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Abstract: High purity TiO2 and CuO powders were synthesized by the Pechini method, an inexpen-
sive and easy-to-implement procedure to synthetize metal oxides. The variables of synthesis were
the ethylene glycol:citric acid molar ratio and the pH. High reproducibility of the anatase and teno-
rite phase was obtained for all synthesis routes. The degree of purity of the powders was confirmed
by XRD, FTIR, UV-vis absorption and XPS spectra. SEM and TEM images revealed the powders are
composed by micrometer grains that can have a spherical shape (only in the TiOz2) or formed by a
non-compacted nanocrystalline conglomerate. FTIR spectra only vibrational modes associated to
the TiO2 or CuO with a nanoparticle behavior. UV-vis absorption spectra revealed the values of
maximum absorbance percentage of both systems are reached in the ultraviolet region, with per-
centages above 83 % throughout the entire visible light spectrum for the CuO system, a relevant
result for solar cell applications. Finally, XPS experiments allow the observation of the valence bands
and the calculation of the energy bands of all oxides.

Keywords: Pechini method; TiO2; CuO; anatase; tenorite; band gap; absorbance; diffuse reflectance;
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1. Introduction

Great efforts have been made over the years to control the photophysical and photo-
chemical properties of metal oxides at the micro- and nanoscale, being the synthesis pro-
cedure a crucial factor in controlling crystalline structure, particle size and morphology
[1,2]. An ongoing quest of the scientific community is discovering the ways in which the
synthesis might influence the optical and electronic properties of these materials. Metal
oxide-based semiconductor materials have been obtained using different methods, in-
cluding chemical vapor synthesis [3], sol-gel [4,5], hydrothermal [6], controlled precipita-
tion [7], and polymeric precursor [8]. The polymeric precursor method, commonly named
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as Pechini method, is one of the most economical and easily implemented methods to
produce metal complexes from concentrated solutions of polyfunctional organic acids,
salts or oxides of the cations required for the formation of metal oxides [9]; it combines
low-temperature processing and versatility in the proportions of citric acid and metal cat-
ions to control the stoichiometry and the morphology of the particles and/or agglomer-
ates, obtain compositional homogeneity and ensure low toxicity to produce a single-phase
nanometric powder [10,11].

To produce multifunctional oxides such as titanium dioxide (TiOz2) and copper II ox-
ide (CuO) by Pechini method, titanium tetrabutoxide and copper acetate are respectively
used as concentrated solutions, and two basic chemical reactions are involved: the for-
mation of a chelating complex composed of carboxylic acid, chelating agent and metal
matrix, followed by its polyesterification with excess polyalcohol [10], giving rise to a vis-
cous resin [9,11]. Continued heating of the solution causes distillation of all the water and
carboxylic acid, resulting in the polymer. The decomposition of this resin, commonly
amorphous, is carried out by calcining it at temperatures below 300 °C. With this synthesis
method, the problems of segregation or preferential precipitation in the solution are over-
come because the cations are fixed to the resin, thus allowing greater control of the stoi-
chiometry of the compound to be synthesized. The reagents commonly used in applying
this method are citric acid (CA) and ethylene glycol (EG) [10,12]. Pechini reported 4:1 as
the optimal EG:CA molar ratio [11], however, these synthesis parameters have been var-
ied to study the effect on the morphology and thus the change in the optical and electronic
properties of oxides such as TiO2 [13], CuO [14] and ZnO [15]. The literature indicates that
the structural characteristics of the semiconductor oxides can be controlled through the
parameters of synthesis, depending on the technological applications desired. These in-
clude the fields of optics, electronics, and telecommunications, as well as a strong repre-
sentation in the field of chemistry, where they have been used as electrodes in voltaic and
electrolytic cells, magnetic recording medium, anode material for lithium-ion batteries,
gas sensors, antibacterial agents, and catalyst materials [15-18]. In general, the different
technological applications of these materials lie in their potential to be used in photovol-
taic devices [19], whose operating principle is based on the generation of electric current
as a consequence of the absorption of light with an energy equal to or greater than the
band gap (Eg) of the material [20], requiring that the E; be comparable to the energy of
photons of visible or ultraviolet light, that is, that it has a value of Eg <3.5 eV [21].

In this work, we selected TiO2 and CuO due to their Eg values, which are found in
the ultraviolet and visible spectrum. There are three crystalline forms of TiO2: anatase,
rutile, and brookite. The anatase phase is metastable and has the highest photocatalytic
activity, so in our study, we will synthesize and analysis this phase. It has a direct band
gap transition value of 3.2 eV [22,23]; although indirect band gap transitions in the range
of 2.86 to 3.34 eV have also been reported [24], where its differences are attributed to var-
iations in the stoichiometry of synthesis, impurity content, crystal size and type of elec-
tronic transition [21,24]. The tenorite (CuO) is a p-type semiconductor that has received a
lot of attention since the discovery of high-temperature cuprate superconductors. How-
ever, its electronic structure has not been fully resolved and there are reports in the liter-
ature of direct [2,25] or indirect [25-27] E; transitions. Here, several physical properties
were analyzed based on two variables of synthesis: EG:CA molar ratio and pH.

2. Materials and Methods
2.1. Synthesis of the CuO and TiO:

Powders of TiO2 and CuO were synthesized by the Pechini method following four
different routes that involved two types of molar ratios of the polymerization mixture (2:1
and 4:1), with two different pHs (8 and 9), routes referred to henceforth as 2:1 pHS, 2:1
pHY, 4:1 pHS8 and 4:1 pH9. In the first stage of the process, ethylene glycol (Merck) was
heated on a hotplate at 70 °C and then the correct amount of citric acid was added to
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ensure a molar ratio of EG:CA of 2:1 and 4 :1, ratios that have been previously used to
synthesize TiOz2 and CuO [10,14,28]. After the citric acid completely dissolved in the eth-
ylene glycol, the mixture was allowed to cool to room temperature, when the precursor
of the oxide of interest was added to the mixture: Ti(OCH2CH2CH>CHs)4 (Sigma Aldrich)
and Cu(CO2CHz)2 (Sigma Aldrich) to produce TiO2 and CuO, respectively. The new mix-
ture was maintained under constant stirring for several minutes until completely trans-
parent to avoid phase segregation during the oxide synthesis process. To bring the mix-
ture to a basic pH of 8 and 9, ammonium hydroxide (NH«OH) (Merck) was added at low
stirring speed (see Figure S1, supplementary information). This final mixture was heated
at 140 °C, on a hotplate, to eliminate the solvent and favor the polyesterification reactions,
which produce a resin. Finally, this resin was calcined in an oven at a temperature of 300
°C for 3 hours to obtain an intermediate solid material with a high content of organic ma-
terial. To determine the precalcination and sintering temperatures of the oxides, a thermal
study was carried out by differential scanning calorimetry (DSC) and thermogravimetric
analysis (TGA) (see Figure S2, supplementary information), finding that both oxides can
be crystallized with a thermal treatment at 450 °C for 4 hours, in an air atmosphere.

2.2. Characterization techniques

Identification of the crystalline phases present in the powders of the synthesized ox-
ides was carried out by means of the analysis of high-resolution X-ray diffractogram
(XRD) scans taken in a Bruker D8 ADVANCE ECO equipment, with a Cu anode (4 =
0.1540 nm) and an operating voltage of 40 kV. The diffractogram scans were taken in pow-
der mode, with a step size of 0.01°, in the range of 10° to 100°. To determine the morphol-
ogy of the powders, scanning electron microscopy (SEM) images were taken in a FEG
INSPECT-F50 equipment. A more detailed analysis, with higher spatial resolution, of the
TiO2 and CuO grains was performed using high-resolution transmission electron micros-
copy (HRTEM) images, taken on a FEI-Titan Cube 60-300 microscope, operated at 300 kV
and equipped with a SuperTwin® objective lens and a CETCOR spherical aberration cor-
rector (CEOS company) that facilitates spatial resolutions of 0.08 nm.

For the qualitative determination of the functional groups, infrared spectroscopy
(FTIR) experiments were performed using a Thermo Scientific Nicolet FTIR6700 infrared
spectrometer to measure transmittance as a function of wavelength of the light source,
sweeping a range from 400 to 4000 cm-'. To determine the Eg, diffuse reflectance spectra
(UV-DRS) were taken at room temperature using a JASCO V-750 spectrometer, equipped
with an integrating sphere in a range of 200 to 2500 nm. The chemical nature and the
binding energy (BE) were investigated by X-ray photoelectron spectroscopy (XPS), using
an XPS Spectrometer Kratos AXIS Supra equipment.

3. Results
3.1. Structural and morphological analysis
3.1.1. X-ray diffraction

Figure 1 shows the powder XRDs of the synthesized TiO2 and CuO. All the diffrac-
tograms present narrow and well-defined peaks, suggesting that both oxides have been
synthesized with a high degree of crystallinity [14]. In addition, a visual comparison be-
tween the XRDs allowed us to conclude that all four synthesis routes showed the same
crystalline microstructure for each type of oxide. On performing an XRD analysis by in-
dexing the representative peaks, we found that all four synthesis routes allowed TiO: to
crystallize in its anatase phase (PDF 21-1272), without traces of secondary phases such as
the rutile TiOz, a phase that usually appears when using ethylene glycol:metal cation mo-
lar ratios of 3:1 and 4:1 [10]. In the case of CuQO, we find how its monoclinic structure was
crystallized (PDF 80-1916), also free of secondary phases. These results show that the dif-
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ferent routes of the Pechini method used in this work made it possible to obtain the de-
sired phases of TiOz and CuO, virtually pure within the resolution limits of the XRD tech-
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Figure 1. X-ray diffractograms for the (a) TiO: and (b) CuO powders synthesized using the four
Pechini method routes.

3.1.2. Scanning and transmission electron microscopy

SEM images taken at 20.000x magnification of synthesized TiO2 powders are shown
in Figures 2(a)-(d). In all cases, it observes that TiO2 powders were synthesized following
two main types of morphologies: (i) grains with irregular shapes and sizes, ranging from
several microns to tens of nanometers and (ii) submicron spheres. In addition to these
grains, small crystallites with sizes of tens of nanometers can be observed on the grains
surface. In the case of the spheres, we notice how these tend to agglomerate; some of them
are perfectly defined, while others seem to be linked together. By selecting between 20
and 30 spheres from the SEM images, a diameter distribution analysis was carried out
according to the different routes by using a lognormal distribution function to adjust the
histograms (see Figure 2(c)). The distribution fittings show us that the spheres grown with
the 2:1 molar ratio (2:1 pH8 and 2:1 pH9) have similar mean diameters (734 and 770 nm,
with standard deviations of 125 and 143 nm, respectively) which reflects that, in general,
the pH variation did not produce significant changes in diameter. However, for the TiO:
spheres grown with the 4:1 molar ratio, we clearly see a difference between the mean di-
ameter: while the spheres grown with pH 9 have mean sizes similar to those grown with
the 2:1 ratio (745 nm, with a standard deviation of 112 nm), reducing the pH to 8 produced
spheres with a larger mean diameter (1007 nm, with a standard deviation of 168 nm).
Thus, the SEM analysis of the synthesized TiO: reveals the resulting powders are mainly
formed by micrometer- and submicrometer size grains, without a clear dependency with
the synthesis route followed in this work. It is important to highlight that our Pechini-
based synthesis routes achieve to produce submicrospheres, similar to those synthesized
by simple solution and sol-gel methods [29-32], a particular geometry that provides struc-
tural and electronic properties suitable for application that require high absorbate binding
energy for the functionalization of nanoparticles [33].

SEM images taken at 100,000x magnification of synthesized CuO powders are shown
in Figures 3(a)-(d). Their morphology is completely different from that observed in TiO2
powders. The CuO2 grains seem to be composed of non-compact crystallite conglomer-
ates. A visual comparison allows us to assume that the crystallite conglomerates have
larger sizes in the CuO grains grown with a 4:1 molar ratio. However, it is difficult to
conclude such a fact due to their irregularity.
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Figure 2. SEM images taken on TiO: powders grown with the molar ratio + pH (a) 2:1 pH 8, (b) 2:1
pH 9, (c) 41 pH 8 and (d) 4:1 pH 9. (e) Histograms of diameter distributions of the spheres. Lines
correspond to the lognormal distribution fittings.
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Figure 3. SEM images taken on CuO powders grown by following the (a) 2:1 pH 8, (b) 2:1 pH 9, (c)
4:1 pH 8 and (d) 4:1 pH 9 synthesis routes

A series of TEM images taken on representative TiO2 and CuO grains are displayed
in Figures 4 and 5. Due to the great morphological similarities of the TiO2 and CuO pow-
ders synthesized in each of the routes, here we will only show TEM images for TiO2 and
CuO nanostructures obtained by the 2:1 pH8 route. Figure 4(a) and (b) show TEM images
of the two types of grains observed through the SEM images of TiO2 powders: spherical
grains with diameters between 648 and 918 nm, and an irregularly shaped grain with an
average size close to 1 um. An HRTEM image, taken at the surface of the grain shown in
Figure 4(b), is shown in Figure 4(c) and reveals that the irregularly shaped grains are com-
posed of small crystallites that are a few tens of nanometers in size. In this image, we can
see that the crystallites do not exceed 20 nm in size and seem to form a non-compacted
grain. A diffraction image digitally obtained from the HRTEM image in Figure 4(c) shows
that the nanocrystallites produce diffraction rings (see Figure 4(d)), which allows us to
conclude that they are randomly oriented along the grain. On the other hand, as we see in
Figure 5(a), the CuO grains are composed by crystallites that have sizes much larger than
those observed for the TiO2 grain. Here we find, for instance, crystallites that can have
average sizes greater than 100 nm. On comparing with the SEM images, we see that these
nano- and submicro-meter crystallites induce the formation of grains composed of con-
glomerates of non-compact crystallites. In some crystallites, it can be noted how a submi-
cron size induces the formation of dislocations during the crystallization process. To illus-
trate this, Figure 5(b) shows a high-magnification TEM image of a crystallite that possesses
two antiphase boundary dislocations.
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Figure 4. TEM images taken of (a) a conglomerate of submicron TiO2 spheres and (b) an irregular
TiO2 grain crystallized by the 2:1 pH8 synthesis route. (c) HRTEM image recorded at the grain sur-
face of (b). (d) Diffraction image digitally obtained from (c) after applying a fast Fourier transform.

dislocaciones

Figure 5. (a) TEM images taken of a CuO grain composed by a crystallite conglomerate and synthe-
sized by the 2:1 pHS synthesis route. (b) HRTEM image taken of a CuO crystallite with dislocations.

3.2. Characterization of vibrational properties
3.2.1. FTIR spectroscopy

FTIR spectra taken from the TiO2 and CuO powders, synthesized by the four routes,
are presented in Figure 6. In the case of TiO2, a visual inspection of the spectra indicates
that there are no significant variations between them (see Figure 6 (a)), so that the vibra-
tional properties of TiO2 powders are not altered by the synthesis route followed in this
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work. We see that the spectra only present a broad band in the range of 500 to 1000 cm,
a region in which the anatase phase of TiO2 shows its characteristic peaks [34,35], reflect-
ing the high purity with which this oxide was synthesized, a result consistent with the
XRD observations. Additionally, the shape of this band, wide and with two small minima
associated with vibrations due to stretching of the Ti-O and Ti-O-Ti bonds, indicates that
the TiO2 powders, despite being made up of conglomerates of nanocrystallites, have a
vibrational behavior typical of nanoparticles [36-41] or nanocrystalline mesoporous pow-
ders [42], a spectrum that differs from that found in commercial powders and nanorods,
which have well-defined peaks, or a noisy spectrum within the range between 400 and
1000 cm! [43-45]. In a comparable way to TiOz, the FTIR spectra taken of CuO powders
show only representative peaks in the range of 500 and 625 cm, a region in which CuO
presents its vibrational modes, thus demonstrating its high purity and nanoparticle vibra-
tional behavior [14]. The bands located at 547 cm™ and 590 cm! related to the vibrations
of the Cu-O functional group [36,46,47] are identified. While the 590 cm-! band is defined
for the four CuO samples, the 547 cm! band cannot be identified for the 4:1 EG:CA molar
ratio (see Figure S3, supplementary information).
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Figure 6. FTIR spectra for the powders of (a) TiO:z and (b) CuO synthesized using the four Pechini-
based synthesis routes.

3.3. Characterization of photophysical properties
3.3.1. UV-Vis spectroscopy

The optical properties of the samples were studied from ultraviolet-visible (UV-Vis)
absorption spectra performed in a wavelength range from 200 to 2500 nm (See Figure 7),
at room temperature. As we see in Figure 7(a), the absorption spectra for all synthesized
TiOz powders show that the absorbance significantly increases for values below 700 nm,
reaching a maximum intensity around 352 nm wavelength, which ranging between 75 %
(for 2:1 pH 8) and 84 % (for 4:1 pH 9). In the UV region (inset of Figure 7(a)), three absorp-
tion bands around 212, 237 and 352 nm are distinguished, which are characteristic of TiO:
nanoparticles [48]. Moreover, we observe an increasing dependence of the absorbance
percentage with EG:CA ratio, as well as with the pH, which is remarkable for the 2:1 ratio
and almost imperceptible for the 4:1 ratio. Finally, it should be noted that, in the visible
range, the TiO2 powders grown by 4:1 pHS8 route shows the greatest absorption capacity,
presenting 28% and 50 % in red and violet lights, respectively, while the rest of the pow-
ders present an absorption below 15% in red light.
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Figure 7. UV-Vis absorption spectra of the studied (a) TiO2 and (b) CuO powders. The inset of each
figure is a zoom-in of the spectra in the UV region.

The UV-Vis absorption spectra of all CuO powders (see Figure 7(b)) exhibit the high-
est absorbance percentages in the visible and ultraviolet regions, reaching a maximum
intensity in the around 258 nm wavelength. In the 200-450 nm region, four absorption
bands around 215, 258, 330 and 450 nm are distinguished (inset of Figure 7(b)). In terms
of the EG:CA ratio, and pH for the 4:1 ratio, the absorption spectra of the CuO powders
show a similar increasing tendency than that found in the TiO2, however there is decreas-
ing tendency with the pH for the 2:1 ratio. It should be noted that in the visible range, all
CuO samples have an absorbance greater than 83 %. Finally, the absorption peaks ob-
served around 1450 — 1384, 1950 - 1930 and 2216 - 2213 nm are produced by the instrument
to test the spectrum curves [25,49].

To extract Eg for all oxides, the Kubelka-Munk method is applied on diffuse reflec-
tance curves obtained from the UV-Vis absorption spectra [50]. Here we plot [f(r)hv]? as a
function of the photon energy (hv), being f(r) the Kubelka-Munk function (see Figure 54,
supplementary information). According to the linear extrapolation fits carried out on the
diffuse reflectance curves, we obtained the direct Eg value for the TiOz around 3.2 eV (see
Figure 8), being it the same for all powders (see inset of Figure 8(a)). In the case of the
direct Eg values estimated for the CuO powders, they fluctuate around 1.5 eV; while the
2:1 pH8 and 2:1 pH9 samples tend to have a slightly lower value than 1.5 eV, the 4:1 pHS8
and 4:1 pH9 samples tend to be slightly higher. Both TiO2 and CuO powders showed val-
ues close to the theoretical 3.2 eV [51-53] and 1.45 - 157 eV [54], respectively, both showing
direct band semiconductor behavior, an ideal result to improve absorption efficiency of
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the solar energy in photovoltaic devices [22]. Table 1 lists the optical band gap values of
all samples.

1%
< 152
] i
] 3150 o [:‘ '-:'
Tz
o K
R g
z 1
£ 4%
= Z1pHE  2ipH  aipHE 4 pHS
L 1
1 = 2:1pHS8
i e 2:1pH9
4 4:1pH8
B v 4:1pHY

28 20 30 31 32 33 34 35 36 12 13 14 15 16 17 18
Energy (eV) Energy (eV)

Figure 8. Curves of Kubelka-Munk function against absorbed light energy for the studied (a) TiOz
and (b) CuO powders. In the insets, a plot of Eg values as a function of the synthesis route, for each
oxide, is shown. The dotted line in the inset of (a) indicates the theoretical value of bulk TiOx.

3.3.2. XPS measurements

To estimate the oxidation states and the valence band energy (Evs) of the powders,
XPS experiments were performed. The spectra were taken from a broad sweep of energies,
from 0 to 1200 eV (see Figure S5, supplementary information), but we have focused our
analysis in very narrow and specific regions. Figure 9 shows high-resolution XPS spectra
taken around characteristic peaks of the TiO2 and CuO systems. Figure 9(a) shows the Ti
2p peaks for the TiO:z system, where the expected doublet (Ti 2psi2 and Ti 2p1y2) is detected.
The BE of the peaks are 458.7 (Ti 2ps2) and 464.5 eV (Ti 2ple), and are associated to the
Ti(IV) oxide [55]. Figure 9(b) shows a comparison of the Cu 2p12regions, observing a max-
imum of the Cu 2ps:2signal at 933.8 eV and presenting the characteristic satellite profile
reported for Cu(Il). Specifically, both the BE recorded in the samples and the spectra pro-
file correspond to what is expected for our anatase and tenorite phases [56]. In both oxides,
there is not a spectra variation with the synthesis routes.

(a) (b) Cuzps,
Strong Cu?* \
satellite Cu2p,, Strong Cu2*
v w satellite
o o
3] S
470 465 460 455 450 970 960 950 940 930

Binding Energy (eV) Binding Energy (eV)

Figure 9. XPS spectra of the (a) Ti 2p and (b) Cu 2p peaks for the TiO2 and CuO powders, respec-
tively.

Figure 10 shows the XPS spectra of the low-binding energy electrons as well as XPS
valence band spectra of all powders. While the TiO2 powders exhibit a valence band with
a well-defined maximum energy edge, located above the Fermi level (Er, it has BE = 0),
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the CuO powders present a distorted valence band with a small band tail that has a neg-
ative energy edge. The presence of a band tail in XPS valence band spectra of CuO has
been reported [57-60], it is caused by defects in disordered regions of the system, mainly
located at the surface, that promote the electron hybridization. From XPS valence bands,
we estimated Evs by performing a linear extrapolation to zero counts per second (CPS)
around the maximum energy edge. All synthesized TiO2 powders have the same Evs =2.6
eV, value that is in good agreement with that reported in the literature [61]. On the other
hand, most of the CuO powders have a maximum Evs (Evs-max) of around 0.98 eV, and a
minimum Evs (Eve-min) close to -0.51 eV, the later determined from the band tail. Only the
CuO powder synthesized by 4:1 pH9 route presented lower values of Evs-max (0.89 eV) and
EvB-min (-0.616).
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Figure 10. XPS spectra of (a) TiO2 and (c) CuO powders taken around a low-binding energy region.
(b) and (c) are the XPS valence band spectra of the oxides extracted from (a) and (c), respectively.

From the Eg and Evs values previously estimated, we calculate the conduction band
energy (Ecs) (Ecs = Evs - Eg [62]), values that are listed in Table 1. Thus, we have the full
information of the energy bands of our powders. According to Table 1, all TiO2 powders
have a similar Ecs, of around -0.58 eV, a value that is lower than that found in most of the
CuO powders (~ -0.51 eV). Similar to Evs, the CuO powder synthesized by the 4:1 pH9
route present a lower Ecs (-0.62 eV). It is important to note that the values of Ecs for the
CuO powders are slightly higher than the minimum Evs and, in consequence, showing an
overlapping effect between valence and conduction bands. From the electrical point of
view, this overlapping induces a metal behavior in some regions placed at the grain sur-
face of the CuO system. This metallic behavior observed at the surface of the semiconduc-
tor oxide can be used to trap photogenerated electrons, preventing a rapid electron-hole
recombination, a useful mechanism to improve the photocatalytic activity of this system
[63]. In Figure 11, we present a diagram of the energy bands for the TiO2 and CuO pow-
ders synthesized by the 2:1 pHS8 route, which represent the general behavior of the studied
oxides.
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Table 1. Values of Eg, Evs and Ecs for all powders. The values labeled by * and ** correspond to the
EvB-max and Evs-min, respectively, for the CuO.

Sample Eg (eV) Evs (eV) Ecs (eV)
2:1 pH8 - TiO2 3.17 +0.04 2.6+0.1 -0.57 +0.07
2:1 pH9 - TiO2 3.17 + 0.03 2.6+0.1 -0.57 +0.08
4:1 pH8 — TiO2 3.18 + 0.03 2.6+0.2 0.6+0.1
4:1 pH9 - TiO2 3.18 +0.03 2.6+0.1 -0.58 + 0.07
2:1 pH8 - CuO 1.494 + 0.003 0.99 + 0.06* -0.50 + 0.03
-0.504 + 0.005**
2:1 pH9 — CuO 1.489 + 0.004 0.99 + 0.05* -0.50 + 0.03
-0.51 +0.01*
4:1 pH8 - CuO 1.502 + 0.004 0.97 + 0.03* -0.53 + 0.02
-0.55 + 0.01**
4:1 pH9 — CuO 1.51+0.01 0.89 + 0.07* -0.62 + 0.04
-0.616 + 0.005**
T102 CuO
T Cond. band Cond. band
‘ -0.57 eV Eep __ 050eV
Erl o A g 050V
VB-min B‘ml d 1. 49 ev
~ tai
-+ 3.17 eV Evg max
VB-max 0.99 oV
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Figure 11. Schematic diagram of the energy bands for the TiO2 and CuO powders. The values of
energy levels correspond to the powders synthesized by following the 2:1 pHS route.

4. Conclusions

High purity TiO:2 and CuO powders were synthesized following four Pechini-
method-based synthesis routes. From the crystalline structure point of view, the variables
of synthesis used in this work - the EG:CA ratio (2:1 and 4:1) and pH (8 and 9) — enabled
the production of single-phase powders of the anatase TiOz and tenorite CuO systems,
without the detection of secondary phases, demonstrating all routes provide the synthesis
of high purity oxides in the desired phases. The microscopic analysis showed the synthe-
sized powders are formed by grains with micrometer and submicrometer sizes; those
grains with irregular shape are composed by non-compact crystallite conglomerates. In
the case of TiO2 powders, well-defined submicron spheres were synthesized with similar
diameters in three of the synthesis routes (of around 750 nm for 2:1 pHS, 2:1 pH9 and 4:1
pH9). The high purity of the synthesized powders was also supported by FTIR experi-
ments, where the spectra only defined the characteristic peaks of the anatase TiO2 and
tenorite CuO phases. In addition, the formation of a wide band around the Ti-O, Ti-O-Ti
and Cu-O vibration signals indicates the powders have a nanoparticle vibratory behavior,
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so that we could infer the non-compacted arrangement of nanocrystallites that form the
irregular grains governs the vibrational properties of the powders.

Although the crystalline microstructure, morphological and vibrational properties of
the powders did not show a clear dependency with the synthesis routes for each oxide,
some differences were observed in the electronic and optical properties. While all synthe-
sized TiO2 powders had an Eg of approximately 3.2 eV, the optical band gap values of the
CuO powders presented variations that depend on the synthesis route: the 2:1-ratio-based
routes promotes a slightly lower Eg (~1.49 eV) compared to the 4:1-ratio-based one (~1.51
eV), being 2:1 pH9 the route that produces the lowest Eg (1,489 eV). Both TiO2 and CuO
powders have a direct band gap and absorb in the ultraviolet and visible regions, which
is required for applications that use solar energy as an excitation source for the electronic
transitions of semiconductor oxides. TiO2 shows the maximum absorption in the ultravi-
olet region and decreases exponentially when entering the visible region. The 4:1 pHS8
ratio shows the best response in the visible region with 50 and 28 % for the violet and red
lights. The CuO powders show promising results due to their absorbance percentage are
kept high along the ultraviolet and visible region, above 80%. Finally, the analysis of the
XPS valence band spectra reveal the CuO powders can exhibit a hybrid metal-semicon-
ductor behavior due to the presence of a band tail in the valence band that overlap the
conduction band. This is not the case for the TiO2 powders, where a well-defined valence
band indicate a semiconductor behavior. Therefore, the synthesis routes used in this work
allowed to prepare high purity TiO2 and CuO powders with similar morphological char-
acteristic, but they finely adjust relevant photophysical properties for the design of pho-
tovoltaic cells.
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