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A B S T R A C T

Mixed-phase TiO₂ systems offer unique opportunities for enhancing photocatalytic performance via inter
polymorph junctions (homojunctions). While anatase/rutile interfaces have been extensively studied, anatase/ 
brookite junctions remain comparatively underexplored. Here, we demonstrate that homojunctions between 
anatase and brookite, formed via a template-free, pH-controlled synthesis and low-temperature calcination (200 
◦C), significantly enhance photocatalytic activity under simulated solar light. High-resolution TEM reveals direct 
anatase/brookite junctions without isolated brookite crystallites. At the same time, IR spectroscopy detects the 
formation of CO2

.− radical ions, suggesting that the homojunctions act as active defect sites, potentially 
contributing to visible light absorption or increasing photocatalytic performance. Notably, the surface generation 
of CO2

.− under mild conditions could open new perspectives for CO₂ activation and solar fuel production, while 
also positioning this species as a valuable intermediate in organic synthesis for the formation of carboxylic acids. 
Compared to an anatase/brookite/rutile system obtained through calcination at 600 ◦C, the sample calcined at 
low temperature exhibits superior performance in degrading paracetamol, a model emerging contaminant in city 
water. Importantly, Surface-Enhanced Raman Spectroscopy (SERS) enables direct identification of paracetamol 
degradation intermediates, revealing a mechanistic pathway similar to that promoted by a commercial anatase/ 
rutile TiO2. These findings underscore the potential of anatase/brookite homojunctions as efficient charge- 
separating interfaces, as further supported by electrochemical impedance spectroscopy.

1. Introduction

Titanium dioxide (TiO2) is widely recognized as a highly effective 
photocatalyst due to its low toxicity, chemical stability, and affordability 
[1–4]. Among the eight known polymorphic structures of TiO2, anatase, 

rutile, and brookite are the most extensively studied crystalline phases 
[5].

Anatase, an indirect semiconductor with an average band gap energy 
of approximately 3.2 eV, is typically considered the most active phase 
for photocatalytic applications, especially when it is prepared in 
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nanostructured forms [1–4]. This is attributed to its high surface area 
and indirect band gap, hindering electron-hole recombination [1–4].

Rutile, a direct semiconductor with a band gap energy of approxi
mately 3.0 eV, exhibits lower photocatalytic activity due to its generally 
larger crystallites, resulting in a lower surface area and faster electron- 
hole recombination rates associated with its direct band gap [1–4].

Brookite, a direct semiconductor with a band gap energy ranging 
from 3.1 to 3.4 eV, is still underexploited in photocatalysis due to 
challenges in synthesizing single-phase samples [6–10].

TiO2 as a photocatalyst faces two primary limitations: i) limited 
exploitation of solar light, as TiO2 primarily absorbs in the UV range, 
which constitutes only 4–5 % of total solar radiation [10], and ii) rapid 
recombination of photogenerated electrons and holes, which reduces 
the efficiency of the photocatalytic process [11]. To address these lim
itations, various strategies have been employed to enhance the photo
catalytic efficiency of TiO2 under solar light, such as the formation of 
composites [12] and heterojunctions (i.e., junctions between semi
conductor materials featuring different band gaps, thus able to maintain 
the spatial charge separation by accumulating the charge carriers into 
different electronic bands) [13,14], self-doping [15], and doping with 
heteroatoms [16–19]. Doping with heteroatoms is a common approach 
for extending the absorption edge of TiO2 toward the visible range. 
However, it can introduce defects that can act as recombination centres 
for photogenerated electrons and holes [17].

Homojunctions, i.e., junctions between different TiO2 polymorphs 
[20], have emerged as a promising strategy for enhancing photocatalytic 
activity, particularly in utilizing the UV portion of solar irradiation, 
because they can facilitate charge carrier separation and offer improved 
structural compatibility due to their identical chemical composition, 
which minimizes lattice mismatch, lowers interfacial strain, and facili
tates band alignment [21]. Anatase/rutile homojunctions are the most 
extensively studied [15,22]. For example, Degussa P25, a flame-made, 
widely used commercial TiO2 photocatalyst, consists of anatase and 
rutile phases: some rutile nanoparticles form Type II homojunctions on 
the surface of anatase nanoparticles (Scheme 1b) [22–24], and the 
remaining ones coexist as single nanoparticles. Although the exact role 
of anatase/rutile homojunctions in Degussa P25 is still debated [22], 
they are generally believed to enhance photocatalytic activity, espe
cially by facilitating the separation of charge carriers [25–27].

In contrast to anatase and rutile, the investigation of anatase/ 
brookite mixed phases remains underexplored. Nanocomposites con
taining anatase/brookite mixed phases can enhance visible light- 
induced H2 production [31]. Some of us demonstrated that undoped 
and Fe-doped anatase/brookite mixed phases exhibit promising per
formance in the photocatalytic degradation of simazine [32] (a persis
tent water contaminant), and that undoped TiO2 anatase/brookite 
mixed phases efficiently degrade N-phenylurea (another persistent 
micropollutant) under both UV and solar illumination [33]. The efficient 
degradation of ibuprofen by a mesoporous anatase/brookite sample 
under UV light has been attributed to the synergy between anatase and 
brookite; still, the presence of homojunctions has not been demonstrated 
[34]. The antibacterial activity of doped anatase/brookite nano
junctions has also been investigated [35]. Still, papers demonstrating 
the actual occurrence of anatase/brookite homojunctions in undoped 
TiO2 are uncommon [37], and their synergistic role in photocatalytic 
applications remains underexplored.

This study aims to elucidate the role of anatase/brookite homo
junctions in photocatalysis by synthesizing two undoped TiO2 samples 
using a simple, template-free sol-gel synthesis method. A low tempera
ture calcination (200 ◦C) yields an anatase/brookite mixed phase, while 
a higher calcination temperature (600 ◦C) produces an anatase/ 
brookite/rutile mixed phase. A combination of physicochemical tech
niques is used to comprehensively characterize the structural and sur
face properties of the synthesized samples. Electrochemical Impedance 
Spectroscopy (EIS) is used to elucidate the mechanisms of charge carrier 
stabilization.

To assess their photocatalytic performance under simulated solar 
light, we selected the degradation of paracetamol (N-(4-hydroxyphenyl) 
acetamide) as a model reaction for the removal of emerging pollutants 
[36–38]. These micropollutants, often present at trace concentrations 
(from a few ng L− 1 to several μg L− 1), are of increasing environmental 
concern due to their persistence, poor removal by conventional waste
water treatment, widespread occurrence in aquatic systems, and po
tential adverse effects on human health and ecosystems [39–43]. 
Paracetamol, as a commonly used analgesic and antipyretic medication, 
is frequently detected worldwide in aquatic environments, even in 
drinking water, making it a relevant target compound [40,44]. 
Surface-enhanced Raman Spectroscopy (SERS) is employed to identify 
the potential degradation pathway of paracetamol by detecting reaction 
products and comparing the results with those reported in the literature, 
as summarized in Scheme 2 [45,46].

Beyond pollutant removal, photocatalytically active TiO₂ systems are 
gaining interest for their ability to generate reactive radical species with 
broader chemical relevance. Among these, the carbon dioxide radical 
anion (CO2

.− ) is of particular importance. This highly reactive, nucleo
philic species has been recognized not only as a key intermediate in the 
initial step of CO₂ photoreduction, an essential reaction in the pursuit of 
solar fuels, but also as an effective single-electron donor in organic 
synthesis [47]. While its direct generation from CO₂ is challenging due to 
the molecule’s high reduction potential, we will show that the formation 
of CO2

.− can be promoted under mild conditions on the surface of TiO₂, 

Scheme 1. Possible band alignments in TiO2 mixed polymorph phases, adapted 
from refs [28–30]: Type I (a), Type II (b), S-scheme (also known as Z 
direct-scheme) homojunctions (c, where IEF stands for the Internal Electric 
Field that is generated at the interface between the two semiconductors, 
facilitating the efficient transfer of electrons and holes, leading to enhanced 
photocatalytic activity).
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particularly in the presence of anatase/brookite homojunctions, sug
gesting the presence of surface defects or active sites favorable for this 
transformation.

2. Experimental section

2.1. Materials synthesis

All reagents used for the syntheses were ACS-grade chemicals pur
chased from Merck.

The anatase/brookite (AB sample, A: anatase, B: brookite) and 
anatase/brookite/rutile (ABR sample; R: rutile) TiO2 mixed phases were 
synthesized using a template-free sol-gel method under pH control to 
tune the brookite formation. The synthesis procedure was adapted by 
modifying the process initially developed by Mutuma et al. slightly [48], 
which allows the formation of homojunctions and is described as fol
lows. A solution was prepared by mixing 30.0 mL of titanium(IV) iso
propoxide (Ti(OPr)4) with 30.0 mL of isopropanol in a 150 mL beaker. 
The solution was stirred at 500 rpm for 20 min, followed by the addition 
of 300 mL of double-distilled water while stirring. The resulting mixture 
was transferred to a Teflon autoclave and heated at 80 ◦C for 5 h in a 
stove. After heating, the mixture cooled down to room temperature. The 
pH of the yellowish solution was adjusted to 2.0 by the dropwise addi
tion of 1.0 M HNO3 solution. This pH value was chosen based on the 
paper by Mutuma et al. [48], indicating the highest brookite mass per
centage of 20 % at this pH.

The sol was stirred at room temperature for 20 h to form a gel. The 
gel was washed several times with double-distilled water and isopropyl 
alcohol, followed by centrifugation at 4000 rpm for 12 min. The 

obtained precipitate was dried in a drying oven with natural convection 
(Binder ED-53) at 100 ◦C for 12 h. The dried product was divided into 
two aliquots. The former was calcined in a muffle furnace (Ney Vulcan 
3–550) at 200 ◦C for 2 h (AB sample), and the latter was calcined at 600 
◦C for 2 h (ABR sample), both with a temperature ramp of 5 ◦C min− 1 

before cooling to room temperature. Both calcined powders were 
washed four times with an ethanol/water (1/3) mixture, centrifuged at 
8000 rpm for 10 min, and dried at 60 ◦C for 24 h.

2.2. Physicochemical characterization methods

X-ray powder diffraction (XRD) patterns were collected using an 
X’Pert Philips PW3040 diffractometer with Cu Kα radiation (2θ range =
10◦–100◦; step=0.026◦ 2θ; time per step = 0.8 s). The XRD patterns were 
indexed by referencing the Powder Diffraction File database (PDF 
20,002,004, International Centre for Diffraction Data, Pennsylvania) 
and the Crystallography Open Database (COD 2013). Quantitative Phase 
Analysis (QPA) was made by applying the full-profile Rietveld method to 
the diffraction patterns using X’Pert High Score Plus 3.0e software. The 
crystallite average size (D) was determined using the Williamson-Hall 
plot, calculated by the X’Pert High Score Plus 3.0e software.

N2 adsorption/desorption isotherms were measured at − 196 ◦C 
using a Micromeritics ASAP 2020Plus instrument. Before analysis, 
powders were pre-outgassed at 150 ◦C for 4 h to remove water and other 
atmospheric contaminants. The Specific Surface Area (SSA) was calcu
lated using the Brunauer-Emmett-Teller (BET) method.

High-resolution transmission electron microscopy (HRTEM) char
acterization was performed using a side-entry JEOL (Akishima, Tokyo, 
Japan) JEM-3010 UHR microscope (300 kV, LaB6 filament). All digital 

Scheme 2. The two degradation pathways of paracetamol (PCT) acknowledged by the literature, adapted from refs [45,46]. The compounds in the boxes correspond 
to possible by-products that may form during the experiments in Fig. 9, as indicated by the observed UV absorption bands at the specified wavelengths. The SERS 
analysis focuses on the detection of hydroquinone (HQ), 4-aminophenol (4-AP), and 4-nitrophenol (4-NP).
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micrographs were acquired using an UltraScan 1000 camera, and the 
images were processed using Gatan Digital Micrograph software 
(Pleasanton, CA, USA). For HRTEM analysis, a small amount of powder 
(2–3 mg) was sonicated in isopropanol and transferred as a suspension to 
a copper grid covered with a holey carbon film.

Particle size distributions were obtained by counting a statistically 
representative number of particles for each sample (>150 particles).

The mean particle diameter (dm) was calculated using the equation 
dm = Σdini/Σni, where ni is the number of particles with diameter di.

The presence of homojunctions was investigated by analyzing the 
interplanar spacings measured from the Fast Fourier Transform (FFT) of 
all the HRTEM images collected for each sample.

Raman spectroscopic characterization was performed using a 
Renishaw InVia Reflex micro-Raman spectrometer (Renishaw plc, 
Wotton-under-Edge, UK), equipped with a cooled charge-coupled device 
(CCD) camera as the detector and a diode laser (λex = 514.5 nm) as the 
excitation source. The powder samples were pressed onto a microscope 
glass slide to ensure the required flatness for inspection using several 
microscope objectives for backscattering light collection. A 20x objec
tive, 1 mW laser power, 3 s exposure time, and 3 accumulations were the 
settings applied for the spectral acquisitions on the TiO2 samples. The 
Raman spectra of paracetamol, hydroquinone, 4-aminophenol, and 4- 
nitrophenol powders were registered using a 20x objective, 0.1 mW 
laser power, 10 s exposure time, and 1 accumulation on the pure re
agents purchased from Merck. The conditions configured for the SERS 
spectra acquisition are reported in Section 2.4.

The TiO2-based electrodes for electrochemical impedance spectros
copy (EIS) measurements were prepared under ambient laboratory 
conditions; all chemicals, except those used in the TiO2 materials under 
study, were sourced from Merck. In detail, polyvinylidene fluoride 
(PVDF) was dissolved in N-methyl pyrrolidone (NMP) under continuous 
stirring until a clear solution was obtained. The active materials and 
conductive carbon (Super C65, Timcal) were dry-mixed and ground 
before being incorporated into the prepared solution. This process 
yielded slurries with a mass ratio of active material: Super C65: binder of 
70:20:10. Stirring continued for 6 h to achieve uniformity. The resulting 
dense slurries were cast onto nickel (Ni) foils as current collectors using 
a doctor blade to ensure a consistent wet film thickness of 300 µm. The 
coated electrodes were then dried at 80 ◦C, and discs (2.54 cm2 area) 
were cut out of the dry electrode film for cell assembly and testing. Two 
identical disc electrodes were assembled in a symmetrical TiO2║TiO2 
cell configuration, housed in an ECC-Std electrochemical test cell (EL- 
Cell, Germany), separated by a Whatman GF/A separator soaked in a 1 
M aqueous solution of NaCl electrolyte.

EIS measurements were conducted at ambient temperature in the 
frequency range between 300 kHz and 1 Hz. The Nyquist plots obtained 
from the EIS measurements were curve-fitted by applying the equivalent 
circuit model shown in the lower inset of Fig. 5. In this model, R 1 
represents the liquid electrolyte resistance, R2 corresponds to the 
resistance towards charge transfer in TiO2 (namely, the exchange of ions 
and the associated movement of electrons), Cdl denotes the double-layer 
capacitance, W accounts for Warburg impedance, which is related to 
diffusion processes, and, finally, Ci is the intercalation capacity. To ac
count for deviations from ideal behavior due to electrode inhomogeneity 
or roughness, all C elements were replaced with constant-phase ele
ments (Q) in the fitting procedure. This process was performed using 
RelaxIS software by rhd instruments GmbH [49,50].

Photoluminescence (PL) spectra were recorded using an Edinburgh 
Instruments FLS1000 spectrofluorometer equipped with a xenon arc 
lamp as the excitation source and a photomultiplier tube detector. The 
samples were prepared by drop-casting ethanol dispersions of the 
powders onto CaF₂ windows (1 inch diameter, 1 mm thickness) and 
drying under ambient conditions. Measurements were performed at 
room temperature using excitation wavelengths of 350 nm, corre
sponding to near-band-edge excitation. The emission spectra were 
collected in the 380–700 nm range, with slit widths and integration 

times optimized for a high signal-to-noise ratio. All the spectra were 
corrected for the instrumental response, and identical measurement 
conditions were applied to all the studied samples to enable reliable 
comparison of their photoluminescence intensity and spectral features. 
The photoluminescence quantum yield (PLQY) of each sample was 
tentatively measured (vide infra) using the QYPro™ Integrating Sphere 
accessory (Edinburgh Instruments) coupled to the same FLS1000 sys
tem. Measurements were performed under identical excitation condi
tions, and the PLQY values were calculated automatically by the 
instrument software based on the ratio of emitted to absorbed photons, 
following the manufacturer’s calibration and correction procedures.

Diffuse Reflectance (DR) UV–Vis spectra of the powder samples were 
measured using a Cary 5000 UV–Vis-NIR spectrophotometer (Varian 
instruments) equipped with a DR sphere.

X-ray photoelectron Spectroscopy (XPS) analysis was performed 
using a PHI 5000 VersaProbe (Physical Electronics) instrument with 
monochromatic Al Kα radiation (1486.6 eV energy) as the X-ray source. 
Two different pass energy values were used: 187.75 eV for survey 
spectra and 23.5 eV for high-resolution (HR) spectra. The spectral line 
shift of the C 1 s binding energy (BE) value at 284.8 eV was used to 
correct for any sample charging effects. Data processing was performed 
using MultiPak software (v. 9.8.0.19).

For IR measurements, powders were pressed into thin, self- 
supporting wafers (approximately 8 mg cm− 2) and outgassed at 100, 
200, and 300 ◦C. Each outgassing step was conducted for 1 h in a 
custom-made quartz cell equipped with IR-transparent KBr windows. IR 
spectra were recorded at a 2 cm-1 resolution using a Bruker EQUINOX- 
66 spectrometer equipped with a mercury-cadmium-telluride (MCT) 
cryodetector.

ζ-potential curves were obtained by measuring the electrophoretic 
mobility as a function of pH using dynamic light scattering (DLS) on a 
Zetasizer Nano-ZS (Malvern Instruments, Worcestershire, UK). Powders 
were suspended in ultrapure water and sonicated for 2 min (10 W/mL, 
20 kHz, Sonoplus, Bandelin, Berlin, Germany), followed by 5 min of 
magnetic stirring. pH was adjusted by adding either 0.1 M NaOH or 0.1 
M HCl.

2.3. Photocatalytic tests

For the photocatalytic tests, a catalyst concentration of 1.0 g L− 1 or 
0.15 g L− 1 was added to 50 mL of a 0.01 mM aqueous paracetamol so
lution. The mixtures were left to equilibrate in dark conditions for 1 h 
before starting the photocatalytic tests. This step was taken to assess the 
extent of paracetamol adsorption onto the catalyst surface in the absence 
of light. The natural pH of the paracetamol solution was 5.7. At this pH, 
the paracetamol molecule is neutral (pKa = 9.5).

Photocatalytic experiments were performed under simulated solar 
light (AM 1.5 G, 100 mW cm− 2) obtained using a plasma lamp (LIFI STA- 
40, LUXIM, Santa Clara, CA, USA). The illumination conditions corre
sponded to 1 Sun, with the following irradiances: ~1000 W m− 2 in the 
400–1050 nm range, ~21 W m− 2 in the UVA range (315–400 nm) and 
44×10− 3 W m− 2 in the UVB range (280–315 nm).

The liquid/solid suspension inside the testing tube was continuously 
stirred at approximately 300 rpm using a magnetic stirrer to ensure 
proper mixing and contact between the powder(s) and the paracetamol 
solution.

The reaction mixture was not de-aerated, allowing atmospheric O2 to 
be present throughout the photocatalytic tests. Aliquots of the suspen
sion were collected at regular time intervals during the photocatalytic 
tests. The suspended photocatalyst particles were separated by centri
fugation at 12,000 rpm for 12 min using a Thermo Fisher centrifuge. 
UV–Vis spectra of the supernatant solutions were measured in the 
190–800 nm range using a Cary 5000 UV–Vis-NIR spectrophotometer.

Blank experiments, conducted without any photocatalyst, were 
performed using a 0.01 mM aqueous paracetamol solution to verify the 
absence of mere photolysis under the same illumination conditions. The 
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results of these control experiments are shown in Figure S.1.

2.4. Surface-Enhanced raman spectroscopy (SERS)

SERS spectra were recorded using the same apparatus as that used for 
the Raman characterization of powders, as described in Section 2.2. 10 
µL of the supernatant solutions obtained after 1 h of reaction in the 
presence of 0.15 g L− 1 and 1 g L− 1 of AB were dropped onto a SERS 
substrate, namely an Ag-porous silicon (pSi)-polydimethylsiloxane 
(PDMS) membrane freshly prepared according to a previously reported 
procedure [51]. Reference aqueous solutions of the pure reagents 
(paracetamol, hydroquinone, 4-aminophenol, and 4-nitrophenol) were 
prepared at a concentration of 100 mM and dropped onto the SERS 
substrates. Before the measurements, all the samples were left to air-dry 
at room temperature. A 20x objective was used to collect single spectra 
on the SERS substrates spotted with the reference solutions and the 1 g 
L− 1 supernatant aliquots. In contrast, a 50x objective was employed for 
the measurements on the SERS substrates spotted with the 0.15 g L− 1 

supernatant aliquots. The laser power (100 mW) was reduced to 1 % of 
the original power through neutral density filters. Each spectral acqui
sition lasted 3 s, subdivided into three accumulations. To minimize the 
local power density and prevent sample degradation, a 5 % defocaliza
tion of the laser spot was applied. Average SERS spectra were subse
quently generated, and baseline correction was performed utilizing the 
Wire 5.1 software.

3. Results and discussion

3.1. Physicochemical properties of the materials under study

3.1.1. Structural and textural properties
Fig. 1a shows the powder XRD patterns of the AB and ABR samples. 

The peaks in the patterns are indexed to the anatase (A, PDF 
01–078–2486), brookite (B, COD 96–900–4141), and rutile (R, PDF 
01–073–1782) polymorphs of TiO2; for clarity, only the main peaks of 
the three polymorphs are labeled in the Figure.

Table 1 summarizes the QPA results, along with crystallite size in
formation. Both the AB and the ABR samples are mixed phases. AB is an 
anatase/brookite mixture (78.0 % anatase and 22.0 % brookite), with a 
very small average crystallite size (5.5 ± 0.6 nm for anatase and 3.8 ±
0.4 nm for brookite). ABR is an anatase/brookite/rutile mixture (84.6 % 
anatase, 10.5 % brookite, and 4.90 % rutile) with larger crystallite size 
(39 ± 5.5 nm for anatase, 16.8 ± 3.6 nm for brookite, and 52.1 ± 8.1 nm 
for rutile). The higher calcination temperature (600 ◦C) of ABR results in 
the formation of rutile and a significant increase in the crystallite size of 
all phases, as expected. According to the literature, the presence of 
brookite in these anatase/brookite mixed phases synthesized at acidic 
pH [52] likely favours the formation of rutile upon calcination at 600 ◦C.

Fig. 1b reports the N2 adsorption/desorption isotherms measured at 
− 196 ◦C, which are used to analyze the surface area and porosity of the 
samples. Both AB and ABR exhibit type IV isotherms [53,54] with H2 
hysteresis loops, indicating the presence of mesopores. The AB sample, 
calcined at a lower temperature (200 ◦C), has a significantly higher BET 
SSA of 210 m2 g− 1 and a larger pore volume (0.31 cm3 g− 1) compared to 
the ABR sample (BET SSA of 31 m2 g− 1 and pore volume of 0.11 cm3 

g− 1). The higher SSA of AB is attributed to its smaller crystallite size and 
the presence of primarily interparticle mesopores resulting from the 
sol-gel synthesis and low-temperature calcination (200 ◦C). The lower 
SSA of ABR is due to the higher calcination temperature, which pro
motes crystallite growth and the formation of larger nanoparticles, in 
agreement with XRD analysis (Table 1). The presence of rutile, known 
for its higher density and larger particle size, also contributes to the 
lower SSA of this sample.

TEM analysis (Fig. 2) shows that the AB powder consists of small, 
roundish crystalline nanoparticles in the tetragonal anatase phase 
(JCPDS file number 00–001–0562) and in the orthorhombic brookite 

phase (JCPDS file number 00–003–0380). The nanoparticles have a 
roundish shape and an average diameter (dm) equal to 5.2 ± 1.7 nm, the 
majority of them having a size between 4 and 5 nm (Fig. 2a).

Conversely, as shown in Fig. 2b, the ABR sample contains larger 
crystallites with a square shape and a heterogeneous size, as indicated by 
the very broad particle size distribution, which results in an average 
diameter of 24.1 ± 12.5 nm, in agreement with the low SSA of the 
sample (Table 1). In addition to the presence of both anatase and 
brookite phases, some particles in the tetragonal rutile phase (JCPDS file 
number 00–001–1292) are also observed (data not shown), in agree
ment with the sample’s XRD pattern.

A detailed analysis of the HRTEM results for the AB and ABR samples 
was performed, as mixed phases can lead to the formation of homo
junctions [27,55]. Their presence is significant as they can influence the 
photocatalytic properties by affecting charge carrier separation and 

Fig. 1. Powder XRD patterns (a) and N2 isotherms at − 196 ◦C (b) of the AB 
(red) and ABR (green) samples. In panel (a), only the main peaks of anatase (A), 
rutile (R), and brookite (B) are labeled, and the XRD patterns of AB have been 
multiplied for a better comparison.

Table 1 
Crystallite size (from Williamson-Hall plot) and QPA results (as obtained by 
Rietveld refinements of the XRD patterns reported in Fig. 1a); BET SSA values 
and Total Pore Volumes (as obtained from N2 isotherms at – 196 ◦C shown in 
Fig. 1b).

Sample Crystallite size 
(nm)

QPA results (wt. 
%)

BET SSA (m2 g− 1)
Total Pore Volume (cm3 

g− 1)

AB 5.5 ± 0.6 (A) 78.0 (A) 210
3.8 ± 0.4 (B) 22.0 (B) 0.31

ABR 39 ± 5.5 (A) 84.6 (A) 31
16.8 ± 3.6 (B) 10.5 (B)
52.1 ± 8.1 (R) 4.90 (R) 0.11
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recombination processes. Selected micrographs are presented in Fig. 3, 
where the presence of anatase/brookite homojunctions, observed in the 
case of the AB sample, is shown and highlighted by red circles (Fig. 3a 
and 3b). Fig. 3b and 3e show measured lattice fringe spacings of 3.52 Å 
and 2.90 Å, consistent with the d(101) plane of anatase and the d(121) 
plane of brookite, respectively. For clarity, each image is accompanied 
by the corresponding Fast Fourier Transform (FFT) image, which helps 
identify the diffraction spots associated with each crystalline phase. The 
number of anatase/brookite homojunctions is estimated to reach about 
32 % of the total acquired HRTEM images.

Interestingly, this type of junction is also detected in the ABR sample, 
in agreement with the QPA results in Table 1. In this case, the larger size 
of the TiO2 particles facilitates the observation of such defects, high
lighted by a green circle in Fig. 3g Nevertheless, homojunctions are 
observed in 19 % of the acquired images. In Fig. 3h, the lattice fringe 
spacings are 3.52 Å (consistent with the d(101) plane of anatase), 2.90 Å, 
and 2.11 Å (consistent with the d(121) and d(140) planes of brookite, 
respectively). Considering that according to the QPA (Table 1), the 
amount of brookite in the AB powder corresponds to 22.0 %, this sug
gests that the occurrence of single-phase brookite nanoparticles is un
likely and that the adopted synthesis favors the formation of anatase/ 
brookite homojunctions, rather than separate phases. TEM/HRTEM 
characterization reveals distinct differences in particle size between the 

AB and ABR samples, confirming the presence of crystalline phases 
identified by XRD.

The Raman spectrum of the AB powder reported in Fig. 4 allows for 
the identification of the characteristic peaks of both anatase and 
brookite: the most intense anatase spectral feature at 143 cm− 1 (Eg 
mode) [56,57] is superimposed on the most intense and broad brookite 
one centred at 151 cm− 1 (A1g mode) [58].

Other intense peaks ascribable to anatase are observable at about 
400 cm− 1 (B1g mode), 517 cm− 1 (A1g mode), and 638 cm− 1 (Eg mode). 
Among the less intense ones, only the Eg mode at 197 cm− 1 is distinctly 
visible. The less intense peaks observable at approximately 245 cm− 1 

(A1g mode), in the 282–288 cm− 1 range (B3g mode), at 325 cm− 1 (B1g 
mode), 366 and 584 cm− 1 (B2g modes), and 451 cm− 1 (A1g mode) are 
related to brookite. Interestingly, Zhao et al. [59] observed the same 
mixed Raman features in a TiO2 sample with an anatase/brookite mass 
ratio of approximately 75/25 (similar to that of AB, Table 1).

In the Raman spectrum of the ABR sample, in addition to the anatase 
and brookite peaks, some spectral features characteristic of rutile are 
also present. Therefore, the spectrum interpretation may be more 
complex due to the proximity of some Raman peaks. The B1g mode of 
rutile is centred at 145 cm− 1; this peak is often weak in anatase-rich 
mixtures and may overlap with the corresponding anatase mode. The 
same occurs with the 235 cm⁻¹ peak (due to a two-phonon scattering 

Fig. 2. Representative TEM images and corresponding particle size distributions of AB (a) and ABR samples (b). The instrumental magnification was 500,000 × and 
100,000 × in sections (a) and (b), respectively.
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mode) and the 610–612 cm− 1 peaks (A1g mode), the weak features 
around 273 cm− 1, 320 cm− 1 and 357 cm− 1(shoulder evidenced by 
arrow) as well as a peak around 826 cm− 1 (weak B2g mode) [57,60]. 
Fortunately, the 447 cm− 1 peak (Eg mode, generally the most intense for 
rutile) is not overlapped by any intense features due to anatase or 
brookite, making it a good indicator of rutile’s presence. In fact, the 
presence of weak Raman signals of rutile in triphasic samples with a low 
rutile percentage (≤ 12 %) can make its identification more challenging, 
as reported by Balapure and Ganesan [7].

Moreover, the comparison of the ABR and AB curves reveals that the 
peak width decreases in the presence of rutile due to the higher calci
nation temperature used for ABR synthesis. As reported by Sarngan et al. 
[60], the crystallite size tends to increase at higher treatment tempera
ture, and larger crystallites may correspond to narrower Raman peaks. 
This result agrees with the larger crystallite size measured by XRD and 
the HRTEM analysis. The Raman spectrum of a commercial Degussa P25 

consisting of an anatase and rutile mixture (with an approximate ana
tase/rutile = 85/15 mass ratio) shows sharp peaks (Figure S.2). 
Conversely, the broadening of Raman peaks in the AB spectrum may 
indicate either a smaller crystallite size or a higher presence of defects at 
the interface, which are essential for charge transfer in semiconductors. 
This phenomenon is also attributed to changes in interatomic forces and 
local symmetry, indicating interfacial interactions between different 
phases in hetero- and homojunctions [60]. This Raman feature supports 
the previously discussed HRTEM results concerning the occurrence of 
numerous small anatase/brookite homojunctions.

3.1.2. Electrochemical and optical properties
Electrochemical impedance spectroscopy (EIS) was performed to 

investigate the electrochemical properties of AB and ABR samples, with 
a focus on internal resistances (Fig. 5). The Nyquist plots were fitted by 
applying the equivalent circuit model reported in the lower inset.

Fig. 3. Representative HRTEM images (a and d) of the AB sample, along with selected magnifications of the regions highlighted by circles in (a) and (d) showing 
homojunctions (b and e) and the corresponding FFT of the images (c, f). Representative HRTEM image (g) of the ABR sample, along with a magnification (h) of the 
region highlighted by a circle in section (g), showing anatase/brookite heterojunction and the corresponding FFT of the image (i). The instrumental magnification 
was 500,000× (a, g) and 1000000× (d).
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The Nyquist plots of AB and ABR samples are characterized by a very 
small semicircle at high frequencies and a linear trend at low fre
quencies. While the latter is associated with Warburg diffusion, the 
former arises from the combined contribution of double-layer capaci
tance (Cdl) and charge transfer resistance (R2) [61]. In particular, a low 
internal resistance in TiO2 samples is generally associated with an 
effective separation of photogenerated electron/hole pairs and, conse
quently, with an efficient photocatalytic activity [62]. Both AB and ABR 
samples display low R2 values (0.96 and 1.21 Ω, respectively), signifi
cantly lower than the R2 measured for commercial Degussa P25 
(approximately 8.24 Ω, as shown in Figure S.3) in the same conditions.

The steady-state photoluminescence (PL) spectra of the AB and ABR 
films exhibit distinct emission features that reflect differences in their 
electronic structure and charge recombination dynamics (Fig. 6a). The 
AB and ABR samples display nearly identical emission profiles with 
maxima centered at 425 nm, suggesting comparable band structures and 
defect states. In contrast, the commercial Degussa P25 film shows a 
broader PL band (Figure S.4), slightly red-shifted to around 440 nm, 
indicating a wider distribution of radiative recombination centers and 

possibly a higher contribution of surface or trap-mediated emission. The 
observed spectral broadening in Degussa P25 can be associated with the 
coexistence of anatase and rutile phases, which are known to create 
interfacial states that facilitate charge transfer and broaden the emission 
spectrum. The noisier PL signal observed for Degussa P25 arises from 
photobleaching under UV excitation, which required a reduction of the 
excitation bandwidth to minimize intensity decay during measurement. 
This behavior suggests that Degussa P25 is more susceptible to photo
induced structural or electronic changes, consistent with the known 
photocatalytic reactivity of mixed-phase TiO₂. Overall, the comparative 
PL analysis supports the hypothesis that AB and ABR homojunctions 
exhibit more efficient charge separation and fewer radiative recombi
nation pathways than Degussa P25, which is consistent with their nar
rower and more stable emission responses. Unfortunately, the 
photoluminescence quantum yield (PLQY) of all the studied films (not 

Fig. 4. Raman spectra of the AB (red curve) and ABR (green curve) samples.

Fig. 5. Nyquist plots of TiO2║TiO2 symmetric cell for both AB (red symbols) 
and ABR (green symbols) samples, along with the corresponding curve-fits 
(grey lines). The lower inset reports the equivalent circuit model used to 
curve-fit the Nyquist plots. Fig. 6. (a) PL spectra of the AB anb ABR films; (b) DR UV Vis spectra of AB and 

ABR samples; lower inset: magnification of the spectra in the 400 – 525 nm 
range, highlighting the presence of an Urbach tail in the AB spectrum; upper 
inset: corresponding Tauc’s plot for an indirect semiconductor model from 
which apparent Egap values were extrapolated. (c) XPS-determined VB energy 
(eV) and CB energy values, which are calculated as CB = VB – Egap.
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reported) was below the detection limit of the FLS1000 spectrofluo
rometer equipped with the QYPro™ integrating sphere, indicating an 
extremely weak radiative recombination efficiency. This behavior is 
consistent with previous reports on TiO₂-based materials, where the 
PLQY typically lies below 0.01 % due to the predominance of non- 
radiative recombination pathways [63,64] In TiO₂, photoexcited elec
trons and holes are efficiently trapped by lattice defects, surface states, 
or phase boundaries, leading to charge recombination through phonon 
emission rather than photon emission. The very low PLQY thus reflects 
the intrinsic nature of TiO₂ as a wide-bandgap semiconductor with a 
high density of defect-mediated non-radiative centers. From a photo
catalytic perspective, this observation is favorable, as it implies that a 
significant fraction of photoexcited carriers participate in surface redox 
processes instead of recombining radiatively. The comparable absence 
of measurable PLQY in the studied TiO2 samples suggests that the 
introduction of junction interfaces in AB and ABR does not significantly 
increase the radiative recombination probability, supporting the inter
pretation that these structures maintain efficient charge separation 
conducive to enhanced photocatalytic activity.

To investigate the influence of homojunctions on light absorption, 
the electronic properties of the AB and ABR powders are investigated 
using DR UV–Vis spectroscopy to determine the apparent band gap en
ergy (Egap, eV) and XPS to determine the Valence Band energy (VB, eV).

The DR UV–Vis spectra (Fig. 6b) exhibit the characteristic electronic 
transitions of undoped TiO2, due to charge transfer from O2− to Ti4+. 
Tauc’s plots (upper inset in Fig. 6b) are used to calculate the Egap values 
for the samples, assuming an indirect semiconductor behaviour ((F(R) 
*hν)1/2) as anatase is the predominant phase. The AB sample has an Egap 
of 3.15 eV, while the ABR sample has a slightly lower Egap of 3.02 eV. 
This difference is attributed to the presence of rutile in the ABR sample.

When the DR UV–Vis spectra are magnified in the 400–550 nm range 
(lower inset in Fig. 6b), the AB sample shows a tail extending towards 
longer wavelengths. This tail is not observed with the ABR sample. The 
AB sample’s tail corresponds to a pronounced Urbach tail in the Tauc’s 
plot (upper inset in Fig. 6b). An Urbach tail is an exponential part of a 
material’s absorption coefficient spectrum that can appear near the 
optical band edge. Urbach tails can appear in amorphous, disordered, 
and crystalline materials, including undoped mixed TiO2 phases [65]. 
The Urbach tail in the AB sample results in a significantly smaller Egap 
value (approximately 2.2 eV, upper inset in Fig. 6b), which could allow 
the AB sample to absorb visible light in the light-green region, despite its 
larger band gap.

XPS analysis provides the VB energy values, which are used in 
combination with the Egap values to determine the Conduction Band 
(CB) energy of the AB and ABR samples (Table 2 and Fig. 6c). It is worth 
noting that XPS directly measures the VB position, but the Egap values 
are calculated assuming an indirect semiconductor model due to the 
abundance of anatase. However, the presence of anatase/brookite 
homojunctions could potentially alter the CB energy position. For 
completeness, in Fig. 6c, we also reported the calculated value of VB 
considering the Urbach tail in the AB sample. In the literature, the 
Urbach tail is attributed to localized electronic mid-gap states, which 
can originate from dopant elements (such as metals or nitrogen), point 
defects (like oxygen vacancies), or lattice disorder [67–71]. To investi
gate the nature of the Urbach tail in the AB sample, XPS and IR 

spectroscopy analyses were conducted on the sample surface (vide 
infra).

3.1.3. Surface properties
The XP survey spectra of the elemental surface composition of the 

two samples indicate that only O and Ti are present, in addition to 
adventitious carbon (Table 2). The High-Resolution (HR) XP Spectrum 
in the Ti 2p line region (Figure S.5) shows the typical spin-orbit splitting 
doublet of Ti 2p3/2 and Ti 2p1/2 species. The observed splitting in the Ti 
2p lines is constant and equal to 5.7 eV (Table 2), confirming the pres
ence of only Ti4+ species and excluding the presence of Ti3+ species. The 
O 1 s line shows lattice oxygen, OH− species, and adsorbed water mol
ecules (Figure S.5 and Table 2). The calcined powders were re-exposed 
to air, allowing any oxygen vacancies or Ti3+ species to react with at
mospheric oxygen. Therefore, the Urbach tail observed with the AB 
sample must originate from a different type of defect.

The nature of oxygen-related surface species is essential for TiO2 
photocatalytic activity [72]. According to Deiana et al. [72], surface 
hydroxyls may act as trapping sites for holes and electrons moving 
across the surface [73]. Moreover, the TiO2 surface may also react with 
nearby CO2 molecules, forming different C-containing species. To better 
understand these aspects, IR spectroscopy was employed to study the 
surfaces of the samples after outgassing the powders at 100 and 200 ◦C, 
i.e., at different degrees of hydration, while still avoiding any phase 
change in the AB sample (calcined at 200 ◦C).

Fig. 7 shows the IR spectra of the AB and ABR samples after out
gassing at 100 ◦C (Fig. 7a) and 200 ◦C (Fig. 7b).

In the 3800–3000 cm− 1 hydroxyl stretching range (light pink back
ground), both samples outgassed at 100 ◦C exhibit bands envelops due to 
the presence of several types of OH species and a broad, intense ab
sorption due to hydrogen bonding to adsorbed water molecules at lower 
wavenumbers (Fig. 7a). With the AB sample, it is possible to identify 
bands at 3733, 3675, and 3637 cm− 1 along with an intense and broad 
absorption centered at approximately 3390 cm− 1. The two bands at 
higher wavenumbers can be ascribed to the stretching modes of different 
surface OH groups, namely terminal (3733 cm− 1) and bridged hydroxyls 
(3675 cm− 1), likely at the surface of anatase (the most abundant phase). 
The band at 3637 cm− 1 is due to the stretching mode of OH groups of 
adsorbed water molecules: the corresponding bending mode is observed 
at approximately 1630 cm− 1 as a shoulder of the IR bands due to 
adsorbed carbonates-like species (vide infra). The broad absorption 
centred at approximately 3390 cm− 1 is due to extended hydrogen 
bonding between surface OH groups and adsorbed species, namely 
water molecules and formic acid that can form during calcination at 200 
◦C (vide infra), along with CO2, likely due to the low-temperature 
treatment in the presence of residual molecules of isopropanol (both a 
synthesis product and the solvent) adsorbed at the surface of the washed 
powder. Indeed, according to the literature, the type of C-containing 
species on the TiO2 surface is strongly dependent on the type of pre- 
treatment [74].

The ABR sample shows the presence of similar bands due to same 
surface OH groups with bands at 3733, 3675 and 3637 cm− 1. In contrast, 
the signal due to OH groups engaged in H-bonding is less intense (due to 
the lower SSA of the sample) and blue-shifted, due to the absence of 
adsorbed formic acid (Fig. 7a).

Table 2 
Band gap values (Egap), as determined using Tauc’s plot method for an indirect semiconductor model. XPS-determined VB values (eV), CB values (eV) calculated as CB 
= VB – Egap. and XPS-determined binding energy values (BE, eV) of the Ti 2p and the O 1 s lines [66].

Sample Egap (eV) VB (eV) CB (eV) Ti 2p BE (eV) O/Ti ratio O 1 s BE (eV)

O2− lattice OH− H2O/organic

AB 3.15 2.59 − 0.56 464.33 2.0 529.88 531.30 532.66
458.63

ABR 3.02 2.75 − 0.27 464.29 2.0 529.84 530.83 532.04
458.59
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CO2 molecules can interact with the surface of different oxides, both 
in the dark and under illumination, forming several types of carbonates, 
carboxylates and also CO2

⋅- that can be detected by IR spectroscopy 
[75–77]. The different types of carbonates, bicarbonates, and formate 
species that may form on the surface of TiO2 polymorphs are all char
acterized by bands in the 1750–1100 cm− 1 range (light yellow back
ground) [74,78–83].

The ABR sample after outgassing at 100 ◦C (Fig. 7a) does not show 
the presence of C-containing species, which were likely decomposed 
during calcination at 600 ◦C. It only exhibits a band at 1624 cm− 1, 
readily ascribed to the bending mode of adsorbed water molecules (vide 
supra) [83]. On the contrary, the AB sample distinctly shows the IR 
bands of various C-containing species, namely formic acid molecules 
strongly perturbed by the interaction with the surface with character
istic bands at 1604 cm− 1 (ν(C=O)) and 1307 cm− 1 (ν(C—O)), formate 
ions (bands at 1545 and 1355 cm− 1) [84,85], bidentate carbonates 
(bands at 1580 and 1355 cm− 1), and monodentate carbonates (bands at 
1445 and 1381 cm− 1) [80].

Interestingly, the additional band at 1250 cm− 1 (red arrow) can be 
assigned to CO2⋅− radical ions, which are highly reactive intermediates 
in the reduction of CO2, as discussed below [80]. As reported in the 
literature [86], CO2 molecules can also adsorb on defective Ti3+ sites 
occurring on partially reduced TiO2 without illumination, giving rise to 
bent CO2

.− species characterized by IR features in the same range (vide 
infra).

In the OH stretching region (3800–3000 cm− 1), the AB sample 
dehydrated at 200 ◦C shows a band at 3730 cm− 1, a structured band 

with at least two contributions at 3665 and 3635 cm− 1, and a broad 
absorption centred at approximately 3240 cm− 1 (Fig. 7b). As for the 
sample outgassed at 100 ◦C (Fig. 7a), the bands at 3730 and 3665 cm− 1 

can be attributed to terminal and bridging hydroxyls on anatase [87], 
although, according to the literature, OH groups of brookite could 
contribute to the band at 3730 cm− 1 [88]. The bending mode of 
adsorbed water molecules is seen at 1640 cm− 1. The broad absorption 
centred at ca. 3240 cm− 1 is due to H-bonded hydroxyls, redshifted likely 
by the interaction with (basic) formate species (vide infra). The ABR 
sample also shows the 3730 cm− 1 band (which is slightly more intense 
than in AB) and the band at ca. 3665 cm− 1. In contrast, the band due to 
mutually interacting OH species is less intense and blue-shifted to 3400 
cm− 1 compared to AB, indicating that these are likely inter-particle OH 
groups, as evidenced by the absence of formate species.

In the 1700 − 1100 cm− 1 range, no bands ascribable to C-containing 
species are observed on the surface of the ABR sample outgassed at 200 
◦C (Fig. 7b). On the contrary, the AB sample outgassed at 200 ◦C shows 
bands due to adsorbed water molecules (1649 cm− 1), residual formate 
species (1545 and 1365 cm− 1), and monodentate carbonates (1450 and 
1365 cm− 1). The band at 1250 cm− 1 is no longer observed, indicating 
that CO2⋅− species are removed by outgassing at 200 ◦C.

Another essential feature is the surface charge, which can affect 
photocatalytic performance and is analyzed by measuring the ζ-poten
tial curves, as shown in Fig. 8.

The TiO2 surface is known to be amphoteric, as the Ti—OH surface 
groups can be protonated and deprotonated depending on pH. The pH at 
which the surface charge is neutral is referred to as the isoelectric point 
(pHIEP). The samples have similar ζ-potential curves, with a pHIEP be
tween 2.4 and 2.8. This value is lower than that of other TiO2 powders 
[89]. According to ref [90], the primary particle size and surface area, 
rather than the crystalline phase, influence the surface charge of TiO2 
nanoparticles synthesized by sol-gel methods. However, another study 
on hydrothermally treated samples found different pHIEP values for 
brookite, anatase, and rutile samples, with brookite exhibiting the 
lowest pHIEP and the strongest Brønsted acid sites. Additionally, they 
observed a slightly lower pHIEP for samples with higher crystallinity 
[88]. The slightly lower pHIEP of the ABR sample compared to AB can be 
attributed to its higher crystallinity (vide supra). Formic acid molecules 
at the surface of the AB sample could contribute to its lower pHIEP, 
whereas they cannot contribute to the low value of the ABR sample, on 
which such species are absent. Therefore, the low pHIEP of the AB and 
ABR samples may be primarily due to brookite-rich patches on the 
nanoparticle surfaces, possibly associated with the anatase/brookite 
homojunctions.

Fig. 7. IR spectra recorded on the AB and ABR samples after outgassing at 100 
◦C (a) and 200 ◦C (b). In both panels, the light pink background highlights the 
3800–3000 cm− 1 hydroxyl stretching range, and the light yellow background 
highlights the 1750–1100 cm− 1 range where the bands of carbonates, bi
carbonates, and formate species that may form on the surface of TiO2 poly
morphs occur.

Fig. 8. ζ-potential curves of the AB and ABR samples at varying pH values. The 
inset reports the structure and protonation equilibrium of paracetamol (pKa 
= 9.5).
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3.2. Photocatalytic degradation of paracetamol under simulated solar 
light

The starting paracetamol solution used during the tests has a pH =
5.7; at this pH, the paracetamol molecule is neutral, and the surfaces of 
the AB and ABR samples are negatively charged (Fig. 8). Before pho
tocatalytic tests, the powders were left for 1 h equilibrating with the 
paracetamol solution in dark conditions (spectra not shown): no rele
vant adsorption phenomena were observed, in agreement with the 
literature [91], indicating that the paracetamol molecules were not 
interacting strongly with the samples’ surfaces in the adopted experi
mental conditions.

Since detailed analyses of the by-products and reaction pathways 
using conventional analytical techniques (e.g., HPLC-MS) are already 
well-established in the literature [45,46] we employed UV–vis spec
troscopy and SERS investigation as powerful complementary tools to 
detect specific intermediates and support the proposed degradation 
mechanism.

The UV–Vis spectra obtained with a concentration of 0.15 g L− 1 of 
the AB and ABR samples are shown in Fig. 9a and 9b, respectively.

The UV–Vis spectrum of the starting paracetamol solution shows two 
bands at 194 nm and 243 nm. The band at 194 nm is assigned to the 
π→π* electronic transition of the aromatic ring. The band at 243 nm is 
assigned to the n →π* electronic transition of the C=O group [45]. As 
reported in the literature [45], the percentage of paracetamol degra
dation is evaluated by measuring the intensity of the band at 243 nm in 
the UV–Vis spectra of supernatant aliquots that were withdrawn and 
analyzed at regular time intervals.

The insets to Fig. 9a and 9b report the C/C0 trends over time derived 
from the absorbance intensity at 243 nm, in the presence of 0.15 g L− 1 of 
AB (a) and ABR (b). We observe zero-order kinetics for the degradation 
of paracetamol in both samples. This observation aligns with the lack of 
paracetamol adsorption in dark conditions. Although pseudo-first-order 

kinetics can be observed for the photodegradation of paracetamol in the 
literature, most studies are conducted under different conditions (e.g., 
UV illumination, varying starting pH, and bubbling O2(g)). Therefore, a 
direct comparison of the data is challenging [45,91]. As reported in ref 
[92], the apparent order of reaction may vary between 0 and 2, and 
zero-order kinetics is compatible with a limited oxygen supply, which is 
one of the possible reasons for the observed zero-order kinetics, as our 
system is not aerated. Indeed, with another set of TiO2 powders, under 
the same conditions (illumination, photoreactor, catalyst concentration, 
oxygen supply, etc.), we already observed pseudo-zero-order kinetics of 
paracetamol photocatalytic degradation [93].

The AB sample exhibits a kinetic constant of 1.6 × 10− 3 mol L− 1 

min− 1, comparable to the value we previously measured with Degussa 
P25 (2.5 × 10–3 mol L-1 min-1), a standard benchmark in photocatalytic 
studies, which we tested under identical experimental conditions within 
the same photocatalytic reactor [93]. Moreover, Figure S.6 allows 
comparison of the UV–Vis spectra obtained after 5 h with 1 g L− 1 of 
Degussa P25 and of AB, confirming the overall comparabòe activity of 
the two powders. The ABR powder shows lower activity. The AB sam
ple’s performance under simulated solar light can be attributed to the 
presence of numerous anatase/brookite homojunctions, as observed in 
HRTEM measurements (Fig. 3).

Additionally, the high surface area of the AB sample compared to the 
ABR sample may also contribute to the AB sample’s performance. These 
results suggest that anatase/brookite homojunctions may have a syn
ergistic effect on the utilization of simulated solar light. A cooperative 
effect has been observed previously with undoped TiO2 anatase/ 
brookite mixed phases under UV illumination [94] and with doped TiO2 
anatase/brookite mixed phases under visible light [94,95]. However, 
this is the first time it has been observed in undoped TiO2 under simu
lated solar light.

Another set of experiments was performed with a higher photo
catalyst concentration of 1.0 g L− 1 (Fig. 9c and 9d). Under these 

Fig. 9. UV–Vis spectra of the starting 0.01 mM paracetamol solution (dashed line) and of the supernatant aliquots withdrawn after 1, 2, 3, 4, and 5 h solar illu
mination with 0.15 g L− 1 of AB (a) and ABR (b). Insets: corresponding degradation curves of paracetamol (C/C0) as obtained by considering the intensity of the 243 
nm band (circles) and linear curve fits obtained assuming zero-order kinetics. Panels (c) and (d) show UV–Vis spectra in the presence of 1.0 g L⁻¹ of AB and ABR, 
respectively. Colored arrows indicate the bands ascribable to some possible by-products detailed in Scheme 2. Inset to Figure 9c highlights an inflection at 240 nm 
associated with intermediates such as HQ and 4-NP formed with degradation pathway “b” in Scheme 2.
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conditions, the samples exhibit nearly complete degradation of para
cetamol, with the bands at 194 nm and 243 nm of paracetamol almost 
absent after 5 h of irradiation. Various new absorbance bands appear 
during the experiment, indicating the formation of different by- 
products. These by-products are degraded at different rates depending 
on the photocatalyst used.

The two most common reaction pathways for paracetamol photo
catalytic degradation, as described in the literature, are shown in 
Scheme 2 [45,46]. With both pathways, various aromatic by-products 
form during the photocatalytic degradation of paracetamol, but the 
final products are always small molecules, such as carboxylic acids.

The literature suggests that, primarily, the “b” pathway occurs [46]. 
Indeed, with Degussa P25 in the same experimental conditions, we 
previously observed a rapid decrease in paracetamol absorbance bands 
after 1 h of irradiation and the immediate formation of by-products 
through the “b” pathway in Scheme 2 [93].

Compared to the AB sample (Fig. 9c), which exhibits the fastest 
decrease in the main band at 243 nm after 1 h, the ABR sample (Fig. 9d) 
results in the complete degradation of paracetamol at a slower rate. This 
finding is in agreement with the slightly lower internal resistance 
calculated from the EIS measurement for AB with respect to ABR 
(Fig. 5).

The increased absorption at approximately 218 nm in the ABR 
sample’s spectra (Fig. 9d) could be due to the formation of hydroxylated 
compounds (i.e., 1,2,4-trihydroxybenzene) after the loss of the 
− NH− CO− CH3 group (“a” pathway in Scheme 2). These compounds are 
further photo-oxidized, forming carboxylic acids. The band at approxi
mately 210 nm may be assigned to formic/acetic acids, which provides 
evidence for the formation of carboxylic acids, in agreement with 
Scheme 2 [45]. The UV–Vis spectra of the solutions obtained with AB 
and ABR samples did not show evidence of N-containing by-products, 
which could correspond to a less common degradation mechanism 
(“a” pathway in Scheme 2).

No absorbance bands ascribable to 4-AP are observed with the AB 
sample. However, a weak and broad absorption above 285 nm may 
indicate the presence of hydroquinone (HQ), which is found in both 
degradation pathways proposed in Scheme 2. An inflection point is 
observed at approximately 240 nm in the AB sample’s spectrum taken 
after 3 h (inset to Fig. 9c). This peculiar spectral shape could be attrib
uted to the presence of several possible by-products of paracetamol 
forming through the “b” pathway in Scheme 2, including HQ and 4-NP 

[96].

3.3. SERS assessment of the degradation pathway

After carefully inspecting the UV–Vis spectra and comparing them 
with literature data, to unravel the possible degradation pathway 
occurring with the AB sample (more promising than ABR in terms of 
photocatalytic activity), for both the tested catalyst concentrations of 
0.15 and 1 g L− 1 after 1 h of reaction in the presence of paracetamol 
(0.01 mM solution), we decided to use SERS to infer the nature of the 
products in the reaction solutions. Concerning the use of SERS for this 
aim, for instance, Au-based nanostructures have been employed for the 
detection of hydroquinone (HQ) [97] and paracetamol (PCT) [98]. 
Furthermore, the catalytic reduction of 4-nitrophenol (4-NP) to 4-ami
nophenol (4-AP) has been successfully monitored using "pomegran
ate"-like plasmonic nanoreactors with embedded Au nanoparticles [99]. 
Ag nanospheres decorating zinc oxide multi-pods have also demon
strated high efficiency in detecting 4-NP [51], whereas Ag nanoparticles 
have only been effectively employed for quantifying 4-AP in pharma
ceutical formulations [100]. Notably, the Ag-decorated porous sili
con/PDMS membranes developed by some of us stand out for their 
high-density distribution of plasmonic hot-spots, which enabled highly 
sensitive and versatile detection of analytes such as the Cyanine dyes 
(Cy3 and Cy5), Rhodamine 6 G [101,102], and microRNA biomarkers 
[103,104]. These characteristics make the platform a particularly robust 
and adaptable system for the aforementioned aim of detecting the re
action products in this work.

Fig. 10a and 10b report the Raman spectra of first spotted and then 
air-dried supernatants, alongside spectra obtained from solutions of 
pure reactants corresponding to PCT and its main possible degradation 
by-products (HQ, 4-AP, and 4-NP) mentioned in Scheme 2 (pathways 
“a” and “b”) after deposition and air-drying on SERS substrates.

Assigning the highly overlapped Raman peaks to the vibrational 
features of the corresponding chemical species is a challenging task. 
Therefore, both the reactant powders and their 100 mM aqueous solu
tions (Figure S.7) were analysed under the same experimental condi
tions. High concentrations of the pure reactants can provide more 
intense and distinct Raman peaks in the collected spectra for compari
son. Thus, a more straightforward interpretation of the Raman spectra of 
the supernatant residues may be advisable. Moreover, the absence of 
cross-interferences among functional chemical groups (sometimes the 

Fig. 10. Raman spectra on SERS substrate of the residue after spotting and left to air-dry a drop of the supernatant solution resulting after 1 h of reaction of the 0.01 
mM paracetamol solution in the presence of 0.15 g L− 1 (a) and 1 g L− 1(b) AB (red curves). Comparison is made with the Raman spectra of reference 100 mM solutions 
(spotted and air-dried drop) of hydroquinone (HQ, azure curve), 4-aminophenol (4-AP, violet curve), 4-nitrophenol (4-NP, orange curve), and paracetamol (PCT, 
black curve). Vertical stripes corresponding to the four reference molecules highlight the related assigned components in the red spectra (light grey: PCT; light violet: 
4-AP; light orange: 4-NP, and azure: HQ).
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same ones) belonging to different molecules under investigation can 
favour a distinct identification of features specific to each chemical 
species. Finally, this approach enables the assessment of the SERS sub
strate’s influence on the scattering modes of these species, in terms of 
intensity and Raman shift positions, thereby facilitating the accurate 
identification of chemical species present in the supernatants.

Indeed, after thoroughly analyzing the literature data, it was possible 
to tentatively attribute the Raman features of the supernatant residue on 
the SERS substrate obtained after 1 h of paracetamol reaction in the 
presence of 1 g L− 1 of AB (Fig. 10b). The spectrum shows at 380 cm− 1 

the γO + ring torsion, at 643 cm− 1 the αO + CCC bending, and at 714 
cm− 1 the ring torsion, which are Raman modes observed for the α 
crystalline phase of HQ [105]. Additionally, Cabrera-Alonso reported a 
C=C very strong stretching mode at 1599–1620 cm− 1 for SERS of HQ, 
assisted by gold nanorods, excited at 785 nm [97].

It is worth noting that SERS bands can be more intense than Raman 
bands, even shifted (typically 5–20 cm− 1) and the presence of additional 
peaks can be observed. In fact, the density of hot spots on the nano
structured metal substrate, where molecules adsorb, and their prefer
ential orientation, while in contact with the surface, strongly influence 
the activation and enhancement of specific vibrational modes, compli
cating direct comparisons.

Other features are instead related to 4-AP (namely, peaks at 794 
cm− 1, 838 cm− 1, 1050 cm− 1, 1128 cm− 1, 1145 cm− 1 [106], 1206 cm− 1, 
1248 cm− 1, 1620 cm− 1 [99],) and to 4-NP (865–875 cm− 1, 1013 cm− 1 

[107], 1294 cm− 1, 1340 cm− 1 [99], 1424 cm− 1) [107]. The peak cen
tred between 1168 and 1178 cm− 1 is assignable to the C–H in-plane 
bending of HQ [97], 4-AP [106], 4-NP [108] and, at the same time, to 
the phenyl-N bending in PCT [109]. This evidence suggests that, at this 
time of reaction (1 h), some unreacted paracetamol remains, in agree
ment with the UV–vis spectra in Fig. 9. Other paracetamol-related 
modes are observable at 1555–1559 cm− 1 (amide II) and 1651 cm− 1 

(amide I) [110].
In the spectrum of supernatant residue on SERS substrate, obtained 

after 1 h of reaction in contact with 0.15 g L− 1 of AB (Fig. 10a), the 
presence of unreacted paracetamol is more evident, maybe due to the 
presence of a lower amount of AB powder in the reaction batch, for the 
same (short) reaction time. For instance, here, the peak centered at 1321 
cm− 1, assignable to amide III, is very intense [98], while the bands in the 
1510–1525 cm− 1 range [109], around 1557 cm− 1 (amide II) and at 1651 
cm− 1 (amide I) [110] exhibit improved resolution. Anyway, some 
by-product species can be singled out: the band at 1596 cm− 1, for 4-AP 
[106], and the peaks in the 1340–1390 cm− 1 range [99] and at 1437 
cm− 1, for 4-NP [108]. The C=C aromatic ring stretching mode, centred 
at 1615 cm− 1 and common to PCT [111], 4-AP [106] and 4-NP [99], is 
superimposed on the other signals. Finally, at low Raman shifts, the 

convolved band in the range 450–530 cm− 1 can be distinctly assigned to 
HQ [112]. A detailed assignment of the observed Raman modes is re
ported in Tables 3 and 4 for experiments obtained in the presence of 0.15 
g L− 1 AB and 1.0 g L− 1 AB, respectively.

Interestingly, the co-presence of Raman features coming from the 
main possible by-products of paracetamol photodegradation, already 
after 1 h of reaction time, suggests that the “b” pathway of Scheme 2
could be the most reliable one to propose. Moreover, the formation of 
radical species enables rapid interaction, yielding oxidation products 
(such as 4-NP and HQ), while PCT can be present in a partially unreacted 
state. The SERS investigation, therefore, shows that with the AB sample, 
the “b” pathway in Scheme 2 is very probable, as already observed with 
Degussa P25 [93] and in agreement with the similar apparent kinetic 
constants of the two TiO2 powders. For a more accurate identification 
and quantification of the species resulting from paracetamol decompo
sition, future studies should incorporate multivariate analysis tech
niques, such as Principal Component Analysis (PCA), on a larger and 
statistically meaningful SERS dataset. Therefore, this study uniquely 
demonstrates the SERS-assisted identification of paracetamol degrada
tion intermediates on anatase/brookite TiO2.

3.4. On the formation of CO2⋅− species on the surface of the AB sample 
and their prospective role in photocatalysis

Besides the photocatalytic degradation of paracetamol under simu
lated solar light, the formation of CO₂⋅⁻ on the surface of the AB sample is 
relevant, as CO2⋅− species are widely recognized as the initial and crucial 
intermediates in CO₂ reduction processes, particularly for applications in 
solar fuel production. However, the direct generation of CO₂⋅⁻ from CO₂ 
remains challenging due to the molecule’s high reduction potential.

Beyond its role in photocatalysis, CO₂⋅⁻ has recently attracted 
attention in organic synthesis as a versatile nucleophilic species and a 
powerful single-electron reductant, enabling the formation of valuable 
carboxylic acids. Typically, CO₂⋅⁻ is produced via direct electrochemical 
or photochemical reduction of CO₂, or through hydrogen atom transfer 
(HAT) from formate salts, especially in DMSO as a solvent [47]. Direct 
reduction of CO2 may occur with strong reductants or by UV-irradiation. 
HAT with formate salts can occur under visible light.

The presence of CO2⋅− species in AB is likely due to the sample 
(calcined at 200 ◦C) having defects available for adsorbing CO2 mole
cules or could derive from the HAT of adsorbed formate ions, also 
detected by IR spectroscopy (Fig. 7a). The ABR sample has a signifi
cantly lower SSA resulting from high-temperature calcination, which 
likely reduces or suppresses defects, potentially preventing the detection 
of surface CO2⋅− species by IR spectroscopy.

According to the literature, the formation of CO2⋅− on defective TiO2 

Table 3 
Raman modes and assignments, coming from the analysis of the main presumed degradation by-products (HQ, 4-AP, and 4-NP), of the spectrum collected on SERS 
substrate of the residue after spotting and left to air-dry a drop of the supernatant solution resulting after 1 h of reaction in the presence of 0.15 g L− 1 AB solution and 
paracetamol (0.01 mM).

Hydroquinone (HQ) 4-aminophenol (4-AP) 4-nitrophenol (4-NP) Paracetamol (PCT)

Raman shift 
(cm− 1)

Assignment Raman shift 
(cm− 1)

Assignment Raman shift 
(cm− 1)

Assignment Raman shift 
(cm− 1)

Assignment

450–530 C-C-C planar 
deformation [112]

​ ​ ​ ​ ​ ​

​ ​ ​ ​ 1340–1390 NO2 symmetric 
stretching [99]

1321 amide III [98]

​ ​ ​ ​ 1437 C–H in-plane 
bending [108]

​ ​

​ ​ ​ ​ ​ ​ 1510–1525 C=C stretching/ N–H 
deformation [109]

​ ​ 1596 In-plane N–H deformation 
and C–N stretch [106].

​ ​ 1555–1559 Amide II [110]

​ ​ 1615 C=C aromatic ring stretch 
[106].

1615 C=C aromatic ring 
stretching [99]

1615 C=C aromatic ring 
stretching [111]

​ ​ ​ ​ ​ ​ 1651 Amide I [110]
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surfaces occurs when CO2 molecules (produced during calcination at 
200 ◦C) chemisorb onto Ti3+ sites through the following reaction [113,
114]: 

Ti3+(surf) + CO2(gas)→ Ti4+(surf) + CO.−
2(surf)

forming negatively charged bent species [86]. This process can also 
occur without illumination (as during the calcination procedure).

Different authors have reported that this process is favored in the 
presence of junctions in various types of nanomaterials [115,116]. Based 
on our results, the formation of CO2⋅− species is likely linked to surface 
defects in the AB sample. These defects are likely related to the anata
se/brookite homojunctions observed by HRTEM and by Raman spec
troscopy. With the same surface, the formation of adsorbed formate ions 
is observed, which could contribute to the formation of CO2⋅− species.

CO2⋅− species may play several vital roles. Being electron- 
withdrawing species, they lower the VB edge, which leads to a nar
rower band gap. Indeed, XPS analysis reveals that the AB sample ex
hibits a lower VB energy (Table 2), which can also be attributed to the 
presence of the CO2⋅− species. Lower VB energy values enhance the 
oxidation ability of photogenerated holes and expand the range of light 
to which the sample can respond. Therefore, CO2⋅− species can promote 
the separation of photogenerated charge carriers and also act as pho
tosensitizers, allowing TiO2 to absorb visible light and become photo
catalytically active under visible light giving rise to the Urbach tail 
observed in the DR UV–Vis spectrum of the AB sample (lower inset in 
Fig. 6b), primarily due to the presence of more localized states within 
the band gap. The electron-withdrawing effect of the CO2⋅− species may 
also be responsible for the slightly higher binding energy of the Ti 2p 
line in the AB sample (Table 2).

We can infer that anatase/brookite homojunctions can be a 
straightforward method for generating CO₂⋅⁻ species under mild condi
tions in the presence of TiO₂, with the resulting radical species stabilized 
on its surface.

4. Conclusions

A high surface area anatase/brookite mixed phase (AB sample) was 

synthesized using a template-free sol-gel method based on pH control 
(pH = 2.00) followed by mild calcination at 200 ◦C. In this mixed phase, 
brookite is always associated with anatase, forming numerous and small 
anatase/brookite homojunctions that act as photocatalytically efficient 
defect sites, enhancing charge separation and facilitating rapid electron 
transfer.

Calcination at a higher temperature (600 ◦C) produces an anatase/ 
brookite/rutile mixed phase, which still has anatase/brookite homo
junctions, but also a lower specific surface area and higher charge 
transfer resistance, thus making the photocatalyst less active in terms of 
reaction rate, yet still capable of reaching complete paracetamol con
version in the adopted reaction conditions.

Surface-enhanced Raman scattering confirms that the degradation of 
paracetamol in the presence of anatase/brookite mixed phase likely 
occurs through a degradation pathway already observed with TiO2. 
While this pathway has already been reported in the literature using 
more resource-intensive techniques, our findings demonstrate that SERS 
provides a powerful and less demanding experimental technique for 
intermediates detection, highlighting the synergy between the structural 
design of the photocatalyst and the analytical resolution of the reaction 
products.

The anatase/brookite mixed phase also promotes the formation of 
CO2

⋅− radical ions, which are recognized as the starting point of the CO2 
reduction process and also valuable species in organic synthesis, sug
gesting that anatase/brookite homojunctions in TiO2 can promote its 
formation under mild conditions, inferring additional functionality of 
these defects for synthetic applications. The dual capability of anatase/ 
brookite homojunctions, which can either remove emerging pollutants 
or produce chemically valuable radical intermediates, broadens the 
functional horizon of mixed-phase photocatalysts.
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[64] N.D. Abazović, M.I. Čomor, M.D. Dramićanin, D.J. Jovanović, S.P. Ahrenkiel, J. 
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and interfacial potential of titanium dioxide nanoparticles: experimental and 
theoretical investigations, J. Colloid. Interface Sci. 407 (2013) 168–176, https:// 
doi.org/10.1016/j.jcis.2013.06.015.

[90] K. Suttiponparnit, J. Jiang, M. Sahu, S. Suvachittanont, T. Charinpanitkul, 
P. Biswas, Role of surface area, primary particle size, and crystal phase on 
titanium dioxide nanoparticle dispersion properties, Nanoscale Res. Lett. 6 (2011) 
1–8, https://doi.org/10.1007/s11671-010-9772-1.

[91] L. Yang, L.E. Yu, M.B. Ray, Degradation of paracetamol in aqueous solutions by 
TiO2 photocatalysis, Water. Res. 42 (2008) 3480–3488, https://doi.org/10.1016/ 
J.WATRES.2008.04.023.

[92] D.F. Ollis, Kinetics of photocatalyzed reactions: five lessons learned, Front. Chem. 
6 (2018) 1–7, https://doi.org/10.3389/fchem.2018.00378.

[93] N. Blangetti, F.S. Freyria, M.C. Calviello, N. Ditaranto, S. Guastella, B. Bonelli, 
Photocatalytic degradation of paracetamol under simulated sunlight by four TiO2 
commercial powders: an insight into the performance of two sub-micrometric 
anatase and rutile powders and a nanometric brookite powder, Catalysts. 13 
(2023) 434, https://doi.org/10.3390/catal13020434.

[94] T.M. Khedr, S.M. El-Sheikh, E. Kowalska, H.M. Abdeldayem, The synergistic 
effect of anatase and brookite for photocatalytic generation of hydrogen and 
diclofenac degradation, J. Environ. Chem. Eng. 9 (2021) 106566, https://doi. 
org/10.1016/j.jece.2021.106566.

[95] I.M. Raju, T.S. Rao, K.V.Di. Lakshmi, M.R. Chandra, J.S. Padmaja, G. DIvya, Poly 
3-thenoic acid sensitized, copper doped anatase/brookite TiO2 nanohybrids for 
enhanced photocatalytic degradation of an organophosphorus pesticide, 
J. Environ. Chem. Eng. 7 (2019), https://doi.org/10.1016/j.jece.2019.103211.

[96] N. Villota, J.M. Lomas, L.M. Camarero, Study of the paracetamol degradation 
pathway that generates color and turbidity in oxidized wastewaters by photo- 
Fenton technology, J. Photochem. Photobiol. Chem. 329 (2016) 113–119, 
https://doi.org/10.1016/j.jphotochem.2016.06.024.

[97] R. Cabrera-Alonso, E. Guevara, M.G. Ramírez-Elías, B. Moncada, F.J. González, 
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configuration in surface enhanced raman scattering based biosensors for miRNA 
detection, J. Colloid. Interface Sci. 649 (2023) 750–760, https://doi.org/ 
10.1016/j.jcis.2023.06.090.
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