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Abstract

Photocatalytic hydrogen production from water or oxygenates is foreseen as a sustainable energy
production route. In spite of recent performance achievements through Pt particle downsizing, the
knowledge on the prototypical Pt/TiO; photocatalyst operation mechanism, in particular the electronic
state and the stability of the Pt phase under reaction conditions, remains limited. We have investigated
atomically dispersed Pt/TiO, catalysts by pre/post-reaction scanning transmission electron microscopy
and operando X-ray absorption spectroscopy — mass spectrometry in gas-phase ethanol
dehydrogenation conditions under ultraviolet-visible light irradiation. The catalysts were prepared by
a simple impregnation method on two types of commercial titania. While the general effect of the
reaction on initially fully oxidized (Pt") single-atom catalysts (SACs) is Pt reduction and aggregation,
this combined phenomenon can be inhibited in two manners. First, when supported on high-surface-
area anatase, the Pt SAC retains an intermediate oxidation state, and its clustering is limited to Pt
dimers and trimers. Second, with the same support, a mild reducing pretreatment generates, through
the formation of Pt-Ti bonds, near-neutral and ultradispersed Pt species (from single atoms to

nanometric clusters) with the highest stability and activity in photocatalytic hydrogen evolution.
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Introduction

Currently, hydrogen is mostly produced from fossil sources through catalytic steam reforming of
methane.! Since the discovery of Fujishima and Honda in 1972,% photocatalytic water splitting is seen
as a promising route toward the sustainable production of this valuable energy carrier from sunlight
and water.>® However, the development of water splitting faces serious technological challenges,
including the suppression of the backward (hydrogen oxidation) reaction. The use of “sacrificial agents”
(hole scavengers) such as methanol and ethanol limits this issue.”2® An interesting possibility is thus
to directly convert organic pollutants or biomass-derived feedstocks into hydrogen through
photocatalytic reforming or dehydrogenation.'*™** TiO,, especially its anatase polymorph, is the most
popular photocatalytic material owing to its efficiency, photochemical stability, and abundance.’®
However, photogenerated electron-hole pairs readily recombine at the titania surface (in the absence
of hole scavenger), and most importantly bare titania surfaces possess low ability to recombine
hydrogen atoms, leading to poor photocatalytic efficiency. Among the many ways of modifying TiO;
that have been employed to promote the photocatalytic hydrogen evolution reaction (PHER), the
addition of a transition metal cocatalyst in the form of nanoparticles supported on the titania is
probably the most successful one. The most probable role of the cocatalyst is to trap photoelectrons

and protons, and favor H-H coupling. 161781819

A large body of researches concerns the PHER performance, reaction mechanism and active sites for
the highly efficient Pt/TiO; system.”#2°723 With the recent emergence of single-atom catalysis,?* which
holds promise in terms of precious metal saving and tuning of catalytic efficiency, there have been

),27%¢ and on various SACs for photocatalytic

several reports on Pt/TiO, single-atom catalysts (SACs
applications including PHER.3”"*! However, the conclusions on the possible advantage of single atoms

and related oxidic species over metallic nanoparticles in PHER are controversial.

Xing et al. elaborated by co-precipitation a 0.2 wt% Pt/TiO, (anatase, 484 m?/g) SAC, that they found
more active for PHER from liquid methanol-water mixture (used in most studies) under UV-Vis light
irradiation than nanoparticulate counterparts.*? These findings are consistent with the previous results
of the same authors, showing that acid-leached Pt/TiO, catalysts containing exclusively oxidic and
atomically dispersed Pt species are equally active as their non-leached parent catalysts containing
metallic Pt nanoparticles.** The same group also reported that few-atom PtO clusters loaded on
anatase TiO, nanosheets are more active than larger PtO particles.** The use of PtO (instead of Pt)
clusters was stated to suppress the undesirable hydrogen oxidation reaction.*® Sui et al. found that
single Pt atoms selectively deposited through a photochemical route onto the (101) facets of shape-

controlled anatase TiO, nanoparticles (0.3-0.9 wt% Pt) are more active under simulated sunlight than
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supported Pt nanoparticles.*® However, the latter were not supported on the same titania material as
the SACs, and in the SACs the single atoms actually coexisted with Pt clusters. Recently, Chen et al.
prepared 0.02 wt% Pt SACs supported on defective TiO, elaborated from sodium titanate nanotubes.*’
The so-formed Pt-O-Ti®* interface integrating surface oxygen vacancies would be at the origin of the
measured high PHER activity under UV-Vis light, which was again found much superior to that of a
nanoparticulate catalyst. Similarly, Hejazi et al. claimed a high PHER activity under UV light of Pt
atomically dispersed on pre-reduced anatase TiO, layers prepared by magnetron sputtering.*®

However, the stability on stream of the metal dispersion and chemical state was not reported.

At variance from the above studies suggesting the highest PHER activity of atomically dispersed and/or
oxidized Pt species, Jiang et al. concluded from the use of several Pt deposition methods on the same
anatase titania, that the PHER activity scales with the fraction of metallic platinum.* In a recent work,
we have compared a series of Pt/TiO, photocatalysts with variable titania type for PHER from ethanol-
water mixtures under UV light, both under liquid-phase and gas-phase conditions.>° Our results suggest
that, for a similar impregnation-reduction procedure, the PHER activity increases as the Pt cluster
decreases to 1 nm, consistently with DFT calculations! showing that this Pt cluster size would optimize
the photoreaction process (a cluster size effect, ascribed to size-dependent electronic structure, was
also evidenced by Schweinberger et al. for PHER on Pt/CdS).>? Atomically dispersed Pt species
elaborated by impregnation-calcination exhibited lower PHER activity than their pre-reduced cluster
counterparts.®® However, from post-reaction scanning transmission electron microscopy (STEM), we
have shown that part of these species sinters under PHER conditions, consistently with the findings of
Liu et al.>® and Jeantelot et al.>* This inherent trend of oxide-supported ultradispersed metal species
to aggregate under reducing conditions® can be limited — in the example of PHER on Pt/TiO, — by using
an ultralow Pt loading, a high titania support surface area, and/or titania surface defect

engineering.4%47/48

From this ensemble of results, while the positive effect of a high Pt dispersion in PHER seems
established, the actual structure and oxidation state of titania-supported active Pt species remain
unclear. Notably, none of the above works employed operando catalyst characterization, a still rare
approach in photocatalysis.>®* 8 Nevertheless, highly dispersed metal/titania catalysts are sensitive to
their (photo)chemical environment?®39%° and the operando approach can provide direct
measurements of the influence of the reaction environment on photocatalytic systems. In this work,
in addition to systematic pre- and post-reaction STEM, we have used operando X-ray absorption
spectroscopy (XAS) combined with online mass spectrometry to investigate the Pt cocatalyst state
under conditions of PHER in a flowing vapor-phase ethanol-water mixture. Two titania supports and

two types of thermochemical pretreatment have been employed to determine the respective



influences of the support surface area and the initial metal dispersion/oxidation state on the nature

and stability of titania-supported Pt species under photocatalytic operation.

Experimental section

Materials

Two commercial TiO, materials were used in this study, Evonik Aeroxide P90 (purity >99.5%) and
Tronox Cristal ACTiV PC500 (purity >99%). P90 is a mixture of 92% anatase and 8% rutile phases, with
114 m?/g BET surface area.>® PC500 is a mixture of 85% anatase and 15% amorphous phases, with 352

m?/g BET surface area.®®

Pt/TiO, catalysts were prepared by incipient wetness impregnation with Pt(NHs)s(NOs), precursor
(Sigma-Aldrich, >50% Pt basis) dissolved in water. The impregnate was then dried at 60 °C for 4 h and
calcined in synthetic air or reduced in H, (30 mL/min, 300 °C, 2 °C/min, 2 h). Pt loadings (target values
0.2 and 1.0 wt%) were determined by inductively coupled plasma - optical emission spectroscopy (ICP-
OES, Horiba Jobin Yvon Activa). Prior to ICP analyses, the samples were pretreated in H, flow at 450 °C
and dissolved in an acid mixture at 300 °C. Only 0.2 wt% Pt samples are considered here, except in

Supporting Information (SI) where 1 wt% Pt/P90 samples serve as references.

The three main samples investigated in this study are denoted Pt/P90-C, Pt/PC500-C, and Pt/PC500-R
(actual Pt loadings 0.18 wt%, 0.23 wt%, and 0.23 wt%, respectively). The suffix -C or -R corresponds to
a pre-calcined or a pre-reduced catalyst, respectively. The Pt loadings of additional Pt/P90-C and
Pt/P90-R samples were 0.91 and 0.82 wt%, respectively.

Scanning transmission electron microscopy

The samples were analyzed by annular-dark-field STEM (ADF-STEM) using a FEI Titan ETEM G2 machine

equipped with a Cs image aberration corrector and operated at 300 keV. See Sl for details.

Operando X-ray absorption spectroscopy



The local structure of Pt species was investigated by XAS in partial fluorescence yield mode on the
FAME-UHD beam line of the European Synchrotron Radiation Facility. X-ray absorption spectra at the

L; edge of Pt were recorded.

The sample, in the form of a thin self-supported pellet (16 mm diameter, ca. 250 mg), was inserted in
a custom-made polyoxomethylene gas cell equipped with Kapton windows for X-rays and a quartz
window for UV-Vis light (Figure 1). The cell can be operated in transmission mode, but this possibility
was not used here. The UV-Vis light was delivered by an Asahi Spectra MAX-302 Xe lamp (output power
300 W) used at full intensity and full spectrum range (ca. 340-600 nm). A 4-way valve allowed flowing
helium (100 mL/min) either directly to the gas cell or through a saturator containing a mixture of
ethanol (10%) and distilled water (18 MQ.cm). The mixture was maintained at 0 °C with a Peltier
refrigerator. The gas flow at the cell outlet was continuously analyzed by an Aspec portable quadrupole

mass spectrometer (MS).

As in the laboratory reactor (see below), the catalyst mass and the irradiation conditions were kept
constant, making the evaluation of PHER activities in umol /min relevant, without the need for further

normalization.

A typical protocol consisted of the following successive conditions at room temperature (RT) and
atmospheric pressure: Dark Air, Dark He, Light He, Light EtOH, and Dark EtOH. Air, He and EtOH refer
to static air atmosphere, pure helium flow, and ethanol/water/helium gas flow (EtOH:H,0=1:9, molar
basis), respectively. The same sample was used for the above series of experimental conditions. At the
beginning of each step, several XAS spectra were recorded until stabilization, from which additional
spectra were recorded for extended X-ray absorption fine structure (EXAFS) and high energy resolution
fluorescence detected X-ray absorption near edge spectroscopy (HERFD-XANES). Typically, 3 EXAFS (40
min per spectrum) and 5-10 XANES (7 min per spectrum) stabilized spectra were recorded at each step

for averaging.

See Sl for details on the beamline apparatus, XAS recording, and EXAFS fitting procedure.
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Figure 1. Operando XAS reactor setup: (a) scheme of the photocatalytic cell, (b) photograph of the cell,

and (c) scheme of the overall reaction setup.

Photocatalytic testing

In addition to synchrotron measurements, laboratory photocatalytic tests were performed at RT and
atmospheric pressure using a tubular glass photoreactor equipped with a 3655 nm UV source and an
online micro gas chromatograph.6%®? The gas stream consisted of an ethanol-water mixture
(EtOH:H,0=1:9, molar basis) in an argon flow (20 mL/min). The tested catalyst weight was 1.8 + 0.2

mg. See Ref. *° for details.



Results

Pt/P90-C Pt/PC500-C Pt/PC500-R

©
(]
| .
©
O
(&}
—
o
1
(%]
<

V)
<
>

-

(O]
&
<

Figure 2. STEM-ADF images of as-prepared (top) and XAS-analyzed (bottom) 0.2 wt% Pt/TiO, samples.
C and R suffixes indicate pre-calcined and pre-reduced samples, respectively. Arrows, circles, and

squares show single atoms, multimers, and clusters, respectively.

The top panel of Figure 2 shows representative STEM images of the three samples selected for XAS
investigations (see Figures S1-S9 for additional images, together with size histograms and fractions of
Pt species). The Pt/P90-C sample presents a large majority of single Pt atoms and few-Pt-atom clusters
(multimers), though a fraction of ca. 0.8 nm-sized Pt clusters was also detected (Figure S2). The
Pt/PC500-C sample contains a large majority of single atoms as well as a fraction of few-atom clusters,
without any detectable presence of larger clusters. Finally, the Pt/PC500-R sample exhibits, together
with single atoms and multimers, a significant fraction of clusters with average size 1.3 £ 0.3 nm. In
line with our previous work on Pt/P90 photocatalysts,*® while oxidizing treatments at moderate
temperature (here, 300 °C) favor atomic dispersion, reducing treatments (here also 300 °C) favor the
formation of Pt clusters to some extent on the PC500 support, in spite of its three times higher specific

surface area with respect to P90.
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Figure 3. Comparison of 0.2 wt% Pt/TiO; catalyst activities in PHER from ethanol/water/helium gas flow

under UV irradiation at RT (laboratory reactor).

Figure 3 represents the rate of hydrogen evolution from gas-phase ethanol dehydrogenation over
Pt/TiO, photocatalysts under UV irradiation. From the detection of only H, and acetaldehyde (Figure
S10) as products, which were formed in similar amounts, the primary reaction was ethanol

dehydrogenation: C,HsOH — C;H40 + H,.

Similar to what was obtained in our previous work for Pt/P90,>° the Pt/PC500 catalyst prepared by
impregnation-reduction is (slightly) more active than the one prepared by impregnation-calcination.
The H; evolution rate over Pt/PC500-R after 1 h on stream is 2.0 umol/min (0.14 mol h'* ge.r?, turnover
frequency per Pt atom 0.37 s, photonic yield 5.6%, apparent quantum yield 11%). The H, production
rates of Figure 3 are consistent with literature data for Pt/TiO, catalysts among the most efficient.>°
Nevertheless, though some authors claim very high PHER performances, we believe that such
comparisons are delicate since the employed experimental conditions (gas vs liquid phase, nature and
concentration of the alcohol, presence of mass-transfer and/or photon-transfer limitations, irradiation

power, spectral range, etc.) can deeply influence the measured photocatalytic activity.

The activity difference between pre-calcined and pre-reduced samples is lower for PC500 than

previously measured for P90.%° Hence, already at this stage, it can be inferred that the high surface
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area of PC500, which permits to generate not only Pt clusters but also a large fraction of single Pt atoms
through the reducing treatment, makes the PC500 samples less sensitive to the type of preparation
treatment, and more structurally stable than the P90 samples. Besides, as previously pointed out,*
the titania phase and surface area have lower impacts than the Pt dispersion on the photocatalytic

performances under our conditions.

In order to gain deeper insight into the reasons that account for the observed differences in the PHER
efficiency of the samples containing ultradispersed Pt species on TiO, P90 and PC500, we performed a
series of operando XAS measurements using an original custom-made cell (Figure 1). The evolution of
hydrogen was simultaneously detected by MS (Figure S11). With respect to laboratory photocatalytic
tests (Figure 3), the same activity order is observed between the catalysts: Pt/P90-C < Pt/PC500-C <
Pt/PC500-R. The initial transient reaction kinetics (especially the initial activity bump for Pt/PC500-C)
seenin Figure S11is not observed in Figure 3, likely owing to the differences in experimental conditions
between the XAS cell and the laboratory photoreactor. However, the overall gradual deactivation of

Pt/90-C and the gradual activation of Pt/PC500-C are reproduced in XAS-MS experiments.

The left panel of Figure 4 allows comparing HERFD-XANES spectra representative of the Pt/TiO,
photocatalysts in initial conditions (static air, no light) and under PHER conditions
(ethanol/water/helium gas flow, UV-Vis irradiation). Additionally, Figure S12 displays close views of
the XANES white line (WL) in the whole range of conditions, and Figure S13 allows a direct comparison
between the catalysts as well as with reference samples: Pt and PtO, solids, pre-calcined and pre-

reduced 1 wt% Pt/TiO,-P90 samples.

The XANES WL intensity typically reflects the metal oxidation state, though this simple interpretation
can be complicated by the existence of particle size and shape effects.*% The WL intensity for the
samples in Dark Air conditions decreases in the following order (energy of the maximum intensity in
parentheses): Pt/P90-C (11568.3 eV) > PtO, (11567.6 eV) > Pt/PC500-C (11568.3 eV) > Pt/PC500-R
(11566.1 eV) = Pt (11565.1 eV). The comparison with reference PtO; and Pt samples (dotted lines in
the left panel of Figure 4) suggests that the formal oxidation state of Pt in pre-calcined samples is close
to IV, while it is near zero for the pre-reduced sample. Upon switching to photocatalytic reaction
conditions, the XANES of the pre-reduced sample is essentially unaffected, whereas for the other two
samples the WL decreases in intensity and shifts to lower energy, both events revealing a reduction of
Pt species. The WL intensity order is changed as the following: Pt/PC500-C (11566.6 eV) > Pt/P90-C
(11566.7 eV) = Pt/PC500-R (11566.4 eV). Thus, while the Pt/P90-C catalyst appears highly sensitive to
the change of environment from Dark Air to Light EtOH, the Pt/PC500-C catalyst is less sensitive, and

Pt/PC500-R is almost insensitive.
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Figure 4. Left panel: Pt Ls-edge HERFD-XANES spectra of 0.2 wt% Pt/TiO, photocatalysts in the dark
under air atmosphere (Dark Air) versus under UV-Vis irradiation in ethanol/water/helium gas flow
(Light EtOH). Bulk PtO, and Pt reference spectra are represented with dotted lines. Right panel:
corresponding k3-weighted EXAFS FT modulus. Best fits are represented with dotted lines. The radial
distance is not phase-corrected. Rough positions of first-neighbor features are labeled with proper

elements.
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Table 1. EXAFS fitting values.

Scatterer CN R(A) o? (A?) AE, (eV)

Pt/P90-C DA: v=0.14

0] 4.4(6) 2.08(4) 0.0040(7) 16(3)

Pt/P90-C LE: v=0.22

0] 2.0(8) 2.04(3) 0.006(1) 15(2)

Pt 7.0(8) 2.75(2) 0.006(1) 5(3)

Pt/PC500-C DA: v=0.12

0 5.0(4) 2.00(2) 0.005(1) 11(3)

Pt/PC500-C LE: v=0.13

0] 3.0(5) 2.02(2) 0.005(1) 12(2)

Pt 1.6(5) 2.73(2) 0.005(1) 5(1)

Pt/PC500-R DA: v=0.17

0 2.1(5) 2.01(3) 0.005(1) 12(2)
Pt 1.3(8) 2.72(2) 0.008(2) 6(2)
Ti 1.7(5) 2.53(3) 0.008(1) -3(2)

Pt/PC500-R LE: v=0.18

0 0.9(5) 2.00(2) 0.005(1) 11(2)
Pt 3.3(8) 2.71(2) 0.009(2) 5(2)
Ti 1.3(5) 2.51(3) 0.006(2) -4(2)

PtO; ref. DA: v=0.22°

4 1.93(2) 0.008(2) 14(3)
2 2.02(3) 0.007(2) 15(3)
Pt 2 3.17(3) 0.005(2) 8(3)
o} 2 3.19(3) 0.009(2) 12(3)
Pt 8 3.62(3) 0.011(1) 6(3)
Ptref. DA: v=0.07 *
Pt 12 2.76(1) 0.0053(5) 6.2(6)

CN is the coordination number; R is the radial distance between absorber and scatterer atoms; o2 is the mean
square variation in path length; AEo is the energy variance; vis the goodness of the fit. The two letters after the
sample name correspond to operating conditions, with first letter for Dark or Light and second letter for Air,
Helium flow, or Ethanol/water/helium flow. ? CN set as in the crystalline compound. The number in parentheses

represents the error on the last significant digit.
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The corresponding EXAFS data (Fourier transform modulus|y(R)|) together with numerical fits are
reported in the right panel of Figure 4 and Table 1 (additionally, Figures S14-S17 report Im[y(R)], k*y(k),
wavelet transform, and Pt/PtO; reference data). The EXAFS features agree with the trends established
from HERFD-XANES analysis. For Pt/P90-C, the EXAFS Fourier transform (FT) modulus shows a switch
from Pt-O coordination — corresponding to single Pt atoms coordinated to 4-5 O atoms — to
predominant Pt-Pt coordination with 6-8 neighbors, corresponding to Pt clusters. The Pt/PC500-C
sample, which initially mostly contains single atoms coordinated to 5 O atoms, shows an only slight
clustering upon exposure to photocatalytic conditions, with a Pt-Pt CN of 1-2. As suggested by the

moderate decrease in WL intensity and Pt-O CN, the reaction-induced Pt reduction is also moderate.

Finally, the EXAFS of the as-prepared Pt/PC500-R sample reveals, in addition to Pt-O bonds, the
presence of Pt-Ti bonds, which were not identified in the other two samples. In particular, EXAFS fitting
does not support the presence of such bonds in Pt/PC500-C. It is noted that Pt-Ti coordination has
been reported in the literature for Pt/TiO, SACs, though with larger radial distances (2.65-3.89 A vs.
2.53-2.56 A here).?*? From the low contribution of the Pt-Pt scattering path in initial state (CN = 1.3 +
0.8), one can infer either that the clusters observed by STEM are oxidic, or that single Pt atoms are
highly predominant. The first possibility is unlikely as there is little chance that the reducing treatment
leads to oxidized clusters, as corroborated by XANES. When exposed to reaction conditions, the Pt-Pt
CN increases to ca. 3, while the sample retains some Pt-Ti coordination. The results thus suggest that
a significant fraction of Pt in Pt/PC500-R consists of single Pt atoms coordinated to O and Ti atoms;
part of the corresponding bonds is removed during the in situ experiment, together with Pt clustering
to some extent. However, the partial elimination of oxygen neighbors leads only to a very slight
decrease of the WL intensity in XANES, indicating that unlike the pre-calcined counterpart (Pt/PC500-
C), most of the platinum in as-prepared Pt/PC500-R is already in reduced state. The latter may be

stabilized by Pt neighboring to Ti** sites and O vacancies (see next section).

To evaluate the overall restructuring processes, the samples were analyzed by STEM after the XAS
experiments (bottom panel of Figure 2 and Figures S1-S9). For the Pt/P90-C sample, initially composed
of single atoms/multimers and a small fraction of subnanometric clusters, the Pt species range from
single atoms to nanoparticles up to ca. 2.5 nm in average size after the reaction. The particle type
distributions in Figure S9 show that the Pt multimer/monomer ratio increases, while Pt species larger
than 1 nm remain a minority. The structural instability of the Pt/P90-C catalyst is associated with its
catalytic instability (Figure 3). For Pt/PC500-C, post-reaction STEM reveals only a slight decrease in Pt
dispersion, i.e. Pt remains in the form of single atoms and few-atom clusters, though with a slight
increase in the multimer/monomer ratio (Figure S9). Consistently, EXAFS shows the formation of Pt-Pt

bonds with a CN of 1.6 £ 0.5, which indicates the presence of Pt dimers and trimers, whereas single
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atoms were the majority species before the reaction (no detectable Pt neighbor). Finally, for Pt/PC500-
R, post-reaction STEM still shows the presence of single atoms and similar sized-clusters (1.4 £ 0.3 nm)
as before the reaction, but the latter population is now more abundant (Figure S9), in agreement with

the increase in average Pt-Pt coordination detected by EXAFS.

Discussion

In summary, similarly to the effect of H, or CO on alumina-supported Pt SACs,5> fully oxidized Pt(IV)
single atoms are easily transformed into Pt clusters on P90 titania by the effect of photocatalytic
reaction conditions. In contrast, single Pt atoms are much more stabilized by PC500 titania. In this case,
single Pt atoms and few-atom Pt clusters with partially retained O ligands are stable upon the reaction.
Moreover, the pre-reduction of Pt/PC500 is only slightly detrimental to Pt dispersion, and this

correlates with Pt-Ti bonding.

This Pt-Ti state may be related to the phenomenon well-known in heterogeneous catalysis as strong
metal-support interaction (SMSI). SMSI leads to the inhibition of chemisorption and catalysis due to
the presence of a reduced titanium oxide, TiO,, at the surface of Pt crystallites.>>”®8 In our case, in the
initial state, there are no Pt crystallites but single atoms interacting with partially reduced Ti species.
This is consistent with a recent report by Han et al. on a Pt/TiO, SAC based on TiO,(B) nanosheets.>?
Similar SMSI effects have been suggested from XAS and XPS in low-temperature experiments involving

hydrogen evolution.5%7°

The striking difference between the two titanias in terms of Pt-Ti bond formation probably comes from
their properties related to the preparation technique. P90 TiO; is prepared according to the
AEROXIDE® process, in which titanium tetrachloride is vaporized and then reacted in the oxyhydrogen
flame, above 2000 °C.”* This explains the high crystallinity and the low reactivity/reducibility of the P90
surface, which does not form oxygen vacancies (correlated to Pt-Ti bond formation) upon reducing
treatment at 300 °C. By contrast, the PC500 TiO, nanopowder is synthesized through the sulfate
process, consisting of multi-step wet chemistry procedures followed by final calcination.”? The high
defectiveness (including Ti** sites and oxygen vacancies)®® of the PC500 surface, together with its high
specific surface area, can explain why it is more prone than P90 to show SMSI-related effects at

temperatures as low as 300 °C.

The Pt-O coordination numbers (CNs) in our as-prepared pre-calcined catalysts lie in the 4-5 range
(Table 1), in agreement with the Pt/TiO, SACs reported in the literature.2830343647 The EXAFS
information being inherently averaged over the sample, the co-existence of single Pt atoms with a

fraction of Pt clusters in the Pt/P90-C sample most likely explains the slightly lower value of the Pt-O
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CN (4.4 £0.6) with respect to the Pt/P500-C SAC (5.0 £ 0.4). In these calcined samples, Pt substitution
for Ti cannot be ruled out,?® but the Pt-O CN lower than 6 rather suggests mostly Pt adsorption at TiO»
terraces or step edges. It could be argued that small PtO, clusters may coexist with single Pt atoms
replacing Ti in the titania lattice, which would result in a decrease of the average Pt-O CN. However,
neither STEM nor EXAFS confirm this hypothesis. In particular, the wavelet transform analysis of Figure
S16 suggests that no clear heavy neighbor is present around Pt, i.e. the existence of a well-defined Pt-
O-Pt scattering path is unlikely. Indeed, in the wavelet maps for the calcined samples the intensity
spots corresponding to R values of 2.5-4.0 A are smeared over the whole k scale instead of being
localized around 7-8 A%, as it should be for well-defined Pt scatterers (e.g. in Pt oxide clusters).
Therefore, this intensity corresponds rather to Pt-O wiggles, or to Ti in Pt-O-Ti moieties, though the

presence of some Pt cannot be excluded as well.

In the work of Li et al. on nanoparticulate PtO/TiO, photocatalysts under photocatalytic liquid water
splitting conditions,*® a decrease in Pt-O CN from 4.0 to 2.5 was reported, consistently with our
measurements on pre-calcined catalysts. However, the authors did not observe any Pt-Pt coordination
and measured an increase in Pt-O bond length from 2.07 A to 2.13 A under operating conditions. The
fact that we did not measure such an elongation suggests that the active Pt species identified in our

work differ from the supported Pt oxides investigated by Li et al.

As a switch to UV-Vis light irradiation from dark dry conditions has no significant effect on the oxidation
state of Pt (Figure S12), the reduction and clustering of Pt species can be associated with ethanol/water
adsorption, hydrogen evolution or/and the photocatalytic reaction itself. Moreover, the reduction
process is irreversible upon switching from Light EtOH to Dark EtOH conditions (Figure $12). In their
operando water splitting study on PtO/TiO, photocatalysts, Li et al. observed only a slight reducing
effect of liquid water adsorption in the absence of light.>® Using angle-resolved X-ray photoelectron
spectroscopy (XPS) to investigate nanoparticulate Pt/rutile-TiO, photocatalysts submitted to water
adsorption, Zhang et al. observed a reversible full reduction of PtO species upon UV light irradiation.”®
Similarly, Lee et al. revealed a photoactivation of Cu/TiO, SACs for PHER from a water/methanol
solution under UV light irradiation.3® The overall process consists in Cu?* to Cu* reduction and
simultaneous local distortion of the TiO; lattice. Put together, these data suggest that the Pt reduction
we observe under PHER conditions is induced by the trapping of photogenerated electrons. However,
in our case, the clustering of Pt atoms together with ethanol/water adsorption may kinetically prevent

Pt re-oxidation upon light extinction, explaining the irreversibility observed in XAS (Figure S12).

The main difference between the PHER performances of the three catalysts lies in their stabilities, with

Pt/P90-C being the least stable catalyst and Pt/PC500-R the most stable one. These distinct catalytic
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behaviors can be ascribed to differences in the structural stability of the supported Pt phase under
reaction conditions. Even more than the TiO, nature, the state of Pt (dispersion and oxidation state)
was previously shown to be of first-order importance in PHER.*® In other words, the titania support
plays not only a direct role from its light-absorption properties, but also an indirect one through the
stabilization of the Pt phase. Namely, having more surface area — lowering the Pt-Pt clustering
probability — and being more defective and reducible at its surface — enhancing Pt-titania adhesion —

PC500 stabilizes Pt in an isolated state much more efficiently than P90 does.

Finally, it has to be noticed that the results reported here, both from operando XAS and from STEM
(pre- and post-XAS), only concern near steady-state effects, i.e. the Pt phase restructuring kinetics was
not addressed. As far as the Pt/P90-C catalyst is concerned, it is possible that a large extent of the
restructuring in photocatalytic reaction conditions occurs at the very beginning (first minutes) of the
light-ethanol/water mixture exposure. Then, slower restructuring would occur, leading to the
measured change in PHER reaction rate. For Pt/PC500-C, though we also cannot exclude an initial fast
restructuring, the continuous and moderate increase in activity may be ascribed to Pt dimer and
possibly trimer formation. Operando analysis of SAC restructuring kinetics through fast XAS methods

is an important target of research.>>%®

Conclusions

The behavior of ultradispersed cationic Pt catalysts supported on commercial titania during
photocatalytic HER from a gas-phase ethanol-water mixture under UV-Vis irradiation was investigated
by operando XAS at the Pt-L; edge. In complement, high-resolution STEM was performed before and

after these experiments, and laboratory photocatalytic tests were conducted.

Under photocatalytic XAS conditions on pre-calcined SACs, the general trend with respect to initial
conditions is a decrease in Pt-O coordination (CN from 4-5 to 2-3), i.e. a partial reduction of Pt species.
In addition, the SACs show partial Pt-Pt clustering under reaction conditions. While the clustering
extent is high for anatase-rich P90 titania (Pt-Pt CN of 7), this process can be significantly restrained by
using a titania support with high specific surface area and high surface defectiveness. This is
demonstrated for the pre-calcined Pt/PC500 anatase-rich system, which retains a high Pt oxidation
state and an atomic Pt dispersion composed of single atoms, dimers, and trimers (Pt-Pt CN of 1-2)

during the photocatalytic reaction.

Finally, XAS reveals the limited reaction-induced evolution of the pre-reduced Pt/PC500 system, which
exhibits single atoms and small Pt clusters with Pt-O and Pt-Ti bonds. HERFD-XANES shows that Pt is

quasi neutral, both before and during the reaction. This catalyst is more active and stable than its pre-
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calcined and even-more-dispersed counterpart. Thus, photocatalyst preparation by Pt impregnation
on a high-surface-area anatase support followed by a mild reducing treatment appears as a simple and

optimal strategy in terms of electronic and catalytic stability, while maximizing the PHER efficiency.

Supporting Information

Experimental details, STEM images and related analyses, catalytic data, XAS data and related analyses.

This information is available free of charge on the ACS Publications website
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