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Charge carrier recombination processes, intragap
defect states, and photoluminescence
mechanisms in stoichiometric and reduced TiO2

brookite nanorods: an interpretation scheme
through in situ photoluminescence excitation
spectroscopy in controlled environment†

Romina Rega,‡a Ambra Fioravanti,‡b S. M. Hossein Hejazi,c,d Mahdi Shahrezaei,c

Štěpán Kment,c,d Pasqualino Maddalena, e Alberto Naldoni *f and
Stefano Lettieri *e

The study of titanium dioxide (TiO2) in the brookite phase is gaining popularity as evidence has shown the

efficient photocatalytic performance of this less investigated polymorph. It has been recently reported

that defective anisotropic brookite TiO2 nanorods display remarkable substrate-specific reactivity towards

alcohol photoreforming, with rates of hydrogen production significantly (18-fold) higher than those exhibited

by anatase TiO2 nanoparticles. To elucidate the basic photo-physical mechanisms and peculiarities leading to

such an improvement in the photoactive efficiency, we investigated the recombination processes of photo-

excited charge carriers in both stoichiometric and reduced brookite nanorods via photoluminescence exci-

tation spectroscopy in controlled environment. Through an investigation procedure employing both supragap

and subgap excitation during successive exposure to oxidizing and reducing gaseous agents, we firstly

obtained an interpretation scheme describing the main photoluminescence and charge recombination path-

ways in stoichiometric and reduced brookite, which includes information about the spatial and energetic posi-

tion of the intragap states involved in photoluminescence mechanisms, and secondly identified a specific

photoluminescence enhancement process occurring in only reduced brookite nanorods, which indicates the

injection of a conduction band electron during ethanol photo-oxidation. The latter finding may shed light on

the empirical evidence about the exceptional reactivity of reduced brookite nanorods toward the photo-oxi-

dation of alcohols and the concomitant efficiency of photocatalytic hydrogen generation.

1. Introduction

It is well known that many solids can exist in different crys-
talline structures, called polymorphs, which exhibit distinct
differences in surface atom arrangements and surface ener-
gies. Hence, the existence of polymorphs is very significant
in fields where the surface properties of a material play a
leading role, such as photocatalysis1 and chemical sensing.2

Among polymorphic metal oxides, titanium dioxide (TiO2)
stands as an important material for chemical sensing3 and
the most widely studied photocatalyst. It has four known
polymorphs: rutile (the most thermodynamically stable
phase, a tetragonal system, space group P42/mnm, and
number 136), anatase (a tetragonal system, space group I41/
amd, and number 141), brookite (an orthorhombic system,
space group Pbca, and number 61) and bronze TiO2(B) (a
monoclinic system, space group C2/m, and number 12).

†Electronic supplementary information (ESI) available: XRD spectra as-synthesized
brookite nanorods; PLE maps and excitation spectra for B700-1 h samples; study of
higher-energy (“green”) vs. lower-energy (“red”) spectral components of the visible
PL of B700-2 h. See DOI: https://doi.org/10.1039/d4nr00593g
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Among them, the first two are employed in numerous scien-
tific papers and applications.

Brookite TiO2 is significantly less investigated than rutile
and anatase, mainly, because its synthesis in pure form is
comparatively difficult to achieve. Earlier studies on brookite
TiO2 synthesis date back to the 1950s.4 Since then, and specifi-
cally in the last decade, significant advancements have been
made towards the synthesis of brookite TiO2 nanoparticles
and films5,6 and towards the controlled growth of TiO2 crystals
in a pure or mixed phase.7 Owing to such synthesis improve-
ments, the photocatalytic performances of brookite TiO2 have
been increasingly tested, and in recent years, brookite is
gaining popularity considering the scientific works reporting
the efficient photocatalytic performances of this polymorph, in
many cases even showing better results than the more com-
monly used rutile and anatase polymorphs.1,8–14 In addition to
the specific photoactive properties of pure brookite, it is also
worth noting that mixed phase TiO2, in which brookite is com-
pounded with rutile and/or anatase, can also be extremely
useful. These systems are usually highly photoactive8 because
heterojunctions present at the border regions between distinct
phases can enhance the separation of photogenerated elec-
tron–hole pairs, hindering their recombination.7

The use of appropriate co-catalysts,15,16 engineering of a TiO2

photocatalyst in photonic crystal structures,17,18 single-atom
catalysts19,20 and reduction through hydrogenation or other
means21–23 are currently regarded as promising options for
extending the application potential of TiO2. Regarding the latter
route, a recent work by Hejazi and coworkers24 demonstrated the
possibility of designing an efficient photocatalyst consisting of
defective anisotropic brookite TiO2 nanorods (NRs) characterized
by engineered defectivity obtained through reductive thermal
treatments in H2. Upon platinization, the photocatalyst displayed
a substrate-specific boosted reactivity towards alcohol photore-
forming compared to the case of anatase and brookite with isotro-
pic nanocrystals. Notably, an increase in the rate of hydrogen evol-
ution up to 18-fold higher than that of the pure anatase TiO2

counterpart was evidenced during methanol photoreforming.
Elucidating the mechanisms governing the fate of photo-

generated charge carriers in the photocatalyst is of primary
importance to advance our understanding of photocatalytic per-
formances and how to tailor them. In this regard, employing
photoluminescence (PL) spectroscopy is especially useful, particu-
larly for the study of indirect bandgap semiconductors, such as
TiO2. In fact, PL occurs via the radiative recombination of a
photogenerated electron–hole pair, which in any indirect semi-
conductor can happen via only the spatial superposition of a free
charge carrier with a trapped charge carrier. Hence, their PL
efficiency depends on the location of defects that trap the charge
carriers by the mobility of photogenerated electrons and/or holes
and by the possible occurrence of charge-depleted layers below
the surface of the material induced by chemisorbed species. In
other words, the PL activity of an indirect semiconductor is con-
trolled by structural defectivity and surface properties. This
explains why in many instances PL spectroscopy is demonstrated
to be a sensitive tool for the analysis of metal oxides; few

examples include in situ analysis of redox reactions,25 optochem-
ical sensing26 and probing residual surficial presence of anatase
in anatase-to-rutile conversion.27

As the structural defectivity also decisively defines the
photocatalytic properties, the correlations between them and
the PL characteristics are evident, establishing PL as a power-
ful tool to analyze the behavior of photogenerated charges in
photocatalysts.28–31 However, it is important to highlight that
PL studies can be conducted at various levels of sophistication.
Routine PL analyses based on simple and stand-alone setups
are often insufficient to provide basic information; for
example, the chemical nature of the defect involved in the
observed charge recombination. Further information can be
extracted by probing the PL processes activated by variable
excitation wavelengths, a procedure known as “excitation-
resolved” PL spectroscopy (shortened as PLE), which can, for
example, probe the formation of structural defects32 and/or
other PL-active states related to sample modifications.33–35

Through the analysis of the PLE data, we derive and present
an interpretation scheme describing the leading charge recombi-
nation processes and photoluminescence mechanisms in stoi-
chiometric and reduced brookite TiO2 nanorods. To achieve this,
we used a specific PLE procedure employing (a) optical excitation
of the photocatalysts at both sub-bandgap and supra-bandgap
wavelengths and (b) ambient controlled (in situ) measurements,
supplying reducing and oxidizing agents in gaseous form at con-
trolled flow rates and low concentrations. As we discussed, these
elements carry several advantages over studying the catalyst PL in
a liquid environment (e.g., in contact with solvents) and, more
importantly, are necessary to extract basic information about the
recombination processes.

Our analysis identifies two leading charge recombination path-
ways: (i) recombination of free and shallowly-trapped electrons
recombining with trapped holes, which we interpreted as the
origin of visible light emission in the 500–700 nm range, and (ii)
recombination of non-photogenerated and deeply-trapped elec-
trons with free holes occurring at the nanorod surface, which orig-
inates from the near-infrared light emission centered at 830 nm.

Additionally, (iii) we evidenced a substrate-specific process
that occurs during the interaction of reduced brookite with
ethanol under ultraviolet illumination and causes a large
enhancement of visible PL at supragap excitation. Based on
our model, we interpret this phenomenon as being caused by
the injection of free electrons in the conduction band of
reduced brookite NRs during the initial photo-oxidation of
ethanol. Such a specific effect may shed light on the empirical
evidence reported regarding their exceptional reactivity toward
the photo-oxidation/reforming of alcohols.

2. Experimental details
2.1. Preparation of brookite nanorods and sample
nomenclature

Anisotropic brookite nanostructures (nanorods, NRs for
brevity) were prepared for the present study using a hydro-
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thermal method. Titanium(IV) bis(ammonium lactate) dihydr-
oxide [NH4C3H4O3]2Ti(OH)2 in a 50 wt% aqueous solution
(obtained from Sigma–Aldrich) referred to as TALH, along with
an 11.5 M urea solution in deionized (DI) water, which was of
ACS reagent quality (also provided by Sigma–Aldrich), were
used as precursors. The process followed a hydrothermal
method, which was previously detailed elsewhere.24

To initiate the synthesis, 1 mL of TALH was combined with
9 mL of urea in DI water and stirred until a clear solution was
achieved. This solution was then transferred to a 25 mL
Teflon-lined autoclave, which was subsequently placed in an
oil bath set at 180 °C. During this time, the mixture was stirred
at 800 rpm for 6 days. Following this hydrothermal treatment,
the autoclave was allowed to cool at an ambient temperature.
The resulting precipitate was then subjected to multiple cycles
of separation through centrifugation and sonication in DI
water until the pH of the supernatant reached a neutral level.
In the last step, the obtained precipitate was dried in a freeze
dryer for 24 h.

The as-synthesized powders, from here onwards referred to
as B-AS, exhibited a white appearance in conformity with the
diffused reflectance data shown in Fig. 1. Reduced brookite
NRs were successively prepared by thermal treatment under a
hydrogen (H2) stream at different temperatures. No significant
amounts of non-metal contaminants were detected via the

CHN analysis of the as-synthesized and reduced samples.24

The data presented in this work involve samples of stoichio-
metric TiO2 brookite (B-AS) and reduced brookite subjected to
reduction treatment in H2 at a temperature of 700 °C for time
durations of 1 hour and 2 hours. The nomenclature used for
the reduced samples first indicates the reduction temperature
and then the treatment duration. For example, the abbrevi-
ation B700-2 h is used here to indicate the sample consisting
of nanorods reduced at 700 °C for 2 hours.

2.2. Structural, morphological, and optical characterizations

X-ray diffraction (XRD) patterns were recorded at room temp-
erature (26 °C) using an Empyrean (PANalytical, Almelo, the
Netherlands) diffractometer in Bragg–Brentano geometry with
Co-Kα radiation (40 kV, 30 mA, λ = 0.1789 nm). The diffract-
ometer was equipped with a PIXcel3D detector, programmable
divergence and diffracted beam anti-scatter slits. The measure-
ment range was 2θ = 10°–100°, with a step size of 0.0167° and
an acquisition time of 4 s per step.

The morphological analyses of the samples were performed
by transmission electron microscopy (TEM) JEM-2100 (JEOL,
Tokyo, Japan) at an accelerating voltage of 200 kV. For TEM
measurements, the samples were dispersed in ethanol by soni-
cation for 5 minutes; then, the suspensions were dropped on

Fig. 1 (A and B) TEM and HRTEM images of the B-AS sample. (C and D) TEM and HRTEM images of the B700-2 h sample. (E) Raman spectra of B-AS
(black curve) and B700-2 h (red curve). (F) Peak-normalized Kubelka–Munk function F(λ) obtained from the diffused reflectance spectra R(λ)
measured of the B-AS (black curve), B700-1 h (blue curve) and B700-2 h (red curve) samples.
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the copper grid with holey carbon film and dried upon air
exposure.

Raman spectra were collected using a DXR Raman spectro-
meter (Thermo Scientific, Massachusetts, USA). The excitation
laser was operated at a wavelength of 455 nm. The samples
were deposited on a silicon wafer, and the laser was focused
on its surface and tuned to maximize the signal. The laser
power on the sample was set to 0.1 mW cm−2, and the
exposure time was 3 s.

The ultraviolet-visible diffuse reflectance spectra of the
samples were measured using a Specord 250 Plus (Analytik
Jena, Jena, Germany) spectrophotometer. An integrating
sphere was used to collect the spectrum, and a Spectralon
reference sample was used to measure the background.

2.3. PLE spectroscopy in controlled environment

2.3.1. Rationale and definitions. PL measurements at the
variable excitation wavelength, hereinafter also referred to as
excitation-resolved PL or, more simply, PLE (photo-
luminescence excitation) spectroscopy, were conducted as the
main tool for studying the pathways of charge-carrier recombi-
nation in the brookite nanorods by analyzing how the various
radiative recombination processes are modified by the inter-
action of the oxidizing and reducing gaseous species with the
charge carriers.

It is important to highlight that carrying out the analyses in
a controlled gaseous environment instead of using liquid sol-
vents has the following specific advantages.

(1) Employing a gaseous environment instead of liquids to
investigate redox-induced PL changes allows for avoiding
alterations in the optical absorption of the catalyst and in the
optical path of emitted light, which can affect, in non-control-
lable ways, the light collection and hence the measured PL
intensity.

(2) Using controlled and low concentrations of the redox
species avoids the saturation of the PL response that usually
occurs at high concentration values of the adsorbed species,
which often occurs when the catalyst is in contact with liquid
solvents.

(3) The use of pure gas flows instead of the aqueous solu-
tion of the analyte avoids humidity, which usually acts as an
interfering species and yields cross-interactions that compli-
cate the interpretation of the data.

(4) Supplying the redox molecule at a constant rate allows
precise monitoring of the time dynamics of the catalyst–mole-
cule interaction.

Molecular nitrogen (N2) and oxygen (O2) were used here as
inert and oxidizing species, respectively, while ethanol (EtOH)
diluted at 100 ppm concentration in N2 was employed as the
reducing species. The choice of ethanol was consistent with
the goal of deepening our understanding of the interaction
between alcohols and brookite NR photocatalysts, given the
applicative relevance of the investigated materials for alcohol
photoreforming.

By “PLE maps”, we henceforth mean the contour plots of
the quantities Φ(λPLλexc), which designate the intensity (in cps

units) of the PL intensity measured at wavelength λPL when the
sample is excited by light of wavelength λexc.

The term “PLE spectra” indicates the total intensity of PL
radiation emitted at a specified interval ΔλPL of emission wave-
lengths. They are indicated by IPLE(λexcΔλPL), which is defined
as follows:

IPLE λexc;ΔλPLð Þ ¼
ð
ΔλPL

Φ λPL; λexcð ÞdλPL: ð1Þ

The experimental PLE spectra are obtained via the numeri-
cal integration of the PLE maps over the selected interval ΔλPL.

The optical excitation wavelength in the PLE experiments
for B-AS varied in the interval Δλexc = 350–470 nm, corres-
ponding to photon energy interval 3.54–2.64 eV. In the case of
reduced (B700) samples, a narrower interval of Δλexc =
350–470 nm (photon energy 3.54–2.82 eV) was employed
because no significant PL signal was detectable at a wave-
length longer than 440 nm.

2.3.2. Experimental setup. PLE spectroscopy in controlled
environment was conducted using a white-light Xe lamp (450
W power) optically coupled with a computer-controlled mono-
chromator equipped with two diffraction gratings with a
groove density of 1200 grooves per mm. This system provided a
tunable light excitation beam spectrally narrowed to an FWHM
of about Δλ ≈ 2 nm that was collected via a liquid-core flexible
waveguide and slightly focused on the sample plane to obtain
a circular illumination area of diameter of about 5 mm.

The samples were analyzed as dry powders placed inside a
home-built optical chamber equipped with a fused silica
optical window and gas inlet and outlet. The light emitted via
PL by the illuminated samples was collected using a lens
system and focused on the input slit of the detection spectro-
meter (Triax 320 Horiba, f = 320 mm effective focal length) via
a multimode optical fiber. The PL light was dispersed via
150 grooves per mm grating and imaged on a thermoelectri-
cally cooled CCD camera operating at −70 °C. A long-wave pass
optical filter with a cutoff wavelength of 500 nm was used to
block the excitation light and to avoid the detection of spur-
ious fluorescence from the liquid waveguide. The measured
intensities of the PL spectra were automatically divided by the
excitation intensity, corrected for the spectral response of the
overall optical system and divided by the integration time. The
intensity data are provided in counts per second (cps) units.

The gaseous environment in the optical cell was regulated via
a mass flow controller connected with certified cylinders of dry
N2 (99.9995% purity), dry air (20% O2 and 80% N2) and ethanol/
N2 mixture (100 ppm EtOH concentration in N2). The total flow
through an entire experiment was always kept constant at a rate
of 300 standard cubic centimeters per minute (sccm). All
measurements were performed at room temperature.

2.3.3. Measurement protocol. Measurements in a con-
trolled gaseous environment were performed in accordance
with the following protocol. First, each sample, in the form of
dry powders, was placed in an optical test chamber. The
chamber was then closed, and a 300 sccm (standard cubic
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centimeters per minute) flow of N2 was activated. During the
N2 flow, the PL emission spectra of the samples were obtained
by supragap excitation (illumination wavelength λexc = 364 nm)
were monitored, tracking changes to the removal of O2 and
determining when a stable PL intensity was reached. As the PL
signal stabilized in the N2 atmosphere, a PLE map, defined in
Subsection 3.2, was acquired (“PLE in N2”). Successively, the
gaseous environment was changed by stopping the N2 flow
and activating a 300 sccm flow of EtOH (at a concentration of
100 ppm, diluted in N2). Throughout this transition, the PL
emission under λexc = 364 nm illumination was continuously
monitored until the PL stabilized in the new gaseous environ-
ment. Once a stable PL intensity in the EtOH environment was
reached, another PLE map was performed (“PLE in EtOH”).
Next, the EtOH flow was stopped and replaced by a 300 sccm
flow of dry air from a certified bottle while again monitoring
the PL emission using 364 nm excitation, as conducted pre-
viously. Finally, a last PLE map was acquired once the PL
intensity was stabilized in dry air (“PLE in dry air”).

It is noteworthy that the samples were continuously
exposed to controlled gaseous at the same flow (300 sccm)
once loaded into the cell and that all measurements were per-
formed at room temperature. We chose to monitor the PL
signal at λexc = 364 nm, as it is optimal for the excitation of the
infrared PL, which exhibited fast and remarkedly sensitive
dynamics toward the gaseous species. We also underline that
the powders were kept in the dark while stabilizing in different
gaseous environments, except for the time interval when the
PL spectra were monitored. Such illumination durations were
set at 3 s for the B-AS sample and 6 s for the B700, as it exhibi-
ted less intense PL.

3. Results and discussion
3.1. Sample characterizations

TEM and HRTEM micrographs of the as-synthesized (B-AS)
nanorods are reported in Fig. 1A and B, respectively. It is
observed that hydrothermal synthesis leads to the formation
of anisotropic nanostructures exhibiting well-defined shapes
and exposed crystal facets. The TEM and HRTEM images
shown in Fig. 1C and D refer to the sample thermally treated
for 2 hours in hydrogen at temperature T = 700 °C (B700-2 h).
Consistent with previous investigations, it is observed that the
reduction process induces a partial reshaping of the nano-
structures, leading to more irregular and isotropic nano-
particles. XRD analysis reported in ESI (Fig. S1†) for the syn-
thesized nanorods evidence the characteristic XRD of (121)
planes of brookite at 2q = 30°. It is important to note the
absence of a diffraction peak at 32°, which is associated with
the (110) plane of rutile TiO2.

The analysis of B700 samples reported in our previous
works24 reveals that the nanorods remain stable, maintaining
the brookite phase, while employing temperatures higher than
700 °C produced mainly the rutile phase (T = 800 °C) or the
Magneli sub-oxide phase Ti9O17.

Raman analysis is highly effective in combination with XRD
to verify the purity of the obtained brookite TiO2. Anatase and
rutile, being more symmetric than brookite, yield relatively
simple Raman spectra featuring few active modes.36 The less
symmetric orthorhombic brookite yields many more bands
than the other two polymorphs so that even small amounts of
brookite TiO2 can be detected in mixed-phase samples.37 The
Raman spectrum of B-AS and B700-2 h samples are reported
in Fig. 1E, revealing the presence of the Raman-active mode
characteristics for the brookite phase. It is to be noted that
both the spectra shown in Fig. 1E show no Raman signal
associated with the A1g (∼612 cm−1) and Eg (∼447 cm−1) mode
characteristics for the rutile phase. Hence, the Raman investi-
gation further reinforces the evidence that the obtained broo-
kite phase is pure and stable up to a processing temperature of
700 °C with no significant amount of rutile and anatase.

The Kubelka–Munk (KM) function for B-AS, B700-1 h and
B700-2 h samples, obtained from the measured diffused reflec-
tance spectra, are shown in Fig. 1F. The KM function F(R) is
determined according to the standard definition F(λ) = (1 −
R(λ))2/2R(λ), where R(λ) is the diffused reflectance of the
material at wavelength l. As expected, the KM function for stoi-
chiometric brookite B-AS is spectrally flat and has low values
over the entire visible and near-infrared range. This indicates a
diffused reflectance of R(λ) ≈ 1 that is spectrally uniform over
the entire visible range, which is consistent with the white
appearance of the brookite powder.

It is clearly observed that the reductive treatment induced
the formation of an optical absorption band with increased
intensity at a longer wavelength and extended up to the near-
infrared range (1100 nm and above), explaining the blueish/
grey appearance of the reduced samples. The same modifi-
cation of the absorption spectrum, leading to “blue titania”, is
found through other reductive means usually associated with
milder reduction treatments.23

The new absorption band acquired from the reductive treat-
ment is associated with a new optical transition with initial
state electrons trapped at point defects created by the reductive
process and conduction band states as final states.38 At the
present day, it is quite well agreed that the formation of a new
defect-related optical absorption band does not necessarily
coincide with an enhancement in visible light-activated photo-
activity of the reduced sample. For example, experiments con-
ducted on platinized reduced brookite nanorods show no
improvement in the rate of H2 production rate under visible
light irradiation for reduced samples.24

3.2. PLE in a controlled environment: as-synthesized
brookite nanorods

The intensity maps Φ(λPLλexc) for B-AS samples are depicted in
Fig. 2 as contour plots. The maps in Fig. 2A–C refer to B-AS in
N2, EtOH (100 ppm) and dry air, respectively. We refer to the
data in Fig. 2A recorded in the inert N2 environment as the
“intrinsic” (i.e., adsorbate independent) PL emission of the
B-AS.
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The main experimental findings inferable from the data in
Fig. 2 can be summarized as follows:

(a) Simultaneous presence of a visible and near-infrared PL
band.

(b) Significant PL activity in the visible range even at
subgap excitation.

(c) PL-quenching effect operated by EtOH, mild on VIS-PL
and strong for NIR-PL.

(d) Significant effect operated by O2 exposure (N2 vs. dry air
PLE)

We expand on these points.
As mentioned in point (a) above, the data show that the PL

spectra of B-AS NRs always exhibit two components, indepen-
dent of the gaseous environment and the excitation wave-
length tested. The first component is a broader one, extending
in the visible (VIS) range and peaking at about 540 nm (∼2.3
eV). The second is narrower, peaks at about 820 nm (1.51 eV),
and extends in the 800–900 nm wavelength (1.55–1.37 eV)
near-infrared interval. The two bands are hereinafter referred
to as VIS-PL and NIR-PL. They resemble the PL characteristics
exhibited by anatase (showing VIS-PL only) and rutile (NIR-PL
only). Mixtures containing both phases, resulting from incom-
plete thermal conversion of anatase to rutile, also exhibit both
PL bands.39,40 However, brookite appears to be the only pure
TiO2 phase that shows the two bands simultaneously.

Additionally, we note that both the supragap and subgap
generate VIS-PL emission. This occurs not just for the “intrinsic”
PL intensity shown in Fig. 2B but also for all of the other exam-
ined gaseous environments. The situation is quite different for
the other band: NIR-PL is relevant only for supragap excitation,
except for a weak residual “tail” in the excitation range of
380–420 nm (this “tail” is better evidenced by the excitation
spectra shown in Fig. 3). Moreover, NIR-PL is strongly sup-
pressed by exposure to EtOH molecules, but this does not occur
for VIS-PL.

The effect of EtOH exposure, mentioned in point (c), is
quite relevant for NIR-PL, which is completely suppressed after
inserting the EtOH flow. The complete quenching of NIR-PL
occurs at all the excitation wavelengths (see Fig. 2B) and is
fast, as the NIR-PL becomes unobservable within few minutes.
Notably, EtOH quenches the VIS-PL, but in this case, the effect
is milder. Additionally, no EtOH-related effect on PL intensity
is observed when the excitation energy is well below the
bandgap energy. This is more clearly recognizable by the
observation of the excitation spectra reported (Fig. 3, excitation
wavelengths longer than 420 nm).

Finally, a substantial impact is noted due to O2 exposure
(Fig. 2C), showing a clear O2-induced decrease in the VIS-PL
intensity and an increase in the NIR-PL. This highlights the
dual role of O2 as a quencher for VIS and enhancer for NIR
bands in brookite, a fact that is known to occur separately for
anatase and rutile phases of TiO2.

41–44 It is, therefore, natural
to infer that the similar charge recombination pathways are at
play in all of the TiO2 polymorphs.

The information contained in the PLE maps can be more
easily visualized and deducted by plotting the excitation

Fig. 2 PLE maps of as-synthesized brookite (B-AS), measured in N2 (A),
EtOH 100 ppm (B) and dry air (C) according to the experimental protocol
described in section 2.4. The PL intensities are normalized by the
exposure time and are thus expressed in counts per second (cps) units.

Nanoscale Paper

This journal is © The Royal Society of Chemistry 2024 Nanoscale, 2024, 16, 11296–11309 | 11301

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

9 
A

pr
il 

20
24

. D
ow

nl
oa

de
d 

on
 1

/2
2/

20
26

 7
:1

4:
29

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4nr00593g


spectra IPLE(λexc) defined in eqn (1). They are shown in Fig. 3 as
obtained from the data depicted in Fig. 2 and using the inte-
gration intervals ΔλPL = 530–690 nm (2.34–1.80 eV) to evaluate
the total VIS-PL and ΔλPL = 800–900 nm (1.55–1.80 eV) for the
total NIR-PL.

The excitation spectra for VIS-PL (Fig. 3A) clearly show that
this band is quenched by O2 compared to the intrinsic emis-
sion in N2 (black vs. blue curves), in particular for excitation
energies close to the bandgap edge (e.g., 360–400 nm exci-
tation range). Moreover, O2 is ineffective for PL excited by low
energy (i.e., λexc > 420 nm) photons, as the black and blue
curves nearly perfectly overlap in this excitation range.
Similarly, EtOH is a quencher for the VIS-PL in the entire spec-
trum of examined excitation wavelengths although the effect is
very mild at longer wavelengths.

Regarding the NIR-PL (Fig. 3B), the excitation spectra are
helpful in visualizing the complete suppression of NIR-PL
caused by EtOH adsorption (black vs. red curves) at all mean-
ingful examined excitation wavelengths. Plot 3B also demon-
strates that the shape of the excitation spectrum of O2-
enhanced NIR-PL in air resembles that of an interband absorp-
tion, with a slope change close to the nominal bandgap posi-
tion (≈370 nm). We also note that the O2-induced enhance-

ment of NIR-PL is observed only for supragap excitation. This
evidence proves insightful, as discussed later.

3.3. Recombination processes and PL mechanisms in as-
synthesized brookites

The present discussion uses the symbols eCB
− and hVB

+ to
denote the free (conduction band) electrons and (valence
band) holes, respectively, while etr

− and htr
+ denote electrons

and holes trapped at mid-gap states, respectively. As expected
from the indirect nature of the TiO2 bandgap, no band-to-
band radiative recombination is observed. Hence, radiative
recombination necessarily involves at least one carrier trapped
in a mid-gap defective state in processes usually referred to as
“free-to-bound” radiative recombination (FBRR) in the litera-
ture. This explains why the PL of TiO2 is controlled by its
defectivity and is the primary reason why PL studies are impor-
tant in indirect-gap metal oxide photocatalysts.

For the sake of clarity, the PL mechanisms and charge
recombination processes relative to the two observed emission
bands are discussed separately.

3.3.1. VIS-PL in as-synthesized brookite. Based on the ana-
lysis of the experimental evidence, we propose that the domi-
nant mechanism for VIS-PL is the electron FBRR, or, more pre-
cisely, the recombination of free or shallowly trapped electrons
with deeply trapped holes formed through the relaxation of
photogenerated free holes. A key factor in this process is the
binding energy of the electrons (i.e., their energetic distance
from the conduction band edge), as the subgap excitation data
suggest that the new electron states can be populated even 0.3
eV below the CB edge.

To explain how our proposal is deduced, we point out four
pieces of evidence highlighted by the experimental results.

3.3.1.1. Spectral shape and peak position of the VIS-PL. As
already noted, the PLE maps consistently show in all atmo-
sphere environments that the VIS-PL is spectrally broad. This
correlates positively with the broad distribution of (mid-gap)
hole states suggested by quantum calculations and evidenced
by photoemission data in the work by Hejazi et al.24 The con-
trast with the spectral narrowness of NIR-PL is considered in
the subsequent discussion.

3.3.1.2. VIS-PL quenching effect of O2 at supragap excitation.
Investigations conducted on anatase43,45–49 have suggested
that VIS-PL quenching specifically relates to a process invol-
ving free electrons eCB

−. In particular, it originates from the
scavenging of photogenerated free electrons by chemisorbed
O2, causing the formation of oxygen species with a charged
character (e.g., O2

−, O−) and consequent formation and enlar-
gement of a depletion layer beneath the semiconductor
surface.50–52 As the depletion layer widens, the PL active region
shrinks. Furthermore, O2 scavenges electrons that could con-
tribute to PL emission. The combination of the two effects
(electron scavenging and depletion layer widening) mutually
reinforces the PL quenching. This interpretation for the PL
quenching is nowadays widely accepted for anatase, and all
the pieces of evidence shown so far suggest that it should be
invoked for brookite as well. The logical inference is that O2-

Fig. 3 Excitation spectra for B-AS calculated according to eqn (1) from
the PLE map data in various gaseous environments. (A) Excitation
spectra of the VIS-PL, calculated using the integration interval ΔλPL =
530–690 nm. (B) Excitation spectra of the NIR-PL, calculated using the
integration interval ΔλPL = 800–900 nm. The black, red, and blue curves
refer to the as-synthesized brookite nanorods in N2, EtOH (100 ppm)
and dry air.
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induced quenching VIS-PL in brookite occurs via the same
mechanism so that the PL emission mostly originates from
free electrons.

3.3.1.3. Scarce effect of O2 on VIS-PL at subgap excitation. As
shown previously, the excitation spectra indicate that the O2

effect becomes less relevant as the excitation photon energy
falls below the bandgap threshold. This observation aligns
with two contributing factors: (i) the reduced capacity of O2 to
scavenge deeply trapped electrons and (ii) the larger pene-
tration depth of longer wavelength excitation. The latter
implies the photogeneration of electrons deeper within the
bulk, thus having a lower likelihood of migrating to the
surface instead of recombining or being trapped before reach-
ing it.

3.3.1.4. “Mild” quenching of VIS-PL induced by EtOH at all
excitation wavelengths. Here, the term “mild” is not meant in
the absolute sense, but in comparison to the much more
drastic effect exerted by EtOH on the NIR-PL. Given the
well-known ability of EtOH to scavenge the free holes in
TiO2, a logical way to interpret a PL quenching caused by
EtOH is by proposing that valence band holes are involved
in the VIS-PL. Free holes might either directly participate in
the recombination or influence it indirectly by relaxing into
trapped holes that then recombine in the FBRR process
with free electrons. Either way, hole scavenging causes PL
quenching.

It is very evident that ethanol’s ability to quench VIS emis-
sion is significantly less than its ability to entirely suppress the
NIR emission. This suggests that in VIS-PL, the valence band
holes might not be directly involved in recombining with elec-
trons. Instead, the VIS emission band likely involves holes that
first transition (i.e., relax) to trapped states and then undergo
radiative recombination with electrons.

A scheme that sums up all the observations made so far for
the VIS-PL and includes both the case of supragap (top figure)
and subgap excitation (bottom figure) is shown in Fig. 4.

The blue vertical arrows indicate the optical absorption
transitions of the electrons. The transition (a) in the upper
figure represents an interband transition occurring by supra-
gap excitation, while the transitions (d) and (e) in the lower
figure indicate a subgap transition that generates free holes
(represented by the empty circles) and shallowly trapped elec-
trons (indicated by es

−) energetically positioned below the CBE
edge. It is worth noting that these shallow states are likely the
ones probed via transient absorption spectroscopy by Vequizo
and coworkers, who found a fast relaxation kinetics of conduc-
tion band electrons towards these states and argued that the
comparatively small energy depth of such states in brookite
TiO2 is optimal to improve the photocatalytic efficiency of
brookite TiO2 compared to the rutile phase.13

The colored region above the valence band edge (VBE) rep-
resents a broad distribution of initially occupied mid-gap
states, previously evidenced in the as-synthesized brookite NRs
and attributed to TiO6 octahedra deformations.24 After photo-
generation, the charge carriers undergo fast relaxation toward
states with lower energy for electrons and higher energy for

holes, represented in the figure by diagonal dashed red lines.
In particular, (b1) and (b2) label an electron and hole relax-
ation, respectively.

Fig. 4 Proposed scheme for the VIS-PL of brookite nanorods. Supragap
optical absorption, indicated by (a) in the top figure, generates free carriers
that can relax to the available states of interaction with O2 and EtOH. The
relaxations are indicated by dashed arrows and labelled as (b1) for electrons
and (b2) for holes. Electron scavenging by O2 and hole scavenging by EtOH
are labelled by (c1) and (c2), respectively. As demonstrated by the observed
VIS-PL emission at subgap excitation, optical transitions can also occur at
lower excitation energies, populating available levels below the conduction
band edge (CBE), as indicated by labels (d) and (e) in the bottom figure.
Lower energy excited electrons are less prone to reaction with adsorbed
O2: this is represented by the use of a thinner dashed line for capture of
electrons excited by transition (d). Finally, the relaxed photogenerated elec-
trons remaining in the conduction band (ecb

−) or in subgap shallow states
(es

−) can recombine with relaxed trapped holes (htr
+).
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In Fig. 4, the capture of relaxing charge carriers by oxidizing
or reducing molecules is represented through processes
labelled as (c1) (oxidation by O2) and (c2) (reduction by EtOH).
Conduction band electrons able to migrate to the surface can
interact with O2, forming charged species and quenching the
PL. This quenching is expected to be less effective for electrons
excited in subgap shallow states (as shown in (d) and (e)) due
to their higher binding energy and the larger optical pene-
tration depth of the long wavelength excitation. This fact is pic-
tured symbolically using a thinner dashed line for the O2

•−

formation.
As the relaxation is completed, PL occurs by radiative

recombination processes indicated by the green arrows
directed downwards. Based on the consideration made so far,
photon emission is expected to occur via the radiative recombi-
nation of free or weakly bounded electrons with trapped holes
populating the mid-gap states. The large energy dispersion of
the mid-gap states can account for the spectrally broad VIS-PL.

It is noteworthy that the mechanism shown in Fig. 4 pro-
vides an interpretation of the observed mild quenching caused
by EtOH across all involved excitation wavelengths. In fact, in
this scheme, all the radiative transitions involve trapped holes
htr

+, resulting from the relaxation of photogenerated free holes
hvb

+. Such relaxation is always in competition with the scaven-
ging of free holes by EtOH.

3.3.2. NIR-PL in as-synthesized brookite. The experimental
findings indicate that the brookite NIR-PL does not originate
from the same processes that cause its VIS-PL. This is evi-
denced by the fact that O2 acts as an enhancer of NIR-PL at
supragap excitation, while the exact opposite occurs for
VIS-PL. Another point to consider is that EtOH is significantly
more efficient at quenching NIR-PL than VIS-PL. According to
these facts, we can derive the following points:

(1) NIR-PL cannot originate from free and/or shallowly
bounded electrons that contribute to VIS-PL (see the scheme
in Fig. 4). Therefore, NIR-PL must involve deeply trapped elec-
trons (etr

−) with energies low enough to avoid being scavenged
by O2.

(2) According to the established mechanisms of electron
scavenging by O2, the NIR-PL enhancing activity of O2 strongly
suggests the involvement of free holes hVB

+. In fact, the for-
mation of charged species (e.g., O2

−) at the surface resulting
from electron scavenging implies an increase in the density of
free holes hVB

+ in the sub-surface region. This, in turn, implies
an increased spatial overlap of free holes with low-energy elec-
trons trapped in the vicinity of the surface and, hence, an
improved probability of their radiative recombination.

We sum up these observations by proposing a mechanism
in which the NIR-PL occurs via radiative recombination of
deeply trapped electrons edt

− positioned at about half of the
bandgap with photogenerated free holes. It is worth noting
that these trapped electrons have to be non-photogenerated
(that is, the associated deep energy levels are not occupied via
the relaxation of photogenerated electrons from the conduc-
tion band). Otherwise, O2 would function as a PL quencher, as
in the case of VIS-PL. A similar mechanism is proposed for the

origin of PL emission in rutile TiO2,
43,53 which suggests that

similar kinds of defects are also involved in the brookite
phase.

The PL analysis alone cannot provide the exact chemical
nature of the mentioned deep defects, but it allows some con-
siderations based on the PL energy peak position and spectral
width. We note that the NIR-PL spectra are narrow in energy
(much narrower compared to the VIS one) and are peaked at
about 830 nm, corresponding to about 1.49 eV. This indicates
that the involved energy levels are very deep and positioned at
about half of the bandgap region. The narrow energy distri-
bution of these electron traps and their energy depth suggest
that they are associated with very localized point defects.
Recalling that radiative free-to-bound recombination requires
electron/hole spatial overlapping, we suggest attributing the
trapping states to surface point defects and/or to defects loca-
lized just at the subsurface layers.

Another factor supporting the surface nature of the NIR-PL
is the observation of the radical difference in the efficiency of
PL quenching by ethanol when considering the NIR emission
(complete suppression) vs. the VIS one (mild suppression). It
is well known that EtOH efficiently scavenges holes close to
the catalyst surface. According to our observations, VIS-PL
emission involves both surface and non-surface (free) holes.
Thus, the scavenging activity of surface-adsorbed EtOH pro-
duces only partial quenching of the VIS-PL emission.
Moreover, the assumption that NIR-PL occurs at surface states
explains why EtOH is much more effective on this PL band.

The overall mechanism is presented in Fig. 5. The left panel
in Fig. 5A shows the situation in which the sample is photo-
excited in an inert environment (i.e., N2). Assuming for the
sake of simplicity that no significant surface charge is devel-
oped, i.e., the band edges are flat, the free electrons and holes
are spread uniformly in the bulk of the nanocrystal. The elec-
trons at deep traps close to the surface are indicated as edt

−.
Holes in the bulk of the nanocrystal can participate in VIS-PL,
as indicated previously, while NIR-PL occurs by involving the
trapped holes close to the surface via radiative recombination
edt

− + hVB
+ → NIR-PL. It is worth mentioning that interstitial

Ti atoms are proposed54 as possible surface sites of electron
traps in rutile TiO2 although no definitive conclusion can be
outlined in our case.

The effect of adsorbed O2 and EtOH is shown in the right
panel (Fig. 5B), which depicts the near-surface accumulation
of free holes in an oxygen environment as the chemisorbed
superoxide radicals (O2

•−) are developed. The hypothesis that
NIR emission occurs as a surface phenomenon also explains
why the PL-quenching activity of ethanol is more efficient for
the NIR emission, considering that the scavenging of free
holes by chemisorbed ethanol is more efficient close to the
surface.

The NIR-PL occurring via surface-localized mechanisms is
reflected by its fast responsivity to EtOH adsorption. An
example is shown in Fig. 6, demonstrating the time dynamics
of the total NIR-PL intensity excited at 364 nm, as monitored
between the changes in the gaseous composition in the

Paper Nanoscale

11304 | Nanoscale, 2024, 16, 11296–11309 This journal is © The Royal Society of Chemistry 2024

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

9 
A

pr
il 

20
24

. D
ow

nl
oa

de
d 

on
 1

/2
2/

20
26

 7
:1

4:
29

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4nr00593g


measurement chamber (Fig. 6A). The NIR-PL spectra corres-
ponding to stabilized conditions in the different environments
are depicted in Fig. 6B.

3.4. PLE in a controlled environment of reduced brookite
nanorods

The PLE analyses are conducted on thermally treated brookite
NRs treated at 700 °C (B700) for different time durations
(1 hour and 2 hours) by employing the same experimental pro-
cedure described for the as-prepared samples. The data for
B700-2 h are presented in Fig. 7 (PLE maps) and Fig. 8 (exci-

tation spectra), while those for B700-1 h, which led to qualitat-
ively equivalent results, are reported in the ESI (Fig. S3†).

Fig. 7 shows the PLE maps obtained for B700-2 h in N2

(Fig. 7A), EtOH 100 ppm (Fig. 7B) and in dry air (Fig. 7C). In
Fig. 8, we report the corresponding excitation spectra for the
two PL bands of B700-2 h. These spectra were obtained using
the same emission wavelength intervals as those employed to
extract the data relative to the as-prepared samples depicted in
Fig. 3.

Some of the findings evidenced in Fig. 7 are qualitatively
equivalent to those obtained for the B-AS nanorods. In particu-
lar, we again observe two emission bands (VIS and NIR) and a

Fig. 5 (A) Proposed scheme for the intrinsic NIR-PL of brookite when the photoexcited sample is in an inert environment. Native (i.e., non-photo-
generated) deeply trapped mid-gap electronic states are indicated as edt

−, whose radiative transitions are proposed to cause the NIR-PL emission. In
the figure, the empty and full circles indicate photogenerated holes and electrons, respectively. (B) Modification of the scheme when the sample is
photoexcited in an O2 or EtOH environment. The NIR-PL enhancement is explained in terms of the development of O2

•− species, with consequent
band bending and accumulation of free holes. The efficiency of NIR-PL suppression by EtOH is interpreted due to the surface localization of the
radiative recombination processes.

Fig. 6 (A) Total NIR-PL intensity at excitation wavelength λexc = 364 nm of B-AS nanorods during exposure to different gaseous species. (B) NIR-PL
spectra of B-AS measured in different gaseous environments under stabilized conditions. (1, black curve): NIR-PL curve after 5 min exposure to N2,
(2, red curve): NIR-PL curve after 8 min exposure to EtOH (100 ppm in N2), and (3, blue curve): NIR-PL curve after 8 min exposure to dry air.
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strong EtOH-induced quenching of NIR-PL. Such findings are
already observed in the stoichiometric brookite nanorods and
discussed in the previous section.

Moreover, three significant peculiarities of the reduced
samples are easily recognizable.

1. The PL intensity for the reduced brookite is much lower
than that for the B-AS sample.

2. Compared to B-AS, a lesser PL quenching effect induced
by O2 is observed.

3. EtOH not only removes the NIR-PL (as already observed
for untreated B-AS NRs) but also peculiarly affects the VIS-PL.
It causes a quenching for excitation below the bandgap edge
(consistently with what was observed in B-AS) and a surprising
enhancement for excitation photon energy E > 3.45 eV (exci-
tation wavelength shorter than 360 nm), which was not
observed in the untreated B-AS samples.

The decrease in PL intensity is easier to interpret. It is
known that the thermal treatment in H2 enhances the density
of defective mid-gap states and band-tail states via lattice dis-
tortion and oxygen vacancies.24 These defects typically func-
tion as non-radiative recombination centers, lowering the PL
intensity.

The other two effects indicate that the interactions of the
reduced brookite with the gaseous species are quite different
from those observed in the B-AS samples. Their interpretation
is more challenging.

Regarding the minor effect of O2 on the PL intensity of
B700-2 h NRs, it is worth mentioning that significant differ-
ences in how O2 influences the PL of anatase TiO2 have been
reported previously40,44,55 and interpreted as a morphology-
dependent effect. More precisely, although VIS-PL quenching

Fig. 7 PLE maps of the B700-2 h sample measured in N2 (A), EtOH
100 ppm (B) and dry air after exposure to EtOH (C). PL intensities are
reported in cps units. The data are acquired via the same experimental
procedure as those in Fig. 2.

Fig. 8 (A) Excitation spectra of the VIS-PL band B700-2 h calculated
using the integration interval ΔλPL = 530–690 nm. (B) Excitation spectra
of the NIR-PL band of B700-2 h calculated using the integration interval
ΔλPL = 800–900 nm. The black, red, and blue curves refer to the sample
in N2, EtOH (100 ppm) and dry air, respectively. All the curves are
obtained using the PLE maps shown in Fig. 6.
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induced by O2 has been repeatedly observed in P25 TiO2,
40,41

isotropic anatase TiO2 nanoparticles52,55,56 and other metal
oxides,46,50,57 the case of anatase PL unaffected by O2 exposure
has been reported for the as-prepared nanosheets of anatase
TiO2 predominantly that expose (001) crystal facets.44 To
explain this experimental finding, Mercado and coworkers44

tentatively invoked differences in the formation energy of
oxygen vacancies and, therefore, differences in reactivity
toward O2 of the distinct crystal facets.

In our case, the interpretation in terms of the surface reac-
tivity of the minor PL response of the reduced sample to O2

would be misleading. The surface properties of the reduced
and the as-synthesized NRs are radically different: B700 is
intentionally reduced and does not expose well-defined crystal
facets (Fig. S1†), while B-AS is stoichiometric and shows
defined crystal facets.58

Instead, we point out that the evidence suggests that the
O2-induced PL quenching occurs via the scavenging of photo-
generated electrons. Such a process can only occur after the
photogenerated electrons reach the nanorod surface where
adsorbed O2 is present. Compared to the B-AS, the reduced
samples exhibit larger concentrations of point defects. This
implies a hindered mobility of free charge carriers and thus a
lower probability that mobile charges will reach the surface,
and hence a lower number of PL-quenching electron scaven-
ging events. This looks like a natural explanation of why, com-
pared to B-AS, a lesser PL quenching effect induced by O2 is
observed in the reduced brookite.

The EtOH-induced increase in VIS-PL at supragap excitation
is probably the most peculiar and interesting experimental
result among those listed thus far. Its relevance lies in the fact
that, as subsequently discussed, it can be the manifestation of
the substrate-specific process occurring during the photo-oxi-
dation of alcohols on the reduced brookite, which is one of the
main purposes of this work.

It is easily noticeable that such an effect occurs only for the
VIS-PL at supragap excitation, as easily shown by comparing
the black and red curves in Fig. 8A. For subgap excitation, we
obtain the same PL quenching already observed for untreated
B-AS nanorods. Moreover, the effect does not occur for the
NIR-PL.

We recall that in our interpretation (Fig. 4), the VIS-PL at
supragap excitation originates from the recombination of con-
duction band electrons. Hence, the EtOH-induced enhance-
ment of VIS-PL suggests that the interaction of ethanol with
the reduced NRs causes an increase in the density of conduc-
tion band electrons. This leads us to invoke a known effect
occurring in photooxidation of different alcohols by TiO2

photoanodes, namely the “current doubling” effect, manifest-
ing as anodic currents larger than the oxidative hole current
and caused by the injection of electrons from transient radical
species of oxidized alcohols into the conduction band of the
TiO2.

59–61 Importantly, the effect is not observed for electrodes
made of undoped TiO2

59,60 but is evidenced when TiO2 is
compounded with MoO2 and MoS2 cocatalysts and when it is
intentionally doped with donor defects.60

In accordance with already established evidence for photo-
oxidation of methanol on anatase TiO2,

61 we propose that the
free electron injection in thermally reduced brookite NRs
occurs through initial oxidation of ethanol by photogenerated
holes with the formation of CH3

•CHOH radicals via hydrogen
abstraction from the carbon atom of ethanol (eqn (2)), fol-
lowed by electron injection and further hydrogen abstraction
from the –OH group (eqn (3)), i.e.:

CH3CH2OHþ hVB
þ ! CH3

•CHOHþHþ ð2Þ

CH3
•CHOHþ TiO2 ! CH3CHOþHþ þ eCB�: ð3Þ

Similar processes in the photooxidation of methanol
leading to the formation of formaldehyde are documented by,
for example, Kandiel and coworkers.61 We recall that EtOH
acts solely as a PL quencher on as-synthesized brookite (see
Fig. 2 and 3) through hole scavenging. The observed EtOH-
induced enhancement of PL in the reduced samples thus indi-
cates alcohol photooxidation processes; for example, the one
proposed here in eqn (2) and (3) are more efficient than hole
scavenging.

It is worth noting that an ethanol-induced VIS-PL enhance-
ment at supragap excitation is also observed for the B700-1 h
samples (Fig. S3†). Therefore, there is a positive correlation
between the reductive thermal treatment and the emergence
of specific and dominant alcohol photooxidation processes,
such as the aforementioned current doubling phenomenon,
which we hypothesize to interpret the experimental results.
Further experiments are required to test this hypothesis, which
might help explain the evidence reported regarding the excep-
tional reactivity of reduced brookite NRs toward the photo-oxi-
dation of alcohols and the related efficiency of photocatalytic
hydrogen generation.

As a final note, we point out that the PL enhancement
caused by EtOH at supragap illumination is more pronounced
for PL components with shorter wavelengths. This can be
observed by inspecting the map of Fig. 7C and by noticing
that, compared to the data in Fig. 6B, the VIS-PL increases pre-
dominantly in the emission wavelength interval of
500–600 nm.

To better support this interesting point, we show in the
ESI† the calculated excitation spectra that correspond to
different sub-intervals of the total VIS-PL emission. More pre-
cisely, Fig. S4† shows the total PL intensity emitted as higher-
energy “green” light (emission intervals of 530–580 nm) and
as lower-energy “red” light (640–690 nm) in the various
gaseous environments. The data show that for supragap exci-
tation, the EtOH-induced enhancement of PL intensity in B700
acts more relevantly on the “green” part of the PL spectrum
(Fig. S4 and S5†). This suggests, based on the interpretation
we gave on the causes of EtOH-induced PL enhancement, that
the recombination of free electrons with trapped holes is
mainly associated with the higher-energy components of the
PL spectra.
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4. Conclusions

In the present work, we used PLE spectroscopy in controlled
environment and carried out a study involving the excitation
of sub-bandgap states under successive exposures to a redu-
cing (ethanol) and oxidizing (oxygen) species to provide a
picture of the various charge-carrier recombination processes
occurring in pristine and reduced TiO2 brookite nanorods.

Based on the experimental findings, we deduced an
interpretation model describing the main charge recombina-
tion processes and PL mechanisms, including information
about the spatial and energetic positions of the intragap states
involved. In more detail, based on the PL characteristics
observed for both supragap and subgap excitation, and on
their changes induced by exposure to the gaseous reactants,
we propose that part of the photogenerated holes are spon-
taneously trapped to gap states so that radiative recombination
of free and shallowly trapped electrons recombining with
these trapped holes leads to the visible PL band. Moreover, the
near-infrared PL band stems from the recombination of free
holes with non-photogenerated surface-trapped and deeply
energetic electrons with free holes. These last processes likely
occur at the nanorod surface and/or in near-surface layers, as
suggested by both the analysis of the PLE data and the data
recorded during the transition between different gaseous
environments. This appears to be promising because of its
applications in optochemical sensing.

Furthermore, we identified a substrate-specific effect occurring
in the interaction between reduced brookite nanorods and
ethanol, consisting of a large enhancement of visible PL at supra-
gap excitation, which might be interpreted as electrons being
injected into the conduction band of reduced brookite NRs via
the initial oxidation of ethanol. Further investigations will be con-
ducted on this phenomenon, which may shed more light on the
empirical evidence reported regarding their exceptional reactivity
toward the photo-oxidation of alcohols and the concomitant
efficiency of photocatalytic hydrogen generation.
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