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Abstract: This work presents a facile hydrothermal method for synthesizing iron-
doped anatase TiO2 hierarchical microspheres composed of embedded single 
crystals with exposed {001} facets. In this approach, ferric fluoride (FeF3) uniquely 
serves as both the iron source for doping and a morphology control agent. The 
influence of a wide range of Fe doping concentrations (from 2.23% to 20.13% 
atomic ratio) on the phase structure, morphology, optical properties, and 
photocatalytic activity was systematically investigated. The results show that at low 
doping levels (<15%), single-phase anatase microspheres are formed, with the 
constituent nanosheets becoming progressively thinner as the dopant amount 
increases. At higher concentrations, a phase transition occurs, yielding mixed 
phases of anatase and rutile (17.46% Fe) or rutile and an unidentified phase (20.13% 
Fe). Photocatalytic activity tests revealed that low Fe content (2.23% and 5.38%) 
enhanced the generation of hydroxyl radicals compared to undoped TiO2, while 
higher concentrations led to decreased activity. This non-monotonic trend is 
attributed to the “dual role” of the iron dopant: (1) morphology control by fluoride 
ions, which increases the exposure of active {001} facets; (2) Fe-induced charge 
separation at low concentrations, which enhances carrier lifetime, and Fe-induced 
recombination centers at high concentrations, which diminishes photocatalytic 
efficiency. This work provides a novel strategy for precisely tuning the morphology 
and electronic structure of TiO2 and offers insights into the complex role of dopants 
in photocatalysis. 

 Keywords: titanium dioxide; iron doping; photocatalysis; {001} facets; 
morphology control; ferric fluoride 

1. Introduction 

Titanium dioxide (TiO2), particularly its anatase polymorph, is a cornerstone material in photocatalysis due 
to its stability, low cost, and non-toxicity [1–7]. However, two intrinsic limitations hinder its widespread 
application. The first is its wide bandgap (~3.2 eV), which restricts its photoactivity to the UV portion of the solar 
spectrum [8–11]. The second is that conventional synthesis often yields nanoparticles that are difficult to recover 
or thermodynamically stable crystals that primarily expose the less reactive {101} facets [12–15]. 

https://creativecommons.org/licenses/by/4.0/
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A significant breakthrough in addressing the facet issue came in 2008, when Yang et al. developed a method 
to synthesize anatase single crystals with a high percentage of exposed {001} facets [16]. These {001} facets, 
possessing a higher surface energy (~0.90 J/m2) than the {101} facets (~0.44 J/m2), exhibit far greater reactivity. 
This high activity stems from a greater density of undercoordinated titanium atoms, which serve as active sites for 
reactant adsorption and catalysis. While this facet engineering was a major advance, it did not solve the 
fundamental problem of the wide bandgap [17,18]. 

To enhance visible light utilization, the most common strategy is doping TiO2 with foreign elements [19], 
with iron (Fe) being a particularly well-studied, cost-effective dopant [20–34]. Introducing Fe3⁺ into the TiO2 
lattice can significantly boost photocatalytic efficiency. This enhancement is twofold: it creates impurity energy 
levels that extend light absorption into the visible range, and the dopant sites act as charge traps. By capturing 
photo-excited electrons, these sites suppress the rapid recombination of electron-hole pairs, thereby increasing the 
quantum yield and the production of reactive oxygen species responsible for degrading organic pollutants. 

Despite the clear advantages of both strategies, a significant research gap remains. While numerous 
methods—such as microemulsion, sol-gel, and impregnation—have been developed to produce Fe-doped TiO2, 
these efforts have predominantly focused on nanoparticles or their aggregates [20–34]. Such materials often suffer 
from poor mechanical strength and are difficult to recycle. Reports on robust, Fe-doped anatase single crystals 
with dominant {001} facets remain exceptionally rare, and existing methods often rely on expensive precursors or 
complex reaction systems, limiting their practical application [35,36]. 

Herein, we address this challenge by presenting a facile and low-cost method for synthesizing Fe-doped 
anatase TiO2 microspheres self-assembled from embedded single crystals with highly exposed {001} facets. Our 
key innovation is the use of FeF3 as a novel, dual-function precursor that acts as both the iron source and a 
morphology-controlling agent [14]. This approach avoids introducing contaminating anions and promotes the 
formation of the desired high-energy facets [37,38]. We systematically investigate the effects of a wide range of 
Fe doping on the material’s morphology, structure, and photoactivity, demonstrating a scalable path toward highly 
stable and efficient visible-light photocatalysts. 

2. Experimental 

2.1. Sample Preparation 

All chemicals were used as received without further purification. P25 TiO2 was purchased from Evonik 
Degussa Co., Ltd., FeF3 (≥97%) was purchased from Alfa Aesar. Hydrofluoric acid (HF) (40 wt %), hydrogen 
peroxide (H2O2) (30 wt %), isopropanol (IPA, ≥99.7%), ammonium oxalate (AO, ≥99.8%), and benzoquinone 
(BQ, ≥99.0%) were all purchased from Sinopham (Shanghai). 

Fe-doped samples were synthesized from TiO2 powders by a facile route [39]. In a typical synthesis, 1 g TiO2 
powers, 40 mL water and 1 mL hydrofluoric acid were added into an 80 mL Teflon-lined autoclave and heated at 
180 °C for 12 h. This step resulted in the dissolution of approximately 0.1 g of TiO2, as determined by weighing 
the remaining undissolved material. Then a certain amount of FeF3, 6 mL of the obtained precursor solution, 21 mL 
water, and 3 mL hydrogen peroxide were added into a 50 mL Teflon-lined autoclave and kept at 180 ℃ for 10 h. 
After allowing the autoclave to cool to room temperature, samples were collected by centrifugation, washed 
thoroughly with deionized water, and dried at 80 ℃. The as-obtained samples are denoted as S1, S2, S3, S4, S5 
and S6 according to the corresponding amount of FeF3, 0.001, 0.003, 0.006, 0.01, 0.02 and 0.04 g respectively (the 
ideal molar contents of Fe/(Fe + Ti) are 2.36%, 6.77%, 12.66%, 24%, 33.3% and 50%, and the actual results of 
ICP-OES detection are 2.23%, 5.38%, 9.75%, 14.35%, 17.46%, and 20.13%, respectively). In the control 
experiments, undoped TiO2 was prepared in the same hydrothermal system without the addition of FeF3, is denoted 
as S0; while akaganeite (FeOOH) was synthesized by using 6 mL of mixed solution of 40 mL water and 1 mL 
hydrofluoric acid as precursor, and 0.2 g FeF3 as iron source, is denoted as S7. 

2.2. Characterization 

The crystal structure of the products was determined by X-ray diffraction (XRD, D8 Advance, Bruker, 
Germany) with Cu Kα radiation (λ = 1.54056 Å). Scanning electron microscope (SEM) images were taken with a 
field-emission SEM (FE-SEM, Sirion200, FEI, USA). X-ray photoelectron spectroscopy spectra (XPS) were 
recorded on Thermo Fisher ESCALAB 250Xi electron spectrometer with monochromatic Al Kα X-ray source 
(USA). The diffuse reflectance spectrum (DRS) were recorded on a UV-vis spectrophotometer (HR3000-Pro, 
Jingyi Electronic Science and Technology Co., Ltd., Guangzhou, China) with a integrating sphere in the range of 
300–800 nm, and barium sulfate (BaSO4) was used as a standard. The photoluminescence (PL) emission spectrum 



Wang et al.   Photocatalysis 2025, 1(1), 1  

https://doi.org/10.53941/photocatalysis.2025.100001  3 of 17  

of all the samples dispersed in water was recorded with excitation by incident light of 243 nm wavelength with a 
fluorescence spectrophotometer (Cary-Eclipse 500, Varian, USA) in the range of 300–600 nm. The content of Fe 
in samples was analyzed by inductively coupled plasma optical emission spectrometer (ICP-OES, 5110, Agilent, 
USA). 

2.3. Evaluation of Photoactivity 

The photocatalytic activity of the samples was evaluated by measuring the production of hydroxyl radicals 
(•OH) using terephthalic acid (TA) as a fluorescent probe. The measurement was carried out in the reaction 
chamber at 20 ℃ following the method reported in reference [40]. 10 mg samples were suspended in 40 mL of 
aqueous solution containing 0.01 M NaOH and 3.0 mM TA. Before exposure to UV-vis light irradiation, the 
suspension was stirred in the dark for 30 min. Then, 5.0 mL solution was taken out every 30 min, and the TiO2 
was separated from the solution with a centrifugation method. The remaining clear liquid was used for fluorescence 
spectrum measurements. The employed excitation light in recording fluorescence spectra was 320 nm and the 
widths of the excitation and emission slits were 10 nm. The light source employed in photoreactions was a 250 W 
mercury lamp (Shanghai Jiguang Special Lighting) with predominantly light at 365 nm wavelength. To gain 
information on the photocatalytic mechanism, a series of active species trapping experiments were performed. IPA 
was used to trap hydroxyl radicals (•OH), AO to quench holes (h+), and BQ to capture superoxide ion (•O2−). The 
concentration of each trapping agent is as follows: 10 mmol/L for IPA, 6 mmol/L for AO, and 0.1 mmol/L for BQ [41]. 

3. Results and Discussions 

3.1. XRD Analysis 

The crystal structure of as-prepared samples was investigated by means of XRD, as shown in Figure 1. It can 
be seen that when the amount of dopant is relatively small (S1–S4), the diffraction profiles are similar to that of 
undoped sample (S0) whose diffraction peaks are in good agreement with those of anatase (JCPDS card No. 21-
1272). No significant impurities were detected in this doping range, which strongly suggests that the iron element 
was substitutionally incorporated into the TiO2. 

 

Figure 1. XRD patterns of Fe-doped samples S1–S6, pure TiO2 sample (S0) and akaganeite sample (S7). 

When Fe content increases to 17.46% (S5), rutile begins to be detected according to the JCPDS card of No. 
21-1276 along with anatase. The similar phase change from anatase to rutile with increase of Fe content has been 
also found in many other studies [24,42–44], although the exact Fe content about the change is somewhat different, 
which can be attributed to the employment of different iron dopant. This result is significant because it not only 
further suggests that iron ions substitutionally replace Ti ions, but also indicates that the rutile phase, which forms 
at higher doping levels, can accommodate more iron than the anatase phase [24]. 

As Fe content reaches 20.13% (S6), anatase phase gradually disappears, and only rutile phase seems to be 
left. However, the new phase is found to form by further enlargement and comparison with the profile of S5 (inset 
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of Figure 1). The three main peaks of S6 can be decomposed into two series, the peaks at 35.70°, 40.83°, 53.65° 
as well as 27.20° are attributed to rutile, and these at 35.84°, 41.01°, 54.06° cannot be designated to any one of 
known phases (here denoted as unidentified phase, UP), which suggests excessive Fe doping causes serious lattice 
distortion of some rutile due to the smaller ionic radius of Fe3+ (0.64 Å) than that of Ti4+ (0.68 Å) [45]. 

When Ti element was not involved in the reaction, the final product (S7) was identified to single phase of 
akaganeite according to the reference [46]. The XRD peaks do not overlap with these of other phases in S0–S6, 
which indicates iron substitutionally exists in lattice again. 

For anatase in S0–S4, the relative ratio of the (004) peak intensity to that of the (101) peak, I(004):I(101) 
gradually increases from 0.218 to 0.337 (Table 1), which is larger than that of the standard pattern (0.20) and may 
be caused by more fluoride anions from FeF3 with the function of morphology control, suggesting the oriented 
growth of sample along the (001) facet and a more thin thickness in the [001] direction [47,48], that is consistent 
with the following morphology results. However, the I(004):I(101) of anatase in S5 decreases to 0.245, which may be 
caused by new growth rates in some crystallographic directions due to the energy change of relevant facets arising 
from excessive Fe doping. It is noted when no doping, the increase of {001} facets suggests the enhancement of 
photocatalytic performance, which has been confirmed by previous studies [49]. However, for the Fe doped 
samples, the performance change is not consistent with this trend, because the negative effect caused by Fe-induced 
recombination of carriers must be also considered in addition to the effect of the active facets, which will be further 
investigated in the following sections. 

Table 1. Relative ratio of the (004) peak intensity to that of the (101) peak for anatase in S0–S5 samples. 

Sample I(004):I(101) Sample I(004):I(101) 
S0 0.218 S3 0.312 
S1 0.252 S4 0.337 
S2 0.267 S5 0.245 

3.2. Morphology 

The morphology of samples with different Fe contents is shown in Figure 2. For pure anatase TiO2, most 
particles are single crystal and exhibit the truncated octahedral bipyramids which agree well with the results of 
references [16,39] and thus the two square surfaces can be safely concluded to the {001} facets and the eight 
isosceles trapezoidal surfaces to the {101} facets of anatase TiO2 as indicated in Figure 2a. 

After Fe doping, the morphology of anatase sample changes obviously. It can be seen from Figure 2b, even 
the lowest Fe content of S1 has promoted all single crystals to embed mutually and then form microspheres with 
the diameter of about 2–3 μm. The crystals composing microspheres look thinner than dispersive single crystals 
in Figure 2a, which indicates more fluoride anions from FeF3 participate in the hydrolysis reaction as a capping 
agent, and could play a positive role in the enhancement of photocatalytic performance [41]. 

When the Fe content is not higher than that in S4, samples present the microsphere morphology consisted of 
bipyramids (Figure 2b,e), which indicates relatively small amount of Fe doping does not change the aggregation 
behavior of single crystals. However, it is noted that the thickness of single crystals decreases with the increase of 
fluoride anions, which indicates more {001} facets are produced with the increase of fluoride anions and agrees 
well with the order of I(004):I(101) in XRD results. In addition, there are some thick crystals in each product that may 
be caused by the local segregation of reactive ions. 

When Fe content increases to 17.46%, the microspheres become to be composed of larger polyhedral crystals 
and smaller petal-shaped crystals (Figure 2f); when Fe content increases to 20.13%, the microspheres are 
composed of petal-shaped crystals similar to these in Figure 2f and dispersed dot crystals (Figure 2g). Combined 
with the results of XRD, the shared phase in S5 and S6 is drawn to rutile and hence bipyramid crystals are anatase 
and petal-shaped crystals are rutile for S5, petal-shaped crystals are rutile and dot crystals are unidentified phase 
for S6. Noted that in S5, anatase exhibits polyhedral shape with larger size which can be attributed to the new 
growth rate along different crystallographic directions and is consistent with the above XRD results. And for the 
same reason, the additional {110} facets are observed in the corners of the single crystals for S4 according to the 
references [50], as indicated in Figure 2e. 

A noteworthy fact is that when with no Fe doping, most particles showed as single crystals and only a small 
part of them aggregated to microspheres, however after Fe doping, almost all particles embedded into 
microspheres. This phenomenon may be attributed to an increase in surface defects introduced by Fe doping. These 
defects raise the surface energy relative to pure anatase, thereby promoting the aggregation of doped particles to 
achieve greater thermodynamic stability. 
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For pure akaganeite sample (S7, Figure 2h), it clearly shows the prismatic form which can be aptly called as 
cigar-shape crystal which is consistent with other researches [51,52]. This crystal cannot be found in S1–S6, which 
indicates Fe ions do not form separate compound and further confirms Fe exists in the form of doping when the 
Fe contents is less than that in S6. Furthermore, the single crystals obtained here have the width of 2–3 μm and the 
length of greater than 10 μm, which make them more suitable as the model crystal to determine the structure of 
akaganeite than natural and previously synthetic akaganeite, because both of them typically occur as fine-grained 
masses and it is quite difficult to find suitable single crystal for diffraction studies [46]. 

 

Figure 2. SEM images of pure TiO2 sample S0 (a), Fe-doped samples S1–S6 (b–g) and akaganeite sample S7 (h). 

3.3. XPS Analysis 

To investigate the surface chemical states and elemental interactions within the synthesized materials, XPS 
characterization was performed (Figures 3–5). The high-resolution spectra of the undoped TiO2 (S0), the Fe-doped 
TiO2 series (S1–S6), and the goethite reference (S7) were analyzed. All Fe-doped samples (S1–S6) exhibited 
similar spectral features, indicating a consistent doping mechanism across the series. To illustrate the detailed 
chemical environment, the spectra for a representative sample, S2, were deconvoluted (Figure 4d–f). 

The Ti 2p spectrum (Figure 4d) consists of a single spin-orbit doublet with characteristic peaks for Ti 2p3/2 
and Ti 2p1/2 at 457.9 eV and 463.6 eV, respectively, confirming the +4 oxidation state of titanium. The Fe 2p 
spectrum (Figure 4e) displays a primary doublet for Fe 2p3/2 (710.7 eV) and Fe 2p1/2 (724.3 eV), accompanied by 
corresponding satellite peaks. The position of the Fe 2p3/2 peak confirms that iron is present in the +3 oxidation 
state. The O 1s spectrum (Figure 4f) is the most complex and informative. It can be resolved into four distinct 
components: the main peak at 530.1 eV corresponding to lattice oxygen in Ti-O-Ti bonds, a shoulder peak at 530.4 
eV assigned to oxygen in newly formed Fe-O-Ti linkages, and two broader peaks at higher binding energies 
attributed to surface-adsorbed hydroxyl groups/water (-OH/H2O) at 532.0 eV and adsorbed molecular oxygen or 
carbonates (O2/CO3

2−) at 533.0 eV [53–55]. 
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Regarding the elemental spectra trends across all samples, the binding energy of the Ti 2p peaks shifts 
systematically with the iron content (Figure 3a). For the pure anatase sample (S0), the Ti 2p3/2 and Ti 2p1/2 peaks 
are located at 457.83 eV and 463.53 eV. At low doping levels (S1), these peaks exhibit a positive shift to higher 
binding energies. This shift suggests that electron density is withdrawn from the Ti4⁺ ions, which can be attributed 
to the formation of Ti-O-Fe linkages, given the higher electronegativity of Fe (1.8) compared to Ti (1.5) [56]. This 
confirms that Fe and Ti are mixed at an atomic level, consistent with the XRD results. However, as the doping 
concentration further increases (S2–S6), the Ti 2p peaks exhibit a continuous negative shift back towards lower 
binding energies. This reversal is likely caused by the formation of oxygen vacancies (V0) to maintain charge 
neutrality when substituting Ti4⁺ with Fe3⁺. These vacancies act as electron-donating centers, increasing the 
electron density around the neighboring Ti4⁺ ions and thus lowering their binding energy [57,58]. 

 

Figure 3. Comparison of the XPS peaks for Ti 2p (a), O 1s (b), and Fe 2p (c) across different samples; and peak 
deconvolution of the XPS spectra for Ti 2p (d), O 1s (e), and Fe 2p (f) of sample S2. 

The trend of the main O 1s peak from lattice Ti-O mirrors that of the Ti 2p peaks, first shifting positively and 
then negatively with increasing Fe content (Figure 4). The initial positive shift relative to pure anatase (S0) further 
affirms the formation of Fe-O-Ti atomic linkages, as the binding energy of oxygen in this environment lies between 
that of pure Ti-O-Ti and pure Fe-O-Fe bonds. As the Fe content increases, the subsequent negative shift toward 
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the binding energy of S6 can also be attributed to the increasing concentration of oxygen vacancies, which donate 
electron density to the lattice oxygen atoms. Notably, the characteristic peaks for lattice oxygen in pure akaganeite 
or α-Fe2O3 were not observed in any of the doped samples, confirming that no separate iron oxide phases were 
formed [24]. 

 

Figure 4. The high-resolution O1s spectra of S1–S6 (a–f) samples with deconvoluted components. 

For the pure TiO2 sample S1, there is no contribution of Fe-O in the O1s peak (Figure 5a); while for the 
goethite sample S7, 529.82 eV peak corresponds to the oxygen in Fe-O, 531.11 eV corresponds to the oxygen in 
Fe-OH, 532.09 and 533.08 eV correspond to the oxygen in surface-adsorbed hydroxyl groups/water (-OH/H2O) 
and adsorbed molecular oxygen or carbonates (O2/CO3

2−), respectively (Figure 5b) [53–55]. 
Furthermore, the deconvoluted O 1s spectra allow for a quantitative estimation of the actual incorporated iron 

content. By calculating the ratio of the integrated peak areas, Fe-O/(Fe-O + Ti-O), the atomic fractions of Fe in 
samples S1–S6 were estimated to be 2.36%, 6.58%, 10.99%, 16.53%, 17.98%, and 21.29% (Table 2), respectively, 
which are very close to the results of ICP-OES. This result clearly indicates that not all iron from the FeF3 precursor 
was incorporated into the TiO2 lattice. 
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Figure 5. The high-resolution O1s spectra of S0 (a) and S7 (b) with deconvoluted components. 

No Fe 2p signal was detected for the undoped S0 sample. For the doped samples, the Fe 2p3/2 peak position 
shifts progressively to higher binding energies with increasing dopant concentration, moving from 710.55 eV in 
S1 towards the 711.35 eV observed in the goethite reference S7 (Figure 4c). This positive shift can be attributed 
to changes in the local coordination environment around the Fe3⁺ ions. At higher concentrations, Fe3⁺ ions tend to 
aggregate, causing local structural deformation. This formation of iron-rich domains, coupled with the proximity 
to charge-compensating oxygen vacancies, can attract hydroxyl groups or water molecules, creating a local 
structure that increasingly resembles that of FeOOH. This change in the chemical environment around the iron 
atoms results in the observed progressive shift to higher binding energies [59–62]. 

Table 2. Peak fitting information of O1s in Fe-doped TiO2 samples. 

Samples Ti-O Fe-O OH/H2O O2/CO32− Fe-O/(Fe-O + Ti-O) Peak Position (eV), and AREA Percentage (%) 

S1 530.1 
88.1% 

530.4 
2.13% 

532.0 
7.90% 

533.0 
1.87% 2.36% 

S2 530.0 
84.65% 

530.6 
5.96% 

531.9 
7.29% 

532.9 
2.10% 6.58% 

S3 529.9 
79.54% 

530.7 
9.82% 

531.7 
7.37% 

532.8 
3.27% 10.99% 

S4 529.7 
71.93% 

530.7 
14.24% 

531.8 
9.79% 

533.0 
4.04% 16.53% 

S5 529.7 
66.71% 

530.9 
14.62% 

532.1 
12.00% 

533.4 
6.68% 17.98% 

S6 529.8 
68.68% 

531.0 
18.58% 

531.9 
10.38% 

533.3 
2.36% 21.29% 

3.4. UV-DRS Analysis 

It is known that chemical doping with transition metal ions can alter the semiconductor properties of a TiO2 
matrix [63,64] So, the UV-vis diffuse reflectance spectra of as prepared samples were further characterized and 
then normalized as shown in Figure 6a. Further calculations of the DRS curves yielded Tauc plots of the (αhν)1/2 
versus hν, where α is the absorption coefficient, h is the Planck constant, and ν is the incident light frequency 
(Figure 6b). Extrapolating the straight lines revealed band gaps of 2.85, 2.27, 2.24, 2.18, 2.10, 1.82, 1.83, and 
1.83 eV for samples S0–S7, respectively. The band gap of S0 is lower than the typical 3.2 eV, likely due to the 
surface fluorine atoms and oxygen vacancies inducing surface atomic rearrangement to form surface defect states 
or impurity energy levels. The band gap decreases with increasing Fe doping, reflecting the significant effect of 
Fe doping on the light absorption capacity of the samples. Pure anatase sample (S0) exhibits a broad band in the 
short wavelength region of less than 400 nm corresponding to the intrinsic absorption. In comparison, S1 with low 
Fe content shows an obvious red shift and a new adsorption peak in 450–500 nm region responding to the excitation 
of 3d electrons of Fe3+ ion into the conduction band of TiO2, which is in agreement with the previous reports [65]. 
With increase of Fe content, the maximal absorption peak is shifted towards visible light region, at the same time 
the intensity of new absorption peak increases gradually, once again this phenomenon indicates irons are doped 
substitutionally for Ti ions. When Fe content reaches that in S5, the movement of the absorption peak is more 



Wang et al.   Photocatalysis 2025, 1(1), 1  

https://doi.org/10.53941/photocatalysis.2025.100001  9 of 17  

significant, and the peak at low energy position becomes stronger than that at high energy position, corresponding 
to the phase change owing to excessive Fe doping. From S6 to S7, the similar change with S5 continues to take 
place. The enhanced absorption in the visible-light region may be attributed to the charge transfer transition 
between iron ions (Fe3+ + Fe3+ → Fe4+ + Fe2+) at about 440–550 nm [66], thus this result also indicates iron ions 
form considerable local aggregation in TiO2 matrix which is consistent with the above XPS measurements. 
Moreover, noted that the DRS only represents the absorption capacity of samples to each wavelength of UV-vis 
light, while photocatalytic performance also depends on the recombination of photogenerated carriers, which 
requires other means for further characterization, for example, the following PL measurements. 

 

Figure 6. UV-vis diffuse reflectance absorption spectra (a), and Tauc plots of the (αhν)1/2 versus hν (b) of 
samples. 

3.5. PL Patterns 

PL emission results from the recombination of free carriers and has been widely used to investigate the 
efficiency of charge trapping, immigration, transfer and to understand the fate of electron-hole pairs in 
semiconductor. The intensity and wavelength of PL spectra are sensitive to the doping of aliovalent ions [67]. 
Figure 7 shows comparison of PL spectra of pure anatase and Fe doped samples with different Fe contents. All the 
spectra have the similar shape and a main peak appears at 488 nm which is equivalent to 2.54 eV and can be 
ascribed to bound excitons [68]. Figure 7 gives the intensity order of S7 > S4 > S6 > S5 > S3 > S0 > S2 > S1, 
which reveals the lower recombination rate of electron–hole pairs and hence higher separation efficiency for S1 
and S2 with low Fe contents, resulting in the enhancement of photocatalytic activity because more photogenerated 
charge carriers can participate in the photochemical transformation [68]. When the Fe concentration is excessive 
(S3–S7), the PL intensities are stronger than that of S0. This can be explained by the dual role of Fe3⁺ ions: at low 
concentrations, they mainly act as charge-trapping sites that promote electron-hole separation; however, at higher 
concentrations, they become recombination centers. 

 

Figure 7. PL spectra of samples. 

For anatase, it is well known that the increase of {001} facets can enhance the photocatalytic activity of 
samples [16,40,49], however the PL results here are just the opposite, which indicates the negative effects caused 
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by Fe doping may gradually surpass the positive effects caused by the increase of active facets. It is conceivable 
when the Fe content is at a certain value, for example, 2.3% or less, active facets and doping can function together, 
leading to the optimal photocatalytic effect, which can be further studied by trying more doping amount with FeF3 
as iron dopant in the future work. 

3.6. Photocatalytic Performance 

The photocatalytic activity of the samples was investigated by detection of •OH which are considered as the 
most important oxidative species [69]. TA was used as a fluorescence probe because it can react with •OH in basic 
solution to generate 2-hydroxy terephthalic acid (TAOH), which emits unique fluorescence signal with the 
spectrum peak around 426 nm [70]. Figure 8a shows the changes in the PL spectra of TA solution under UV light 
with increasing irradiation time for a typical sample, S1. A gradual increase in the PL intensity at 426 nm is 
observed with increasing time. This indicates that PL arises from luminescent TAOH produced by chemical 
reaction between TA and •OH formed during photocatalytic process. The production of •OH under light radiation 
follow a pseudo-zero-order reaction rate equation in kinetics for all samples (Figure 8b). The linear relationship 
between fluorescence intensity and irradiation time indicates that the photocatalytic reaction follows pseudo-zero-
order kinetics under these conditions [71]. The rate constants for S1–S6 are 0.480 min−1, 0.431 min−1, 0.336 min−1, 
0.292 min−1, 0.314 min−1 and 0.310 min−1 respectively. For comparison, the rate constants for pure anatase and 
akaganeite are 0.378 min−1 and 0.283 min−1. It can be seen that the doped TiO2 samples with low Fe content, S1 
and S2, show enhanced photocatalytic activity compared to pure anatase, but when Fe content continues to 
increase, the photocatalytic activity decreases, which confirms the PL results in Figure 7 and can be attributed to 
the dual role of dopant discussed in the following. 

 

Figure 8. PL spectral evolution with irradiation time for representative S1 (a), the relationship between 
fluorescence intensity at 426 nm and irradiation time of various samples (b). Cycle tests (c), XRD pattern (d) and 
SEM image (e) after cycle tests, and active species trapping experiments (f) for S1. 
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Three consecutive photocatalytic cycling tests were performed and the results show no significant decrease 
in performance for S1, indicating high reusability and stability (Figure 8c). The sample after the cycling tests were 
characterized using XRD and SEM and (Figure 8d,e). The obtained XRD pattern confirms that the sample remains 
in the pure anatase phase with no changes to its crystal structure. Furthermore, the morphology was well-
maintained, still exhibiting the structure of microspheres assembled from truncated octahedra, with no obvious 
fragmentation. In addition, to check for potential iron leaching, the used catalyst was also analyzed with ICP-OES. 
The measured Fe fraction was 2.20%, which is nearly identical to the content in the as-prepared sample (2.23%). 
This confirms that no significant iron leaching occurred during the photocatalytic process. 

A series of active species trapping experiments were conducted and the results confirmed that hydroxyl 
radicals (•OH) and holes (h⁺) are the primary active species responsible for the photocatalytic process, while 
superoxide radicals (O2

−) are not a major contributor (Figure 8f). This finding further corroborates the original 
photocatalytic results. Furthermore, the minor role of superoxide radicals can be explained by the electronic 
structure of the Fe-doped TiO2. The introduction of iron creates Fe 3d impurity energy levels within the band gap 
of TiO2. These levels not only narrow the band gap but also act as effective trapping sites for photo-excited 
electrons, causing the reduction of Fe3⁺ to Fe2⁺. This process efficiently captures electrons, preventing them from 
reacting with adsorbed oxygen to form superoxide radicals. Only a small number of electrons might undergo a 
secondary transition from these impurity levels to the intrinsic conduction band, leading to a significantly lower 
yield of superoxide ions [41]. 

3.7. The Dual Role of Dopant in Photocatalytic Performance 

The dual role of dopant in photocatalytic performance can be schematically illustrated in Figure 9, including 
morphology control (Role 1) and doping (Role 2). Here, Fe doped samples are divided into two categories for 
more convenient discussion according to the detail difference of the Role 1 and 2 of samples, while undoped 
anatase and akaganeite are discussed separately as the comparison. 

Category 1 is the samples with single phase of anatase, that is, S1–S4, in which F ions from dopant play an 
important role of morphology control. The F− present in the system act as a highly efficient capping agent, 
preferentially adsorbing onto the high-energy {001} facets of the anatase crystals. This selective adsorption 
stabilizes the {001} facets, inhibiting their growth and promoting anisotropic crystal development. Consequently, 
as the FeF3 concentration increases, the crystal morphology evolves from relatively thick truncated octahedra to 
thin nanoplates with a significantly higher specific surface area. This morphological optimization provides two 
key catalytic advantages: first, it drastically increases the exposure of the highly reactive {001} facets, furnishing 
more active sites for reactant adsorption and catalysis [72]. Second, the thin structure substantially shortens the 
diffusion path for photo-generated charge carriers to travel from the bulk to the surface, effectively suppressing 
the probability of bulk recombination. 

The second facet of this dual role for category 1 lies in the modulation of the electronic structure. When Fe3⁺ 
ions are substitutionally incorporated into the TiO2 lattice, they effectively engineer the semiconductor’s band 
structure. The introduction of Fe 3d orbitals creates impurity energy levels within the TiO2 band gap [73]. These 
levels reduce the energy required for electron excitation, causing a red-shift in the material’s absorption edge and 
enabling the harvesting of lower-energy visible-light photons, thereby improving the overall light utilization 
efficiency. Furthermore, at these moderate concentrations, the Fe3⁺ sites serve as efficient trapping centers for 
photo-generated electrons. This process spatially separates the electrons and holes, inhibiting their rapid 
recombination. The resulting enhancement in charge separation efficiency significantly prolongs the lifetime of 
charge carriers, which in turn boosts the quantum yield for the generation of reactive oxygen species, such as 
hydroxyl radicals (•OH). 

For more details about Fe3+ can act as electron and hole shallow traps, the oxidation level (Fe3+/Fe4+) may 
fall above the valence band top of TiO2 and the reduction level (Fe3+/Fe2+) may be under the conduction band 
bottom of TiO2 [74–76]. Fe2+ can be formed by means of a transfer of photogenerated electrons from TiO2 to Fe3+ 
following Equation (1), however Fe2+ is relatively unstable due to the loss of d5 electronic configuration, and tends 
to return to Fe3+ according to the crystal field theory. As a result, Fe2+ could be oxidized to Fe3+ by transferring 
electrons to absorbed O2 on the surface of TiO2 (Equation (2)) [77]. Meanwhile, photogenerated holes can transfer 
from the valence band of TiO2 to oxidize Fe3+ to Fe4+ due to the potential difference between the valence band top 
of TiO2 and the oxidation level (Fe3+/Fe4+) (Equation (3)). Then, following Equation (4), the trapped holes in Fe4+ 
can migrate to the surface adsorbed hydroxy ion to produce hydroxyl radical [78]. 

Fe3+ + e− → Fe2+ (1) 
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Fe2+ + O2 → Fe3+ + O2•− (2) 

Fe3+ + h+ → Fe4+ (3) 

Fe4+ + OH− → Fe2+ + OH• (4) 

In this regime, the morphological and electronic effects are synergistic. The morphological engineering 
provides a superior physical platform for the catalytic reaction, while the electronic modulation enhances the 
efficiency with which this platform generates active species. This interplay between an optimized morphology and 
enhanced electronic properties leads to the marked increase in photocatalytic activity. It is important to note, 
however, that this synergistic enhancement has an optimal threshold, beyond which the Fe3⁺ sites increasingly act 
as recombination centers, leading to an eventual inhibition of the catalytic activity. 

 

Figure 9. Dual role of dopant in enhancing photocatalytic performance. 

More specifically, Fe3+ ions act as recombination centers following the Equations (5) and (6). After the 
formation from Fe3+, Fe2+ could be also reduced to Fe3+ by absorbing photogenerated holes. These reactions are in 
competition with the redox processes that can occur at the solid–liquid interface (Equations (1)–(4)), thus an 
optimum amount of iron doping must exist working with the best photocatalytic efficiency. 

Fe3+ + e− → Fe2+ (5) 

Fe2+ + h+ → Fe3+ (6) 

When the amount of dopant is small, morphology control and Fe-induced separation dominate the 
photocatalytic process, the recombination of photogenerated charge carriers is inhibited to enhance their lifetime, 
thus photocatalytic performance is improved, for example S1. With the increase of dopant, the effect of carrier 
recombination increases gradually, therefore photocatalytic performance begins to decrease at a certain doping 
amount, for example S2. When the amount of Fe3+ is high, the recombination becomes to be dominant, this means 
photogenerated carriers do not have enough time to transfer to the surface [77] to form active species with other 
molecules or groups because of too many obstacles on the path of movement. As a result, photocatalytic 
performance gradually decreases, for example S3 and S4. 

Category 2 is the biphasic samples, that is, S5 and S6. In the formation process of S5, although there are more 
fluoride ions as shape control agent, the content of iron ions is also relatively high, which may cause the energy 
change of facets and thus anatase sheets do not become thinner than these in S4. In the case of such a highly doped, 
evaluation of the activity level and contribution to photocatalytic performance of each facet is rather difficult. 
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However, rutile, another phase in S5 with petal-shaped morphology, can possess large surface and thus promote 
the enhancement of photocatalytic efficiency, as well as other photocatalysts with similar appearance [79]. In S6, 
the rutile phase inherits this advantage, at the same time another phase with dot particles may also has the similar 
characteristic, both of which thus play an active role in determining the performance of sample. On the other hand, 
iron doping will simultaneously change the band structure and position of the constituent phases, and may even 
form a suitable heterojunction [80–86]. as well as the manner in other systems [87–90], contributing to the 
enhancement of photocatalytic performance, more or less. After all, the two end members of Fe doping TiO2, 
anatase and akaganeite are common photocatalytic semiconductor with suitable bandgap between about 1.8–
3.2 eV [91]. In the meantime, more and more serious recombination is caused by the increasingly iron doping in 
the aforementioned way, which can compete with the effects of surface area and heterostructure, leading to the 
performance diversity among S5, S6 and S4. 

For pure anatase (S0), a considerable number of {001} facets are exposed, however the visible portion of the 
spectrum can be not utilized effectively due to the larger bandgap, and only a few photogenerated electrons and 
holes are produced by intrinsic excitation, so S0 does not show the highest photocatalytic performance. For pure 
akaganeite, the band gap of 1.83 eV is suitable for electronic transitions from valence band to conduction band 
[92,93], thus it can also exhibit some photocatalytic activity which has been confirmed by other researchers [94,95]. 
However, photogenerated carriers can easily recombine by self-relaxation in the similar way with other narrow 
bandgap compounds [96,97], so S7 shows the lowest photocatalytic performance. 

4. Conclusions 

In summary, by choosing FeF3 as iron source, Fe doped anatase microspheres composed of embedded single 
crystals with exposed {001} facets have been synthesized successfully. The sample (S1) with the best 
photocatalytic performance in the range of the study has the Fe content of about 2.23%. Moreover, the effect of 
different amounts of dopant on structure, morphology, optical property and photoactivity were investigated. XRD 
and SEM results indicate that with the increase of Fe doping, successive phase transitions appear gradually. When 
at low doping, S1–S4 have the single phase of anatase, in which anatase sheets become thinner and thinner; when 
at high doping, S5 has the mixed phases of bipyramid anatase and petal-shaped rutile, S6 has the mixed phases of 
petal-shaped rutile and dot UP. XPS results confirm Fe ions are doped substitutionally for Ti ions. DRS results 
reveal the gradual red shift with the increase of Fe content. PL results is consistent with photocatalytic test results, 
which shows the photocatalytic efficiency of samples are controlled by the synergetic effect of morphology, Fe 
induced separation and recombination of photogeneration carriers, and thus the dual role of dopant was discussed 
in detail. Our study not only provides a novel approach to dope TiO2 for better commodity, but also affords 
experience of the precise adjustment of morphology, performance for other photocatalysts. 
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