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We present the properties of a photo-catalytically activated CoTiO3; framework supported on TiO, (rutile). To
demonstrate the effectiveness of this TiO,~CoTiO3 compound under light illumination, we tested its degradation
potential against acid orange 7 dye. The dye degradation is effective over a wide range of laser excitation
wavelengths from 1064 nm to 532 nm as well as at sunlight simulation conditions. The TiO,-CoTiO3 compound
particles have sizes from 100 nm to a few microns and provide a surprising photocatalytic enhancement under

1064 nm pulsed laser excitation, that is, at photon energies well below the light absorption edge. We attribute
the high activity of this material to the interphases between the rutile and CoTiO3; and discuss a number of
possible mechanisms for the photocatalytic enhancement under pulsed laser excitations. The dye degradation
activity of TiO,—CoTiO3 increases up to two orders of magnitude when compared to pure TiO, or 20at%Co-TiO,
with TiO, in either phases, amorphous or anatase.

1. Introduction

Titanium dioxide (TiO,) is well known for its photocatalytic prop-
erties used for degradation of organics, biological materials, and dyes
[1-7]. It is the best catalyst known so far for water splitting [8,9] and
used effectively for corrosion protection [10-12]. TiO5 is commonly
found in three different phases known as anatase, rutile, and a little less
investigated brookite [13-15]. This polymorphism of TiO, is char-
acterized by well-established phase transformation temperatures but in
general most of the commercial products are combinations of the above
phases. Only carefully synthesized products are single phase; otherwise
they are mixtures of 2 or 3 phases. Anatase and rutile have been studied
extensively because of their strong photocatalytic activity, but on the
downside, both compounds are active only under UV light that limits
their applications.

In order a material to be photocatalytically active, the reduction and
oxidation energy levels of photocatalytic reactions should lay within
the material energy band gap. In addition, the photocatalysis is

typically initiated by light excitations with energies higher than that of
the band gap. Therefore, the band gap manipulation, including the
band edge position [16,17], is of paramount interest in order to produce
catalytic materials active under specific light excitations. The band gap
manipulation of TiO, has demonstrated marginal success on catalytic
enhancement using continuous wave (CW) light activation
[11,12,15,18,19]. On the other hand, there is not a single report of
photocatalysts that are active under pulsed laser excitations with
photon energies below the catalyst band gap.

In this paper we present an approach to accomplish higher catalytic
activities under 1064 nm pulsed laser illumination using a TiO,—CoTiO3
photocatalyst.

2. Materials and methods
2.1. Catalyst synthesis

The catalyst precursor, 20at%Co-TiO,, was prepared as follows:
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Titanium isopropoxide (Ti[OCH(CHz)>]l4) (150mL) was added to
200 mL of deionized water during sonication and the entire mixture was
subjected to stirring. The sonication was done by using a Misonix S-
2000 apparatus delivering 25 J/s. The temperature in the sonicator was
kept no higher than 40 °C. The Co is added in the form of CoF. The
resulting colloid was dried on a hot plate at 60 °C for 24 h. The dry
powders were amorphous mixtures of Co-Ti-O and organic residue. The
organic residue was removed by several repeated deionized water wa-
shes until the pH was 7. At that point the product was dried again at
60-70 °C and the process was stopped when the powder has a loose
appearance (12-15h). Samples of thus synthesized 20at%Co-TiO, were
heat treated at 800 °C for 3h in an electric resistance tube furnace in
open-air conditions to produce the TiO,-CoTiO3; photocatalyst. Pure
TiO, was synthesized under exact same conditions and serves as a re-
ference sample.

2.2. Characterization

The XRD characterization was conducted on a SIEMENS
Diffractometer D5000 equipped with a Cu tube and operated at 40 kV
and 30 mA with a corresponding Ka =0.15406 nm. Raman spectro-
scopy was conducted on an XploRA"™ apparatus, using a green laser
(532 nm) focused on a spot size of 1 um in diameter. The UV-vis spectra
were measure on a Hitachi UV-vis Spectrometer U-2001. The Atomic
resolution TEM was carried in a Thermo Fisher Sientific Titan micro-
scope operated at 300 kV with a resolution of approximately 60 pm.
The Titan is equipped with Super-X: in-columnEDX system, having 4
SDD detectors integrated into the column solid angle: 0.7-0.9srad.

2.3. Photocatalysis

The catalysts were tested for the degradation of acid orange 7 dye
(AO7). In 60mL of deionized water we maintained an AO7 con-
centration of 2.107° M. In each test a given tested photocatalyst in
amount of 40 mg was added to the solution followed by sonication for
5min. The photocatalysis was initiated by light illumination the solu-
tion in a flask furnished with a magnetic stirrer. Pulsed laser illumi-
nation was provided by a SURELITE - III laser emitting 5 ns pulses with
repetition rate 10Hz at 1064 nm and 532nm and producing 8 mm
diameter laser spot size. Continuous wave (CW) excitations were pro-
duced by laser diodes operating at 785 nm and 632 nm. A fluorescent
lamp and a Newport Class ABB solar simulator were used as sources for
continuous spectra light excitations. The light exposure time was varied
from O to 180 min. The dye degradation was measured by the changes
in UV-vis absorption spectral bands, particularly the one at 485 nm.
This spectral band is characteristic for AO7 and corresponds to ab-
sorption of the azo-linkage. The equilibrium concentration is calculated
as %C,(t) = C%, where C, is the initial concentration and C is the one
after time t.

3. Results and discussion
3.1. Characterization

The XRD results for the reference TiO,, 20at%Co-TiO,, and the heat
treated material TiO2—-CoTiO3 are presented in Fig. la. In this figure
one can see that as-synthesized TiO, is mostly amorphous. In this case
the use of Scherrer method [20,21] to determine the grain size is rather
inaccurate. The as-synthesized 20at%Co-TiO, sample displays a pre-
sence of anatase with the average grain size of 1 nm as determined by
Scherrer method. Co additions to any phase of TiO, have been reported
as an anatase promoter even at lower Co concentrations [11,12,22]. In
Fig. 1a the family of XRD reflections of 20at%Co-TiO, sample corre-
spond to those of anatase (JCPDS 21-1272), although largely broa-
dened.
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The TiO,-CoTiO; is highly crystalline with bi-crystal framework
composed of organic free rutile and CoTiO3 components. In all cases the
respective reflections are well-defined and correspond to XRD JCPDS
88-1175 for TiO, (rutile) and JCPDS 77-1373 for (CoTiO3) charts
[23,24]. The average grain size of crystals in TiO,-CoTiOs3 is 1.4 um.
This is approximately 3 orders of magnitude larger than the size of
crystals found in the as-synthesized 20at%Co-TiO, sample. The size of
crystals in TiO>—CoTiOj3 is definitely above any quantum confinement
threshold that has been reported to be less than 2.5nm [25-27].
Therefore, the effectiveness of this catalysis is not related to a nanos-
tructured state of material.

The Raman spectra of the samples characterized by XRD are shown
in Fig. 1b. By comparing the spectra with those presented in [28], one
can conclude that the TiO, in as-synthesized TiO, and 20at%Co-TiO, is
anatase as revealed also by XRD. The as-synthesized samples show a
well resolved E, band at 151 cm ™. However, only the 20at%Co-TiO,
sample shows the expected second E, band as a shoulder at 199 cm .
The 3E; modes in anatase are typically observed at 151, 193 and
630cm ™! and those of 2B;; and A;; symmetry at 400, 508 and
512cm ™Y, respectively [28].

The TiO,—CoTiO3 sample is mainly composed by a bi-crystal fra-
mework of TiO5 and CoTiO5. The Raman lines of CoTiO5 that crystalizes
in the ilmenite structure are reported in [29,30]. The main Raman
bands in Fig. 1b for this phase are identified at: 208, 234, 244, 268,
334, 384, 608, and 693cm ™! in agreement with [29,30]. The re-
maining bands are typical for TiO, in the rutile structure (e.g., 142,
234, 364, 432, and 604 cm ™ ') and compare well with those reported in
Refs. [11,12] for rutile. The identification of both phases in
TiO2—CoTiO3 is in agreement with the XRD results.

Fig. 2a compares the Tauc plots of optical absorbance in the as-
synthesized TiO,, 20at%Co-TiO,, and TiO,-CoTiOs; samples. The ab-
sorption edge of TiO, in both as-synthesized samples is comparable to
that in our previous findings (2.98-3.09 eV) [10-12] although the 20at
%Co-TiO, sample exhibits an absorption tail. The corresponding band
gap values are close to that in anatase, typically reported as around
3.15eV [31].

The TiO,—CoTiO3 sample clearly displays three absorption bands.
The first one with band edge at 2.94 eV is attributed to TiO (rutile), in
agreement with previous work [32] as well as with the XRD and Raman
results in Fig. 1. The other two bands, one at 2.05eV with the asso-
ciated cusp at 2.3 eV, are characteristic bands of CoTiO3 as follows from
the UV-vis absorption spectra in [33]. The direct band gap in CoTiO3 is
at 2.57 eV but it cannot be determined in Fig. 2a because of overlapping
with TiO, absorption tail. The color of the samples in Fig. 2b-d is in
apparent agreement with the absorption measurements thus providing
empirical identification of the respective samples.

The degradation sequence is sketched in Fig. 3. From this figure
follows that AO7 molecules are expected to degrade into benzene and
naphthalene derivatives. The azo-linkage —-N = N-, called also azo
form, in AO7 molecule, OH-C,oH¢—N = N-CgH4—SO3Na,
(CoHe =naphthalene ring, C¢H,=benzene ring), has a typical absorp-
tion band observed at 430 nm. In hydrated A70 molecules the azo-
linkage is in the hydrazone form, O-C;oHg-N-N <§6H“’SO3NH, char-
acterized by absorption band at 485 nm. The UV-vis spectra shown in
Fig. 4 indicate that the original AO7 dye in water was in hydrazone
form. In Fig. 4a the observed bands at 235 nm and 310 nm are due to
absorption of the benzene and naphthalene rings, respectively, in
agreement with previous reports [34].

The dye degradation activity, monitored by the intensity of 485 nm
absorption band, is displayed in Fig. 4b. It starts immediately and after
90-150 min. the solution was completely decolorized when 97% dye
removal was achieved. The decolorization of solution correlates with
diminishing of the band at 485nm in Fig. 4a. The reduction of UV
absorption bands at 230 nm and 310nm shown in Fig. 4c provides
evidence for the opening of benzene and naphthalene rings, respec-
tively, with time. Therefore, the degradation of AQ7 firstly breaks it
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Fig. 1. (a) XRD and (b) Raman characterization of as-synthesized TiXOY reference sample, the raw sample comprising as-synthesized 20at%Co-TiO2 and before and
after heat treatment at 800 oC (TiO2-CoTiO3). The label A denotes the characteristic reflections and Raman bands of anatase phase of TiO2.

down benzoic and naphthalene rings that are further degraded to less
harmful species.

We note that while the degradation of A07 dye under visible illu-
mination (532nm) was 97% using TiO,—CoTiO3 photocatalyst, the
corresponding dye degradation on pure TiO, under the same conditions
resulted in only 1% of dye removal. Therefore, the degradation effi-
ciency of CoTiO5-TiO, is two orders of magnitude higher than that of
pure TiO,. The concentration in the degraded dye is closer to the upper
limit, often reported in textile effluents and waste waters, for con-
sidering it safe.

Fig. 4b also compares the degradation efficiency of TiO,—CoTiO3 on
AOQO7 dye under 532 nm and 1064 nm laser illuminations. Notably, the
degradation under the 1064 nm laser illumination is 97% of the dye in
90 min, whereas that under 532 nm laser the same degree of degrada-
tion is achieved in 150 min. On the other hand, the TiO, is clearly in-
active under both laser irradiations. Fig. 4c shows the degradation of

the benzoic and naphthalene rings. Both substances only degrade in the
presence of CoTiO3-TiO,. As expected, the TiO, is not active under the
laser illuminations used in this work. The analysis for the naphthalene
and benzene show 23% and 12% remnants, respectively, under illu-
mination with the 532 nm laser.

In order to present the actual AO7 degradation we plotted a nor-
malized data using the following algorithm (Fig. 4d): In(Co/C)I7},
where Cy, C,, I are the initial dye concentration, the concentration at
the different degradation times, and I is the laser power. Fig. 4d de-
monstrates that for comparable power of 1064 nm and 532 nm lasers,
the 532 nm illumination is more effective for dye degradation.

Fig. 5 shows the TEM and chemical composition analysis, particle
morphology, size, and crystalline frameworks of TiO,-CoTiO3; powder
particles. The energy dispersive spectroscopy (EDS) map of a particle,
displayed in Fig. 5a, clearly demonstrates the bi-crystal framework of
TiOo—CoTiO3. As per the EDS analysis, the Co concentration in the

—o—as-synthesized TiO,
—o—20at%Co-TiO,
—o—TiO,- CoTiO,

Fig. 2. (a) Tauc plots of experimental absorbance spectra. Pictures of the measured materials: (b) TiO2, (c) 20at%Co-TiO2, (d) TiO2-CoTiO3.
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Fig. 3. Sketch of the chemical degradation of Acid Orange 7.

Q

sample is of approximately 10at%Co. The particle size of either phases
is clearly above 100 nm, which is in complete agreement with the XRD
results. What is even more important is the clear stoichiometric do-
mains for each phase. Fig. 5b displays a sequence of TEM images of two
particles joined together. The sequence begins with a lower magnifi-
cation bright field image that is further magnified to atomic resolution
image. The interphase region between the particles is also included
along with the corresponding fast Fourier transform (FFT) images. The
investigated particles clearly match TiO, and CoTiOj; crystal structures.

(a)
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Other images from different locations corresponding to each of the
phases are presented in Fig. 5c. The planes and d-spacing shown in
Fig. 5c are characteristic only for the identified phases.

One of the most intriguing results reported in this paper is the
photocatalytic capability of TiO,-CoTiO3; under 1064 nm pulsed laser
excitation that seems to have no apparent reason to be activated in this
compound. As seen in Fig. 2a, TiOo—CoTiO3 requires a light illumina-
tion with wavelengths shorter than 650 nm to activate the electronic
band of around 2 eV. As expected, Fig. 6 shows that a 785 nm CW laser
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Fig. 4. Photocatalysis results of the degradation of Orange 7 under different wavelength light (532 nm and 1064 nm). (a) UV-vis analysis of the degraded species, (b)
concentration of the species during degradation using two laser illuminations, (c) concentration of degraded specie and (d) normalized data. The inset in (d) shows

the bright spot produced by 1064 nm pulse laser on TiO2-CoTiO3.
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Fig. 5. TEM analysis of the investigated powders. (a) EDS map of a bi-crystal TiO2-CoTiO3, and compositional maps of the same particle, EDS results for areas 1
(TiO02) and 2 (CoTiO3), (b) lower magnification bright field showing the overall particle and the respective aberration corrected HRTEM image revealing the atomic
resolution of the bi-crystal frameworks with the FFT for the regions “i” and “ii” and the respective atomic resolution images, and (c) another particle showing its
atomic resolution characteristics where it is revealed the crystalline structure for each phase.
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Fig. 6. Dependence of AO7 dye degradation on light excitation sources. (cw):
continuous wave laser, (p): pulsed laser.

is incapable of activating photocatalysis in this material.

One the other hand, a pulsed laser operating at 1064 nm (1.165 eV)
produces a degradation of AO7 dye as efficiently as that of 532 nm CW
laser (Fig. 6). Given that the 1064 nm laser energy is in absorption free
energy range for TiO,—CoTiO3 a number of possible mechanisms can be
suggested to explain the observed photocatalytic activation:

The first mechanisms is if TiO, and CoTiO5; could create a hetero-
junction in which the valence band of one of the materials is "1.17 eV
(1064 nm) below the conduction band of the other one. However, the
studies of TiO,—CoTiO3; heterojunctions show that they are of Type C
according to the nomenclature of Ref. [35], that is, both the absolute
energies of conduction and valence bands of CoTiO3; are within the
band gap of TiO, and they cannot produce this effect.

It is also possible that an up-conversion of the 1064 nm laser energy
reaches the absorption range of the catalyst through second-harmonic
generation (SHG). The SHG is a nonlinear optical effect that is possible
only in non-centrosymmetric crystals. Although both TiO5 and CoTiO3
bulk crystals are centrosymmetric, and therefore SHG intensity is zero,
it is well known that strains and crystal boundaries such as crystal faces
can break the centrosymmetry and the crystals become SHG active. The
SHG generation has been reported at the (110) face of TiO, (Rutile)
[36] and at the (101) face of anatase [37]. As seen in Fig. 5, TiO, in the
TiOo—CoTiO3 catalyst is nanoscale grained with no well-formed crystal
faces. On the other hand, CoTiO; component forms well shaped nano-
crystals and it should be the best candidate for SHG in this catalyst.
Unfortunately, no reports on SHG at the crystal faces of CoTiO3 were
found so far. We believe that SHG at the crystal boundaries of CoTiOs3,
although expected to be weak, is a viable scenario for explaining the
photo activation of the catalyst at 1064 nm. Also, the high peak power
in pulsed lasers seems to be of crucial importance. More studies are
needed to prove or reject the SHG effect in CoTiOs.

The illumination of TiO»—CoTiO3 with pulsed laser emission oper-
ating at 1064 nm is accompanied by a puzzling phenomenon of gen-
eration of white light (see, e.g., Fig. 4d). The secondary white light
excitation can provide an alternative explanation for TiO,—CoTiO3
photocatalytic activation. This effect was not observed in pure CoTiO3
and TiO,. Since, TiO,, and/or CoTiO3 are not catalytically active under
illumination with visible light, the white light generation has a pho-
tocatalytic significance only in the TiO,—CoTiO3 composite. We mea-
sured the temperature at white light spots using combinations of ther-
mocouples, thermometers, and optical pyrometer and in all cases the
temperature increase was no more than 1 °C. In addition, we sealed the
flask and measured the pressure build up as a potential measure of
water evaporation. No measurable pressure change was found either.
Therefore, we rule out the possibility of high temperature blackbody
radiation and hence thermal decomposition of AO7 dye.

The phenomenon of white light generation in TiOy-CoTiO3; by
pulsed 1064 nm laser illumination is puzzling. One possibility is the
generation of supercontinuum (SC). Producing SC in materials is a
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nonlinear optical effect in which a short laser light pulse broadens its
components to SC due to dispersion of the light group velocity [38, 39].
In this case, the 1064 nm laser pulses should fall in the normal dis-
persion of CoTiO3 in which higher frequencies (shorted wavelength)
travels faster that lower frequencies (longer wavelength). This effect
can be produced by the third order electric susceptibility of CoTiO3
because its structure is centrosymmetric. Unfortunately, no data on
nonlinear optical properties of CoTiO3 has been reported so far in order
for one to make assessment of such an effect. In addition, in bulk ma-
terials the white light continuum generation is due to the formation of
an optical shock at the back of the pump pulses due to space-time fo-
cusing and self-steepening [40]. However, if operational, the SC gen-
erated in TiO,—CoTiOs and extended to near UV can activate TiO,
component and make the whole composite photocatalytically active.
In summary, all envisaged mechanisms for photocatalytic activities
under below the bandgap excitations are based on potential nonlinear
optical properties of the specific TiO,—CoTiO3 composite. The future
investigations of this yet unexplained phenomenon will be focused on
revealing possible nonlinear optical response in TiO,-CoTiO3.

4. Conclusions

We have presented a clear evidence that photocatalytically active
TiO,—CoTiOs is capable of degrading acid orange 7 dye under light il-
lumination with various wavelengths. A laser illumination with photon
energies larger than that of the band gaps in TiO,-CoTiO3 activate the
catalytic activity of the material to degrade the investigated dye. We
also demonstrate that the 1064nm laser (1.16eV) with apparent
photon energy below that of the band gaps can activate the
TiOo—CoTiO3 catalytic capabilities provided the light illumination is
delivered in short energy pulses. This material reveals a new catalytic
mechanism that is neither related to quantum confinement nor to direct
photon excitation. We suggest three possible mechanisms to explain the
unusual photocatalytic activity of TiO,—CoTiOs.
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