real ones.

Considering the values of lattice parameters and unit
cell volume of the synthesized materials, obtained by
Rietveld refinement (Table 1), we could verify the effect
of both the annealing temperature and the fuel used in the
synthesis on the crystalline properties of ZnO. The increase
in annealing temperature produced a decrease in volume
of the unit cell due to sintering of the material. Now with
regard to the fuels used, we observed a decrease in the
volume of the unit cell by using citric acid, glycine and
urea, respectively. This can be explained by the presence
of nitrogen in the molecule, which increases the reducing
power of the fuel and the amount of thermally generated
gases,'® enabling the reduction of the unit cell crystals of
the formed material.

Raman spectroscopy is an effective technique to
investigate changes in the vibrational modes in crystalline
compounds obtained under different synthesis conditions.
The ZnO waurtzite structure belongs to the C, * space group,
with two formulas per primitive cell unit in which all atoms
occupy C,, sites' (Figure 2 inset). The optical phonons
predicted by the group theory, in the center of the Brillouin
zone for this structure, are A, + 2B, + E, + 2E,. From

Table 1. Rietveld refinement parameters for the materials of the synthesized ZnO

Lattice parameters / A

(SfiI;P/l iemperature) a c o Y \llloriilincl:l;)/f tA}ie © R, /%
Citric Acid/500 °C 3.2519 5.2087 90 120 47.701 1.758 9.18
Citric Acid/600 °C 3.2507 5.2070 90 120 47.650 1.560 8.85
Glycine/500 °C 3.2508 5.2075 90 120 47.659 1.409 7.21
Glycine/600 °C 3.2505 5.2061 90 120 47.636 1.882 9.80
Urea/500 °C 3.2498 5.2051 90 120 47.608 1.689 8.37
Urea/600 °C 3.2497 5.2045 90 120 47.600 1.650 7.96
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these, A, and E, are polar and have different frequencies
of transverse (TO) and longitudinal (LO) optical modes.
The E, phonons are nonpolar and have two wavenumbers,
E, (high) and E, (low), associated with the vibration of
oxygen and zinc in the subnet, respectively. The B, modes
are inactive in Raman spectroscopy.**-*

Raman spectra for ZnO samples synthesized using
different fuels and thermal treatment temperatures are
shown in Figure 3. From these, it was possible to verify
that using citric acid and heat treatment for 2 h at 500 °C
(Figure 3a), there is evidence of incomplete formation of
ZnO. This can be explained by means of thermogravimetric
analysis, which indicated that the formation of ZnO, using
the fuel citric acid, occurs only at 552 °C (Figure 1). On the
other hand, in materials treated for 2 h at 600 °C (Figure 3b)
it is possible to verify the characteristic vibration bands for
ZnO wurtzite structure at 436 cm™', assigned to E,"¢" mode
associated with the vibration of oxygen.
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Figure 3. Raman spectra at 488 nm of ZnO samples synthesized using

various fuels and temperatures of the heat treatment: (a) citric acid, 500 °C;

(b) citric acid, 600 °C; (c) glycine, 500 °C; (d) glycine, 600 °C; (e) urea,
500 °C; and (f) urea, 600 °C.

Regarding the fuel glycine, the spectra resulting from
the heat treatment for 2 h at 500 to 600 °C (Figures 3c
and 3d, respectively) indicate two bands. The first one at
437 cm! related to E,"s" and the second one at 579 cm™ is
assigned to mode A, (LO).

Raman spectra for synthesized samples during 2 h
at 500 and 600 °C using urea as fuel (Figures 3e and 3f,
respectively) show the vibrational modes 2E, at 331 cm™!,
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A, (TO) at 380 cm’', E, (high) at 437 cm™ and around
580 cm™, which corresponds to the region A, modes (LO)
at 574 cm™ and E, (LO) at 583 cm™'. Furthermore, for the
samples synthesized with this fuel it was possible to observe
a broad band in the region of 850-1200 cm™ attributed to
multi-phonon modes of ZnO.

Based on the spectral analysis it was possible to verify
an increasing of in the band intensity of ZnO, with the
increase of annealing temperature. This indicates that the
higher temperatures increase the purity of the material.
Moreover, it was observed that by using citric acid, glycine
and urea as fuels, the characteristic bands of ZnO are
more evident due to the decrease in fluorescence resulting
from the incomplete combustion of organic material. As
mentioned before, this can be explained by the increase
of reducing ability these fuels (reducing ability: urea >
glycine > citric acid).

The values for band-gap energy of synthesized materials
were estimated from the UV-Vis diffuse reflectance spectra
(Figure 4), using the method proposed by Wood and Tauc,
which considers that the energy band-gap is associated with
the absorption and the photon energy, ahv = C (hv - E,)",
and n is a constant associated with the type of electronic
transition. Zinc oxide has direct transition with a value of
n equal to 12,3738
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Figure 4. UV-Vis spectra of the diffuse reflectance of the ZnO samples
synthesized using different fuels and thermal treatment temperature:
(—) citric acid, 500 °C; (---) citric acid, 600 °C; (----) glycine, 500 °C;
(---) glycine, 600 °C; (---) urea, 500 °C; and (---) urea, 600 °C.

The values for the band-gap energy of the materials
synthesized in this study showed no significant variation when
using citric acid and glycine as synthesis fuels. However,
when using urea, the absorption region of the material
shifts to higher wavelengths, that is, the energy band-gap
decreases. This behavior may be related to the quality of
crystallinity and changes in the crystallite size and impurities
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Table 2. Values of the amount of material deposited per unit area (m,,,
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Area,,, "), band-gap energy for ZnO synthesized using various fuels and the thermal

treatment temperature; current density normalized by the area (1.3 + 0.1 cm?) and deposited mass; rate of discoloration of methylene blue (10.0 pmol L)
in the dark and under UV irradiation normalized by mass of ZnO deposited on the surface of ITO

Fuel T/°C m,,, Area,,"' / (mg cm?)

E,/eV

k. / (10° min’'cm™? mg™)

Jx/ (uA cm? mg™)

With UV light Without light
Citric Acid 500 0.44 3.14 85.9 19.5 3.95
600 0.52 3.17 29.4 15.4 2.76
Glycine 500 0.44 3.18 103 229 0.05
600 0.67 3.16 28.6 15.8 1.78
Urea 500 5.16 3.09 5.07 4.96 0.18
600 6.16 3.08 5.21 2.13 0.23

present in the material, factors previously observed by
X-ray diffraction and Raman scattering spectra.* The oxide
synthesized in presence of glycine at 500 °C showed the
highest value of band-gap energy (3.18 eV) (Table 2), since
itis less pronounced than bulk ZnO (3.37 eV). Interestingly,
the highest value of band gap energy obtained in this
study is still smaller than that obtained by Ahmad er al.”
of 3.248 eV, on the effect of the proportion of glycine in the
photocatalytic activity of ZnO. Since the same proportion of
fuel:oxidant (1:1) was used the band gap showed a value of
3.26 eV. The presence of impurities or by-products generated
by incomplete combustion of the sample does not affect the
energy band-gap of the ZnO formed.

The images obtained by SEM, with magnifications of
20,000 and 24,000%, showed changes both in morphology
and in the structural organization of ZnO particles with
the variety of fuel used in the synthesis (citric acid,
glycine and urea) (Figure 5). By changing the annealing
temperature (500 or 600 °C) it was possible to observe an
agglomeration resulting from the fusion of crystallites at
higher temperatures. Furthermore, using this technique,
it was possible to estimate the average particle size,
verifying that the smallest particles were synthesized
respectively by using glycine (< 220 nm), citric acid
(220-236 nm) and urea (916-1100 nm). Among the
syntheses performed using glycine and heat treatment for
2 h at 500 °C, the resulting ZnO particles presented the
smallest size, enabling a greater number of active sites
available for the surface reactions.*

To evaluate the photoelectrochemical property of the
obtained electrodes, photoelectrochemical measurements
were conducted in a single compartment electrochemical
cell in 0.1 mol L' Na,SO, solution by the application of
+1.0'V potential. As the mass of ZnO deposited varies with
the process, the current density has been normalized by the
mass deposited on the substrate, j. During the scan of linear
sweep voltammograms, the electrode was irradiated for 5 s
and the light was chopped for 5 s (Figure 6). In the dark a

Spum
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Figure 5. SEM images of ZnO samples synthesized using various fuels
and temperatures of heat treatment: (a) citric acid, 500 °C; (b) citric acid,
600 °C; (c) glycine, 500 °C; (d) glycine, 600 °C; (e) urea, 500 °C; and
(f) urea, 600 °C.

small current density (less than 10* pA cm? mg') can be
observed for all electrodes. However, in the UV irradiation
process, the current density increases reaching values of
103 pA cm? mg! for electrodes obtained using glycine
as fuel in the solution combustion process and calcined
at 500 °C, the best response observed. Furthermore, the
lowest values observed for photocurrent (at +1.0 V) under
UV irradiation was observed for films obtained with urea
as fuel (5.07 pA cm™? mg') (Table 1). In Figure 6, the
voltammograms show only the ITO/ZnO photoelectrode
obtained using glycine as fuel and calcined at 500 °C.
However, the observed behavior was the same for all
obtained photoelectrodes.
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Figure 6. Photoelectrochemical response (a) complete and (b) enlarged
for the photoelectrode with ZnO produced in presence of glycine and
treated at 500 °C, with pulses of 5 s with and without irradiation of
UV light in electrochemical cell with 0.1 mol L' Na,SO, as supporting
electrolyte, s =5 mV s,

Furthermore, it was observed that the photocurrent
increases with the augmentation in the characteristic
potential of the n-type semiconductor. In addition, it
was observed for all electrodes that during the light
chopping the response time of the electrode was rather
short, reaching values around 0.40 s. This suggests that
the films have excellent transport properties of the charge
carriers. In addition, the voltammetric profile indicates that
immediately after the UV irradiation, the current density
has negligible decay. This indicates the high stability
of these photoelectrodes with respect to the process of
recombination of charge/holes (h*/e™). 284143

The increase in the intensity of the photocurrent
results from the motion of electrons (e) to the cathode
under the applied potential. Thus, it decreases the rate of
recombination of charge carriers (h*/e”) in semiconductor
surface, increasing photocatalytic efficiency. This justifies
the results for the discoloration of 2 mL of 10.0 pmol L
methylene blue (Figure 7a inset), by chronoamperometry
performed in the dark and under continuous UV irradiation.
The absorption spectra of discoloration of methylene blue,

A/ nm

Figure 7. Spectral variations in discoloration of methylene blue
(10.0 umol L) in the presence of the ZnO electrode synthesized with
glycine and heat treated at 500 °C: (a) in the dark; and (b) under UV
irradiation, as a function of reaction time: (—) O min; (---) 10 min;
(-++-) 20 min; (---) 40 min; (---) 60 min; and (---) 120 min. Electrochemical
measurements were carried out in room temperature and applying +1.0 V.
Inset: chemical structure of methylene blue.
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Figure 8. Kinetics of methylene blue discoloration (10.0 umol L") under the
following conditions: (a) electrochemical and (b) photoelectrochemical
for ZnO electrode synthesized in different conditions: (M) citric acid,
500 °C; (®) citric acid, 600 °C; (A) glycine, 500 °C; (¥) glycine, 600 °C;
() urea, 500 °C; and (») urea, 600 °C. Electrochemical measurements
were carried out in room temperature and applying +1.0 V.
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(Table 2), in terms of observed constant rate and also by
the dye discoloration percentage under irradiation (90.1%)
and darkness (2.70%). The results are in agreement with
the photocurrent values obtained for this electrode.

The preeminent photoelectrochemical and
photoelectrocatalytic results were obtained when glycine
was used as fuel during the synthesis, followed by citric
acid and urea as well. Also the results suggest that in
lower temperature heat treatment (500 °C) the results were
enhanced (Table 2). This can be explained by the relative
size of the particles obtained using different fuels, as well
as the sintering process of the samples by increasing the
annealing temperature (600 °C). These factors are directly
related to the available surface area of the synthesized
materials and, consequently, to the values of current
density (j,) and catalytic activity (k).

From Table 2 it is possible to observe a significant
difference between the values obtained for the bulk quantity
of material deposited per unit of the conductive substrate
(ITO) area, using different fuels. This is related to the
method of preparation of films by casting and consequently
the quality of the obtained gel synthesis. As the best gel
homogeneity for the procedure was obtained when using
urea as fuel, the greater bulk amount of the material adhered
to the substrate was expected.

Sapkal et al.* verified that ZnO photoelectrodes, obtained
by spray pyrolysis, degrade 38.68% of methylene blue during
80 min for the reaction. This percentage is much smaller
as we can observe in this manuscript (90.1%), in a lower
time of discoloration (120 min). Chatchaia et al.*® related
an efficient photoelectrocatalytic discoloration (ca. 80%)
when compared with photocatalytic process (ca. 30%) during
120 min, applying a photoelectrode based on WO,/BiVO,.

Satisfactory results found for the application of the
materials synthesized in the photocatalytic discoloration of
methylene blue can be attributed to the different features
that this synthesis provides to the materials.' In this case,
the different morphologies and different particle sizes
may provide active sites for adsorption, promoting better
dye discoloration. Hariharan described that the use of
smaller particles increases the catalytic efficiency due to
the increased surface area as well as altering the surface
properties.* Thus, the decrease in particle size can affect
the photocatalytic activity of ZnO.

From the comparison between the k,,, values and the
results obtained by diffuse reflectance, it was revealed
that, while the band-gap energy of the synthesized ZnO
decreased when using glycine, citric acid and urea as fuels,
respectively, the photocatalytic efficiency was also reduced.
The images obtained by SEM showed that the smaller
ZnO particles were obtained when using fuels glycine,
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citric acid and urea, respectively. Moreover, the increase
in the heat treatment temperature of 500 to 600 °C leads
to an increase in the size of synthesized ZnO particle. The
observed behavior causes a decrease in the available area of
the photocatalyst, the substrate available for adsorption and
absorption of light, thus affecting the photocatalytic ability
of the material. According to the results, the photoelectrode
obtained using glycine as fuel and treated at 500 °C showed
better photoeletrocatalytic efficiency for discoloration of
methylene blue. Therefore, the results obtained led us to
infer that the particle size was crucial to the efficiency
of photoelectrocatalytic materials obtained by solution
combustion at different temperatures and fuel synthesis.

Conclusions

ZnO photoelectrodes were successfully obtained by a
simple and efficient method applying solution combustion,
allowing the investigation of the type of fuel and the heat
treatment temperature influence on the photoeletrocatalytic
efficiency of the material. The synthesis conditions
affect the heat liberated in the combustion process and
the sintering materials and, therefore, their structural,
morphological and optical properties, as well as the surface
on which electrochemical and catalytic processes occur.
The available area determines the efficiency obtained
for the photoelectrode discoloration of methylene blue.
Thus, the electrode obtained by the synthesis using
glycine as fuel and treated at 500 °C during 2 h provided
the highest photocurrent density response and best
photoelectrocatalytic behavior due to the formation of
semiconductor particles of smaller size.
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