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ARTICLE INFO ABSTRACT

Keywords: Herein, we present an in-situ FT-IR study analysing the interactions and photocatalytic degradation of 1-butanol

TiO, and methanol in the gas phase through the catalysts Hombikat-b (commercial) and EST-1023 (synthesised in

FT-IR . lab), as well as composites of them in a range of pH between 5 and 9. Composite Homb@EST at neutral pH
f\omriozls: (Homb@EST-pH7) has presented a photocatalytic efficiency much higher than that of the separate catalysts in
Gif_p}gmse both the degradation of alcohols and carboxylates. Characterisation analyses have shown that EST-1023 exhibits

low surface area and surface hydroxylation, which suggests practically no adsorption of alcohols at the initial
stages of the process. Notwithstanding, we have determined a large concentration of surface electronic traps in
EST-1023. On the contrary, Hombikat-b presents high surface area and surface hydroxylation, leading to high
adsorption rates of the studied alcohols. Aggregate distribution, SEM, and HR-TEM studies have shown that
neutral pH is the most appropriate condition to aggregate both catalysts, generating the so-called composite
Homb@EST-pH7. The high photocatalytic capability of this composite is attributed to the transfer of photo-
generated electrons from the Hombikat-b nanoparticles to the electron traps present in EST-1023, which implies

a decrease in the recombination speed of the photogenerated electron-hole (e”/h™) pairs.

1. Introduction

Photocatalysis has emerged as a promising technique for the removal
of pollutants present in air and aqueous effluents, however the devel-
opment of novel, more efficient photocatalysts remains as a challenge
[1,2]. Titanium dioxide (TiO3), ubiquitous semiconductor in the pho-
tocatalytic literature, is amongst the most used photocatalytic materials,
notwithstanding, the high rate for the recombination of excited elec-
trons and photogenerated holes (e /h™") is a drawback whose resolution
centres an important part of the efforts in current photocatalytic
research [3,4]. Literature reports that TiOy Evonik (formerly Degussa)
P25 commercial catalyst exhibits, in general, superior photocatalytic
efficiency, which has allowed it to serve as a reference in many in-
vestigations [5-7]. Based on EPR analysis carried out by Thurnauer and
co-workers, P25 presents a morphology of nanoclusters with a core
constituted by rutile phase surrounded by anatase, being the interface

between both causative of favour the rapid transfer of electrons and
turning rutile into a sink of photogenerated electrons [8]. Besides, P25
exhibits a low surface area (~50 m? g’l) [9,10].

In reference to the synthesis of novel materials favouring an efficient
separation of photo-generated electrons and holes, Liu et al. [11] re-
ported the loading of TiO5 with ultra-small Cup,O nanoparticles. Based
on data provided by authors, an atomic ratio of Ti:Cu 30:1 for the het-
erojunction Cuy0/TiO, shows the best activity due to its balance in light
harvest and electron transfer rate in the degradation of phenol under
visible light. More recently, He et al. [12] communicated a facile sol-gel
route for the formation of anatase/rutile nanocomposites, attributing
the best results for the photodegradation of dye methylene blue under
UV illumination to an optimal ratio of 69:31 rutile:anatase at pH 1,
together with a smaller average particle size, and the presence of a
specific crystalline phase exposed to the reactive medium. In this line,
the heterojunction of the host semiconductor with other low band-gap
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metal oxides having different band edge positions has been successfully
addressed in a recent study published by Konwar and co-workers [13].
In order to improve and optimise the photocatalytic efficiency, different
synthetic strategies for TiOy have been followed, as well as surface
modifications with noble metal nanoparticles, combination with ad-
sorbents, or preparation of composites with different semiconductors
[14-16]. Sol-gel and hydrothermal methods are amongst the synthetic
strategies used to obtain nanostructured photocatalysts only constituted
by anatase phase [17-19], even presenting larger surfaces areas than in
P25 commercial catalyst (~90 m? g’l) [20]. Thus, nano-structuring of
TiO, reduces the distance between the photogeneration centres of e /h ™"
pairs and the surface where the formation of radicals and their reaction
with contaminants takes place. However, these catalysts formed by
nanoparticles also generate a greater number of pairwise recombination
centres on the surface [21]. Besides, the synthesis of TiOo/activated
carbon composites has also given promising results [22,23].

The recombination rate of the photogenerated charges can also be
modified by the presence of structural defects on the surface and in the
crystalline lattice of the semiconductors [24,25]. These defects, such as
oxygen vacancies (Oy,c), modify the distribution of bonding and anti-
bonding orbitals in the conduction (CB) and valence bands (VB), rising
to new states that modify the band gap and act as electron traps [26,27],
i.e., the new intra-bands can influence the behaviour of the charge
carriers since they offer new centres available for the relaxation of
photogenerated electrons between CB and VB.

Against this background, in the present work two catalysts based on
TiO5 have been selected to form composites that can improve their ef-
ficiency with respect to that of the separate materials. On the one hand,
the commercial catalyst Hombikat-b presents a very large surface area
(~330 m?2 g1) [28,29], although a very low photocatalytic activity in
several studies carried out in aqueous solution [30-32]. On the other,
the catalyst EST-1023 synthesised in lab exhibits a much higher pho-
tocatalytic activity than other commercial ones in different studies,
although characterised by very low surface areas (~15 m? g’l) [33,34].
Its combination at different pH conditions results in the formation of
composites that show enhanced properties with respect the constituted
catalysts separately.

2. Experimental
2.1. Catalysts

Two catalysts were used, the commercial Hombikat-b (Hombikat UV
100 from Sachtleben Chemie GmbH) and the laboratory-synthesised
EST-1023. The latter was synthesised using the following process: a
mixture of 40 mL of ethanol and 17 mL of titanium (IV) butoxide (TBT)
were added dropwise to a solution of 40 mL of ethanol, 15 mL of water
and 463 pL of sulphuric acid (96% PANREAC). After this process, the
mixture was maintained 30 minutes under stirring (1500 rpm). The gel
obtained was dried at 373 K for 24 h, and subsequently sieved with a 63
pm sieve. Finally, the photocatalyst was subjected to an annealing
treatment at 973 K for 3.5 h (heating rate of 277 K min™).

2.2. Analysis techniques

Phase composition of catalysts were estimated from X-ray diffraction
(XRD) patterns recorded on a Bruker model D8 Advance diffractometer
equipped with a Ni filter and LINXEYE detector using Cu Ka radiation (A
= 1.5418 A). The Ny adsorption-desorption isotherms at 77 K were
performed with 3 P INSTRUMENTS, model Micro 300. The samples were
outgassed under vacuum at 150 °C for 12 h. The specific surface area was
determined by the Brunauer-Emmett-Teller (BET) method, the total
volume at relative pressure of 0.99, and the mesopore volume with the
BJH method with the Harkins-Jura t-curve. Particle size distribution
(PSD), which gives an idea of the distribution of the particle aggregates,
was measured by a laser diffraction method. For this purpose, a
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Mastersizer 3000 equipped with a Hydro SM wet sample dispersion unit
was used. Superficial morphology and the interactions between aggre-
gates were observed by a Hitachi TM3030 scanning electron microscope
(SEM), operating at an accelerated voltage of 15 kV and 9 pm of working
distance, as well as by a JEOL JEM 2100 high-resolution transmission
electron microscope (HR-TEM), at an accelerating voltage of 200 kV.
HR-TEM specimens were prepared by drop-casting technique, from a
suspension of the powder catalyst dispersed in isopropanol by sonicat-
ion. UV-Vis diffuse reflectance spectra (DRS) were obtained using a
Varian Cary 5 spectrophotometer, and the reflection data were con-
verted to absorbance through the standard Kubelka—-Munk method [35,
36]. A Thermo Scientific-Nicolet iS10 spectrophotometer was used for
the Fourier transform infrared (FT-IR) studies. The catalyst was placed
between two CaFy mirrors, and a 4000-1000 cm~! measurement range,
2 cm™! resolution, and forward/backward mirror speeds of
10 kHz/6.2 kHz, respectively, were used.

2.3. Synthesis of composites

The selected catalysts were mixed in a 1:1 mass ratio in 20 mL of
deionised water, by magnetic stirring at 200 rpm. Stirring was main-
tained for 2 h before proceeding to the adjustment of the different pH (5,
7, 9), with the addition of NaOH or HCI aqueous solutions 0.1 M. After
24 h under stirring, the pH value was checked again and, subsequently,
the samples were dried in an oven at 423 K for 24 h.

2.4. Photocatalytic tests

1-butanol (I-BuOH) and methanol (MeOH) photodegradation
studies were carried out in a FT-IR spectrophotometer at 298.15 K. The
catalyst was previously impregnated with alcohol/air vapour dosed at
room temperature for 120 min. The impregnation system consisted of a
vessel containing the water/alcohol solution and air bubbled at a flow
rate of 50 cm® min~!. The resulting gas containing water/alcohol va-
pours was introduced in a 15 cm long, 4 mm diameter cylindrical glass
reactor containing 0.02 g of the catalyst. After this, the catalysts were
carefully taken from the reactor under air atmosphere and placed in the
cell with CaF, windows for FT-IR analyses. Water reference spectrum
was subtracted from each spectrum. Once the first spectrum was ob-
tained, the cell was irradiated during different periods of time and
analysed by FT-IR again. A 60 W Philips Solarium HB175 equipped with
four 15 W Philips CLEO fluorescent tubes with emission between 300
and 400 nm (Aypax = 365 nm, 9 mW) was used as UV source in the
degradation studies. In this way, the adsorption of the selected mole-
cules onto the catalyst surface and their reaction under irradiation were
studied. Desorption studies of the adsorbed alcohols have been carried
out exposing the cell with the catalyst to irradiation but covered. In
these tests, no changes have been observed with respect the initial
spectrum. The carboxylates and carbonates identified have been
checked with the corresponding standards. On the other hand, the
identified intermediates coincide with those described in the literature
for the degradation of I-butanol and methanol in the gas phase [16,37].

2.5. DFT studies

Reaction free energies for Eqs. (1) to (24) for the different states
along the degradation of 1-BuOH and MeOH have been estimated
through density functional theory (DFT) calculations using the B3LYP
functional [38,39] and the split-valence double-{ SVP basis set [40] in
vacuum. Harmonic frequency calculations were performed to confirm
the nature of the stationary points, i.e., minima or first-order transition
states (TS) with none and one imaginary frequency, respectively. All
calculations were carried out through the facilities provided by the
NWChem package (version 6.8.1) [41,42].
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3. Results and discussions
3.1. Characterisation of materials

The commercial catalyst Hombikat-b is only composed by the
anatase phase with a particle size of 8 nm. On the other hand, the EST-
1023 catalyst is composed of 70% of the anatase phase and 30% of the
rutile phase, with a particle size between 62.3 and 96.1 nm, respectively
(see Appendix A. Supplementary data). As indicated in the experimental
section, the composites were synthesised by making 1:1 mixture of these
two catalysts at different pH conditions. Table 1 indicates the surface
area, isoelectric point, total pore volume, and mesopore volume for the
individual catalysts as well as for the composites synthesised in this
work. According to the t-plot method, the samples show no micropo-
rosity. The small difference between total volume and mesoporosity is
due to macroporosity, as the measuring range of the 3 P INSTRUMENTS
instrument is up to 500 nm in diameter. The individual catalysts were
also exposed to different pH conditions with the objective of deter-
mining modifications in these properties, but no significant changes
were identified.

3.1.1. Aggregate distribution analysis

Being the objective of this work the synthesis of composites
Homb@EST, the existence of interactions between particles of different
size of the constituting materials may improve the photocatalytic ac-
tivity of the composite. One way to determine changes in the in-
teractions due to the presence of particles of different size, it is through
the analysis of aggregates or agglomerates generated as result of the
mixing process. The formation of aggregates is due to the destabilisation
of the nanoparticles and mainly depends on the size, shape, and surface
modifications [43], modulating these the presence of electrostatic re-
pulsions and van der Waals interactions. When electrostatic repulsions
are eliminated by neutralisation of surface charges, the attractive van
der Waals interactions are dominant and the size of the aggregate in-
creases. In general, in large nanoparticles the repulsive interactions are
greater due to the high charge on their surface and, on the contrary, in
smaller nanoparticles the repulsive interactions are lower due to the
small surface charge [44].

Fig. 1a shows the size of aggregates generated in the separate cata-
lysts, Hombikat-b and EST-1023. As previously indicated, the
Homb@EST composites have been synthesised by varying the pHto 5, 7,
and 9. Fig. 1b shows the distribution of the composite synthesised at pH
7 (Homb@EST-pH7) and of the separate materials at the same pH. In
Hombikat-b, a bimodal bell-shaped Gaussian distribution is observed
with central values at 1.5 and 62.8 um, respectively (see Fig. la),
although the proportion of the second being greater than the first [45].
When pH is modified to 7 (pH at the conditions of synthesis has been
measured in 3.74 at 26.9 °C, regulating this with NaOH aqueous solution
0.1 M), the proportion of the smallest aggregates decreases from 4% to
2.5% and those with central value at 62.7 pm disaggregate into smaller
aggregates (55.3 um). (See Fig. 1b). Catalyst EST-1023 presents a single
type of aggregates with a central value in its bell-shaped Gaussian

Table 1
Surface area, isoelectric point, total pore volume, and mesopore volume for
catalysts used in this work.

Catalyst Surface area Isoelectric Viotal pore Vmesopore
m?g™) point (cm®g™) (ecm®g™)
EST-1023 28.2 6.6 0.088 0.066
Hombikat-b 242.5 6.1 0.39 0.34
Homb@EST- 119.8 6.4 0.22 0.18
pH5
Homb@EST- 117.7 6.3 0.23 0.18
pH7
Homb@EST- 115.0 8.3 0.24 0.18

pHO
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distribution at 42.8 pm (see Fig. 1a). However, when treated at pH 7 it
decomposes into smaller aggregates with central values at 2.7 and
9.2 um, while other portion results in agglomeration with central value
at 62.7 um. On the other hand, Gaussian distribution in
Homb@EST-pH7 composite indicates that the larger aggregates of
EST-pH7 and Homb-pH7, whose central values were at 9.2, 55.3, and
62.7 um, are redistributed, as it probes a wider and more centred
Gaussian distribution with central value at 29.6 ym. That is, there has
been an interaction between the larger aggregates of Homb-pH7 and
EST-pH7.

The same protocol was followed to analyse the distribution of ag-
gregates at pH 5 and 9. In these cases, they coincide with the sum of
those obtained from the separate material at the studied pH conditions.
That is, the interaction between the aggregates/particles of Hombikat-b
and EST-1023 takes place in aqueous suspension at neutral pH. The
isoelectric point of EST-1023 is 6.6 while for Hombikat-b it is 6.1. At
higher pH values or for particles of lower size, these will be electrically
charged, and the repulsive forces will be greater than the van der Waals
forces that favour the interactions.

3.1.2. SEM, HR-TEM, and UV-Vis analysis

In order to confirm the observed interactions between the Hombikat-
b and EST-1023 aggregates, scanning electron microscopy (SEM) and
high resolution-transmission electron microscopy (HR-TEM) analyses
were carried out. Fig. 2a corroborates the results observed in Fig. 1a,
since spherical aggregates of 1.5 and 55.3-62.8 um can be observed for
Homb-pH7. As seen at Fig. 2a, the presence of amorphous aggregates
similar size to those observed in Fig. 1b for EST-pH7 is also seen. On the
other hand, in the SEM micrographs and HR-TEM image of the
Homb@EST-pH7 composite (see Fig. 2¢ and Fig. 2d), spherical aggre-
gates of Hombikat-b are observed covering the aggregates of EST-1023,
thus confirming the interactions already described in the aggregation
studies.

Fig. 3 shows the UV-Vis DRS spectra of the Hombikat-b, EST-1023
and Homb@EST-pH7, in the form of a normalized Kubelka-Munk

function: F(R,) = § = (15;{:)2; a is the absorption coefficient, S is the
scattering coefficient of the powder, and R, is the diffuse reflectance in
an infinitely thick layer. In Homb@EST-pH7 an absorption shift towards
red is observed. This can be attributed to the creation of mid-gap states
in the bandgap of the titanium atoms of the Hombikat-b as consequence
of the interaction with EST-1023. This interaction presents high con-
centrations of oxygen vacancies, as can be observed in the UV-Vis ab-
sorption spectra. Similar behaviours have been observed in other
heterojunctions described in the literature [13,46,47].

These results would indicate that at pH 7 the partial disintegration of
the Hombikat-b and EST-1023 moieties would take place, as well as the
interaction between them (see Scheme 1).

3.1.3. FT-IR analysis

The FT-IR spectra for Homb-pH7, EST-pH7, and Homb@EST-pH7
catalysts are shown in Fig. 4. In all the spectra it can be observed
bands at 3400, 3200, and 1640 em™! attributed to stretching and
bending modes of adsorbed water, respectively [48-51]. As can be seen,
the surface hydration is greater in Homb-pH7 and Homb@EST-pH7
catalysts. Another aspect to highlight in these spectra is the position of
the baseline since an increase of this has been correlated with the
presence of shallow electron traps [52-55], in our case represented by
oxygen vacancies. From these spectra, it is indicated that EST-pH?7 is the
catalyst that presents the greatest number of sub- or surface oxygen
vacancies. In Homb@EST-pH?7, the baseline is higher than in Homb-pH7
but significantly lower than in EST-pH7.
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Fig. 1. Size of aggregates in: a) Hombikat-b and EST-1023; and b) Homb-pH7, EST-pH7, and Homb@EST-pH7.

Fig. 2. SEM micrographs of: a) Homb-pH7; b) EST-pH7; ¢) Homb@EST-pH7; and d) HR-TEM image of Homb@EST-pH?7.

3.2. Photocatalytic degradation of 1-butanol and methanol in the gas
phase

To compare the photocatalytic efficiency of the new composite
against the constituted photocatalysts separately for the degradation of
alcohols in the gas phase, 1-BuOH, and MeOH, have been used as probe
molecules to analyse their interactions and evolution under UV-Vis
illumination using FT-IR.

3.2.1. Photocatalytic degradation of 1-butanol

Fig. 5 displays the spectra for the interaction of 1-BuOH and its
evolution under illumination with the Hombikat-b and Homb@EST-pH7
photocatalysts at different reaction times. Initially, bands at 1466 and
1382 cm™ are attributed to the asymmetric and symmetric deformation
vibrations of the CHg group, respectively, and bands at 1075, 1045, and
1029 cm™! are attributed to the tension vibrations of the C—O group

[56,57]. Interestingly, throughout the first minutes under illumination,
a progressive decrease of the band at 1075 cm™! is observed appearing
new bands at 1715, 1570, 1532, and 1440 cm™L. Thus, bands at 1570,
1532, and 1440 em™! are attributed to the antisymmetric v,(COO) and
symmetric v5(COO) vibrations of adsorbed carboxylates on the catalytic
surface, such as butanoates, acetates, or formates [58,59].

Fig. 6 shows the evolution of the bands at 1075 and 1570 cm™},
attributed, as mentioned above, to the tension vibration of the C—O
group of 1-BuOH and the v,,(COO) vibration of the generated carbox-
ylates during the illumination with the Hombikat-b, Homb-pH7, and
Homb@EST-pH7 catalysts, respectively. At time O min, the spectra
indicate a similar behaviour for the adsorption of 1-BuOH in both Homb-
pH7 and in Homb@EST-pH?7. Despite the pattern of each spectrum is
similar, in the second we observe a lower intensity. This may be due to
the different distribution of aggregates observed in the characterisation
studies. The photocatalytic degradation of I-BuOH is significantly
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Fig. 3. UV-Vis DRS spectra of Hombikat-b, EST-1023, and Homb@EST-pH7.
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Scheme 1. Schematic procedure for the interaction between Hombikat-b and
EST-1023 to form the composite.
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Fig. 4. FT-IR spectra of Homb-pH7, EST-pH7, and Homb@EST-pH7.

slower in Hombikat-b and Homb-pH7 compared to that of the com-
posite. However, the generated carboxylates in Homb-pH7 are not
degraded, while those formed in Hombikat-b are degraded although
very slowly. On the other hand, in the Homb@EST-pH7 composite the
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formation and rapid degradation of these carboxylates is clearly
observed. In the final spectra of Homb@EST-pH7, bands at 1715, 1690,
1630, 1415 cm™ are seen, which are attributed to adsorbed carbonates
generated from the photocatalytic degradation process. FT-IR studies
have also been carried out for 1-BuOH under illumination with EST-
1023 and EST-pH7 but the interaction of this alcohol with these cata-
lysts is very low, specifically at trace level.

3.2.2. Photocatalytic degradation of methanol

Fig. 7 displays the spectra for the interaction of MeOH and its evo-
lution under illumination with the Hombikat-b photocatalyst at
different reaction times. Initially, bands at 1447 and 1040 cm™! are
observed, being attributed to §,5(CHs), 85(CHgs), 5(OH) in the plane of the
adsorbed MeOH [60]. Under illumination, new bands appear at 1585,
1382, and 1358 cm ! attributed to vibrations of ionic formates [61].

Fig. 8 shows the evolution under illumination of the bands at
1040 cm™ of MeOH and the one at 1585 cm™! attributed to the ionic
formate with the Hombikat-b, Homb-pH7, and Homb@EST-pH7 pho-
tocatalysts. As observed in the studies with 1-BuOH, the initial adsorp-
tion of MeOH is practically similar in Homb-pH7 and Homb@EST-pH?7,
while in Hombikat-b it is much lower. The degradation of MeOH is
significantly faster with Homb@EST-pH7, so that after 60 min of reac-
tion this is almost completely degraded, while with Homb-pH?7 it takes
90 min. Likewise, the degradation of the generated formates is signifi-
cantly faster when the composite acts as photocatalyst. In Hombikat-b
and Homb-pH7, we appreciate that once the MeOH concentration has
decreased significantly, then formates begin to degrade. On the con-
trary, for the composite both MeOH and formate degrade simulta-
neously, being the reason why the concentration determined on the
surface is appreciably lower. These studies have been also carried out
with EST and EST-pH7, but as was observed with 1-BuOH, the initial
adsorption of the alcohol is very low.

3.3. Discussion of results

The photocatalytic process starts with the formation of the e /h™ pair
in the semiconductor under illumination (Eq. 1). The formation of the
HO°® radical takes place through the reaction of water with the holes (Eq.
2), leading to a series of chain reactions (Eqs. 3-8) which begin with the
reaction of Oz and the photogenerated electrons (Eq. 3). The degrada-
tion of the alcohol then starts with the abstraction of a hydrogen from
the CH; moiety directly bounded with the alcoholic group. This takes
place through the attack of the HO® radical and forms the radical R-
CHOH® (Eq. 9) [62]. The aforementioned radical can react again with an
HO?® radical resulting in the formation of the aldehyde and water (Eq.
10). Subsequently, the aldehyde is newly attacked by an HO® radical,
forming the radical R-CHOHO® (Eq. 11) which, when reacting with O, or
another HO® radical, would form the corresponding carboxylic acid (Eq.
12). In a next step, the carboxylic acid would react with h* or an HO®
radical (Egs. 13-14) to form the carboxylate radical R-COO°®. Finally,
this decomposes forming CO; and the radical R® (Eq. 15), the latter
reacting with O to form the respective aldehyde of shorter carbon chain
(Egs. 16-18). For the specific case of 1-BuOH:

TiOs +hv = h'™ + e (€))
H,O +h' - HO® + H' (2
0, +¢ - 05 3)
05 + H" = HOS 4
HOS + ¢ — HO; 5)
HO; + H' - H,0, (6)
HOS + HO3 —» Hy0, + O, @

H,0, + ¢ — HO® + OH~ (€))
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Fig. 5. FT-IR spectra along time for the photocatalytic degradation of I-BuOH in: a) Homb-pH7; and b) Homb@EST-pH?7.
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Fig. 6. Evolution of a) adsorbed 1-BuOH (@) and b) generated carboxylates (ll) for Hombikat-b, Homb-pH7 and Homb@EST-pH?7.

CH3CH,CH,CH,OH + HO® — CH3CH,CHOH® + H,0, AG = —46. 4 kcal/

mol (C))
CH3CH,CH,CHOH® + HO® — CH3;CH,CH,CHO + H,0, AG = -109.8 kcal/
mol (10)

CH3CH,CH,CHO + HO®* - CH3CH,CH,CHOHO?®, AG = -38.9 kcal/mol
(11)

CH3CH,CH,CHOHO® + HO®* - CH3CH,CH,COOH + H,0, AG =

—133.2 kcal/mol (12)

CH;3CH,CH,COOH + HO® — CH3CH,CH,COO* + H,0, AG = —34.2 kcal/

mol (13)

CH;3CH,CH,COO™ + h' — CH3CH,CH,COO* 14

CH3CH,CH,COO® — CO, + CH3CHyCHS, AG = -22.7 kcal/mol (15)

CH3CH,CH3 + O, — CH3CH,CH,00°, AG = —19.8 kcal/mol (16)
2 CH3CH,CH,00° — 2 CH3CH,CH,0° + O, AG = —12.0 keal/mol ~ (17)
CH3CH,CH,0°* + O, — CH3CH,CHO + HO3, AG = -26.6 kcal/mol  (18)

And for the case of MeOH (reaction free energies are shown only for
the case of HO® attack):

CH30H + HO® — CH,OH® + H,0, AG= —44.2 kcal/mol (19)
CH,0H* + HO®*/O, — CH,0 + H,O/HO3, AG= -106.1 kcal/mol (20)
CH,0 + HO® — CH,O0H®, AG= —40.3 kcal/mol 21
CH,O0H® + HO®* - HCOOH + H,0, AG= —129.1 kcal/mol (22)
HCOOH + HO®* — HCOO® + Hy0, AG= -34.4 kcal/mol (23)
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Fig. 7. FT-IR spectra along the time of the photocatalytic degradation of MeOH
in Homb-pH?7.

HCOO® + HO®* - H,0 + COy, AG= —142.3 kcal/mol (24)

For the series of reaction towards the degradation of 1-BuOH and
until the formation of carboxylic acids, the HO® radicals participate as
oxidising species. Reaction free energies (AG), obtained from the DFT
calculations, for the photocatalytic oxidation of alcohols, aldehydes, and
carboxylic acids (Egs. 9, 11, and 13) are very similar, so we hypothesise
that the non-observation of aldehydes can be attributed to an exergonic
tendency in these degradation steps. If carboxylic acids react with the
surface forming carboxylates, as it has been observed experimentally,
these can only be degraded by h™ (Eq. 14). In this sense, these direct
reactions of the carboxylates with the surface are those indicated as
responsible for the deactivation of the catalysts in different
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photocatalytic processes [63,64]. In fact, in our studies carried out with
Hombikat-b and Homb-pH7, a very slow degradation of these com-
pounds has been observed. On the other hand, with the Homb@EST-pH7
composite, the carboxylates adsorbed on the surface are much lower and
they degrade relatively quickly when all the 1-BuOH has been elimi-
nated. The low concentration of carboxylates observed in
Homb@EST-pH7 can be attributed to higher rate of HO® radicals’ for-
mation, which allows the degradation of carboxylic acids before they are
adsorbed on the surface (Eq. 13).

In the studies for the degradation of MeOH with Hombikat-b and
Homb-pH7, we observe the degradation of the generated ionic formates
once the alcohol has been eliminated. In this regard, since formates are
strongly hydrated, they are only observed in ionic form, inhibiting
adsorption. Unlike the carboxylates generated from the degradation of
1-BuOH. Notwithstanding, the degradation of the generated formates
with the Homb@EST-pH7 composite is significantly more efficient also
for the case of MeOH.

The characterisation studies carried out have shown that the syn-
thesised composite Homb@EST-pH?7 is constituted by TiO, aggregates
of anatase and rutile with size greater than 60 nm, with low surface
hydroxylation, presence of electron traps, and low surface from the EST-
1023 component. In addition, such aggregates are also covered with
highly hydroxylated TiO; aggregates with high surface area and size of
2-3 and 8 nm of anatase phase from Hombikat-b.

Hombikat-b and Homb-pH7 are constituted by nanoparticles of 2-3
and 8 nm, which form two types of agglomerates, some with values ca.
1.5 pym and others of 62.7 um. The decrease in particle size increases the
surface area of these materials and therefore the number of active cen-
tres. However, it has been indicated that in nanoparticles smaller than
10 nm, as in this case, the recombination speed of the e /h™ pair on the
surface of the catalyst is significantly increased [65]. Thus, when the
concentration of these nanoparticles increases, forming a compact
aggregate as observed in Hombikat-b, the photogenerated holes can
recombine with the photogenerated electrons from adjacent particles
[66]. On the other hand, FT-IR characterisation studies have shown high
surface hydration of Hombikat-b and Homb-pH7, which negatively in-
fluences the access of Oy to the photogenerated electrons due to the
obstruction caused by the hydrogen bonds of the water molecules with
the surface.

Besides, FT-IR studies have also shown the presence of defects, such
as oxygen vacancies, in the EST-1023. These defects, together with the
slight delocalisation of the molecular orbitals on the surface, lead to the
generation of stable shallow electron traps near the edge of the con-
duction band [67]. Shallow electron traps are not associated with
localised structures but are delocalised across the TiO; surface. In this

0.8 - 0.8 -
—e— Hombikat-b —a— Hombikat-b
0.7 Homb-pH7 0.74 Homb-pH7
—eo— Homb@EST-pH7 —=— Homb@EST-pH7
0.6 0.6
3 0.5 - ; 0.5 -
3 3
§ 0.4+ § 0.4 4
8 5
28 0.3 1 3 0.3
< <
0.2+ 0.24
0.1 1 0.1
0.0 : : ; S *~ 00 ] ] ; ; ; ;
0 20 40 60 80 100 120 0 20 40 60 80 100 120
Time (min) Time (min)
a) b)

Fig. 8. Evolution of a) adsorbed MeOH (@) and b) generated formates (ll) for Hombikat-b, Homb-pH7 and Homb@EST-pH?7.
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way, the electrons in these centres are not easily recombined with the
holes as there are traps that stabilise them, thus reducing the recombi-
nation rate and facilitating their reaction with oxygen [68]. Thus, it has
been indicated that oxygen vacancies distort the main structural unit of
TiO,, i.e., the TiOg octahedron, giving rise to a non-symmetric distri-
bution of the charges generated by electrons in excess around the oxygen
vacancy, which generates a dipole moment [69,70]. This dipole moment
can influence charge separation, as well as the interaction with other
particles, producing the new aggregates observed in Homb@EST-pH7. It
has been indicated that the presence of centres with high concentration
of OH groups combined with a high crystallinity, which facilitates
charge separation [24], gives rise to high catalyst activity [25]. In this
case, the presence of centres with high concentration of OH groups
(present in the Hombikat nanoparticles) combined with
electron-trapping centres (present in the EST-1023 particles) are leading
to highly photoactive centres.

The Homb@EST-pH7 composite formed by aggregates of 60-90 nm
particles of EST-1023 coated with aggregates of smaller particle sizes of
2-3 and 8 nm of Hombikat-b presents a promised combination for effi-
cient photocatalytic activity in gas phase. The Hombikat-b nanoparticles
give the catalyst a high hydrated surface area to interact with the al-
cohols studied. In additions, the electron traps present in EST-1023
facilitate the separation of charges of the e /h" pair, increasing the ca-
pabilities for the formation of HO® radicals. Similarly, it has been indi-
cated that in P25 there is a morphology of rutile nanoclusters
surrounded by anatase. The transition point between both phases allows
the rapid transfer of electrons between phases, converting rutile to an
electron sink [8]. In the particular case of Homb@EST-pH7 composite,
the photogenerated electrons in the anatase particles of Hombikat-b can
be transferred to the electron traps present in the anatase or rutile phases
of EST-1023, favouring the greater formation of HO® radicals in the
anatase particles of Hombikat-b. (See Scheme 2).

4. Conclusions

For the probe molecules studied, 1-BuOH and MeOH, the adsorption
capabilities are more than ten times higher in the commercial catalyst
Hombikat-b and Homb-pH7 than in the EST-1023 and EST-pH7 syn-
thesised in lab. On the other hand, in Hombikat-b and Homb-pH?7, the
degradation of the alcohols and intermediates formed is very slow. The
new synthesised composite Homb@EST-pH7 has an adsorption capacity
for the studied alcohols similar to that of Hombikat-b and Homb-pH?7,
but it has a much higher degradation capacity for 1-BuOH, MeOH,
and the produced intermediates.

It has been determined that in aqueous solution at neutral pH, the
aggregates present in EST-pH7 and Homb-pH7 partially disintegrate,
and when both catalysts are in contact, an interaction occurs between
them. In this way, it has been determined that the Homb@EST-pH7
composite is formed from EST-1023 aggregates covered with
Hombikat-b aggregates. The high capacity to produce HO® radicals of
this composite is attributed to the transfer of photogenerated electrons
in Hombikat-b to the electron traps present in EST-1023. For its part, the
high adsorption capacity is attributed to the high surface area and high
hydroxylation conferred by the Homb-pH7 aggregates. In addition, the
high capacity to produce HO® radicals of the Homb@EST-pH7 composite
prevents the adsorption of carboxylic acids on the surface of the catalyst,
thus avoiding deactivation processes. Attending to these results, we
believe that the new composite may be a promising material for pho-
tocatalytic applications in the gas phase.
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