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1. INTRODUCTION

Nowadaystitanium dioxide is among the semiconductors mainly used in pr@sesach as
photocatalysis, because it brings together a sqirgperties that make it a very suitable
candidate for this type of oxidation-reduction téats. Among the abovementioned features,
TiO, has a wideband-gap(Table 1), which results in high negative and positive pedo
potentials in theeonductionandvalence bandsespectively Figure 1). Also, this material is
resistant to corrosion, nontoxic, low cost andosgesses physicochemical characteristics that
allow it to act as a catalyst [1].

Table 1. Band-gap energies of semiconductors used for phtatytic processes [2].

Photocatalyst Band-g(;z\e)mergy Photocatalyst Band-%g\p;)energy
Si 1.10 TiO, rutile 3.02
WSe 1.20 Fe0s 3.10
o-FeO; 2.20 TiO, anatase 3.23
Cds 2.40 Zn0O 3.20
V05 2.70 SrTiO; 3.40
WO, 2.80 SnG 3.50
SiC 3.00 ZnS 3.70

The idea of applyingupercritical fluids (SCFs) technology to the synthesis of TLi@rises
because to date, the study of gihotoreduction, the final stage of this projeets Imot been
developed with photocatalysts synthesized in supiead media. Moreover, it is well known
that the synthesis conditions under which a phaoébgst is prepared influence their properties
strongly [3]. To this we must add the results afeaently published work [4], showing a
higher photocatalytic activity in the photooxidatiof methyl orange aqueous solutions by
TiO, synthesized isupercritical CO, (SC-CO,) compared to commercial Ti@ynthesized

in a traditional way.

The properties of SCFs, mainly water and,C&e very attractive to both the generation of
particles and its use in support impregnation afzst®nce microencapsulation [5-7]. This is
because they combine a density and solvent powelasito those of liquids, and transport
properties (viscosity and diffusivity) similar tbdse of gases. Furthermore, properties above
mentioned can be tuned by simply changing the ¢ipgraconditions of pressure and
temperature [8, 9]. Moreover, SCFs allow the sysithef particles with specific well-defined



properties (morphology, structure, particle sizesipe distribution), which are very important
for the final application of the product [5].
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Figure 1. Scheme of thband-gapof a semiconductor.

In particular, SC-CQis a very interesting reaction medium for cerapuagticles synthesis,
since it is non-toxic or flammable, has a low cati temperature, a high degree of
compressibility, and low cost. Recent research 5,10] found that, compared with
conventional preparation methods (gel-gel, SGP, drainical vapor deposition, CVD), the
synthesis of Ti@in SC-CQ can be performed in milder conditions of tempagtand more
quickly.

Finally, this work includes the implementation af0}-based photocatalysts synthesized in
SCFs inphotocatalytic carbon dioxide reduction in order to obtain liquid fuels, easy to

store and transport. As ultimate goal of this regedine, it is considered the production of
these photocatalytic reactions with energy intakenfsunlight, for which a reactor similar to

those used in the literature will be used in futsteges of the project.

2. EXPERIMENTAL
2.1 Laboratory plant for the synthesis process

Synthesis of TiQ is performed in a semi-continuous pilot plant ddpaof operating at
pressure (150-200 bar) and temperature interval3-890 °C) that are necessary to carry out
this reaction. The experimental setup consists auBsystems: the impulsion module,
comprising a high pressure pump supported by aspresregulating valve (BPR); the
reaction chamber, and the separation system, kglidt and liquid-gas Kigure 2). The
experimental time required is 2 hours [5].

2.2 Supercritical synthesis of Tgand metal-doped TiD
The methodology followed to carry out the photolyatasynthesis is a process thiermal

hydrolysis of the organometallic compound, which acts astanitim precursor, by a
hydrolytic agent (alcohol) in SC-GO
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Figure 2. Flow diagram of the high pressure experimentalsetsed for the synthesis of THO
particles in SC-C@ FI, mass flow indicator. PI, pressure indicaBPR, pressure regulating valve.

Thus, the four possible combinations of two prestgsnamely titanium tetraisopropoxide
(TTIP) and diisopropoxititanium bis(acetilacetonat@lPBAT), and two different hydrolytic
agents, isopropanol and ethanol, are used to ssinth&iG [5, 11].

Moreover, the catalyst doping with metallic elensesitich as copper can be developed in the
supercritical synthesis process itself. The prooedaor this is based on literature [12], and a
maximum content of copper of 1 wt. % has beenhedadn the photocatalysts.

2.3 Photocatalysts characterization equipments

The characterization of the synthesized catalgstltone using standard analytical procedures.
The degree of crystallinity and the presence dedght crystalline phases are determined by
X-ray diffraction (XRD); the semiconductor struatyurby Fourier transform infrared
spectroscopy (FTIR); the particle size, with a higbsolution laser analyzer; the
semiconductor absorbance spectrum and lbhed-gap by UV-vis diffuse reflectance
spectroscopy (DRS); the specific surface and pme distribution, by BET technique; the
number, type and strength of active acid centeesgmt on the catalyst surface, by TPD
technique; and the TPR technique (with the samee#etent), to measure metal dispersion by
pulse chemisorption and the degree of reductioen@ital analysis was carried out by atomic
absorption spectrophotometry.

2.4 Photocatalytic carbon dioxide conversion

After characterization, we proceed to evaluatepimatocatalytic activity of the catalyst in the
reduction of CQ, using UV light as energy source, and deionizettivas reducing agent.

The experimental setup comprises a photocatalgctor made of glass (770 ml approx.),
equipped with an UV radiation internal device (1), and a cooling system to keep the
temperature constant during the course of theima@igure 3). In addition, the vessel has
several sampling ports for both gas and liquid phd$3].



Figure 3. Photocatalysis reaction experimental setup.

The test conditions consist of a continuous,G@eam bubbling in an aqueous suspension of
TiO, nanopatrticles (either ®P25 Aeroxide commerciatpat, or synthesized), concentration
0.5-1 g/L [13, 14]. Throughout the experimentaldirg-7 hours [15, 16], the reaction mixture
is irradiated with light from a medium pressure W@vhp, whose spectral distribution partially
fits the photocatalyst absorption spectrum [17].

Samples taken from liquid and gas phases at difetienes are analyzed in a gas
chromatograph (GC) with flame ionization detectal)).

3. RESULTS AND DISCUSSION
3.1 Supercritical synthesis of TO

The vyields of various Ti@synthesis experiments, including the two precwsdrtitanium
and the two alcohols mentioned in the previousi@echave been calculated (sEable 2).
Similarly, this operation has been performed farsth tests that include a copper-doping
process. To obtain these values, the ratio of predi’iGQ moles and used titanium precursor
moles is calculated.

Yield values reached are considerably higher whE&HPTis used as titanium precursor, with
respect to those experiments that include DIPBATcdn not be stated that there are
significant differences between the use of onetberohydrolytic agent. However, the results
of the photocatalytic tests are necessary to choonseof the two precursors as ideal, because
recent studies show that DIPBAT results in photalgats with larger surface area for
adsorption and catalysis [5].



Table 2. Yield values obtained in different TiGupercritical synthesis reactions, using SG@®
reaction medium.

Doping Average Number of STDEV
Precursor  Aleohdl Mieal  vield (%) Experiments (%)
TTIP Isopropanol 96 2 4.99
TTIP Ethanol 100 1
DIPBAT Isopropanol 63 4 4.11
DIPBAT Ethanol 55 2 14.85
Cu (0.5
TTIP Isopropanol Wt. %) 53 1
Cu (1.0
TTIP Isopropanol wt. %) 93 1
Cu (0.5
TTIP Ethanol Wt. %) 95 1

3.2 Photocatalysts characterization

I. Commercial TiQ

Firstly, we have studied physical and chemical prbps of interest in the commercial
catalyst Figure 4). These results are used as reference for congpeoimmercial TiQ with
the new synthesized photocatalysts.

Thus, this figure shows the results of XRD (a), RTb), particle size distribution (PSD) (c),
DRS (d), and BET isotherm (e).

[l. Synthesized photocatalysts

In the following lines, the properties studied tatelin synthesized semiconductors will be
discussed, since they provide information of grederest with regard to its use in
photocatalysis.

a. UV-vis diffuse reflectance spectroscopy (DRS)

The study of this property of the photocatalysts Aa enormous importance with respect to
its use under sunlight, which is the final goatlo§ research project.

By analyzing the obtained result&igure 5), a clear shift of the right branch of the
absorbance curve to the visible range, in the ohpbotocatalysts synthesized from DIPBAT
precursor compared to those synthesized with TddR,be detected. This is the same effect
observed in previous works for photocatalysts dowét nonmetals such as nitrogen [18],
and also for catalysts obtained by other synthesithods such asolution combustiofTSQ
[19]. This result would add value to DIPBAT-catadkjsnot only because of the possibility to
operate under sunlight, but also thanks to the avgament of the efficiency in the conversion



of CO, with UV light from the lamp used in this projegthich shows a series of emission
peaks in the visible region [20].
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Figure 4. Results of commercial TiOcharacterization. X-ray diffractogram (a), IR sjpem (b),
particle size distribution (c), absorbance spectfdjrand adsorption-desorption isotherm curves (e).

On the other hand, the absorbance spectrum of @ecalwped catalyst has been compared to
that of the same synthesized photocatalyst in @lesehmetallic element. Thus, the curve for
the doped photocatalyst is slightly shifted towdrd visible region (seigure 6). Further



research with catalysts with higher metal contemt o 10 wt. % [14]) will be required to
determine if this modification of the semiconductertainly leads to raise the absorbance in

that region of the spectrum.
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Figure 5. DR/UV-vis spectra of the photocatalysts synthesizemm TTIP and
DIPBAT titanium precursors, and of commercial T.iO
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Figure 6. DR/UV-vis spectra of two synthesized photocatalystgpper-doped and
undoped, and of commercial TiO



b. X-ray diffraction (XRD)

Another measured property of the catalysts is tiRDXpattern. This analysis reports the
presence of different allotropic forms of Lihamely anatase and rutile, by means of the
distribution of the peaks, as well as the photdgstacrystallinity, related to the height and
resolution of these peaks. Both the predominan@mafase phase and the observation of high
well-resolved peaks will promote the photocatalyirocess. Firstly, due to the provision of
greater specific surface and higher density ofvacsites in the anatase form [21], and
secondly, because of a better behavior under therlabd radiation associated with a good
crystallinity. As shown irFigure 7, all the synthesized catalysts exhibit XRD patesmilar

to that of commercial Tig) and all the observed peaks in these diffractograre related to
anatase phase, not to rutile.
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Figure 7. XRD patterns of (a) TTIP-isopropanol, (b) TTIP-atbh (c) TTIP-
isopropanol-Cu 1.0 wt.%, (d) TTIP-ethanol-Cu 0.5 %, (e) DIPBAT-isopropanol,
and (f) DIPBAT-ethanol synthesis combinations. Aatase phase. R: rutile phase.



Moreover, the best peak resolution and peak hewgthtrespect to the pattern of commercial
TiO,, is shown by the synthesis combination undopedPTigbpropanol, whereas TTIP-

ethanol and copper-doped TTIP-isopropanol comhonatiexhibit worse results. Copper-

doped TTIP-ethanol combination shows lower pea&loti®n and peak height with regard to

its equivalent undoped. Finally, DIPBAT combinasamsult in poorer resolution peaks than
those which include TTIP, and significant differeadetween the various hydrolytic agents
cannot be appreciated.

3.3 Photocatalytic activity evaluation of synthesizatatysts
The experiments of COphotocatalytic reduction have allowed to obtaisuits for both

copper-doped and undoped catalysts, and thus,mpa@ these curves with that achieved
using the commercial catalyst (d&igure 8).
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Figure 8. Acetone production in different experiments of L@hotocatalytic
conversion, with photocatalyst synthesized from P-Ropropanol ), the previous
doped with 0.5 wt. % coppen), and commercial TiQ(A).

As shown in the graph, a slightly higher maximumantration of the main product in €O
conversion (acetone) is observed when the photysata doped with the metallic element. If
commercial TiQ is used, the maximum concentration of acetonaisdase exceeds the one
appreciated with the undoped catalyst, and it appres that of the copper-doped
photocatalyst. It is necessary to remark that th@rdy element content used is not the highest
within the range considered in the literature [22, 23], so these results could be still
improved.



4. CONCLUSIONS

» |t is feasible to obtain photocatalysts whose prige are very similar to the
commercial TiQ by means of SCFs technology, with some advantdigesthe
possibility of tuning these properties to the reguients of the research with simple
changes in the synthesis process. In additios,pbssible to incorporate both metallic
and nonmetal elements into the semiconductor duhiegsynthesis reaction, which
will provide interesting characteristics to the gwot.

= Supercritical synthesis assays have resulted ihehigields when TTIP is used as
titanium precursor. However, it is necessary tosater the advantages of DIPBAT
precursor demonstrated in previous studies, arekperimentally verify if there are
differences in their photocatalytic activity, inder to make decisions about the use of
one or other compound in the synthesis of,TiO

= By analyzing the absorbance spectra of the phaitysas, it has been observed that
the curves obtained from DIPBAT-catalysts show rigat branch clearly shifted to
the visible range, with respect to those of the mential catalyst, and the synthesis
combinations including TTIP. On the other hand, panng the absorbance curves of
doped and undoped catalysts obtained from the symiesis combination, it has
been possible to appreciate that the curve for ciygper-doped photocatalyst is
slightly shifted to the visible range. It will beecessary to increase the proportion of
doping metal to verify that this effect is due he imetallic element incorporated.

= After carrying out the measurement of XRD patteimghe synthesized catalysts, it
has been concluded that in all cases the obtairaklspcorrespond with the anatase
phase, and the synthesis combination that showsbés¢ crystallinity is TTIP-
isopropanol. The last mentioned property, in gdné&aiot improved by doping, and
gets worse with the replacement of hydrolytic agerth ethanol. If DIPBAT
precursor is used, crystallinity appears to be doeer.

» Finally, after several experiments of photocatalyteduction of C@ using a
synthesized catalyst doped with copper and itsvedgmt in absence of metallic
element, it can be stated that the major produneged in the reaction (acetone)
reaches a slightly higher concentration when thalygst is doped with respect to
commercial TiQ. Both concentrations are clearly higher than tleximum reached
by the photocatalyst without copper. It will be uegd a greater proportion of metal to
confirm that doping leads to better conversion ltesu
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