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The bigger picture

Photocatalytic hydrogen

production coupled to the

controlled oxidation of biomass

under ambient conditions is one

of the most promising

technologies for the development

of the sustainable chemical

industry. Despite that many

efficient photocatalysts for

hydrogen evolution have been

discovered, the exploration of the

photo-oxidation reaction and its

relation with the reductive cycle,

i.e., the hydrogen evolution,

remain elusive. This work

engineered the photocatalytic

active sites for enhancing

methanol oxidation by
SUMMARY

Generally adopted strategies for enhancing the photocatalytic ac-
tivity are aimed at tuning the visible light response, the exposed
crystal facets, and the nanocrystal shape. Here, we present a
different approach for designing efficient photocatalysts displaying
a substrate-specific reactivity upon defect engineering. The plati-
nized, defective anisotropic brookite TiO2 photocatalysts are tested
for alcohol photoreforming showing up to an 11-fold increase in
methanol oxidation rate, compared with the pristine one, while pre-
senting much lower ethanol or isopropanol specific oxidation rates.
We demonstrate that the substrate-specific alcohol oxidation and
hydrogen evolution reactions are tightly related, and when the
former is increased, the latter is boosted. The reduced anisotropic
brookite shows up to 18-fold higher specific photoactivity with
respect to anatase and brookite with isotropic nanocrystals.
Advanced in situ characterizations and theoretical investigations
reveal that controlled engineering over oxygen vacancies and lat-
tice strain produces large electron polarons hosting the substrate-
specific active sites for alcohol photo-oxidation.
introducing sub-surface oxygen

vacancies and lattice strain in

reduced brookite TiO2 nanorods,

which are employed in the

hydrogen evolution from alcohol

photoreforming. It also shows that

the reductive and oxidative pho-

tocatalytic cycle rates are tightly

connected and that the engi-

neered defects induced a rich

substrate-specific reactivity de-

pending on the alcohol employed

for the photoreforming reaction.
INTRODUCTION

The visionary idea of a world powered by solar light proposed by G. Ciamician more

than a century ago1 has become a reality, proving that complex organic synthesis2,3

and production of solar fuels like hydrogen4–6 and ammonia7,8 can be performed

more and more efficiently. However, these intrinsically sustainable processes,

before becoming industrially competitive with existing polluting technologies,

need further material design, fine-tuning of light-absorption properties, charge car-

rier management, and surface engineering.9 Over the past decades, photocatalysis

for direct conversion of solar energy into molecular fuels has been focused on

designing efficient photocatalysts by improving their fundamental properties. The

visible light photoactivity can be enhanced by engineering heterojunction, intro-

ducing lattice defects into wide bandgap materials like TiO2,
10–12 or choosing semi-

conductors having small bandgap energy (e.g., Cu2O, ZnIn2S4, and C3N4) and suit-

able bands position straddling the molecular redox levels of the investigated

chemical reaction.2,13–15 The use of inorganic nanocrystals with well-defined

morphology, determined crystal facets, or dimensional anisotropy have been also

demonstrated to be beneficial for the charge carrier separation.16–18 The kinetic

competition between charge recombination and surface catalysis is often overcome
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by the addition of proper metallic co-catalysts.19 This playground has stimulated the

exploration of countless options to prepare, mix, and engineer semiconductor pho-

tocatalysts with enhanced opto-electronic properties with the aim of more efficiently

driving benchmark photocatalytic reactions such as hydrogen evolution from water

splitting and photoreforming of biomass. However, the majority of these studies

involve monitoring the products of the reductive cycle, i.e., the evolved hydrogen,

while not analyzing the oxidation products.20–22 When sacrificial biomass substrates

are employed, i.e., alcohol photoreforming, analyzing the oxidation pathway and

reactivity becomes especially important not only because they provide a kinetic

gain, and therefore an improved hydrogen evolution compared with the case of wa-

ter oxidation, but also because the oxidized sacrificial agents often participate in

hydrogen evolution, thus directly regulating its kinetics.20,23 Furthermore, control-

ling the oxidation process of sacrificial biomass is particularly relevant since it can

lead to its partial oxidation and the synthesis of added value products, such as

2,5-furandicarboxylic acid (bioderived polymer that may substitute PET) and diesel

fuel precursors.3,24,25
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We developed an approach to designing anisotropic defective brookite TiO2 nano-

crystals that upon high-temperature reduction treatment expose the precise defect

site with substrate-specific photo-reactivity for methanol oxidation, compared with

higher alcohols such as ethanol and isopropanol (Figure 1A). We show that the reac-

tion rates for the photocatalytic alcohol oxidation and the parallel hydrogen evolu-

tion reaction are tightly connected and that optimization of the methanol oxidation

leads to an increased production of hydrogen. Although the introduction of point

defects and structural deformation results in enhanced visible light absorption and

reduced charge carrier lifetime, we show that the selective affinity toward methanol

oxidation of reduced brookite is the main parameter enabling a higher apparent

quantum yield (AQY) for hydrogen evolution. Using a set of in situ characterization

aided by density functional theory (DFT) calculations, we demonstrate that the sub-

strate-specific activity is regulated by catalytic sites including sub-surface oxygen va-

cancies within a locally strained lattice environment that generate shallow hole traps

responsible for boosting the first steps of methanol photo-oxidation. These photo-

oxidation sites are crucial for the enhanced substrate-specific photoreforming activ-

ity of reduced brookite, and they form preferentially within anisotropic nanocrystals,

which show 18-times higher specific hydrogen evolution rate, compared with

isotropic ones, where defect sites with different energy are formed.
(ISM-CNR), SS 14, Km 163,5, 34149 Trieste, Italy

5Nanotechnology Centre, Centre of Energy and
Environmental Technologies, V�SB–Technical
University of Ostrava, 17. listopadu 2172/15,
70800 Ostrava-Poruba, Czech Republic

6IT4Innovations, VSB – Technical University of
Ostrava, 17. listopadu 2172/15, 708 00
Ostrava-Poruba, Czech Republic

7Department of Chemical and Pharmaceutical
Sciences, ICCOM-CNR Trieste Research Unit,
INSTM-Trieste, University of Trieste, Via L.
Giorgieri 1, 34127 Trieste, Italy

8Center for Energy, Environment and Transport
GiacomoCiamician - University of Trieste, Trieste,
Italy

9Lead contact

*Correspondence:
alberto.naldoni@upol.cz (A.N.),
pfornasiero@units.it (P.F.)

https://doi.org/10.1016/j.checat.2022.03.015
RESULTS AND DISCUSSION

Synthesis and characterization of brookite nanorods

To engineer the photocatalytic sites for alcohol photoreforming at the atomic level, we

selected brookite TiO2 nanorods—a promising and still poorly investigated TiO2 poly-

morph—as a model material, and grew anisotropic nanostructures exposing the (210)

surface on the lateral facets (Figure 1B) by hydrothermal synthesis (see supplemental

experimental procedures).26 We prepared various brookite photocatalysts reduced un-

der an H2 stream at different temperatures, along with reduced anatase and commercial

brookite reference samples (see Table S1 andNote S1). Elemental analysis revealed that

the obtained nanopowders did not contain significant quantity of non-metals coming

from C, H, or N incorporation (Table S2 and Note S2). Reduction of pristine brookite

TiO2 nanorods under pure hydrogen streamat 700�C for 1 h created defective nanocrys-

tals showing remarkable changes in their structural and electronic properties alongside

giving the best photocatalytic performance. This morphology evolved from anisotropic

nanostructures with well-defined shape and exposed crystal facets (Figures 1B and S1A)
1178 Chem Catalysis 2, 1177–1190, May 19, 2022
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Figure 1. Morphology and photocatalytic activity

(A) Schematic representation of defect engineering in reduced brookite showing an exemplary

TiO2 surface during photocatalysis and a zoomed-in view of the catalytic site containing oxygen

vacancy (VO) and structural distortions.

(B) HAADF-STEM (left) and HRTEM (right) micrographs of a single brookite nanorod.

(C) HRTEM micrograph of isolated Pt nanoparticles deposited on pristine brookite.

(D) HRTEM of brookite nanorods reduced at 700�C.
(E) HRTEM micrograph of aggregated Pt nanostructures deposited on reduced brookite.

(F) Methanol consumption in time for pristine (sky blue) and reduced brookite (dark blue) nanorods.

The points before zero time represent the methanol signal before adding the photocatalysts, while

time zero was measured once the adsorption/desorption equilibrium in the dark was reached.

(G) Specific methanol consumption rate (left) and specific hydrogen evolution rate (right) during

methanol, ethanol, and isopropanol photoreforming for pristine (sky blue) and reduced (dark blue)

brookite. Measurements were performed under a simulated AM 1.5G spectrum at one-sun intensity

for 24 h using a 1:1 vol % H2O:alcohol mixture.

(H) AQY for hydrogen evolution from methanol photoreforming for pristine (sky blue) and

reduced (dark blue) brookite. In all measurements both pristine and reduced brookite were loaded

with 1 wt % Pt.
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into more isotropic nanoparticles that displayed irregular shape and aggregation

through twin boundaries formation (Figures 1C and S1B). Notably, anatase and brookite

with isotropic crystal shapes (Figures S2 and S3 and Note S3) did not reveal any crystal

reshaping upon high-temperature reduction treatment. However, they presented

different color variations (Table S1), compared with those observed for the anisotropic

brookite, upon increasing the temperature of the hydrogen treatment, thus suggesting

a different reducibility behavior with respect to the TiO2 polymorph and crystal shape, as

confirmedbyUV-vis reflectance spectroscopy, Raman spectroscopy, and photolumines-

cence spectroscopy mapping (see below). In order to prepare highly active photocata-

lysts for alcohol photoreforming, we functionalized the samples by photodepositing Pt

co-catalyst nanoparticles on their surface. Inductively coupled plasma mass spectrom-

etry (ICP-MS) analysis detected similar Pt loading on both pristine (0.98 wt%) and

reduced brookite samples (0.90 wt%). High-resolution transmission electronmicroscopy

(HRTEM) and high-angle annular dark-field scanning transmission electron microscopy

(STEM-HAADF) micrographs as well as the elemental mapping showed that Pt
Chem Catalysis 2, 1177–1190, May 19, 2022 1179
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nanoparticles with an average diameter of 2.5 nm were homogeneously deposited on

the pristine brookite nanorods (Figures 1D, S4A, S5, and S6). Surprisingly, in the case

of reduced brookite nanocrystals, we detected the presence of small Pt nanoparticles

with similar sizes, as well as larger Pt nanoparticle aggregates reaching 10 to 30 nm in

size (Figures 1E and S7–S10). This result was confirmed by an HRTEM analysis of three

different brookite batches. The larger Pt conglomerates may be less reactive than the

smaller ones, thus negatively affecting the photocatalytic activity of the reduced

brookite. Moreover, larger metal aggregatesmay screen the incoming light during pho-

tocatalysis, decreasing the light harvesting efficiency. However, as shown in the next sec-

tion, in the present investigation these parameters did not reduce either one aspect or

the other for reduced brookite, suggesting that for the considered reaction, the defects

in TiO2 played a more crucial role than that of Pt nanoparticles. The brookite treatment

under hydrogen was accompanied by a decrease in the Brunauer–Emmett–Teller (BET)-

specific surface area from 67 to 47 m2 g�1 after reduction (Figure S11 and Table S3).

The temperature (reduction)-dependent structural parameters extracted by the Riet-

veld refinement of X-ray diffraction (XRD) patterns were in agreement with the

described morphological evolution (Figures S12–S18, Tables S4–S6, and Note S4).

Notably, the XRD analysis highlighted that the reduction treatment introduced an

anisotropic and preferential deformation of the brookite lattice along the c-axis

due to the creation of oxygen vacancies (Figure S19). Their presence was further sup-

ported by the blueshift in the main A1g vibrational mode detected by Raman spec-

troscopy measurements (Figure S20 and Note S5) after reduction, which again

pointed out a different reducing behavior dependent on the TiO2 polymorph and

shape (Raman shift is 1.3 cm�1 for the reduced anisotropic brookite, 7.6 cm�1 for

the reduced isotropic anatase, and no observed shift for the reduced isotropic

brookite). Having performed the bond valence sum analysis, we observed an

average depletion of �0.5% of the Ti valence for the reduced brookite—a typical

feature induced by the formation of oxygen vacancies.11,27 The moderate decrease

in the Ti valence upon an H2 treatment at high temperature is an indication of a low

tendency toward defects formation in brookite nanorods. This general feature was

also reflected by the color change—from white to gray—that brookite underwent af-

ter reduction at 700�C, as opposed to the more reducible anatase phase that

assumed a darker color already at lower temperatures (Table S1). The reduced

brookite nanorods showed an optical bandgap energy of �3.38 eV, this making

no significant difference from the value retrieved for the as-synthesized sample (Fig-

ure S21 and Table S7). The same results were observed for both the isotropic

brookite and anatase samples (Figures S22, S23, Tables S8, and S9). Further analysis

of the absorption spectra highlighted an increased visible light absorption and an

Urbach tail that ranged for the anisotropic brookite from 69 (for the as-synthesized

brookite nanorods) to 115 meV (for nanorods reduced at 700�C). For the isotropic

anatase, the Urbach tail increased from 115 (for the as-synthesized anatase nanopar-

ticles) to 205 mV (for anatase reduced at 500�C). This supports the scenario of a

phase- and shape-dependent increase in the population of oxygen vacancies after

the reduction treatment (see Note S6).

Alcohol photoreforming with reduced brookite

The photocatalytic activity of the platinized brookite nanorods was tested for meth-

anol photoreforming under a simulated AM 1.5G spectrum at one-sun intensity pro-

ducing H2 and oxidation products. As previously reported by other groups, the

increased photocatalytic activity of reduced TiO2 nanomaterials could be ascribed

to the co-catalyst role in H2 evolution played by oxygen vacancies.12,28 In contrast,

in order to use the oxygen vacancies as catalytic sites in the photocatalytic oxidation
1180 Chem Catalysis 2, 1177–1190, May 19, 2022
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reaction, we photodeposited Pt nanoparticles over the optimized photocatalysts.

Following this procedure, H2 generation occurred on the Pt surface as the photogen-

erated electrons were separated and stabilized into the Pt nanoparticles by the

Schottky barrier formation at the Pt–TiO2 interface, while photo-oxidation occurred

on the TiO2 surface.
19,29

In contrast to common practice, where only an H2 production rate is detected, we

designed specific experiments to follow the kinetics of methanol photo-oxidation

using a solution including deuterated methanol (i.e., CD3OD) and a small aliquot

of methanol (i.e., CH3OH), whose corresponding consumption was followed by an
1H-nuclear magnetic resonance (1H-NMR) analysis of the liquid phase (Figure S24

and Note S7). Table S10 reports the NMR signal integration of CH3OH relative to

the adopted internal standard (DMSO), which highlights no significant difference be-

tween the blank measurement containing no photocatalyst and the one at time zero,

i.e., after 30 min of adsorption/desorption equilibrium in the dark in the presence of

the photocatalysts. From these data it is clear that the methanol adsorption in the

dark did not affect the photocatalytic performance of the investigated photocata-

lysts. Figure 1F shows the amount of methanol oxidized over 24 h of illumination

illustrating the remarkable oxidation activity of the reduced brookite over the pris-

tine material. The corresponding specific methanol consumption rates, computed

by using the BET surface area of each sample, for the platinized brookite nanorod

samples (Figure 1G, left) evidenced that the pristine brookite drove the photo-

oxidation reaction with a specific rate of 27 mmol h�1 m�2, whereas for the reduced

one, it was 99 mmol h�1 m�2. We obtained the photoactivity values by considering

methanol consumption after 24 h of reaction, which resulted in a 3.7-fold enhance-

ment in favor of the reduced brookite. Notably, if we consider kinetic data after 5 h

(Figure 1F), the reduced brookite performed methanol photo-oxidation up to 11

times faster than the pristine sample. This suggests on the one hand that, in the early

stage of reaction, methanol was oxidized faster until the available surface reaction

sites were fully occupied and a steady state was reached, which ensured a higher

methanol consumption rate even after 24 h of reaction, as evidenced by the diver-

gence of the reaction kinetics curves (Figure 1F). On the other hand, this behavior

can be due to a partial aggregation of the colloidal photocatalysts after several hours

of irradiation (see dynamic light scattering measurements in Figure S25), thus pro-

ducing a reduced available surface for the methanol oxidation reaction to occur.

The amount of evolved hydrogen determined by gas chromatography analysis followed

a linear increase with time (Figure S26) for both the pristine and the reduced brookite,

corresponding to optimized specific H2 production rates of 26 and 88 mmol h�1 m�2,

respectively, with reduced brookite that evolved H2 3.4 times faster (Figure 1G, right).

The reduced brookite showed a 13% decrease activity after five photocatalytic runs (Fig-

ure S27). Notably, the activity decrease appeared almost constant after each recycling

test, thus suggesting that it can be due to the loss of catalyst during the tests, which

can happen during the centrifugation/re-suspension of the photocatalyst and/or can

be due to the loss of material attaching onto the reactor walls. Another aspect that

can produce this slight decrease in activity is the increased hydrodynamic diameter of

the brookite nanocrystals in suspension, as revealed by dynamic light scattering mea-

surements after 24 h of illumination (Figure S25). Moreover, two more aspects may pro-

duce the observed photocatalytic activity decrease after several recycling cycles. On the

one hand, the catalyst surface may be partially passivated by the presence of reaction

intermediates, as we did not wash the catalyst before subsequent tests. On the other

hand, a partial modification of the population of defects (as evidenced by the resonant

photoemission valence band measurements on B700 after catalysis; see photoemission
Chem Catalysis 2, 1177–1190, May 19, 2022 1181
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spectroscopy section in the supplemental information) may induce a partial reactivity

change. Interestingly, the H2 production rates followed a reactivity trend closely resem-

bling the one observed for the methanol photo-oxidation activity, which suggests that

hydrogen production is strictly regulated by the alcohol oxidation and it can be used

as reporter figure of merit for tracking the reactivity of the pristine and the reduced

brookite for alcohol photo-oxidation. Following this principle, we tested our platinized

samples for the photoreforming of ethanol and isopropanol and discovered that the

reactivity of the reduced brookite was markedly more pronounced and substrate-spe-

cific toward methanol in comparison with the other tested alcohols (Figure 1G, right).

In the case of ethanol photoreforming, both reduced and pristine anisotropic brookites

showed a specific H2 production rate of 54 mmol h�1 m�2, suggesting that they have a

similar affinity toward its photo-oxidation. On the other hand, in the case of isopropanol

photoreforming, the reduced anisotropic brookite presented a 1.7-fold higher specific

H2 production rate (41 mmol h�1 m�2) when compared with the pristine sample, denot-

ing a higher photo-oxidation ability, yet still much lower than that shown for methanol.

From the photocatalytic tests using the reference materials (Figure S28), the reduced

commercial platinized brookite presented a higher reactivity toward methanol than

that for the other alcohols, although showing a lower degree of specificity and reactivity

if compared with the brookite nanorods (Figure 1G). This may be due to their identical

crystalline phase, which implies a similar mechanism of defect formation (and reactivity).

On the other hand, the platinized anatase samples showed a different pattern of reac-

tivity, suggesting that the photocatalytic activity toward different substrates is affected

by the crystalline phase, reduction treatment, and typeof defects formedwithin the pho-

tocatalysts. This observation confirmed that the H2 evolution activity of the reduced

brookite was regulated by a substrate-specific reactivity toward alcohol photo-oxida-

tion. Such a stark photo-reactivity toward methanol oxidation was observed for the

brookite nanorods, while platinized reference samples made by reduced spherical

anatase nanocrystals or reduced isotropic brookite nanoparticles displayed �2.1 to

2.4 times higher specific photocatalytic rates (per optimized mass) in comparison with

the untreated materials (from data reported in Figure S29A). Notably, the reduced

brookite nanorods loaded with Pt showed a remarkably higher specific H2 evolution

rate, with respect to both the reduced anatase/Pt (16 times) and the reduced isotropic

brookite/Pt (18 times), as shown in Figure S29A. This difference is reduced when consid-

ering the photocatalytic activity per optimizedmass (from data reported in Figures S29B

and S30), with the reduced brookite nanorods (B700/Pt) still showing more than two

times the hydrogen evolution rate than that observed for the reduced anatase nanocrys-

tals (A500/Pt).

These observations suggest that the type of produced defects/catalytic sites varies

depending on the selected TiO2 polymorph as well as on the crystal shape, which

emphasizes how the exposure of different crystal facets having different interfacial

energy and therefore resistance to hydrogen treatment under high temperature reg-

ulates the defect formation. This is demonstrated by the different degree of reduc-

ibility that each sample exhibited, as supported by previously discussed absorption

and Raman spectroscopy measurements.

The AQY for hydrogen evolution from methanol photoreforming was measured

for a pristine and a reduced platinized brookite (Figure 1H) using different mono-

chromatic light sources. The maximum AQY was reached at 334 nm and was

33.5% for the reduced brookite and 22.2% for the pristine nanorods. These AQY

values can be further increased by optimizing the methanol concentration, metal

loading, metal particle size, or photoreactor design, which, however, goes beyond

the scope of this study. Interestingly, despite its visible light absorption, the reduced
1182 Chem Catalysis 2, 1177–1190, May 19, 2022
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brookite did not show AQY in the visible region, with values of �0.09 and 0.004% at

386 and 402 nm, respectively (AQY below the detection limit for the pristine brookite

at both wavelengths). This result was further confirmed by H2 evolution experiments

under one-sun illumination applying a longpass optical filter to cut off l R 380 nm,

i.e., cutting optical excitation above bandgap energy did not lead to detecting any

H2 after 24 h of reaction. This result confirms that oxygen vacancies introduced upon

the hydrogen treatment at high temperature, and the related optical transitions, did

not produce visible light photocatalytic activity. We indeed suggest that the intro-

duced oxygen vacancies enhanced the reactivity toward the methanol oxidation

by favoring its activation, as discussed in further detail below.

In order to study in more detail the methanol photo-oxidation reaction on the

reduced brookite, we analyzed the reaction products by both the gas chromatog-

raphy analysis of the gas phase and the NMR analysis of the liquid phase after reac-

tion. Carbon dioxide was the only detected reaction product. Furthermore, we

investigated the hydrogen production rate from different possible intermediates

of methanol oxidation (e.g., formaldehyde and formic acid) of as-synthesized and

reduced brookite nanorods loaded with 1 wt% Pt. Interestingly, both samples

showed similar specific photocatalytic activity in the presence of formaldehyde

and formic acid, presenting significant hydrogen production rate of around 25 to

30 mmol h�1 m�2 (Figure S31). This result is far from being trivial, as it has been re-

ported that other TiO2 polymorphs usually oxidize methanol to formaldehyde,

thus stopping the methanol photo-oxidation after the first reaction step.30 More-

over, it repeatedly emphasizes that a reduced brookite demonstrates a substrate-

specific oxidation ability toward methanol molecules. The blank test for photolysis

of formaldehyde under AM 1.5G one-sun illumination produced a very small

hydrogen production rate, namely, �85 nmol h�1 m�2.

Notably, the investigated TiO2 samples showed two order-lower alcohol photore-

forming activity without Pt loading; the data on the samples reduced at different

temperatures are reported in Figures S32 and S33. These data are further supported

by electron spin resonance spectroscopy (EPR) investigations measured under dark

and light conditions both for dried powders and in a water/methanol medium (in situ

conditions), demonstrating the increased reactivity of brookite nanorods reduced at

700�C (Figures S34–S36). For instance, in the case of EPR spectra for dried powders

of an anisotropic brookite reduced at different temperatures, the most efficient

sample in methanol photoreforming was B700, which indeed gave the highest differ-

ential EPR signal (light-dark) in comparison with samples with lower activity (e.g., a

pristine brookite and B500). Interestingly, the most active sample (B700) showed

the weakest intensity in the EPR powder spectrum among the series (Figure S34

and Note S8). Therefore, the number of spins recorded by EPR do not directly corre-

late with the system reactivity and its overall efficiency in the photocatalytic process,

all in agreement with previous reports.12,31

In situ photoluminescence spectroscopy

To understand the nature of the methanol oxidation sites, we measured excitation-

dependent photoluminescence (PL) spectra at 80 K, obtaining energy-resolved two-

dimensional maps of the radiative recombinations occurring in the pristine and the

reduced anisotropic brookite both under inert gas atmosphere (N2) and in the pres-

ence of methanol (Figure 2A). The PL maps in the presence of the latter (i.e., a hole

scavenger) showed drastic quenching of the signal, demonstrating that the photo-

generated holes trapped within the defect sites, i.e., oxygen vacancies, readily re-

acted with the surface adsorbed methanol molecules. Moreover, this also provided
Chem Catalysis 2, 1177–1190, May 19, 2022 1183



Figure 2. Energy distribution of defects-related radiative recombinations and lifetime of photogenerated charge carriers

(A) Excitation-emission color maps under N2 and in the presence of methanol (MeOH) for pristine and reduced brookite.

(B) PL spectra of pristine (blue sky) and reduced brookite (dark blue) under excitation at 340 nm.

(C) Time-resolved PL decay curves collected at the corresponding emission maximum of pristine (blue sky) and reduced brookite (dark blue) under

excitation at 372 nm.
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evidence that such defect sites must be located on either the surface or sub-surface

of the brookite nanocrystals, from where they can react with surface adsorbates.32

This is supported by the synchrotron-based photoemission spectra for the Ti 2p

region and valence band (see the next section for details). Comparing the two-

dimensional PL maps measured under N2 gas atmosphere for the pristine and the

anisotropic brookite reduced at 500, 600, 700, and 800�C (Figures 2A and S37),

we observed a clear variation in the energy position relative to the radiative recom-

bination centers upon high-temperature treatment, eventually underlined by a

subtle but significant re-organization of structural defects. Notably, the reference

samples (especially the isotropic anatase, which is more reducible than the isotropic

brookite) displayed a similar behavior (Figures S38, S39 and Note S9).

Focusing on the reduced anisotropic brookite, we observed a significant blue shift in

the PL peak after reduction.

This is better highlighted in the PL spectra generated using a single excitation wave-

length (340 nm) and by analyzing the weight of the deconvoluted components set at

2.75, 2.53, 2.27, and 2.0 eV for all the samples (Figures 2B and S40). The dominant

radiative recombinations for the as-synthesized anisotropic brookite (B-AS) localize

at 2.27 and 2.0 eV, while the components at higher energies are almost negligible.

Notably, in the case of the reduced anisotropic brookite (B700), the component at

lower energy almost vanished, while the intensity of the radiative recombinations

with higher energies (2.75 and 2.53 eV) became dominant, denoting the formation

of shallower hole traps upon hydrogen reduction treatment at high temperature.

Furthermore, we investigated the lifetime of photogenerated charge carriers
1184 Chem Catalysis 2, 1177–1190, May 19, 2022



Figure 3. Experimental and theoretical determination of the electronic structure of the

photocatalytic sites

(A) Synchrotron-based photoemission spectra around the VB region for the pristine (light blue) and

the reduced (dark blue) brookite. Inset: zoom of the VB region around the Fermi energy.

(B) Brookite TiO2 supercell employed for the calculations exposing the (210) surface: Ti atoms

plotted in gray, O atoms in red, oxygen vacancies in orange. The middle part of the slab corre-

sponds to the bulk region of TiO2 enclosed by green planes, while the supercell’s boundaries are

marked by the dotted lines.

(C) Calculated total DOS of the ideal (210) brookite surface, of various defective brookite surfaces

with an oxygen vacancy (V in the figure) placed at different locations in the lattice, two distorted

brookite surfaces (rdm. and ax. indicate random and axial distortions, respectively). The energy of

the VB maximum of the ideal (210) surface is taken to be zero. Spin up/down derived DOS are shown

by solid/dashed lines.

(D) Excess electron density donated by introducing V3 and V5 oxygen vacancies (yellow iso-

surface).

ll
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measured at PL maximum by time-resolved PL spectroscopy. The charge carriers’

lifetime (t) decreased after the brookite’s reduction, similarly to the other TiO2 refer-

ence samples, from 5.3 ns to 2.0 ns (Figures 3C and S41 and Table S11), suggesting

that the enhanced photocatalytic activity of the reduced anisotropic brookite is not

related to the enhanced charge separation.

Synchrotron resonant photoemission spectroscopy

The investigation by conventional lab-scale X-ray photoelectron spectroscopy (XPS)

analysis provided similar results for pristine and reduced TiO2 samples (Figure S42

and Note S10). Therefore, we investigated in more detail the electronic structure

of our brookite samples at the VUV-Photoemission beamline (Elettra, Trieste) by syn-

chrotron-based photoemission spectroscopy (PES) for the Ti 2p (Figure S43), O 1s

(Figure S44, see discussion in the next section), and the valence band (VB) regions.

The Ti 2p spectra of both brookite samples contained two components
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corresponding to the presence of Ti4+, due to the coordination of Ti into the stoi-

chiometric lattice, and Ti3+ species introduced by the oxygen vacancy formation

near or at the TiO2 surface. The presence of low valence Ti ions in the pristine

brookite is a common observation, especially in nanocrystals obtained through hy-

drothermal synthesis and not subjected to a following heat treatment like in the pre-

sent case. Next, by using soft X-ray photons with energy that is resonant to the Ti ab-

sorption edge, it is possible to highlight electronic states even in samples containing

a low amount of defects.33 Figure 3A shows the VB PES spectra for the pristine and

the reduced anisotropic brookite. The main VB edge did not significantly shift upon

reduction, while the density of states (DOS) within the bandgap showed a stark dif-

ference. The pristine brookite displayed localized mid-gap states peaking at around

1 eV below the Fermi energy. In contrast, the reduced brookite revealed an

increased electron density showing an intense VB tailing. We also performed an

ex situ investigation of the reduced brookite after 24 h of photocatalytic reaction

B700-AR and compared the result with the spectra of the pristine brookite B-AS

and the reduced brookite before reaction B700-BR (Figure S45). The post-catalytic

VB spectrum shows a rigid shift of the VB minimum toward the Fermi level and a

more populated DOS in the energy range from �3 to �1.5 eV (similarly to B700-

BR) in comparison with the pristine material. It also features a localized state at

around 1 eV below the Fermi level. The presence of these features strongly suggests

that the material after photocatalysis displays similar structural/electronic features

present in the reduced materials before photocatalysis, but detected with lower in-

tensity (or to a minor extent) due to the adsorption of methoxy groups/reaction in-

termediates, i.e., the sample was not regenerated after reaction. The observed fea-

tures detected with low intensity would not be present at all if the materials after

catalysis would have been returned to the initial electronic/lattice structure. We

have shown using DFT calculations that the electronic features of the reduced sam-

ples are due to both the presence of oxygen vacancies and TiO6 octahedra deforma-

tions (different from those imparted by the oxygen vacancy site relaxation), both

induced by the high-temperature treatment under hydrogen. It is not likely that

the catalytic process, as supported by the presented data, eliminates the latter

kind of lattice deformations. On the other hand, the populations of oxygen vacancies

created in the reduced brookite are most likely located in the sub-surface, as the de-

fects on the surface are filled/healed by the interactions with adsorbates upon expo-

sure to air/liquids (i.e., our working conditions). This highlights that they are more

protected and stable in comparison with surface defects. Therefore, all this evidence

remarks that the defects created in the reduced brookite are mainly sub-surface de-

fects, still participating to the catalytic process and that they are stable after photo-

catalysis, in agreement with the observed constant H2 evolution rates.

DFT calculations of the photocatalytic sites

In order to understand the origin of the VB tailing in the electronic structure of the

reduced brookite, we calculated the energy band structure using ab initio DFT cal-

culations. Driven by the XRD results, we focused on the (210) surface of the brookite

TiO2 introducing two types of structural defects: (1) oxygen vacancies located at

different distance from the surface (denoted by V1–V8 in Figures 3B and S46), and

(2) distortion of TiO6 octahedra (see supplemental experimental procedures) by

modifying up to G0.1 Å either the axial or randomly chosen Ti-O distances.

The presence of oxygen vacancies introduces localizedmid-gap states deriving from

the hybridization of O 2p and Ti 3d orbitals (Figures 3C and S47) with their energy

position that varies with respect to the defect’s distance from the surface. In contrast,

the primary effect of the expansion of Ti-O axial distances is to produce strong band
1186 Chem Catalysis 2, 1177–1190, May 19, 2022
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tailing near the VB edge (Figure 3C) entering the band gap by �0.4 eV. When we

introduced a lattice disorder by random displacements of both Ti and O atoms

from their equilibrium positions, both mid-gap states and VB tailing were seen in

the DOS (Figure 3C). The computational results confirmed that the DOS envelope

of the reduced brookite was formed by mid-gap states and VB band tailing due to

the combined effect of oxygen vacancies and lattice distortions. The location of ox-

ygen vacancies in the real samples is represented by a statistical distribution of lat-

tice positions. Each of such defect populations produce different DOS and their

convolution, alongside the effect from lattice distortions, results in the formation

of the VB tailing. Importantly, the oxygen vacancies in the reduced brookite nano-

rods are most likely located in the sub-surface region, as the defects on the surface

are filled/healed by the interactions with adsorbates upon exposure to air/liquids

(i.e., our working conditions).

We also examined the differential electron densities due to the introduction of an ox-

ygen vacancy at two different positions in the slab, namely, surface/near-surface (V3)

or sub-surface (V5) positions (Figures 3B and 3D). In both cases, the excess of charge

was spread over many lattice sites and accompanied by the relaxation of the lattice

atoms by up to 2% to 4% of the equilibrium Ti-O bond length, thus denoting the gen-

eration of a large electron polaron around the oxygen vacancies.

Wepropose that these kinds of bound states betweenoxygen vacancies and large elec-

tron polarons represent the substrate-specific photocatalytic active sites for methanol

oxidation. The size of this photocatalytic active site and the charge distribution around

it favor a high specificity toward the methanol molecule rather than to higher alcohols.

The finding of Zhang and co-workers supports our results, as they recently observed a

similar reactivity pattern in Cu-doped TiO2 nanosheets, where the oxygen vacancies

within a strained environment enabled strong chemisorption and activation of molecu-

lar N2 and water, resulting in high photocatalytic NH3 evolution under visible light irra-

diation.8 Diebold and co-workers recently reported the photo-oxidation mechanism of

methanol at the surface of anatase TiO2.
34 Values obtained fromDFT calculations, scan-

ning tunneling microscopy, and temperature programmed desorption aided by XPS

showed the existence of twodifferent,more favorable pathways for activatingmethanol

adsorbed on TiO2. Methanol molecules are first adsorbed onto the surface Ti5c atoms

dissociating into methoxy groups and hydrogen atoms, which are then oxidized to

formaldehyde (and eventually to formic acid and carbon dioxide) and molecular

hydrogen. Methanol molecules must first dissociate into methoxy groups, and after

this step, the hole transfer from TiO2 becomes energetically favorable. Methanol can

be activated via two pathways (Figure S48): (A) by reaction with dissociated H2O form-

ing terminal OH� species bound to surface Ti5c atoms, and (B) by reaction with acti-

vated adsorbedO2.
34Mechanism (A) begins with the spontaneous dissociative adsorp-

tion of water enabled by the extra charge density due to oxygen vacancies and

reflected by the formation of hydroxyl ions.34,35 Interestingly, brookite TiO2(210) (the

same crystallographic direction expressed on the lateral facets of our brookite nano-

rods) has the same structural building block of anatase TiO2(101), but interatomic

distances are slightly shorter and the blocks are arranged in a different way. Selloni

and co-workers found that these differences significantly change the reactivity toward

adsorption of water (and formic acid), making its dissociationmore possible to occur on

the brookite surface rather than on the anatase.36 This may underlie the enhanced spe-

cific photocatalytic activity that we observed for the anisotropic brookite over the

anatase during methanol photoreforming. This scenario is corroborated by the syn-

chrotron PES of the O 1s region that shows a significant, 24% increase in the OH� spe-

cies adsorbed on the reduced surface in comparison with the pristine brookite. These
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species may be derived from the dissociative adsorption of water, which is more

favored on the reduced brookite due to the extra electrons provided by the sub-surface

oxygen vacancies.32 Mechanism (B) is less probable, as our experiments are performed

in the absence of oxygen (under Ar atmosphere). However, it should be noted that

some traces of peroxide species were detected by EPR,12,37 suggesting that mecha-

nism (B) may occur even at a lower extent than mechanism (A). This could also point

to a faster decomposition of hydrogen peroxide to water and bridging oxygen dimer

(step (iii) / (iv) in mechanism B) in the most photoactive sample (B700) after illumina-

tion. Finally, besides the pure (A) and (B) mechanisms, an intermediate case can be also

considered, inwhich theOH� formation results from the reaction of coadsorbedO2 and

H2O.38
Conclusions

In summary, we demonstrated the concept of enhancing the photocatalytic activity dur-

ing alcohol photoreforming by engineering the defect sites in an anisotropic platinized

brookite in a way that enables substrate-specific oxidation photoactivity. Synchrotron

photoemission spectroscopy and in situ photoluminescence investigations aided by

DFT calculations showed that creating a low amount of defects (i.e., oxygen vacancies)

in well-defined lattice positions produces a kind of bound state between oxygen va-

cancies and large electron polarons hosting the photocatalytic active sites, which act

as shallow hole traps during alcohol photoreforming. Our results also demonstrate

that the nature of the produced defects/photocatalytic sites varies with respect to

the selected TiO2 polymorph and on its crystal shape. This work highlights the value

of analyzing the reaction products of both the reductive and the oxidative pathways

during photocatalytic reactions alongside opening new avenues for substrate-selective

photocatalytic biomass conversion through the atomic design of the active sites.
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