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A B S T R A C T

This study presents the synthesis of black anatase in air and its use for the fabrication of a reusable electrode for 
the photocatalytic degradation of Rhodamine B (RhB) under visible-light. Characterization techniques such as X- 
ray diffraction, Raman spectroscopy, and Transmission Electron Microscopy (TEM) were used to analyze the 
properties of black anatase. The immobilization of black TiO2 on a glass substrate eliminates the need for post- 
treatment recovery of the photocatalyst. Enhancement of photocatalytic activity was achieved by depositing a 4 
nm platinum layer on the black anatase TiO2 electrode. Activation of the photocatalytic process (λ ≥ 400 nm) 
was conducted with a solar simulator, and the degradation of RhB was monitored through visible absorption and 
time-resolved fluorescence spectroscopy, revealing degradation efficiencies of 94 % and 89 % after 40 and 60 
min, respectively. These results are attributed to the elevated levels of oxygen vacancies and the Schottky barrier 
formed between the platinum layer and black anatase. The methodology’s simplicity and the significant pho-
tocatalytic efficiency suggest potential for widespread application in solar-driven photocatalytic degradation.

1. Introduction

Photocatalytic processes have attracted attention because they offer 
environmental benefits, while being relatively inexpensive and capable 
of yielding high efficiencies [1]. These processes can treat hazardous 
effluents, such as polychlorinated biphenyls and cyanide solutions, with 
degradation efficiencies approaching 100 % [2,3], and suggesting pho-
tocatalysis as an effective and viable technique for indoor and outdoor 
pollution control [4]. Photo-induced catalysis also offers several ad-
vantages over other catalytic processes. First, the reaction can occur 
under normal ambient conditions using natural sunlight, room tem-
perature, and atmospheric pressure [5]; Second, the process is also 
pollution-free [6],which reinforces the drive for low-carbon environ-
mental protection initiatives [6]. Lastly, using inexpensive, nontoxic and 
recyclable photocatalysts [7] makes it particularly attractive for indus-
trial implementations [8].

Metal-oxide semiconductors are often favored as photocatalyst ma-
terials, thanks to their photo-corrosion resistance and biocompatibility 

[9]. Some examples of photocatalyst materials include Fe2O3 [10], 
SrTiO3 [11], ZnO [12], WO3 [13], ZrO2 [14], BiFeO3 [7,15], and stan-
dard (so-called white) TiO2 [16]. These materials exhibit a spectrum of 
efficiencies in degrading organic pollutants; for instance, Fe2O3 has been 
reported to remove up to 90 % of certain dyes under visible light [17], 
while SrTiO3 has shown a 51 % removal rate for Acid Orange 7 after 
ultraviolet exposure [18]. The combination of ZnO with graphene oxide 
has resulted in a remarkable 95 % degradation of methyl blue [19], and 
carbon-doped WO3 has similarly achieved a 95 % reduction in Methyl 
Orange concentration [20]. Although ZrO2’s photocatalytic activity is 
somewhat limited, doping with neodymium has significantly enhanced 
its performance, achieving an 80 % degradation rate [21]. BiFeO3, on 
the other hand, has demonstrated a remarkable 93 % efficiency in 
degrading RhB [7].

Despite these advancements, challenges persist, such as the rapid 
recombination of photogenerated charge carriers and the inherently 
wide bandgaps of these materials, which limit their absorption of visible 
light. Consequently, modifications, typically through doping or the 
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formation of composites, are often required to overcome these 
limitations.

Of all of them, TiO2 is possibly the most extensively studied, largely 
due to its ability to break down organic pollutants and achieve complete 
mineralization [22]. However, standard white-TiO2 has a wide band gap 
which makes it photocatalytically active in the UV-range. In spite of this, 
its excellent chemical stability makes it resistant to corrosion and 
degradation, while is non-toxic and biocompatible [16]. TiO2 has also a 
tunable bandgap, enabling extended light absorption into the visible 
spectrum [23], and it can be synthesized in various nanostructures, 
enhancing its surface area and reactivity [24].

In general, the photocatalytic degradation process consists of four 
steps: (1) photo-excitation of charge carriers, (2) carrier migration to the 
catalyst surface, (3) formation of radicals at the surface, and (4) redox 
reactions with the environment [25]. To promote such reactions, the 
excitation source must match or exceed the semiconductor bandgap to 
favor photo-excited carrier generation [26]. These photo-generated 
carriers then participate in the redox reactions at the interface be-
tween the photocatalyst and the environment [27]. To enhance reaction 
efficiency and reduce carrier recombination, the photocatalyst should 
ideally be a porous nanostructure, allowing photo-generated carriers to 
reach the surface quickly [7,27]. Nanostructured materials benefit from 
large surface areas and high surface defect densities offering exceptional 
properties for applications in surface science, catalysis, electronics, 
biomedical fields, and energy technologies [28]. Regarding TiO2 as a 
photocatalyst, nanostructures provide more active sites for the adsorp-
tion of reactant molecules, increasing the chances of photocatalytic re-
actions occurring [29]; Meanwhile, surface defects can act as trap states 
for photo-generated charge carriers, extending their lifetime, and facil-
itating the transfer of electron-hole pairs, thereby enhancing activity in 
the visible spectrum [30].

In its crystalline forms, TiO2 has a bandgap of 3.0 eV for rutile [31], 
3.2 eV for anatase, and 3.1–3.4 eV for brookite [32]. However, for 
photocatalysis, it typically requires UV light for activation [33]. Since 
UV light represents only ~4 % of the total sun irradiance, this hinders 
TiO2 large-scale deployment [29]. To address this limitation, bandgap 
engineering of TiO2 has been explored initially using different metallic 
[34–36] and non-metallic [37–39] dopants, which helped on tuning the 
properties of TiO2 at atomic scale and extend light absorption into the 
visible spectrum [40]. Latter strategies included self-doping [41,42] 
during 2010s, with black hydrogenated TiO2 with enhanced solar ab-
sorption[43]. More recently, defect engineering in TiO2, particularly 
through oxygen-vacancy engineering, has shown promising results in 
improving visible light absorption [44,45].

Heating TiO2 under vacuum [46,47,47], in a reducing atmosphere 
[43,46,48], or with reductive agents [49] is known to cause color 
changes in TiO2, resulting in a gray or black color with significantly 
enhanced visible light absorption [40,50,51]. The shift from the stan-
dard white to gray or black TiO2 is largely attributed to the formation of 
Ti3+ defects and oxygen vacancies [31,44,52,53], which introduce deep 
electronic defect states located between 0.75 and 1.18 eV below the 
conduction band [30,54], and increase visible light absorption of TiO2 
[31,55]. Oxygen vacancies, common surface defects in metal oxides 
[56], play a crucial role in tuning the electronic and redox properties of 
metal oxides, which is critical for heterogeneous catalysis [57]. These 
vacancies trap one or two electrons and create unsaturated surfaces with 
a lower coordination number and dangling Ti bonds [58,59]. This en-
hances photocatalytic degradation by promoting the charge separation 
process [54,60], and providing sites for co-catalyst deposition [61,62]. 
Additionally, oxygen vacancies are well characterized in TiO2 as elec-
tron donors that boost the catalyst donor density, improves the charge 
transport, and shift the Fermi level towards the conduction band, 
facilitating the charge separation process [54].

In this article, the unique photo-catalytic properties of black anatase- 
TiO2 synthesized from an oxygen-deficient amorphous TiO2 formulation 
developed first in [45] through a simple chelated sol-gel process 

followed by thermal crystallization in air, were reported and tested for 
photocatalytic RhB degradation. Typical synthesis methods for black 
TiO2 are often time-consuming [63] and require high temperatures and 
pressures [43], vacuum [64], or reducing atmospheres such as N2, H2, or 
Ar, which significantly raise the cost of large-scale industrial production 
[43,46,65,66]. Therefore, in this study we have demonstrated a prom-
ising strategy for synthesizing black TiO2 in air. This oxygen-deficient 
crystalline black TiO2 was characterized by electron paramagnetic 
resonance (EPR), X-ray diffraction (XRD), Raman and UV–vis spectros-
copy, Transmission Electron Microscopy (TEM) and Scanning Electron 
Microscopy (SEM). The electrode composition was analyzed by Energy 
Dispersive X-ray Spectroscopy (EDS) and X-ray Photoelectron Spec-
troscopy (XPS) for determining oxygen-vacancy concentration. 
Following characterization, visible light photocatalysis was achieved 
using black TiO2 electrodes coated with a 4 nm-thick platinum (Pt) 
layer. These reusable electrodes achieved 94 % degradation of RhB in 
only 40 min for the first cycle, and 89 % degradation in 60 min for the 
second cycle. Finally, the degradation mechanism kinetics were inves-
tigated using transient absorption spectroscopy.

2. Experimental section

2.1. Synthesis of amorphous oxygen-deficient TiO2

Oxygen-deficient amorphous TiO2 was prepared following a modi-
fied sol–gel synthesis described elsewhere [45]. To do so, 28.8532 g of 
ethanol (Product 1,590,102,500 from Sigma-Aldrich) were mixed with 
1.4748 g of acetylacetone (Product P7754–1L-A from Sigma-Aldrich). 
This solution was stirred for 20 min. Subsequently, 10.8604 g of tita-
nium (IV) butoxide (Product 244,112–500 G from Sigma-Aldrich) were 
added and stirred for 40 min. Finally, the hydrolysis reaction was trig-
gered by adding 0.84 mL of deionized water. The sol-gel formulation 
was agitated for 120 min and then aged for 8 months to yield amorphous 
red vacancy-rich TiO2. The ethanol slowly evaporates during aging 
period to precipitate an amorphous red vacancy-rich TiO2 powder [45]. 
The Table S1 summarize all the quantities used in this synthesis.

2.2. Synthesis of black anatase-TiO2

Amorphous red vacancy-rich TiO2 powder was placed in a crucible at 
450 ◦C for 90 min to obtain black vacancy-rich TiO2 powder (see Fig. 1 
(b)) following the temperature ramps shown in Fig. 1(c). At the 90 min 
mark, the crucible was removed from the oven and allowed to cool to 
room temperature for an additional hour. Removing the TiO2 crucible is 
a critical step since oxygen vacancies diffuse and bleach out if they are 
left for prolonged times at high temperatures [30].

2.2.1. Black anatase characterization
EPR measurements were performed using a Bruker Magnettech 

ESR5000 at 9.45618 GHz. XRD patterns were obtained on a XRD X’Pert 
Panalytical using a Cu Kα X-ray source to characterize the crystallinity 
and phase of the defective black anatase-TiO2. Confirmation of the 
crystalline structure and the presence of defects were assessed through 
Raman spectroscopy. This analysis was done using a WITEC Alpha300 
confocal Raman microscope, which is equipped with a 532 nm laser and 
a power output of 60 mW. Optical absorption was measured using a 
UV–vis-NIR spectrophotometer (PerkinElmer, LAMBDA 750) with an 
integrating sphere to capture diffuse light. TEM (Jeol, JEM-2100F) 
equipped with an electron energy loss spectrometer, SEM (Hitachi, 
SU8230) and an EDS detector (Bruker, QUANTAX FlatQUAD) were used 
to characterize morphology and perform elemental mapping. Imagej 
v1.54g software was used to calculate the interplanar distance in the 
obtained TEM images. XPS was performed using a Thermo Fisher Sci-
entific Escalab 250Xi instrument equipped with a monochromated Al Kα 
radiation source (218.8 W, 14.7 kV, 14.9 mA) and a 180̊ hemispherical 
analyzer in constant energy mode. A standard charge neutralization 
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system consisting of low energy electrons and Ar+ ions was applied, 
maintaining a base pressure of ~10− 8 mbar. Survey scans were recorded 
with a pass energy of 150 eV and an energy step of 1.0 eV, while high 
resolution scans were performed with a pass energy of 20 eV and an 
energy step of 0.1 eV The samples were oriented at a 0̊ emission angle, 
which corresponds to an XPS probing depth of 5–10 nm for a flat surface. 
Data analysis was performed using Avantage v6.5.0 software (Thermo 
Fisher Scientific), with elemental composition (excluding H and He, 
which are not detectable by XPS) obtained from the survey scans by 
integrating the peak areas and applying the sensitivity factors provided 
by the instrument manufacturer. The binding energy scale was cali-
brated by setting the C1 s peak at 285.0 eV for aliphatic hydrocarbons.

2.3. Construction of the black anatase and Degussa P25 electrodes for 
photocatalysis

Black anatase-TiO2 is supported on a glass substrate of 25 mm x 25 
mm. First, the glass substrate was cleaned with acetone, ethanol, and DI 
water. Afterwards, we spin coated SOL725 (Henkel) at 200 rpm for 30 s 
on top of the glass substrate. Then, we deposited 300 mg of the black 
anatase powder on top of the SOL725 rm. The dispersion process was 
repeated three times to ensure complete and even coverage of the entire 
area. Excess of black anatase-TiO2 powder was removed by shaking the 
electrode, followed by curing at 125 ◦C for 1 hour. The same procedure 
was used to fabricate the Degussa P25 electrode.

2.4. Photocatalytic test measurements and degradation kinetics

RhB was selected as the target contaminant to evaluate the photo-
catalytic activity of the prepared electrodes. The solar simulator (New-
port, 91160–1000) certified to class AAA, is equipped with a 300 W 
xenon lamp. The light intensity is calibrated at 100 mW cm− 2 (1 sun). To 
ensure the tests were performed only with visible light, a cutoff filter 
(≥400 nm) was installed right after the AM 1.5 G filter. The RhB solution 

was placed in a 50 mL beaker under the light beam from the solar 
simulator and was kept at room temperature to avoid any thermal 
degradation. A horizontal beam of a tungsten halogen light source 
(Ocean Optic, HL- 2000-HP, output power 8.8 mW) allowed a live 
tracking of the RhB signal. To guarantee precise monitoring of the 
degradation reaction, the absorbance spectrum is recorded every minute 
in the 400 to 800 nm wavelength range. The spectra are analyzed using 
Matlab to extract the maximum intensity of absorbance and the peak 
positions.

RhB solution was prepared from a mother solution with 5 mg L− 1 

concentration (in distilled water) and pH = 6.1. The photocatalyst 
concentration used in this study falls within the established ranges re-
ported in the literature for immobilized TiO2 photocatalysis [67,68]. 
Additionally, the RhB dye concentration is proportional to the absor-
bance at this concentration range (mg L− 1) [7]. For each degradation 
test, a 25 mL sample was used. The RhB degradation rate and kinetics 
were then calculated by absorbance measurements, comparing the final 
absorbance to the initial maximum absorbance at the start of the 
reaction.

3. Results and discussion

3.1. Chemical reactions that yield black anatase-TiO2

The sol-gel reaction used to synthesize the black TiO2 relies on the 
chelation reaction of titanium butoxide (Ti(OBu)4) by using acetylace-
tone (acac) as complexation agent [45,69]. An interexchange substitu-
tion mechanism is responsible for this reaction and it can be described as 
follows [69,70]: 

Ti(OBun)4 + acacH → Ti(OBun)4-x + xBuOH                                        

This modified reaction involves the creation of a hybrid Ti(IV)-ace-
tylacetonate compound in which the steric inhibition effect created by 
the acetylacetonate groups prevents the hydrolyzation of the titanium 

Fig. 1. (a) Schematic representation of the synthesis process. (b) Amorphous TiO2 powder before thermal treatment. (c) Crystallized anatase TiO2 powder after 
thermal treatment. (d) Schematic representation of the thermal treatment used to crystallize the TiO2 powder.
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precursor and promotes the formation of oxygen deficiency [45,71]. The 
use of acetylacetonate as a complexing agent in TiO2 sol-gel systems has 
been previously reported to yield a very stable photo-responsive black 
anatase TiO2 after crystallization in air at 400 ◦C [72]. The stability of 
the material relies on the Ti(IV)-complex, providing an electronic 
structure that stabilizes superoxide anion radicals on its surface for long 
periods of time at room temperature [72,73]. This simple synthesis 
process is performed entirely at room temperature and does not require 
harsh conditions or external reducing agents [72,73]. Such character-
istics are important to reduce fabrication costs and enable large-scale 
manufacturing.

This complexation process significantly affects the coloration of the 
TiO2 sol-gel system and its products [74]. The schematic representation 
of the synthesis process is depicted in Fig. 1(a). As shown in Fig. 1(b), the 
synthesis yields a yellow-reddish colored oxygen-deficient amorphous 
TiO2 [45]. However, Fig. 1(c) shows that the powder converts to black 
anatase TiO2 after thermally-induced crystallization at 450 ◦C in air 
[73]. Fig. 1(d) shows a schematic of the thermal treatment process.

As it will be further demonstrated, black color in the crystallized 
TiO2 is directly associated with high concentrations of oxygen vacancies. 
Its promotion and disappearance during the thermal crystallization can 
be explained using previous models [30,54], establishing that temper-
atures between 300 ◦C and 500 ◦C promote the entropy-driven outward 
diffusion of the oxygen vacancies towards the nanoparticle surfaces 
[30]. However, temperatures higher than 500 ◦C can generate enough 

energy to bleach out the surface defects, making the black color fade 
away due to a decrease in the concentration of oxygen vacancies [30]. 
Therefore, to preserve the oxygen vacancies and reduce their diffusion it 
was important to limit the annealing time of the black anatase to 90 min.

3.2. Characterization of the black anatase-TiO2 powder

EPR measurements are shown in Fig. 2(a). This technique is widely 
used to identify unpaired electrons in paramagnetic materials and 
confirm the presence of Ti3+species and oxygen vacancies in the samples 
[65,75–77]. Peaks at g = 2.001 [47,48,78] and g = 2.002 [79,80] are 
directly associated with the presence of oxygen vacancies [47,48,78]. 
However, peak at g = 2.002 has been reported to represent an oxygen 
vacancy combined with one electron [65,81] as well as being ascribed to 
the Ti3+ species [65,82]. Therefore, EPR is a qualitative tool that verifies 
the existence of oxygen vacancies, but not their concentration. The 
determination of vacancy concentration is described below.

Fig. 2(b) shows XRD analysis and confirms the anatase crystalline 
structure of the black TiO2 powder. XRD pattern is consistent with the 
standard ICDD card #01–073–1764 (Figure S1) and shows broad peaks 
at values of 2θ = 25.40, 37.07, 37.89, 38.72, 48.12, 54.25 and 55.19◦, 
corresponding to the (101), (004), (200), (105), (204), (116) and (215) 
reflections [83]. Additionally, the diffraction peaks all exhibit a slight 
shift towards higher diffraction angles. This indicates a reduced inter-
planar distance, attributed to the high concentration of oxygen 

Fig. 2. Characterization of the crystalline structure and optical properties of the black anatase powder. (a) EPR signal; (b) X-ray diffraction scan; (c) Micro-Raman 
spectroscopy; (d) UV–vis spectra and Tauc plot.
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vacancies present in the black anatase [64,84]. Indeed, previous studies 
have reported a lattice contraction of about 1 to 4 %, induced by the 
presence of oxygen vacancies in black TiO2 [23].

Micro-Raman spectroscopy results in Fig. 2(c) also clearly show the 
characteristics anatase signature with the Eg modes around 146 cm− 1, 
196 cm− 1 and 632 cm− 1 [31,55]. The A1g/B1 g mode around 507 cm− 1 

and the B1 g mode around 390 cm− 1 are also observed. In general, 
Raman modes can be sensitive to crystal size. For TiO2, it has been 
previously shown that grain size has no significant effect on its Raman 
spectra [85,86]. Here, it was observed that low-wavenumber peaks kept 
their position at 146 cm− 1 and 196 cm− 1, while the anatase Raman 
peaks normally at 401, 520 and 643 cm− 1 [87] shift to slightly lower 
wavenumbers (390, 506 and 632 cm− 1 respectively). Similarly to XRD, 
this can be explained by the high concentrations of oxygen vacancies 
creating deformations of the lattice producing shifts and broadening of 
some of its Raman peaks [85]. Oxygen vacancies have been reported to 
be responsible for the shift and broadening of the anatase Eg Raman 
modes, which are also sometimes used as a direct indicator for the 
presence of oxygen vacancies [24,45,86,88–90].

Black anatase UV-visible absorption spectra in Fig. 2(d) shows light 
absorption bands near 380, 460 and 500 nm, originating from the intra- 
bandgap energy states created by the oxygen vacancies [64]. Black 
anatase intra-bandgap energy can be measured directly from the 
UV-visible absorption spectra by linear extrapolation of the band-edges 
in the Tauc plot shown in the inset of Fig. 2(d) [91]. There, sub-bandgap 
absorption starts to occur at photon energies around 1.95, 2.04 and 2.3 
eV [92,93].

Chemical composition and ionic states of black anatase were inves-
tigated by XPS analysis. C, O and Ti were detected by the survey scan 
spectra in Fig. 3(a). Ti 2p XPS spectrum and peak area of the black 
anatase are shown in Fig. 3(b) and summarized in Table S2. Ti 2p3 and 
Ti 2p1 XPS peaks corresponding to Ti3+ of the black anatase are located 
at 458 and 463 eV, respectively, indicating the existence of surface Ti3+

[94]. The concentration of oxygen vacancies was determined as 7.7 % 
based on the ratio of Ti3+ peaks areas [94,95]. This value is consistent 
with previous oxygen vacancies concentrations reported in literature 
ranging from 3 % to nearly 8 % [94,95].

Fig. 3(c) shows the O 1 s XPS of the black anatase. The peak at 529 eV 
is attributed to lattice oxygen; the peak at 531 eV corresponds to the 
hydroxy oxygen (Ti-OH) or to the alkoxyl radical (Ti-OC) and finally, the 
peak at 533 eV is ascribed to the uncoordinated oxygen.

TEM is also used to highlight structural properties and morphology 
of the black anatase powder. As shown in Fig. 4(a), black anatase 
nanoparticles exhibit an average diameter around 20 nm with lattice 
fringes visible in Fig. 4(b) and Fig. 4(c). As a result of oxygen vacancies, 
surface disorder was anticipated [96,97]. The interplanar distance was 
found to be around 0.35 nm. It is shown in Fig. 4(c) and it confirms the 
anatase TiO2 crystalline structure [98].

3.2.1. Black anatase TiO2 electrode
Immobilization of the photocatalyst on a substrate is a common 

strategy to improve the photocatalytic process, since this can help with 
photocatalyst recovery and re-utilization [99]. Photocatalytic reactors 
with an immobilized photocatalyst generally rely on physical or chem-
ical bonds to fix the catalyst to the support [100]. Previously, such 
immobilization approaches have yielded 100 % phenol degradation 
after 4 h under optimal operation conditions [101]. Here, black anatase 
powder is immobilized atop a glass substrate as detailed in the Experi-
mental section. A 4 nm-thick Pt layer is then deposited via sputtering to 
act as a co-catalyst and maximize photocatalytic degradation [7]. The 
step-by-step fabrication process and the resulting black anatase TiO2 
electrode after Pt co-catalyst deposition are shown in Fig. 5. Unlike other 
chemical methods where metallic nanoparticles yield a sparse coating, 
agglomerates or form clusters [61,97], sputter deposition yields a 
smooth and uniform coating shown in Fig. 5(b).

The thickness of the co-catalyst Pt layer was tailored to optimize the 
interaction between the light excitation and the black anatase film. 
Sputtered Pt films with thicknesses around 13 nm show around 50 % 
transmission from 400 to 800 nm [102,103]. Based on this, a 4 nm Pt 
layer was chosen to achieve a trade-off between optical transparency 
and photocatalytic activity [7].

SEM and EDS elemental mapping are performed to investigate the 
morphology of the electrode and the distribution of the sputtered plat-
inum co-catalyst. Fig. 6(a) and Fig. 6(b) show the surface in black 
anatase particles, which range from 2 - 150 µm diameter. Figure S2 il-
lustrates the elemental distribution of the sputtered platinum layer, 
which closely aligns with the distributions of titanium and oxygen, 
indicating that the Pt uniformly coats the particles.

3.3. Photocatalytic degradation

The use of black TiO2 for photocatalytic applications is sometimes 
controversial due to the presence of Ti3+ species among surface defects, 
which can act as recombination centers and potentially hinder photo-
catalytic reactions [43]. In the past, this issue was resolved by passiv-
ating the Ti3+ sites with metallic ions such as Li+ or Pt [43,104]. In fact, 
the photocatalytic performance of black TiO2 can be greatly influenced 
by a variety of factors, including defect location and concentration, 
valence and conduction band levels, synthesis route, and synthesis 
conditions [65]. However, it has been established that these issues are 
generally related to the synthesis conditions [73]. In contrast, the 
TiO2–acetylacetonate synthesis route presented in this study avoids such 
synthesis conditions and is capable of generating and stabilizing su-
peroxide radicals [72,73,75]. Therefore, the presence of stable free 
radicals on the surface make this black anatase an active catalyst for the 
degradation of organic contaminants [72,73].

To test the photocatalytic properties of the platinum-coated black 

Fig. 3. XPS spectra of the black anatase powder. (a) XPS survey analysis. (b) XPS Ti 2p peaks. (c) XPS O1 s peaks.
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anatase electrodes, a 5 mg L− 1 RhB solution was used as a pollutant 
model. As the photo-excitation source, a solar simulator (AM 1.5 G) 
equipped with a long-pass UV filter (λ ≥ 400 nm) was used to ensure that 
only visible light interacts with the black anatase electrode and to pre-
vent any RhB dye degradation caused by the UV light [105]. Prior the 
photocatalytic degradation, the black anatase electrode was left in 
contact with the RhB model solution in the dark for 1 h A negligible 
adsorption around 5 % was observed (Figure S3). To enhance the re-
action, 0.1278 mol of H2O2 was also added to the solution. After only 40 
min under illumination, Fig. 7(a) shows the electrode yields a 94 % RhB 
degradation. Thereafter, a second degradation cycle is performed using 
fresh RhB solution with the same electrode. The degradation remains at 
89 % after 65 min. As a control experiment, a similar electrode using 

immobilized powder of commercial Degussa P25 TiO2, which does not 
possess oxygen vacancies, was prepared and tested under the same 
experimental conditions. As shown in Fig. 7(a), the photocatalytic RhB 
degradation using Degussa P25 is negligible, since it can only be acti-
vated under UV-light [106]. The limited degradation observed with 
Degussa P25 can be attributed to nitrogen de-ethylation of the RhB, 
which occurs under visible light through a photo-induced electron 
transfer between the adsorbed dye and the Degussa P25, without the 
participation of reactive oxygen species [107]. Therefore, it can be 
concluded that oxygen vacancies from the black TiO2 powder (i) are 
absorbing light and (ii) are responsible for the degradation of RhB.

Spectral evolution of the RhB absorption curve during the photo-
catalytic degradation measured at 5-minute intervals is displayed in 

Fig. 4. TEM images of the black anatase TiO2 powder at different magnifications, with scale bars of (a) 20 nm, (b) 10 nm, (c) 5 nm.

Fig. 5. (a) Schematic representation of the black anatase electrode construction process. (b) Image of the black anatase electrode after Pt sputtering.

Fig. 6. SEM microscopy of the black anatase electrode at (a) high, (b) low magnification.
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Fig. 7(b). As expected, RhB absorbance decreases as the photocatalytic 
degradation reaction evolves. Most importantly, Fig. 7(c) shows two 
degradation regimes and a clear blue-shift in the RhB absorption peak as 
soon as the photodegradation reaction is triggered. Nearly 80 % of the 
RhB degradation occurs in the initial 20 min of the cycle. Meanwhile, the 
absorbance shows only a very modest blue shift, going from 553 nm to 
550 nm. This is because the RhB decomposition is initially achieved by 
the cleavage of the whole chromophore structure (i.e. cycloreversion) 
[108]. After 20 min, the absorption peak rapidly shifts from 550 nm 
down to 537 nm. According to the literature, the peak absorption of the 
N,N,N’-Triethyl-rhodamine by-product resulting from the cleavage is 
located at 539 nm [109]. This suggests that the de-ethylation dominates 
the photocatalytic degradation after the first 20 min [7,109,110]. For 
the second degradation cycle shown in Fig. 7(a), the RhB degradation 
efficiency drops slightly from 94 % to 89 %. This reduction is most likely 
due to the partial destruction or saturation of the photocatalytic sites 
[7]. Previous reports show that RhB can be adsorbed on the TiO2 surface 
through the negatively-charged carboxyl group [111].

To examine more accurately the photocatalytic performance, a 
comparative analysis was done on the reaction kinetics for the first and 
second RhB degradations under visible-light irradiation against the ki-
netics of Degussa P25. The assessment of photocatalytic activity was 
quantitatively determined through the calculation of apparent reaction 
rate constants kapp. The kinetics fitting plots of the first, second and 
Degusa P25 RhB degradations are shown in Fig. 7(d). The degradation 
curves were fitted using the pseudo-first-order kinetic equation, -ln(C/ 
C0) = kapp t, which yielded R-square values above 0.96, indicating a high 

level of correlation. In this equation, C denotes the concentration of RhB 
at time t, C0 signifies the initial concentration of RhB, kapp is the first- 
order apparent kinetic constant (min− 1), and t represents the elapsed 
time [112]. It was observed that the rate constants kapp for both the first 
and second degradations follow to the Langmuir–Hinshelwood model 
[113], whereas the kapp for the Degussa P25 degradation is close to cero 
since it exhibited a negligible degradation. The reaction rate constants 
kapp, the photocatalytic degradation rate and the R2 values for the first, 
second and the Degussa P25 degradation are summarized in the Table 1.

As anticipated, these remarkable photocatalytic efficiencies under 
visible light can be directly attributed to the presence of oxygen va-
cancies [65,72,73], which enhance performance by generating active 
trapping centers that reduce the recombination of photo-generated 
carriers and extend the light response range through intraband gap en-
ergy levels below the conduction band of black anatase [30,92,94]. 

Fig. 7. Photocatalytic degradation of RhB. (a) Efficiency of the first and second cycles of photocatalytic degradation of RhB using the black anatase electrode, 
compared with the performance of commercial Degussa P25 TiO2. (b) Spectral evolution of the RhB absorbance during the photocatalytic degradation reaction. (c) 
Evolution of the absorption peak position evolution during the photocatalytic degradation. The two dashed lines indicate the two distinct regimes occurring during 
the degradation. (d) Pseudo-first-order kinetics fitting plots for the first and the second RhB degradation. Fitting plot for the Degussa P25 RhB degradation.

Table 1 
Photocatalytic properties of black anatase TiO2 and Degussa P25 under visible- 
light irradiation.

Sample RhB photocatalytic 
degradation rate (%)

Reaction rate 
constant, kapp 

(min− 1)

R2

Back anatase TiO2 1st 
degradation

94 0.085 0.97

Back anatase TiO2 

2nd degradation
89 0.034 0.96

Degussa P25 8 0.0007 0.99
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Moreover, the Schottky barrier formed between the Pt and black anatase 
further improves the extraction of the photogenerated charge carriers 
[114], resulting in even more efficient RhB degradation [7].

3.3.1. Scavenging process
H2O2 interacts with the Pt co-catalyst, acting as a reducing agent 

yielding hydroxyl groups, or as an oxidizing agent forming O2 molecules 
depending on the Pt surface states [115]. In both cases, the H2O2 
degradation generates highly reactive species with a short lifetime, 
which are known to govern the photocatalytic reactions [116,117] and 
to react actively with cationic dyes, such as RhB [118]. The role of Pt in 
the formation of free radical species and their participation in the pho-
tocatalytic degradation of RhB can be indirectly elucidated using four 
different types of scavengers [119]. Silver nitrate (AgNO3, an electron 
scavenger), benzoquinone (BQ, a superoxide radical scavenger), trie-
thanolamine (EDTA, a hole scavenger) and tert‑butanol (TBA, a hy-
droxyl radical scavenger) were explored, and their influence over the 
photocatalytic degradation is summarized in Fig. 8(a).

All these scavengers significantly impede the RhB photocatalytic 
degradation. AgNO3, an electron scavenger, significantly hampers the 
degradation reaction, decreasing its degradation rate from 94 % to only 
6 %. Similarly, a superoxide radical scavenger (BQ) brings the degra-
dation rate to about 17 %. Furthermore, the degradation reaction rate 
falls to 33 % when using the hydroxyl radical scavenger (TBA), and 35 % 
for the hole scavenger (EDTA). It is evident that photo-generated elec-
trons, along with superoxide radicals, are the predominant species 
involved in the RhB degradation reaction [118,120]. Black anatase-TiO2 
is an n-type material [121] meaning it has an abundance of free elec-
trons available for conduction. When coupled with a thin Pt layer, which 
acts as an electron sink, the Pt efficiently captures and traps the electrons 
generated in TiO2 during the photocatalytic process. This electron 
trapping reduces the likelihood of electron-hole recombination, allow-
ing more electrons to participate in the desired photocatalytic reactions, 
thereby enhancing the overall efficiency of the process [7]. Fig. 8(b)
depicts the proposed photocatalytic mechanism performed under visible 
light.

The proposed photocatalytic system offers several advancements 
over conventional nanoparticle-based methods. Notably, the integration 
of an oxygen vacancy-rich photocatalyst with a Pt co-catalyst enhances 
the degradation rates under visible light, a significant improvement 
given that many state-of-the-art photocatalysts require UV light to 
achieve optimal activity. Furthermore, the immobilization of photo-
catalyst nanoparticles addresses the common issue of turbidity affecting 
degradation rates, presenting a clear advantage in terms of process 

efficiency and cost-effectiveness. By eliminating the need for photo-
catalyst recovery, this methodology simplifies the treatment process, 
reducing both operational complexity and expense, which are critical 
considerations in large-scale applications [122]. The proposed meth-
odology demonstrates a balance of environmental friendliness, opera-
tional simplicity, and cost-efficiency.

4. Conclusion

This work presents a cost-effective method to crystallize black 
anatase in air and ambient conditions, avoiding the requirements of long 
duration, high temperature, vacuum or high-pressure synthesis pro-
cesses used in prior works. We also report the use of black anatase as a 
highly efficient, sunlight-activated photocatalyst technology using only 
visible light. In-situ monitoring of the degradation of RhB, a pollutant 
model, is demonstrated using absorption measurements, and the highly 
reactive features of different scavengers are used to study the degrada-
tion mechanisms of RhB. This study demonstrates that photo-generated 
electrons and superoxide radicals play a significant role in the photo-
catalytic degradation process, which results in an impressive 94 % 
reduction of Rhodamine B within a brief period upon exposure to visible 
sunlight. These performance characteristics are explained by (i) long- 
term stability and high-performance of the black anatase, (ii) the pres-
ence of oxygen vacancies that enable the visible light response of the 
black anatase while reducing the recombination of photo-generated 
carriers, and (iii) the effective Schottky barrier introduced using a 4 
nm-thick platinum coating of the electrode to act as a co-catalyst. 
Compared to state-of-the art Degussa P25 TiO2, black anatase as a 
supported photocatalyst achieves highly efficient pollutant degradation 
under visible light only. These results pave the way for commercially 
attractive technologies to treat polluted water using visible light, 
bringing highly efficient photocatalysis processes closer to large-scale 
deployment. While this study presents significant advancements in 
photocatalyst technology, it is important to consider potential limita-
tions. The scalability of the black anatase crystallization process under 
ambient conditions for industrial applications has not been yet 
addressed. Furthermore, the long-term environmental impact of black 
anatase remain to be fully assessed. Additionally, the comparative 
analysis with Degussa P25 TiO2 does not account for the full spectrum of 
photocatalytic materials available, which may offer different benefits. 
Lastly, the economic feasibility of large-scale implementation of this 
technology, considering the cost of platinum and the overall system 
design, requires further investigation.

Fig. 8. (a) Influence of different scavengers on the photocatalytic degradation of RhB. (b) Schematic representation of the photocatalytic RhB degradation mech-
anisms under visible light illumination.
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