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ABSTRACT

The gas phase thermo-photo production of hydrogen from methanol:water mixtures was tested using platinum
ceria-titania ternary solids. This contribution focusses on the analysis of the role of ceria and the usefulness of
combining heat and light sources in order to boost catalytic activity. To this end, we provide a quantitative
assessment of thermo-photo activity as well as a detailed characterization of the catalytic solids with emphasis in
the use of in-situ X-ray absorption and infrared spectroscopies. The adequate combination of components in the
platinum ceria-titania ternary system renders highly active and stable catalysts, maximizing hydrogen produc-
tion (rate of ca. 45 mmol g'lh’l) for a solid having a 1/2.5 wt% of platinum/ceria supported on titania. The
characterization shows that this occurs through a synergetic effect among components of the solids and takes
place with a critical role of defects located at the ceria-titania interface and the noble metal component. The
cooperative action between components promotes the evolution of specific carbon-containing intermediates
(related to the step-wise hole-triggered oxidation of the methanol molecule, decarbonylation of intermediates

and the water gas shift) and the concomitant production of hydrogen.

1. Introduction

The increasing human population and industrial activity trigger the
need of diversifying the sources of raw materials and to diminish the
impact on environment by decreasing or eliminating waste. Catalysis is a
central piece of chemical industry, being present in at least one step of
countless industrial chemical processes [1]. Thermal (or conventional)
catalysis is a well-stablished field of research having impact in the
synthesis of high added-value chemical compounds, as well as envi-
ronmental protection and energy-related processes. An endless chal-
lenge for any catalytic process is to decrease cost associated with the
catalytic operation parameters (mainly temperature and pressure) as
well as to increase the stability/longevity of the material [2]. Photo
catalysis makes use of light as the source of the chemical process and
finds application in numerous processes in the chemistry field. However,
it displays limited application due to typical low reaction rate and
quantum efficiency values [3,4]. Thermo-photo-catalysis is a young
research field aiming to combine thermal and light energy sources. A
main aim within dual thermo-photo catalysis is to decrease or even solve
the already discussed weaknesses of the single energy source processes.

https://doi.org/10.1016/j.cej.2021.130641

Thus, it appears as an attractive path to provide useful (catalytic) al-
ternatives to a significant number of chemical processes of industrial
interest [5,6].

In the field of thermo-photo catalysis, a central issue (among others)
is how simple and effective is to introduce illumination sources in
classical heating set-ups. Such a combination has been shown success in
enhancing activity. A net effect is detected in Tsg, T1oo iSoconversion
temperature(s) for several chemical processes. As illustrative examples,
we can mention the CO oxidation process using Pt-TiOz [7] dye degra-
dation using defective CeOx/CeO5 powders [8] 2-propanol oxidation
using composite CeOx-TiO9 materials [9,10] and oxidation of aromatics
(benzene, toluene, xylenes) with Ag/SrTiOsz or CeOy/LaMnOg catalysts
[11,12]. Interestingly, the production of hydrogen through a thermo-
photo process has been recently addressed with Ni [13] Co [14] Pt
[15] Ru [16] and Pd [17] based catalysts using titania as support. In
these three works, results show that light excitation upon a thermal
process leads to significant improvements in terms of hydrogen yield as
well as stability of the catalysts under reaction conditions.

The physical grounds sustaining the promotion of the activity in the
above-mentioned thermo-photo catalytic formulations are nevertheless
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unclear. Multiple factors affecting positively catalytic performance of
thermo-photo materials can be mentioned here. For metal-promoted
titania catalysts, the improved utilization of the UV and visible regions
as well as local (localized) electric field and heating by plasmonic are
frequently invoked in the literature [16,18,19,20]. In addition, other
physical phenomena can be briefly mentioned. In the case of oxide-oxide
materials, the interface role together with the handling of anionic va-
cancies are often mentioned to favor activity [6,8,9,21]. Besides that,
significant and general (no matter the nature of the catalytic system)
catalytic effects would come out from new surface chemistry connected
with behavior differences in presence/absence of light and in turn
related to specific reaction steps with participation of excited (directly
by light or by interaction with “excited” defects, etc.) species and/or
variations in surface coverage(s) [6,7,15,17,20]. All these factors can
take place simultaneously and therefore can obscure the understanding
of the underlying physico-chemical phenomena determining activity in
thermo-photo catalytic processes. Such a scenario calls for further
studies.

Noble metal supported on TiO5 or CeO; systems have been shown
activity in thermal [22,23] and photo [24,25,26,27,28] catalytic pro-
duction of hydrogen. Moreover, the effective use of the noble metal-
titania general formulation in hydrogen thermo-photo production has
been previously noted here [15,16,17]. Nevertheless, to the best of our
knowledge, the utilization of mixed ceria-titania supports has not been
analyzed in the context of hydrogen thermo-photo (combined energy
source) production. This in spite of the fact that the combination of these
two oxides has been shown to be among the most active formulations for
the thermal reforming of alcohols [29,30]. In addition, such combina-
tion has shown to boost strongly the photo catalytic activity of the
corresponding bare titania or ceria (alone) based systems [31,32,33,34].
Therefore, the Pt-CeO»-TiOy catalyst is, to our knowledge, a novel
formulation with high potential for hydrogen thermo-photo generation,
tested here for the first time. In this context, a first goal is to provide an
adequate measurement of the (potential) energy gain when combining
thermal and light excitation sources. To do it, we make use of the so-
called excess function for both the reaction rate and quantum effi-
ciency observables. This is calculated by subtracting thermo-photo
values to the sum of thermal and photo (corresponding) observables.
In addition, a complete characterization of the catalysts was performed
using microscopy techniques as well as UV-visible, X-ray diffraction,
Raman, and microsized X-ray absorption (X-ray absorption near edge
structure XANES and extended X-ray absorption fine structure EXAFS)
spectroscopies. These techniques proved the structural and electronic
properties of the catalytic powders. Particularly, the in-situ analysis
under illumination using a X-ray microbeam has been shown to scruti-
nize the active components exclusively at the surface zone, and thus the
part of the catalyst really under simultaneous illumination and contact
with the reaction atmosphere at the desired temperature of operation
[35]. The study also utilizes infrared spectroscopy to scrutinize the
gas-solid interface under reaction (photo, thermal and thermo-photo)
conditions to provide information about the reaction intermediates
and mechanism. The combination of information coming from these
three pieces renders a unique view of the process and allows to high-
lighting the usefulness of the thermo-photo process with respect to
single thermal or photo process, providing at the same a quantitative
estimation of the benefits.

2. Experimental

The synthesis of the catalysts was carried out by a combination of
techniques. The oxide supports were obtained through a combination of
microwave-microemulsion techniques and subsequent calcination. The
metal was included in a posterior step using an aqueous chemical
reduction technique. The nomenclature of the catalysts was: Pt/xCeO-
TiOs. The x (x =1, 2.5 and 5) gives the weight percentage (measured by
chemical analysis) of the cerium-containing phase expressed as CeOs.
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Single oxide supports were used as references in the Pt/TiO5 and Pt/
CeOy, catalysts. All catalysts contain a 1 wt% of noble metal. Samples
were fully characterized using ex and in-situ techniques and subjected to
reaction for gas-phase hydrogen thermo-photo production. Catalytic
activity was measured using reaction rates (normalized per surface area)
and quantum efficiency observables following IUPAC rules. To obtain
the quantum efficiency equation 1 is used:

2 x r(mol m™2 s71)
e (Einstein m~2 s~!)

QE(%) = 100 x (€3]

In this equation, r is the reaction rate and e** the average local su-
perficial rate of photon absorption. [36]. The factor two considers the
requirement of two electrons per hydrogen molecule. Full details of all
procedures and techniques can be found at the supporting information
file.

3. Results and discussion
3.1. Catalytic results

As mentioned, the activity of the ternary Pt-CeO,-TiO; catalysts and
reference systems is here analyzed using the reaction rate (Fig. 1) and
quantum efficiency (Fig. 2) observables as well as the corresponding
excess observables (described in equations S1/S2) as a function of the
reaction temperature under dark/illumination conditions. The role of
the alcohol is essential as a decay of more than two orders of magnitude
are obtained in the two observables using exclusively water. The excess
values measured the gain obtained by combining light and heat sources
with respect to the (additive) use of the two sources separately. As can be
seen in Figs. 1 and 2, the use of temperature alone renders rather limited
activity below 200 °C irrespective of the sample here utilized.
Contrarily, light excitation triggers some activity and room temperature.
Moreover, combining the two energy sources provides significant ac-
tivity already at 120 °C, with a clear enhancement of activity around/
above 200 °C. The stability of selected materials under long-term oper-
ation was also tested and (catalytic and physico-chemical character-
ization of post-reaction samples) results presented in Figure S3.

As described in the introduction section, Pt presence is essential to
obtain significant activity in both thermo and photo production of
hydrogen [15-17]. The presence of ceria in the ternary photocatalysts
further enhanced activity in all cases tested (e.g. irrespective of excita-
tion energy nature and temperature of testing) with respect to the pure
oxides references (pure ceria-based Pt-promoted catalyst is not pre-
sented as shown reaction rates from 5 to 8 times lower than the Pt/TiO,
reference). Moreover, maximum activity is reached with the Pt/
2.5Ce02TiO2 material irrespective of the energy source or reaction
temperature. This material provides rather high activity (reaction rate
up to 45 mmol g"'h™!) and an enhancement ratio with respect to Pt/TiO
going from 1.2 to 1.8 times (reaction rate) or from 1.6 to 2.1 (quantum
efficiency) as a function of the temperature. Note than the differences in
all observables support the positive effect of ceria in the activity of the
Pt-promoted titania-based system.

Another important piece of information for the analysis of the ac-
tivity will come from the detailed analysis of the excess functions. The
bottom part of Figs. 1 and 2 provides a quantitative measurement of the
beneficial effect taking place when using the energy sources simulta-
neously. The excess function reaches the maximum at 240 °C indepen-
dently of the observable utilized to measure it. Clearly, over this
temperature the thermal component of the reaction dominates the cat-
alytic response of the samples. For the quantum efficiency (as well as the
reaction rate), the maximum excess value occurs at 240 °C, and corre-
sponds to the Pt/2.5Ce0,TiOy material, reaching a value of ca. 49%.
This excess function is significantly larger than the one previously re-
ported for noble metal (Pt, Pd, Ru) particles supported over bare titania
systems [15-17]. Thus, this ternary material renders a highly active
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Fig. 1. Reaction rate (A) and excess rate (equation S1; B) for the sample and
reference materials as a function of the temperature and dark/illumination
conditions. Thermal (reaction temperature indicated as label), photo (at room
temperature), and thermo-photo (“temperature-Photo” used as label) condi-
tions are tested in the figure.

system as measured by both reaction rate/quantum efficiency. The
synergy measured is ca. 50%, or, in other words, nearly 1.5 times
hydrogen yield (from the simple additive result) when we combined the
two energy sources. The energy balance of the reaction (see supporting
information for calculation details) is positive when comparing the
combined use of energy sources with the bare sum. Using the rates
presented in Fig. 1, we measured an energy profit of about 19% (worst
case, Pt/TiO3) to 34% (best case, Pt/2.5Ce0,TiOy) with respect to the
additive combination of energy sources. It is also important to stress the
fact that the best sample (Pt/2.5CeO2TiO3) provides stable operation for
hydrogen photo-production under repeated experiments (Figure S3).

3.2. Characterization of the initial stage of the catalysts

The characterization here carried out combines classical (ex situ) as
well as in-situ studies of the photo-catalysts. Our materials are high
surface area catalysts, with the BET area presenting a value of ca. 150 m?
g~ ! for Pt/TiO, reference, and decreasing values up to ca. 95 m? g~! for
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Fig. 2. Quantum efficiency (A) and quantum efficiency excess (B) for the
sample and reference materials as a function of the temperature under illumi-
nation conditions.

the ternary sample having the highest quantity of ceria (Table 1). As
shown by the opposite trends (vs. ceria content) detected in pore volume
and size values, this may occur by partial occlusion of the smallest
mesopores of titania. This in turn takes place by surface deposition of the
minor components (particularly ceria) of the ternary systems. The par-
allel structural characterization was initially performed with a combi-
nation of X-ray diffraction (XRD) and Raman spectroscopy. As can be
seen in Fig. 3A, XRD patterns essentially show the presence of the
anatase polymorph of titania (JCPDS card 21-1272; I4;/amd space
group) [37]. Using the Scherrer equation, the primary particle size of the
anatase component is between 10.5 and 12 nm for all samples. Similarly,
the shape of the Raman spectra (Fig. 3B) provide evidence of the anatase
polymorph presence, displaying peaks at ca. 143, 395, 515 and 636
cm~! [38]. On both techniques there are additional weak peaks as-
cribable to the presence of other phases. Of particular interest, XRD
patterns detect the presence of the fluorite phase of ceria (JCPDS card
87-0792; Fm3m space group) from a content of 2.5 wt% and a weak
peak at ca. 31 degrees indicating brookite [37,39]. Raman points out the
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Table 1
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Surface area, pore volume, pore size and band gap energy for sample and reference systems.*

Catalyst BET surface area (m? g~ ') Pore volumen (cm® gr'!) Pore size (nm) Band Gap (e'V)
Pt/TiOy 156.5 0.262 6.0 3.21
Pt/1Ce0,TiO, 120.1 0.245 7.3 3.18
Pt/2.5Ce0,TiO, 114.4 0.243 7.6 3.20
Pt/5Ce0,TiO, 94.8 0.235 8.8 3.19
Pt/CeO, 128.5 0.275 8.0 2.81

Average standard error: BET area: 3.6%; pore volume/size 5.4%; band gap: 0.03 eV.

presence of rather minor contributions of brookite (201 cm™ 1) and
barely detected ceria by the characteristic peak at ca. 475 em ! [31,40].
As expected, for ternary samples these two bulk-sensitive techniques
signals were dominated by the major (by weight percentage) anatase
phase.

In order to gain insight about the minor phases, a detailed micro-
scopy study of the materials was carried out. In Fig. 4 we present mi-
crographs for three representative samples, the Pt/TiO reference, and
the Pt/2.5Ce0,TiO, and Pt/5CeO5TiO5 samples. In all cases well-
defined, round-shaped metallic particles can be clearly observed. They
are well dispersed over the whole surface of the reference and ternary
materials. The figure also includes (right hand side of the figure) the
primary particle size distributions of the noble metal component. The
distributions are relatively narrow, with a moderate skewedness (higher
for the higher Ce content catalyst) to larger particle sizes from the
average value. The noble metal average primary particle size values are
reasonable similar among samples, with nearly equal values (3.4-3.5
nm) for the Pt/TiO, reference and the Pt/2.5CeO,TiOy sample, and a
slightly higher one (3.9 nm) for the Pt/5CeO,TiO catalyst. The chem-
ical deposition method is thus rendering a rather stable noble metal
particle size over the set of catalysts studied. The contact between
components of the catalysts is analyzed in the high-resolution micro-
graphs presented in Fig. 5 and Figure S4,S5. In Fig. 5/Figure S4, anatase
nanoparticles of ca. 10 nm and well-defined rounded shape are
observed, dominantly presenting the most stable crystallographic plane
(e.g. (101)). For ceria-containing samples, ceria is detected in signifi-
cantly smaller entities, as expected by the corresponding weight per-
centage of the catalysts. In the micrographs we observed the exposure of
typical, most-stable fluorite surfaces (dominated by the (101) and
(220) planes) [31,33,41]. The microscopy study shows the good
dispersion of the nanosized ceria particles, with some tendency to be in
neighboring zones near the noble metal. The energy dispersive X-ray
spectroscopy maps (Figure S5) further confirm the close contact be-
tween the metal and the lanthanide components.

The basic characterization is completed using UV-visible spectros-
copy. The corresponding spectra are presented in Figure S6. Except for
the Pt/CeO5 catalyst, we observed rather small differences between the
displayed spectra. This comes out from the dominant presence of the
similar (according to XRD/Raman) anatase phase present in the ternary
systems. The UV-visible spectra show the characteristic s-type shape
dominated by the band gap feature of the semiconductor components
(anatase in the case of the ternary systems). Considering that anatase is
an indirect gap semiconductor, [3] we calculate the corresponding
values for the band gap energy. These values are collected in Table 1. As
expected, an essentially constant magnitude of ca. 3.20 eV is obtained
from the Pt/TiO, reference and ternary materials. This is a typical result
for the anatase phase, in agreement with the structural characterization
of the materials [31,33,38]. For Pt/CeO,, with ceria being also an in-
direct gap semiconductor [3] the band gap value goes to ca. 2.8 eV. Also,
the analysis of the valence band (Figure S7) provides solid evidence that
the ternary systems not only display essentially equal values of the band
gap energy (Fig. 6) but also rather similar energy position(s) for valence
and conduction bands.

In short, the structural and electronic basic characterization of the
calcined solids indicates limited differences among ternary systems,

mostly related to a decrease of surface area as well as the increase of
ceria particle size with the increase of the ceria content along the sample
series. We also note that valence/conduction band positions and band
gap energy of post-reaction powders do not vary (within experimental
error) with respect to the initial stage for all samples (results not shown).

3.3. In-situ study of the catalysts under reaction conditions

The response of the system under reaction conditions was studied by
a combination of characterization techniques. The behavior of the cat-
alysts was analyzed using X-ray absorption techniques while the
gas-solid interface was studied using infrared spectroscopy. X-ray ab-
sorption was applied to the Ti K and Pt and Ce Lg-edges under reaction
conditions at dark and illuminated conditions. In the case of the noble
metal, Fig. 6 collects XANES and EXAFS spectra of selected samples. The
Pt Ls-edge study particularly focusses in the comparison between the Pt/
TiO; reference and the most-active Pt/2.5Ce0,TiO, sample, scanning
results under illumination over the temperature range of activity data
presented in Figs. 1 and 2. The comparison of XANES data with a Pt foil
reference (Fig. 6A, C) indicates the presence of a metallic phase. From
the microscopy study we learned that this is the initial state of the noble
metal component, a fact also described using XAS by other authors in Pt-
promoted titania-based photocatalysts for hydrogen photo-production
[42]. However, the current XANES study demonstrates beyond doubt
the stability of the metallic chemical state under all reaction conditions
here tested. The inset plots in these figures (6A,C) show only minimal
differences in XANES white line shape and thus, electronic state, as a
function of the temperature for all samples. The Fourier transform of the
EXAFS signal(s) at room temperature is also included in the
Figure (panels B,D) and compared with the Pt foil. The lower intensity
(for the first four shells) with respect to the foil demonstrates the pres-
ence of nanoparticles with spherical or nearly spherical-type shape [43]
Fitting of the EXAFS signals (results shown in Figures S8 and S9) in-
dicates a 1st shell coordination number of 10.4 4 0.9 and 10.5 + 1.0 for,
respectively, the Pt/TiO; reference and the most-active Pt/2.5CeO2TiO>
sample. For spherical-type particles these numbers correspond to par-
ticles of ca. 3.5 nm [44] in full agreement with microscopy the results
presented in Fig. 4. Interestingly, Figures S8 and S9 also provide
conclusive proof of the stability of the metallic particles under reaction
conditions. The comparison of the room temperature of the initial and
post-reaction Pt Lg-edge Fourier transform spectra shows minimal dif-
ferences, a result consistent with the activity stability of the noble metal
component.

The Ce L3-edge XANES signal was also measured. Fig. 7 collects data
for the Pt/2.5Ce0,TiO and Pt/5Ce0,TiO2 samples and the 5CeO2TiO;
support. Oxide-type reference for the Ce** and Ce®* oxidation states are
also included. As it can be seen in the figure, the fluorite Ce** oxide
shows a rather characteristic shape, with a shoulder near the edge and a
while line split in two well-defined peaks (located at ca. 5728.5 and
5735 eV). This is characteristic of the mixed valence ground state of the
Ce*" oxidation state. Contrastingly, the Ce®>" oxidation state presents a
single peak (white line at ca. 5724 eV) in this region [39,43]. This fact
has been used to provide a measure of the reduced Ce fraction (ce®H
using the difference spectra. The scale is calibrated utilizing the differ-
ence between the two references. The value corresponding to the
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difference between the main XANES peaks of the Ce*"/Ce® reference
spectra is assigned to a 100% of reduced Ce species [43,45]. Applying
this well-known methodology, we calculated the fraction of Ce3" pre-
sent under reaction at the temperatures selected for catalytic testing.

The upper, right hand plot of Fig. 7 collects this information. As previ-
ously observed in composite catalysts having ceria-titania supports, the
fraction of reduced Ce species decreases with the ceria content of the
binary oxide [29,31,33]. This can be expected considering the behavior
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of the primary particle size of the Ce-containing phase along the series of
samples and the decreasing fraction of Ce in contact with the titania
component as the lanthanide content grows (see below). In our case, at
room temperature (result relevant for pure photocatalysis) this goes
from ca. 65-70% for the Pt/1CeO5TiO5 (result not shown) and Pt/
2.5Ce02TiOy, to about ca. 40% in the Pt/5Ce0,TiO case. Curiously, this
fraction is essentially stable as a function of the temperature for samples
with a ceria content below 2.5 wt% and increases for the highest loading
tested, 5 wt%. The stability of the signal for the Pt/2.5Ce0,TiO, sample
is also observed at dark (conditions) while the same increasing trend is
detected at dark conditions for the Pt/5CeO,TiO; case catalyst
(Figure S10). So, the difference in reduced Ce fraction between the
samples with loadings of ceria above and below 2.5 wt% is essentially
commanded by temperature. Fig. 8 also compares the highest loading
ceria ternary sample (Pt/5Ce0>TiO2) and corresponding binary support
(5Ce02Ti03). This comparison allows to concluding that the progression
in the reduction of Ce is (dominantly) drived by the interaction between
the fluorite and anatase phases, with lack of significant effects related to
light and noble metal presence. Summarizing, the X-ray absorption
(together with our previous, ex-situ analyses) of the solids indicates that
the Pt metal phase is rather similar among the ternary (and reference)
samples while differences are encountered in the reduced Ce fraction.
This fraction decreases as the Ce content of the ternary system increases,
as an effect exclusively ascribable to the interaction with anatase. The
latter has been previously noted in binary ceria-titania powders and it is
here demonstrated for the first time under thermo-photo conditions

[29,31,33] Note that the parallel analysis of the Ti K-edge (see
Figure S11 for representative results) does not show changes of the Ti
oxidation state as a function of the temperature or illumination.

In summary, the ceria-titania interaction controls the Ce>" fraction
(and concomitant generation of oxygen vacancies in the fluorite phase
[39]) irrespective of the dark or illuminated conditions of the sample
under reaction. As the titania particle size is constant through the series
of catalysts (see XRD/TEM results; Figs. 3-5), this reduced cerium frac-
tion is a function of the ceria primary particle size. Ce cations without
interaction with titania maintain the characteristic Ce** oxidation state
of the fluorite structure, justifying the trend(s) observed in Fig. 7 at room
temperature (initial state of the samples) as a function of the ceria
content of the ternary catalysts. Under reaction conditions, the tem-
perature alters the Ce oxidation state exclusively for the highest Ce
loading. So, the oxidation state alteration occurs (dominantly) for
cerium cations without direct contact with anatase. There is lack of
detection for any combined effect of light and temperature in the
oxidation state and structural properties of the noble metal and cerium
oxide components of the ternary catalysts (Figure S10).

The gas-solid interface behavior under reaction conditions was
interrogated using infrared spectroscopy. We start the analysis of the
results at room temperature. Figures S12 to S15 give difference spectra
(details of the procedure described at the supporting information file)
for the Pt/TiO5 reference and all ternary samples, both at dark and under
illumination conditions. The higher wavenumber region displays C-H
stretching models ascribable to methanol (C-H contributions at



U. Caudillo-Flores et al.

Chemical Engineering Journal 425 (2021) 130641

Fig. 5. High resolution TEM images for: A) Pt/TiO,, B) Pt/CeO,, C) Pt/2.5Ce0,-TiO2, and D) Pt/5Ce0,-TiOx,

2947-2950,/2838-2842 cm ') and methoxy (2920-2930/2819-2826
cm 1) species. These peaks are observed together with characteristic C-
O stretching (1033-1035 cm_l) for atop and, likely, (1100-1110 cm_l)
for bridge bonded species. However, other surface species can
contribute to the last peak [46,47]. Additional strong peaks at ca.
1550-1556,/1350-1365 cm ! correspond to bridged-bonded carbox-
ylate (typically formate) species [48,49,50,51]. Presence of other car-
boxylates/carbonates species are also detected by the broad band at ca.
1409-1420 cm L. Particularly evident under illumination conditions are
peaks at ca. 2960, 1700-1780, 1440-1450, 1360-1380, and 1255-1270
cm_l, which can be ascribed to methylformate type species [50,52]. Ce-
containing samples display an increase of the overall intensity in the
1600-1000 cm ! region under both dark and illumination conditions,
indicating that methylformate and bidentate formate and, in general,
formate formation is favored for the ternary systems. On the other hand,
the spectra also detected the existence of carbonyl species on Pt, cor-
responding to signals centered at 2028-2030 and 2058-2065 cm !
frequencies. Both are assigned to atop carbonyl moieties. The higher/
lower wavenumber counterparts would be at near flat surfaces of small
particles and their kinks and edges [53,54]. The first carbonyl species is
reactive under illumination conditions. Note the absence of carbonyl
species adsorbed on titania (ca. 2175-2120 cm’l; see ref. [55]), not
detected using infrared. Thus, CO is generated near the noble metal
entities and quickly sticks onto the noble metal surface.

Under illumination, the hole-related charge carrier species attacks
the sacrificial alcohol molecule. This phenomenon occurs with genera-
tion of progressively oxidized species and formation of formaldehyde

and formic acid entities. These steps are described in equations 1 and 2.
The process would further progress from formic acid to CO, with an

overall reaction such as CH30H+H206£ CO, +3H, [28,31,56,57,58].

In parallel, protons (and finally hydrogen; 2H" = Hj) are produced in
each step of the reaction, rendering thus a step-like reforming type
mechanism with the alcohol playing the role of a sacrificial entity. Note
that in equation 1 hydrogen comes from the alcohol molecule while in
equation 2 the source is (formally) the water molecule. This mechanism
is consistent with the detection of methanol/methoxy species as well as
formate (and other carboxylates) species as main surface species
[26,59,60].

CH,OH™> CH,0 +2H* D
CH,O + H,0s CHOOH +2H* @

In our case, we additionally detected methylformate species, formed
by interaction of adsorbed methanol/methoxy and formic acid/formate
species (equation 3) [49,52]. Also, CO species over Pt were detected. CO
formation can occur through the decomposition of aldehyde and/or
carboxylate type species (equations 4 and 5, respectively) [49,56].
These steps occur with evolution of hydrogen atoms coming from the
alcohol molecule. Interestingly this molecule does not evolve at dark
conditions but progress under illuminated conditions (negative peak as
IR results are shown as difference spectra) at room temperature. As
shown in Table 2, and in the infrared spectra (Figures S12-S15), CO is
not detected at the gas phase at room temperature (dark/illuminated
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conditions), indicating the existence of a water gas-shift type reaction
step (equation 6) promoted by the metal component [28,56]. Due to the
high surface population of the carboxylate species in all samples, the CO
generation at room temperature seems to come mainly from equation 5.
The water gas shift step promotes the generation of hydrogen from the
one ascribed to the main reforming-type mechanism only under illu-
mination (at room temperature), and it is intimately linked with the
decarbonylation steps of the main intermediates (formaldehyde and
formic acid, the latter predominating here). On the other hand, ceria
promotes (particularly for the Pt/2.5CeO,TiOy sample) both the for-
mation of surface carboxylates (equations 2/3) and the decarbonylation
reaction (equation 5), influencing the water gas shift reaction (equation
6; Figures S12-S15). As the adsorbed species are clearly present over the
titania surface (or noble metal in the CO case), presenting rather similar
frequencies in presence/absence of ceria, the influence of the lanthanide
component would proceed through the change of the electronic
behavior of the ternary systems. This is further discussed below.

2t

CH,OH + CHOOH = CH;0CHO + H,0 3)
2ht
CH,0=> CO+2H" 4)
CHOOHS CO + OH™ +H* )
2n*
CO+H,0"_ CO,+H, (6)

To study the temperature and combined light/temperature effects,
we present results at 160 °C (Figures S16-S19) and 240 °C (Figs. 8-11).
The first temperature shows the initial stage of the temperature alone
reaction while the second corresponds to the one showing maximum
synergistic effects between light and temperature. Parallel data consid-
ering the (gas-phase) production of carbon-containing molecules and
hydrogen vs. temperature of reaction is summarized in Table 2. Changes
with temperature are gradual. Most significant changes from room
temperature concern the appearance of formaldehyde surface species,
indicated by peaks at the C-H region (ca. 2737-2745 cm™!). These
species are adsorbed on titania [61]. So, changes in the surface coverage
of the dominant methoxy/carboxylate species allow the existence (or
significant increase) of aldehyde-type species (equation 1) under reac-
tion at temperatures (particularly above 160 °C). The decarbonylation of
these new species (equation 4) triggers an increase of the CO at the gas
phase according to Table 2. Modest but clear influence of light can be
noticed for this particular step. Under light both the presence of CO gas
detected by IR (Figs. 8-11) and chromatography (Table 2) is further
increased. Overall, the parallel increase of all aldehyde/carboxylate
species and, also, of the adsorbed CO consumption indicate that the
increase of activity is mostly driven by powering the reaction path going
from carboxylates to CO (equation 5) and the subsequent water gas shift
reaction (equation 6). The combination of these two types of reactions is
responsible of the big increase in the CO to CO; ratio as well as the Hy vs.
(CO + COy) ratio detected in Table 2 when confronting dark and illu-
mination conditions at the same temperature.
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Table 2
Molar ratios between reaction products obtained using ternary and reference catalysts.
Temperature-Reaction Pt/TiOy Pt/1Ce0,TiO, Pt/2.5Ce0,TiO, Pt/5Ce0,TiOy
Molar Ratio®
CO/CO, H,/CO, + CO CO/CO, H,/CO, + CO CO/CO, H,/CO, + CO CO/CO, H,/CO, + CO
Photo 0.0 1.6 0.0 2.4 0.0 2.7 0.0 2.5
120 b b b b b b b b
120-Photo 0.1 2,3 0.1 3.1 0.1 3.2 0.1 3.2
160 b b 0.0 0.1 0.0 0.1 0.0 0.1
160-Photo 0.3 2.4 0.3 3.2 0.4 3.4 0.3 3.2
200 0.2 0.5 0.1 0.5 0.1 0.7 0.2 0.7
200-Photo 0.9 1.9 0.7 2.8 0.8 3.3 1.1 2.7
240 0.6 0.8 0.8 0.9 0.9 1.0 0.6 1.1
240-Photo 2.0 1.5 1.0 1.8 2.3 2.4 1.9 2.3
300 0.9 1.4 0.9 1.9 0.9 2.3 0.8 2.1
300-Photo 2.3 1.4 1.2 1.6 2.2 2.0 1.7 2.2

Average standard error: CO/CO, ratio 8.1%; Ho/(CO + CO2) 10.6%.
Negligible activity.
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Fig. 9. DRIFT In situ spectra obtained under reaction conditions at
panel) conditions.

In short, the ternary systems are rather similar in terms of the
structural and electronic properties, with main changes of catalytic
importance related to the fraction of reduced Ce species directly inter-
acting with the anatase support (e.g. having an oxidation state not
affected by light and/or temperature under reaction conditions). This
reduced Ce fraction is maximized for the Pt/2.5Ce0,TiO, sample.
Photoluminescence experiments (Figure S20) indicates the efficient
charge carrier handling properties displayed by the ternary system. As
well-known, the noble metal acts as an electron sink, decreasing charge
recombination [3,28]. Also, ceria is shown to further decrease charge
recombination as an effect of electron trapping by anion vacancies
associated to Ce3* species [31,62]. Pt and Ce works cooperatively under
illumination according to the photo-luminescence results. The mecha-
nism of reaction goes through several carbon-containing intermediates
adsorbed onto anatase, followed by the water gas shift onto (or with
critical role of) the noble metal. Ceria particularly promotes the gener-
ation of carboxylate species (formate and methylformate, equations 2
and 3) and subsequent CO formation (equation 5) species and, likely, the
evolution of the last species through the water gas shift reaction
(equation 6). On the other hand, light (at temperatures above 160 °C)
strongly promotes the surface presence of formaldehyde type species

T
2000
Wavenumber / cm"

10

T T T T
1800 1600 1600 1400 1200

Wavenumber / cm"!

240 °C with the Pt/1CeO,TiO, sample: dark (top panel) and illumination (bottom

(equation 1) and the transformation of the higher wavenumber CO
species (a species adsorbed at metal sites near ceria) and its consumption
under reaction conditions, mostly through the water gas shift reaction
(equation 6). Thus ceria as well as the combination of light with tem-
perature has positive effects over almost all steps which render hydrogen
precursor species. The activity is maximized for the most active Pt/
2.5Ce04TiOy catalyst (Figs. 8-11). The mentioned effects on surface
species can be thus related to the presence of Ce3" species and
concomitant oxygen vacancies at the ceria-titania interface.

4. Conclusions

In this work we synthesized ternary Pt-promoted ceria-titania sys-
tems and analyzed their activity for the production of hydrogen from
methanol through a thermo-photo catalytic process. The ternary mate-
rials contain ceria loading from ca. 1 to 5 wt% and (1 wt%) Pt nano-
particles. The Pt nanoparticles with an average primary particle size of
3.4-3.9 nm are rather similar among ternary samples and also the Pt/
TiO4 reference. The ceria nanoparticles have a decreasing fraction of
reduced Ce (Ce®*") with the lanthanide content of the ternary powders.
The reduced Ce fraction is maximized for a ceria content corresponding
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to the sample presenting maximum activity, the Pt/2.5Ce0,TiO cata-
lyst. Therefore, this sample displays the optimum ceria-titania interface,
high and stable activity in the thermo-photo production of hydrogen,
and, particularly, a strong synergy between light and heat energy
sources. The synergistic effect was rigorously measured using excess
functions and energy balance, reaching the maximum at 240 °C. The
data demonstrated an excess output of about 50% from the additive
result of light and heat, the highest up to now reported in this reaction.

The in-situ study of the materials shows the stability of the metallic
and ceria components under reaction conditions for the most active Pt/
2.5Ce02TiO; catalyst. Absence of structural/electronic changes in all
components of the mentioned solid under illumination or by the increase
of the temperature was demonstrated using X-ray absorption

11

techniques, together with microscopy and other (ex-situ) tools. The re-
action mechanism was elucidated using in-situ infrared and combines a
reforming-type sequential oxidation of the carbon-containing moieties
(starting with methanol) with decarbonylation of specific (aldehyde and
carboxylate-type) intermediates and the water gas shift reaction. Ceria
and the combination of light and temperature are able to promote
effectively almost all reaction steps (equations 1-6) rendering the pre-
cursor entities of hydrogen and, therefore, boosting the production of
this molecule.
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