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The use of NAN ligands as an alternative strategy for the sol-gel
synthesis of visible-light activated titanias

Gamze Sarigul,®' Isabel Gdmez-Palos,”" Noemi Linares,? Javier Garcia-Martinez,® Rubén D. Costa,’
Elena Serrano,*?

This work presents the first biphasic brookite-rutile organotitanias, TiO2(B,R)-Phen, synthesized by sol-gel, using mild
conditions and 1,10-phenanthroline (Phen) as crystal modifier and as a source of intermediate N2p states. Phen is able to
coordinate to the Ti(IV) atom of the titanium alkoxide precursor, tetrabutyl orthotitanate (TBOT), forming an organotitania
precursor that leads to a binary brookite-rutile structure, instead of the typical anatase. Different from the nitrogen-doped
titanias, in which the N2p levels are due to the presence of N atoms in the O lattice position of the titania crystal, the
coordination between the Ti atom of the titania precursor and the Phen is maintained during the whole synthetic process,
being the responsible for the intermediate N2p states related to Ti-N bonds in the final mate-rials, which is key to activate
the photocatalysis behavior under visible light. Both features allow simultaneously reduc-ing charge recombination rate and
enhancing photo-induced electron transfer in the visible range. Indeed, a 10-fold increase in the photocatalytic rate constant
along with enhanced stability for the degradation of cationic dyes in aqueous solutions under visible light were noted in
stark comparison to reference titanias. The photocatalyst mechanism consists in the self-degradation of the dyes, while the
enhanced photoactivity results from a combination of the binary brookite-rutile structure and the blue absorption Ti-N
states. As such, this work presents a unique synthesis strategy to obtain biphasic brookite-rutile organotitanias bearing Ti-N

bonds that leads to superior photocatalytic degradation activity of pollutants in aqueous solutions using visible light.

Introduction

The main text of the article should appear here with headings
as appropriate. Anatase titanium dioxide, TiO»(A), is the most
widely used photocatalyst due to its chemical stability,
biocompatibility, non-toxicity, and competitive cost.! In
general, the enhancement of the photoactivity of titania-based
materials has been focused on: surface modification, doping,
photosensitization, and/or coupling semiconductors.? Among
the many factors influencing its efficiency as a photocatalyst,
electron-hole recombination is the most critical, while its
modification to make it active under visible light is key towards
a wide range of applications.

In this context, the use of nanoparticles featuring a mixture
of crystalline titania phases, both biphasic and triphasic, is
considered one of the most promising strategies to reduce
electron-hole recombination, because of their higher
photocatalytic activity compared to their one phase
counterparts under UV light.>3 However, it is still a major
challenge due to the lack of efficient synthesis procedures to
fine control the size and distribution of the titania phases.*® For
instance, the improved photocatalytic activity of P25 (80%
anatase, 20 % rutile) is attributed to the reduced recombination
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rate within the anatase phase, which is due to the efficient
charge transfer from the anatase to the rutile phases at the
junction formed between both crystalline lattices. A major
limitation of the synthesis of mixed titania phases is the need to
use either basic or acidic conditions as well as high
temperatures.3*7% Moreover, although brookite is now
recognized as a photoactive phase, in some cases showing
enhanced performance over both anatase or rutile,”? the
synthesis of brookite nanoparticles under controlled conditions
still represents a major milestone in the field.1%'! Indeed, only a
handful number of reports describe the synthesis of biphasic
brookite/rutile titania nanocrystals.”12716

A leading strategy to improve both, the electron-hole
recombination and the photocatalytic activity under visible
light, is the use of nitrogen-doped titanias.>”1® More
specifically, heterojunctions based on N-doped titanias
consisting on biphasic and/or triphasic anatase-rutile-brookite
phases have demonstrated both efficient electron-hole
separation and superior visible light photocatalytic activity.>*-
21 As alternative, a few groups have focused on the sol-gel
synthesis of photocatalysts using organic ligands. They are able
to react with the alkoxide groups of non-silicate metal alkoxides
forming new molecular M(OR)(L)y precursors, which exhibit
different molecular structures and reactivity.???> The
integration of these complexes influences the formation of the
crystalline phase in titania-based materials.1®2426-28 Shubert et
al.?* reported the synthesis of aminoacid functionalized-
titanium and zirconium alkoxides for the sol-gel synthesis of
titanate or zirconate materials, in which different anatase-to-
rutile ratios were obtained depending on the precursor and
synthesis conditions used.
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Scheme 1. (Left) Synthesis of the unmodified anatase titania, TiO2(A), starting from tetrabutyl orthotitanate (TBOT).2%-3! (Right) Schematic illustration of the synthesis of the hybrid
TiO2(B,R)-Phen organotitanias with binary brookite/rutile crystalline phases, starting from TBOT and 1,10-phenanthroline (Phen), using the same conditions, and the proposed

TiO2(B,R)-Phen structure.

The integration of these complexes influences the formation of
the crystalline phase in titania-based materials.1%2426-28 Shybert
et al.?® reported the synthesis of aminoacid functionalized-
titanium and zirconium alkoxides for the sol-gel synthesis of
titanate or zirconate materials, in which different anatase-to-
rutile ratios were obtained depending on the precursor and
synthesis conditions used. Reddy et al.’® reported the
preparation of N-doped titanias with a variable phase
composition by hydrothermal treatment of sodium titanates in
the presence of aqueous urea. Kakihana et al.2>=28 selectively
synthesized pure and mixed titania polymorphs by
hydrothermal treatment of water-soluble titanium complexes
using nitrogen-containing additives both at acidic and strongly
basic pH. They were able to synthesize rod-like nanosized
particles of single-phase brookite from the titanium—glycolate
complex, in the presence of excess NH3 aqueous solution or
ethylenediamine.?”

Herein, we report, the sol-gel synthesis of biphasic brookite-
rutile (ca. 50:50) organotitanias, TiO»(B,R)-Phen, using 1,10-
phenanthroline (Phen) as both, crystal modifier and as the
source of intermediate N2p states, to simultaneously reduce

charge recombination rate and enhance the photo-induced
electron transfer in the visible range, respectively.
Phen exhibits a versatile chelating character’® and good
electron transport/hole blocking features.33* For instance,
physical blends of titania nanoroads with Phen promotes the
reduction of the recombination rate at the interface,
significantly enhancing the efficiency in inverted organic solar
cells (0SC).33

In view of the above-mentioned, we took advantage of our
expertise in the in-situ incorporation of organic and
coordination compounds into the anatase structure?®313> to
investigate the effect of incorporating Phen into the titania
structure during their sol-gel synthesis, using mild conditions
and low temperatures. Two aspects warrant a significant impact
of the work at hand. First, we rationalize how the use of Phen
as crystal modifier selectively induce the crystalline phase of the
hybrid titanias, once the Ti---N bond is formed through the
coordination of Phen to the Ti(IV) atom of the titanium alkoxide
precursor, Ti(OR)4. This method leads to a fine control of the
formation of biphasic brookite-rutile titania — Scheme 1, right.
To the best of our knowledge, this represents the first sol-gel
synthesis of biphasic brookite-rutile titanias using mild
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conditions with functional-organic compounds as crystal
modifiers, achieving a tunable control of their crystalline
structure. As a reference, if Phen is not added, sol-gel synthesis
of titania leads to anatase phase —Scheme 1, left, while brookite
is a subproduct of the reaction in acidic conditions.®

Finally, TiOz(B,R)-Phen materials shows a 10-fold higher
first-order photocatalytic rate activity along with enhanced
stability (4 catalytic cycles) compared to anatase and anatase-
rutile titanias. This study was carried out with the degradation
of cationic dyes, i.e., rhodamine 6G, rhodamine B, and
methylene blue, under visible light (liquid cut-off filter > 400
nm) in aqueous solutions. This is attributed to i) the presence of
brookite phase promoting self-degradation dye mechanism, ii)
a reduced electron-hole recombination due to the presence of
rutile phase and electron-deficient Ti-N bonds, and iii) the
enhanced photoactivity in the blue region of the visible
spectrum due to the energetic levels of N coming from the Ti-
bonds in the titanias.3?73* As such, this work presents a unique
synthesis strategy to obtain biphasic brookite-rutile
organotitanias bearing Ti-N bonds that leads to superior
photocatalytic degradation activity of pollutants in aqueous
solutions using visible light.

Results and discussion

Synthesis and characterization of hybrid titania-phenanthroline
organotitanias

The synthesis of the hybrid TiO,(B,R)-Phen organotitanias was
carried out following our previously described methodology.?*~
31 First, a complex between the titania precursor, in this case,
tetrabutyl orthotitanate (TBOT), and Phen was directly
synthesized in absolute ethanol at room temperature — Scheme
1,i, right. Second, the TBOT-Phen complex was the
organotitania precursor for the synthesis of the TiO»(B,R)-Phen
by its hydrolysis at room temperature and further crystallization
at 100 °C — Scheme 1,ii, right. The direct reaction of TBOT with
Phen led to a clear solution. However, although the TBOT-Phen
complex remains stable in absolute ethanol even after several
days, the isolation of single crystals for their further single
crystal X-ray diffraction analysis was unsuccessful. This was
expected as the TBOT hydrolyses at RT once the solvent is
evaporated. Hence, we performed NMR analysis by directly
mixing TBOT and Phen in deuterated DMSO — Fig. S1. The shift
displacements observed in *H and 3C NMR spectra indicate that
this complex is formed through the coordination of the imine
groups of the Phen with the titanium atom of the TBOT. This is
in line with the absence of absolute ethanol and with previous
observations for similar Ti(IV)-Phen complexes containing
ethoxy ligands.?® Thus, the effective incorporation of the
coordinated Phen in the final material was achieved, as
supported by solid-state 3C and > N NMR measurements of the
hybrid TiO,(B,R)-Phen organotitanias — Fig. 1. Importantly, the
13C NMR signals 1 and 2 of the Phen — i.e., 152.3 ppm; -CH=
groups directly bonded to the N atom — in TiO»(B,R)-Phen are
slightly displaced with respect to those corresponding to both,
the uncoordinated Phen and the physical blend of an
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Table 1 Phenanthroline incorporation into the hybrid TiO,(B,R)-Phen, their phase
composition, crystalline domains, and textural parameters as a function of the
crystallization time at 100 °C.

Rutile € Brookite ¢ Seer® A
t?  Phen’ J , 5
h) (Wt%) dR:’llO D dB:’IZI D B/R (m*/g)  (cm®/g)

(A) (m) (A) (nm)

0 14.4 n.c. n.c. n.c. n.c. n.c. 97 0.09
6 12.2 n.c. n.c. n.c. n.c. n.c. 250 0.16
12 12.9 n.c. n.c. n.c. n.c. n.c. 105 0.27
18 12.3 * * * * * 350 0.23
24 11.8 322 222 288 152 77/23 171 0.17
36 8.4 322 215 288 195 42/58 158 0.22
48 3.0 322 257 288 159 62/38 122 0.24

a Crystallization time at 100 °C. ? Phen incorporation in the TiO2(B,R)-Phen
determined by TG. € Lattice spacing (d) and crystalline domain size (D) of the
rutile (R) and brookite (B) phases in the hybrid TiO2(B,R)-Phen. ¢ Weight
fractions of R and B in the crystalline phases of titania3”3%. ¢ BET surface area
(Seer) and total pore volume (V) from N2 adsorption/desorption isotherms
at 77 K. * Peaks are too small as to be quantified.
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Fig. 1 Solid 3C (A) and >N (B) NMR spectra of the hybrid TiO,(B,R)-Phen as
compared to the spectra of Phen-free titania, TiO,(A) sample, a physical blend of
TiO,(A) with 12 wt% Phen (Blend), and the phenanthroline alone (Phen).

unmodified titania with Phen — Fig. 1A. In addition, the *N
chemical shift at ca. 265 ppm in TiOy(B,R)-Phen indicates the
presence of imino nitrogens — Fig. 1B.3° This is a clear indication
of the Ti--:N coordination in the hybrid material, as shown in
Scheme 1.

The incorporation of Phen into the hybrid TiO,(B,R)-Phen
materials was further analyzed by X-ray photoelectron
spectroscopy (XPS), infrared spectroscopy (IR), and TG
measurements. Fig. 2A shows that the amount of Phen
incorporated remains almost constant up to 18 h at 100 °C.
Once the crystallization starts, the percentage of Phen in the
samples decreases as the crystallinity of the titanias increases —
see Table 1 and Fig. 2C. Indeed, no diffraction peaks appeared
in the XRD diffractograms until 24 h of crystallization — Fig. 2C.
This contrast with the faster crystallization of the unmodified
titania synthesized without Phen under the same conditions —
TiO,(A) sample—, where the characteristic XRD peaks appear
after 6 h of crystallization — Fig. S2.3°.
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Fig. 2 (Top) Characterization of the hybrid TiO,(B,R)-Phen as a function of the crystallization time at 100 2C: (A) TG curves, (B) FTIR spectra, and (C) XRD patterns. Data for Phen-free
titania — TiO,(A) —, and the phenanthroline alone —Phen — have been included for comparison purposes. (Bottom) Characterization of the hybrid TiO,(B,R)-Phen (crystallization time
36 h, in red) in comparison with the reference materials TiO,(A), Phen, and a physical blend of TiO,(A) with 12 wt% Phen — Blend: (D) N, adsorption/desorption isotherms at 77K, (E)

FTIR spectra, and (F) Raman spectra (F).

In addition, the thermal degradation of Phen is delayed due to
their incorporation into the titania structure — see inset in Fig.
2A. Hence, the slower crystallization rate of TiOx(B,R)-Phen in
comparison to the unmodified titania is attributed to the
incorporation of the Phen into the titania structure through
their coordination with the Ti atom of the TBOT precursor,
which clearly interferes with the formation of the crystalline
structure, as discussed below.

The in the phenanthroline
crystallization time is accompanied by a decrease in the
intensity of the FTIR bands assigned to Phen — Fig. 2B. FTIR
spectra of Phen-free TiO; shows a broad band between 400 and
800 cm™, which is ascribed to the strong stretching vibrations
of the Ti—0 and Ti—O-Ti bonds, sample TiO(A).*° Characteristic
vibrations of the Phen heterocycle are observed in two
frequency ranges, namely 1300-1650 cm (related to the C—C
and C—N stretching vibrations) and 700-900 cm™ (related to the
hydrogen atoms on the heterocyclic rings).*¥™* The C—C
absorption peak of Phen at ca. 1643 cm™ overlaps with the
binding vibration of H-O bond from the terminal groups in the
TiO2(A), which hamper the analysis of this band. Despite the
overlapping of these bands, the energy of the ring modes (vCC
and vCN) of Phen in the 1300-1650 cm region slightly shifts

reduction content with

after their complexation with the Ti(IV) atom of the titania, as
previously observed for other transition metal-Phen
complexes.***° In the low energy region, the two strong bands
of uncoordinated Phen at 738 and 854 cm™ are related to the
out of plane motion of the hydrogen atoms on the heterocyclic
rings and on the center ring, respectively — Fig. 2B,E, Phen curve,
grey bottom line.** The former (738 cm™) decreases in
frequency upon coordination, appearing as a strong band at 725
cm™in the TiO,(B,R)-Phen spectra. Moreover, their frequency is
not significantly affected by the crystallization time — Fig. 2B. As
expected, the energy of this band remains virtually the same in
the sample prepared by physically blending of the control
titania with Phen, as compared to the uncoordinated Phen — Fig.
2E. Finally, the 855 cm™ vibration is less affected on Ti--N
coordination, showing a decrease in frequency of only 5 cm™ in
TiO2(B,R)-Phen samples, and remaining the same in both the
physical blend and the Phen alone. This is quite expected since
the heterocycle ring has the nitrogen donor site, which is able
to coordinate with the Ti(IV) atom of the titania, as suggested
by the NMR analyses.*>*® Thus, there is an effective
incorporation of Phen into the titania via Ti-N bonding.

This was further corroborated by XPS analysis. The survey
spectrum of the hybrid TiO(B,R)-Phen evidences the presence
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of Ti, O, N and C in the samples eenrtairsrotonlyF—Oanrd-C;
butalso-asmallamoeuntof N{rotshown-here}. From XPS in the
Ti2p region of both TiO»(A) and the TiO,(A)/Phen physical blend,
we found that symmetric Ti(2p) features, 2p*?2 and 2pY/2appear
at 458.16 (458.08) and 463.89 (463.81) eV, respectively — Fig.
S3A. In the O 1s XPS spectra — Fig. S3B, the characteristic main
peak at 529.5 eV is attributed to the oxygen in the metal oxide
(Ti-O-Ti bonds), while the 531.2 eV feature is related to the
oxygen in a surface hydroxyl (Ti-OH species) and the H—O from
the absorbed H,0 on their surface. Additional peaks at ca. 532.9
eV are usually attributed to chemisorbed species (such as
adsorbed H,O or O, or oxygen-containing hydrocarbon
contamination) on the surface of the TiO,(A).464748 A red shift
has been observed in both Ti2p and O1s peaks of the hybrid
TiO,(B,R)-Phen. In short, the Ti2p bands appeared at 457.90 and
463.67 eV — Fig. S3A. The energy differences between both
Ti(2p) peaks is consistent to the Ti(IV) coordination sites in
crystalline titania. These bands do not show additional lower
binding energy components associated with the presence of
reduced Ti(lll) species. Quantitativeanalyses-of thesesamples
p c1 N2 . I od ¢

£ o . . XPS
ehamber: XPS in the N1s region clearly shows a signal at ca.
399,31 eV, which has been previously attributed to N-Ti-O bond
in N-doped titanias — Fig. S4.17:2%4%350 Fyrthermore, there is slight
shift in the N1s signal with respect to the phenanthroline alone,
which is in agreement with their complexation with transition
metals.>! This clearly proves that the Ti-N bond is maintained
throughout the synthesis of the material.

After having described the successful incorporation of Phen
into the titania, we determined the crystalline nature of the
titanias. As shown in Fig. 2C and 3J-L, hybrid TiO»(B,R)-Phen
present strong diffraction peaks at 26 =27.6° (110), 36.4° (101),
41.6° (111), and 54.7° (221), which can be indexed to the
tetragonal structure of rutile (JCPDS 21-1276). The
characteristic peaks of the brookite structure (JCPDS 29-1360)
at 20 = 25.5° (120), 25.9° (111) and 31.0° (121), are also clearly
observed, indicating a biphasic brookite-rutile
structure.*>35253.11 The particle size calculated by applying the
Scherrer equation to the deconvoluted main peaks of rutile
(27.6°) and brookite (31.0°) is in the range of 22-25 nm for the
rutile and 15-19 nm for the brookite in all crystalline samples —
see Table 1. It is well known that the most intense peaks of
brookite at 26 = 25.5° (120) and 25.9° (111) could mask the main
peak of anatase phase at ca. 26 = 25.5° (101). Taking into
account the peak positions and intensities of the different
peaks, the X-ray diffraction patterns of TiO,(B,R)-Phen samples
were fitted by 50%-50% Lorentzian-Gaussian curves, the peak
positions and intensities of the peaks discarding the presence of
the anatase phase — see Fig. S5 and ESI for further details.

Furthermore, we also characterized the samples by Raman
spectroscopy — Fig. 2F. For comparison purposes, the Raman
spectrum of the unmodified titania is also included. It should be
noted that the most intense Raman bands of the anatase, rutile,
and brookite polymorphs appear in the 143-150 cm™ range,
below the Raman shift range that we are able to measure.
Nevertheless, the TiO,(B,R)-Phen spectrum clearly shows two of

This journal is © The Royal Society of Chemistry 20xx

the four Raman active modes of rutile with symmetries E; and
Ajg at 426 and 618 cm™, respectively.>>3 The Raman bands at ~
320 and 503 cm™ are in good agreement with the B1g modes of
brookite.*#'1 The broad peak at ca. 243 cm™ has been attributed
to the Bs; modes of brookite and multi-phonon
processes.*>52°311  Thuys, the characteristic vibrational
frequencies support the mixing of rutile and brookite phases in
the TiOy(B,R)-Phen materials.

Finally, TEM analysis of the hybrid TiO2(B,R)-Phen materials
also confirms their biphasic crystalline structure — Fig. 3. The
lattice fringes with an interplanar spacing of ca. 0.34-0.35 nm
are consistent with the planar distance between both the (120)
and (110) planes of brookite and rutile, respectively — Fig. 3A-C.
The SAED patterns of the TEM images taken at low
magnifications — Fig. 3D-F — exhibit a set of bright rings which
are characteristic of polycrystalline materials — see Fig. 3G-I. The
comparison of the reciprocal of radius of the SAED rings with
the standard PDF cards allowed us to identify the specific
diffractions of rutile and brookite, and to further compare it
with the X-ray synchrotron data, thus confirming the biphasic
structure of the hybrid TiO,(B,R)-Phen by both techniques — see
Fig. 3J-L.

In view of all of the aforementioned, we can conclude that
the addition of Phen to the synthesis media modifies the
crystallization of the titania yielding a biphasic brookite-rutile
structure, in contrast with the expected anatase-brookite (14%
brookite) obtained when no Phen was used during the synthesis
— sample TiO(A), Fig. S6.

The synchrotron X-ray diffraction data was used to study the
phase evolution of the crystalline phases with the crystallization
time —Table 1 and Fig. 3H-I. For instance, TiO,(B,R)-Phen begins
to crystallize, after 24 h at 100 °C, yielding mainly brookite. The
percentage of rutile increases with crystallization time, both
phases having similar contributions at crystallization times of 36
h and 48 h. It is worth noting that a sharp decrease in the Phen
content has been registered by TG after 48 h — see Fig. S7 and
Table 1, 2" column, which is accompanied to a decrease in the
BET area. This observation suggests an optimum crystallization
time of ca. 36 h for TiO,(B,R)-Phen materials.

The interparticle mesoporosity is thus significantly affected
by both the phase composition and Phen content — see Table 1
and Fig. S8. In detail, TiO,(B,R)-Phen materials present specific
surface areas between 100 and 350 m? g, depending on the
crystallization time or phase distributions — Table 1. Focusing on
samples prepared after 36 h of crystallization at 100 °C, the
specific surface area of the hybrid TiO,(B,R)-Phen is only slightly
lower (ca. 160 m? g!) than that of unmodified TiO; synthesized
under the same conditions (ca. 200 m?g1), sample TiO,(A). This
differenceis in line with the bigger crystallite size of the former.
Indeed, the surface area of the hybrid TiO»(B,R)-Phen is also
higher than that of the commercial P25 (65 m? g'*) — Fig. 2D,
which could provide an additional advantage to our materials in
the photocatalytic degradation of dyes, as later shown.

Another critical aspect is the activation of the photocatalyst
with visible light. This could be achieved by reducing the band
gap, i.e., changing the position of the conduction (CB) and
valence (VB) bands by introducing intermediate energetic
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states, and by sensitization. Concerning the optical band gap of
titania polymorphs, there is a consensus indicating values of
3.0 eV for rutile, 3.2 eV for anatase, and 3.1-3.6 eV for
brookite.>** An important benefit of using Phen in the
synthesis of the TiO,(B,R)-Phen is that this causes a significant
reduction in its band gap down to 2.92 eV — Fig. 4A. As proved
by XPS measurements, Ti-N bond is maintained throughout the
synthesis of the material. Hence, the band gap reduction is
attributed to the presence of intermediate N energy levels due
to these Ti-N bonds that, similar to N-doping, typically activates
the visible excitation of titanias.

On the other hand, the position of the conduction (CB) and
valence (VB) bands of the three titania polymorphs is a long-
standing controversy. A comparison between the band edge
positions of our materials and few reported values for
titanias®>° after their conversion to the Reversible Hydrogen
Electrode (RHE) at pH = 7 is shown in Fig. 4C. For instance, in
anatase-rutile mixtures, the VB of anatase lies 0.2-0.4 eV
alternatively above or below that of rutile.®* Recent studies
support the hypothesis of a type ll-anatase energy band
alignment lying the VB of anatase 0.4 eV below that of
rutile.>*>® The position of the VB of our Phen-free (anatase)
TiO,(A) is in agreement with our previously reported values for
this material (ca. 2.24 eV vs. NHE).2>731 We found a shift to
higher binding energies (ca. 0.42 eV) in the VB maximum energy
of the hybrid TiO,(B,R)-Phen, which agree with both the
anatase-to-rutile transition®*°%>° and also to the energy level
N2p due to the Phen incorporation — Fig. 4B,C. In any case,
besides the change in the crystalline structure, the blue shift in
the onset of absorption up to 425 nm suggests that the Phen
incorporation allows the synthesis of hybrid-titania with
enhanced visible light-driven photocatalytic activity.

Regarding the role of the Phen as crystal modifier to yield
rutile/brookite systems, we suggest that the geometry of the
complex formed between the Phen and the titanium alkoxyde
used as titania precursor fundamentally changes the
crystallization pathway yielding a mixture of the rutile and
brookite phases, which are structurally more similar to the
organotitania precursor - Scheme 1. The fundamental structure
unit in the three main titania polymorphs — i.e., anatase,
brookite, and rutile — are all [TiOg] octahedron, but their modes
of arrangement and link are different.®C It is well known that the
crystal structure and phase composition of titanias prepared by
hydrothermal method depend on the hydrothermal conditions,
such as pH, temperature, and time.® Furthermore, as described
in the Introduction section, the addition of ligands that
coordinate with the Ti(IV) atom in titanium alkoxydes play a key
role in the crystallization of a specific polymorph. On this regard,
the phase that is favored depends upon the coordination of
Ti(IV) complex ions and its structural similarity to the
polymorph.®12:2426-28 Hance, on the basis that crystalline phase
of hybrid TiO,(B,R)-Phen differs from the one of unmodified
titania, we hypothesize that the chemical structure of the TBOT-
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Fig 4 (A) Tauc plot of the transformed Kubelka-Munk function versus the energy
of the light absorbed, and (B) XPS spectra in the valence band region of the hybrid
TiO,(B,R)-Phen (crystallization time 36 h), as compared with the Phen-free titania
prepared using the same synthetic conditions —TiO,(A), black squares/line— and
the commercial P25 (green line). (C) DOS scheme of our materials as compared to
the reported values for titanias®>=>° vs. RHE (pH = 7).

Phen complex used as a precursor — Scheme 1,i — favors the
formation of the brookite and rutile structures — Scheme 1,iii —,
the Phen content determining the rutile-to-brookite ratio —
Table 1.

Photocatalytic activity

The photocatalytic performance of our materials was evaluated
for the degradation of cationic dyes that are typically used as
model compounds — j.e., rhodamine 6G (Rh6G), rhodamine B
(RhB) and methylene blue (MB) — in aqueous solutions. A
photochemical reactor system equipped with a 400 W medium-
pressure Hg lamp was used (Scheme S1). The UV light was
filtered by filling the double-walled quartz immersion with a
NaNO; solution that allows the passing of only visible light
(liquid cut-off filter > 400 nm)® — see Methods, Table S1,
Scheme S1 and ESI for details.

In the first set of experiments, we considered the effect of
the TiOz(B,R)-Phen content in the degradation reaction of Rh6G
— Fig. 5 and S9. As expected, photocatalytic activity increases
with the TiO,(B,R)-Phen content up to a certain value, beyond
which the activity holds constant. Hence, a photocatalysts
concentration of 0.40 g/L in 100 ml of 1 x 10> M aqueous dye
solutions has been chosen for the rest of experiments, which
were carried out under identical irradiation conditions, using
the Scheme S1. This allows us the qualitative comparison



Table 2 Constant values of the photocatalytic activity under VIS irradiation,
regression coefficients and conversions at different times of the hybrid TiO,(B,R)-
Phen (crystallization time 36 h) compared with the control experiments, in the
degradation reaction of aqueous R6G solutions. Experiments were carried out
under identical irradiation conditions, using 40 mg of photocatalyst and 100 ml of
1 x 10> M aqueous Rh6G solutions.

Conversion® (%)

B K*10% K/K
Samples 8 o R2b /dp
(eV) (min™) 20’ 1h 2h 25
P25 3.3 1.8+0.3 0.987 6 10 17 -
(1.6) 2
TiO2(B,R) 2.9 17.6+£0.4 0.996 36 68 86 10.0
Phen (17.9) 6 £1.9
TiO2(A) 3.1 1.9+0.2 0.978 5 11 18 1.1+
(1.7) 2 0.3
Blend® - 1.7 0.991 5 10 19 1

5

? Band gap energies calculated from the intercept of the tangent to the
(F(R")hv)Y2 versus (hv) plot. ? Pseudo-first order rate constant (k') and
regression coefficient (R?) of the photodegradation of 100 ml of aqueous
solutions of Rh6G (1 x 10> M), obtained as the average of a three runs.
Values in brackets indicate the k’ value used for the determination of the
degree of conversion shown in Table 2 (see also Fig. S9E). ¢ Conversion
achieved by the samples after 20 min, 1 h and 2 h of reaction. ¢ Ratio
between the average k’ values of each of the experiments carried out using
40 mg of the different photocatalyst as compared with the average k’ value
determined when using 40 mg of the commercial P25 as reference. ¢ Physical
blend of TiO2(A) with 12 wt% Phen.

A B
1.0 p==—e 100
P e S W n >
o [ ELE e
08F TE Tha 80 )
\i\ \‘I\_\ R g J
L & “m /
° 0.6 y\ - e § 60
Q P 1 F '
) T . S Z
041 S af
S 14 o
--%- no catalyst . a ”
--m- 10 mg ¥
0.2 20 mg - 20
-v-- 40 mg
0 20 40 60 80 100 120 0

> O O O CY
RN <& <
Irradiation time (min) O NP © S

Fig. 5 Effect of the hybrid TiO,(B,R)-Phen loading on the photocatalytic degradation
reaction of Rh6G: (A) photodegradation profiles, and (B) degree of conversion achieved
after 1 h and 2 h of reaction as a function of the TiO,(B,R)-Phen loading. Experiments
were carried out under identical irradiation conditions, using 100 ml of 1 x 10° M
aqueous Rh6G solutions.

between the photocatalytic activity of the different catalysts
and dyes tested.%%63

Next, the efficiency of the TiO,(B,R)-Phen photocatalyst was
evaluated in comparison with commercial P25, the synthesized
TiO,(A), and its mixture with Phen (physical blend) — Figs. 6
andS10, and Table 2. As previously reported for N-doped
titanias,'” both unmodified TiO2(A) and TiO,(B,R)-Phen reveal
similar photoactivity under UV light. Under visible light (sodium
nitrite filter), stark differences have, however, been noted. The
hybrid TiO,(B,R)-Phen exhibits a 10-fold enhanced activity in
comparison with the reference materials, giving decomposition
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Fig. 6 Rh6G photodegradation reaction using the hybrid TiO,(B,R)-Phen as photocatalyst,
as compared with the Phen-free titania, TiO,(A), the commercial P25, and physical blend
of TiO,(A) with 12 wt% Phen (Physical blend): (A) changes in the Rh6G concentration,
and (B) plots of In (Co/C) as a function of the irradiation time (symbols) with their
corresponding linear fits (dashed lines). Experiments were carried out under identical
irradiation conditions, using 40 mg of photocatalysts and 100 ml of 1 x 10°° M aqueous
Rh6G solutions.

rates of ca. 86 £ 2 % after 2 h of irradiation — see Table 2 and
Fig. S10E. It should be noted that the photocatalytic activity of
unmodified titania remains the same before — black squares in
Fig. 6 — and after their physically mixing with 12 wt% Phen —
purple triangles in Fig. 6, which further evidences the benefits
of the hybrid nature of the TiO,(B,R)-Phen. Finally, Rh6G
degradation experiments were also carried out using blue LEDs
(435-445 nm spectral range). In this case, even with the lower
radiance that LEDs offer regarding mercury arc lamps, the
hybrid material is still able to enhance the photocatalytic
activity. In fact, the pseudo-first order rate constant of the
hybrid TiO,(B,R)-Phen is twice the one corresponding to the
reference TiO;(A).

Taking into account the outstanding photocatalytic activity
of the hybrid TiOy(B,R)-Phen,
photodegradation of other cationic dyes — Fig. 7, S11 and S12,

we moved forward the

maintaining a photocatalysts concentration of 0.40 g/L, and
using 100 ml of 1 x 10> M aqueous dye solutions. In the same
line, TiO,(B,R)-Phen presents a 6-fold and 3-fold, respectively,
enhanced photodegradation activity of MB and RhB compared
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Fig. 7 Photocatalytic activity of hybrid TiO,(B,R)-Phen in the degradation reaction of
Rh6G, RhB and MB: (A) plots of In(Co/C) as a function of the irradiation time (symbols)
with their corresponding linear fits (dashed lines), and (B) degradation at different
irradiation times. Inset in (A) shows the apparent constant rate (k' x 103, min') for each
degradation reaction. Experiments were carried out, under identical irradiation
conditions, using a 400 W medium-pressure mercury lamp (sodium nitrite liquid cut-off
filter) as light source, 40 mg of photocatalysts and 100 ml of 1 x 105 M aqueous dye
solutions.
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Fig. 8 Recycling tests of: (A) Rh6G and (B) MB degradation over identical TiO,(B,R)-Phen
samples. Experiments were carried out under identical irradiation conditions, using a 400
W medium-pressure mercury lamp (sodium nitrite liquid cut-off filter) as light source,
0.4 g/L of catalyst and a dye concentration (both Rh6G and MB) of 1x105 M.

to those of the unmodified titanias — Fig. 7B and S11 — achieving
decomposition rates > 80% after 100 min of irradiation — Fig. 7B.

Next, recycling tests were carried out to assess the stability
and reusability of the hybrid TiO,(B,R)-Phen as photocatalyst
(see ESI for details). As shown in Fig. 8, the hybrid material
retains, after four photodegradation cycles, >90 % (Rh6G, Fig.
8A) and ca. 70% (MB, Fig. 8B) of its corresponding efficiency.
These results clearly point out the excellent stability and
reusability of the hybrid TiO,(B,R)-Phen under the tested
conditions.

After the photocatalytic degradations, recovered
photocatalysts were characterized by FTIR and TG
measurements, and the dye solutions were analyzed by HPLC-
mass spectrometry. Fig. S13 shows FTIR and TG data of
TiOy(B,R)-Phen before and after the MB degradation process
shown in Fig. 7. Both FTIR spectra and TG curves of the
recovered catalyst remained almost unchanged, which further
confirms the stability of the synthesized TiO,(B,R)-Phen.

Next, the HPLC-mass spectrometry analysis of the dye
solutions before and after is discussed — see ESI and Fig.s S14-
17. The total ion chromatogram (TIC, positive mode) of the
initial solutions of Rh6G (and RhB) shows a sharp intense peak
at ca. 5.0 min (4.9 min for RhB), as well as two very low intense
peaks at retentions times of 4.9 min (for Rh6G) and 4.6 min (for
both Rh6G and RhB) — Fig. S14. The molecular mass (m/z) of
both Rh6G and RhB cations (after chloride deionization) is 443,
which is observed at 5.0 min and 4.9 min, respectively. The mass
spectra of the low intense peaks indicates m/z values of 429 and
415, corresponding to the deethylated and demethylated
cations, respectively, in a very low concentration— Fig.s S15 and
S16. Similarly, the chromatogram of the control MB shows an
intense peak at retention times of 3.8 min, which corresponds
to the molecular mass of the MB cation (m/z = 284), and a small
peak at 3.7 min due to the demethylated MB (m/z = 270) — Fig.
S14 and S17. After the degradation processes, the original peaks
disappeared in all cases, which suggests the degradation of the
cationic dyes under visible light —Fig. S14.%* Indeed, high molar
mass fragments typically associated to intermediate Rh6G or
RhB degradation products were not detected by MS analysis —
Fig. S15 and $16.557%8 |n the case of MB, we identified the thionin
intermediate (m/z = 228) after 100 min of reaction, suggesting
that the MB degradation occurs via the auxochrome group

This journal is © The Royal Society of Chemistry 20xx

degradation, i.e. via demethylation cleavage during the photo
catalytic degradation®7° — Fig. S17.

In the case of the photodegradation of the cationic dyes
using TiO»(A) and P25 reference catalysts, the blockage of
radiation below 400 nm prevents the hole way.?! By contrast,
the improved photoactivity under visible light of the hybrid
TiO,(B,R)-Phen could be ascribed to the synergistic combination
of its reduced band gap, due to the Ti-N bonding, and the
presence of the biphasic brookite-rutile that reduces carrier
recombination, promoting the self-degradation of dyes
adsorbed on the surface. The former is in line with Asahi et al.*”
who first described the visible-light induced photoactivity of N-
doped titanias. This mechanism is promoted by blue-absorbing
states induced by the introduction of N2p levels that leads to i)
CB levels higher than the H,/H,O level with good
photoreduction activity — Fig. 4C, and ii) low carrier
recombination upon excitation. The latter is also promoted by
the high photoreactivity of brookite phases and the carrier
stabilization at the interphase lattice with rutile, leading to
more robust titania-based photocatalyst. These features were
confirmed by applying current-voltage (J-V) and
electrochemical impedance spectroscopy (EIS) assays to
TiO2(B,R)-Phen and TiO, electrodes under 1 sun and dark
conditions — see experimental section for details. In short, J-V
assays showed that the photogenerated current of TiO3(A)
electrodes is 2.5 times higher than those with TiO,(B,R)-Phen,
indicating a more prominent charge trapping in the latter — Fig.
S18. This was confirmed by EIS measurements under
illumination — Fig. S19. At open circuit conditions, the charge
transport resistances were 8.74 kQ and 22.3 kQ for TiO»(A) and
TiO2(B,R)-Phen electrodes, respectively. This difference hold
constant over a voltage range from 0 to 0.3 V — Fig. S18. In
addition, EIS assays under dark conditions provide valuable
information about the resistance towards recombination upon
increasing the applied bias — Fig. S20. Here, TiO,(B,R)-Phen
electrodes present almost 2-fold higher recombination
resistance than TiO,(A) electrodes — e.g., 34.2 vs. 16.4 kQ at
open circuit conditions. In other words, the TiO,(B,R)-Phen
feature reduced carrier recombination rates due to the
presence of N2p states or brookite-rutile interphases.

To gain a deeper insight about the photocatalytic
mechanisms involved in the degradation of the dyes, the
influence of triethanolamine as a hole scavenger in both the
Rh6G and MB degradation was investigated (see ESI for details).
Hole scavengers could inhibit the photocatalytic process by
reacting with hydroxyl radicals and thus, they may compete
with the dye for their adsorption at the surface sites where
reactive species are produced. However, they can also boost the
photocatalytic efficiency.®®72~73 Indeed, hole scavengers have
been previously employed to enhance the photocatalytic
reduction reaction under UV light in doped titanias.”® In our
case, the photodegradation rate is increased after the addition
of triethanolamine to both Rh6G and MB dye solutions,
suggesting that i) the hole scavenger contributes to the charge
separation,’®7! and ii) the dominant mechanism is the dye way,
i.e., the self-degradation of the cationic dyes.”
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Experimental

Materials. Chemicals. Tetrabutyl orthotitanate (TBOT, 97%), 1,10-
phenanthroline (Phen, >99%), absolute ethanol (<99.8%),
commercial titania Aeroxide® P25 (P25, 299.5%), and the dyes
rhodamine 6G (Rh6G, 99%), and rhodamine B (RhB, >99%) were
purchased from Sigma-Aldrich and used without further purification.
Methylene blue (MB, high purity) was supplied by Alfa-Aesar.

Synthetic procedures. Synthesis of the hybrid titania-
phenanthroline, TiO,(B,R)-Phen. The main paragraph text follows
directly on here. The synthesis of hybrid TiO,(B,R)-Phen samples
was carried out according to our previously reported
procedure.?®3° |n a typical synthesis, the Phen was first
dissolved in 35 ml of absolute ethanol under magnetic stirring.
Then, 5 g of TBOT were added to the solution and the mixture
was magnetically stirred for 2 hours at room temperature.
Finally, 125 g of water were added drop-wise causing the
precipitation of the solid. The mixture was then kept at room
temperature under vigorous magnetic stirring for 12 h, followed
by treatment at 100 °C, for different times (0O — 48 h), under
static conditions, in an air oven. The obtained solid product was
washed with water, acetone, and ethanol successively, filtered
and dried in an oven at 100 °C for 8 hours. The molar ratio of
the synthesis gel was 1 TiO,:0.1 Phen:467 H,0:41 EtOH.

Synthesis of titania nanoparticles, TiO>(A). Phen-free titanias were
synthesized following the same procedure described above, avoiding
the Phen addition.

Preparation of physical blends of TiO,(A) with Phen (Physical
blend). Physical blends of TiO,(A) with 12 wt% Phen were pre-
pared by mixing both powders using an agate mortar for about
10 min.

Methods. The incorporation of Phen into the titania was evaluated
by XPS and FTIR spectroscopy techniques, and the content of the
organic compound in the final materials was analyzed by
thermogravimetric measurements (TG). The morphology of the
materials was investigated by transmission electron microscopy
(TEM). The band gap of both the organotitanias and the unmodified
titania was estimated by DRUV measurements. XPS spectra of these
materials were obtained in the -10 to 2 eV region to calculate the
position of the maximum of their valence bands. Both techniques,
i.e., DRUV and XPS in the valence band region, were combined to
obtain the density of states (DOS) scheme. Band edge positions were
converted to the Reversible Hydrogen Electrode (RHE) at pH = 7 by
using Erue = E+ 0.059 x pH, where E is the potential corresponding to
the maximum valence band, as determined by XPS.”®> Synchrotron X-
ray diffraction experiments were performed at the ALBA synchrotron
located in the Barcelona area, Spain (beamline BLO4-MSPD). Porous
texture was characterized by N, physisorption experiments at 77 K
and the results were analyzed using the software package
AUTOSORB1 (Quantachrome Corporation).

Photocatalytic activity. The photocatalytic activity of TiO2(B,R)-Phen
materials was evaluated in the degradation reaction of different dyes
(Rhodamine 6G, Methylene blue and Rhodamine B) in aqueous
solution (1x10> M) using a 400W Hg medium-pressure lamp as light
source. A 2 M of freshly prepared NaNO2 solution (UV cut-off filter >
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400 nm) was introduced in the double-walled quartz immersion well,
instead of distilled water, for each of the experiments conducted
under visible irradiation. In a typical experiment, the photocatalyst
(0.4 g/L) was added to 100 ml of a 1x10°> M dye solution. Before
irradiation, samples were magnetically stirred for 60 min in dark to
achieve high dispersion and adsorption—desorption equilibrium of
the dye on the photocatalyst surface. In all cases, the initial
concentration (Co) has been taken as the concentration after the
adsorption—desorption equilibrium was reached. Afterwards, the
lamp was turned on and the reaction mixture was irradiated with
visible light. The light output, which was estimated using ferrioxalate
actinometry under operating conditions,’®7% was 2.4 x 10
photons/s. During the photocatalytic reaction, a known volume of
sample was withdrawn every 5 — 20 min (depending of the system),
and the concentration of the Rh6G, RhB or MB species was estimated
based on the maximum absorbance observed at ca. 525 nm, 550 nm
and 660 nm, respectively, using a UV-vis spectrometer (V650, Jasco
Analytica Spain). Some experiments were also carried out using a
blue light-emitting diode (LED, 435-445 nm) ring as light source. After
the photocatalytic degradations, the photocatalysts were recovered
by centrifugation, washed with distilled water and ethanol, and then
characterized by FTIR, TG and TEM-SAED. HPLC-mass spectrometry
was used for the analysis of the dye solutions before and after the
photocatalytic degradations. The detailed information can be found
in the ESI.

Photophysics assay. Time resolved spectroscopy was carried out to
Rh6G (1 x 10° M, 100 ml) in a suspension of TiO,(A) or TiO(B,R)-
Phen nanoparticles (0.4 g/L) excited with a pulsed laser (442.5 nm).
Preparation pastes and electrodes. Pastes for electrodes were
prepared by suspending TiO,(A) and TiO,(B,R)-Phen nanoparticle in
ethanol followed by the addition of HCI 1 M. Electrodes were
deposited by doctor blading technique onto cleaned FTO (See ESI for
specific details) and sintered at 200°C for 30 min.

Device fabrication. Electrodes were assembled together with
platinum counterelectrodes using a polymer spacer. I-/13- electrolyte
was injected through pre-drilled holes in the pt-CE.
Characterization of devices. Electrical characterization of devices
with TiO,(A) and TiO,(B,R)-Phen electrodes was performed using a
solar simulator previously calibrated with a Si reference cell. J-V
curves were obtained applying a linear sweep voltammetry from -0.5
V to 0.05 V at dark and 1 sun conditions. Electrochemical Impedance
Spectroscopy assays was performed over a voltage range from 0 to
0.3 V (Jsc to Voc conditions). Results were fitted to an equivalent
circuit to extract the transport resistance within each electrode and
lifetimes were extracted from the frequency at which maximum
phase shift was obtained.

Conclusions

In summary, we have demonstrated a strategy for the sol-gel
synthesis of highly photoactive biphasic brookite-rutile
organotitanias. This has been achieved by the incorporation of
Phen in a typical synthesis with titanium alkoxides, using

water/ethanol and mild temperatures. The role of this
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heterocyclic compound is twofold. On one hand, Phen acts as
crystal modifier, driving the crystallization of the titania to yield
a biphasic brookite-rutile mixture, due to the geometry of the
complex formed through its coordination with the titanium
alkoxide precursor, Ti(OR)4. This guarantees a reduced carried
recombination rate. On the other hand, Phen is a source of
intermediate N2p states due to the Ti-N bonds, which allows the
enhancement of photo-induced electron transfer in the visible
range.

Our contribution represents a novel and simple alternative to
nitrogen-doped titanias. Instead of introducing the N atoms in
the titania structure either by substitution or interstitial
inclusion (doping); our solution is based on the formation of Ti-
N bonds by simple coordination of N-containing ligands to the
titanium atoms of titania. This is done solely by adding a
nitrogen-containing ligand, in this case Phen, to the synthesis
solution containing the titanium alkoxide. In this work, we show
how the Ti-N bond is maintained throughout the synthesis of
the material, and yields the intermediate N2p states responsible
of the excellent photocatalytic properties under visible light.
Owing to the above feature, TiO,(B,R)-Phen phote-catalyst
photocatalyst exhibits a significant enhanced visible light
photodegradation of cationic pollutants in aqueous solutions
compared to the reference titania catalysts (TiO, anatase, P25,
and physical blend of TiO,-Phen). In detail, the hybrid TiO,(B,R)-
Phen shows a 10-fold enhanced visible photoactivity keeping
their efficiency after four photodegradation cycles. The
photocatalyst mechanism is related to the self-degradation of
the dyes, which is enhanced by the reduced carrier
recombination due to both the binary brookite-rutile structure
and the Ti-N bonds, and the blue absorption features related to
the intermediate N2p states. As such, this work presents a
convenient sol-gel synthesis strategy to simultaneously obtain
biphasic brookite-rutile organotitanias bearing Ti-N bonds,
leading to superior photocatalytic activity in the degradation
reaction of aqueous solutions of basic dyes under visible light.
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