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Facet-engineered TiO2 drives photocatalytic
activity and stability of supported noble
metal clusters during H2 evolution

Yufen Chen 1,2, Lluís Soler 1,2 , Claudio Cazorla 3, Jana Oliveras4,
Neus G. Bastús4, Víctor F. Puntes4,5,6 & Jordi Llorca 1,2

Metal clusters supported on TiO2 are widely used in many photocatalytic
applications, including pollution control and production of solar fuels. Besides
high photoactivity, stability during the photoreaction is another essential
quality of high-performance photocatalysts, however systematic studies on
this attribute are absent for metal clusters supported on TiO2. Here we have
studied, both experimentally and with first-principles simulationmethods, the
stability of Pt, Pd and Au clusters prepared by ball milling on nanoshaped
anatase nanoparticles preferentially exposing {001} (plates) and {101} (bipyr-
amids) facets during the photogeneration of hydrogen. It is found that Pt/TiO2

exhibits superior stability than Pd/TiO2 and Au/TiO2, and that {001} facet-
based photocatalysts always are more stable than their {101} analogous
regardless of the consideredmetal species. The loss of stability associatedwith
cluster sintering, which is facilitated by the transfer of photoexcited carriers
from themetal species to the neighbouring Ti and O atoms, most significantly
and detrimentally affects the H2-evolution photoactivity.

Anatase titania (TiO2) has been widely employed for photocatalytic
production of hydrogen (H2) due to its suitable conduction and
valence band edges and superior photostability. Huge efforts, though,
have been devoted to optimizing the photocatalytic performance of
TiO2 bymodifying its physical properties and/or blending it withmetal
species1–4. It is generally accepted that the {101} TiO2 facet is thermo-
dynamically more stable than the {001} facet because of its lower
average surface energy, 0.44 J/m2 and 0.90 J/m2, respectively5,6. The
photocatalytic activity of TiO2 is highly facet and shape dependent and
extensive studies have investigated the influence of specific surface
coordination environments on it7,8.

Determining which anatase TiO2 facet is photocatalytically the
most active in fact remains contentious. For instance, the {001} facet

has been revealed to bemore efficient than the {101} facet9,10 because it
contains 100% 5-fold-coordinated titanium atoms (5c-Ti), which ren-
ders more active sites and stronger interactions with the adsorbates
during the photocatalytic reactions11, whereas the {101} surface facet
possesses 50% 5c-Ti and 50% 6c-Ti5,12. Conversely, the {101} facet
showed higher photocatalytic H2 evolution than the {001} facet in an
aqueous methanol solution10,13; in this latter case, however, platinum
(1 wt%) was deposited onto the TiO2 samples as a co-catalyst. The co-
catalyst plays an important role in the photocatalytic phenomenon,
not only by improving theoverall photocatalytic performance, but also
by showing different trends in theH2 evolution rates depending on the
facets exposed by TiO2

14. It has been demonstrated that the presence
of an optimum ratio of {101}/{001} facets in TiO2 anatase is capable of
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reducing the recombination of photogenerated carriers due to the
formation of a heterojunction between the two different facets, which
drives the migration of electrons and holes to the {101} and {001}
facets, respectively15–17. This optimal {101}/{001} ratio is highly depen-
dent on the studied reaction6,17–19. Taken together, these results sug-
gest that the existing ambiguities seem to be caused bymany different
factors that come into play when evaluating the catalytic activity (e.g.,
distinct surface terminations, noblemetals employed as co-catalysts14,
and even different reactions).

To date, most efforts to improve the photocatalytic activity of
TiO2 have been directed toward synthesizing highly exposed anatase
surfaces9,20 while stabilizing the shape21,22 of the crystal. It is well known
that the photocatalytic activity of noble metal-loaded TiO2 heavily
depends on the interactions between the co-catalysts and TiO2 sup-
port, which are specific to the metal species and anatase surfaces23–26.
Therefore, to decipher the role of facets in a metal-supported het-
erogeneous photocatalytic system, both the metals and facets should
be carefully considered. Many previous studies have successfully
synthesized and evaluated various combinations of noble metals and
exposed TiO2 facets, yet another key factor has been largely neglected:
the stability of the metal nanoparticles during the photoreaction25,27.

Single metal atoms and clusters anchored on exposed anatase
facets have been thoroughly analysed due to their abundant active
surface area, low-coordination environment and distinctive electronic
properties28,29. These ultra-small metal entities are prone to aggregate
when irradiatedwith light under reductive conditions due to their high
surface free energy, thereby reducing their surface-to-bulk atoms ratio
and, in turn, photocatalytic performance30.While the agglomeration or
sintering of ultra-small particles during high-temperature treatments
has been commonly interpreted in terms of Ostwald ripening and
particle diffusion31,32, the underlying causes of cluster coalescence in
photoreactions still remain obscure. Despite various attempts to iso-
late single atoms/clusters during photocatalytic processes, such as
zeolite confinement33, thiolate-protection34,35, and polymer
stabilization36, there is little holistic understanding of the aggregation
phenomena occurring in different metal-supported systems under the
same photocatalytic conditions.

Here, we used a mechanochemical strategy to obtain different
metal clusters supported on different TiO2 facets and investigated
their long-term stability in photocatalytic hydrogen production.
Mechanochemical approaches represent a promising alternative to
conventional wet chemistry methods to produce supported single
atoms and clusters37–39. In particular, Au, Pd and Pt clusters (1wt%)
were dispersed onto anatase plates or bipyramids preferentially
exposing {001} or {101} facets, respectively (Supplementary Fig. 1) by a
one-step ball milling procedure and their room-temperature photo-
catalytic performanceon the hydrogen evolution reaction in gas phase
from a water/ethanol mixture was systematically explored under

dynamic conditions. Our study reveals that, during photoreaction, the
noble-metal clusters may either undergo substantial rearrangements
and coalescence or remain stable and practically maintain their as-
synthesized morphology, depending on the TiO2 nanoshape. This
behaviour is rationalized by state-of-the-art first-principles simulations
that effectively account for photoinduced electronic excitations in
crystals. Thus, the present work shows that the anatase TiO2 nanosh-
ape mainly drives the stability and photocatalytic performance of
noble metal clusters in H2 production, a finding that has the potential
to begeneralised toother types of reactions andprobably also toother
supports (e.g., rutile TiO2 and CeO2).

Results
TEM images confirmed that anatase TiO2 plates and bipyramids were
succesfully synthesized (Supplementary Fig. 1). Both anatase nanosh-
apes exhibited {001} and {101} terminations, with plates preferentially
exposing {001} facets and bipyramids preferentially exposing {101}
facets (see the methods section for details). The size distribution is
shown in Supplementary Fig. 2; the average side length and thickness
of TiO2-001 (anatase plates) are 31.1 and 9.8nm, respectively, and
those of TiO2-101 (anatase bipyramids) are 12.3 and 23.6 nm, respec-
tively. XRD (Supplementary Fig. 3) and Raman spectroscopy (Supple-
mentary Fig. 4) demonstrated that the crystallinity andmorphology of
TiO2 were preserved after ball milling and calcination (500 °C, 1 h)38,40.
After the mechanochemical procedure, the specific surface area
(SSABET, Supplementary Table 1) wasmeasured to be, in both cases, ca.
55 m2 g−1.

Photocatalytic H2 evolution
To evaluate the photocatalytic properties of the different metal
clusters-TiO2 architectures, 1 h, 4 × 1 h light on-off cycle experiments,
and 20 h (stability) tests of H2 production under UV light (365 ± 5 nm)
were independently performed (Fig. 1 and Supplementary Fig. 5). The
scheme of the continuous flow photoreaction system is shown in
Supplementary Fig. 6; products were continuously monitored by
micro-gas chromatography. The temperature of the photocatalysts
was monitored during the photoreaction and it was always below
54 °C. As shown in Fig. 1a, H2 was produced immediately after UV
radiation was shed on the gaseous reactants, achieving different rates
of H2 evolution depending on the noblemetal and anatase nanoshape.
The Pt/TiO2-101 photocatalyst exhibited a remarkable performance
with a much higher value of H2 evolution than that of others. Mean-
while, the Pd/TiO2-101 photocatalyst showed negligible photoactivity
enhancement compared tobareTiO2,whereas the Pt/TiO2-001 andAu/
TiO2-101 samples behaved very similarly during the reaction. Overall,
the rate of H2 production for the as-prepared photocatalysts
decreased in the order: Pt/TiO2-101≫ Pd/TiO2-001 > Pt/TiO2-001 ~ Au/
TiO2-101≫Au/TiO2-001 > Pd/TiO2-101 > TiO2-001 ~ TiO2-101.

Fig. 1 | Photocatalytic performance of as-prepared photocatalysts. a 1 h test of photocatalytic H2 production. b Normalized H2 evolution rate for 20-h test.
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Interestingly, an increasing trend of H2 evolution was observed for the
Pt/TiO2 samples, which can be attributed to a progressive Pt reduction
under photoreaction conditions. This phenomenon has been reported
by Dessal et al.41, and later studied by operando X-ray absorption
spectroscopy by Piccolo et al.42. It is important to recall that the pho-
toactivity trend may be influenced not only by the preferential facet
exposed by anatase but also by amore complex situationderived from
{001}/{101} interface contributions.

Cycling experiments (Supplementary Fig. 5a) demonstrated good
reproducibility of all photocatalysts in short-term photocatalytic pro-
cesses, but long-term stability experiments (20 h) showed important
differences among them (Supplementary Fig. 5b). For comparison
purposes, we normalized the H2 evolution rates in Fig. 1b. Our results
reveal that Pt clusters loaded on anatase plates and bipyramids
exhibited remarkable and identical durability. On the other hand, the
Au/TiO2 photocatalysts showed poor stability of H2 production rates
for both anatase plates and bipyramids (especially in the bipyramids
case). Meanwhile, the stability of the Pd/TiO2-001 sample was in
between those of the Pt and Au systems (Pd/TiO2-101 was not con-
sidered in the normalized analysis due to its negligible H2 production).
Based on these experimental findings, we may conclude that the
variability in the photocatalytic performance of functionalized anatase
does not solely respond to individual factors like the noble metal
species or anatase nanoshape but also the interactions between them.
In terms of stability, the measured trend is Pt/TiO2-001 ~ Pt/TiO2-
101 > Pd/TiO2-001 > Au/TiO2-001 > Au/TiO2-101, from which it is clear
that the metals exhibit different photocatalytic stability, namely, Pt/
TiO2≫ Pd/TiO2 > Au/TiO2. These results suggest that minor rearran-
gements of the Pt species take place during the photocatalytic process
whereas importantmigration of Au species occurs, being Pd species an
intermediate case. Deactivation caused by metal diffusion into the
TiO2 lattice can be safely excluded due to the low temperature of the

experiments (below 54 °C)43. Evidence of the unstable Au was also
observed in a shell-like gold structure around dihexagonal pyramidal
cadmium selenide nanocrystals44,45. On the other hand, metals sup-
ported on anatase plates are always more stable than those on anatase
bipyramids, regardless of the metal considered.

Characterization of photocatalysts
The oxidation states of Au, Pd and Pt clusters over different anatase
nanoshapes were clarified by X-ray photoelectron spectroscopy (XPS).
Remarkable differences in the relative distribution of atomic fractions
for each supportedmetalwere identified, as shown inFig. 2. ForAu/TiO2

photocatalysts, the fraction of oxidized Au (binding energy of 4f7/2 for
reduced Au: 83.1 eV; Au+: 84.2 eV; Au3+: 85.8 eV) was higher in the {101}
case than in the {001} surface. It has been reported that oxidized Au
species strongly interact with the surface of TiO2, thus accelerating
the e- transfer between the metal and support interface during
photocatalysis46. These results align with the higher H2 evolution rate
obtained for theAu/TiO2-101 compared toAu/TiO2-001. Interestingly, in
the Pd/TiO2-001 sample, a large amount of reduced Pd (3d5/2 at 335.1 eV,
78.86%)wasmeasured,whereas the dominant Pd species in Pd/TiO2-101
was in the oxidized form (54.05% of Pd2+ at 336.3 eV and 37.35% of Pd4+

at 337.2 eV). This significant difference in the most abundant Pd oxi-
dation states can be directly ascribed to the distinct photocatalytic
performance observed for the {001} and {101} surfaces; the reduced Pd
clusters have been proved to be more favourable for photocatalytic H2

production than the high-valent states38. In the case of Pt clusters, we
observed that the {001} facet induces more Pt4+ (4f7/2 at 73.2 eV) than
the {101} facet, which is less active than the Pt0 (70.8 eV) and Pt2+

(72.1 eV) species47. Based on the XPS results, we may conclude that
different anatase nanoshapes induce different oxidation states in the
metal clusters and that this effect depends on the metal species and
determines the photocatalytic performance. XPS analyses were

Fig. 2 | XPS results of Au/TiO2, Pd/TiO2 and Pt/TiO2 photocatalysts. a–c XP Au 4f, Pd 3d and Pt 4f spectra of fresh Au/TiO2-001, Au/TiO2-101, Pd/TiO2-001, Pd/TiO2-101,
Pt/TiO2-001 and Pt/TiO2-101 photocatalysts. d–f Corresponding ratios of metal oxidation states extracted from XP spectra in (a–c).
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conducted for the post-reacted Au/TiO2-001, Au/TiO2-101, Pd/TiO2-001,
Pd/TiO2-101, Pt/TiO2-001 and Pt/ TiO2-101 photocatalysts, as shown in
Supplementary Fig. 7. In both Au/TiO2-001 and Au/TiO2-101, Au was
reduced after long-termUV irradiation. Themetallic Au species (Au0) in
Au/TiO2-001 and Au/TiO2-101 increased from 69.9% and 51.5% to 80.9%
and 69.4%, respectively. The oxidation states of Pd components in
Pd/TiO2-001 exhibited similar proportions before and after photo-
reaction, whereas Pd/TiO2-101 also underwent reduction, as was simi-
larly observed for Pt/TiO2 photocatalysts. The change in the oxidation
states of metal clusters during photocatalysis can be accounted for the
reduction of the metal species induced by the photogenerated elec-
trons under the ethanol/water and UV irradiation conditions, as
observed in previous studies2,42.

HAADF-STEM and HRTEM images were acquired to investigate
the morphological transformation of the supported metal clusters
from freshly synthesized to after 20-h photoreaction (Fig. 3 and Sup-
plementary Fig. 8, and Fig. 4 and Supplementary Fig. 9, respectively).
Enlarged HRTEM images of Pt/TiO2 samples are shown in Supple-
mentary Figs. 10 and 11 for a better visualization of the Pt clusters.
Representative HAADF-STEM-EDX analysis for Pd/TiO2 (Supplemen-
tary Fig. 12) clearly shows the correlation between the metal and the
structures identified as metal clusters in the samples. The HAADF-
STEM and HRTEM images indicate that there is no preferential
deposition of metal clusters on different titania facets, neither in the
fresh samples nor in the post-reacted ones. This is attributed to the dry
mechanochemical preparationmethod used, which, in contrast to wet
chemistrymethods48–51, does not yield any preferential deposition. The

corresponding cluster size distribution histograms are shown in Sup-
plementary Figs. 13 and 14. The mean size of Au clusters in fresh
Au/TiO2-001 and Au/TiO2-101 were about 1.5 nm and 1.6 nm, respec-
tively. They both underwent particle growth after photoreaction,
resulting in larger particles of about 1.8 nm and 3.3 nm, respectively. It
is evident that the Au species loaded on the {101} surface suffered from
more intense agglomeration during the photoreaction among all cat-
alysts, which is perfectly consistent with the worst stability of Au/TiO2-
101. The HRTEM images also show that the size of the Pd clusters on
the {001} facet increased slightly after photoreaction, in accordance
with its moderate stability. By contrast, Pt clusters on both the {001}
and {101} surfaces showed similar size distributions before and after
the photoreaction, according with their superior stability. Therefore,
deactivation canbe correlatedwell withmetal sintering, which, in turn,
depends on the facet exposed by TiO2.

First-principles DFT calculations
To elucidate the mechanisms of metal-cluster stability on TiO2 sur-
faces, we performed first-principles calculations based on density
functional theory (DFT). We estimated the adsorption energy and
agglomeration tendency of Au, Pd and Pt atoms and nanoclusters on
the {001} and {101} surfaces of anatase (Fig. 5a–c and Supplementary
Fig. 15) with the finding that Pt renders the largest adsorption energy
and lowest clustering tendency (especially in the {001} facet), followed
by Pd and Au atoms. The adsorption energy of Pt and Au nanoclusters
was very similar to those obtained for individual atoms, thus hereafter
we reasonably extend the conclusions obtained for single atoms to

Fig. 3 | HAADF-STEM imagesof fresh and afterphotoreaction samples. a,bAu/TiO2-001. c,dAu/TiO2-101.e, f Pd/TiO2-001.g,h Pd/TiO2-101. i, j Pt/TiO2-001.k, l Pt/TiO2-
101. Scale bar: 10 nm. The bright dots refer to the corresponding metal clusters in each photocatalyst.
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nanoclusters. The ranking of adsorption energies perfectly correlates
with the amount of charge that the metal atoms transfer from their
highly localized d orbitals to the anatase surface (Fig. 5b). The larger
the amount of exchanged charge the stronger themetal adsorption on
TiO2 due to the appearance of attractive electrostatic forces on the
surface and electronic hybridizations between d metal and p oxygen
orbitals close to the Fermi energy level (Fig. 5c). These results suggest a
decrease in metal-cluster stability according to the sequence Pt > Pd >
Au when photoexcitation is absent.

To theoretically assess the stability of metallic clusters on TiO2

surfaces under photoexcitation conditions, we adopted a DFT
approach that allows for effective simulation of photoexcited
carriers52,53. For the {001} facet, it was found that the stability ranking of
nanoclusters was the same than determined under no illumination
conditions, namely, Pt > Pd > Au. This result also can be understood in
terms of the amount of d charge donated by the metal atoms to the
anatase surface, which in all the cases increases upon the intensifica-
tion of photoexcitation (Fig. 5d, e and Supplementary Fig. 16). In par-
ticular, Pt atoms transfer the largest amount of charge to their
neighbouring Ti and O atoms, thus enhancing the reactivity of the
surrounding anatase surface (Fig. 5f). These theoretical results,
therefore, may explain in part the superior stability and H2 production
rate observed for Pt-based photocatalysts. It is worth noting that
analogous results were obtained on Au nanoclusters adsorbed on the
{001} facet (Supplementary Fig. 17).

As for the {101} facet, it was found that Au and Pd atoms can easily
move on the TiO2 surface when photoexcited (Fig. 5g, h), a result that

clearly indicates a tendency for Au and Pd agglomeration. Specifically,
a photoinduced change in the preferred adsorption sites of Au and Pd
atoms on the {101} surface spontaneously occurred during the geo-
metry optimizations (i.e., from a preferred “hollow” adsorption site
under mild photoexcitation conditions to a preferred “O-top”
adsorption site under medium and intense photoexcitation condi-
tions, Fig. 5g, h). In these two cases, the total amount of charge
exchanged between themetal atoms andTiO2 surface areminute (<0.1
e- as referred to in dark conditions) and the most notable electronic
effects are intra-metallic s→ p (Au/TiO2-101) d→ s, p (Pd/TiO2-101)
charge redistributions. Pt/TiO2-101, on the other hand, behaves com-
pletely different from the analogous Au and Pd systems and very
similarly to Pt/TiO2-001, namely, photoexcitation does not induce any
change on the preferred metal adsorption site and the amount of
d charge donated to the anatase surface is substantial. Therefore, the
stability and photoactivity of Pt/TiO2-101 appear to be much superior
to that of Au/TiO2-101 and Pd/TiO2-101, and similar to that of Pt/TiO2-
001. These theoretical DFT results are in consistent agreement with
our experimental observations and reveal a central role played by
photoinduced metal-anatase charge transfer on the stability and H2

production rate of TiO2-based photocatalysts.
Finally, we also performed first-principles DFT calculations to get

insights into the possible causes of the differences in photocatalytic
hydrogen activity experimentally observed for the Pt/TiO2-101 and
Pt/TiO2-001 systems (Fig. 1 and Supplementary Fig. 18). Specifically, we
followed the computational strategies explained in the previous
works54–57, since these allow to effectively estimate the performance of

Fig. 4 | HRTEM images of fresh and after photoreaction samples. a, b Au/TiO2-001. c, d Au/TiO2-101. e, f Pd/TiO2-001. g, h Pd/TiO2-101. i, j Pt/TiO2-001. k, l Pt/TiO2-101.
Scale bar: 5 nm. Metal clusters are indicated by arrows.
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catalytic materials for the hydrogen evolution (HER) and oxygen evo-
lution (OER) reactions through the calculation of adsorption free
energies, ΔG, of intermediate molecules involved in the oxidation of
water and the reduction of hydrogen molecules (i.e., H*, O*, OH*
and OOH*).

As it can be appreciated in the Supplementary Fig. 18a, in terms of
HER performance the two Pt/TiO2-101 and Pt/TiO2-001 systems are
very much alike, and in principle very efficient, since the estimated
proton adsorption free energies,ΔGH*, are quite small in absolute value
in both cases (i.e., 0.15–0.20 eV) and very similar in size to that of the
archetypal HER catalyst Pt (111). On the other hand, in terms of OER
activity (Supplementary Fig. 18b), Pt/TiO2-101 turns out to be much
superior than Pt/TiO2-001 since the OER overpotential estimated for
the former system is much smaller and comparable in size to those of
archetypal OER catalysts like SrCoO3, RuO2 and PtO2 (i.e., of the order
0.1 V). Therefore, based on these DFT simulations, the likely cause for
the observed highest photocatalytic efficiency in H2 production of Pt/
TiO2-101 (Fig. 1) is that in terms of the oxygen evolution reaction (OER)
this system is much more efficient than Pt/TiO2-001.

In summary, a simplemechanochemical strategywas employed to
synthesize noble metal clusters (Au, Pd or Pt) supported on TiO2

anatase plates or bipyramids preferentially exposing {001} or {101}
facets, respectively. We systematically investigated the photocatalytic
H2 evolution for different metal clusters/anatase hybrids, and the
ranking of H2 production rate was Pt/TiO2-101≫ Pd/TiO2-001 > Pt/
TiO2-001 ~ Au/TiO2-101≫Au/TiO2-001 > Pd/TiO2-101 > TiO2-001 ~ TiO2-
101. XPS analyses revealed that the {001} and {101} facets induce dif-
ferent oxidation states ofmetal co-catalysts during themillingprocess,
thus affecting their photocatalytic performance. Furthermore, the
long-term stability tests concluded a decreasing order of Pt/TiO2-001 ~
Pt/TiO2-101 > Pd/TiO2-001 > Au/TiO2-001 > Au/TiO2-101. Specifically,
the metal species behaved differently in terms of photocatalytic sta-
bility under same conditions, Pt/TiO2≫ Pd/TiO2 > Au/TiO2, and the
anatase plates were always more stable than the anatase bipyramids
irrespective of the considered co-catalyst. HAADF-STEM and HRTEM
images unambiguously depicted the phenomena of metal species
aggregation before and after 20 h of photoreaction. Moreover, theo-
retical DFT simulations confirmed the crucial role of photoinduced
metal-anatase charge transfers on the stability and H2 production rate
of TiO2-based photocatalysts, which depends on the different metal/
facet interfaces, in consistent agreement with the experimental
observations.

Fig. 5 | First-principles simulations of noble metal blended anatase TiO2 based
on density functional theory. a DFT adsorption energies; (a) stands for single
atom and (c) for nanocluster. b Metal atoms charge donation; (d) stands for the
highly localized electronic orbitals. cPartial density of electronic states forAu/TiO2-
001 and Pt/TiO2-001. d, e Metal atoms charge donation under photoexcitation
conditions on the {001} facet; results are referred to non-photoexcitation condi-
tions and expressed as a function of the electronic Fermi smearing employed for

promoting electrons from the valence to the conduction band (Methods). f Charge
distribution difference analysis for Au and Pt atoms adsorbed on anatase TiO2 and
density of excited electrons expressed as a function of the electronic Fermi
smearing. g–i Metal atoms charge donation under photoexcitation conditions on
the {101} facet; results are referred to non-photoexcitation conditions. The dashed
lines indicate photo-induced metal adsorption site transitions.
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Methods
Reagents
Gold (III) acetate (Alfa Aesar, 99.9%), Palladium (II) acetate (Acros
Organics, 47.5% Pd), Platinum (II) acetylacetonate (Acros Organics,
98%) were used asmetal precursors. Titanium (IV) fluoride (TiF4, 99%),
titanium (IV) chloride (TiCl4, 99%), 1-octadecene (90%) (1-ODE),
1-octadecanol (1-ODOL, 97%). Oleylamine (OLAM, 70%) and oleic acid
(OLAC, 90%) were obtained from Sigma-Aldrich. Absolute ethanol was
obtained from Scharlau. Milli-Q water was routinely used.

The preparation of TiO2 photocatalysts
TiO2 nanoshapes exhibiting (001) and (101) facets were prepared fol-
lowing a surfactant-assisted synthesis reported by Gordon et al.13.
Highly monodisperse anatase tetragonal bipyramidal TiO2 nanocrys-
tals (NCs) exposing primarily {101} facets were produced using a mix-
ture of TiF4/TiCl4 precursors in the presence of OLAM as a co-
surfactant. Similarly, the use of 1-ODOL as a co-surfactant leads to TiO2

nanoplates with a high percentage of {001} facets. TiO2 NCs were
prepared as follows: 30mmol of co-surfactant (OLAM or 1-ODOL),
10.2mL of 1-ODE, and 0.48mL (1.5mmol) of OLAC were degassed at
120 °C for 1 h. After, 1.5mL of a mixed TiF4/TiCl4 stock solution 1:1 was
added at 60 °C and the solution was quickly heated to 290 °C. After
10min, 8mL of the stock solution was pumped into the flask at
0.3mLmin–1 using a syringe pump. Afterwards, the heatingmantle was
removed, and the flask was left to cool naturally to ambient tem-
perature. After the synthesis, a mixture of 2-propanol and methanol is
added to precipitate the NCs. Centrifugation at 4951 × g for 10min is
used to recover them. This washing process was repeated twice. For
the mixture of TiF4/TiCl4 precursors, TiF4 and TiCl4 stock solutions
were mixed at equal volume in the glovebox. TiF4 stock solution
consists of 0.2M TiF4 and 1.0M OLAC in 1-ODE. TiCl4 stock solution
consists of 0.2M TiCl4 and 1.0M OLAC in 1-ODE. The TiF4 stock solu-
tion is stirred on a hot plate set to 80 °C to promote the dissolution of
TiF4. Once dissolved, the TiF4 stock solution is orange-brown, and the
TiCl4 stock solution is dark brown.

The TiO2 anatase suspensions were evaporated overnight at room
temperature. The obtained anatase powders were analysed through
thermogravimetric measurements (TGA) to assess the temperature of
complete mass loss of residual surfactants on the surface (Supple-
mentary Fig. 19). Both materials were calcined in air at 500 °C for 1 h
(2 °C min−1) and the resulting materials were labelled as TiO2-001 (for
plates exhibiting predominantly {001} facets) and TiO2-101 (for bipyr-
amids exhibiting predominantly {101} facets). To facilitate an intuitive
nomenclature of the samples that reflects the information of the pri-
marily titania facet exposed, we named the samples as TiO2-{hkl}. The
XRD patterns (Supplementary Fig. 3) were used to confirm the for-
mation of anatase without any impurities or rutile phase. TEM images
(Supplementary Fig. 1a, b) unambiguously showed the synthesized
shapes of anatase plates and bipyramids. At least one hundred TiO2

nanoparticles in each sample were considered for estimating the par-
ticle size/shape distribution (Supplementary Fig. 2). On the basis of the
obtained structural information, the percentages of preferentially
exposed (101) facets in TiO2 bipyramids and (001) facets in TiO2 plates
were estimated to be 91–97% and 50–76%, respectively. The detailed
calculations are shown in Supplementary Fig. 20. The Fourier Trans-
form (FT) images of fresh Pd/TiO2 provide direct evidence of crystal
planes of anatase {001} facets and {101} facets (Supplementary Figs. 1c
and 1d, respectively).

The preparation of M-TiO2 photocatalysts
The mechanochemical preparation of the photocatalysts was per-
formed in a high-energy RETSCH Mixer Mill MM200, using a 10mL
stainless-steel vial and one stainless-steel milling ball (d = 15mm,
m = 13.54 g), as described elsewhere38,40. Briefly, 0.0057 g of gold
acetate, 0.0063 g of palladium acetate or 0.0061 g of platinum

acetylacetonatewasmixedwith 0.2943 g, 0.2937 g or 0.2939 g of TiO2,
respectively, leading to a ball to powder weight ratio (BPR) of 45 and
metal loading of 1 wt%. Milling was performed at 15Hz for 10min. No
signals of the precursors (acetate or acetylacetonate)weredetectedby
either Raman spectroscopy or XPS (C 1 s signal) in the samples pre-
pared. The resultingmetal/TiO2 samplesweredenoted asAu/TiO2-001,
Au/TiO2-101, Pd/TiO2-001, Pd/TiO2-101, Pt/TiO2-001 and Pt/TiO2-101.
The obtained photocatalysts were used for the photocatalytic experi-
ments without any further treatment. ICP-OES analyses (Supplemen-
tary Table 2) showed that all samples contained a similarmetal loading
of 0.9 ± 0.1 wt%, which is similar to the theoretical value of 1.0wt%.

Photocatalysts characterization
X-ray diffraction (XRD) data were collected on a PANalytical X’Pert
diffractometer using a Cu Kα radiation source (λ = 1.541 Å). In a typical
experiment, the 2θ diffraction (Bragg) angles were measured by
scanning the goniometer from10° to 100°. The sampleswereprepared
by centrifugation to precipitate the NCs. The supernatant was dis-
carded, and samples were dried at room temperature. Peak positions
were determined using the X’Pert HighScore program after baseline
correction. High-angle annular dark field scanning transmission elec-
tron microscopy (HAADF-STEM) and high-resolution transmission
electron microscopy (HRTEM) images were acquired on a FEI Tecnai
G2 F20 instrument equipped with a field emission gun operating at an
accelerating voltage of 200 kV. At least one hundred of Au, Pd and Pt
particles in each photocatalyst were collected to estimate the size
distribution. X-ray photoelectron spectroscopy (XPS) was conducted
on a SPECS system. The apparatus was equipped with an XR-50 X-ray
source (Al anode at 150W), a PHOIBOS 150 EP hemispherical energy
analyser and an MCD-9 detector. The spectra were corrected with the
position of the adventitious carbon 1 s signal at 284.8 eV. Thermo-
gravimetric analyses (TGA) were performed on the TA Instrument with
a Q50 system under nitrogen atmosphere (10 °C/min). The actual
loading amount of Au, Pd andPtwasquantifiedby InductivelyCoupled
Plasma-Optical Emission Spectrometry (ICP-OES, Perkin Elmer Optima
3200RL). Surfaceareameasurementswereconductedon an automatic
Micromeritics ASAP 2020 analyzer using N2 adsorption isotherms and
BET (Brunauer−Emmett−Teller) surface area analysis methods. Sam-
ples were degassed under vacuum at 200 °C for 4 h before adsorption
measurements. The average pore diameter distributions were derived
from the desorption branches of the isotherms based on Barrett-
Joyner-Halenda (BJH) model.

Photocatalytic hydrogen production
The photocatalytic hydrogen evolution reaction was conducted in a
40mL tubular glass photoreactor at room temperature and atmo-
spheric pressure under dynamic conditions. An UV lamp equipped
with four LEDs emitting at 365 ± 5 nm (SACOPA, S.A.U.) was employed
as the light source. An argon gas (Ar) stream (20mLmin−1) was passed
through a saturator (Dreschel bottle), which contained a liquidmixture
of water (H2O, 150g) and ethanol (EtOH, 17 g). The resulting gaseous
mixture of H2O, EtOH and Ar was directly introduced into the photo-
reactor. 2.0mgof each photocatalystwas dispersed in 0.5mL absolute
ethanol and treated by ultrasonication for 10min to form a homo-
geneous suspension. Afterwards, the slurry was dropped onto a cir-
cular cellulose paper (from Albet, thickness 0.18mm, area 2.54 cm2)
and dried at 50 °C for 1 h. The impregnated paper was placed upside
down in the middle of the glass photoreactor with two separated
tubular sections, alongwith anO-ring (Supplementary Fig. 6). The light
sourcewas positioned at the bottomof the photoreactor. By aligning a
synthetic quartz glass cylindrical lens from the light source to the
cellulose paper loaded with photocatalyst, 80.5 ± 0.5mWcm−2 of UV
irradiance reached the sample. The cellulose paper was totally stable
during drying/wetting, UV-exposure and gas permeation. The tem-
perature of the photocatalyst under the UV irradiation was monitored
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directly with a K-type thermocouple in contact with the sample. The
gas hourly space velocity (GHSV) was 26,000 h−1 and the contact time
was 0.14 s. Prior to the photoreaction, the system was purged with Ar
gas (20mLmin−1) for 30min. The products evolved from the outlet of
photoreactor (hydrogen and acetaldehyde in equimolar amount,
C2H5OH!H2 +CH3CHO) were analysed on-line every 4min with a
micro-gas chromatograph (GC, Agilent 490)58,59.

First-principles simulation techniques
We performed spin-polarized first-principles calculations based on
density functional theory (DFT) for anatase TiO2 surfaces functiona-
lised with Au, Pd and Pt co-catalysts. The PBE functional60 was used as
implemented in the VASP software package61. A “Hubbard-U” scheme62

withU = 3 eV was employed for a better treatment of the localized Ti d
electronic orbitals (Hubbard-like corrections were not applied on the
noblemetal atoms). The value of the latticeparameters, however,were
constrained to their corresponding experimental values of
a0 = b0 = 3.78 Å and c0 = 9.51 Å63 since these are not correctly repro-
duced by the PBE +U approach (Supplementary Methods and Sup-
plementary Fig. 21). We used the “projector augmented wave”method
to represent the ionic cores64 by considering the following electrons as
valence: Au 5d, and 6s; Pd 4d; Pt 5d and 6s; Ti 3d, 4s, and 3p; and O 2s
and 2p. Wave functions were represented in a plane-wave basis trun-
cated at 650eV. For integrations within the first Brillouin zone, a
Monkhorst-Pack k-point grid was employed with a density equivalent
to 16 × 16 × 12 for the anatase unit cell. Geometry relaxations were
performed by using a conjugate-gradient algorithm that allowed for
cell shape variations; the geometry relaxations were halted when the
forces on the atoms fell all below0.005 eVÅ−1. By using these technical
parameters we obtained zero-temperature energies converged to
within 0.5meV per formula unit.

All the DFT geometry relaxations in the present work were per-
formedat the PBE +U levelwithU = 3 eV andby constraining the size of
the lattice vectors to their experimental values; the positions of the
atoms, however, were allowed to fully relax in all the cases. Subse-
quently, the energy, charge density, and optoelectronic properties of
anatase TiO2 were estimated with the range-separated hybrid HSE06
exchange-correlation functional without performing further relaxa-
tions (Supplementary Methods and Supplementary Fig. 21).

The slab supercells were constructed as a 4 × 4 × 4 repetition of
the anatase unit cell and a vacuum region of 25 Å thickness was con-
sidered in all the simulations. Adsorption energies were calculated
with the formula Eads = EM@anatase – Eanatase – EM, where EM@anatase

represents the energy of the blended noble metal-TiO2 system, Eanatase
the energy of the anatase slab, and EM the energy of the isolated noble
metal atom or cluster. To estimate accurate energy band gaps, density
of electronic states and charge redistributions at affordable compu-
tational expense, we employed the hybrid HSE06 exchange-
correlation functional65 and adopted the equilibrium geometries
determined at the PBE+U level. In order to simulate photoexcitation
effects in TiO2-based photocatalysts, we employed an effective DFT
approach, equivalent to those employed in previous works52,53, that
consists in constraining the partial occupancies of each electronic
orbital by adjusting the width of the corresponding Fermi smearing. In
particular, a Fermi smearing of σ (eV) in the constrained DFT calcula-
tions implies considering the electronic occupation function f(E,σ) = 1/
(exp[(E−EF)/σ]+1) instead of the usual step function f(E) = 1 for E ≤ EF
and f(E) = 0 for E > EF, where EF represents the Fermi energy level.

Regarding the theoretical estimation of the performance of cat-
alytic materials for the hydrogen evolution (HER) and oxygen evolu-
tion (OER) reactions, we followed the computational strategies
explained in the previous works54–57. These strategies rely on the cal-
culation of adsorption Gibbs free energies, ΔG, of intermediate mole-
cules involved in the oxidation of water and the reduction of hydrogen
molecules (i.e., H*, O*, OH* and OOH*). The molecular adsorption

Gibbs free energies were estimated with the formula:

4GX =4EX +4EZPE � T4S

where ΔEX corresponds to the molecular adsorption energy (that is,
calculated under zero-temperature conditions) and ΔEZPE and ΔS are
the difference in zero-point energy and entropy, respectively, between
the molecule absorbed on the anatase surface and in the correspond-
ing gas phase. The contribution from the anatase catalysts to both
ΔEZPE andΔS are very small and hencewere neglected. The value of the
ΔEZPE and ΔS terms were taken from the previous works56,57.

Data availability
The data that support the findings of this study have been included in
the main text and Supplementary Information. The first-principles
density functional theory calculations presented in this study have
been deposited in a public repository at https://dataverse.csuc.cat/
dataset.xhtml?persistentId=doi:10.34810/data756. All other relevant
data supporting the findings of this study are available from the cor-
responding authors upon request.
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