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A B S T R A C T  

Aiming at clarifying the interplay on TiO2 photoactivity between particle morphology and 

surface fluorination, the photocatalytic performance of anatase nanocrystals, characterized by 

a pseudo-spherical shape or a nanosheet structure, is investigated in both a reduction and an 

oxidation reaction, either in the absence or in the presence of added fluoride anions. Cr(VI) 

photocatalytic reduction is strongly favored by a large exposure of anatase {001} facets, but 

surface fluorination leads in this case to a morphology-independent photoactivity decrease, due 

to the decreased adsorption of the reaction substrate. More interestingly, a beneficial 

synergistic effect between the platelet-like anatase morphology and TiO2 surface fluorination 

is clearly outlined in Rhodamine B photocatalytic degradation, possibly resulting from the 

intrinsic ability of fluorinated {001} anatase facets of boosting •OH radical mediated oxidation 

paths, due to their larger amount of surface −OH groups, as revealed by FT-IR spectroscopy. 
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1. INTRODUCTION 

The design and synthesis of cost effective, efficient and scalable TiO2-based materials able 

to convert light into chemical energy through photocatalytic processes is a key challenge for a 

sustainable energy economy. A wide variety of synthetic routes has been developed to prepare 

TiO2 in different forms and shapes, with different surface area and porosity [1–3], and to 

improve its photocatalytic activity, either by enhancing light absorption [4–7] or by improving 

the separation of photoproduced charge couples [8–11].  

In particular, shape-controlled anatase TiO2 has been prepared mainly by adding capping 

agents during the synthesis, which may preferentially stabilize the {001} facets during the 

crystal growth, with the production of nanocrystals with a platelet-like shape (see Scheme 1) 

[12–15]. The {001} facets, though thermodynamically less stable, are expected to be more 

reactive than the dominant {101} ones, mainly due to a high density and a very strained 

configuration of surface undercoordinated Ti atoms. Moreover, by tailoring the truncation 

degree of anatase crystals, the overall photoactivity may be further increased as a direct 

consequence of the selective migration of photogenerated holes towards the {001} facets and 

of photopromoted electrons to the {101} facets [16].  

 

 

 

 

 

 

Scheme 1. (a) Equilibrium crystal shape and (b) platelet-like morphology of anatase crystals 

with the indication of the type of main exposed facets. 
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Fluoride anions are often used as capping agents in the synthesis of shape controlled anatase 

[17–23] and the effects on photoactivity of residual surface fluorination are very difficult to be 

disentangled from those deriving from the morphology of the material. Indeed, platelet-like 

anatase is usually synthesized in the presence of a higher fluoride ion concentration than 

spherically shaped TiO2 [14,16,24]. The different amount of residual adsorbed fluoride anions 

for these two morphologies prevents one to appreciate the existence of synergistic effects 

between surface fluorination and morphology control in boosting the photoactivity of TiO2-

based materials [16]. 

In fact, surface fluorination, implying the following simple ligand exchange reaction 

between fluoride anions and surface hydroxyl groups (at acidic pH)  

≡ Ti − OH + F− → ≡ Ti − F + OH− (1) 

may induce different effects on photocatalysis, depending not only on the main degradation 

paths of different substrates [25], but also on the surface area and phase composition of TiO2 

[26], and may definitely improve the photocatalytic performance of TiO2 [27–30].  

In the present work we investigate the effects that TiO2 surface fluorination has on 

photocatalytic oxidation and reduction reactions in relation to the amount of exposed anatase 

{001} facets. Fluorine-free TiO2 materials with different morphology were obtained through a 

post-synthesis washing procedure that efficiently removed the capping agent. Such materials 

were then eventually in-situ re-fluorinated. Bare and re-fluorinated home-made photocatalysts 

were systematically tested in both Cr(VI) reduction and Rhodamine B photobleaching, which 

proceed through completely different mechanistic routes [31–33].  

These two test reactions are important applications of photocatalysis as an environmentally 

friendly technology for industrial wastewaters decontamination [34–39]. In fact, hexavalent 

Cr(VI) ions, notoriously toxic and carcinogenic [40] and generally released in effluents by 

various industrial activities (e.g. electroplating, leather tanning, textile production, steel 
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fabrication), can be efficiently converted by photocatalytic reduction on semiconductors into 

Cr(III) species, exhibiting lower toxicity and mobility in the environment [41]. At the same 

time, the demand for Rhodamine B (RhB) conversion into harmless chemicals has also started 

growing in the recent years for a sustainable recycling of industrial wastewaters, due to the 

increased use of xanthene-derived dyes in food, paper, textile and leather industry. The 

undesired presence of RhB (see Scheme 2) in waters and food represents a serious threat for 

the human health due to its ability of causing injury to human skin, eyes, respiratory system, 

besides being potentially carcinogenic and neurotoxic [42,43].  

 

 

 

 

Scheme 2. Rhodamine B (RhB) 

 

 

2. EXPERIMENTAL SECTION 

2.1. Photocatalysts preparation 

Differently shaped TiO2 samples, characterized by a pseudo-spherical shape or a nanosheet 

structure, were prepared through the hydrothermal route by employing titanium isopropoxide 

as Ti precursor and HF as capping agent [24,44]. A fixed amount of titanium isopropoxide (10 

mL) was mixed with 0.12 or 1.20 mL of a 48 wt% HF solution under stirring for 15 min in a 

Teflon liner. Water was also added in the first case in order to gain a 11.2 mL final volume in 

both cases. A reference sample was prepared under the same conditions by simply adding 1.2 

mL of water (and no HF) to titanium isopropoxide. 
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The liner was then inserted into a closed stainless-steel autoclave and heated at 180 °C for 

24 h. The obtained precipitate was recovered after cooling the autoclave down to room 

temperature using a stream of compressed air. A series of washing cycles with ultrapure Milli-

Q water followed, up to a fluoride ion concentration in the supernatant, detected by means of 

ionic chromatography (Methrohm 761 compact IC with conductivity detector), below 5 ppm. 

The solid was then collected, dried in an electric oven at 70 °C overnight, and ground into a 

fine powder in an agate mortar. The so-obtained materials were labelled as HT_X, where HT 

refers to the adopted hydrothermal preparation method and X stands for the nominal F/Ti ratio 

employed during the synthesis, i.e. 0.1 or 1.0. The reference sample was labelled as HT_0, as 

no HF was used during its synthesis.  

In order to remove the residual fluorine on the materials’ surface, a portion of each sample 

underwent washing cycles with a 0.1 M NaOH aqueous solution. A fixed amount of 

photocatalyst (1.0 g) was dispersed in 200 mL of the NaOH solution by means of a 30 min 

ultrasonic treatment. The suspension was then left stirring in the dark for 1 h at 60 °C, followed 

by a 10 h-long stirring in the dark at room temperature [45]. The powders were then recovered 

by centrifugation and washed up to six times with Milli-Q water (200 mL) until a neutral pH 

was reached, and finally dried at 70 °C overnight. The so-obtained washed samples were 

labelled as HT_X_NaOH. 

All reagents were purchased from Sigma-Aldrich and employed as received. Water purified 

by a Milli-Q water system (Millipore) was used throughout.  

2.2. Photocatalysts characterization 

X-Ray Powder Diffraction (XRPD) patterns were acquired using a Panalytical X’Pert Pro 

diffractometer, using Ni-Filtered Cu Kα radiation (λ=1.54056 Å) at a scan rate of 0.05 deg s-1. 

The phase composition and the relative amount of exposed {001} facets of the investigated 
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samples were calculated by applying a Rietveld-based approach on diffraction data [46] using 

the GSAS-II software [47]. 

The specific surface area (SSA) of the samples was obtained by measuring N2 

adsorption/desorption isotherms at liquid nitrogen temperature according to the Brunauer-

Emmet-Teller (BET) method employing a Micrometrics Tristar II 3020 V1.03 apparatus 

equipped with an ASAP 2020 surface area and porosity analyzer, after outgassing at 150 °C 

for 2 h under constant nitrogen flux. SSA data were calculated by the instrument provided 

software starting from the linear region of the BET isotherm, using the linearized form of the 

BET equation. 

The UV-visible absorption spectra of the materials in powder form were acquired in diffuse 

reflectance (DR) mode using a Jasco V-670 spectrophotometer equipped with a PIN-757 

integrating sphere, using barium sulfate as a reference standard. Reflectance (R) spectra in the 

200-800 nm region, with a 1 nm spectral resolution, were converted into absorption (A) spectra 

using the relation A = 1 – R.  

HRTEM analysis was carried out with a JEOL JEM 2010 electron microscope, equipped 

with a LAB6 electron gun operating at 200 keV and a Gatan CCD camera allowing high-

resolution imaging. Specimens for HRTEM analysis were sonicated in 2-propanol and then 

transferred as a suspension to a copper grid covered with a holey carbon film. Micrographs 

were taken after solvent evaporation, spanning over the whole region of the sample, to achieve 

a truly representative statistical mapping of the investigated materials. 

Thermogravimetric analysis (TGA) was carried out on a Mettler-Toledo TGA/DSC 2 

STARe system. Thermograms were recorded in the 30-800 °C temperature range, with a 

heating ramp of 10 °C min-1 under a 50 cm3 min-1 air flux. 

X-Ray photoemission spectra (XPS) were recorded on a M-Probe apparatus, Surface 

Science Instruments, equipped with an Al-Kα monochromatic radiation X-Ray source (1486.6 
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eV photon energy). XPS surveys were recorded in a binding energy range from 1000 to 0 eV 

and peak shift correction was applied using the adventitious carbon C1s signal at 284.6 eV as 

internal reference. 

For Fourier-transform infrared (FT-IR) spectroscopy measurements the samples were 

pressed in self-supporting pellets (“optical density” of ca. 10 mg cm-2) and placed in quartz 

cells equipped with KBr windows designed to carry out spectroscopic analysis in controlled 

atmosphere. The thermal treatments at increasing temperatures (150, 300 and 500 °C) were 

performed for 90 min under dynamic vacuum (residual pressure < 1 × 10-4 mbar). At the end 

of each treatment step, the samples were contacted with O2 at 10 mbar to restore the 

stoichiometry of TiO2. The spectra were obtained using a Bruker Equinox 55 spectrometer with 

a 2 cm-1 resolution and by averaging 64 scans. The optical density of the pellets was employed 

to normalize all acquired spectra. 

2.3. Photocatalytic activity tests 

The photocatalytic activity of home-made samples was tested in aqueous suspensions, 

employing dichromate (Cr2O7
2-) ions or the dye Rhodamine B (RhB) as inorganic or organic 

degradation substrates, respectively. The photostability of both substrates in aqueous solution 

was preliminarily verified under the adopted irradiation conditions. 

All photocatalytic degradation runs were performed under atmospheric conditions using the 

already described 100 ml photoreactor and setup [48]. In particular, the irradiation source was 

an Osram Powerstar HCI-T 150 W lamp, emitting at λ > 340 nm with an average full emission 

intensity on the reactor of ca. 110 mW cm−2, as regularly checked with a Thorlabs PM200 

optical power meter equipped with a thermal Thorlabs S302C power sensor. The whole set up 

was maintained at ambient temperature by a continuous stream of air. 

In all kinetic runs, the TiO2 content of the irradiated aqueous suspensions was 0.1 g L−1. 

Aqueous TiO2 suspensions were preliminary treated with ultrasound for 30 min in order to 
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ensure the de-aggregation of the photocatalyst particles, prior to the addition of an aqueous 

solution containing the inorganic or organic substrate. So-called natural pH conditions were 

obtained by this way. When required, the pH was adjusted down to ca. 3.7 by adding small 

amounts of a concentrated HClO4 aqueous solution, which was chosen thanks to the low 

affinity of ClO4
− anions for TiO2 [49]. In all Cr(VI) photocatalytic reduction runs the initial pH 

of the suspensions was fixed at pH 3.7. At this pH the reduction potential of the Cr(VI)/Cr(III) 

couple is more positive than the TiO2 conduction band edge [50]. 

In-situ surface fluorination of the photocatalyst was attained by adding fluoride ions to the 

suspensions in the form of NaF, prior to the addition of the degradation substrates [25]. The 

overall fluoride concentration was fixed so as the F/Ti molar ratio in the aqueous suspension 

was 0.1 and 2 for Cr(VI) photoreduction and Rhodamine B photodegradation, respectively. 

Then appropriate volumes of stock solutions containing Cr(VI) or RhB were added to fix 

the initial concentration of the photocatalytic reaction substrates in the aqueous suspensions at 

3.3 × 10−5 M for Cr(VI), from a solution obtained by dissolving K2Cr2O7 in water, and 1.0 × 

10−5 M for RhB. Before starting irradiation, the so obtained suspensions were magnetically 

stirred in the dark for 15 min to attain the adsorption equilibrium of the substrates on the 

photocatalyst surface. 

Stirring was continued during the runs. The lamp was always switched on at least 30 min 

before the beginning of irradiation. At different time intervals during the runs, 5 mL of the 

suspension were withdrawn from the reactor and centrifuged employing an EBA-20 Hettich 

centrifuge. The supernatant was analyzed colorimetrically for Cr(VI) residual content, using 

the 1,5-diphenylcarbazide method [51]. RhB photobleaching was monitored during the runs by 

spectrophotometric analysis at 553 nm, the maximum of RhB absorption. According to 

calibration the molar extinction coefficient of the dye at this wavelength is ε = (9.92 ± 0.02) × 
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104 M−1 cm−1. All kinetic runs were performed up to ca. 70% substrate removal and repeated 

at least twice, to check their reproducibility.  

2.4. Substrates adsorption measurements on TiO2 and fluorinated TiO2  

The substrates affinity for the different photocatalysts were investigated by performing 

adsorption tests at pH 3.7, both in the presence and in the absence of NaF, under the same 

experimental conditions adopted during the photocatalytic runs, apart from the photocatalysts 

content, which was fixed at 1.0 g L−1. The suspensions were kept under stirring in the dark and 

samples were withdrawn after 15, 60 and 180 min, centrifuged and analyzed to determine the 

Cr(VI) or RhB residual amount in the supernatant. Adsorption equilibrium was attained in 15-

30 min, but adsorption data after 3 h-long equilibration were considered more reliable, as in 

previous studies [52]. 

 

3. RESULTS AND DISCUSSION 

3.1. Photocatalysts characterization 

XRPD diffractograms of all samples of the HT_X series were recorded to determine both 

the phase composition and the morphology of the materials. As shown in Fig. 1, all diffraction 

patterns perfectly match those of pure anatase.  

Quantitative phase analysis, performed through Rietveld refinement with two additional 

parameters to describe the crystallite sizes anisotropy [46,53], exclude the presence of rutile, 

brookite or other phases such as TiOF2 and indicate that all samples are composed of pure 

anatase independently of the amount of fluorine employed during their synthesis. With 

increasing fluorine content the width of reflections with (l>h,k) broadened, accompanied by 

shrinking of the peaks characterized by a strong h component, in the 35-50° 2θ range, indicating 

a change in crystal growth along specific crystallographic directions [24]. 
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Fig. 1. XRPD patterns of HT_0 (green), HT_0.1 (black) and HT_1 (red trace) evidencing the 

(103), (004), (112), and (200) anatase reflections. 

 

The nanoparticles size and the relative amount of exposed {001} facets in the different 

samples were calculated by applying an already described Rietveld-based XRPD approach [46] 

and are collected in Table 1. The percent amount of anatase {001} facets increased with 

increasing HF amount employed in the synthesis, passing from ca. 15% for HT_0.1 to 65% for 

HT_1, which incontrovertibly consisted of platelet-like nanocrystals, as confirmed by the HR-

TEM images shown in Fig. 2a,b. In line with previous findings [24], the platelet-like crystals 

of HT_1 appeared piled up face-to-face, one above the other (Fig. 2b), thus minimizing the 

total surface energy [23,54]. On the contrary, HT_0.1 showed a casual distribution of the 

particles aggregates, as expected for nanocrystals with an isotropic shape (Fig. 2a). 
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Table 1. Average nanoparticles thickness and width, percent amount of exposed {001} facets, 

BET specific surface area (SSA) and total weight loss detected by TGA analysis. 

 

At the same time, HR-TEM images further confirmed both the crystal thickness and width 

values of platelet-like HT_1 nanoparticles, calculated from XRPD data [46] and corresponding 

to ca. 8 and 40 nm, respectively, as reported in Table 1. The procedure of capping agent 

removal did not significantly alter the percent amount of exposed {001} facets in any of the 

investigated materials (Table 1), the specific TiO2 crystal shape being entirely preserved after 

washing (see Fig. 2c-f). 

BET analysis confirmed similar SSA values in the 82-93 m2 g-1 range, for both HT_X and 

HT_X_NaOH series, no significant SSA variation being observed upon washing with the 

NaOH solution. Reference HT_0, synthesized in the absence of fluoride anions, had a slightly 

higher SSA (Table 1). Thus, the photocatalytic activity of the materials can be directly 

compared, all of them having almost the same SSA. Representative N2 adsorption-desorption 

isotherms of HT_0, HT_0.1 and HT_1 can be found in our previous paper [24].   

The absorption spectra of the investigated samples are characterized by a marked absorption 

onset at ca. 400 nm, typical of pure anatase (see Fig. 3), independent of the F/Ti ratio employed 

during the synthesis, i.e. of the relative amount of exposed crystal facets (see inset of Fig. 3). 

The anatase band gap has been reported to be red- [55–57], blue- [24,58] shifted or unmodified 

[59,60] with increasing {001} facets content. Also the washing procedure did not produce any 

absorption edge variation, thus resulting in an overall preservation of the original optical 

properties of the materials (see Fig. 3). Moreover, the absorption spectra did not evidence the 

Sample thickness 

(nm) 

width 

(nm) 

{001} facets 

(%) 

SSA 

(m2 g-1) 

Total weight 

loss (%) 

HT_0 21.4 ± 0.4 14.6 ± 0.2 7.2 ± 0.6 93 ± 1 4 

HT_0.1 17.2 ± 0.3 16.8 ± 0.3 14.8 ± 0.8 78 ± 1 5 

HT_1 7.8 ± 0.2 39.0 ± 1.0 67.0 ± 2.0 84 ± 4 6 

HT_0.1_NaOH 18.5 ± 0.8 16.5 ± 0.7 14.0 ± 0.2 82 ± 2 5 

HT_1_NaOH 8.2 ± 0.2  38.0 ± 1.0 65.0 ± 1.0 82 ± 7 5 
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50 nm 20 nm

presence of residual carbonaceous impurities adsorbed on the materials surface, which would 

produce absorption in the visible region [61], in line with the low and pretty similar percent 

total mass losses recorded for all samples by thermogravimetric analysis (TGA) (see Table 1). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

Fig. 2. HRTEM images of (a) HT_0.1, (b) HT_1, (c,d) HT_0.1_NaOH and (e,f) HT_1_NaOH.  
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Fig. 3. Absorption spectra of HT_0 (red), HT_1 (black) and HT_1_NaOH (black dashed line).  

Inset: Numerical first derivative of the absorption spectra, highlighting invariance of the 

absorption band edge for different TiO2 morphology. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4. (a) XPS survey spectra of HT_1 (red) and HT_1_NaOH (blue trace); the surface fluoride 

signal located at 684 eV is highlighted. (b) Surface F/Ti percent molar ratios in HT_X and 

HT_X_NaOH samples. 

 

XPS analyses were performed in order to determine the surface chemical composition of 

the photocatalysts (Fig. 4). Titanium, carbon and oxygen were identified by the XPS signals at 

binding energies (BE) 458.8 eV (Ti 2p), 531 eV (O 1s) and 284.5 eV (C 1s), respectively. XPS 
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spectra of HT_1 and HT_0.1 also show a small peak at BE 684 eV attributed to F 1s [62,63], 

indicating the residual presence of fluoride anions on the surface of the synthesized materials. 

No XPS signal at 688 eV, assigned to substitutional F ions in the TiO2 lattice, was detected, 

possibly always being below the detection limit of the XPS technique [24,64]. 

As shown in Fig. 4b, quantitative XPS analysis demonstrated the effective (though not 

complete) removal of the residual fluoride capping agent from HT_1 and HT_0.1 by the here 

applied post-synthesis washing procedure. In fact, the overall surface F/Ti ratios passed from 

ca. 0.16 to ca. 0.02 in both washed samples.  

3.2. Cr(VI) adsorption and photocatalytic reduction 

The effects induced on Cr(VI) adsorption on the investigated samples by the morphology of 

these latter and by their in-situ surface fluorination can be appreciated in Fig. 5, reporting the 

percent amounts of Cr(VI) adsorbed on both washed HT_0.1_NaOH and HT_1_NaOH at pH 

3.7 and on the same photocatalysts after surface fluorination (equilibration with fluoride ions).  

 

  

 

 

 

 

 

 

 

 

Fig. 5. Percent amount of Cr(VI) adsorbed onto HT_0.1_NaOH and HT_1_NaOH at pH 3.7 

after 180 min stirring in the dark in the absence of fluoride ions (blue) and under in-situ 

fluorinated conditions, with a F/Ti ratio equal to 0.1 (yellow). 

The adsorption of dichromate ions is strongly hampered upon surface fluorination of both 

differently shaped materials, even with the low fluoride amounts here employed (the F/Ti molar 



15 

 

ratio was only 0.1). Indeed, bare HT_0.1_NaOH and HT_1_NaOH are almost equally able to 

adsorb dichromate ions in the absence of light, independently of the extent of {001} facets 

exposure, and dichromate adsorption largely decreases to almost the same low value upon 

surface fluorination of both materials (Fig. 5). 

In the absence of fluoride anions, the surface of titanium dioxide is rich in surface bound 

terminal  ≡ Ti − OH groups, which play a key role in ensuring dichromate adsorption on TiO2 

by means of surface complexation [65]. Moreover, at pH 3.7 the titanium dioxide surface is 

expected to be positively charged, this pH being below the point of zero charge (pHpzc) of TiO2, 

generally located at pH 5.6 [66]. These combined effects of course allow for a fast and 

significant adsorption of negatively charged Cr2O7
2− anions on the TiO2 bare surface [31,67]. 

Differently, in-situ fluorination implies the formation of stable ≡ Ti − F terminations on the 

TiO2 surface, with a consequent shift of the surface charge towards more negative values, in 

line with the location of the pHpzc of fluorinated TiO2 at ca. pH 4 [68], which hinders 

dichromate anions adsorption on the TiO2 surface [69], as shown in Fig. 5.   

In all photocatalytic runs, Cr(VI) concentration in the aqueous phase was found to decrease 

according to a first order rate law. Thus, the photocatalytic activity in this reaction of the here 

investigated materials can be compared in terms of first order rate constants, determined in 

aqueous suspensions at pH 3.7 either in the absence (kac) or in the presence of fluoride anions 

(in-situ fluorinated surface, kF). These values are reported in Fig. 6. 

Firstly, among HT_X_NaOH bare photocatalysts with different percent amounts of {001} 

facets, the platelet-like material is by far the best performing one, with an outstanding activity 

double to that of benchmark P25 TiO2 (for which kac = 3.3  10-4 s-1 under identical 

experimental conditions). The kac value measured with HT_1_NaOH is also three-time larger 

than that obtained with HT_0.1_NaOH (Fig. 6). However, this outstanding photoactivity of the 

TiO2 material with the higher percentage of exposed {001} facets cannot be explained in terms 
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of dichromate anions adsorption under dark conditions, which is very similar for platelet-like 

and spherical-shaped washed samples (Fig. 5). The observed photoactivity should result from 

multiple effects related to the anatase crystal morphology. In fact, a significant enhancement 

in photogenerated charge carrier separation may be attained with increasing {001} facets 

exposure in TiO2, leading to platelet-like better performing materials [60,70–72]. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6. First order rate constants of Cr(VI) photocatalytic reduction at pH 3.7 with bare (kac, in 

blue) and surface fluorinated (kF, in yellow) photocatalysts. 

Anatase crystals with different co-exposed facets can be envisaged forming ‘surface 

heterojunctions’ [60,70,73], with the selective migration of photogenerated holes and 

photopromoted electrons towards {001} and {101} facets, respectively, being driven by the 

minimization of their respective energies. In particular, an optimal percent mixture of different 

anatase facets may have positive effects in electron-hole pair separation, as in mixed anatase-

rutile systems [74]. Of course, the optimal percent amount of exposed {001} facets in anatase 

materials, i.e. ensuring the highest photoactivity, depends on the relative rates of the two 

simultaneous (reduction and oxidation) semi-reactions involved in the overall investigated 

photocatalytic process, the best charge carrier separation being generally attained for anatase 

samples with ca. 50-60% {001} facets content. Interestingly, He et al. [17] reported a 
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maximum photoactivity in Cr(VI) reduction for TiO2 materials showing a percent amount of 

{001} facets equal to 72%, which is comparable to the {001} facets exposure of the here 

investigated best performing HT_1_NaOH sample. This confirms that a balanced exposure of 

{001} and {101} facets is needed to achieve an optimal distribution of electrons and holes 

between them, possibly depending on the peculiar investigated substrate-sensitive process [60].  

In addition, the overall efficiency of photocatalytic processes is generally affected by the 

extent and mode of substrate adsorption, which may also depend on the type of crystal facets 

predominantly exposed by the photocatalyst, since facets differ in their surface atomic structure 

[75,76]. 

In the specific case of Cr(VI) photocatalytic reduction, {001} facets, displaying 100% 

unsaturated surface Ti-5c and undercoordinated O-2c atoms, tend to favour the dissociative 

adsorption of water molecules, accompanied by the formation of terminal Ti−OH groups 

[77,78], possibly in a larger extent under irradiation conditions. Such TiO2 surface bound −OH 

moieties may also behave as adsorption sites for fast and efficient dichromate anions adsorption 

[31,65], resulting in their faster conversion to Cr(III) through their direct interaction with 

electrons photopromoted in the TiO2 conduction band [67]. However, by considering that the 

adsorption data collected in Fig. 5 do not evidence any remarkable difference in dichromate 

anions adsorption (at least under dark conditions) on the plate-like and the spherically-shaped 

sample, we expect that the presence of a relatively high amount of {001} facets may play a 

positive role in promoting the overall photocatalytic water oxidation semi-reaction on TiO2, 

with consequent beneficial effects also on the simultaneous Cr(VI) photoreduction process.  

Fig. 6 also shows that, regardless of the specific TiO2 morphology, surface fluorination of 

washed samples leads to a conspicuous (ca. 60-70%) photoactivity decrease, most reasonably 

consequent to the dramatically reduced adsorption of negatively charged Cr2O7
2- ions (Fig. 5). 

However, the extent of such photoactivity decrease is lower than the ca. 90% surface substrate 



18 

 

16.7
12.4

5.7 2.9

0

20

40

60

80

100

HT_0.1_NaOH HT_1_NaOH

R
h

B
 a

d
s

o
rp

ti
o

n
 (

%
)

pH 3.7 pH 3.7 + NaF

adsorption inhibition effect induced by in-situ fluorination (Fig. 5). Previous studies carried 

out by Ku et al. [31] also evidenced that the pH effects on Cr(VI) photocatalytic reduction rate 

were not correlated to Cr(VI) adsorption on the TiO2 surface. Thus, Cr(VI) adsorption is not 

the only parameter directly influencing the rate determining step of Cr(VI) photoreduction, the 

overall photocatalytic process being also affected by photopromoted electrons transfer to 

adsorbed Cr(VI). 

3.3. Rhodamine B adsorption and photocatalytic oxidation 

Fig. 7 shows the results of RhB adsorption tests performed at pH 3.7 on the bare pseudo-

spherical and platelet-like shaped materials (HT_0.1_NaOH and HT_1_NaOH, respectively) 

and on the same materials after surface fluorination. The adsorption of the cationic dye on TiO2 

at pH 3.7 is rather poor and further inhibited by in-situ TiO2 fluorination, most likely due to 

alterations of the adsorption equilibrium upon substitution of   ≡ Ti − OH  terminal groups 

with  ≡ Ti − F moieties, as for other organic dyes [69,79]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 7. Percent amount of RhB adsorbed on HT_0.1_NaOH and on HT_1_NaOH at pH 3.7 

after 180 min stirring in the dark in the absence of fluoride ions (blue) and under in-situ 

fluorinated conditions, with a F/Ti ratio equal to 2 (yellow).  

 

The adsorption of the organic substrate seems to be slightly hindered by a platelet-like TiO2 

morphology and this effect is maintained upon in-situ fluorination of the TiO2 surface, the 
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percent amounts of adsorbed RhB decreasing by 76% and 66% upon HT_1_NaOH and 

HT_0.1_NaOH surface fluorination, respectively. This may indirectly suggest a more 

extensive {001} surface coverage with fluorinated sites, accompanied by a more marked RhB 

surface adsorption inhibition.   

Firstly, in order to check that RhB photobleaching occurs through the photocatalytic path 

(and not through self-degradation), the photostability of Rhodamine B was confirmed by 6-

hours long experiments at pH 3.7, both in the absence and in the presence of fluoride anions, 

under the here adopted UV-vis light irradiation. Furthermore, the absence of any RhB 

degradation during kinetic runs attained in the presence of photocatalyst employing a 420 nm 

cut off filter allowed us to exclude any dye-sensitized photocatalytic reaction path, which 

would be initiated by the selective dye excitation under visible light irradiation.  

The photocatalytic degradation of RhB always occurred according to a first-order kinetics. 

The intensity of the RhB maximum absorption at 553 nm gradually decreased during the runs, 

with a very limited hypsochromic shift in the absorption maximum and no modification of the 

spectral shape (see Fig. 8a), which excludes the formation of large amounts of light absorbing 

intermediate species during the runs. Consequently, absorbance values at 553 nm can be taken 

as directly proportional to RhB residual concentration during the runs. 

This supports the idea that the oxidative degradation of RhB mainly proceeds through the 

cleavage of the RhB chromophore group [32,80,81],  which may occur via the direct interaction 

of RhB molecules with positive valence band holes (hVB
+) photogenerated on the 

semiconductor surface or through an indirect, •OH radical-mediated, degradation mechanism. 
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Fig. 8. (a) Absorption spectra recorded during RhB photocatalytic degradation in aqueous 

suspension at pH 3.7 with HT_0.1_NaOH; (b) data elaboration according to first order plots 

obtained in two runs under identical conditions (void and full triangles). 

 

The photoactivity trend of the here investigated photocatalysts in RhB bleaching is shown 

in Fig. 9, which reports the first order rate constants of this reaction determined in aqueous 

suspensions at natural pH (knat), or at pH 3.7 in the absence (kac) or in the presence of fluoride 

ions (in-situ fluorinated surface, kF).  
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Fig. 9. First-order rate constants of RhB photocatalytic degradation with the investigated 

photocatalysts at natural pH (red, knat), at pH 3.7 in the absence of fluoride (blue, kac) or under 

in-situ fluorinated conditions, with a F/Ti ratio equal to 2 (yellow, kF). 

 

The photoactivity of the platelet-like material at natural pH or at pH 3.7 is quite similar to 

that of the anatase sample mainly exposing {101} facets. This indicates that the specific TiO2 

morphology does not significantly affect the rate of RhB photodegradation, at difference with 

respect to Cr(VI) photoreduction. Moreover, while lowering the pH has negligible effects on 

the reaction rate, surface TiO2 fluorination, though hindering RhB adsorption, is beneficial for 

all materials. 

Due to the relatively poor RhB adsorption on the photocatalysts surface, at difference with 

respect to Cr(VI) photoreduction, a direct reaction mechanism implying interaction between 

positive valence band holes (hVB
+) photogenerated on the photocatalyst surface and adsorbed 

substrate molecules is not expected to be the main path of RhB photobleaching. The interaction 

of the dye molecules with hydroxyl radicals, formed upon hVB
+-induced oxidation of water 

molecules, is expected to prevail in this case, and in particular with surface fluorinated TiO2 

materials, on which RhB adsorption is largely inhibited (Fig. 7).  
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In fact, an increase in RhB degradation rate upon TiO2 surface fluorination can only be 

explained by considering an enhanced photoproduction of  •OH radicals, which may attack 

RhB molecules and initiate their degradation [32,33,82]. Fluoride anions substituting for TiO2 

surface –OH groups inhibit surface trapping of photogenerated holes as ≡Ti-O• species, through 

the following reaction: 

≡ Ti − OH + h𝑣𝑏
+ → ≡ Ti − O⋅ + H+ (2)  

At the same time, as  ≡ Ti − F species are stable and cannot be oxidized by valence band holes 

even at the here employed acidic pH [79], surface –F moieties favour the desorption of 

photogenerated active species, such as •OH radicals, which can thus accumulate in the aqueous 

phase [83], as follows:  

≡ Ti − F + h𝑣𝑏
+ + H2O → ≡ Ti − F + OH + H+ (3) 

An outstanding photoactivity increase was observed upon surface fluorination of {001}-

facet enriched HT_1_NaOH, with a kF/kac ratio of 4.52 (see Table 2), indicating a synergistic 

effect in RhB photocatalytic degradation between platelet-like anatase TiO2 morphology and 

surface fluorination. Moreover, as reported in Table 2, similar kF/kac ratios were obtained for 

both HT_1_NaOH and HT_1, which are significantly higher than the kF/kac ratios obtained for 

HT_0.1_NaOH and HT_0.1. This confirms the here unveiled synergistic effect between 

platelet-like morphology and surface fluorination.  

Moreover, the absence of any significant morphology-dependent RhB adsorption effect on 

fluorinated TiO2 suggests that the increase of RhB photodegradation rate is related to the 

intrinsic ability of F-{001} facets of boosting •OH radical mediated oxidation paths, possibly 

due to an improved charge carriers separation, as previously reported by Chen et al. for the gas 

phase photocatalytic oxidation of ammonia [84]. The spontaneous tendency of photogenerated 

holes to migrate towards {001} facets [60,70,71] is amplified by the electric-field effect 

induced by surface fluorination [85], which increases holes attraction towards {001} facets 
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(present in larger extent) and photopromoted electrons repulsion from {001} facets, 

contributing in further conveying them towards {101} facets, with a consequent overall 

beneficial increase of photogenerated charge carriers separation. 

Table 2. Ratios between the rate constants of RhB photocatalytic degradation performed with 

the investigated photocatalysts in aqueous suspensions at natural pH (knat), or at pH 3.7 in the 

absence (kac) or in the presence of fluoride ions (in-situ fluorinated surface, kF).  

Sample kac / knat kF / kac 

HT_0 1.86 ± 0.33 1.26 ± 0.27 

HT_0.1_NaOH 1.11 ± 0.04 1.51 ± 0.11 

HT_1_NaOH 1.33 ± 0.09 4.52 ± 0.15 

HT_0.1 1.41 ± 0.10 1.42 ± 0.22 

HT_1 1.22 ± 0.12 4.94 ± 0.02 

 

At the same time the beneficial effect of surface fluorination on the photoactivity of platelet-

like TiO2 in RhB degradation may also originate from a larger initial exposure of surface −OH 

groups [77] (due to favored water molecules dissociation), leading to a higher surface density 

of fluorinated sites upon fluorination, which are involved in the production and release of 

reactive OH radicals, as discussed above.  

3.4. Amount of surface −OH groups by FT-IR analysis 

A better insight at the molecular level into the differences in surface hydration and 

hydroxylation of HT_0.1_NaOH and HT_1_NaOH, was obtained by FT-IR spectroscopy. As 

shown in Fig. 10, reporting the FT-IR spectra recorded with these two photocatalysts after 

outgassing at different temperature, both samples at room temperature show a band at 1620 

cm-1, ascribed to δ(H2O), the bending mode of adsorbed water [77]. Adsorbed H2O molecules 

are not isolated, but are interacting by hydrogen bonding, as testified by the intense and broad 

ν(OH) band in the 3600-3000 cm-1 range [86].  
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Fig. 10. FT-IR spectra of HT_0.1_NaOH (left) and HT_1_NaOH (right) outgassed for 1 h at 

room temperature (black), at 150 °C (blue), at 300 °C (grey) and at 500 °C (red trace). 

 

In this spectral region also the IR signals of −OH groups are present, but they can be properly 

investigated only upon removing molecular water by outgassing at increasing temperatures. 

Heating at 150 °C considerably decreases the intensity of the δ(H2O) band, which finally 

disappears at 300 °C, molecular water being completely removed from both samples by 

outgassing at such temperature. Considering the spectra recorded after outgassing at 300 °C 

(grey spectra in Fig. 10) in the ν(OH) spectral region, we note that HT_0.1_NaOH shows only 

some weak and sharp components at   3600 cm-1 due to few isolated −OH groups [78,87]. 

Conversely, HT_1_NaOH still exhibits a broad and quite intense band in the 3600-3000 cm-1 

range, arising from a significant number of hydroxyl groups still present on {001} facets, which 

are expected to strongly adsorb water in a dissociative way [54,88]. Finally, outgassing at 500 

°C nearly completely removes the −OH groups from both samples.  

These FT-IR analysis results thus confirm that platelet-like TiO2 presents a considerably 

higher concentration of surface −OH groups that can be converted into −F groups upon surface 

fluorination. This would favor the production, particularly on {001} facets, of hydroxyl 
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radicals, which are expected to be the main oxygen reactive species involved in the 

photocatalytic oxidation of RhB molecules. 

4. CONCLUSIONS 

In the present study we shed light on the combined effects of surface fluorination and 

morphology control in a reduction and an oxidation photocatalytic test reactions. Cr(VI) 

photoreduction is strongly favored by a larger exposure of {001} facets, with the best 

performing material having a platelet-like morphology, possibly due to improved charge 

separation arising from an optimal mixture of co-exposed facets, which favours the selective 

migration of photogenerated holes and electrons towards {001} and {101} facets, respectively. 

In-situ surface re-fluorination of the materials, however, leads to a morphology independent 

photoactivity decrease, consequent to the reduced ability of the fluorinated oxide to bind 

dichromate anions, a key step required for their direct reduction by conduction band electrons.  

A strong synergistic shape-dependent photoactivity effect between platelet-like anatase 

TiO2 morphology and surface fluorination is clearly outlined in RhB photodegradation, with 

an outstanding photoactivity increase observed only upon fluorination of the {001}-facet 

enriched material. This may result from an overall increased charge carriers separation 

combined with the higher amount of surface −OH groups in the platelet-like TiO2 that can be 

fluorinated to generate F-{001} facets, which may considerably boost OH radical mediated 

oxidation paths. 

The here unveiled role played by morphology and surface fluorination on the photoactivity 

of shape-controlled TiO2 materials may pave the way for designing highly performant TiO2-

based materials to be employed in efficient photocatalytic detoxification processes. 
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