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Some of the advancements concerning the study of phase-pure brookite and, especially, brookite-

containing TiO2 mixed phases are reviewed. Relevance is given to their prospective photocatalytic

applications, where the (positive) effect of the presence of brookite has been demonstrated, especially

when solar light is concerned. From the literature, it emerges that, besides the band gap determination,

which still requires more detailed studies (band gap values in a wide range are reported), the roles of

brookite-containing heterojunctions, of the surface properties (i.e. acidity, redox behaviour, and the

presence of coordinatively unsaturated sites), of the particular crystalline structure and of brookite

influence on the anatase to rutile transition are crucial for its applications in the field of (solar)

photocatalysis and electrocatalysis, but also electrochemical applications (i.e. Li batteries). The need

emerges for a deeper understanding of the physico-chemical phenomena underlying their (recently

demonstrated) capacity of stabilizing photogenerated electron/hole pairs. In perspective, the

development of green synthesis methods to tailor the surface and structural properties of phase-pure

brookite and brookite-containing mixed phases could extend their photo- and electrochemical

applications.
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001. Her skills are the study of
urface properties of nano-
tructured catalysts (oxides and
upported metal nanoparticles)
s well as their textural,
orphological and structural
haracterisation before and
er reaction to establish struc-
ure–activity relationships. She
s currently Associate Professor
partment of Drug Science and
where she started the develop-
sisted by MW, US or mechano-
s. She has authored >140 peer-
ers (H-index: 42).

armaco, NIS – Centre for Nanostructured

Via P. Giuria 9, I-10125 Torino, Italy

nologia and INSTM Unit of Torino –

I-10129 Torino, Italy. E-mail: barbara.

4

1. Introduction: why brookite?

TiO2 has several polymorphs: although less-known amorphous
TiO2 and monoclinic TiO2–B (space group C2/m) are gaining
growing interest, anatase (tetragonal crystal system), rutile
(tetragonal) and brookite (orthorhombic) are the most studied
polymorphs, belonging to the I41/amd, P42/mnm and Pbca space
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View Article Online
groups, respectively. Table 1 summarises the conventional unit
cells along with the lattice parameters and volumes of anatase,
rutile and brookite polymorphs obtained from Density Func-
tional Theory (DFT) calculations and experiments.1 The forma-
tion of different polymorphs depends on how the TiO6

2�

octahedral units share edges and corners: for instance, the
TiO6

2� units in anatase, rutile and brookite share four, two and
three edges, respectively.1,2

The theoretically predicted relative phase stability (rutile >
brookite > anatase) agrees with experimental ndings: rutile is
the most stable phase, whereas anatase, and brookite (and
TiO2–B) are metastable phases and tend to transform into rutile
at high temperature (T).1 Brookite has a more disordered
structure than rutile and anatase, in that the six Ti–O bonds in
the octahedral units have different lengths:2 this fact affects its
behaviour under pressure, as detailed in the following. Bulk
anatase transforms into rutile, the thermodynamically stable
phase, at ca. 600 �C in air, whereas for nanometric TiO2 the
reported transition T varies in a broad range (400–1200 �C).3

Anatase is characterized by the lowest surface energy (as
compared to rutile and brookite), and, thus, it is relatively
simple to obtain anatase nanoparticles (NPs), which are
employed in most photocatalytic studies, notwithstanding its
band gap energy (Eg, ca. 3.2 eV, Table 1)4 is larger than that of
rutile (ca. 3.0 eV, Table 1), but the higher density and smaller
specic surface area of rutile NPs hamper its photocatalytic
applications. The average Eg values of brookite reported by the
literature span, instead, in a wide range (3.1–3.4 eV, Table 1).

For photocatalytic applications, the type of electron transi-
tion is crucial: there is currently agreement about the fact that
the transition is phonon-assisted in anatase, which is an indi-
rect semi-conductor with lower probability of recombination of
photogenerated electron/hole (e�/h+) than both rutile and
brookite, which are currently considered as direct semi-
Aer obtaining a bachelor's
degree in Materials Engineering
at Politecnico di Torino (Italy),
Nicola Blangetti obtained
a Master's degree with a nal
dissertation on the “Photo-
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Material Science and Tech-

nology in the research group of Prof. Bonelli (www.scm.polito.it).
During his PhD, he has focused on the synthesis and character-
ization of TiO2-based materials with the aim of studying, inter
alia, the correlation between polymorphic structure hetero-
junctions and photocatalytic activity under sunlight and UV light.

© 2022 The Author(s). Published by the Royal Society of Chemistry
conductors, where the e�/h+ recombination is facilitated,
nally lowering the quantum efficiency (Fig. 1).4

Another reason of the superior photocatalytic activity of
anatase is that electrons in anatase have a smaller effective
mass, thus they migrate more easily to participate to photo-
catalytic reactions. This fact affects the photocatalytic perfor-
mance of anatase, along with smaller NPs size (due to lower
surface energy) and longer lifetime of charge carriers (due to the
indirect transition).4

Interest for brookite is emerging in the last years, as testied
by Fig. 2, reporting the growing number of brookite-related
papers (blue curve) in the most recent three decades (1990–
2022 range, Source: Scopus database), along with the number of
published papers if the keywords “photocatalysis” (orange
curve) and “photocatalyst” (dark blue curve) are added to the
search. Interestingly, the publications in which brookite is in
some way connected with photocatalytic applications started to
appear only ten years later.

The recent scientic interest into brookite is likely related to
the sometimes-difficult synthesis of phase-pure brookite, as
transition to more stable phases occurs during the thermal
treatments that are the last step of most synthesis procedures.

Currently, several synthesis procedures allow obtaining
phase-pure brookite,5 although for most applications (e.g.
photocatalysis) brookite containing mixed phase TiO2 outper-
forms phase-pure TiO2, due to a favourable bands alignment, as
detailed in the following.5,6

As detailed in Table 1, the density of the three polymorphs
decreases in the order rutile > brookite > anatase, with brookite
having a kind of “hybrid” nature between rutile and anatase.

This trend is also observed for the refractive index of the
three phases (Table 2), as evidenced by Posternak et al.7 who
pointed out the “hybrid nature” of the brookite polymorph. The
nature of the crystalline structure and of the brookite surface, in
terms of exposed facets, acidic properties and redox behaviour
Barbara Bonelli holds a PhD in
Chemical Science from the
University of Torino (Italy) and
a Master's degree in Industrial
Chemistry (magna cum laude)
from the same Institution. In
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interests to nanoporous materials for gas adsorption/storage,
removal of water emerging pollutants, biomolecules detection,
catalysis and photocatalysis. She has authored >180 peer-reviewed
papers and several book chapters (H-index: 33).
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Table 1 Conventional unit cells along with optimized lattice parameters, volumes (V) and relative deviations, and experimental and calculated
average Eg for anatase, rutile and brookite TiO2. All deviations are less than 3%, which is consistent with the reliability of the DFT calculations
performed in ref. 1

Polymorph Unit cella Method a (�A) b (�A) c (�A) V (�A3)
a

¼ b ¼ g (�) Average Eg (eV) DFT1 Eg (eV)

Anatase

Experimental 3.796 3.796 9.444 136.084 90

3.2 2.38

DFT 3.800 3.800 9.700 140.068 90
Deviation (%) 0.1 0.1 2.7 3.0 0

Rutile

Experimental 4.602 4.602 2.956 62.603 90

3.0 2.13

DFT 4.643 4.643 2.965 63.918 90
Deviation (%) 0.9 0.9 0.3 2.1 0

Brookite

Experimental 9.166 5.436 5.135 255.858 90

3.1–3.4 1.86

DFT 9.257 5.501 5.177 263.627 90
Deviation (%) 1.0 1.2 0.8 3.0 0

a Adapted from ref. 4 with permission from the Royal Society of Chemistry.
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View Article Online
are extremely interesting issues. Concerning the surface reac-
tivity, indeed, some facets are more reactive than others and
this may affect, in turn, the nal catalytic and photocatalytic
activity.9 The type and abundance of Ti4+ sites on the different
exposed crystalline facets and of Ti3+ sites, forming by Ti4+

reduction and giving rise to self-doping, as well as the ability to
withstand oxygen vacancies, can be responsible of a peculiar
behaviour of the brookite surface, in particular its higher
(Lewis) acidity and ability to stabilize Ti3+ species.10 Another
point of interest is the ability of the brookite structure to host
foreign ions, like Li+ ions, which could be potentially useful for
electrochemical applications.8

2. About the synthesis of brookite
2.1. Traditional methods to obtain phase-pure brookite and
brookite-containing mixed phase TiO2

The synthesis of TiO2 NPs in liquid phase implies the hydrolysis
of Ti salts/alkoxides to obtain TiO2+/Ti(OH)2

2+ species that
undergo olation/oxolation to (TiO2)

n� chains and, then, poly-
merization into aggregates.

With anatase, several methods allow controlling NPs crystal
phase and shape, as well as the exposure of preferred crystalline
3324 | RSC Adv., 2022, 12, 3322–3334
planes, whereas1 the synthesis of phase-pure brookite TiO2

faced the issue of its metastability, as mentioned in the Intro-
duction. More recently, the number of papers on the synthesis
of phase-pure brookite is increasing (Fig. 2).

As a whole, the different methods reported are mostly based
on hydrothermal and/or solvothermal treatments consisting in
many, time-demanding and energy-consuming steps. Varying
some parameters, like type of solvent, acid/base type, pH,
presence of a template, presence of a ligand, type of precursor,
etc. allows tuning the composition of the nal phase: phase-
pure brookite can be obtained, for instance, by hydrothermal
treatment of an amorphous TiO2 precursor produced, in turn,
by sol–gel method.11

Besides the need of multi-step procedures, in aqueous
environment it is difficult to control brookite crystals growth.
For this reason, alternative methods are reported, like a non-
aqueous one-pot solvothermal (in ethanol) from tetrabutyltita-
nate (Ti(OBu)4) and sodium uoride (NaF) to produce brookite
nanorods.12 The presence of NaF was essential to promote the
growth of (highly phase-pure) brookite nanorods aer 24 hours
in autoclave at 180 �C, without subsequent calcination, during
which the occurrence of Na+ ions was considered to favour the
formation of brookite, whereas the alcoholysis of Ti(OBu)4
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Indirect band gap of anatase (a) making direct recombination of
photogenerated e� from conduction band (CB) with h+ from valence
band (VB) less probable, thus increasing the e�/h+ lifetime relative to
direct band gap of rutile or brookite (b). Band structure and density of
states for (c) anatase, (d) rutile and (e) brookite. Partially adapted from
ref. 4 with permission from the Royal Society of Chemistry.

Fig. 2 Number of brookite-related papers from 1990. Source: Scopus
database.
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alone in ethanol resulted in phase-pure anatase NPs.12 The
positive effect of the presence of Na+ ions on the synthesis of
phase-pure brookite has been noticed also by other authors, in
Table 2 Density (g cm�3), diameter of stable NPs (d in nm), calculated d
for anatase, rutile and brookite TiO2

Polymorph
Density (g
cm�3)

Diameter (d) of
stable NPs (nm)17,18

Calc
elec

Anatase 3.895 d < 11 <0.1
Rutile 4.24 d < 35 >0.9
Brookite 4.13 11 < d < 35 z0.

© 2022 The Author(s). Published by the Royal Society of Chemistry
that Na+ ions12 stabilize the (bi-dimensional) titanate species,
forming sheets that preferentially crystallize into brookite,
whereas the presence of NH4

+ ions favours the formation of
anatase.13

So-template (PEG, PolyEthylene Glycol) assisted sol–gel
synthesis was adopted to obtain phase-pure brookite and mixed
brookite/rutile phases, where PEG led to the formation of inter-
particle pores, particularly useful for photocatalytic applica-
tions.14 The specic synthesis conditions (i.e. a concentration of
HCl equal to 0.025 M) led to phase-pure brookite stable up to
400 �C (the adopted calcination T), whereas more concentrated
HCl solution (0.15 M) led to brookite/rutile mixtures already
aer calcination at ca. 330 �C, with complete transition to rutile
above 600 �C, the higher protons concentration being respon-
sible of promoting the transition to rutile.

The role of HCl in driving the preferential formation of
brookite and rutile (as compared to anatase) has been demon-
strated also in another work concerning the synthesis of phase-
pure TiO2 NPs by hydrothermal treatment of an amorphous
TiO2 as precursor: anatase NPs were obtained using acetic acid
at 200 �C, while phase-pure rutile and brookite NPs were ob-
tained using 4 M HCl at 200 �C and 3 M HCl at 175 �C.15

According to the authors, the formation of anatase NPs was
favoured by the (low) surface energy of this polymorph; the
formation of both rutile and brookite, instead, occurs via
a dissolution-precipitation mechanism, through which the
chains of TiO6

2� units arrange into different crystalline struc-
tures, depending on the adopted chemical reagent, giving rise
to brookite and rutile. Finally, under hydrothermal conditions,
the particles growth kinetics is the result of coarsening and
aggregation–recrystallization processes, through which control
of the average NPs size is possible.15

Alternatively, the presence of ligands allows obtaining
(phase-pure) brookite. Several synthesis procedures with
different ligands and at different pH values have been reported:
the idea is that [TiL6]

z+ octahedral charged complexes form in
water, in which the nature of the ligand (L) depends on the
solution pH and the complexing agent.

Such octahedral complexes can, then, self-assemble in the
initial structures of anatase, rutile and brookite crystallites: for
instance, Wang et al.16 showed that oxalic acid is a complexing
agent, which can favour the formation of brookite under
specic pH conditions with the assistance of NaOH (i.e., not
alone) at mildly basic pH values, below 10. The so obtained
brookite nanostructures were thermally stable (i.e., no phase
transition occurred) up to 700 �C: calcination at 300, 400, 500,
600 and 700 �C only brought about an increase in the crystallite
epth of electron traps (eV), flat band potential (EFB), Fermi potential (EF)

ulated depth of the
trons trap51 (eV) EFB

21 [V vs. NHE] EF
21 [V vs. NHE]

(0–0.2 eV) �0.35 �0.68
(0.8–1 eV)
4 (none) �0.54 �0.77

RSC Adv., 2022, 12, 3322–3334 | 3325
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size (from 27.65 to 35.93 nm). According to Table 2, stable
brookite NPs should have a diameter in the 11–35 nm range,
whereas more stable anatase NPs have a size below 14 nm and
rutile NPs are more stable when their size is larger than
35 nm.17,18

Another method consists in the precipitation of hydrous
powders from TiCl4 at varying pH values, as obtained by addi-
tion of aqueous ammonia, followed by calcination at 450 �C.19

The resulting powders consisted into nanocrystalline anatase/
brookite mixed phases where the volume fraction of the
brookite phase increased at lower pH values.

Highly crystalline phase-pure20 brookite and anatase/
brookite TiO2 nanostructures were synthesized by hydro-
thermal method using titanium sulphide as the precursor in
NaOH solutions. The phase composition was controlled by the
solution concentration and reaction time, and the phase
transformation mechanism was elucidated, in that anatase and
brookite formed from the direct transformation of sodium
titanate. Kandiel et al. obtained anatase, brookite nanorods and
anatase/brookite mixed phases by the thermal hydrolysis of
commercial aqueous solutions of titanium bis(ammonium
lactate) dihydroxide in the presence of variable concentrations
of urea (0.1–6.0 M) as an in situ OH� source.21

Anatase NPs were obtained at the lowest urea concentration
(0.1 M); anatase/brookite mixtures were obtained at urea
concentrations between 0.5 and 5.0 M, and brookite formed at
urea concentration $6.0 M, showing that this method allows
controlling the phase composition by varying the urea
concentration.

Most commercial Ti precursors are toxic, undergoing fast
hydrolysis and formation of corrosive by-products: Tomita
et al.22 prepared single-phase brookite, rutile, and rutile–
anatase NPs from a homemade water-soluble titanium(IV)
complex (NH4)6[Ti4-(C2H2O3)4(C2H3O3)2(O2)4O2]4$H2O, stable in
a wide range of pH and T. The formation of brookite from this
titanium complex has been related to the anion structure
(Fig. 3a), which is very similar to the brookite architecture. The
structural similarity of the complex anion and the brookite
architecture allows the directional synthesis of brookite nano-
powders. This method is based on the idea that metastable
phases oen crystallize rst during procedures of chimie
douce22 at low T, because in a nucleation-controlled regime
their nuclei form at lower supersaturation conditions.

Nonetheless, the structural similarity between the dissolved
molecules and the nuclei of the solid phase is fundamental:
aer phase (e.g., brookite) nucleation, the crystallite growth has
a lower activation energy that the nucleation of another phase
and, this way, the nucleation of the metastable phases is fav-
oured. Unfortunately, this synthesis requires the preparation of
the Ti complex, which could hamper a possible scale-up
procedure. Recently, T. Ban et al. (Fig. 3b) studied in detail
the synthesis of phase-pure brookite from aqueous sols of
titanate nanosheets, as brookite precursor(s), prepared with
mixtures of Ti-isopropoxide (TIP) and tetramethylammonium
hydroxide (TMAOH) by hydrothermal treatment at relatively low
T (i.e. as low as 120 �C).23
3326 | RSC Adv., 2022, 12, 3322–3334
It was found that the nucleation of brookite crystals occurred
in the precipitates, then, the adsorption of titanate nanosheets
on brookite particles led the particles to transform into rod-like
particles, elongated along the c-axis.

The transformation of the adsorbed titanate nanosheets into
brookite was driven by the underlying brookite crystals and the
resulting particles were single crystal-like brookite particles,
though with a rough surface. This phenomenon was markedly
affected by the presence of TMAOH, in that other tetralky-
lammonium hydroxides did not lead to brookite formation.

Dosing the glycine concentration during hydrothermal
treatment at 200 �C for 20 h allows obtaining phase-pure
brookite, phase-pure anatase, or anatase/brookite mixed pha-
ses (containing heterojunctions). In the absence of glycine, pH
control (as obtained by using NH4OH or NaOH) led to the
formation of anatase and brookite, respectively, in agreement
with the fact that NH4

+ ions and Na+ ions favour the formation
of anatase and brookite, respectively. The brookite content in
anatase/brookite mixed phases decreased by increasing the
glycine concentration. The so-obtained TiO2 samples were
tested as photocatalysts towards the photodegradation of
Cylindrospermopsin (a natural toxin produced by several fresh
water cyanobacteria): interestingly, the absorption edges of the
mixed phases were red-shied in the range of 250–400 nm, but
unfortunately, the electron–hole recombination efficiency
under UV-Vis light in the mixed phase photocatalysts was much
lower than that in single phase TiO2.24

H. Xu and Zhang25 reported a one-pot facile hydrothermal
synthesis of brookite/rutile nanocrystals using TiCl4 as Ti
precursor and triethylamine to tune the brookite/rutile ratio.
The resulting TiO2 nanocrystals were tested as photocatalysts in
the degradation of rhodamine B under simulated solar light:
the sample containing 38% brookite and 62% rutile showed the
highest photocatalytic activity, which was six times higher than
that of the commercial benchmark, Degussa P25 (P25).

According to H. Lin et al. the type of exposed crystalline
facets is responsible of the photocatalytic activity of brookite:
single-crystalline brookite nanosheets surrounded by four
{210}, two {101}, and two {201} facets were obtained at basic
pH.26 These nanosheets were very active towards the degrada-
tion of organic contaminants, outperforming P25, by
decreasing the recombination rates of photogenerated charge
carriers, as reducing and oxidizing species. In contrast, phase-
pure brookite nanoowers and nanospindles with irregular
crystalline facets were inactive. The authors suggest that
a possible strategy to improve its photocatalytic activity would
be, therefore, by tailoring brookite morphology and surface
structure.

H. Tran et al.11 produced phase-pure brookite, anatase and
rutile by a sol–gel synthesis of an amorphous TiO2 precursor
from TIP followed by hydrothermal treatment in different
conditions (Fig. 3c). They compared their photocatalytic activity
to that of P25 towards the degradation of three contaminants
(i.e., cinnamic acid, ibuprofen and phenol) under simulated
solar light. The general activity order was: P25 > anatase z
brookite > rutile: remarkably, the activities of the brookite and
anatase samples obtained under milder hydrothermal
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) Stereoview of the anion of the water-soluble complex, synthesised by Tomita et al. to get phase-pure brookite.22 Reproduced with
permission from Tomita et al. A water-soluble titanium complex for the selective synthesis of nanocrystalline brookite, rutile, and anatase by
a hydrothermal method, Angew. Chem., Int. Ed., 2006, John Wiley & Sons Inc. (b) Range of hydrothermal T (110–190 �C) as a function of the
TMAOH/TIP ratios that allow obtaining different TiO2 phases from titanate nanosheets containing sols.23 Reprinted from Advanced Powder
Technology, 32, T. Ban, A. Hamajima, N. Akao, C. Takai-Yamashita and Y. Ohya, Hydrothermal synthesis of highly pure brookite-type titanium
oxide powder from aqueous salts of titanate nanosheets, 32, 3601–3609, copyright (2021), with permission from Elsevier. (c) Scheme of the sol–
gel synthesis of phase-pure TiO2 polymorphs by hydrothermal treatment of an amorphous TiO2 precursor obtained by sol–gel method.11

Reprinted from Applied Catalysis B: Environmental, 200, H. T. T. Tran, H. Kosslick, M. F. Ibad, C. Fischer, U. Bentrup, T. H. Vuong, L. Q. Nguyen and
A. Schulz, Photocatalytic Performance of Highly Active Brookite in the Degradation of Hazardous Organic Compounds Compared to Anatase
and Rutile, 647–658, copyright (2017), with permission from Elsevier.
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conditions (i.e., at T ¼ 175–200 �C) were close to that of P25,
which is, instead, obtained by pyrolysis in much harsher
conditions (i.e., T > 1800 �C).

Iskandar et al.27 prepared macroporous brookite particles by
spray drying using polystyrene latex particles as colloidal
template, followed by calcination at mild T: the fair photo-
catalytic activity towards the UV degradation of rhodamine B
was ascribed to the available macropores, favouring the diffu-
sion of reactants and products.

Besides hydrothermal/solvothermal treatments, the sol–gel
method can also be adopted to obtain anatase/brookite mixed
phases with photocatalytic properties, i.e., active towards the
degradation of water pollutants both under UV28 and simulated
solar light.29

Freyria et al. studied several undoped TiO2 NPs obtained by
different sol–gel synthesis,29 either assisted by a so template or
not. It was shown that a template-free method based on pH
control, adapted from Mutuma et al.,30 allowed obtaining
anatase/brookite and anatase/brookite/rutile mixed phases at
acidic pH by calcination at either 200 or 600 �C. The role of
brookite was particularly clear with the sample calcined at
higher T (600 �C), which was still photocatalytically active under
simulated solar light towards the degradation of the emerging
pollutant N-phenylurea, notwithstanding its lower surface area
and the formation of larger rutile-containing particles: as
a whole, the so-obtained photocatalysts were able to exploit the
(small) UV fraction of solar light, nally competing with
commercial P25.
2.2. Perspective role of green synthesis methods

The aforementioned synthesis methods imply several tedious
steps, addition of alkalis or acids, high calcination T and
a difficult control of multi-phase ratios, leading to materials
with low reproducibility, which are not environmentally friendly
and energy consuming. Finding greener synthesis methods,
based on or assisted by microwaves (MW), ball milling (BM) and
© 2022 The Author(s). Published by the Royal Society of Chemistry
ultra-sound (US)31 could solve such problems and favour the
production of brookite at a larger scale, which could be useful
for practical applications.

Hydrothermal methods usually imply long-time reactions
(24–72 hours) with T in the 180–250 �C range, resulting time-
and energy-consuming methods. To this end, MW-assisted
hydrothermal method can shorten the synthesis duration and
lower the synthesis T: in the presence of MW, faster kinetics
favours the formation of more numerous nuclei and, thus, of
smaller NPs. In addition, MW irradiation also affects the phase
composition of the obtained TiO2: in some conditions, MW
favour the formation of anatase against rutile, and in other
conditions the formation of brookite (along with anatase) is also
favoured. This effect on the phase composition is related to the
different kinetics under MW irradiation. Other authors ob-
tained higher brookite-content TiO2 by MW-assisted synthesis,
i.e., brookite containing traces of rutile32 and even phase-pure
brookite.33 As a matter of fact, further studies are required to
understand the way the solvent, the precursor and the different
phases are affected by MW irradiation.

Other authors found that a synthesis at mild T, based on the
use a DES (Deep Eutectic Solvent),34 allows obtaining brookite/
rutile materials with remarkable photocatalytic activity and
outperforming P25 in the production of H2 from water reduc-
tion. The photocatalytic activity has been ascribed to the pres-
ence of brookite/rutile heterojunctions and defects, as obtained
by employing a DES in autoclave at 180 �C for 18 hours, followed
by centrifugation, washing and drying at 60 �C, i.e. avoiding any
calcination procedures. The DES was able to allow the forma-
tion of brookite/rutile heterojunctions and lattice dislocations
and disorders, which can enhance the light absorption and
exposure of more active sites. When the defects were repaired,
the photocatalytic activity decreased.

BM can be adopted to favour phase-transitions and, in
principle, should be used with the aim of favouring the
formation of brookite, since anatase is less stable than brookite
RSC Adv., 2022, 12, 3322–3334 | 3327
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(and rutile, of course). Indeed, by BM of a P25 sample (con-
taining 82% anatase and 18% rutile),35 a signicant transition
of anatase to rutile and brookite occurred (the ball milled P25
contained 47% anatase, 24% rutile and 29% brookite) and the
band gap decreased from 3.10 eV to 2.97 eV.

BMmethods are usually based on trial-and-error procedures,
but a systematic analysis could lead to nd the optimal condi-
tions to obtain brookite-containing TiO2. In fact, brookite NPs
showed high resistance to shock-waves (300 shocks, 2.0 MPa)
without any shi or peak broadening in the XRD patterns, at
variance with anatase NPs, which undergo, instead, transition
to rutile.36

Some earlier works report on the use of US on the synthesis
of anatase/brookite phases with interesting photocatalytic
properties: for instance, US have been found to favour the
formation of brookite during a room T synthesis of nanoporous
anatase/brookite photocatalysts outperforming P25 in the
degradation of rhodamine B.37 The mixed phase was well crys-
tallized, with no rutile formation, aer US treatment at room
temperature, without the need of thermal treatments, which are
normally adopted to induce crystallization. Similarly,38 a meso-
porous anatase/brookite mixed phase was obtained by US,
allowing the agglomeration of monodispersed TiO2 particles, in
the presence of a surfactant, to obtain mesoporosity and high
surface area, both properties positively affecting the activity
towards the oxidation of n-pentane with air, during which the
US prepared material outperformed P25.
3. Is the brookite band gap really
fundamental for its photocatalytic
applications?

Notoriously, the photocatalytic activity of TiO2 strongly depends
on its Eg, but also on its phase structure, crystallite size, specic
surface area and pore structure; nonetheless, with mixed pha-
ses, the presence of heterojunctions is crucial.

Concerning the band gap, based on ab initio electronic
structure calculations39 and photoemission spectroscopy,40 it is
generally acknowledged that the valence band (VB) of TiO2 has
an O 2p character, with some Ti 3d hybridization, whereas the
conduction band (CB) has a Ti 3d character, with some O 2p
hybridization (Fig. 1).

The Eg of brookite deserves some attention:41 for some time it
has been unclear whether brookite was a direct or indirect semi-
conductor.6,42 An indirect band gap of 1.9 eV (i.e., in the visible)
had been once reported for mineral brookite,42 conrming the
need of shedding some light on this subject, although the fact
that mineral samples were considered in ref. 42 may have led to
a determination of a value that is not proper of pure brookite.
Currently, it is acknowledged that brookite is a direct semi-
conductor (like rutile), at variance with anatase, which is an
indirect semi-conductor.4,6

At variance with rutile and anatase, for which the average
values reported in the literature are ca. 3.0 eV and 3.2 eV,
respectively, the reported experimental Eg values for brookite
span from 3.1 to 3.4 eV (see Table 1).41 Besides this, the
3328 | RSC Adv., 2022, 12, 3322–3334
experimental determination of the optical band gap may be
affected by some approximation error, as by the Tauc plot
method an assumption is made whether the electronic transi-
tion is direct or indirect and, thus, the reported band gap values
have to be considered with care, especially with mixed phases. A
fair approximation is the determination of the band gap by at
least two different methods (by means of the Tauc plot and by
extrapolating the onset of absorption, for instance) and then
a comparison of the obtained values within the set of studied
samples, as remarked by some authors.29,43

Nonetheless, some (earlier) theoretical approaches should
be considered with care: DFT methods may signicantly
underestimate the Eg values of semi-conductors, because of
many-body quasiparticle effects. Although the experimentally
observed tendency for the three polymorphs of TiO2 agrees with
the theoretical ones, with brookite there is still a lack of
understanding, which is related to the complexity of the mate-
rial. All this notwithstanding, from the photocatalytic point of
view, determination of the at band potential, of trap states
energy level of defects and impurities is crucial.

A DFT study (under the nonlocal B3LYP approximation)44 of
the structural and electronic properties of the low-index
surfaces of brookite allowed calculating surface energies,
band energy values, and the response to hydrostatic pressure of
the bulk and the surfaces of brookite. All the studied surfaces
were considered as direct semi-conductor as well as the bulk. In
addition, pressure-induced phase transformations were pre-
dicted from the anatase and the rutile polymorph to the
brookite polymorph at about 3.8 and 6.2 GPa, respectively. It
was found that the orthorhombic structure and the fractional
coordinates of brookite vary isotropically with the increase in
pressure. The zero-pressure calculated Eg of bulk polymorphs
were: 3.24 eV (rutile), 3.59 eV (anatase) and 3.78 eV (brookite).
The calculated brookite surface stabilities followed the order
(010) < (110) < (100), and the minimum Eg of 2.78 eV value was
found for the (110) surface, whereas Eg of 3.69 eV and 4.63 eV
were calculated for the (100) and the (010) surfaces. The lower
value of the (110) surface was ascribed to theminor stabilization
of the Fermi energy showing the attest VB topology. The
pressure was found to affect the band gap value in a different
way for the different TiO2 polymorphs studied. Specically, the
Eg values of rutile and brookite (both direct semi-conductors)
increase with pressure, as the CB moves to higher energy due
to the shortening of the Ti–O bond and to the higher repulsion
between the involved orbitals. Instead, the Eg of anatase, which
is an indirect semi-conductor, decreases at higher pressure
(Fig. 4a). Buckeridge et al.6 showed that the relative position of
anatase and brookite bands can help the e�/h+ stabilization. In
their paper, they considered eight TiO2 polymorphs, of which
they calculated the ionization potential (I, by using the QM/MM
approach), the Eg (by using plane waves DFT), and derived the
electron affinity (A) as A ¼ I � Eg.

The electronic structure of eight known polymorphs of TiO2

was examined and their I and A values were aligned relatively to
an absolute energy reference (Fig. 4b). Interestingly, it was
found that for photocatalytic applications, the anatase/brookite
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) Effect of pressure on the Eg values (eV) of anatase (squares), rutile (triangles) and brookite (circles).44 Reprinted with permission from A.
Beltrán, L. Gracia and J. Andrés, Journal of Physical Chemistry B, 2006, 110, 23417–23423. Copyright (2006), American Chemical Society. (b)
Calculated positions of the valence band (VB) and of the conduction band (CB) (referred to the vacuum level) for the eight polymorphs of TiO2, in
comparison to the redox potentials of H2 and O2.6 Reprinted with permission from J. Buckeridge, K. T. Butler, C. R. A. Catlow, A. J. Logsdail, D. O.
Scanlon, S. A. Shevlin, S. M. Woodley, A. A. Sokol and A. Walsh,Chemistry of Materials, 2015, 27, 3844–3851. Copyright (2015), American Chemical
Society. (c) Band gap alignment of brookite and anatase (vs. normal hydrogen electrode potential) and effect of Au NPs deposited on anatase
according to ref. 48. (d) Depth of the electron traps in anatase, rutile and brookite.49 Reprinted with permission from J. J. M. Vequizo, H.
Matsunaga, T. Ishiku, S. Kamimura, T. Ohno and A. Yamakata, ACS Catalysis, 2017, 7, 2644–2651 copyright (2017), American Chemical Society.
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pair was an optimal combination of phases to enhance activity
in the visible spectrum due to the relative band alignment.

Some of the applications of the so-obtained results were
particularly intriguing: a favourable CB position for photo-
electrochemical water splitting was found in the brookite phase,
in agreement with experimental results showing that thin lm
samples of brookite outperform anatase and rutile5,45 According
to Buckeridge et al.6 the more favourable band alignment would
provide a greater thermodynamic driving force for the reduction
half-reaction. Moreover, as for the rutile/anatase pair (occurring
in P25), also for the anatase/brookite pair, two factors could
contribute to the enhanced performance of the mixture, i.e., the
increased efficiency of e�/h+ separation and a reduction in the
effective Eg.

As mentioned before, the theoretical calculations reported
by Buckeridge et al.6 are conrmed by a series of experimental
results: for instance, anatase/brookite mixed-phases have been
used for photocatalytic degradation of the methylene blue dye,
showing that the mixed-phase outperformed the pure phases.46

By photoluminescence (PL) measurements, it was found that
mixed anatase/brookite mixed phase showed reduced PL in
comparison to the pure phases, indicating an increased charge
separation.47 The synergistic effect of anatase/brookite mixed
phases has been demonstrated also towards the production of
H2 and the degradation of diclophenac under UV irradiation:13
© 2022 The Author(s). Published by the Royal Society of Chemistry
Khedr et al. obtained phase-pure anatase and brookite and
different anatase/brookite mixed phases by hydrothermal
methods. The TiO2 crystallites size was smaller in the mixed
phases, with respect to phase-pure ones, likely due to the fact
that the crystalline growth is limited when two phases form
simultaneously.

The absorption edge of the mixed phases slightly shied
towards the visible range, likely due to the interparticle charge
from the VB of one phase to the CB of the other phase, as
a consequence of type II heterojunctions.

Finally, PL measurements showed also in this case that the
charge carriers had longer lifetime with mixed phases, indi-
cating a more efficient separation of charges. The photocatalytic
activity20 of anatase/brookite TiO2, phase-pure anatase NPs and
phase-pure brookite nanoplates was studied towards the reac-
tion of H2 evolution in aqueous methanol solution.

The anatase/brookite TiO2 and brookite nanoplates were
more active as compared to phase-pure anatase NPs, despite
a lower surface areas area of the mixed phases. Based on Mott–
Schottky analysis, brookite nanoplates have a more cathodic CB
edge potential than anatase, leading to more energetically
favourable hydrogen reduction. Femtosecond transient
absorption spectroscopy (TAS) measurements suggest that the
photoexcited electrons transfer from brookite to anatase phase,
leading to further enhancement of the photocatalytic activity. In
RSC Adv., 2022, 12, 3322–3334 | 3329
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comparison with the commercial benchmark photocatalyst (i.e.,
highly active P25), the anatase/brookite TiO2 was 220% more
active when the H2 yield per unit area of the photocatalyst
surface was considered.

The UV photocatalytic activity of anatase NPs, of anatase/
brookite mixtures, and of brookite nanorods was assessed by
H2(g) evolution from aqueous methanol solution and by the
degradation of dichloroacetic acid (DCA).21 Interestingly,
a higher H2 evolution activity was measured with anatase/
brookite mixtures and brookite, notwithstanding the lower
surface area with respect to anatase NPs. Such a result was
explained by considering that, with brookite nanorods, larger
secondary particles formed, but also that the larger crystallites
size of brookite in nanorods with fewer defects should be
regarded as another explanation. The at band potential and
the quasi-Fermi level of the anatase NPs and the brookite
nanorods CB were determined: both values were shied more
cathodically with brookite nanorods, the magnitude of the shi
agreeing with the difference in the measured Eg values (Eg ¼
3.18 eV and Eg ¼ 3.31 eV for anatase and brookite, respectively).
On the contrary, in case of the photocatalytic degradation of
DCA, anatase/brookite mixtures and phase-pure brookite
exhibit lower photocatalytic activity than phase-pure anatase
NPs. This behaviour well correlates with the surface area of the
investigated powders.

The positive effect of anatase/brookite heterojunctions has
been shown also with anatase/brookite nanowires on which Au
NPs were deposited and tested for the photocatalytic removal of
resorcinol under UVA irradiation (Fig. 4c).48 In the proposed
scheme, the photogenerated electrons move from brookite to
anatase, accelerating the charge carriers separation. The
brookite CB minimum and VB maximum values were �0.7 V
and +2.6 V, respectively, with an Eg value of 3.3 eV. The anatase
CB minimum and VB maximum values were �0.5 V and +2.7 V,
respectively, with an Eg value of 3.2 eV. In addition, the sup-
ported Au NPs acted as an antenna, further prohibiting the
recombination of charge carriers (Fig. 4c).

Vequizo et al.49 used femtosecond to millisecond time-
resolved visible to mid-IR absorption spectroscopy to study
the behaviour of photogenerated e�/h+ in anatase, rutile and
brookite.

Interestingly, most of the photogenerated e� in brookite are
trapped at powder defects within a few picoseconds: this
phenomenon, though decreasing the number of free electrons,
extends the lifetime of both holes and trapped electrons, thanks
to the (optimal) depth of the electron trap (ca. 0.4 eV) in brookite
(Fig. 4d). Consequently, the number of surviving holes, avail-
able for photocatalytic oxidation, increases; simultaneously,
trapping decreases the reactivity of electrons to some extent, but
they remain active for photocatalytic reduction processes. The
same phenomenon (electron trapping) also takes place on
anatase and rutile powders, but the trap-depth in anatase is too
shallow (ca. 0.1 eV) to extend the lifetime of holes, whereas in
rutile is too deep (ca. 0.9 eV) for photocatalytic reduction
reactions.

When the electron-trap depth is comparable to the thermal
energy at room T (kT � 0.03 eV), like in anatase, free electrons
3330 | RSC Adv., 2022, 12, 3322–3334
and trapped electrons are thermally equilibrated, and are hardly
distinguishable. The reported results indicate that the electron
traps in different TiO2 powders grow deeper in the order: rutile
> brookite > anatase.

The different depth of the electron-trap comes from the
difference in the “soness” of the defects that trap the elec-
trons. The origin of the electron trap is a defect such as an
oxygen vacancy or interstitial Ti-site.50,51 The Ti4+ species around
the defects capture electrons to form Ti3+ with structural
deformation. The depth of the electron trap depends on how the
defects stabilize the trapped electrons through structural
relaxation (formation of polaron, i.e., a quasi-particle consisting
of a charge carrier associated to a lattice deformation): as the
lattice of a particle becomes more deformed, the trapped elec-
trons become increasingly stabilized. Theoretical calculations
predicted stabilization energies of 0.8–1 eV and 0–0.2 eV for
rutile and anatase, respectively.50,51 Such “moderate and
appropriate depth” of the electron trap in brookite powders of
different origin, particle morphology and size, makes both
electrons and holes reactive for photocatalytic reactions.

The efficient transport of electrons and holes through the
material is crucial for many of its photochemical and photo-
electrochemical applications. In TiO2, there is a strong electron/
photon coupling, and thus photogenerated electrons and holes
can self-trap, forming small polarons.

Carey et al.52 adopted a hybrid DFT approach to predict the
mobility of holes in anatase, brookite, and TiO2–B, i.e., the three
phases of TiO2 where hole polarons are predicted to be stable.
They found that brookite is characterized by the highest hole
mobility, which increases in the order TiO2–B < anatase <
brookite. Moreover, there are also differences in the character of
holes migration, which implies the thermal ionization of small
polarons followed by long-range band-like diffusion and
subsequent re-trapping in brookite, whereas for the other two
polymorphs studied, holes migration has a mixed character.

4. A sneak peek into some brookite
properties: brookite is the new black
(TiO2) and favours the transport of Li+

ions

Since its discovery and rst synthesis in harsh conditions (i.e. by
hydrogenation at pH2

¼ 20 bar at 200 �C for ve days53), black
TiO2 has attracted a lot of attention due to its effective
absorption of both the IR and the vis range.54 TiO2 reduction is
usually attained by harsh methods, like plasma treatment,
vacuum activation at high T, electron beams irradiation,55

reduction with molten Al,56 which acts as a reductant in a two-
zone vacuum furnace, lowering oxygen partial pressure at
different T (300–600 �C).

One of the drawbacks of black TiO2 is, however, its poor
stability to moisture/air: Zhu et al.56 showed that considerable
amounts of Ti3+ states and oxygen vacancies are introduced into
brookite platelets, inducing, simultaneously, a unique crystal-
line core/disordered shell structure of the type TiO2@TiO2�x. In
this case, the so-obtained black brookite in contact with air for
© 2022 The Author(s). Published by the Royal Society of Chemistry
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a long timemaintained high photocatalytic activity for solar and
vis photocatalytic degradation of the organic pollutant methyl
orange. In our opinion, this result is particularly interesting, as
it could be ascribed to a specic ability of brookite to stabilize
defects within its crystalline structure, having tunnels across
the c axis, which are also able to favour the transport of Li+ ions,
vide infra.8

Besides the removal of aqueous pollutants, the main interest
for black TiO2 derives from its use in reactions of environmental
interests, like the reduction of CO2 for which TiO2 is still a prom-
ising photocatalyst due to the favourable band edges, since the CB
edge of TiO2 is higher than the potential of CO2 reduction. Indeed,
black brookite single-crystalline nanosheets showed outstanding
photocatalytic activity towards the reduction of CO2 under solar
light.57 The black TiO2 was, however, prepared by a multi-step
procedure, starting from oxidation of commercial TiH2 by H2O2,
followed by reduction with NaBH4, HCl treatment and under
vacuum treatment at increasing T (up to 700 �C). Interestingly, no
phase transition to anatase/rutile occurred, the so-obtained
brookite being stable up to 700 �C. The reported physico-
chemical characterization showed that by following this prepara-
tion technique, Ti3+ sites were mainly located in the bulk.

Concerning the aforementioned transport/storage of Li+

ions, Yoon et al.32 found that the discharge capacity of brookite
obtained by MW-assisted method was lower than that of rutile
and anatase. The capacities of the brookite and anatase TiO2

phases are related to insertion of lithium into the channels
caused by the TiO6

2� octahedral units arrangement along the
[001] and [010] directions, respectively, in the brookite and
anatase phases. Though it has been reported that the lithium
insertion properties of anatase are generally much better than
those of brookite, the size and morphology of the TiO2 poly-
morphs are also important controlling factors and, thus, there
is room for improving the nanometric properties of brookite-
containing materials also for the study of Li-insertion capacity
for lithium-ion batteries.
5. Surface properties of brookite and
the relevance of surface geometry

Sizeable and controllable content of Ti3+ species were implan-
ted in phase-pure brookite nanosheets enclosed by {101}, {201},
and {210} facets by hydrothermal method.10 By properly
studying the synthesis conditions, the optimal time of hydro-
thermal treatment (12 hours) allowed having a high Ti3+ defects
concentration (54.3%). Such defects were (reactive) Ti3+ species,
able to positively affect the selectivity of Ru NPs-doped brookite
nanosheets in the benzene semi-hydrogenation reaction. The
enhanced selectivity to cyclohexene was ascribed to the
suppression of cyclohexene molecules adsorption by such Ti3+

defects. By increasing the duration of the hydrothermal time
from 1 to 12 hours, the content of brookite increased, resulting
in the increase of the exposed degree of {210}, {101}, and {201}
crystalline facets, and hence, the content of Ti3+ defects
increased. Brookite has high energy {210}, {101}, and {201}
crystalline facets containing many coordinatively-unsaturated
© 2022 The Author(s). Published by the Royal Society of Chemistry
(cus) titanium ions as shown in Fig. 5a, besides a small
amount of (saturated) six-fold (Ti6c) atoms, many four-
coordinated Ti (Ti4c) and ve-coordinated Ti (Ti5c) cus atoms
occur at the surface of brookite {101} and {201} facets. Speci-
cally, all the Ti atoms at the {210} facets are cus Ti5c. Such
a high proportion of cus Ti atoms on these facets should
contribute to the appearance of Ti3+ defects. Therefore, the
above order of Ti3+ content can be rationalized by the evolution
of the exposed degree of these facets.

Brookite nanorods with controlled exposed crystalline facets
with different aspect ratio (AR � 1.6–5.2) were prepared by
hydrothermal process with or without polyvinyl alcohol (PVA) or
polyvinyl pyrrolidone (PVP) as aspect-controlling agents.58 Trans-
mission Electron Microscopy and Selected Area Electron Diffrac-
tion showed that the brookite nanorods had larger {210} and
smaller {212} exposed crystal faces. The photocatalytic activity for
the decomposition of toluene under UV irradiation (with a LED
emitting at 365 nm for 8 hours) was found to depend on the aspect
ratio of the nanorods. Specically, it increased with an increase in
aspect ratio, due to an optimal ratio between the surface area of the
{210} and the {212} exposed crystal faces. Oxidation reaction
predominantly proceeded on the {212} facet, while the {210} facet
was assigned to a reduction site, resulting in the achievement of an
effective charge separation and an improvement of photocatalytic
activity.

In a second set of experiments (Fig. 5b), Fe ions were selec-
tively adsorbed on the {212}58 exposed crystal facets and on
a commercial brookite (from Kojundo Chemical Laboratory Co,
Ltd): during the degradation of acetaldehyde under vis light
irradiation (with a LED emitting at 455 nm for 24 hours) the
site-selective Fe3+-modied brookite nanorods showed much
higher photocatalytic activity than the Fe-loaded commercial
brookite TiO2. Such a behaviour was assigned to an effective
separation of the oxidation and reduction processes: oxidation
proceed over Fe3+ ion-modied {212} faces and reduction on
{210} faces of the TiO2 surface.

The role of different exposed crystalline faces of brookite has
been noticed by several authors, who enlightened different
aspects. For instance, M. Rodriguez et al. made rst-principle
calculations study of the interaction of CO2 with the (210)
surface of brookite59 by considering cluster and periodic slab
systems and comparing it with the interaction of CO2 with the
(101) anatase surface. On the one side, it was found that the
(210) brookite surface had a negligible charge transfer to CO2

molecules, indicating that unmodied brookite is not a suitable
catalyst for CO2 reduction. On the other side, the modied
surface, upon creation of oxygen vacancies may lead to an
enhanced CO2 reduction activity. The theoretical results were
corroborated by experimental data concerning the interaction
of CO2 with oxygen-decient brookite and defect-free brookite:
indeed, IR spectroscopy showed the occurrence of the CO2

� ion
when CO2 was dosed on oxygen-decient brookite.

Koelsch60 et al. measured the electrochemical properties of
sol–gel synthesised anatase and brookite by cyclic voltammetry
in water and acetone. The fraction of Ti4+ sites able to undergo
reduction to Ti3+ sites did not differ much in the two phases, but
additional signals, observed in the brookite voltammograms,
RSC Adv., 2022, 12, 3322–3334 | 3331
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Fig. 5 (a) Atomic structure of brookite TiO2 {210} (A), {101} (B), and {201} (C) facets.10 Reprinted from Journal of Catalysis, 398, G. Zhou, F. Wang
and R. Shi, Nanoparticulate Ru on morphology-manipulated and Ti3+ defect-riched TiO2 nanosheets for benzene semi-hydrogenation, 148–
160, copyright (2021), with permission from Elsevier. (b) Scheme of Fe3+ ions expected to mainly adsorb on the {212} faces under UV irradiation.58

Reprinted from Journal of Molecular Catalysis A: Chemical, 396, T. Ohno, T. Higo, H. Saito, S. Yuajn, Z. Jin, Y. Yang and T. Tsubota, Dependence
of photocatalytic activity on aspect ratio of a brookite TiO2 nanorod and drastic improvement in visible light responsibility of a brookite TiO2

nanorod by site-selective modification of Fe3+ on exposed faces, 261–267, copyright (2015) with permission from Elsevier.

RSC Advances Review

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

6 
Ja

nu
ar

y 
20

22
. D

ow
nl

oa
de

d 
on

 1
1/

19
/2

02
5 

4:
29

:2
0 

PM
. 

 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-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
were explained according to a greater electrochemical reactivity
of brookite, in that the type of surface states (rather than the
concentration of surface defects) were responsible for the
different electrochemical response of brookite.

Fufachev61 et al. have shown that the surface of brookite have
some peculiar properties, which determine its reactivity
towards the ketonization reaction in the gas phase, where
brookite is more reactive than anatase, but less than rutile.61

The superior activity of brookite (with respect to anatase) was
ascribed to the surface geometry, and specically to the Ti–Ti
distance (2.96 or 2.99 �A in rutile, 3.56 �A in brookite and in the
3.71–3.83 �A range in anatase), being the shorter distance(s)
responsible of the facile formation of bidentate carboxylates at
the surface of both rutile and brookite, whereas the formation
of monodentate carboxylates was favoured at the surface of
anatase. In the studied reaction, the role of the Ti–Ti distance
was more pronounced than that of surface acidity, as no clear
correlation was found with the surface acidity, which follows
the order brookite > rutile > anatase according to pyridine
adsorption followed by IR spectroscopy and temperature pro-
grammed desorption of ammonia. Specically, two families of
Lewis acidic sites were identied with the three studied poly-
morphs, namely weaker ones (NH3 desorption peak of about
200 �C) and stronger ones (NH3 desorption peak at about 350
�C). Pyridine adsorption conrmed the mainly Lewis nature of
acidity: no Bronsted–Lowry sites were detected with anatase and
rutile, whereas (few) acidic –OH groups were observed at the
surface of brookite.

6. The crucial role of brookite in TiO2

mixed phases: facts and mysteries

Brookite has a prominent role as a promoter in the anatase-to-
rutile (ATR) transition: the presence of brookite inmixed phases
3332 | RSC Adv., 2022, 12, 3322–3334
favours the ATR transition in different ways. According to Zhang
and Baneld,17,18 anatase is more thermodynamically stable
when the NPs diameter is d < 11 nm, rutile is more stable when
d > 35 nm and brookite is more stable when 11 nm < d < 35 nm.
Therefore, brookite would transform directly to rutile, whereas
anatase could either transform directly to rutile or to brookite
and then, to rutile.

Concerning the rate of the transition, the brookite to rutile
one should be faster than that of anatase to rutile, therefore the
ATR transition should be accelerated by the brookite-to-rutile
transition.

Pressure has a non-negligible effect of the ATR transition: it has
been reported that the number of potential nucleation sites is the
rate-limiting factor in the ATR transition.62 The pressure of
brookite on small anatase crystallites may also accelerate the ATR
transition, by reducing the strain energy deriving from the
formation of rutile nuclei. The pressure due to brookite attach-
ments to anatase may therefore enhance the ATR transition.
Moreover, the presence of brookite/anatase interfaces with high
interfacial energy could provide potential nucleation sites for the
ATR transition.

Zhang et al.63 reported a general and tuneable method for the
synthesis of transition-metal (M) doped brookite nanorods with
different dopants (M ¼ V, Cr, Mn, Fe, Co, Ni, Cu, Mo, etc.) and
different concentrations. The nanorods can selectively expose
the {210} surface facets, induced by their strong affinity for an
oleylamine, used as stabilizer. This structure is preserved with
variable dopant compositions and concentrations, leading to
a series of TiO2 nanorods where single-atom dopants are
homogeneously distributed in a brookite-phase solid lattice. Fe
doping was particularly interesting, in that Fe can lead to
a substantial catalytic activity enhancement for the photo-
catalytic H2 production, probably due to a dopant-induced
optical absorption improvement.
© 2022 The Author(s). Published by the Royal Society of Chemistry
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7. Conclusions and future directions
to make brookite great

The open and not-so-dense structure of brookite (more disor-
dered than the anatase and rutile structures) with TiO6

2�

octahedra with 6 Ti–O bonds having different lengths could
help the stabilization of (defective) Ti3+ and oxygen vacancies,
not only at the surface, but also in the bulk of the material.

The possibility to tune the type of exposed crystalline facets
could be exploited in relevant photo- and electrochemical
processes (i.e., CO2 reduction and H2 production), as it may
allow a tailored stabilization of the photogenerated electrons/
holes.

However, this aspect so far has been less explored: as
compared to anatase, tuning the crystal shape and phase has
been more difficult with brookite, but there is room for
exploring synthesis procedures allowing the preferential expo-
sure of some specic crystalline facets. Brookite exposes mainly
the (210) facets with ve- and six-coordinated Ti ions (Ti5c and
Ti6c), which are more distorted with respect to the sites in
anatase and could be more reactive: this could have an effect
also of metal/brookite interactions and an impact on hetero-
geneous catalysis.

Besides trying to elucidate the role of brookite in anatase/
brookite and rutile/brookite heterojunctions, which could
expand its use in both photo- and photo-electrocatalytic
processes, it would be crucial to nd greener synthesis
methods of brookite and brookite-containing TiO2 allowing
a facile scale-up to produce these NMs in sizeable amounts.
From this point of view, while microwaves seem to favour the
formation of anatase, as they favour fast nucleation and, thus,
anatase is stable as small NPs, ball milling may favour the
formation of brookite (over anatase) and ultrasound may favour
the formation of anatase/brookite phases avoiding high T
treatments. For these reasons, there is room for improving
green synthesis methods or other technologies, like laser abla-
tion in air,64 to control and tailor the synthesis of brookite and
brookite-containing mixed phase.
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