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New ternary materials TiO,-Al,03-GnPs (TAG) were prepared by using an innocuous sol-gel method with
a slight modification for the addition of graphene nanoplatelets (GnPs), under room temperature and
atmospheric pressure. The materials TiO,-Al;03-GnPs were prepared with variations of concentration be-
tween 0.05 and 1 wt % of GnPs. In this study, we analyzed the physicochemical properties by X-ray
diffraction (XRD) and UV-Vis spectroscopy, textural properties by N, physisorption, morphology by scan-
ning and transmission electron microscopy (SEM, TEM) and a chemical species analysis was carried out
by X-ray photoelectron spectroscopic (XPS). The photocatalytic activity of each material was evaluated in
the degradation of a model molecule, Diuron, a carcinogenic and cytotoxic herbicide used in farm fields.
To determine reaction selectivity and mineralization degree, the photocatalytic reaction was monitored by
using UV-Vis spectroscopy and total organic carbon (TOC). In samples with higher GnPs’ concentration, a
good enough specific surface area of up to 379 m?/g was observed, and reduced band gap energy (2.8 eV)
with respect to TiO, and mixed oxide (3.2 and 3.1 eV respectively), was obtained. These resulting proper-
ties were the key indicator so that the materials could be applied as photocatalysts. In the photocatalytic
activity determination, TAG-0.75 was the sample that showed the best results with respect to the mixed
oxide; the highest photocatalytic conversion, the reduced average life time, and increased mineralization
and reaction selectivity.
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1. Introduction lutant degradation, hydrogen production and biofuel, and energy

storage. To produce cheaper nanomaterials, with a convenient cost-

In recent decades, pollution has also increased significantly
worldwide with population growth. Therefore, science is busily
working to develop new technologies and to provide solving alter-
natives for this problem [1,2]. One of the current alternatives is the
design of nanomaterials with a photocatalytic application for pol-

* Corresponding author.
E-mail address: clauidia.espinosa@gmail.com (C.G. Espinosa-Gonzalez).

https://doi.org/10.1016/j.cartre.2022.100213

efficiency relationship, is desired [3,4]. Efforts made from the area
of materials are focused to develop efficient nanocatalysts for the
remediation of water and soil. There is a lot of dedication to the
study of graphene materials such as graphite, graphene, graphene
oxide (GO), multi wall carbon nanotubes (MWCNT), etc., that have
already been used to prepare composite materials with photocat-
alytic properties [5,6].

Particularly, graphene nanoplatelets (GnPs), due to their note-
worthy intrinsic properties such as electrical conductivity of 1460
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S/m [7,8,9] and specific surface area between 150 and 750 m?2/g
[10] have gained relevance when manufacturing composites. GnPs
are a mixed material constituted of single graphene sheets, a few
piled up graphene layers, and graphite; they are produced by lig-
uid phase exfoliation from graphite, a versatile method and the
best for scaling up to massive production of defect-free monolayer
graphene [11], which made them commercially available at low
cost. GnPs also have minimal amount of oxidized groups that have
allowed them to combine with other materials and offer a better
cost-efficiency relationship compared to other graphene materials
such as carbon black or carbon nanotubes [12]. However in most
of the reported works, the GnPs produced on long scale have been
studied as polymer matrix strengthener, in the design of hierar-
chical interface of epoxy composites, as anticorrosion coatings, and
in the formulation of polymer and composite materials for energy
generation and storage [13].The application of these GnPs prepared
on a large scale, as an important component of a photocatalytic
material used in the degradation of pollutants from water, has not
been reported to the best of our knowledge.

On the other hand, the use of GnPs obtained on lab scale has
been reported in the biomedical area to create biosensors for the
cortisone control [14], as an additive for manufacturing nanolu-
bricants [15], in applications as supercapacitor electrodes [16], in
electronic components as sensors [17], and in the manufacturing
of conductive polymers [13]. Not many but interesting works have
been disclosed, where these GnPs are combined with different ma-
terials and it can greatly boost the photocatalytic activity towards
the photo-destruction of contaminants such as heavy metals, dyes,
pharmaceutics, antibiotics, phenols, polycyclic aromatic hydrocar-
bons, from the wastewater [18]. Among the reported are those
based on zinc oxide ZnO [19,20,21], TiO, [22] and ferromagnetic
oxides (of Co, Zn, Ca, Mg) [23,24,25,26]. Such materials have been
obtained through complicated methods as co-precipitation, sinter-
ing in plasma, hydrothermal and solvothermal synthesis. Gener-
ally, the preparations have required considerable amount of GnPs
according to the synthesis method, but the highest efficiency re-
sults have been obtained in materials that contain the lowest GnPs
weight content. For example, Israr et al.,, in 2021 [23] reported a
99.4% degradation efficiency for methylene blue under visible light
by the use of a calcium-ferrite containing 0.25 wt % of GnPs.

And for what interests us, work is underway on the design pho-
tocatalysts based on GnPs to reduce herbicides environmental con-
tamination. Diuron has been studied in depth since it is consid-
ered highly toxic, cytotoxic, and carcinogenic [27] with a persistent
half-life of more than 300 days [28]. Diuron characteristics make
it a suitable model molecule for testing new materials with pho-
tocatalytic applications. Hence in this investigation, the photocat-
alytic activity of the ternary material TiO,-Al,03-GnPs synthesized
by the simplest sol-gel method was evaluated due to the interest
for exploring it in the degradation of an herbicide (Diuron) under
UV-Vis radiation. We recognize that the promise of GnPs produced
on long scale, of contributing with their high electrical conductiv-
ity and high specific area in this type of applications, motivated us
to explore the performance of a new material that has not been
disclosed and here is detailed.

2. Materials and methods
2.1. Synthesis of TiO5-Al,03-GnPs

All reagents (titanium butoxide, aluminum tri-sec-butoxide) and
solvents (ethanol, butanol) were supplied from Sigma Aldrich and
used as received. GnPs (GnP-750 grade C) as powder was provided
by XG Sciences In., and exfoliated prior to use.

Sol-gel synthesis of TiO,-Al,03-GnPs was conducted in a three
neck reactor by blending titanium butoxide (Sigma-Aldrich, (Ti
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(OC4Hg)s, 97%)) and aluminum tri-sec-butoxide (Sigma-Aldrich
(Al [OCH(CH3)CyHs5]3, 97%) at 60°C dissolved in 1-Butanol (ACS
reagent, >99.4%) and 2-Butanol (ReagentPlus, >99%) respectively.
GnP was exfoliated in a 1:1(v:v) mixture of water and ethanol
(Sigma-Aldrich (CH3CH,OH 95%)) by 45 min treatment in an ul-
trasonic bath. The GnPs suspension containing from 0.05 to 1 wt%
was dropped slowly into the reaction mixture under stirring and
reflux and kept under those conditions during 24 h. The solvents
were then removed under vacuum through the use of a rotoevap-
orator and the resultant material was dried at 120°C for 12 h and
calcined at 500°C for 4 h using a ramp of 2°C/min. The materi-
als obtained were labeled as TAG- followed by the percentage by
weight of GnPs and pure materials as Ti for TiO,, Al for Al,05, TiAl
for TiO,-Al,03 and GnPs for graphene nanoplatelets.

2.2. Equipment

Crystalline structures of the pure materials Ti, and Al, mixed
oxide TiAl and the ternary composites with GnPs (TiO,-Al,03-
GnPs) were determined using powder X-ray diffraction (XRD) on
a BRUKER diffractometer equipped with a Cu Ko X-ray source
and detector Linxeye (0.02°/3 s). The catalysts’ optical character-
istics were determined using a power spectrophotometer (Varian
Model Cary IIl) by absorbance and the TAUC band gap was calcu-
lated. Surface area, pore size and volume were determined using
BET method from N, adsorption-desorption isotherms which were
recorded using an analyzer Micromeritics TriStar II, at -196°C; pre-
viously, samples were degassed at 300°C for 2 h purging with ni-
trogen gas. The samples’ morphology and composition were an-
alyzed using a field emission scanning electron microscopes FEI
QUANTA FEG-250 and a FEI dual beam Helios Nanolab 600. Sam-
ples were placed on carbon tape and coated with gold; also, they
were inspected by transmission electron microscopes with a FEI-
QUANTA field emission TEM at 200-300 kV using sample drop-
deposit on a copper grid. A K-Alpha X-ray photoelectron spec-
trometer (XPS) from Thermo Scientific Fischer, with Al Ka mono-
chromatic radiation and energy resolution of 0.1 eV, was employed
for oxidation states determination and elemental abundance analy-
sis. For the photocatalytic evaluation, a UV photoreactor was used,
equipped with a UV lamp of 13 W and wavelength at 365 nm.

2.3. Photocatalytic activity measurements

Photocatalytic activity of the materials was evaluated in a pho-
toreactor by decomposition of a 30 ppm Diuron solution, a catalyst
concentration of 0.4 g /L was employed. The solution was mag-
netically stirred during 30 min under darkness to ensure the Di-
uron adsorption/desorption equilibrium on the catalyst’s surface.
6 mL of the suspension was collected at 15, 30, 45, 60, 120, 180
and 240 min. Diuron degradation was monitored by UV-Vis spec-
troscopy (Varian Cary III) and by total organic carbon content using
a Shimadzu TOC-1 plus TNM-I instrument.

3. Results and discussion
3.1. Structural analysis

The crystalline structure was studied by XRD analysis, the X-
ray powder diffractograms of reference and ternary materials are
shown in Figure 1. The Ti sample presented diffraction signals at
20: 25.2°, 37.7° and 48° [29,30] which are associated with the
anatase phase of titanium oxide. The Al sample presents charac-
teristic diffraction signals at 26: 37.6°, 45.8°, 66.8° of the y-Al,03
structure [31,32]. These signals were confirmed according to JCPDS
29-0063 and JCPDS 21-1272 cards. A crystalline structure was not
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Fig. 1. XRD diffractograms of (a) Ti, Al, TiAl and GnPs samples; (b) TiAl reference and TAG (TiO,-Al,03-GnPs) samples with 1.0 -0.05 wt% of GnPs.
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Fig. 2. UV-Vis spectra of a) Ti, Al, TiAl and GnPs samples and b) TAG (TiO,-Al,03-GnPs) samples with 1.0-0.05 wt% of GnPs.

observed for TiAl sample, in its stead, widened signals were ob-
served, suggesting that the material has a disordered or amor-
phous structure. The diffractogram obtained from the GnPs shows
the characteristic peak of graphene material at 20: 26.2° that cor-
responds to the crystalline plane (002), this was confirmed with
the JCPDS 75-1621 card. In addition, others diffraction signals of
lower intensity are observed and are also characteristic of standard
graphitic carbon at 20: 42.2°, 44.3° and 53.9° corresponding to the
crystalline planes (100), (101) and (004) respectively [33].

Most ternary materials showed diffractograms with undefined
signals, indicating unordered structures (see Figure 1b) similarly to
that of TiAl in Figure 1a. By exception, a probable anatase signal
was detected at 25.2° 26 in the TAG- 0.25 sample. The appearance
of this TiO, phase could be explained by the fact that the GnPs
favours the formation of the anatase phase in the material. Fur-
thermore, in the TAG-1 sample, low intensity signals corresponding
to the crystalline structure of y-Al,03 are detected at 26: 45.8°,
66.8°. In the same way, the presence of this phase could be due
to a stabilizing effect of the GnPs’ higher concentration on the y-
alumina phase. Despite the above, differences among the diffrac-
tograms of the TAG materials were not significantly apparent, and
could be irrelevant and independent of the GnPs’ content.

3.2. Optical properties

UV-Vis absorption spectra of the reference materials are shown
in Figure 2a, it can be seen that the absorption starts at 406 nm,
suggesting a weak absorption in the visible region; mixed oxide
TiAl experienced absorption towards the UV region at 367 nm and
a higher absorption respect of Ti (pure titanium). The Al material
shows the lowest absorbance between 310 nm and 725 nm, while

Table 1
Textural properties and band gap energy (Eg) of samples

Samples Eg (eV) Sger (mM?/g) Vg (cm?/g) Pore average
diameter (nm)

Ti 3.2 62.85 0.19 10.20

Al - 239.68 0.92 10.61

GnPs - 581.80 0.75 7.47

TiAl 31 388.30 0.65 6.85

TAG-1 2.9 339.83 0.76 5.85
TAG-0.75 2.8 379.33 0.76 5.48
TAG-0.50 3.0 325.92 0.51 431
TAG-0.25 3.0 295.33 0.63 6.87
TAG-0.10 3.0 319.39 0.54 4.47
TAG-0.05 2.9 236.00 0.36 417

GnPs, being a dark-bodied material, tend to absorb across the en-
tire spectrum. Figure 2b presents the spectra of the TAG samples
(TiO,-Al,03-GnPs), clearly showing absorption in the UV region,
with the maximum absorption slightly shifted towards the visible
region as compared with the TiAl reference. An increases in ab-
sorbance was not observed, and absorption edges present in the
violet region. A minimal relationship of optical characteristics with
respect to GnPs content was expected, however, the changes were
rather random and are probably due to others factors such as the
GnPs distribution and/or the nature of the interactions with the
mixed oxide.

The band gap energy (Eg) of the material was estimated from
the UV-Vis absorption spectra by means of TAUC model and the
results are shown in Table 1. It can be observed that when com-
paring the values of TiAl mixed oxide Eg (3.1 eV) to those of the
TAG materials (2.8-3.0 eV), the band gap is narrower. The results
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Fig. 3. Pore size distribution from N, adsorption/desorption analysis of a) Ti, Al, TiAl, and GnPs samples, and b) TAG (TiO,-Al,03-GnPs) samples with 1.0-0.05 wt% of GnPs.

indicate that TAG-0.75 has the lowest band gap value at 2.8 eV,
however, no marked effect was observed by varying the sample’s
GnPs content.

3.3. Textural properties

Isotherms of N, adsorption/desorption for the reference materi-
als and TAG samples are presented in Figure S1. The textural anal-
ysis indicated that the Al, Ti, and TiAl materials exhibited a type
IV isotherm which is characteristic of mesoporous materials with
a pore diameter of 2 nm to 50 nm [34]. GnPs and TiAl exhibit H3
hysteresis cycles, that of the GnPs is characteristic of plate-like ma-
terials, while that of the TiAl corresponds to an unfilled pore net-
work [35]. All TAG samples exhibited IV type isotherms and H2
and H3 hysteresis cycles. Specific surface area, pore average size,
and pore volume of all samples are listed in the Table 1.

In case of TAG materials, when compared with there were spe-
cific surface area values equivalent to those of the TiAl samples.
The maximum value at 379.3 m?/g was observed for the TAG-0.75
sample; the lowest value at 236 m?/g was shown by the TAG-0.05
sample, what corresponds to a decrease of ~ 39% when compared
with the specific surface area of the TiAl reference; the smallest
pore volume value at 0.36 cm3/g was also observed in this sample.
This effect could occur according to two possible scenarios that in
Figure S2 can be seen: the first in which graphene single-sheet and
platelets of few graphene single-sheets, are obstructing the pores
and/or closing the interstices among the particles of the material;
the second scenario where the lowest load of GnPs simply gave
rise to a more compacted material. The decrease in specific sur-
face area and pore volume could be explained by the strain in the
amorphous-like structure of TiO,-Al,03 [36], where the geometry
of the crystals is modified by the GnPs, thus favoring more stable
structures such as that of anatase which also was barely observed
by XRD.

For a better understanding of the material characteristics, the
main populations of pore size were analyzed. The pore size dis-
tributions for the reference and ternary materials are shown in
Figure 3. The Ti sample in Figure 3a) showed a Gaussian distri-
bution corresponding to a predominant population of mesopores
of ~18 nm. Comparatively, Al sample showed a broader pore size
distribution than that of Ti, with two prevailing pore sizes within
the mesopores range, between 18 nm and 20 nm. TiAl sample pre-
sented a unimodal distribution of pore size centered at 4.8 nm. In
the case of the GnPs sample, the pore size is extended throughout
the meso and microporous regions, indicating that these agglomer-

ated nanoplatelets with nanopores; constitute a microporous mate-
rial.

The addition of GnPs into the TiAl during the synthesis, pro-
duced materials with unimodal distributions of pore size centered
between 4 and 6 nm (see Figure 3b); these values, although they
are lower than those of pure Ti and Al, are equivalent to those of
TiAl, and could be explained by the fact that graphene single-sheet
and few-layer graphene nanoplatelets are not affecting to the mor-
phology and porosity of TiAl

3.4. Morphology analysis

To investigate the effect of GnPs on the morphology of ternary
materials, these were inspected by field emission scanning elec-
tron microscopes (FE-SEM) and transmission electron microscopy
(TEM).

Initially, the reference materials were surveyed and Figure 4
shows SEM images of Ti, Al, TiAl, and GnPs; Figure 4a) corresponds
to Ti sample, which shows semispherical TiO, particles of 1.6 to 3.6
pm diameter, typically indicative of the anatase phase [37].

The Al sample, Figure 4c) image, presents a grouping of overlap-
ping irregular plates. Figure 4d) shows GnPs sample with a charac-
teristic morphology of agglomerates of nanometric sized platelets.
Morphology of the TiAl material is distinguished from that of pure
materials by being flaky with irregular shapes and edges, and ran-
dom distribution, shown in Figure 4b).

The resulting morphology after the synthesis of TAG samples, is
shown in Figure 5. The morphology observed in the mixed oxide,
persists in the ternary materials as flakes from clustered particles
and with irregular edges. In the Figures 5a), 5b), and 5c), corre-
sponding to the TAG samples containing 1.0, 0.75, and 0.50 wt% of
GnPs respectively, it can be seen that GnPs are dispersed and ap-
pear to be surrounded or covered by mixed oxide. For these sam-
ples, GnPs can be localized with relative facility because they are
present in higher proportions. In the Figures 5d), 5e), and 5f) cor-
responding to the TAG-0.25 sample, it can be seen as the flakes of
ternary material are formed from accumulated grains. On the other
hand, smooth sheets of GnPs cannot be seen in this sample, due to
the low proportion of GnPs present. Nevertheless, and despite the
lowest GnPs load, in the Figure 5i) of TAG-0.05 sample, it is pos-
sible to observe (circled zone) that clustered material grew on the
smooth sheets of GnPs, like grains.

To further investigate the synthetized material morphology,
TEM images were acquired. The reference materials are shown in
Figure 6; the image in Figure 6a) corresponds to the Al sample, it
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Fig. 4. SEM images of reference materials, in a) Ti, b) TiAl, c) Al, and d) GnPs.

can be observed that there are particles like needles or wires, it is
also appreciable that the material is constituted with other abun-
dant particles as irregular plates; this morphology is typical of y-
alumina according to reported [38]. The image in Figure 6b) cor-
responds to that of the Ti sample, showing a cluster formed from
semi-spherical particles of different densities, with some particles
showing their hollow interior. It has been reported that anatase
phase TiO, powders, consist of particles with spherical morphol-
ogy [39,40] as can be appreciated from the SEM and TEM mi-
crophotographies.

As seen in Figure 6¢)-6i) of the TiAl sample, the alumina wire-
morphology is maintained in the composite, together with a dif-
ferent and apparently amorphous phase; it is worth noting that
the semi spherical morphology associated with TiO, cannot be
found. The circled zone in Figure 6d) was magnified and presented
in Figure 6e) showing wire structures 3-5 nm wide and few ten
nanometers in length. Figure 6f) and 6g), show dense and thinner
particles, constituted of amorphous material, small wire particles
and plates with irregular edges; however amorphous particles de-
void of wires or plates can be seen in Figure 6h) and Figure 6i),
indicating the sample’s amorphous nature.

TEM images of TAG samples are shown in Figure 7. All samples
exhibit the same morphology than that of the TiAl reference com-
pound, i.e., the alumina wire-morphology and the amorphous par-
ticles of TiO, devoid of wires in Figure 7a) and Figure 7c) respec-
tively, can be observed. In Figures 7d) to 7f) is possible to discern
the presence of GnPs sheets embedded in the mixed oxide ma-
terials. It is important to highlight that no changes in the oxides’
morphology can be observed with varying GnPs concentration.

3.5. TAG samples’ XPS analysis

Oxidation states determination was carried out by XPS analy-
sis and a survey scan corresponding to TAG-0.75 sample is pre-
sented in Figure S3; the analysis of this sample is relevant because

Table 2
Species abundance from high resolution XPS spectra of TAG-0.75 sample.
Peak Atomic Species Species
abundance (%) abundance (%)
Ti 2p 8.72 Ti* (Ti-0) 45.06
31.20
Ti%* (TiOx), 6.49
O-Ti=0-C 17.25
Al 2p 234 Al-0 90.3
Al-OH 9.68
0 1s 53.2 M-0 (M= Al ,Ti) 75.34
HO- 24.66
Cls 14.6 c=C 56.57
c-C 23.13
c=0 14.41
0-C=0 5.90

it presented an outstanding behavior in the photodegradation ap-
plication, which will be discussed later. Wide survey spectrum con-
firmed the presence of the sample’s principal elements, Deconvo-
luted high-resolution spectra of Ti 2p, Al 2p, O 1s, and C 1s atoms
are shown in Figure 8. Peaks Ti 2p3/2 and Ti 2p1/2 were obtained
from the Ti 2p spectrum, presented in Figure 8a) and located at
4589 eV and 464.6 eV respectively [41]. They are attributed to
Ti*+ species of Ti—0 bonds formed in a ~Al-O-Ti= amorphous-like
structure of the Al,03-TiO, [22]. Species abundance from high res-
olution XPS spectra of TAG-0.75 sample are shown in Table 2.
Two little peaks at 457.6 eV and 460.5 eV are observed and
to Ti3* species as TiOx (x=1-2) were assigned; such species are
found when interactions between the metal oxide and the GnPs
are formed [42]. Theoretical and experimental studies have found
that metals and metal oxides form interactions that allow them to
grow from the graphene sheet edges if these contain dangling —OH
groups. Graphene sheets can also nucleate or facilitate the growth
by chemisorption of metal oxide particles by local strain due to C-
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b)£TAG0.75 . 4" "“ I C TAG-0.50)

b

Fig. 5. SEM images of a) TAG-1; b) TAG-0.75; c) TAG-0.50; d)-f) TAG-0.25 scale bar at 1p, 500 nm and 200 nm respectively; g)- i) TAG-0.05 scale bar at 1y, 500 nm, and
200 nm respectively.
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Fig. 6. TEM images of the reference materials at different magnifications, in a) Al, b) Ti, and c)-i) TiAl

C binding in graphene lattice, or by interaction with high-energy
defect sites such as pentagon-hexagon pairs or vacancies present in
the graphene lattice [43,44]. Recently, M. F. Mazza et al., [45] de-
posited TiO, and Al,03 films onto graphene monolayer by taking
advantage of the reactivity differences between defect regions and
inert basal plane regions in graphene sheet. As the authors did
not previously oxidized the graphene sheets, the deposition took
just on the sheet’s defect sites. Consistently, Al,03 resulted in an
isotropic film deposited onto graphene monolayer while the TiO,
nucleated at the boundaries.

Since in our work no acid was used in the sol-gel process, the
nanoplatelet basal plane was not saturated with water molecules
or hydroxyl groups. Thus, reactive sites should be in graphene
layer defects of the GnPs. Therefore, the new chemical interactions
as O-Ti=0-C binding was formed at those defect sites, allowing
the nucleation and growth of mixed oxide, as can be seen in the
SEM images of Figure 5. In addition, it is known that the Ti3* va-
lence state of TiOx species changes the electronic band structure of
TiO, [46], creating a new energy level in the band gap, and con-
sequently contributing to its reduction [47]. We suggest that the
—0-Ti=0-C binding associated to Ti3* species, decreases the band
gap observed in our case.

The Al 2p peak in Figure 8c) was obtained from deconvoluted
spectrum, it shows binding energies at 74.3 eV and 75.6 eV cor-
responding to A3t species of Al-O and Al-OH binding respec-
tively [29,48]. Deconvoluted high-resolution spectrum for O 1s, is
shown in Figure 8b), the signal at 530.7 eV is characteristics of 02~
species corresponding to M—O binding as of Ti—O and AI-O [29].
The peak at 532.4 eV can be assigned to HO~ species adsorbed
onto material surface [46]. A deconvoluted spectrum for C 1s ele-
ment was also obtained and presented in Figure 8d), the peak at
284.3 eV is in agreement with C=C binding of graphitic planes.
A peak at 285 eV was assigned to C—C binding in GnPs; also a
peak at 286.1 eV is in agreement with the C—OH hanging species
from the GnPs edges. In addition, peaks at 287.5 eV, and 289.9 eV
agree well with C=0 and —0—-C=0 bonds of carbonyl and carboxyl
groups, respectively [49,50] which are expected to be present at
the GnPs’ functionalized edges.

3.6. Photocatalytic activity of TiO5-Al,03-GnPs

Photocatalytic performance of all synthetized samples was eval-
uated in the degradation of Diuron under UV light irradiation.
Figure 9 shows the results from data obtained, degradation de-
velopment was determined using Eq. 1 [51], results are listed in
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b) TAG-0.75

Fig. 7. TEM images of the synthesized ternary materials TAG (TiO,-Al,03-GnPs) samples with 1.0-0.05 wt% of GnPs.
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Fig. 8. High resolution XPS spectra from the TAG-0.75 sample, in a) Ti 2p, b) O 1s, c) Al 2p, and d) C 1s elements.
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Fig. 9. Photodegradation of Diuron using as catalyst: a) Ti, Al, TiAl and GnPs, b) TAG (TiO,-Al,03-GnPs) samples with 1.0-0.05 wt% of GnPs.

Table 3
Photodegradation of Diuron under catalytic conditions.
Material Degradation (%)* K (min—1)* ty2 (min) TOC (%) Sco2 (%)
Ti 95.0 0.022 30.73 22.0 23
Al 91.6 0.034 20.23 15.2 16
GnPs 7.40 0.001 427.86 27.3 -
TiAl 87.7 0.030 22.73 20.5 23
TAG-1 83.7 0.025 27.52 34.0 40
TAG-0.75 91.5 0.031 22.09 45.7 49
TAG-0.50 86.2 0.029 23.61 35.0 40
TAG-0.25 92.0 0.031 22.34 26.0 28
TAG-0.10 90.7 0.032 21.50 28.0 30
TAG-0.05 91.6 0.028 2435 24.4 26
* 240 minutes
** 60 minutes.
Table 3. 28% respectively; this discreet improvement in degradative capac-
o . C ity could be associated to the small proportion of anatase phase
% Degradation = (1 - 6))‘ 100 (1) present in the sample (as observed by XRD characterization) how-

The amount of degraded molecules in the Diuron solution, was
determined by total organic carbon (TOC) at the reaction final time,
and in order to know how much organic molecules were converted
to CO,, the selectivity was calculated as well.

It can be observed in Figure 9a) that for Ti, Al, and TiAl, the
maximal molecular degradation occurred in the first 60 min of ir-
radiation therefore, the kinetic constant k (degradation reaction ve-
locity) was calculated at 60 min of reaction. It is important to note
that, according to degradation evolution, the reaction can be well
approximated as pseudo-first-order kinetic during this tame. Ti
sample was expected to show the largest photocatalytic response
under ultraviolet light and therefore, the highest degradation (95%)
due to its band gap at 3.2 eV and to its high absorption capacity
however, TiAl sample shown significant values of degradation (87.7
%) and k (0.030 min~') and for this reason we used these results
as reference values.

Except for the samples TAG-1 and TAG-0.50, most synthetized
materials presented higher degradative capacity between 91.5% and
92.0 % respect to TiAl (87.7%), Figure 9b). Although TAG-1 pre-
sented the lowest degradation levels, it presented moderately im-
proved levels of mineralization and selectivity w.r.t. TiAl; this result
can be explained by the fact that GnPs load is such that the sam-
ple is saturated, and possibly agglomerated nanoplatelets produce
poor performance [52,53]. The best performance was observed in
the TAG-0.75 sample with degradation level of 91.5%, mineraliza-
tion of 45.7%, and 49% of selectivity; TAG-0.25 might be outper-
forming it slightly in degradative capacity with 92.0% but the min-
eralization and selectivity are among the lowest observed, 26% and

ever, this condition is not enough to achieve a minimum accept-
able mineralization. All the above means that TAG-0.75 sample is
the material that showed the most efficient degradation of the
organic compounds and that the photocatalytic performance ob-
served is the consequence of the material’s lower band gap energy
and its higher specific surface area [54]. Impossible not to mention
the TAG-0.05 sample because its degradative capacity is not neg-
ligible but, k, mineralization, and selectivity, are at the same level
that of the reference material, i.e., the GnPs concentration is a lot
of small that its contribution is not clear.

In addition, we interpret from the photocatalysis results ob-
served in TAG samples, that there is evidence of the important role
that GnPs performances in the ternary material; the GnPs incor-
poration improved the photocatalytic performance up to a maxi-
mum point of GnPs load that when it is exceeded, the performance
doesn’t seem to improve (percolation), i.e., with the use of an ex-
ceeded GnPs load, photons could be quenched on the photocata-
lyst surface, and to produce a poor photocatalytic performance and
causing the decrease in photodegradation efficiency as occurred in
TAG-1 sample [55].

Our current results obviously suggest that the Diuron molec-
ular degradation using TiO,-Al,03-GnPs nanocomposites occurred
according to a photocatalytic reaction by means of radical species;
a schematization of the photodegradation reaction is suggested in
Figure 10.

The photocatalytic reaction starts with the light excitation of
the TiO, semiconductor’s electrons from the valence band to the
conduction band; the electrons then are transferred to the GnPs
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Fig. 10. Schematization of the photocatalytic activity of compound Ti,0-Al,05-
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integrated within the ternary compound and finally transferred to
the defects present in the alumina. This effective charge transfer
through the GnPs reduces the recombination rate of e~/h* pairs so
that the electrons are ensnared in the alumina, completely avoid-
ing the recombination thereby increasing the photocatalytic effi-
ciency.

Photo-induced electrons tend to react with absorbed O, to gen-
erate the superoxide anion (O3 ~) species in the GnPs conduction
band; while in the valence band of TiO,, h* react with surface-
bound H,0 and HO~ species to produce hydroxyl radicals (HO®).
The mechanism can be summarized by Eq. 2 to Eq. 6.

Ti0, + hv — TiO, (e~ + h*) (2)
Ti0,(e”) + GnPs — TiO, + GnPs(e") 3)
GnPs(e”) + 0, — 03 + GnPs (4)
03" + H,0 — HO3 + HO~ (5)
TiO, (h*) + H,0 + HO™ — Ti0, + HO"® (6)

Here, GnPs play an important role in the photocatalytic activity
of TAG composites because as reported previously, the planar m-
conjugated structure of GnPs makes it an excellent electron accept-
ing material [56], generating a greater quantity of electrons avail-
able for the radical production.

4. Conclusions

Compounds of TiO,-Al,03-GnPs containing different concentra-
tions of commercial and produced on long scale GnPs, have been
prepared successfully by using sol-gel method and proved in the
photodegradation of Diuron.

Characterization results suggest that the synthesis gave rise
to a mesoporous ternary material, with decreased band gap en-
ergy, when the GnPs’ concentration in the compound was 0.075
wt%. XRD analysis helped to confirm an amorphous-like structure
in TiO,-Al,03-GnPs and XPS spectroscopy revealed that the com-
pound is based on bonds -Al-O-Ti=. Also, the presence of bonds

10

Carbon Trends 9 (2022) 100213

—0-Ti=0-C confirmed interfacial interactions between mixed ox-
ide and GnPs. Such material with amorphous-like structure nucle-
ated and grew on the GnPs basal plane according to observations
by microscopy SEM and TEM.

Photocatalytic evolution experiments evidenced that when
GnPs’ concentration in the compound was of 0.075 wt%, the high-
est conversion of Diuron to CO, was obtained compared to the
compounds with different GnPs’ concentration; such activity oc-
curred due to the decreased band gap and the highest specific sur-
face area observed in TAG-0.75 sample.
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