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Abstract

Different TiO, modified (with Pt, CeO, Nb) photocatalysts have been compared for th&oph
reforming of glucose and fructose at ambient caowkt with the aim of linking the
photoactivity to some structural and surface chargstics. A different degree of conversion,
distribution of intermediates anc lgroduction were observed with the various photdygats.
Moreover, the results obtained with the same cstslwere slightly different with the two
substrates, highlighting the importance of theraxtBon between the catalyst surface and the
organic compound. Bare TiQwvas inactive towards Hproduction, CeO was effective in
replacing Pt for hydrogen generation, and the presef Pt/Nb was beneficial for bothy H
production and selective oxidation. Moreover, Rtardy works as a sink for the photoproduced
electrons, as it is well known in the literaturaet Blso modifies the surface acid-base properties
of catalysts as revealed by DRIFT and TPD measureme

Introduction



The traditional industrial processes involving t@sumption of fossil fuels have a great
impact on global warming and environmental pollatjid]. Therefore, the development of new,
eco-friendly and clean industrial processes baseith® use of renewable energy has emerged
as the most pressing challenge for researchersingoni the green chemistry field [2]. The
transformation of biomass into chemicals is a psimg approach to counter the negative
impacts caused by the excessive consumption ofl fagds [3,4]. Natural biomass is a
renewable energy source that does not emit gresehgases because it is created by plants
during photosynthesis from G@nd water [5]. Biomass and its derivatives aresmered
valuable inexpensive raw materials for pharmacaltiood, cosmetic and fuel industry [5-8].
Furthermore, hydrogen production from biomass rsatered a valid alternative to traditional
expensive methods. Hydrogen is a clean, affordafffiejent, inexhaustible, storable, and eco-
friendly fuel that produces just water when burnadth no pollutants, particulates or
greenhouse gases released into the atmosphered.[&llitose and fructose, which derived
from cellulose, can be used to produce high-valompounds in a sustainable mode. In
particular, they can be used to make ethanol, niaremd sorbitol through hydrogenatidst,
hydroxymethyl furfural through dehydration, glucomicid, arabinose and erythrose by partial
oxidation and hydrogen [12-19].

Photocatalysis is an environmentally friendly psxesed in organic synthesis and pollutant
removal [3,20-23]. The use of photocatalysis hars¢ advantages for the environment,
including mild operating conditions (i.e. room tezngture and ambient pressure), the absence
of harmful chemical solvents, the possibility ofegdight utilization as irradiation source, the
easy integration with other physical and chemieahnhologies, e.g. membrane separation [24—
26].

Titanium dioxide is the most studied photocatafyst considered highly desirable because of
its low cost, non-toxicity, low environmental impasignificant oxidizing power, outstanding
photocatalytic activity, and long-term (photo)stapi[27—29]. However, it presents some
disadvantages. Because of large band energy, brgrbe activated by UV light and the fast
recombination rate of the photoexcited electroretpairs makes its use not very effective. To
address this issue, different strategies can baupdr[29-32]. The treatment by ultrasound was
effective in forming oxygen vacancies which alloatization under visible light [33,34}1he
coupling of TiQ with other suitable semiconductor materials caprove the solar light
absorption, enhance the photocatalytic activity aménge the surface acidity [35-39].

Moreover, the doping with metals (i.e., Nb, Cu, Gla,Au) has been reported to be effective



in the reduction of the recombination rate of pleatted electron-hole pairs and modification
of some surface features [26,39-45]..Ctbased materials are used for a broad range of
applications, such as sensing, disinfection, dagaltion, organic synthesis, photovoltaics,
photodegradation, and photocatalysis. oli€a widely studied n-type semiconductor, whereas
CwO is a typical p-type semiconductor with a low bayap of 2.2 eV. They might come
together to form a p-n heterojunction, which carscab solar spectrum radiation, boost
photogenerated charge carrier separation, andaserghotocatalytic performances [46—49].
Notably, by considering the energetic level of2Quconduction band edge, the hydrogen
production can be boosted [36,50,51].

TiO2 exists in three main crystalline phases, i.eleuginatase and brookite that exhibit different
photocatalytic activity [52—-56]. Brookite, the rilee new polymorph [52], has shown to be
active towards the partial oxidation of glucose twlards the formation of hydrogen [57,58].
Platinum (Pt), on the other hand, was widely usgqehioto-reforming reactions due to its largest
work function (5.65 eV), higher stability with re=sg to other metals and the lowest over
potential for H formation [33,58-60]. In recent years, the effafishe scientific community
have turned to the search for ecological and ecanalternatives to noble metals and-Ou
has received wide acclaim [36,61,62].

In this work, TiQ-based photocatalysts (anatase, rutile and brgakitelified by Pt loading,
Nb doping and coupled with @0 were compared towards glucose and fructose réigrm
used as probe molecules of biomass derivativeght8lidifferent synthesis procedures were
used to prepare the polymorphic forms of Zidhe surface and the chemical-physical
properties of synthesized catalysts have beentighig studied with the aim of correlating the
photoactivity to some features of the solids amphlght the role of Pt, that is worldwide used
only as electrons sink. Notably, it was found th&tnoble metal had an important unusual role
to modify the surface acid-base properties of ti@qcatalysts as indicated by the DRIFT and

TPD characterizations.

Experimental

Chemicals

Ethanol (GHsOH), titanium tetrachloride 98% (Tig}| hydrochloric acid 37% (HCI),
titanium(IV) isopropoxide> 97% (Ti(OCH(CH)2)s) named as TIP, Pluronic P127, copper(l)
chloride (CuCl), niobium(V) chloride (Nbé€)l copper(l) oxide (C#D) and platinum chloride
(PtCL) were purchased from Sigma-Aldrich and used withiouther purification for the



synthesis of different photocatalysts. Commeraahgles of BDH (anatase) and P25 (anatase

+ rutile) were also used as reference material§@nithe purpose of comparison.
Catalysts preparation
Brookite

Brookite was prepared through hydrothermal hydisly210 mL of distilled water, 80 mL of
HCI (concentrated) and 5 mL of TiCOlere added in a 500 mL beaker under stirring.rAdte

2 h the mixture was shifted into a Pyrex bottle Aerdted at 373 K in an oven for 48 h. The
resulting combination powder was a mixture of biteknd rutile. By peptizing with water at
different times, pure brookite nanoparticles waeowered in the supernatant and rutile phase
was present as a precipitate. This sample wasifidehnas Brookite.

Niobium (Nb) loading was accomplished by adding Nb the solution obtained by
dissolution of TiCJ. Nb1-brookite was the code used for this sampler&/i% indicates the
nominal weight percentage of Nb with respect to,ITXlb was chosen both because it enhances
the photoactivity of TiQ[26,63] and because it modifies its surface acuperties [64].

Home prepared TiOz (HP)

The sample indicated as HP was prepared by addargum(1V) isopropoxideg(TIP) to an
aqueous solution containing HCI, Pluronic P127 @stdsOH. The following molar ratios were
used: TIP (1): KO (15): GHsOH (40): HCI (0.5): P127 (0.005). The resultingpdission was
mixed for approximately 4 hours at room temperaturé then heated overnight at 383 K. The
recovered solid was calcined for 24 h at 773 K.

Cu20-TiO2 samples

Some CrO (3 wt%)-TiQ: coupled samples were prepared by mixing the tvidesby a Retsch
Ball Mills, type PM100 ball milling. The powders veemixed for 2 hours at 150 rpm, reversing
the sense of the rotation after 1 hour and 10 rasat pause. The @D percentage was chosen

considering the results obtained in a previous pE&.
Pt-loaded samples

Some TiQ catalysts were loaded with 0.5 wt% Pt by a phgtod#ion method. Distilled water
(200 mL), ethanol (50 mL), Pt€k5 mL) and TiQ based sample (1 g) were added in a



photoreactor. The obtained mixture was stirrechendark for 0.5 h with He (orANbubbling,
and then illuminated with a UV lamp (125 W) for 7 The resulting mixture was filtered,

washed thoroughly with distilled water and theredrin an oven for 6 h.

Catalysts characterization

X-ray diffraction (XRD) patterns of the investigdt@owders were obtained by a Philips
diffractometer (operative at a current of 30 mA andoltage of 40 kV) using the CuK
radiation. The morphology was examined by scanmilegtron microscopy (SEM) using a
Nova NanoSEM instrument. A small amount of powdengles was placed on carbon tape
attached to a stainless-steel stub.

Transmission electron microscopy (TEM) was perfairasing a Titan transmission electron
microscope operating at 300 kV. The samples wegpared by suspending the powder in 2-
propanol, treating with ultrasound, and finally dsping 3uL of the suspension 2 consecutive
times on a 400-mesh Au grid provided by Tedpellze $olvent was then evaporated at room
temperature. ImageJ was used to evaluate theglattspacing and the size of the nanopatrticles.
The specific surface areas (SSA) were determineda ifFlow Sorb 2300 apparatus
(Micromeritics) by using the single-point BET metho

Zeta potential measurements were performed usiMglaern Panalytical Zetasizer Ultra Red
instrument equipped with a Malvern Multipurposedior MPT-3. 25 mg of a photocatalyst
was dispersed in 100 mL of ultrapure water andestifor 30 minutes (400 rpm). 0.25 M and
0.025 M hydrochloric acid and 0.25 M sodium hyddexwere used to adjust the pH in the
measurement range.

The UV-Vis diffuse reflectance spectra (DRS) wergquared in the wavelength range of 200-
800 nm at room temperature by using a Shimadzu 4D22PC spectrophotometer with barium
sulphate (BaSg) as the reference material. Band gap values waoelated by plotting the
modified Kubelka-Munk function, [F(R)hv]” against the energy of the stimulating light. The
solid-state photoluminescence spectra (PL) of tivestigated photocatalysts were recorded
with a Perkin EImer UV-Vis fluorescence spectromét® 55 in the range of 300-600 nm at an
excitation wavelength of 300 nm. Raman spectra®@photocatalysts were obtained by means

of a BWTek-i-micro Raman Plus System, equipped &i##t85 nm diode laser.



X-ray photoelectron spectroscopy (XPS) was performasing a Thermo Fisher Scientific
(TFS) Escalab Xi+ XPS with an AlKX-ray source. Prior to the XPS measurements, the
samples were etched situ with an Ar beam to remove contaminants from thelayer.

For the identification of the free radical spe@éthe catalyst, electron paramagnetic resonance
(EPR) was performed on an EMX-nano spectrometeuk@r Biospin Corp., Karlsruhe,
Germany). For the detection of transition metal$ @xygen vacancies, the powder was placed
in a tube and was fitted into the sample holdeh@nEPR test chamber for analysis. For the
detection of superoxide anion radicals’(Qthe sample was dissolved in methanol to form a 1
mg/mL suspension which was then dispersed usimgsaihication. Subsequently, 100 mM of
trapping agent 5,5 Dimethyl-1-pyrroline N-oxide ([PX@) was added into the suspension. After
stirring, the mixture was placed in a tube and fiteed into the sample holder in the EPR test
chamber for analysis. For the detection of hydraagical (OH), the sample was dissolved in
water to form a 1 mg/mL suspension which was th&peadsed using ultrasonication.
Subsequently, 100 mM of trapping agent 5,5 Dimefhplrroline N-oxide (DMPO) and 100
pL of 1 mM HO, were added into the suspension. After stirring, rifixture was placed in a
tube and was fitted into the sample holder in tR&REest chamber for analysis. The sample
was irradiated for 30 minutes using a UV (LOT-QuantDesign GmbH) lamp and data were
recorded.

The Diffuse Reflectance Infrared Fourier TransfdBmectroscopy (DRIFTS) spectra of the
studied catalysts after adsorption of pyridine wexarded using a Perkin Elmer Frontier FT-
IR spectrometer equipped with a mercury cadmiutaride (MCT) detector. A catalyst sample
placed in a DRIFTS cell was first heated in ansideam from room temperature to 473 K and
then held at this temperature for 15 minutes tcoremimpurities from the catalyst surface. The
sample was then cooled to 393 K in andifeam, and a background spectrum was recorded.
After saturating the catalyst surface with a pyrécontaining Wstream for 20 minutes at 393
K, the catalyst sample was purged with pueeaNd held at 393 K for additional 2 hours to
remove the excess pyridine. The FT-IR spectra {a@nage of 64 scans, resolution of 4Ym
were recorded at 393 K.

Surface acidic sites were revealed using pyridina probe molecule and a Perkin Elmer Pyris
1 TGA instrument. Samples were first heated frorf@ 82473 K and held at this temperature
for 15 minutes to remove contaminants from thelgstaurface. The samples were then cooled
to 393 K and pyridine was adsorbed with a saturbitestream until the weight of the catalyst
was constant (after about 20 minutes). The powders then purged with Nand held at 393



K for 2 hours to remove excess pyridine. TPD (terapge-programmed desorption) profiles
were recorded in the temperature range from 393 8K.

To determine basic properties of the surface ofstigated photocatalysts, @DPD profiles
were obtained by heating samples in arf8%0)/He stream (25 mL/min) from room temperature
to 398 K (10 K/min) in the Micromeritics AutoCherh2920 apparatus. After 10 minutes, the
samples were cooled to 323 K and then the gasvilasvichanged to Ar (25 mL/min). G@as
introduced by dosing C80 vol%)/Ar into the Ar stream (25 mL/min) flowgrthrough the
samples at 323 K. Desorption of €@om the sample into the Ar stream (25 mL/min) was
monitored over the temperature range of 323-63Bdating ramp 10 K/min) using the Pfeiffer

Vacuum ThermoStar mass spectrometer.

Photocatalytic activity determination

Photocatalytic activity was studied in anaerobinditions by using separately two substrates,
i.e. glucose and fructose, at room temperature antbspheric pressure, monitoring the
evolution of B and CQ in the gas phase and the formation of the interatesl in the liquid
phase. An 800 mL Pyrex cylindrical reactor was yusedl He or N were bubbled into the
solution for 30 minutes to achieve the adsorptiesenption equilibrium of the substrate on the
catalysts surface. After that, the reactor waseseand the near-UV lamp (125 W medium
pressure Hg) was switched on. The initial concéoineof the two substrates was 1 mM and
the reactions were carried out at a pH of abothé&,'natural” pH of the aqueous suspension
of both substrates measured after adding the chtalyradiometer was used to check the
optimum amount of the photocatalysts able to absar®0% of the photons emitted by the
lamp. Specific amounts ranging between 0.3 andgll.8were obtained for the different
photocatalysts. To determine the substrates’ atlsarpn the catalyst surface in the absence of
light, their concentration values were measureer &0 minutes of stirring of the suspension
containing the catalyst under dark conditions. €kperimental setup is shown in Figure S1.
The photocatalytic reactions lasted 5 h and samp&s withdrawn periodically during the
irradiation time, and filtered by 2 pum membraneg (Miillipore). A Thermo Scientific Dionex
ultimate 3000 HPLC, equipped with a Diode Array agiflactive index detectors, was used for
the quantitative determination of glucose and fyeet and for identifying their reaction
products. The eluent was a 2.5 miS&@x aqueous solution, the flow rate was 0.6 mL/min and
the column was a Phenomenex REZEK ROAG®fganic acid H. In order to monitor the

evolution of the gaseous species during the rud@ .84 of the gas was drawn at specific time



intervals from a valve at the top of reactor. A HP 6890 Series GC System equipped with a
Supelco packed column GC 60/80 Carboxen™"1% and a thermal conductivity detector (TCD)

was used to measure the content of H, and CO».

Results and discussion

Figure 1 shows the XRD patterns of all prepared photocatalysts. The three main polymorphs
(anatase, rutile and brookite) of TiO; are indicated as A, R, B, respectively. The commercial
TiO2 BDH consists of only anatase phase, whereas P25 contains both the anatase and rutile
phases. HP contains mainly anatase phase and also traces of rutile, pure brookite was home
prepared. The commercial samples (P25 and BDH) show more intense and narrow peaks
compared to those of the home prepared ones indicating a better crystallinity, due to their
preparation at high-temperature on industrial scale. Moreover, no diffraction peaks related to
foreign species are present, probably due to the high degree of the dispersion and the low

amount of these species with respect to TiO».
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Figure 1. XRD patterns of: (A) Pt-BDH, Pt-P25, Pt-HP, and Pt-Brookite; (B) 3%Cu,0-P25, 3%Cu,O-Brookite,
Pt-3% Cu,0-Brookite, 3%Cu,O-HP, and Pt-Nb1-Brookite samples. A = Anatase, B = Brookite, R = Rutile.

The crystal phase and specific surface area (SSA) of all the samples are listed in Table 1.

Commercial samples exhibit lower SSA as compared to that of home prepared photocatalysts,



being 48 Mg for 3% C10O-P25 and 69 g™ for 3%CwO-HP, respectively. Brookite samples
display higher SSA ranging between 90 and 88 ™ whilst Pt-BDH shows the lowest SSA of
10 nt-gt.

SEM images of all prepared samples are displaydeigare S2. All samples are formed by
aggregates of irregular roundish particles whoge sange is 30-130 nm. Due to the lower
synthesis temperature, the particle sizes of hordensamples are smaller than those of
commercial samples.

Diffuse reflectance spectra (DRS) of the differ€i@2-based samples are shown in Figure S3.
All the photocatalysts absorb light in the UV-visilbange. The BDH and Brookite samples
(Figure S3A) show an absorption band in the higdrgynregion { < 360 nm), whilst all other
samples exhibit a slight shift in absorption tovealmhger wavelengths. Pt presence and copper
loading (Figure S3B) enhance the absorptioh at420 nm and slightly shift the absorption
edge towards the visible part of spectrum.

Band gap values of all samples, measured by pipttie modified Kubelka-Munk function,
[F(R'«)hv]” against the energy of the stimulating light, @garted in Table 1. All the powders
exhibit band gap values in the range of 2.96-3\8®e&ing the lowest value found for HP and
highest figures observed for brookite based sampesrelevant variation with respect to
pristine TiQ samples were observed in the presence of forpigaies.

Table 1. Some physical-chemical properties of the invegtiggohotocatalysts: composition (A =
Anatase, R = Rutile, B = Brookite), band-gap, S84 &PD results (amount and density of acid sites
of catalysts and the corresponding temperaturegradine desorption).

Catalyst Phase| Band| SSA Quantity | Density of | Temperature
:]:/F; (m?g) | of acid sites| acid sites 3222;?&22?1
(mmol/g) | (mmol/m? (°C)

BDH A 3.24 10 0.0095 0.0010 289

Pt-BDH A 3.26 10 0.0091 0.0009 N.D.

P25 A+R 3.18 50 0.1194 0.0024 289

Pt-P25 A+R 3.09 50 0.0944 0.0019 323, 388

3%CuO-P25 A+R 3.08 48 0.1253 0.0026 264, 34%

Brookite B 3.34 98 0.2721 0.0028 406

Pt-Brookite B 3.32 98 0.4836 0.0049 235, 408




Pt-Nb1-Brookite B 3.27 90 0.2669 0.0030 402
3%CuwO-Brookite B 3.33 91 0.2237 0.0025 290, 413
Pt-3%CuO-Brookite B 3.33 94 0.2669 0.0028 290, 409
HP A+R 2.96 78 0.1605 0.0021 310
Pt-HP A+R 3.01 78 0.1137 0.0015 375
3%CupO-HP A+R 3.05 69 0.1537 0.0022 261, 35(
CwO CuO 1.97 1 0.0009 0.0009 428

aN.D.: Not determined because no pyridine desorgtigak was observed in the measured temperature
range (see Figure S8).

Figure S4 shows the Raman spectra of, Ti@sed composites. Raman bands at 144 (&),

197 cm! (Eg), 396 cm! (Big), 514 cm'® (A1g), and 637 cm (Big) are characteristic of anatase
phase, whilst those at 446 ¢rand 613 crt are related to the rutile one. In P25 and HP based
samples, being anatase the main component, thengesf rutile can be detected by enlarging
the figures while there are no peaks relating teGCdue to probably its small amount and
dispersion within the Ti@matrix. In Figure S4B the bands at 126 ¢rh52 cmt, 212 cmt,

247 cmt, 322 cmt, 364 cmt, 409 cmt, 456 cmt, 498 cmt, 543 cm', 582 cm' and 632 cm

are characteristic of brookite. In brookite-contagnsamples, the addition of the metal caused
a decrease of the band intensity that can be aitddabto the greater surface disorder due to the
presence of Pt on the TiGurface. There were no identifiable peaks of iR, this is consistent
with the observation that this metal is not presdtttin the TiQ lattice but only on the surface.
Also in this case no GO peaks were detectable.

Figure 2 displays the zeta potential versus pH euref some Pt-Tiosamples. The IEP
(isoelectric point, i.e. the pH value at which tieg charge on the catalyst surface is zero) values
are 4.23 for Pt-BDH, 4.45 for Pt-HP, 5.00 for P&Panhd 5.63 for Pt-Brookite. The above
findings imply that at pH §pH at which the photocatalytic runs were carriat) the catalyst’s
surface is negatively charged for Pt-BDH and Pt+#gtral for Pt-P25 and positively charged
for Pt-Brookite. Then different coulombic interamis can take place between the species in the

reaction mixture and the surface of the various, a@wders [65].
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Figure 2. Results of the pH-related zeta potential measurements.

The presence of noble metals such as Pt has been reported to be effective for the visible-light
activation and the enhancement of the TiO> performance [66]. In fact, the Fermi levels of noble
metals are lower than that of TiO, and this results in the transfer of the photogenerated electrons
from the conduction band of TiO; to metal particles [67]. This process reduces the electron—
hole recombination rate as can be seen from the decrease of the intensity of the
photoluminescence bands in the presence of Pt (Figure 3) [68]. For all the samples, except for
BDH which displays a peak at 380 nm, the main emission bands are at ca. 423 nm and this can
be attributed to the band-to-band indirect transition of electrons in TiO> in accordance with the
band gap values. The signals at higher wavelength can be assigned to a non-radiative
recombination of the excited electrons towards lattice defects [51,69]. A significant decrease in
the PL intensity can be noticed after the coupling with Cuz0 and the addition of Nb due to the

lower recombination rate of the photogenerated charges [36].
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Figure 3. Photoluminescence spectra of the different samples

TEM images of the different samples were acquioad\estigate the morphology, the particles
dimension, and the distribution of the differentnponents. Some selected images are reported
in Figure 4, images of other samples are givehemSupporting Information (Figure S5). TEM
images of the sample Pt-P25 (Figure 4A) revealRhaanoparticles (represented by small dark
spheres) are uniformly dispersed across the PZacgsuconfirming the effectiveness of the
photodeposition method. The size of Pt nanopastisl@pproximately 2 to 3 nm while the size
of P25 particles (anatase and rutile) ranges beti8do 20 nm. By zooming in on the image,

12



it is possible to distinguish two lattice fringes of ca. 0.35 nm and 0.32 nm, characteristic of the
(1 0 1) anatase and (1 1 0) rutile planes, respectively [70]. SAED (selected-area electron
diffraction) patterns consisting of concentric rings indexed as the various planes of rutile and
anatase, confirmed the biphasic structure of P25. In the HP sample (Figure 4B), instead, Pt
nanoparticles are clustered into one area on the TiO; surface. The size of TiO; particles ranges
between 5 to 25 nm, which is slightly larger range compared to the Pt-P25 sample, and the size
of Pt nanoparticles is ca. 1 to 2 nm that is slightly smaller than found in the Pt-P25 sample.
Also, in this case an intimate contact between anatase and rutile can be observed.

Brookite consists of rod-shaped particles which size ranges between 10 to 30 nm (Figure 4C).
Pt nanoparticles (dimensions ca. 2-3 nm) are concentrated in some areas whilst Nb particles are
not distinguishable due to their low quantity and high degree of dispersion in the TiO> matrix.
In the Cu2O/Ti0O2 composite samples a good contact between the two components can be clearly
seen in the images reported in Figure S5. The sizes of Cu20 particles range between 5 to 10

nm, which are smaller than those of TiO; particles.
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Figure 4. TEM images of the samples: (A) Pt-P25, (B) Pt-HP, and (C) Pt-NB1-Brookite.
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XPS measurements of some selected samples wernedcawut to examine the surface
composition and the oxidation states of the difiergpecies. In Figure S6 the XPS survey
spectrum of the samples with the various speciisated is presented. Peaks for Pt (not shown
in XPS survey) were barely detected due to its kataimic concentration. ClI, as residual
species deriving from TiG|PtCk and NbCi precursors, was also detected. When both present,
Cl and Nb are not clearly distinguishable becabsé& peaks almost overlap. In Figure 5A are
reported the high resolution XPS spectra of theplpeaks. In Pt-P25 sample the two peaks of
Ti 2psr at 459.5 eV and Ti 2p at 465.3 eV with a binding energy distance of &B8are

characteristic of Ti in TiOz [71]. The Ti 2g,, shoulder peak at 461.4 eV which is visible only

for the 3%CuwO-P25 sample is characteristic of TiThis indicates that in this sample Ti is
present in two oxidation states (+3 and +4) duant@lectron transfer from @0 to P25. The
high-resolution O 1s spectra are shown in FigureFs®8 almost all of the samples the main
peak is that at ca. 530.7 eV, assigned tdds of the TiQ crystalline lattice. The peak at ca.
533.0 eV, related to -OH groups [72], is negligiblePt-Nb1-Brookite, small in Pt-P25, more
evident in 3%CpO-P25 and comparable to that at higher energy%a€30-HP. The presence
of CweO seems to favour the formation of surface hydraxgups. The main Pt peak at ca. 76
eV (Figure 5C) corresponds to®Pthe less intense peaks at lower binding energy ar
characteristic of partially oxidized Pt species|[73

High resolution XPS spectra of Cu 2p are reportedrigure 5D. For the P25 sample, the
binding energy of the Cu 2p peak at 955.4 eV and of Zpat 933.2 eV are characteristic of
Cu(l) oxide. For the HP sample the presence olialp satellite peak between the main two
Cu 2p peaks is characteristic ofCions. The Nb 3d spectrum (Figure 5E) displays peaks

at 209.9 eV and 207.1 eV (binding energy distari@&&eV) characteristic of N5 [74]. The
other two peaks at lower binding energies are tlob§d 2p.

In Table S1 the atomic concentrations of the dififérspecies obtained by XPS investigations

are reported.
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Figure 5. High resolution XPS spectra of: (A) Ti 2p, (B) O {8) Pt 4f, (D) Cu 2p, and (E) Nb 3d.

As illustrated in Figure S7, the EPR spectra ofptbeder samples 3%Q0-P25, 3%CLO-HP
and Pt-3%C0O-Brookite show a broad signal at g = 1.999 whiah be assigned tofiions

on the surface [75]. The experiments carried oth samples containing Nb did not show any
EPR signal, pointing out that the photocatalystasrable to generate free electrons and oxygen
vacancies under illumination. The Pt-3%OQeuBrookite sample shows the highest intensity
peaks indicating stronger presence of free elestem oxygen vacancies, probably because

the electrons are transferred to Pt and trappectitheConversely, the 3%QD-P25 solid

showed the lowest EPR peak intensity. In the pseh DMPO/MeOH solutions (Figure 6),
the experiments carried out in the dark cannotatledey EPR signal, indicating that the
photocatalysts are unable to generate radicals bserece of illumination. When the
photocatalysts get exposed to light, the EPR spgote rise to the characteristic paramagnetic

resonance absorption of the adducts of DMP(j—.-CIhis result indicates that all the

photocatalysts can thermodynamically produce suo anion radicals (-g_)) under

illumination.
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Figure 6. EPR spectra of MeOH suspended samples in themresdé DMPO.

For DMPO/HO./water suspended samples (Figure 7), in the darlERPR signal is detected.
Under irradiation, the EPR spectra give rise to ¢tharacteristic paramagnetic resonance
absorption of the adducts of DMPO-OH. Results dgaté that only 3%C®-P25 and
3%Cu0-HP samples can thermodynamically produce hydroge@dH) radicals under
illumination. Samples with brookite phase Ti@ere unable to produce *OH radicals under
light. While brookite TiQ can still exhibit some photocatalytic activitysioften less efficient

in generating hydroxyl radicals under light complte anatase and rutile. This is due to the
variations in electronic structure, band gap, amdase properties among the different TiO
phases. The P25 sample showed the highest intgresalys indicating strongest formation of

the hydroxyl radicals.
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Figure 7. EPR spectra of water suspended samples in theqme®f DMPO and #D..

Insitu DRIFTS of adsorbed pyridine was used to identiy mature and the density of surface
acid sites. In Figure 8 are illustrated the speatated to bare and different Pt-loaded O
samples. The peaks at 1445486 cmt, 1574 cmt and 1604 cm are related to the pyridine
ring coordinated to surface Lewis acid sites, wltilese at 1545 ctand 1635 cm correspond

to the Brgnsted acid sites on which the pyridinitons are adsorbed [76-80]. A clear
predominance of acidic Lewis sites is detectable in all samples; in addition, these spectra show

the presence of both protonated pyridine (1545686 cm') and co-ordinated pyridine (at
1604 and 1445 cr). The peak at 1574 chis ascribable to a weak interaction of pyridinéwi
the acid sites on the catalyst surface. Sharp raledse peaks are present for commercial P25
and home prepared HP samples, moderate for braaidteery weak for BDH solids. Although
these spectra essentially give qualitative inforomatwe can roughly say that a higher intensity
corresponds to a higher concentration of acid ,st@ssequently the BDH sample exhibits the
lowest concentration of surface acid sites, whilé Bnd HP solids the largest. Pt loading causes
a decrease in the intensity of the bands for PRRu(e 8A) and HP (Figure 8C) samples, a little
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increase for BDH solid (Figure 8B) and a significant rise for Brookite sample (Figure 8D). The
different effects of Pt on the various samples can probably be due to the diverse TiO> phases.
Shifts to higher wavenumbers of the peaks at 1604 and 1445 cm™ observed in Figures 8B and
8D for the spectra of Pt-BDH and Pt-Brookite samples could be due to electronic effects of Pt

ensembles on the pyridine ring coordinated to Lewis acid sites on the surface.
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Figure 8. DRIFTS spectra of pyridine adsorbed on the surface of investigated materials; (A) P25 based solids, (B)
BDH based samples, (C) HP based materials, and (D) brookite based photocatalysts.

In Table 1 are also reported the quantitative results related to pyridine TPD measurements in
terms of amount and density of acid sites present on the surface of different catalysts, and the
corresponding temperatures of pyridine desorption. Pyridine TPD profiles are shown in Figure
S8. Comparing the pristine TiO> samples, Brookite and BDH solids display the highest and the
lowest amount of acid sites, respectively; P25 sample shows less than half with respect to
Brookite sample and HP solid has an intermediate amount. After Pt deposition one can notice a
decrease of the quantity of acid sites in all the TiO; bare samples, except for Brookite solid, and

the appearance of a second desorption peak except for HP sample. Moreover, a general increase
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in the temperature of pyridine desorption can b&eoked in the presence of Pt, which implies
arise in the acid strength of the sites. The dagplith CwO commonly reduces the desorption
temperature and has different effects on the giyawitacid sites present on the various samples.
In particular, it has a little effect on the amowiitacid sites in P25 and HP samples, whilst a
decrease is observed in Brookite solid. The lastéine only sample in which, in the presence
of CwO, the desorption temperature of the pyridine ecpecally equal to that of the bare
sample. Moreover, a second desorption peak at highgperature is visible. In the Pt-Nb1-
Brookite sample, the addition of Nb reduces thewamhof acid sites with respect to Pt-Brookite
sample and has not influence on the temperatupgrafine desorption.

The TPD technique after G@dsorption on Ti@surface allows to study the basic surface
properties of the different catalysts. In Figureai® shown the COTPD profiles of the
investigated samples and in Table 2 are reporteditiounts of basic sites. The peaks between
323-423 K are ascribed to the desorption of modQl®, whilst those at higher temperatures
to HCOs or carboxylate deriving from the interaction of £@ith the TiQ surface hydroxyl
groups [81]. The presence of peaks at higher temyes indicates the existence of a stronger
adsorption of C@on the catalysts.

The observation of Table 2 related to pristine ;Ti€veals that pure anatase (BDH sample)
exhibits the least number of basic sites, the megwf anatase and rutile (P25 and HP solids)
have the same middle amount, whilst brookite peeseshe highest quantity. After the Pt
addition, an increase, except for BDH sample, @andied and Pt-P25 solid displays the largest

amount of basic sites in the high temperature range
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Figure 9. CO, TPD profiles of investigated materials.
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Table 2. Amount and density of basic sites on the surfdéevestigated materials determined by TPD

in the presence of GO

Sample Mass of catalyst| Peak area | Amount of basic sites Density of basic sites
(9) (As) (nmol/g) (umol/m?)
BDH 0.0447 295" 8.14 0.814
Pt-BDH 0.0521 209 E" 8.05 0.805
P25 0.0507 3688 " 12.1 0.242
Pt-P25 0.0518 1.287 F" 81.7 1.634
Brookite 0.0518 1.85EF" 28.3 0.288
Pt-Brookite 0.0502 575F" 74.7 0.762
HP 0.0499 738 F" 12.8 0.164
Pt-HP 0.0520 5.74 F" 53.6 0.687

Photocatalytic conversion of glucose and fructose

All TiO, based samples were compared for glucose and $ei@queous photo-reforming
under UV light irradiation in anaerobic conditiomgh the aim to link the reactivity to some
catalyst’s features. The photocatalytic resultaiietd with the two substrates are reported in
Tables 3 and 4. Pt enhances the photoactivity thdakits role in the reduction of the
recombination rate (in accordance with the PL ts$@nd it is essential foroHbroduction, as
only compounds deriving from the partial oxidatioh the starting substrates and £0
originating from mineralization were observed ie fhresence of naked Ti{b8]. The main
identified intermediates in the liquid phase deryvirom the partial oxidation of the starting
substrates are arabinose, erythrose, gluconicglcickric acid, fructose (starting from glucose)
and formic acid (Scheme 1), whereasardd CQ are measured in the gaseous phase present in
the head space of the photoreactor. In Figure &0reggorted the concentration of glucose,
fructose, the molecules obtained from their oxwlatin liquid phase and those in the head
space, C@and H, versus irradiation time in the presence of thetractive photocatalysts. All
the samples give rise to the same compounds highlmg the same reaction mechanism
(Scheme 1), but a different conversion degreeribigton of intermediates and:Hbroduction
were observed with the different photocatalystshioth the substrates (Tables 3 and 4). The

electronic and physico-chemical features of thdedht TiQ based materials, such as
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recombination rate of the photogenerated chargagmmrphic form, hydroxylation degree,
crystallinity percentages, surface interactionsvieen the catalysts and the substrates, surface
acidity, are the causes of their different photalyaic behaviours [26,58,82].

Starting from glucose as substrate, fructose iméar by isomerization, and both can form
gluconic acid by the oxidation of the anomericognter converting the aldehydic group to the
carboxylic one. All the catalysts give rise to lamounts of glucaric acid starting both from
glucose and fructose. A parallel mechanism congistbe a-scission of the carbohydrates
giving rise to arabinose in the first step and legse in the second one along to formic acid
and hydrogen [58,83,84]. In our experiment, stgrtirom glucose, arabinose is the main
product and traces of erythrose are observed wittescatalysts, whilst starting from fructose,
erythrose is essentially formed, confirming thealireg of the chain at the carbon bonded to

carbonyl.
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Figure 10. Concentration of (0) glucose, (¢) fructose, (O0) arabinose, (x) erythrose, (¢#) formic acid, () H», and (A)

CO; versus irradiation time in the presence of various photocatalysts after 5 h of irradiation.

Negligible amounts of H; are formed by using the pristine TiO, samples and the largely used
Pt was essential to obtain satisfactory amounts. The coupling of TiO2 with CuzO is beneficial
both for conversion and selectivity for P25 sample, whilst it exhibits a slightly negative effect
on Brookite and HP solids, in any cases was effective in replacing Pt for H, formation, avoiding
the use of noble metal species.

Home prepared samples were competitive with the commercial ones being more active than the
benchmark P25 solid. The commercial samples afford less photocatalytic conversion for
glucose and fructose than the home prepared ones. The highest glucose conversion (40%) is
obtained with Pt-HP samples, whilst the most oxidant sample for fructose is Pt-Nb1-Brookite

(conversion 50%). With the sample Pt-HP, almost the same degree of conversion is reached
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with the two substrates, while for fructose lowelestivity values but greater quantities of H
compared to glucose are obtained.

With glucose Pt-Brookite based samples show & litttrease in the conversion, a generally
decrease in the fructose selectivity and an enlthRedormation. By using Pt-Brookite and
Pt-Nb1-Brookite samples, the conversion of gluassemilar, the Nb addition enhances H
formation and the selectivity towards the internaéel and fructose is also formed. HP based
powders exhibit the highest conversion percentagelsarabinose selectivity. The maximum
hydrogen concentration is obtained with the Pt-Bitegphotocatalyst that displays the highest
amount of acidic cites. Among the Pt-containing gls, Pt-BDH solid exhibits the lowest
glucose conversion and formic acid selectivity,lighest fructose selectivity and no arabinose
formation indicating a different reaction pathw&g[84]. This finding is different from the
results of Roran-Leshkov et al. [85] who attributed the isomeii@atof glucose to fructose by
using tin-containing zeolite Sn-Beta as catalysh&opresence of Lewis acidic sites. In our case
the solid with the lowest number of acidic siteal{lé 1 and DRIFT measurements) gives rise
to the highest fructose formation. Probably otleatidres as catalyst type (we useslii@tead

of zeolite-based catalyst) and preparation methay g fundamental role.

By using fructose as substrate, a lower selectbatyards the partial oxidation compounds is
obtained with respect to glucose. The most efficeatalysts are Pt-Brookite and Pt-Nb1-
Brookite both for conversion and production of H

The obtained results highlight the peculiar roldghef interactions between the substrates and
the surface of a specific photocatalyst [26].

Table 3.Glucose conversion, selectivity towards fructgdeconic acid, arabinose and formic acid, and

H2 and CQ production. The listed values were obtained d&tarof irradiation.

27



Photocatalyst

P25

Pt-P25
3%Cu0O-P25
Pt-BDH

Pt-Brookite
Pt-Nb1-Brookite
3%CuO-Brookite
Pt-3%CuO-Brookite
Pt-HP

3%CuO-HP

Conversion

(%)

12
32
28
21
33
35
26
30
40
37

Fructose

22
31
19
58
12
20

27

Selectivities (%)

Gluconic Arabinose Formic

acid
1.5
4.6
8.0
4.9
2.5
3.7
3.0
3.1
2.6
3.0

38
41
30
27
32
36
37
45
49

acid

29
31
32
13
40
31
25
34
44
37

H:
[mM]

1.93
1.25
1.44
2.71
2.40
1.20
2.03
1.89
151

CO:
[mM]
0.03
0.07
0.06
0.03
0.09
0.09
0.08
0.08
0.14
0.07

Table 4.Fructose conversion, selectivity towards glucauid, formic acid, erythrose, and &hd CQO

production. The listed values were obtained aftierdb irradiation.

Photocatalyst

Pt-P25
3%Cu0O-P25
Pt-BDH

Pt-Brookite
Pt-Nb1-Brookite
3%CuO-Brookite
Pt-3%CuO-Brookite
Pt-HP

3%CuO-HP

Conclusions

Conversion

(%)

25
35
28

42
50
32
35
40
35

Selectivities (%)

Gluconic acid Formic Erythrose

9.0
5.0
4.1

2.7
2.0
2.2
0.5
4.5
6.2

acid

12

12
11
11
25

17

3.80
2.68

5.27
7.47
7.60

H. [mM] CO: [mM]

3.13
1.80
1.34
3.20
3.16
1.65
2.55
3.26
1.70

0.11
0.08
0.02

0.12

0.11

0.09

0.09

0.12

0.09
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In conclusion, the activity of various commerciahdahome prepared modified TiO
photocatalysts was compared for the photo-reforroirtgvo biomass derivatives (glucose and
fructose) selected as probe molecules. Numerouststal and surface characterizations have
highlighted the different properties of the usechgkes and some of them have been related to
the photocatalytic activity, although a direct ebation to a specific property was not found.
This confirms the dependence of photoactivity omuanber of parameters. Importantly, the
home-prepared catalysts are more active than themeocial catalysts both in hydrogen
generation and in the formation of partial oxidatmmpounds. The role of Pt in modifying

the basic surface properties of the different;lh@sed photocatalysts has been highlighted.
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