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ARTICLE INFO ABSTRACT

Handling Editor: Dr V Palma The evolution of metal/titania photocatalysts during photocatalytic Hy evolution is herein studied. Samples
containing atomically dispersed Pt co-catalysts (single atoms, clusters and sub-nanoparticles) formed after
calcination were compared to pre-reduced analogues mostly having metallic nanoparticles (diameters >1 nm)
during ethanol photoreforming under either UV-rich irradiation or natural sunlight. Aggregation of ultra-
dispersed oxidised platinum entities (Pt8+) with concomitant reduction into Pt° nanoparticles (1-2 nm) was
observed after UV irradiation by transmission electron microscopy (TEM), and diffuse reflectance UV-visible
(DRUV-vis) and X-ray photoelectron (XPS) spectroscopies. A parallel, albeit slower, evolution trend was evi-
denced during solar photocatalysis. Conversely, atomically dispersed Cu co-catalyst species did not grow and
became in-situ reduced into sub-nanometric Cu® under irradiation. Hydrogen production rates were remarkably
high during initial stages of UV irradiation, and then declined to a sustained regime (~50 and 8 mmol g~ h! for
Pt/TiO or Cu/TiO,, respectively, for up to 24 h of irradiation). Steadier solar photoreforming was observed in
experiments performed in a compound parabolic collector tubular reactor (~7.6 and 1.7 mmol g’1 h! for Pt/
TiO2 or Cu/TiOg, respectively). Despite the non-negligible effect of co-catalyst rearrangement on activity
rationalised herein, attenuated total reflectance Fourier-transform infrared (ATR-FTIR) spectroscopy measure-
ments pre- and post-photocatalysis suggest that accumulation of strongly adsorbed degradation intermediates,
chiefly acetate, is a major cause for rate decreases. Notwithstanding, this phenomenon did not result in total
deactivation, so that sustained hydrogen production upon long-term irradiation was not compromised.

1. Introduction

The sustainability of energy and chemical industry in terms of supply
security and climate change mitigation is a matter of serious concern.
The use of hydrogen is being proposed as one of possible solutions to, on
the one hand, overcome the excessive reliance on fossil fuel resources,
and in turn, reduce global carbon dioxide emissions [1,2]. Hydrogen
may become a clean and renewable energy carrier for transportation,
energy supply and, moreover, as an industrial commodity [3]. Regret-
tably, its current uses are restricted to traditional (petro)chemical pro-
cesses, chiefly crude oil refining or ammonia production [4].
Low-emissions, renewable, green hydrogen produced by electrolysis of
water still represents a minor fraction (ca. 0.1%) of global production
despite the social and political momentum it is gaining [4]. Valorisation
of biomass or waste feedstocks represents an alternative option for the
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production of hydrogen [5]. Most of these latter routes are performed
via high-temperature processes such as gasification of raw solid sub-
strates [6,7] or by catalytic reforming of pre-processed feedstocks [7,8].
The use of sunlight energy to directly drive hydrogen production is an
emerging approach [9], embodied in two main solar technologies:
overall water splitting [10-12] and reforming of renewable carbon
feedstocks such as biomass or solid waste [13-16]. Such processes take
place under remarkably mild conditions, namely near-ambient tem-
perature and pressure, with minimal energy input other than sunlight
[13,15,17].

Photocatalytic hydrogen production from organic substances in
aqueous environments, i.e. photoreforming, entails anaerobic degrada-
tion essentially employing only water as the oxidising agent [15]. It
often proceeds at higher photonic quantum yields than overall water
splitting, owing to more favourable thermodynamics [15,18]. If
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proceeding to completion, photoreforming results in total mineralisa-
tion with concomitant transformation into Hy and COq, implying that all
the chemical energy content of the initial organic matter can be recov-
ered in the form of hydrogen as an energy carrier. This is particularly
interesting in the context of energetic valorisation of aqueous waste
streams such as wastewaters [19,20], or even solid waste such as plas-
tics, biomass or food waste [13,21]. Photoreforming may also be carried
out partially to obtain Hy and additional oxygenated intermediates with
possible value per se as products [14,17,22].

Most photocatalytic processes for hydrogen production are hetero-
geneous in nature since they rely on solid materials, generally
comprising a light-responsive semiconductor and a metallic co-catalyst
to promote the formation of Hy [10,23,24]. Outstanding photo-
reforming efficiencies under UV-vis irradiation have been reported for a
range of semiconductor-metal composites, among which combining
TiOy with noble metal co-catalysts has proven as a robust materials
design strategy [15]. Precious metals such as gold [25-29], palladium
[27-30] and platinum [28,29,31-34] are reliable to furnish titania
photocatalysts with efficient co-catalysts for hydrogen production using
alcohols such as ethanol as model oxygenated substrates. In the case of
Pt, arguably the most efficient option, unprecedented sophistication in
synthetic protocols and characterisation techniques has recently
prompted a flourishing research activity on atomic dispersion into single
atoms or clusters, with the aim of minimising the amount of precious
metal used and maximising active site accessibility [35-37]. Remark-
able success has been achieved on stabilising Pt®" single atoms on TiO
[38-41], albeit they tend to evolve under UV-vis irradiation by in-situ
reducing and aggregating into Pt° clusters and/or nanoparticles [32,40,
41]. Conversely, copper is an affordable alternative that may exhibit
reasonable performances [42-46]. Recent reports on atomically
dispersed Cu/TiOy photocatalysts have also greatly advanced on the
stabilisation of Cu single atoms and on their efficiency in hydrogen
production by photoreforming [47-49]. Notwithstanding this, the
achievement of high and sustained production rates is compromised by
the need to increase Cu loadings, which tends to result in aggregation,
and by its redox lability and the thereby ensuing dynamic
leaching-deposition behaviour [42,50,51].

Beyond conflicting claims about whether platinum single atoms [39,
40] or small (ca. 1 nm) nanoparticles [28,32] are most active for
hydrogen generation, there is still some knowledge gap on the causes for
the generally observed long-term activity decline of Pt/TiO that cannot
be readily explained by co-catalyst domain size [33,34]. In this work, a
systematic investigation of Pt/TiO (P-25 TiO,, anatase-rutile hetero-
junction nanocomposite produced by flame pyrolysis) benchmark pho-
tocatalysts, both as-calcined and thermally pre-activated under Hp,
containing either atomically dispersed Pt®* or Pt nanoparticles, in
addition to as-calcined Cu/TiOs, is performed to assess which are the
causes for activity changes upon long-term (up to 24 h) irradiation. A
thorough study on the evolution of Pt co-catalysts based on
post-photocatalysis characterisation is presented, in combination with
exploration of the possible effects of reaction intermediates accumula-
tion, as hinted in previous investigations [52,53]. The scope encom-
passes UV irradiations in the laboratory and outdoors experiments under
natural sunlight, further extended to analogous Cu/TiO; to assess the
possibilities of non-precious metal alternatives. Such a comprehensive
picture of the photocatalysts before and after long-term hydrogen pro-
duction experiments sheds new light on how both co-catalyst morpho-
logical evolution and blockage of active sites by intermediates affect
performance. Collectively, the results presented herein are particularly
informative for the achievement of sustained photocatalytic hydrogen
production in real and practical technologies such as those involving the
use of solar reactors [54-58].
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2. Experimental Section
2.1. Materials

Titanium dioxide nanopowder consisting of anatase and rutile phases
(Aeroxide® TiOy P 25) was obtained as a free sample from Evonik.
Hydrogen hexachloroplatinate(IV) hydrate was supplied by Fisher Sci-
entific and used shortly after opening the bottle. Copper(II) nitrate tri-
hydrate (puriss. p.a., 99-104%) was supplied by Sigma-Aldrich and used
as received. Ultra-pure deionized water was obtained using a Milli-Q®
purification system. Ethanol (p.a.) was supplied by Carlo Erba. Ny
(>99.999%) was supplied by Air Liquide.

2.2. Synthesis of photocatalysts

The initial step for the preparation of photocatalysts was done by
impregnation. Typically, to a suspension of TiOz (2.0 g) in ultra-pure
water (50 mL) the required amount of metallic precursor,
H,PtClg-xH20 or Cu(NOs3),, was added to achieve a 1% metal/titania
mass ratio and the mixture stirred at room temperature in the dark for 2
h; in the case of HyPtClg this was done by using an aqueous stock so-
lution (2.5 gpt L)) after determination of its concentration by ICP (see
below). Water was then removed in a rotary evaporator under reduced
pressure and the solid dried until constant weight to obtain the as-
prepared impregnated Pt/TiO, and Cu/TiO, materials. The second
step was a calcination in a muffle furnace under static air, by applying a
2°Cmin? heating ramp up to 400 °C, maintaining that temperature for
2 h, and allowing to cool down to room temperature, resulting in ““Pt/
TiO, and ““Cu/TiO- as pale ochre and pale blue solids, respectively.

One batch of the platinum/titania photocatalyst was further reduced
under hydrogen at elevated temperature. In a typical procedure, a
sample of ground ““Pt/TiO, powder (ca. 2.0 g) was placed inside a
tubular reactor and treated under a Hy/Ar flow (ca. 20:500 mL min1)
while heating at a 10 °C min~! heating ramp up to 450 °C, maintaining
that temperature for 3 h, and allowing to cool down to room tempera-
ture, resulting in "pt/TiO, as a grey powder. After this procedure,
platinum was reduced to its metallic state and aggregated into small
nanoparticles, as previously reported [32]. Schematic representations of
the synthetic procedures are shown in the Supplementary Material
(Fig. S1).

2.3. Characterisation

X-ray photoelectron spectroscopy (XPS) measurements were per-
formed on a SPECS ProvenX-NAP instrument, using a monochromatic
(p-FOCUS 600 NAP) Al Ka (1486.6 eV) X-ray source under ultra-high
vacuum (le’9 mbar); binding energies were referenced to the C 1s
signal for adventitious organic matter at 284.8 eV. Optical absorption
profiles of the photocatalytic materials were investigated by diffuse
reflectance UV-vis—NIR (DRUV-vis-NIR) spectroscopy on an Agilent
Cary 5000 Spectrophotometer equipped with a praying mantis sample
chamber. Inductively coupled plasma optical emission spectroscopy
(ICP-OES) was employed to determine the metallic concentration of Pt
precursor solutions using a SPECTRO ARCOS FHS16 ICP-OES SOP
spectrometer. A JEOL F200 TEM ColdFEG operated at 200 kV was used
for the transmission electron microscopy (TEM) characterization, both
in high-resolution transmission electron microscopy (HRTEM) and
scanning transmission electron microscopy high-angle annular dark-
field (STEM-HAADF) modes, coupled to energy dispersive x-ray spec-
troscopy (EDS) for elemental mapping and quantification. Bulk
elemental compositions were determined by EDS employing an Oxford
Instruments EDS Detector coupled to field-emission scanning electron
microscopy (FESEM) on a Scios2 instrument. Attenuated total reflec-
tance Fourier-transform infrared (ATR-FTIR) spectra were recorded on a
Jasco FT/IR instrument. X-ray diffraction (XRD) measurements were
performed on a Bruker D8 ADVANCE diffractometer. Raman spectra
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were recorded using a Renishaw InVia confocal microscope at a 514 nm
laser wavelength. Extended characterisation details are available in the
Supplementary Material.

2.4. Laboratory photocatalytic experiments under UV light

Photocatalytic activity testing under UV light was performed in a
photochemical borosilicate glass reactor equipped with a double quartz
immersion well (Ace Glass) housing a water-refrigerated Hg vapour
lamp (450 W, 325 and 574 W m~2 for UV-A and UV-B radiations, as
measured with a LP 471 UV-A and LP 471 UV-B radiation sensors,
respectively) as the light source. In a typical experiment, the desired
photocatalyst (125 mg) was mixed with aqueous ethanol (5 mol L7},
250 mL, pH =~ 6), the pH was then adjusted to 7.0 by adding aqueous
NaOH (10% w/v), and dispersion was ensured by ultrasonication (10
min). The suspension was transferred to the reactor vessel, heated to
40 °C, and purged with Ny for 15 min before irradiation during the
desired time. The generated gases were collected using a gas-tight
inverted graduated burette system which allowed quantification by
water displacement. Produced gas flows were additionally monitored
versus time by means of a Bioprocess Control BPC® pFlow flow meter.
At the end of the photocatalytic experiments, gaseous samples were
taken from the burette and analysed by gas chromatography (GC) on a
two channel micro-GC 3000 (Agilent), each equipped with a TCD de-
tector, using He as the carrier gas; one channel allowed the separation
and quantification of Hy, CO and CH4 through a molecular sieve 5A
column, whereas the other channel equipped with a Plot U column was
used to separate and quantify CO, and light hydrocarbons. Used pho-
tocatalysts were recovered for characterisation by centrifugation-
decantation, washing with water and ethanol and drying in an oven at
60 °C. Turnover frequency (TOF) values were calculated based on Hy
evolution rate, according to the nominal metal loading, the average
metal nanoparticle size observed after irradiation (see Supplementary
Material), assuming cubic fcc lattices and semi-spherical morphology
and (111) facet surface atom densities.

2.5. Outdoors photocatalytic experiments under natural sunlight

Outdoor photocatalytic experiments under natural solar light were
performed in tubular borosilicate glass reactors mounted on compound
parabolic collectors at LNEG premises (Lumiar Campus, Lisbon,
Portugal, approximate coordinates: 38°46'19'N, —9°10'47"W). Suspen-
sions of photocatalysts in aqueous ethanol (5 mol L) were prepared by
analogous procedures to those used in the laboratory photocatalytic
assays described above (0.5 g L™ of photocatalyst in 1.5 L), and
continuously recirculated through the tubular reactor from a round
bottom flask by means of a peristaltic pump (Watson Marlow SciQ 323,
100 rpm). First, the solar photocatalytic assembly was covered with a
black fabric during the purging of the suspension with N3 for 15 min
before irradiation. After that period, the system was uncovered and
subjected to solar irradiance for 3-4 h. Irradiances were measured using
Delta OHM LP PYRA 03 AV, LP 471 UV-A and LP 471 UV-B radiation
sensors for global, UV-A and UV-B radiation, respectively, coupled to a
Delta OHM HD 2302.0 LightMeter. Reactor temperatures were esti-
mated by employing a thermocouple probe between the collector and
the tube containing the reaction mixture. The gaseous products pro-
duced were collected and measured using the inverted burette system.
At the end of each experiment, the gas mixture obtained was transferred
from the burette to a Tedlar® bag equipped with a valve, and analysed,
to determine its composition on the micro-GC instrument as indicated
above. Used photocatalysts were recovered as described above for UV
experiments.
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3. Results and discussion
3.1. Photocatalyst synthesis and initial characterisation

Efficiency of metal/titania materials for photocatalytic hydrogen
production from alcohol substrates is remarkable in general, regardless
of preparation methods and pre-activation treatments [15]. The metal
component acts as a co-catalyst promoting the reductive hydrogen
evolution reaction. In this regard, platinum is widely recognised as a
suitable metal of robust and efficient performance [15,59], whereas
copper represents a reasonably active Earth-abundant alternative,
although its redox lability often results in stability issues [24,42]. In this
work, both platinum/titania and copper/titania photocatalysts were
prepared by an impregnation-calcination sequence. The impregnation
was performed in aqueous media employing HoPtClg and Cu(NOs), as
the metallic precursors, respectively. Subsequent calcination at 400 °C
led to “®Pt/TiO and “®Cu/TiO2, which mostly contained oxidised Pt and
Cu species (see section below on chemical co-catalyst evolution). The
platinum/titania material was further thermally annealed at 450 °C
under a hydrogen atmosphere to promote the reduction of the platinum
co-catalyst, leading to hPt/TiOz (see Experimental Section for details).
Basic characterisation by XRD and Raman spectroscopy indicates the
expected co-existence of the anatase and rutile phases in the pristine P
25 titania support (Fig. S2).

Based on previous investigations, atomically dispersed or clustered
platinum atoms are presumably ubiquitous on all titania surfaces after
calcination [32,39-41]. In agreement with this, platinum is highly
dispersed on all surfaces of the “®Pt/TiO2 photocatalyst, as revealed by
STEM-HAADF (Fig. S3). To gain further qualitative and quantitative
insight on Pt dispersion at the sub-nanoscale, EDS elemental maps and
delimited-area X-ray emission spectra were acquired (Fig. 1). Some
primary TiO, particles are densely decorated with Pt sub-nanometric
particles and/or clusters, whereas others present a much lower
—albeit non-negligible— Pt coverage. Platinum/titania mass ratios for
either high-density or low-density coverages differ by an order of
magnitude (i.e. 2.7 and 0.3%, respectively). The ultra-small Pt domains
are barely observable on the low-density surfaces (region 2 in Fig. 1),
possibly due to their fine dispersion down to sizes below the resolution
limit of our non-aberration-corrected instrument. Given the atomic
diameter of Pt (0.28 nm), these species are presumably clusters of very
low atomicity (Pto-Pt4) and single atoms [60,61]. This distribution
pattern, i.e. well-separated and evenly distributed single atoms and
clusters of different atomicity, is consistent with the category of atom-
ically dispersed metal catalysts [35]. In the case of “*Cu/TiO,, copper
was evenly dispersed into nanoparticles and sub-nanoparticles on the
surface of titania, as observed by STEM-HAADF (see section on
morphology evolution below).

The thermal treatment under hydrogen performed to transform Pt/
TiO5 into hPt/TiOg caused platinum reduction and coalescence into
uniformly distributed, well-separated, Pt nanoparticles of sizes around
or larger than 1 nm in diameter, as clearly observed by STEM-HAADF
(Fig. S3). This observation is consistent with several previous in-
vestigations [28,39,40,62-64]. Elemental mapping reveals that all
platinum in hpt/TiO, is essentially concentrated in the form of nano-
particles, while little or no residual single atoms, clusters or
sub-nanoparticles remain after the reductive thermal activation treat-
ment (Fig. S3). These observations confirm that atomically dispersed or
sub-nanometric platinum domains formed in “*Pt/TiO, after calcination
evolve into well-defined and evenly distributed nanoparticles in
hPt/TiOz upon reduction by Hy; at 450 °C. Moreover, strong
metal-support interaction upon high temperature is expected to lead to
coverage of Pt nanoparticles with TiO, overlayers, possibly enhancing
their stability [65,66].
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Fig. 1. Distribution of platinum (around or smaller than 1 nm) on titania nanoparticles (around or larger than 20 nm) in pristine “*Pt/TiO, as observed by (a) STEM-
HAADF and (b) elemental mapping of the same area, as obtained by EDS, showing the corresponding spectra (overlayed, shaded area marks the Pt M,/M; peak at ca.
2.1 keV, see Experimetal Section for further details) and the Pt/TiO, mass ratio (%) calculated therefrom for each of the numbered marked rectangular areas. Scale

bar: 20 nm.

3.2. Long-term photocatalytic hydrogen production under UV light

Photocatalytic hydrogen production experiments under prolonged
(24 h) intense UV irradiation were performed using both materials with
platinum as the co-catalytic metal, that exhibit completely different Pt
co-catalyst speciation in their as-prepared states, to assess their evolu-
tion and stability. Their gas production plots (Fig. 2a) reveal significant
activity in both cases with similar kinetic behaviours, albeit at different
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Fig. 2. Laboratory photocatalytic hydrogen production experiments under UV
irradiation (450 W) for 24 h from aqueous ethanol (250 mL, 5 mol L) sus-
pensions of "Pt/TiO, and “®Pt/TiO, (a) and “*Cu/TiO, (b) photocatalyst (0.5 g
L7 at initial pH = 7, under anaerobic conditions. The cumulative amounts of
gas produced are plotted versus time.
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rates. Production rates may be differentiated into two clearly distin-
guishable stages: remarkably rapid gas evolution is observed during
short irradiation times (up to ca. 2 h), whereas rates suddenly declined
thereafter. Although the formation of gases keeps slightly slowing down
throughout the experiments, quasi-linear trends were observed during
each of the stages. Average gas production rates have been determined
for the initial and latter stages from the time profiles (r; and ry, respec-
tively, see Table 1). Initial rates for both Pt/TiO, photocatalysts are
outstandingly high. The highest rate corresponds to “*Pt/TiOy (>400
mmol g~! h™1). This is rather surprising since platinum in as-calcined
“@Pt/TiO, is chiefly in oxidised states, and little presence of the pre-
sumably active metallic Pt° is expected. Photo-reduction of platinum
surely takes place during initial irradiation [67], but the rapidity of such
process in this case was unforeseen. The activated counterpart,
hpt/TiO,, is also highly active during initial stages, but at a lower rate
(267 mmol g~! h™1). Post-photocatalysis characterisation after different
times is presented below and used to rationalise these unexpected
observations.

After the initial swift activity, the rate decline is nonetheless more
abrupt for “Pt/TiO», as evidenced by the sudden change in slope of its
gas production plot (see Fig. 2a and Table 1). The average gas produc-
tion rate as determined after 4 h of irradiation decreased with respect to
the initial by one order of magnitude (25.6 mmol g~* h™1). In contrast,
activity decline for hPt/TiOz is much less marked, since the volume of
collected gases continues increasing more steadily at an average rate of
51.6 mmol g’1 h! (Fig. 2a-Table 1). This indicates that the reductively
and thermally pre-reduced photocatalyst can maintain a higher activity

Table 1
Photocatalytic performance in laboratory experiments under UV light.
r/mmolg™'  ry/mmolg'  TOFf/ Cmo(Hz)/  DHE
h! h! h! %°
hpt/Tio,  267¢ 51.6° 604 95.0 3.31
“pt/ 404 25.6° 278 96.5 3.42
TiO,
“Cu/ 26.0" 10.1° 89 78.4 3.92
TiO,

Experimental conditions: photocatalyst suspensions (0.5 g L) in aqueous
ethanol (250 mL, 5 mol L) under UV lamp irradiation (450 W) at initial pH =
7. % Calculated based on Hy, evolution rate and surface metal co-catalyst atoms. °
Crmoi(Hz): Hydrogen molar fraction in the gas produced. ¢ pHg: final pH measured
at the end of the photocatalytic experiments. Initial gas production rates (r;,
average) measured between t = 0.04 and 1.50 h (d), t = 0.04 and 1.00 h (f), and t
=0.17 and 1.11 h (h). Final gas production rates (rf, average) measured between
t=2.5and 24.0 h (e), t = 4.0 and 24.0 h (g), and t = 6.0 and 24.0 h (i).
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for prolonged periods, despite slightly slower initial rates. It should be
noted that the gas produced after 24 h is mostly composed of hydrogen
(>95%, Table 1). Based on eventual Pt nanoparticle sizes upon irradi-
ation (see below), TOF values for hydrogen evolution during the latter
steady gas production stages are 604 and 278 h™ for "Pt/TiO, and *Pt/
TiOs, respectively. Minor products including CH4, CO, CO, and CoHy are
formed in marginally larger amounts on "Pt/TiO; (Table S1). Hydrogen
concentration increases in both cases at longer times, suggesting that
gaseous by-products neither inhibit photoreforming nor impair
hydrogen selectivity to any significant extent. Among other possible
factors leading to the progressive deceleration of gas production, the
accumulation of acetaldehyde as the primary derived intermediate has
been postulated as an inhibitor owing to its much lower effectiveness as
an electron donor in the process [34]. The expected subsequent degra-
dation into acetic acid [26,34], suggested by the noticeably low final pH
of the reaction media (3.3-3.4, Table 1), may result in a similar detri-
mental effect on activity. This has been more extensively examined by
ATR-FTIR spectroscopy, as discussed below.

Copper is less active as a photoreforming co-catalyst than platinum
[15]. Accordingly, gas production employing “*Cu/TiO- is less efficient
than in the case of any of the Pt/TiO, photocatalysts. However, rates do
not decrease so drastically upon irradiation for the copper material
(Fig. 2b). A faster production of gases is observed during initial stages
and a steady rate is achieved for longer irradiation times (26.0 and 10.1
mmol g~! h™}, respectively, latter stage TOF = 89 h™!, Table 1). The
in-situ reduction of Cu®" species under UV irradiation is expected to
readily result in the formation of Cu® nanoparticles exerting photo-
reforming activity, as suggested by a clearly apparent colour change of
the suspensions from off-white to bright purple [50,68]. Such process is
fast as compared to the photocatalytic experiment time, and hence, no
induction period is observed. Hydrogen is also the major product in the
produced gaseous stream, although in smaller proportions than for the
platinum counterparts (Table S1). Significant amounts of carbon prod-
ucts are also produced, as observed for similar photocatalysts, indicating
a lower selectivity to Hj, especially at initial stages [50]. Among them,
CO predominates, especially upon prolonged irradiation, although it
does not lead to any serious inhibiting effects. The decreased pH of the
“Cu/TiO, reaction medium after 24 h (Table 1) also indicates accu-
mulation of acidic products from ethanol photoreforming.

3.3. Solar photocatalytic hydrogen production

Photoreforming performance under natural sunlight was tested in a
compound parabolic collector reactor under continuously recirculating
suspensions of the photocatalysts in water/ethanol media (see Experi-
mental Section). The experiments were conducted in mostly sunny days
at LNEG premises (Lisbon, Portugal) during approximately central hours
around solar noon. Cumulative gas production was recorded alongside
global solar irradiance and temperature (Fig. 3 and Table 2). Irradiance
profiles were similar for the three experiments performed (800-1000 W
m~2), thus making direct comparison between photocatalysts reason-
able. All three materials resulted in fairly sustained production rates.
Photoreforming activity clearly increased in the following order: “*Cu/
TiO, <®Pt/TiOz< PPt/TiO,, as expected and in accordance with the
results obtained from UV laboratory experiments (see above). The
composition of the produced gas reveals more selective solar hydrogen
production (>98% H, and lower amounts of carbon products) than for
UV laboratory experiments (Table 2 and S1). Moreover, photocatalytic
activities under natural sunlight were lower by a factor of only 5-7 as
compared to those under Hg lamp irradiation, despite a 18-fold lower
UV irradiance than under Hg lamp light, i.e. ~ 50 (as for standard
sunshine conditions) [55] vs. ~ 900 W m’z, respectively. Since photo-
catalysts based on titania operate mainly under irradiation with photons
of energy equal to or greater than its bandgap (>3.2 eV, exclusively in
the UV region), photonic efficiency is higher in the compound parabolic
collector reactor under natural sunlight, a fact which might be due to
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Fig. 3. Photocatalytic hydrogen production and measured global irradiance
during experiments under natural sunlight performed in a tubular borosilicate
glass tubular reactor mounted on a compound parabolic collector from a
continually recirculated aqueous ethanol (1.5 L, 5 mol LhH suspensions of the
desired photocatalyst (0.5 g L™1), under anaerobic conditions (after purging
with N»). The cumulative amounts of gas produced (ng,s) are plotted alongside
the recorded global solar irradiance (I). ® Performed on August 8th' 2022,
10:45-14:45, using hPt/TiOZ. b performed on August 10th’ 2022, 10:45-14:45,
using “*Pt/TiO,. ¢ Performed on October 13th’ 2021, 10:45-14:00, using
“Cu/TiO,.

reactor geometry and/or to a saturated radiant regime in the experiment
using Hg lamp whereby surplus photons are either dispersed or lead to
electron-hole recombination [69].

Solar photocatalytic hydrogen production on "Pt/TiO, maintains a
linear trend during the entire experiment duration at a rate near 7.6
mmol g~ h™!. The gas production efficiency of the parent Pt/ TiO, was
lower (5.2 mmol g*l hfl). Moreover, a lower rate was observed during
the first 2 h than during latter stages (Fig. 3b). This might be related to
changes occurring to the atomically dispersed co-catalytic platinum
species during irradiation, i.e. progressive coalescence and reduction of
Pt®* into Pt nanoparticles, as extensively discussed below. The activity
of the copper analogue “*Cu/TiO, was, by contrast, slightly higher at the
beginning of the solar irradiation. Photo-induced in-situ reduction of the
Cu co-catalyst into metallic species took place after a few minutes of
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Table 2
Photocatalytic performance in outdoors experiments under natural sunlight.
r/mmol g 'h! 1‘§/w m2  T(range)‘/ Cmoi(H2)/ pH¢
°C %

hPt/TiOz 7.56 983 + 52 37-42 98.0 4.52
““Pt/TiO, 5.18 973 + 50 37-42 98.3 4.88
“ACu/ 1.70 925 + 54 38-50 d 5.13
TiOy

Experimental conditions: photocatalyst suspensions (0.5 g L™!) in aqueous
ethanol (1.5 L, 5 mol LY under natural sunlight irradiation collected by a
compound parabolic collector after purging with N,. ¢ Average gas production
rates (r) during the entire experiment duration. ” Average and standard devia-
tion of global irradiance (I) measured during the entire experiment duration. ¢
Temperature outside tubular reactor measured using a thermocouple. ¢ Gas
composition could not be measured due to insufficient gas volume sampled.

solar irradiation, as indicated by a clear colour change of the suspension
into bright purple (Fig. S4). Deactivation phenomena cannot be ruled
out in the latter case upon prolonged solar irradiation, but the decrease
in activity is not significant during the experiment time frame, and other
factors might be at play. The accumulation of ethanol degradation in-
termediates took place to a lesser extent than during laboratory exper-
iments under more intense UV light, as suggested by lowered pH after
natural sunlight irradiation, in agreement with the lower photo-
reforming rates (Table 2). By analogy to Hg lamp experiments, further
acidification and decreased photoreforming rates might be observed for
longer exposure to solar UV photons too. In summary, the results ob-
tained under natural sunlight using our compound parabolic collector
reactor prove that steady gas production by photoreforming is feasible
and scalable. Most recent related literature data, as comparatively
collected in Table S2, have been recorded in small-scale laboratory
setups, and although some productivities (in mmol g*1 h™Y) are
remarkable [49,70-73], their absolute time yields are generally lower
than those in our experiments. Conversely, the scarce upscaled
pilot-plant literature examples show promising productivities
commensurate with the ones reported herein (around or above 10 mmol
h™) [74-771.

3.4. Chemical evolution of Pt or Cu co-catalysts under irradiation

The electronic spectra of the photocatalysts before and after use have
been recorded to gain insight into the evolution of their optical and
physicochemical properties under irradiation. The corresponding
DRUV-vis-NIR spectra are displayed in Fig. 4a—c. The absorption edge at
ca. 400 nm due to bandgap absorption by TiOz is noticeable for all
samples. Conversely, changes in the absorption profiles in the visible
and near infrared regions upon irradiation are observed. Such changes
took place to different degrees depending on the photocatalyst,
reflecting distinct evolution of the co-catalysts. In the case of hPt/TiOz,
the continuum of absorbance extending throughout the vis-NIR region is
attributed to a combination of d—d transitions [78] and to weak and
broad signals due to photonic absorption by metallic Pt nanoparticles
[79]. These vis-NIR features are barely affected by natural sunlight
irradiation, although some changes are apparent after UV photo-
catalysis. Specifically, a slight but noticeable and steady increase of the
visible absorption fingerprint intensity after UV irradiation suggests Pt
reduction, probably of thin passivation layers formed under ambient air
after preparation.

The calcined “Pt/TiO, shows a featureless absorption profile in the
visible and into the NIR regions, in accordance with the pale yellowish
colour of the solid and with the expected predominance of oxidised
platinum species [80]. During and after photocatalysis, either solar or
UV, the suspensions rapidly turned grey. This is reflected in the spectra,
exhibiting increased absorbance (lower reflectance) in the vis-NIR
spectral range (Fig. 4b), eventually resembling those for the activated
counterpart (hPt/T i0,, see above). Therefore, it can be inferred that
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oxidised platinum co-catalyst species underwent light-induced reduc-
tion into Pt°, as expected; XPS results presented below confirm this
phenomenon.

The vis-NIR region of the spectra of fresh “*Cu/TiO is consistent with
the presence of Cu", i.e. exhibiting a broad signal between 700 and 1100
nm [50,81], whereas some minor contribution from Cu® or Cu' cannot be
ruled out (Fig. 4c). After photocatalysis, the bands associated with CuO
are greatly diminished. Conversely, shoulders are observed below 600
nm, probably due to partial reduction into CupO and/or cu® [81]. The
transient formation of Cu® nanoparticles is strongly suggested by the
intense purple colour of the suspensions under either solar or UV irra-
diation (Fig. S4), although rapid re-oxidation takes place in the dark or
under lower irradiance, as suggested by the discolouration observed in
such events. Such in-situ re-oxidation events have been related to partial
loss of copper during solid recovery in the dark [43,44,81]. This partly
accounts for the overall lower absorbance after photocatalysis, as
observed in the spectra, and is further confirmed below by XPS and EDS
results. Future in-situ DURV-vis-NIR studies are being considered to
more precisely track the evolution of copper species in Cu/TiOy mate-
rials during photocatalytic operation.

The optical bandgaps of the photocatalysts have been determined by
converting the reflectance data into Tauc plots (Fig. S5). All fresh ma-
terials exhibit bandgap energies in accordance with the expected ab-
sorption edge of TiO; (ca. 3.2 eV), whilst small differences may be due to
slight distortion caused by contribution of d-d transitions from metal co-
catalysts. Bandgaps are remarkably similar (ca. 3.11 + 0.5 eV) for all
photocatalysts after irradiation, and hence, no clear correlation between
activity and optical absorption can be inferred.

The oxidation states of Pt and Cu co-catalysts were determined by
XPS to complement the results obtained by DRUV-vis-NIR spectroscopy.
High-resolution Pt 4f and Cu 2p spectra for the fresh photocatalysts were
taken to elucidate initial oxidation states and their evolution during
photocatalysis was studied by comparison with spectra for the used
materials (Fig. 4d—f). Furthermore, the corresponding Ti 2p, O 1s and C
1s spectra are shown in Figs. S6-S8. Only one Pt 4f;,5 component cen-
tred at around 71.0 eV (Fig. 4d and Table S3), consistent with P, was
identified for the reduced platinum photocatalyst, i.e. hpt/TiO, [62,82].
The spectra recorded after either UV or natural solar irradiation were
essentially unchanged, confirming that the pre-reduced platinum
co-catalyst species in "Pt/TiO; were stable from a chemical perspective.
The presence of any surface-oxidised Pt domains is either negligible or
below the detection limit of the XPS technique.

As anticipated based on electronic spectroscopy above, the as-
calcined material contained a mixture of platinum species in different
oxidation states. Its Pt 4f;,; signal can be deconvoluted into three
components centred at 71.1, 72.0 and 73.8 eV (Fig. 4e and Table S4),
attributed to Pto, Pt and Pt%V, respectively [62,64]. Their relative
atomic abundances are 8, 32 and 60%, respectively, indicating the ex-
pected predominance of oxidised platinum species, and the formation of
a small fraction of metallic platinum, most likely by self-reduction
during calcination. Upon irradiation, both under UV and solar light,
all oxidised platinum was essentially reduced to Pt°, as indicated by the
prevalence of only one kind of Pt 4f; 5 signals at 70.5-70.7 eV (Fig. 4e),
slightly shifted to negative binding energies relative to the expected
metallic platinum signal. Such low energy signals suggest enhanced
electron transfer from the TiO, support to the nascent Pt nanoparticles in
“@pt/TiO, upon irradiation, as opposed to the standard Pt electron
density revealed by the expected Pt° signal at 71.0 eV for "Pt/TiO,. A
possible explanation for this observation may lie in the particular
growth and aggregation of Pt® nanoparticles into clustered domains, as
described in the section below about morphological evolution. Overall,
reduction into metallic nanoparticles is clear, and these results are in
agreement with those obtained by DRUV-vis-NIR (see above and
Fig. 4b), which also indicated in-situ photo-reduction of Pt** into Pt°.

The case of copper is greatly dependent on its redox lability both
under irradiation and in the dark. The XPS spectrum of as-calcined “*Cu/
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Fig. 4. Evolution of the optical absorption properties of the studied photocatalysts based on DRUV-vis-NIR (a—c) and on XPS (d-f) spectra. Samples were analysed as
freshly prepared, or after use under natural sunlight or UV Hg lamp irradiation for short (2-4 h) or long (24 h) times. Components detected by XPS for each metallic
oxidation state are indicated in boxes; solid traces for the Pt 4f,,5 and Cu 2p3,, region; dashed traces correspond to analogous signals in the Pt 4f5,» and Cu 2p; 2
region; dotted blue traces correspond to Ti 3s plasmon loss signals overlapping with those for Pt 4fs, electrons. (For interpretation of the references to colour in this

figure legend, the reader is referred to the Web version of this article.)

TiO, reveals the presence of either Cu' or Cu® species (Fig. 4f); a mixture
of both was probably present, based on the Cu LMM signal (Fig. S9). No
sign of Cu®’ could be detected by XPS, in contrast to what was observed
in electronic spectra described above. This could be due to higher
sensitivity of DRUV-vis-NIR, and/or to reduction under X-rays, whereas
the possibility of CuO formed deep below surface is ruled out given the
high (atomic) dispersion of copper species (see discussion on dispersion
and morphological evolution studied by HRTEM and STEM below).
After irradiation under natural sunlight, signal intensity decreases but
shows little or no shifting in binding energy. In this case, the signal in the
Cu LMM region suggests that copper was reduced to its metallic state
(Fig. S9). In agreement with optical absorption spectroscopy, the surface
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concentration of copper was significantly decreased due to re-oxidation
and leaching of copper upon ceasing irradiation [42-44,81]. The
amounts of copper on the surface were lower after UV irradiation than
after natural sunlight experiments (Cu/Ti atomic ratios: 0.2-0.4% vs.
1.1%, respectively, Table S5).

3.5. Morphological evolution of Pt or Cu co-catalysts under irradiation

Post-photocatalysis morphological characterisation was performed
in this study to assess the evolution of co-catalyst domains under irra-
diation, either high-intensity UV or natural sunlight. In the former case,
this was done after different lengths of irradiation times to track both
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short- and long-term photonic exposure effects. Investigations of this
kind are surprisingly scarce in the literature with notable exceptions
[31,38,40,41], especially for prolonged irradiation times and relatively
high Pt loadings, as studied in this work (1% ratio on a mass basis). Once
the UV effect on co-catalyst evolution was understood, analogous
characterisation after natural solar irradiation was undertaken. One
question to address is whether the evolution of the co-catalyst follows
the same paths but at different paces in either case according to the
relative proportion of UV photons in solar irradiation, and hence, to the
total UV irradiance. In our experiments, UV-A + UV-B irradiances were
ca. 3.210% + 5.7 10 W m 2 and 52 + 0.1 W m~2 under Hg lamp irra-
diation or natural sunlight, respectively, as measured by employing a
pyranometer and appropriate sensors (see Experimental Section).

The reduced "Pt/TiO, photocatalyst, containing Pt nanoparticles
mainly in the 1-3 nm diameter range when fresh (Fig. 5b), retained its
morphology and co-catalyst distribution pattern throughout different
experimental irradiation conditions, based on multiple measurements
from STEM-HAADF images. The Pt nanoparticle size distribution
remained essentially unchanged after either UV or solar irradiation for
any length of time within experimental error (1.8 + 0.6 nm, Fig. 6 and
Table S6). Qualitative comparison of STEM images confirms the
invariability of Pt co-catalyst distribution and morphology; neither
clustering nor disaggregation of nanoparticles took place during pho-
tocatalysis (Fig. S10). Based on these observations, the integrity of the Pt
nanoparticles formed upon thermal activation under Hy atmosphere was
retained during photocatalysis under a range of different experimental
conditions. Most likely, platinum remains completely reduced, and
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moreover, any possible minor PtO, passivation layers formed in contact
with ambient air tend to become reduced to metallic form, under the
irradiated anaerobic conditions employed. Therefore, little or no re-
dissolution of cationic platinum, which might lead to migration and
re-reduction and deposition on existing Pt°, is expected. In other words,
ripening mechanisms can be largely ruled out. Therefore, the slight ac-
tivity decline observed after several hours of photocatalysis, especially
in the case of experiments under UV (Fig. 2a), cannot be ascribed to
photocatalyst (or co-catalyst) evolution, but rather to accumulation of
ethanol degradation intermediates, as postulated below.

The case of the calcined ““Pt/TiO, photocatalyst is markedly
different regarding co-catalyst morphological evolution under irradia-
tion. Noticeable growth of Pt nanoparticles is obvious based on HRTEM
and STEM images recorded after any of the photocatalytic experiments,
in contrast to the fine dispersion of platinum in the fresh material
(Fig. 5¢,d and Figure S11). The evolution of Pt co-catalyst from atomi-
cally dispersed and sub-nanoparticles takes place into slightly smaller
nanoparticles after solar irradiation than under UV, as observed by
HRTEM (Fig. 5c and d, respectively). Quantitative confirmation of the
slower Pt coalescence under natural sunlight as compared to UV was
drawn by statistical processing of Pt nanoparticle diameter measure-
ments from STEM micrographs (Fig. 6 and Figure S11). After 4 h under
UV light, a large proportion of Pt had grown into nanoparticles of di-
ameters within a 1-2 nm range, although a significant number of sub-
nanoparticles remained (see Fig. 5d, Figure S11 and Table S7). This
can be described as a bimodal particle size distribution whereby some
atomically dispersed Pt starts diffusing and depositing by reduction into

H,, 450 °C, 3 h
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Fig. 5. Representative HRTEM micrographs illustrate the evolution of atomically dispersed platinum and sub-nanoparticles in “*Pt/TiO (a), after thermal reduction
under hydrogen leading to "Pt/TiO, (b), and post-photocatalysis under either natural sunlight (c) or UV irradiation (d). Examples of Pt nanoparticles and TiO,
support are pinpointed with yellow arrows for clarity. Scale bars: 20 nm. (For interpretation of the references to colour in this figure legend, the reader is referred to

the Web version of this article.)
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Fig. 6. Evolution of platinum particle sizes in reductively activated "Pt/TiO, and as-calcined “*Pt/TiO, photocatalysts, after use under either natural sunlight or UV
Hg lamp irradiation for different lengths of time, as compared to the fresh solids. Particle sizes were measured as projected diameters from STEM-HAADF images as
indicated in the Supplementary Material. Vertical axes of the histograms are not normalised to provide a relatively realistic comparison on number of particles

identified per diameter range.

existing Pt° particles of different sizes. After solar irradiation, whereby
the process is slower, the bimodal distribution of sizes is even clearer,
thus confirming the proposed ripening mechanism on two size levels
(see histograms in Fig. 6, right). Prolonged UV irradiation resulted in a
further coalescence of Pt into nanoparticles and minor amount of sub-
nanometric domains (average particle sizes: 1.6 + 0.4 nm, Fig. 6 and
Table S7). Interestingly, final Pt particle sizes are almost identical to
those of thermally reduced "Pt/TiO, before and after UV photocatalysts.
One plausible reason for this phenomenon is the tendency of metallic Pt
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nanoparticles to evolve to their most thermodynamically favoured size
distribution (1-2 nm), owing to surface free energy minimisation [28].
Recent findings suggest that hydrogen adsorption on single atoms
weaken their bonding to the support, in turn enabling detachment and
migration mechanisms that eventually result in Pt sintering [83].
Photocatalytic activity differences between "Pt/TiO, and “®Pt/TiO,,
especially at long UV irradiation times (Fig. 2a and rfin Table 1), cannot
be rationalised based on Pt particle size effects, since they eventually
become similar (1.7 + 0.5 and 1.6 + 0.4 nm, respectively, Table S6 and
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S7). This might be partly understood by closely looking at minor
morphological differences of samples after 24 h irradiation under Hg
lamp light, based on STEM-HAADF images (Fig. S10 and S11). Despite
essentially identical sizes, Pt nanoparticles in hpt/TiO, remained well
separated, whereas most of those in “*Pt/TiO5 grew tightly contacting
each other, often as pseudo-clusters or caterpillar-like pseudo-lines of
nanoparticles. Such proximity and contacts might reduce the amount of
available active sites for Ho generation. Conversely, the much faster
hydrogen production activity of ““Pt/TiO, at shorter UV irradiation
times (=400 mmol g’1 hlat<2 h, Fig. 2a and r; in Table 1) could be
due to the rapid transient formation and growth of small nascent Pt°
nanoparticles of sizes around 1 nm. Both experimental [31,84] and
theoretical [85] reports agree on a maximum photocatalytic Hy pro-
duction activity for such small nanometric size range. Subsequent
growth into the more thermodynamically favourable, albeit partly
aggregated, larger nanoparticles would result in the observed activity
decline. Other reports on TiO layers or nanosheets with a majority of
(001) facets exposed propose that only Pt single atoms are active for
hydrogen evolution [39,40,86]. This is unlikely to be the case here for
“@pt/TiO, since low activity is observed under natural sunlight up to 1.5
h (Fig. 3b), in spite of the higher proportion of atomically dispersed Pt
during initial stages, as compared to the faster Hy evolution rate during
latter stages. This suggests that the growth of Pt° nanoparticles beyond a
critical size of around 1 nm, which takes place at much slower pace
under natural solar —hence lower UV-intensity— light (Fig. 6, right),
determines an induction period for active site formation. In other words,
single atoms would prevail during the initial stage of lower activity,
whereas the nascent Pt° nanoparticles after the induction period would
promote Hy evolution (0-1.5 h and 1.5-4.0 h, respectively, in Fig. 3b).
Conversely, the induction process might take place too quickly under
strong UV irradiation to be distinguished (Fig. 2a).

The evolution of copper co-catalysts on titania differs greatly as
compared to that for platinum counterparts. The first obvious difference
is the almost complete absence of copper domain growth or aggregation
into nanoparticles (Fig. S12). By contrast, the high dispersion of copper
in fresh “*Cu/TiO, was maintained or even enhanced, and importantly,
the number of particles found was noticeably lower after photocatalysis
(Fig. 7 and Table S8). This might be due to atomic dispersion of the
copper co-catalyst or to leaching caused by photocorrosion. Elemental
analyses performed by SEM-EDS indicate a drastic decrease in Cu
loadings in the used photocatalysts (from ca. 1.0% to <0.2%, Fig. S13),
suggesting that the latter hypothesis is more plausible. Conversely, no Pt
losses are observed for neither hPt/TiOz nor “*Pt/TiO,. The photo-
catalytic activity of “*Cu/TiOy under both UV and solar irradiations is
steady and remarkably high despite the loss of co-catalyst after reaction
(see above). A reasonable explanation for this apparent contradiction
lies in the particular behaviour of copper, which can be cyclically oxi-
dised and reduced under operation in TiO; photocatalysts [42,51,68,
81]. Kondarides and co-workers demonstrated this by analysing the
results of extensive glycerol photoreforming experiments [50]. Under
irradiation, copper is readily reduced into metallic nanoparticles
deposited on TiO,, whilst the process can be rapidly reversed when
irradiation ceases, as demonstrated by Fornasiero and co-workers [43,
44]. In our own outdoors solar experiments, such in-situ photoreduction
of copper was apparent, as suggested by the colour change of the sus-
pensions from off-white to purple under sunlight (Fig. S4). A similar
phenomenon took place under UV irradiation. The actual role of copper
as a co-catalyst has been proven by comparing gas productivity of
“Ppt/TiO, with that of the bare support (TiO, P 25) under UV light
(Fig. S14). Although gas is produced by the latter initially, activity slows
down and nearly halts completely after 10 min. By contrast, gas pro-
duction is significantly steadier and faster upon irradiation for several
hours, thus confirming that copper co-catalyst species promote photo-
reforming, despite the leaching phenomena that takes place after light is
switched off.
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Fig. 7. Evolution of copper particle sizes in calcined “*Cu/TiO,, after use under
either natural sunlight or UV Hg lamp irradiation at different times, as
compared to the fresh solid. Particle sizes were measured as projected di-
ameters from STEM-HAADF images as indicated in the Supplementary Material.
Vertical axes are not normalised to provide a relatively realistic comparison on
number of particles identified per diameter range.

3.6. Detection of adsorbed intermediates and their inhibitory effects

In addition to the oxidation state and morphological evolution of the
metal co-catalyst, the originally clean and accessible surface of the
photocatalysts might become progressively covered with photo-
reforming intermediates, possibly blocking active sites, and hence,
limiting their availability for further adsorption and conversion of
ethanol [15]. The primary ethanol photoreforming intermediate is
acetaldehyde, as the product of rapid oxidative dehydrogenation [26,34,
87-90], whereas subsequent oxidation to other oxygenated organic in-
termediates, chiefly acetic acid (or acetate), formic acid (or formate) and
formaldehyde, can take place [26,34,87,89-91]. In order to assess the
possible accumulation of adsorbed intermediates, ATR-FTIR spectra of
the solids before and after irradiation were recorded (Fig. 8 and
Fig. S14). The spectra of the fresh photocatalysts are featureless, with
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Fig. 8. ATR-FTIR spectra of bpt/Ti0, as freshly prepared (black trace), or after
use under natural sunlight (yellow trace) or UV Hg lamp irradiation for short
(2-4 h, dotted purple trace) or long (24 h, dashed purple trace) times.
Assignment of signals to main functional groups of adsorbed species are shown.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)

the exception of broad bands between 3700 and 2800 cm ™! and sharper
peaks at ca. 1640 cm™! due to O-H stretching vibrations and H-O-H
bending of adsorbed water, respectively. A set of additional signals is
observed after any of the photocatalytic experiments, indicating the
presence of new surface absorbed species. It is striking and worthwhile
noting that adsorbed intermediates remain bound to the photocatalyst
surfaces even after solid separation, washing and drying at 60 °C.

Several peaks in the 2800-3000 cm™! regions, indicative of C-H
stretching [92], are observed for almost all samples. Moreover, two
signals at ca. 1560 and 1440 cm ™! consistent with the asymmetric and
symmetric stretching modes of carboxylate moieties [93-95], respec-
tively, are invariably and clearly present in all spectra. These bands
might include overlapped contribution of adsorbed carbonate/bicar-
bonate species [96,97], although they are expected to be minor as a
consequence of protonation and ensuing CO, release at the pH achieved
during irradiations, lower than the pKj, of carbonic acid (6.35). For some
samples, especially those recovered after UV photocatalysis, bands in
the 1300-1100 cm ™! region, that might be attributed to C-O stretching
and/or C-H bending absorptions [92,98], are also observed. The strong
carboxylate bands suggest that aliphatic carboxylate intermediates,
most likely acetate species, are produced during the photoreforming of
ethanol and accumulate on the surface of the photocatalysts. The pres-
ence of two bands at around 1220 and 1360 cm™! for hPt/TiOz and
“@Ppt/TiO, after UV irradiation (Fig. 8 and Fig. S14) could be due to
overoxidation into more oxygenated species such as glyoxylate [99], or
into lower oxygenates such as formaldehyde or formate after C-C
cleavage [92,98]. Conversely, these signals are absent for samples after
solar experiments (orange traces, Fig. 8 and Fig. S14), possibly owing to
slower oxidation events and/or to the lower oxidative power of the less
UV-rich sunlight radiation.

Spectra for ““Cu/TiO» photocatalysts are qualitatively similar to
those for the platinum counterparts (Fig. S14), meaning that ethanol
degradation pathways are essentially parallel, although adsorbate sig-
nals are significantly less intense in the case of the copper co-catalyst.
This is consistent with the slower photoreforming on ““Cu/TiO,, yet
interestingly, the less extensive surface coverage with intermediate
oxygenated by-products leaves a larger fraction of available active sites
for ethanol adsorption and oxidation. We postulate that this is the reason
why deactivation/inhibition events on “®Cu/TiO are less severe than on
Pt/TiO, materials, especially under UV irradiation (see Fig. 2 and
Table 1). In other words, the remarkably fast photoreforming with
platinum as a co-catalyst becomes limited by blocking of active sites,
most likely oxidative active sites on titania surfaces, due to accumula-
tion of adsorbed ethanol oxidation products after a critical irradiation
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time (sudden slope changes after 2 h in Fig. 2a). This phenomenon is
most obvious in the case of PPt/TiOs: Since little or no changes in Pt
nanoparticle size, shape or distribution are apparent, reaction rate
deceleration cannot be ascribed to any morphological evolution of the
photocatalyst, and hence, build-up of adsorbed carboxylates or alde-
hydes with slower oxidative degradation kinetics is the most likely cause
for the latter slower photoreforming stages [33,34,100].

As inferred from these ATR-FTIR results, the extremely fast hydrogen
production on Pt/TiO, photocatalysts during initial stages of UV irra-
diation leads to the progressive surface accumulation of adsorbed
oxygenated photoreforming intermediates. Further oxidation of such
intermediates become rate-limiting at longer times, slowing down gas
production. By contrast, the (relatively) slower initial photoreforming
on Pt/TiOy under solar light, or on Cu/TiO, under either UV or solar
irradiations, continues at similar, only marginally decreased rates since
the accumulation of adsorbed intermediates takes place to a lower
extent. Therefore, their inhibitory effects are much less detrimental on
reaction rates for the initially slower systems.

4. Conclusions

The metallic co-catalyst species and domains in metal/titania pho-
tocatalysts, namely Pt/TiO, or Cu/TiOj, behave dynamically during
photoreforming operation under either UV or natural sunlight irradia-
tions. This has been herein proven for “Pt/TiO,, prepared by
impregnation-calcination on commercial P-25 titania, whereby plat-
inum is mostly atomically dispersed in the form of Pt>" single atoms or
clusters, with maximum domain diameters below 1 nm. After several
hours of irradiation (>2 h under UV, longer under sunlight), platinum
single atoms, clusters and sub-nanoparticles evolve into Pt° nano-
particles (1-2 nm), a process most likely driven by hydrogen adsorption
weakening Pt-support interaction, and ultimately, surface energy mini-
misation. Interestingly, no significant morphological evolution takes
place for a material containing pre-formed stabilised Pt° nanoparticles
of similar sizes, formed by thermal pre-reduction under Hy (hPt/TiOZ).
Hydrogen production rates from aqueous ethanol under UV light un-
derwent a sudden decrease for both calcined and pre-reduced platinum/
titania photocatalysts that cannot be ascribed to the evolution of the Pt
co-catalyst sizes or morphologies. Notwithstanding, activity remained
remarkably high for up to 24 h (>25 and >50 mmol g~ h™! for Pt/
TiOy or hp T 10y, respectively), indicating robust and sustained per-
formance in the long term. Dynamic redox behaviour of copper co-
catalysts resulted in reduction into Cu® sub-nanoparticles but showing
no sign of aggregation, both under UV and sunlight irradiations. Simi-
larly to platinum, sustained photoreforming activity was observed for
“Cu/TiO for long UV irradiations after a slightly faster initial stage.

The ultimate goal of this work was to assess photocatalytic effec-
tiveness and robustness in solar reactors. In contrast to UV irradiations,
hydrogen evolution under natural sunlight maintained an essentially
linear trend for all materials from the beginning and throughout several
hours. This proves that rearrangement of co-catalyst domains, including
the agglomeration of atomically dispersed Pt into reduced metallic
nanoparticles, does not result in significant deactivation. By contrast,
infrared spectroscopy suggests that the rate declines recorded under UV
irradiation are most likely due to the accumulation of ethanol oxidation
intermediates, especially adsorbed acetate. In consequence, active sites
would become progressively blocked by the slower, rate-limiting,
further oxidation of such adsorbates. The effect severely affects photo-
catalysis under strong UV light, whilst it is almost irrelevant under solar
experiments running under lower UV photonic flux, which, hence,
proceed at a steady pace. In consequence, hydrogen production by solar
photoreforming in compound parabolic collectors is effective and sus-
tained at remarkably high rates, i.e. 7.6 and 1.7 mmol g~* h™! for Pt/
TiO5 or Cu/TiO», respectively.
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