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Abstract

This paper is focused on the photocatalytic hydrogen production on Pd/TiO2(-WOs3) catalysts from water-methanol and water-
glycerol mixtures under UVA and solar irradiation. The photodeposition method for Pd was studied varying conditions such as Pd
amount, catalyst concentration and methanol concentration. The catalysts were tested at lab scale under simulated solar light and
UVA radiation and also at large scale (25 L) under solar energy using a pilot-scale solar Compound Parabolic Collector (CPC).
The catalysts characterization was performed by means of ICP-OES, N, adsorption—desorption isotherms, XRD, HR-TEM, XPS
and DR-UV-Vis spectroscopy. Hydrogen evolution was monitored by on-line gas chromatography.

From results it was found the Pd photodeposition method plays a key role to increase the hydrogen evolution, affecting
parameters like the Pd amount deposited, the Pd nanoparticles size and dispersion. The highest quantum efficiency (¢) obtained in
this study was 11.8 % and 41.2 % under simulated solar and UVA irradiation, respectively, using Pd(0.24 wt.%)/P25 in an
aqueous solution of methanol (50 vol.%). In the pilot-scale solar CPC, for Pd(0.24 wt.%)//P25 catalysts in 5 vol.% of methanol or
glycerol as sacrificial agents, the quantum yield were 2.1 and 2.2 %, respectively. When the concentration of the sacrificial agents
decreased to 0.37 vol.%, the quantum yields were 1.3 and 2.4 % for methanol and glycerol, respectively. Compared to literature,

the low noble metal content of these catalysts (0.25 wt.%) seems to be a competitive factor considering their high price.
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1. Introduction

The unlimited supply of solar energy presents us the challenge of developing materials and processes capable of absorbing and
transforming this sort of energy into the new fuel for our modern wasteful energy lifestyle. Since Fujishima and Honda (1972) [1],
photocatalytic hydrogen (H) production on semiconducting materials as titanium dioxide (TiO,) has been not only a potential
technology to achieve these challenges, but also an environmental friendly alternative to fossil fuels -H, combustion only
produces water (H20)- [2][3].

On this regard, the interest toward H, settles on its high efficient energy conversion, its three times higher capacity of storing
energy than natural gas and its easy conversion to other kind of energy [3][4][5][6].

Although non-conventional methods for H, production are not mature enough, still expensive and present low efficiencies [4],
currently prevails a motivation on investigating new technologies (or work on those that already exist) to make H, become the fuel
of the future either near or without carbon dioxide (CO_) emissions. Nowadays, although there is a vast scientific literature about
photocatalytic H, production, efficiencies towards photocatalytic H; are still low. Therefore, it is necessary to continue the study
of photocatalysts, either from the development of new materials or the modification of existing materials to improve both, the
solar light absorption and the H; generation yield. Ever since Fujishima and Honda (1972), the investigative effort to improve this
technology has transcended from the photocatalytic H, production by means of water splitting [1][5][6] up to organic compounds
oxidation [7][8][9][10][11][12], inorganic compounds [9], dyes [10][11], biomass [12][13] and also to real wastewater treatment
[71[14].

Basically, the photocatalytic process occurring on the catalyst surface consists of three steps: (i) incident photons absorption:
only if the photons incoming has an equal or higher energy than the band-gap (BG) of the catalyst, (ii) charges photoexcitation:
photons photo-excite the electrons (e7) located in the valence band (VB), which "jump” to the conduction band (CB), leaving in
the VB positive holes (h*), and (iii) charges migration: the e’/h* pair migrate towards the catalyst surface where they could react in
further reactions.

In water splitting, Kudo et al [5] explained that in the Honda - Fujishima effect of water splitting on a TiO; electrode, the
photogenerated e reduced H,O molecules to produce Hz on a Pt electrode. On the other hand, h* oxidized H,O towards oxygen
(O2) on a TiO; electrode. Therefore, photocatalytic materials used for this purpose should have the bottom level of the CB more
negative than the redox potential of H*/H, (0 V vs. NHE) and the top level of the VB more positive than the redox potential of
02/H20 (1.23V). Additionally, the BG of these materials should be not too wide and not too narrow in order to absorb light in the
visible range and reduce recombination probabilities, respectively. Different photocatalysts meet these conditions such as ZrO,
KTaOs, SrTiOs, TiO2, ZnS, CdS, SiC [5]. However, some of them do not have the capacity to produce H, by water splitting or
their efficiencies are still low, likely due to photo-corrosion or because some of the parameters mentioned above are not sufficient
either absorbing visible light, avoiding recombination or producing H..

In this sense, different authors have explored the combination of two alternative ways to improve the efficiency towards Ha: (i)
to use co-catalysts as noble metals (Pt, Au, Ag, Rh or Pd), transition metals, metal oxides or non-metal doping; and (ii) to use
sacrificial agents like organic or inorganic compounds, biomass or municipal or industrial wastewater [7][8][9][13][15]. It seems
that this combination creates separately active sites for photogenerated e and h*. On one hand, the noble metal co-catalyst acts as
an active site for the reaction between e~ and H cations (H*) to produce Hy, and on the other hand, the h* act as an active site for
the degradation of organic compounds.

In our previous paper [16], H> production from water-methanol mixtures was studied in a series of catalysts based on Pd/TiO»-
WO; under visible and UVA light, where Pd was added in very small amounts (around 0.01 wt.%). In this paper, the
photocatalytic H, production is also studied on a series of catalysts based on Pd/TiO2-WQj3 using organic compounds as sacrificial
agents. Firstly, the study focuses on the improvement of the Pd deposition, considering parameters such as Pd amount, catalyst
concentration and methanol concentration during photodeposition. For comparison, Hy production tests were done under solar
simulated and UVA irradiation from water-methanol and water-glycerol mixtures. Secondly, the catalysts were tested at large

scale with solar energy using a pilot-scale solar reactor from water-methanol and water-glycerol mixtures.



2. Experimental section
2.1. Materials

Supports of P25-WOs3 and titanate nanotubes (NT-WO3) containing WO3 were synthesized according to a previous work [17].
Titanium (IV) oxide, Aeroxide P25 (Acros Organics) (XRD analysis: 87.6 % anatase and 12.4 % rutile; 16.9-30 nm primary
particle size) and Titanium dioxide, TiO-anatase (Pure anatase Probus) (XRD analysis: 88.3 % anatase and 11.6 % rutile; 53.4-85
nm primary particle size) were used for Pd/P25 and Pd/TiO.-anatase, respectively. Palladium (I11) chloride (PdCl,, Johnson
Matthey, metal purity 59.66 %) was used as the starting material of palladium (Pd), which was diluted in hydrocloric acid (HCI)
37 % (Analytical reagent from Fisher). For the catalyst based on Pd/WOQOs, tungstic acid (H,WO4) (Aldrich, 99 %) was used as the
precursor of WO3 Two kinds of water were used for water-methanol mixtures: tap water and milliQ water. Methanol was supplied
by Sigma Aldrich (99.8 % purity). With regard to H, generation test using real municipal wastewater, the water was directly taken
after the secondary treatment of a municipal wastewater treatment plant (conductivity 2.37 mS/cm, total organic carbon (TOC):
109.2 mg/ and pH 7.5).

2.2. Catalysts preparation

Pd was incorporated in the catalysts by photodeposition (PD) and by wetness impregnation (wi) -in some samples for comparative
purposes-. The Pd PD was carried out in two different media: (1) water (PD-w) and (2) water-methanol (PD-m). For Pd PD-w, an
aqueous solution of PdCI, in HCI was added to a glass flask and stirred for some minutes. Then, the corresponding catalytic
support (P25-WOs3, NT-WQs, TiOz-anatase, P25 or WO3) was added under continuous stirring. Afterward, the system, still under
continuous stirring, was deaerated with argon (Ar) (50 ml/min) for 50 min and then irradiated with a UV A lamp (A max~365 nm,
6 W) overnight (around 14 h). After irradiation, the solid particles were recovered by filtration, washed several times with distilled
water and dried at room temperature. Pd PD-m was prepared following the procedure described above, using a water-methanol (1,
5 or 10 vol.%) solution instead of pure water. The Pd wi was prepared as follows: 2 ml of milliQ plus a specific quantity of PdCl;
containing the nominal amount of Pd (0.25 wt.%) was stirred for 1 h. Afterwards, 1 g of P25 was added to the solution above and
stirred for 3 h. Later, this solution was placed in the oven at 80 °C for 12 h to remove the remaining water. The solid obtained was
triturated, and the powder reduced in a vertical tube furnace (Hobersal TR-2B, power 2 kW, 220 V, 50/60 Hz. Temperature ramp:
25 °C, 2 °C/min, 300 °C (2 h); carrier gas: H, with flow rate of 30 ml/min).

2.3. Characterization of materials

NT-WO; and P25-WOj3 supports were characterized by inductively coupled plasma, BET surface area and pore volume using
nitrogen adsorption-desorption isotherms at -196 °C. Their structural characterization (morphology and presence of TiO, phases in
both supports) was performed employing X-ray diffraction (XRD) and transmission electron microscope (TEM); and the band-
gap was determined by UV-Vis diffuse reflectance spectra. More details for the characterization of NT-WO3; and P25-WOs can be
found elsewhere [17]. The Pd content of the catalysts was analyzed by ICP-OES: inductively coupled plasma with an Optical
emission spectrophotometer (Spectro Arcos FHS-16). Total Pd content of the catalysts was determined by subtraction of the Pd
content of the liquid sample before and after the metal deposition procedure. The BET surface area and pore volume of the
photocatalysts were determined by nitrogen adsorption-desorption isotherms obtained at -195.85 °C using a Quadrasorb SI Models
4.0 using QuadraWin Software (v. 5.0+newer). Before the analysis, the samples were outgassed at 150 °C for 18 h under vacuum
6 milliTorr in the instrument pre-chamber to eliminate chemisorbed volatile species.

The crystalline phases present in the P25 and TiO.-anatase photocatalysts were determined using a Bruker-AXS D8-Discover
diffractometer with parallel incident beam (Gobel mirror) and vertical theta-theta goniometer, XYZ motorized stage mounted on
an Eularian cradle, diffracted-beam Soller Slits, a 0.2 ° receiving slit and a scintillation counter as a detector. The angular 2 theta
diffraction range was between 20 and 70 °C. The data were collected with an angular step of 0.03 ° at 7 seconds per step. Cuk

radiation was obtained from a copper X-ray tube operated at 40 kV and 40 mA. Additionally, for the photocatalysts based on Pd,



WO3 and P25 or NT, the XRD measurements were also performed at an angular 2 theta diffraction range between 5 and 70 ° and

the data were collected with an angular step of 0.05 ° at 3 seconds per step.

High resolution-transmission electron microscopy (HRTEM) analyses were carried out with a JEOL 2010F instrument equipped
with a field emission source. The point-to-point resolution was 0.19 nm and the resolution between lines was 0.14 nm. The X-
Ray photoelectron spectroscopy (XPS) data were acquired in a VG Escalab 200R electron spectrometer equipped with a
hemispherical electron analyzer, operating in a constant pass energy mode, and a non-monochromatic Mg-Ka (hv = 1253.6 eV,
1eV =1.603 x 1071° J). X-ray source was operated at 10 mA and 1.2 kV. The angle of the incident photon beam was 45° with
respect to the normal of the sample. The background pressure in the analysis chamber was kept below 7 x 10~ mbar during data
acquisition. The binding energy (BE C1s = 284.9 eV) of adventitious C1 was used as reference. A Shirley background subtraction
was applied and Gaussian—Lorentzian product functions were used to approximate the line shapes of the fitting components.

BG values were determined from Tauc‘s plot, (energy*abs)? vs. energy for indirect transition, obtained by diffuse reflectance
UV-Vis of solids, measured by a UV-2410 PC spectrometer with integrating Sphere attachment (SHIMADZU ISR-240),
converting it into absorbance using the Kubelka-Munk function [Photon energy*Absorbance]*? versus the Photon energy and
extrapolation to y=0 of the linear regression. Samples consist of a mixture between powders from the semiconductor materials and

barium sulfate (BaSOs,), as a standar.

2.4. Photocatalytic H, production
Firstly, photocatalytic H, production was studied at lab scale using two different reaction systems (Solar Simulated Light and
UVA light system) with continuous stirring that have been detailed in our previous work [16]. Briefly, the solar box system
consisted of a solar simulator chamber (SUNTEST CPS+) with a Xe lamp (300-800 nm; 250 W/m?, lzs0.450nm: 6.5x10*
Einstein/min). The UVA system consisted on a white methacrylate chamber equipped with four UVA lamps (300-400 nm; 15
W/lamp, l2s0.450nm: 8.3x10° Einstein/min). H, evolution was monitored by on-line gas chromatography (Shimadzu, GC-14B,

Carbosieve SlI column, TCD detector, carrier gas: Ar with flow rate of 25 ml/min).

In a typical photocatalytic experiment, the reactor was loaded with an aqueous solution of methanol or glycerol (5, 10, 25 or 50
vol.%) and the catalyst (500, 333, 167 or 83 ppm, where ppm refers to mg/L). Then, the reactor was placed inside the irradiation
box, and the solution was bubbled with Ar (50 ml/min) around 60 minutes to remove the air inside the reactor. The reactor
remained under irradiation for 185 min and every 15 minutes a gas sample was automatically injected into the gas chromatograph
for analysis. The number of incident photons on the reaction medium was measured by actinometry with the method based on the
photochemical reduction of the ferrioxalate [Fe(C204)3]* complex to Fe(ll) in acidic environment [18][19][20][21].

Total organic carbon (TOC) and the pH of the mixtures before and after the reaction were followed up with a total organic carbon
analyzer (Shimadzu TOC-L CSH/CSN) and a HANNA instrument (HI 5222). In real wastewater samples, chloride and
conductivity were measured with an electrode ISE Chloride with a selective membrane: solid state AgCI/Ag2S (CRISON) and a
CRISON 5061 conductivity cell, respectively.

In the second part of the work, photocatalytic H, production tests were carried out in a solar pilot plant at Plataforma Solar de
Almeria (PSA) (Spain). The system consisted in two sections (see Figure 1): (i) a closed stainless steel tank of 27 L, provided with
gas and liquid inlets and outlets, and a liquid sample port. A centrifugal pump (PanWorld NH-100PX) with a flow rate of 20
L/min was used to recirculate the aqueous solution from the tank to the tubes of the Compound Parabolic Collector (CPC); and (ii)
a CPC photoreactor composed of 16 Pyrex glass tubes (inner diameter 28.45 mm, outer diameter 32.0 mm, length 1401 mm)
mounted on a fixed platform tilted 37° (local latitude).

The total irradiated area and volume were 2.1 m? and 14.25 L, respectively. In a typical experiment, the catalyst (5 g) was
sonicated in water for 15 minutes, then, the tank was loaded with 25 L of an aqueous solution (0.2, 0.37 or 5 vol.% of methanol or
glycerol in water). The later solution was circulated through the system (from the tank toward the CPC photoreactor and again the

tank) in the dark for 15 minutes and the tank was bubbled with N, for 10 minutes. After that, the CPC photoreactor was uncovered



and left under solar irradiation around 6 h. Every 60 minutes a gas sample was manually injected into a gas micro-chromatograph
(Agilent technologies 490, CP-MolSieve 5A column channel: 10 m with backflush and retention time stability, TCD detector,

carrier gas: Ny, injection and oven temperatures: 90°C and 50°C, respectively).

TCD

Liquid
sampling

Figure 1. Experimental set up of photocatalytic H2 generation in the pilot-scale solar reactor.

When solar radiation is used as an energy source it is necessary to take into account its lack of steadiness and the fact that it
changes during the day or in one hour (depending on the time and weather of the day, or the season). Therefore, in order to

compare Hz production of experiments performed in different days, it is required to normalize the data by using Eq. (1):
Quvn = Quvn-1 T A, UV, v 1)

Where Quy , (kJ/L) is the solar UV energy accumulated per reactor volume unit along the experiment and it is used instead of the
irradiation time so as to normalize the H; evolution. This irradiation is referred to the 300 - 400 nm wavelength range. At,, (seg)
is the experimental time for every gas sampling, 4; (m?) is the irradiated area of the CPC photoreactor, V;(L) is the volume of the
solution loaded to the tank and UV, (W/m?) is the average solar ultraviolet radiation intensity measured by a radiometer
(KIPP&ZONNEN, CUV3 model) in the period At,. The radiometer provided data every minute of the incident radiation
corresponding to wavelengths below 400 nm. The approximate value of Qyy ,,0n the experimental days of autumn in Almeria
(around 10 h to 16 h) is 30-35 kJ/L. Organic degradation was quantified as dissolved organic carbon (DOC) by using a Shimadzu
VCSH TOC analyzer.

3. Results and discussion
3.1. Characterization of the photocatalysts

Some of the features of the characterization of photocatalytic materials used in this article are shown in Table 1. The objective was
to study the influence of the metal deposition conditions on the photocatalytic H, evolution. Catalyst nomenclature includes the
metal (Pd), the real Pd content (wt.%), Pd deposition method (wi or PD) and the Pd PD conditions (2m10, 2m5, 2m1, 4m10, 4w).
Below Table 1, this nomenclature is detailed. Table 1 shows the amount of Pd determined by ICP-OES of the different samples.
Seet, Vreore and BG energy (Eg) with its corresponding wavelength are also included in Table 1.

Comparing the Pd content of the PD-m and PD-w methods, it is possible to see that, in those catalysts with Pd deposited by PD-m,
the Pd content is above 80 % of the nominal content, while by PD-w, the content of the Pd deposited was scarcely around 10 %.
This fact reveals the importance of a sacrificial agent in the PD methods, which acts as h* scavenger; therefore, more photoexcited

e are available to reduce the Pd*? in solution to Pd° on the semiconductor support surface.

Figure S1, of the supplementary information shows NT-WOs;, P25-WO; and P25 supports are mesoporous materials with type 1V
isotherms according to IUPAC [22]. More details about these three supports can be found in our previous work [16]. From
physisorption analysis, specific area (Sger) and pore volume (Vpore) Were estimated (Table 1). The deposition of 0.1 wt.% of Pd
by the PD 2m10 method reduces the Sger and Veore, 104.6 m?/g and 0.39 cm?®/g for NT-WOs3, and 101.6 m?/g and 0.37 cm?®/g for
Pd(0.1 wt.%)/NT-WQs, which could explain the hysteresis loop change observed in Figure S1 (a). On the other hand, increasing
the Pd content beyond 0.1 up to 0.5 wt.%, Sger and Vpoge increase lightly, but not significantly. In the case of P25-WOQj3 (Figure



S1 (b)) and P25 (Figure S1 (c)) supports, they show similar Sger after Pd deposition. This is probably because the Pd

nanoparticles (5 - 7 nm) are located outside the pores.

Table 1. List of catalysts used in this study and some of their features related to characterization of the solids

Catalyst Nominal Measured Pd % Eq(eV) hmax Particle size (nm) SgeT Total Veore
Pd (wt.%) (ICP-OES) (nm) by TEM (m2%gh) (cm3gh)

0.5 0.5 - - - 104.1 0.40
Pd/NT-WOs3-2m10 ? 0.25 0.21 2.89 429 1,4-10 99.6 0.34
0.1 0.1 2.94 422 2-3 101.6 0.37
0.5 0.52 - - - 58.3 0.37
Pd/P25-WO3-2m10 0.25 0.23 2.99 415 2,6-8 55.4 0.35
0.1 0.1 3.00 414 <1 58.2 0.36
0.5 0.51 3.00 414 4-12 56.6 0.41
Pd/P25-2m10 0.25 0.25 2.92 425 5-7 56.5 0.37
0.1 0.09 2.94 422 <2 55.6 0.42
Pd/P25-2m5° 0.25 0.25 2.96 419 - 56.3 0.41
Pd/P25-2m1° 0.25 0.23 2.98 416 3-15 54.7 0.43
Pd/P25-W0O3-2m1 0.25 0.23 2.98 416 2,4-10 59.9 0.35
Pd/NT-WO3-4m10 ¢ 0.25 0.26 2.96 419 - 101.4 0.37
Pd/P25-WO3-4m10 0.25 0.27 3.00 414 - 59.7 0.35
0.5 0.47 2.97 418 4-12 56.7 0.44
Pd/P25-4m10 0.25 0.21 2.95 421 5-7 55.7 0.36
0.1 0.1 2.98 416 <2 54.9 0.43
Pd/NT-WO3 -1m10 © 0.25 0.15 2.94 422 - 100.5 0.33
Pd/NT-WOs-4w' 0.25 0.013 2.94 422 <2 94.1 0.37
Pd/P25-WOs;-4w 0.25 0.011 3.06 406 <2 58.0 0.34
Pd /P25-4w 0.25 0.0092 3.08 403 5-7 55.2 0.40
Pd/P25-wi? 0.25 0.25 2.98 416 5-15 53.1 0.40
NT-WO3 - - 2.97 418 - 104.6 0.39
P25-W0O3 - - 3.08 403 - 58.8 0.37
P25 - - 3.10 399 - 54.7 0.26
TiO,-anatasa - - 3.14 395 B 9.8 0.06

Pd deposition with:

2 PD 2m10: 2000 ppm of catalyst in a mixture of water-methanol (10 vol.% methanol)
® PD 2m5: 2000 ppm of catalyst in 5 vol.% methanol

¢ PD 2m1: 2000 ppm of catalyst in 1 vol.% methanol

4 PD 4m10: 4000 ppm of catalyst in 10 vol.% methanol

¢ PD 1m10: 1000 ppm of catalyst in 10 vol.% methanol

fPD 4w: 4000 ppm of catalyst in mIQ water

9 wi: Wetness Impregnation

Figure 2 shows the X-ray diffraction patterns for Pd/NT-WQO3, Pd/P25-WOQO3; and Pd/P25 catalysts. All three supports exhibited
similar diffraction lines referable to anatase phases (A) [16]. Regarding the effect of the PD method on the crystalline phases, in
Figure 2 is not seen important changes with the incorporation of Pd and peaks corresponding to Pd are neither detected. The
absence of any signal of Pd species could suggest a very well dispersion of Pd in the support, containing very small nanoparticles,
or might be in atomic size. In order to check some contribution of Pd to XRD patterns, additional XRD measurements were done
for three catalysts with the highest Pd load. In Figure 2, only the Pd(0.5 wt.%)/NT-WO3 sample (Figure 2 (a)) presents two peaks
corresponding to Pd. These Pd peaks are not observed in Figure 2 (b)-(d), in the case of Pd(0.21 wt.%)/NT-WO3 because of the
lower Pd loading and in the case of Pd(0.52 wt.%)/P25-WQO3 and Pd(0.51 wt.%)/P25 as a consequence of rutile phase with a
reflection around 26=39°.
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Figure 2. XRD patterns. a) Pd(0.5 wt.%)/NT-WO3-2m10; b) Pd(0.21 wt.)/NT-W03.2m10; c) Pd(0.52 wt.%)/P25-WO3-2m10; d) Pd(0.51
wt.%)/P25-2m10; ) NT-WOs; f) Pd(0.21 wt.%)/NT-WO3-2m10; g) Pd(0.35 wt.%)/NT-WO3-2m10




Consequently, NT-WO3, Pd(0.21 wt.%)/NT-WOQO3-2m10 and Pd(0.5 wt.%)/NT-WO3-2m10 samples were analysed again in order
to enhance the signal/noise ratio from 35 to 51° 20, angular step of 0.03° at 12s per step. The results are shown in Figure 2 (e), (f)
and (g). It can be concluded that only for the highest Pd loading (0.5 wt.%) is possible to see a small prominence of a peak
corresponding to metallic Pd around 26=40.1°. These XRD patterns may suggest that the low Pd loading results in very small Pd
nanoparticles.

Figure 3 (a - d) shows representative STEM-HAADF (scanning transmission electron microscope - high-angle annular dark-field)
images for Pd/P25 catalysts, where Pd was deposited under different PD conditions. It is possible to see that these samples are
constituted by titania crystallites very well dispersed and quite homogeneous in size mostly in the range 20 - 30 nm. In addition,
on the titania crystallites, there are brighter nanoparticles, which correspond to well dispersed Pd nanoparticles with about 5 - 7
nm in size. In the EDX spectrum included in Figure 3 (a), it can be seen that there are signals of Ti and O arising from the titania
support as well as Pd signals (the Cu signals are due to the copper grid used for TEM). Figure 3 (d) shows a general STEM view
of the sample prepared by 2m1, where a large number of Pd nanoparticles in the range 3 - 15 nm with a wide size distribution are
displayed. The area enclosed by the white square in this figure (Figure 3 (d)) is shown in HRTEM mode in Figure 3 (f). As
expected, the bright nanoparticles in STEM mode show lattice fringes corresponding to Pd metal in HRTEM. Lattice fringes at 2.2
A correspond to the (111) crystallographic planes of Pd in metallic Pd, and those at 3.6 A correspond to the (101) crystallographic

planes of anatase. There is no epitaxial relationship between titania and Pd nanoparticles.

From representative STEM-HAADF images for Pd/P25 catalysts with different amount of Pd (Figure 3 (d) and (e)), which were
prepared by PD 2m10, the samples exhibited titania nanoparticles of 20 - 30 nm in size, Pd nanoparticles can be identified in the
samples with 0.25 and 0.52 wt.% of Pd, but they are not observed in the catalyst with 0.09 wt.% Pd (not shown). This is likely
due to the low Pd loading resulting in very small Pd nanoparticles that escape TEM detection. This fact can be deduced from
Figure 3 (f) and (g), where the lower the Pd load (0.5 toward 0.25 wt.%), the smaller the particle size (4 - 12 toward 5 - 7 nm,
respectively).

b) Pd(0.25 wt.%)/P25-wi ¢) Pd(0.23 Wt.%)/P25-2m1

XA T

Zmn d) Pd(0.25wt.%)/P252m108 e) Pd(0.51 wt.%6)/P25-2m10

V Pd Ti0, (101)

Figure 3. STEM-HAADF images for Pd/P25 catalysts, where Pd was deposited by a) PD 4m10; b) wetness impregnation; ¢) PD 2m1; d)
2m10, e) PD 2m10, and f) 2m1

Figure S2 shows TEM images for catalysts based on Pd/TiO»-WOs, where Pd was photodeposited. Sample Pd(0.21 wt.%)/NT-
WO3; (smaller figure inside Figure S2 (a)) is constituted by two types of particles. Mainly it contains very small Pd nanoparticles
of about 1 nm in diameter, but it also contains larger Pd particles from 4 up to 10 nm. An enlargement is shown in Figure S2 (a),
where two particles of different size (1 and 4 nm) are marked inside black circles and a titania nanotube is clearly seen. EDX
analysis shows that titania and WQg; are intimate mixed. In all cases, signals of both Ti and W occur together and this is also
observed in all the samples based on Pd/TiO2-WQs. Pd(0.23)/P25-W0s5-2m10 sample (Figure S2 (b)) is constituted mainly by Pd
nanoparticles of 6 - 8 nm in diameter, but there are also a few nanoparticles measuring about 2 nm. Figure S2 (b) shows a

representative STEM image with various Pd nanoparticles inside the white circles. The area enclosed in the white square is shown



in the small image in Figure S2 (b) in HRTEM mode. A careful analysis of the lattice fringes demontrates that the bright particles
in the STEM mode do correspond to Pd nanoparticles. In HRTEM, Figure S2 (b), the lattice fringes measured at 2.2 A correspond
to the (111) crystallographic planes of metallic Pd, and the lattice fringes at 3.6 A correspond to the (101) crystallographic planes
of anatase.

Figure 4 shows the surface chemical composition analysed by XPS for Pd/P25 catalysts. From the complete spectra for all the
Pd/P25 catalysts, in Figure 4 (a), the presence of O, Ti and C was verified with the O 1s, Ti 2p, C 1s and Ti 3p peaks at 531 eV,
460 eV, 285 eV and 38 eV, respectively. Regard to the Pd 3d XPS analysis (Figure 5 (b), (c), (d)), for those Pd 3d signals that are
well defined, in all cases Pd is oxidized at the surface. The binding energies recorded for Pd 3d 5/2 at around 336.7 eV and 341.9
eV are characteristic for Pd(1l) species, which likely could be PdO or Pd(OH), especies [23].

The color of catalytic supports NT-WOs, P25-WO3 and P25 without Pd incorporated (Pd loading=0 wt.%) appeared whitish.
When Pd is incorporated, either by PD-w or PD-m, or wi, the catalysts seem to turn into a grayish colour, lighter or darker
depending on the amount of Pd loaded and the deposition method. This metallic appearance might be characteristic of the
presence of metallic palladium Pd°. Also, during the drying process at room temperature, most of the catalysts showed yellow
traces, suggesting the oxidation of Pd while is drying, which could explain the initial time activation in photocatalytic experiments
for H, production. This observation is in agreement with the Pd XPS results, where Pd as PdO or Pd(OH) was observed.
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Figure 4. XPS full spectra of the catalysts (a). High-resolution XPS spectra of Pd 3d (b,c, d) spectral region of Pd/P25 catalysts.

BG energy values for all the catalysts are summarized in Table 1 together with the corresponding wavelength of absorption edge.
From Table 1 it is possible to observe that the incorporation of Pd produces a slight decrease in the BG (Eg) and light absorption
until higher wavelenghts for all the catalysts, even, for those whose Pd deposition was performed only in water. Some authors
indicate that incorporating noble metals in semiconductor materials enhances light absorption towards the visible region, which
can be attributed to a characteristic absorption of surface excitation due to plasmons of the metal nanoparticles [18][19]. The
catalyst with the lowest BG energy and the highest wavelength absorption edge (2.89 eV, 429 nm) was Pd(0.21 wt.%)/NT-WOs-
2m10. For Pd/P25 catalysts, the decreasing order of the band-gap value for the Pd deposition method is : PD-m > wi > PD-w.

3.2. Ha production
In the present study, two types of h* scavenger sacrificial agents have been used. Methanol is the simplest alcohol, which can give
an overview about the behavior of the new catalysts developed, Pd/TiO2(-WQs), in this investigation, and also glycerol, to
compare with a more complex molecule. In addition, a real wastewater containing a mixture of organic compounds has been
tested in a pilot plant scale photoreactor to evaluate their activity under more realistic conditions. In order to understand the effect
of Pd deposition on the H; evolution, the Pd amount (0.1, 0.25 and 0.5 wt.%), catalyst concentration (1000, 2000 and 4000 ppm),



sacrificial agent concentration (0, 1, 5 and 10 vol.% methanol) and Pd addition time (in-situ and ex-situ) was varied. To clarify, Pd
addition in-situ refers to the simultaneous addition of Pd in the photocatalytic H, generation reaction. Additionally, wi was studied

for Pd/P25 catalysts. The quantum yield (QE or ¢) (%) was calculated according to the literature as follows [20]:

n(Ho molecules formed)

¢ = n(ph;‘::)irt;ier:;osed) .100 (%) (2)

unit time

Hzmolecules formed are calculated from H; rate (mol/min.gCat) and photons exposed are determined by actinometrical data.

3.2.1. Effect of Pd deposition method

In Figure 5 is shown the H, evolution on different Pd/P25 catalysts. In order to compare the catalytic activity of the Pd
nanoparticles, H, evolution is presented per gram of Pd. Regarding the variation of the sacrificial agent concentration in the
synthesis protocol (20, 10, 5 and 1 vol.%), in Figure 5 (b, d, h and j curves) is seen there is an optimal methanol concentration
around 10 vol.% in the PD, which leads to the highest H, evolution. This fact reveals the essential role of a sacrificial agent in the
Pd PD, which may be related to the Pd nanoparticles size in agreement with TEM images of Pd/P25 (Figure 3 (d) and (c)) -PD
2m1 method produces larger Pd nanoparticles than PD 2m10 method-.
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Figure 5. Hz generation for Pd/P25 varying the Pd deposition method. Experimental conditions: catalysts 167 ppm, 600 ml of a water-methanol
(50 vol.%) solution under simulated solar light (Xe Lamp, 300-800 nm, 250 W/m?, l250-450nm: 6.5x10 Einstein/min.
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Comparing the catalysts prepared at the same methanol concentration but different support concentration, Figure 5 (b, ¢ and i
curves), the slightly higher H, evolution for PD 2m10 (8120 ml/min.gPd) than 4m210 (7520 ml/min.gPd) methods could probably
correspond to the smaller BG energy of the catalyst prepared by PD 2m10 method (2.92 vs. 2.95 eV). TEM images (Figure 3 (a
and d) corroborate that for both samples there are not obvious differences in the structure of the catalysts that make one catalyst
better than the other one. Comparing PD 2m10 to PD 2m1 method, though they have similar amount of Pd deposited, 2m10
catalyst is more active. These results could be related to the nanoparticles size. In Figure 3(d), the PD 2m1 method shows Pd
nanoparticles in the range of 3 - 15 nm in size. Although high methanol concentration in PD methods could cause larger metal
particles [21][24], in the case of the catalysts prepared under low methanol concentration, initial Pd nanoparticles deposited could
act themselves as active sites, therefore, even if the sacrificial agent concentration is low, this fact stimulates further Pd growth

and as a result Pd nanoparticles are larger in size.

Regarding to the catalyst prepared by wi (Figure 5 (e curve)), its lower H» evolution compared to catalysts with the same amount
of Pd (PD 2m10 or PD 2m5 method) can be explained by the greater Pd nanoparticles size (Figure 3 (b)). Bowker et al [25]

explained that the active sites of metal nanoparticles for the formation of the e”/h* pairs are placed around the edges of the metallic



surface, where there is contact with the surface of the semiconductor support. Therefore, to increase the formation of e/h* pairs
and consequently the H generation, it is necessary to maximize that contact zone, which is possible with smaller nanoparticles
size. Some other authors [26][27][28] agree on the fact that higher activity is possible by increasing the interaction surface
between support and metal, which means deposit smaller metal nanoparticles on the catalytic support surface. From these results,
we can range the Pd deposition methods, starting the highest H, generation toward the lowest one: PD in-situ, PD 2m10, PD
4m10, PD 2m5, wi, PD 4m20, PD 1m5, PD 2m20, PD 1m10 and PD 2m1, and their quantum efficiencies in decreasing order are:
14.5,13.3,10.7,10.7, 8.7, 8.4, 8.2, 7.3 and 5%, respectively.

Concerning the induction period observed in Figure 5, it could correspond to the photocatalytic reduction time of an oxidized form
of the metallic-co-catalyst toward its reduced form (M*—~ M°, M: metallic element) [2][24][29][30]. Before irradiation, the Pd on
the catalyst is oxidized (in agreement with the XPS results). Under irradiation, Pd is progressively reduced by the photoexcited e".
In time, more e are photogenerated and more metallic Pd is formed (Pd®), consequently more H* ions are adsorbed on Pd surface,

increasing the H; evolution up to reaching the plateau observed in almost all the catalysts in this study.

3.2.2. Effect of the amount of Pd

The effect of the amount of Pd in H, production was studied varying the amount of Pd from 0 to 0.5 wt.%. Figure 6 suggests, for
the three Pd/P25, Pd/NT-WO3 and Pd/P25-WOs catalysts, an optimal amount of Pd photodeposited around 0.25 wt.%.
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Figure 6. Hz evolution vs. Pd (wt.%) for Pd/P25, Pd/NT-WOs and Pd/P25-WOs catalysts, varying the amount of Pd deposited. Experimental
conditions: catalysts 166.67 ppm, 600 ml of a water-methanol (50 vol.%) solution under simulated solar light (Xe Lamp, 300-800 nm, 250
W/m2, 250-450nm: 6.5x10* Einstein/min). Pd incorporation by PD-2m10.
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The supports without Pd present very low H; evolution (0.03, 0.5 and 0.003 ml/min.gCat, respectively). When 0.1 wt.% of Pd is
incorporated, the H; evolution increased up to a plateau of 13.37, 4.92 and 3.41 ml/min.gCat for Pd/P25, Pd/NT-WQ; and Pd/P25-
WOs, respectively. Once Pd content increased up to 0.25wt.%, the H» evolution increased as well (18, 6.33 and 5.08 ml/min.gCat).
However, when the Pd is increased to 0.5 wt.%, a decrease was observed in the H; evolution (14.14, 5.69 and 4.74 ml/min.gCat).
This optimal load of Pd -in the range studied- might means that for lower amount of Pd, the metal quantity is deficient to avoid e
/h* recombination and at higher Pd loading, the Pd dispersion gets worse. Accordingly, in both cases, the H evolution decreases.
Some authors explained that for a too high metal content, the catalytic support could be extremely covered, therefore the light
absorption is decreased [15][31].

3.2.3.  Pilot plant testing

For H; tests in the pilot plant installation, accordingly to previous work [7][8], the optimal catalyst loading and reaction volume
were 200 ppm and 25 L, respectively. In this experimental set was used aqueous solutions of methanol (0.2, 0.37 and 5 vol.%),
glycerol (0.37 and 5 vol.%) and municipal wastewater under solar light around 6 hours. All the catalysts tested were prepared by
PD 2m10 method. H; evolution vs. accumulated solar UV energy per reactor volume unit, (Q (kJ/L)), in water-methanol or water-
glycerol solutions is presented in Figure 7 (a). The accumulated solar UV energy was described in Eq. (1). Each point corresponds
to every hour of irradiation. In this figure, it is seen three concentrations of methanol or glycerol (5, 0.37 and 0.2 vol.%) for
Pd/P25 catalyst and 0.37 vol.% for both Pd/TiO»-WO3 based catalysts.



Comparing the effect of methanol concentration, the higher it is, the higher the H, generation. Regarding the H, evolution at 0.37
vol.% glycerol and methanol, Pd/P25 showed the highest H; evolution (7.6 and 5.2 ml/min.gCat) after 6 h of reaction, followed by
Pd/NT-WQj3; and Pd/P25-WOs (2.3 and 1.5 ml/min.gCat, respectively) in glycerol. For tests with 5 vol.%, Pd/P25 showed higher
H: evolution in methanol than glycerol at the end of the reaction (9.3 and 8.2 ml/min.gCat). This fact could be explained looking
at Figure 7 (b), which shows the temperature profile of the gas phase of the reactor vs. Q (kJ/L). It is possible to see that for the
test at 5 vol.% glycerol, the temperature starts to decrease after 15 kJ/L, and comparing to the H; evolution (Figure 7 (a)), ca. at
the same moment, it also decreases.

Concerning the H, evolution when municipal wastewater (WW) was used, it scarcely reached 0.003 ml/min.gCat. Table S1 in
Supplementary Information shows the main physicochemical characteristics of the municipal wastewater, before and after the
reaction. The low H; evolution using wastewater as source of e- donors is understandable due to the presence of different species
that can poison the catalyst surface by adsorption (metals, ions, etc.)[32][33][34]. These results demonstrate the challenges to
overcome the photocatalytic H, generation by using municipal wastewater from a secondary treatment, that is mainly affected by

the high concentration of impurities, which can be compounds that either, compete with the generation of H, or deactivate the

catalyst by adsorption.
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Figure 7. Hz evolution vs. accumulated solar UV energy for Pd (0.25 wt.%)/P25 in water- methanol and -glycerol mixtures. Experimental
conditions: catalysts 200 ppm in 25 L under solar light. WW: municipal wastewater from Almeria, Spain.

Comparing these results to previous ones achieved by different catalysts based on noble metal (Pd, Pt or Au) supported on TiO»
performed in the same pilot plant using different sacrificial agents [7][8] (Table S2), the result of the ¢ for Pd(0.25 wt.%)/P25-
2m10 catalyst seems to be good enough compared to Au (0.5 wt.%)/TiO; catalyst: 2.37 vs. 2.34% in glycerol and 1.33 vs. 0.21%
in methanol, respectively, if we take into account the lower metal loading. On the other hand, though the fact that the efficiencies
of both catalysts, Pd/NT-WQOj3; and Pd/P25-WOs3, appear still low (0.57 and 0.47 %, respectively), it is important to highlight that

in the literature, the amount of noble metal deposited is higher, 0.5 and 2 wt % vs. 0.25 wt.% in the present study.

4. Quantum efficiencies and literature comparison

Table 2 shows a summary of the different catalysts studied under UVA and solar simulated irradiation, respectively, and Table 3
presents a comparison of ¢ for H, production for different photocatalytic materials.

Regarding the results under UVA light in this paper, the catalyst with the maximum ¢ was Pd(0.25 wt.%)/P25 with 41.2% (Table
2) in 185 min. On the other side, although ¢ of Pd/NT-WO3; and Pd/P25-WOs catalysts were only near to 20 and 10% (Table 2),
compared to the literature (Table 3), they still seem to be promising under UVA light.



Catalyst

Weight %
(ICP-OES)

Total volume
of H, [ml]

Rate H,
[mol/min.gCat]

[ml/min.gCat]**

Quantum Yield
¢ (%0)*

Pd/P25-2m10

19.2+3.7

41.2

Pd/NT-WO; -2m10 UV light* 0.21 125 3.7x10-4 8.4+0.6 18.8
Pd/P25-WO;-2m10 0.23 67 1.9x10-4 4.2+0.6 9.9
Pd/P25-2m10 0.25 284 8.0x10-4 179+1.9 11.8
Pd/P25-2m5 0.25 241 7.1x10-4 16+14 11
Pd/P25-4m10 0.21 232 6.8x10-4 152 £ 15 10.4
Pd/P25-wi 0.25 171 4.9x10-4 11+ 18 7.6
Pd/P25-2m10 0.09 181 5.3x10-4 11.8+1.6 8.3
Pd/P25-2m10 Solar 0.51 164 5.2x10-4 11.6+23 8.0
Pd/P25-2m1 simulated 0.23 156 4.4x10-4 9.8+19 6.7
Pd/NT-WOs5-2m10 light** 0.21 101.4 2.8x10-4 6.3+0.5 4.1
Pd/NT-WOs;-4m10 0.26 94 2.8x10-4 6.2+0.6 4.1
Pd/NT-WO; -1m10 0.15 94 2.9x10-4 6.5+0.9 3.9
Pd/P25-WO;-4m10 0.27 74 2.4x10-4 53+04 3.6
Pd/P25-W0Os;-2m10 0.23 73 2.4x10-4 5307 3.4
Pd/P25-WOs-2m1 0.23 62 2.1x10-4 47+0.6 3.4

*Experimental Conditions: catalysts 166.67 ppm, 250 ml of a water-methanol (50 vol.%) solution under simulated UVA light (300-400 nm; 4 lamps of 15
W/lamp, | 250-450 nm: 8.3X10°5 Einstein/min). Irradiation time: 3h

**Experimental Conditions: catalysts 166.67 ppm, 600 ml of a water-methanol (50 vol.%) solution under simulated solar light (Xe Lamp, 300-800 nm, 250 W/m?,
6.5e* Einstein/min). Irradiation time: 3h

The uncertainty was estimated taking into account the repeatability, resolution and accuracy equipment and calibration curve.

With regard to solar light, the H, evolution for most of the Pd/P25 catalysts were higher than all those catalysts with the WO3
incorporated. The Pd PD in-situ method (see also Figure 5) lead to the highest ¢ for every kind of catalyst: 14.5, 4.9 and 4.7 % for
Pd/P25, PA/NT-WO3 and Pd/P25-WQ3, respectively. Following, the catalysts prepared by PD 2m10 method were the second best:
11.8, 4.1 and 3.4 % respectively. On the other side, the lowest ¢ were 3.9 and 2.8 % for Pd/TiO»-WOs catalysts prepared by PD
1m10 and PD 2m1 method, respectively. It reflects the fact that the preparation conditions have important effects on the final
catalytic activity of any material [24][26][28][35][36], which, in this study, was observed in the Pd deposition and such
differences are related, not only to the method efficiency to deposit the nominal metal amount, but also with the dispersion and
metal nanoparticles size and their interaction with the catalytic supports, as was seen for Pd/P25 and Pd/TiO»-WQj; catalysts. So as

to clarify this point, in Figure 8 is presented the effect of Pd nanoparticles size on the ¢ of various Pd/P25 catalysts.
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Figure 8. Effect of Pd particle size on quantum yield (® % / Pd(wt.%)) for different Pd/P25 catalysts. Experimental conditions: catalysts 166.67
ppm, 600 ml of a water-methanol (50 vol.%) solution under simulated solar light (Xe Lamp, 300-800 nm, 250 W/m?, l250-450nm: 6.5x10*
Einstein/min).

As these catalysts contain different amount of Pd, in order to make an appropriate comparison between all of them, the ¢ values
are normalized taking into account the content of Pd (wt.%). Then, in Figure 8 is presented the ¢ per content of Pd, ¢ %/Pd(wt.%),
versus Pd particle size. Dashed line shows the decreasing trend of this normalized quantum yield when Pd nanoparticle size
increase. These results allow us confirm that, the PD of smaller metal nanoparticles promote an improvement on the
photocatalytic activity, not only toward H; production [27][37], but also to the sacrificial agent oxidation [26][28][38]; the smaller

the metal particle size, the higher the surface area -to- volume ratio- where reactants are exposed to reaction [26] [27][28]



[37][38][39]. Therefore, considering that the H, generation on photocatalytic materials begins from the e’/h* pair separation, it is
understandable consider the fact that, the higher the number of h* trapped by the sacfiricial agent -organic compounds oxidation-,

the higher the number of e available for H; generation, therefore, the higher the ¢.
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Figure 9. Effect of methanol concentration -in the Pd photodeposition- on quantum yield (® % / Pd(wt.%)) for different Pd(0.25 wt.%)/P25
catalysts. Experimental conditions: catalysts 166.67 ppm, 600 ml of a water-methanol (50 vol.%) solution under simulated solar light (Xe Lamp,
300-800 nm, 250 W/m?, l250-450nm: 6.5x10-* Einstein/min). Pd incorporation by PD-2mX.

Figure 9 shows the effect of the sacrificial agent -in the Pd photodeposition- on ¢ for different Pd/P25 catalysts, where Pd was
photodeposited using different methanol concentration (20, 10, 5 and 1 vol.%). Similar to Figure 8, the ¢ were normalized per
content of Pd (wt.%). From results in Figure 9, it is possible to see an improvement of the normalized quantum yield for higher
concentration of methanol in the Pd photodeposition, moreover, it is only applicable inside the range 1 to 10 vol.% of methanol in
the Pd PD step. When the Pd PD was performed using 20 vol.% of methanol, ¢/Pd(wt.%) was much more lower. Probably, a

higher concentration of methanol (upper than 10 vol.%) in the Pd PD causes larger metal particles[21][36].

Table 3. Comparison of quantum yield for Hz production? for different photocatalytic materials.

e Quantum
Catalyst Irradiation Sacrificial Rate H,

Agent [mol/min.gCat]
. 0.01 vol.% 5.6x10-6 2.33
P05 "[‘ﬁgf)’T'OZ Visible CICH,COOH
in0.1L 1.5x10-6 0.62
Monochromatic 0
Pt(0.5Wt.%/CdS(50 %)-TiO./FTO light 20 val.% EtOH . 20
in0.1L
(470 nm)
. Na2803; NaZS
0, 0/4)-
PL(0.5wt. A”Cd[sg(fo mol%)-TiO, Solar simulated 0.007 M; 0.0048 M 1.1X10-5 (fmar) 27
in0.06 L
. 25 vol.%
0,
Twt /"Pds[“j”l'i‘“”“‘” 10, (Ua\ésLnEmE; Glycerol 3.3x10-4 37.63
in0.025 L
Pt(0.5 wt.%)/TiO, DP 1.1x10-3 13.3
Pt(1.5 wt.%)/TiO, DP 10 vol.% 1.1x10-3 133
uv Pronan-2-ol
Pt(0.5 wt.%)/TiO, IMP in0.085 L 1.2x10-3 135
Pd(0.5 Wt.%)/TiO, DP L 1x10.3 133
[15]
Pd(1 Wt.%)/TiO, 5.5x10-5 10
. 100 vol %
0, -
Pt(1 wt.%)/TiO, Solar E{OH (0.1 L) 5x10-5 10
Rh(1 Wt.%)/TiO;
[20] 2x10-5 4
0.003 vol.% (0.85 mM)
Solar MetOH 4.6x10-6 0.47
0.005 vol.% (0.86 mM) _
PL(0.5 Wt.%)/TiO, Solar EtOH 9.5x10-6 0.97
[42] 52 vol.% (8.91 M) _
Solar E1OH 8.7x10-5 8.97
3.3v0l.% (0.57 M)
uv EOH in 0.06 L 4.5x10-4 (Fax) 17.14

Film Pt/TiO, Black light 80 vol.% EtOH 1.8x10-4 36.4



[43] 365 nm

80 vol.% MetOH 1.5x10-4 30.1
40 vol.% EtOH 1.5x10-4 29.4
40 vol.% MetOH in
009 L 1.1x10.4 22.4
Pt(1 wt.%)-BaTi,O, [44] uv 20vol.% EtOH in 0.1 L 2.4X10-4 5.9
Pt(0.1wt.%)/SrTiOs:Rh(1%) 10 vol.%
[29] 420 nm MetOH in 0.15 L 9.6x10-7 26
NaTaO3 - 3.5x10-6 1
UV 254 nm Wa%ﬁrosgl |Et|ng
Au-Pd (0.95wt.%)/NaTaO; [45] : 2.8x10-5 6.5
NiO(0.2 wt.%)/NaTaOs:La(2 .
mol%) 270 nm Water splitting 3.3x10-4 28
in0.3L
[39]
10 vol.% Glycerol 6.9x10-4 (1)
Pd(0.5 wt.%)/TiO, 10 vol.%
1,2-ethanediol 5.78x10-4 (2)
UV 365 nm 10vol. % 7.9x10-4 (1)
PA(1 Wt.%)/TiO; 1,2-propanediol
[46] 10v0l.% Gl
. ycerol )
in0.2L 7.41x10-4 (2)
0, -
P(0.5 WL.9%)/TiO, Solar soectrum 0.5 vol.% MetOH 2.7x10-5
[47] p 1.7 vol.% 5.7%10-5
Triethanolamine )
Pd(0.3 wt.%)/TiO, 400 W Xenon arc 0.1 vol.% Ag.
[48] lamp in 100 ml
pRvEes
Pd(0.1 m]/")” 10, UV 365 nm 50 vol.% MetOH 4.1x10-7
Pt(0.5 wt.%)/P25 ! 10 vol.% (2.48 M) ) .
[50] 280-650 nm MetOH in 15 ml 5.5x10-6 5.5% (AQE)
PUTiO,-N ol 0.37 vol.% (0.05 M) 5.5x10-5 32
Pt/CdS-ZnS Glycerol in 25 L 3.5x10-5 2

[7]
aQuantum yield [20][41][43]

Table 3 shows the ¢ of different catalysts tested and published in the available literature, based most of them, on noble metal (Pd,
Rh or Pt) supported on TiO-, and the reactions carried out in aqueous solutions of different alcohols such as methanol, ethanol,
propanol or glycerol. Looking at Table 3, in the case of Pt based catalysts under UVA light, the maximum ¢ was 36.4 % [43] in
around 250 min of reaction (however, there is not information about the amount of Pt deposited). Patsoura, et. al [42] obtained a ¢
of 17.14% with the catalyst Pd(0.5 wt.%)/TiO, in 60 ml of a water-ethanol solution (around 13 vol.%) in 250 min [42]. Using a
different kind of alcohol, Tenllado et. al [15] reached 13.5 and 13.3 % of ¢ working with an aqueous solution of propanol (10
vol.%) and 0.5 wt.% of Pt impregnated and photodeposited on TiO,, respectively.

Concerning the literature comparison under solar light, from Table 3 it can be seen that Yang et. al [20] have obtained the highest
¢ (10 %) with Pt(1 wt.%)/TiO; and Pd(1 wt.%)/TiO; catalysts in 100 ml of ethanol, and Patsoura et. al [42] reached 8.97 % with
Pd(0.5 wt.%)/TiO2 in 60 ml of a water-methanol solutions .. Regarding the results of the ¢ under solar light, the catalysts studied in
this paper seem to be promising, not only because some of their ¢ are higher than the literature values, but also, because the
amount of metal deposited on most of the supports is between 0.1- 0.25 wt.%; it means, lower noble metal, so this factor might
become our competitive point, if we take into account the high price of some precious metal (1505.90 €/o0z for Au, 995.86 €/oz for
Pt and 2349.05 €/oz for Pd, according to the informative prices from the London market (LBMA) consulted on 13/05/2021, at
18.30 h Spanish time).

5. Conclusions
H2 generation from aqueous solution of glycerol and methanol, and also from wastewater has been studied on a series of Pd/TiOx(-
WQO3) based catalysts. It was observed that the introduction of Pd on all the bare supports produced a strong increase in the rate of

H> generation. The results suggested an optimal Pd loading of 0.25 wt.%. With regard to the photodeposition conditions, it was



found, for the three supports, P25, NT-WO; and P25-WOs3, that both, methanol and catalyst concentration, seem to have an
optimal value -inside the range studied- at around 10 vol.% methanol and 2000 ppm for the catalytic support (PD 2m10 method).
The photodeposition conditions influence on the Pd nanoparticle size, where the smaller nanoparticles were observed for all those
catalysts containing the lowest content of Pd (0.1 wt.%) and larger for the highest content of Pd (0.5 wt.%).

Concerning the differences between the lower H;, generation on both Pd/TiO,-WO3 based catalysts compared to Pd/P25, it was
considered that it could be probably due to the incorporation of WO3, which lead to produce secondary products that can deposit
on the catalyst surface, obstructing the hydrogen ions adsorption, therefore the H, evolution. With regard to the better TOC
removal results but worse H. generation under solar light than under UVA light, this could be an indication of a competitive
electron trapping between H ions and O: when the H ions adsorption prevail, the H, generation is favored meanwhile the
degradation of organic compound get worse; on the other hand, when O, adsorption prevails, there is a higher TOC removal while
the Hy evolution is lower.

For H; tests at large scale, the three families of catalysts were able to produce H in a pilot-scale solar Compound Parabolic
Collector (CPC) at the Solar Platform of Almeria from water-methanol (0.2, 0.37 and 5 vol.%) and glycerol (0.37 and 5 vol.%)
mixtures. For all H; tests in this set, Pd/P25 catalysts showed the highest H, evolution compared to Pd/TiO>-WQj3 based catalysts.
At 0.37 vol.% glycerol and methanol on Pd/P25, H; evolution was 7.6 and 5.2 ml/min.gCat, respectively, and on Pd/NT-WO; and
Pd/P25-WOj; the H; evolution was 2.3 and 1.5 ml/min.gCat, respectively, in glycerol.

For tests at 5 vol.% in the solar box, Pd/P25 showed highest H, evolution in glycerol than methanol (10.3 and 6.9 ml/min.gCat).
Although glycerol is a more complex molecule than methanol, likely the higher oxidation state of its two methyl carbons than the
unique methyl carbon in methanol, make glycerol possible to be oxidized easierly. With municipal wastewater was found a very
low catalytic activity (0.003 ml/min.gCat), which is probably caused by high amount of impurities, such as dissolved inorganic
solids or heavy metals. The highest H, evolution in this paper under both UVA and solar light was obtained by Pd(0.25
wt.%)/P25-2m10, 19.2 £ 3.7 (¢: 41.2%) and 17.9 £ 1.9 ml/min.gCat (¢$: 11.8 %) at lab-scale, respectively. Pd(0.21 wt.%)/NT-
WO; and Pd(0.23 wt.%)/P25-WOs catalysts produced 8.8 £ 0.6 (¢: 18.8 %) and 4.2 £ 0.6 ml/min.gCat (¢: 9.9 %) under UVA
light, and under solar light they were 6.3 £ 0.5 (¢: 4.1 %) and 5.3 £ 0.7 (¢: 3.4 %), respectively.
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