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The anatase to rutile phase transformation via thermal and chemical (HF etching)

routes of TiO2 P25 has been investigated. The treatment parameters and properties

of the resulting anatase and rutile nanoparticles are analyzed and discussed. Since

the nature of TiO2 surfaces plays a significant role in determining the physical and

chemical properties of the TiO2 nanoparticles, it is important to investigate the surface

properties, including the morphology, the main exposed faces, the defectiveness, to

be correlated with their peculiar properties, and then reactivity. Herein, we report an

infrared spectroscopy investigation, employing the adsorption of CO probe molecule

at low temperature, including 12CO and 12CO-13CO isotopic mixtures, at the surface

sites of TiO2 P25, previously heated from room temperature to 1,023K under vacuum

conditions. The same FTIR experiments were adopted on HF-etched TiO2. X-ray

diffraction and transmission electron microscopy analyses were adopted to elucidate

the role played by the thermal and the HF-etching treatments in modifying not only the

distribution of exposed surfaces, but even the phase composition of the pristine TiO2

P25 samples, which are initially dominated by the most thermodynamically stable (101)

facets of the anatase phase. The present study helps in the crystal and exposed facet

engineering for the development of highly efficient photocatalysts.
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INTRODUCTION

Titanium dioxide (TiO2) is a multifunctional material that is a matter of interest in a wide range of
applications, ranging from the photocatalysis to energy fields (Qadir et al., 2016; Jaksik et al., 2017;
Cravanzola et al., 2018; Humayun et al., 2018; Tamgadge and Shukla, 2018; Hussain et al., 2019).
TiO2 nanoparticles can be obtained by different preparation methods, including sol-gel methods,
hydrothermal treatments, and flame spray pyrolysis. Along this line, TiO2 crystals prepared
by flame hydrolysis of TiCl4 reveal a nearly perfect crystalline habit and can be substantially
different from samples prepared by wet-chemistry pathways. For example, TiO2 P25 powders from
Evonik, are prepared following the flame pyrolysis. As a result of this procedure, the obtained
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FIGURE 6 | TEM images and the related high-resolution TEM selected images of TiO2 P25 etched with 6 vol% (A,B) and 10 vol% HF (D,E); fast-Fourier-transform

(FFT) images (C,F) of the nanocrystals selected in (A,D), as obtained from [1-11] and [−111] zone axis directions, respectively.

cryostat (see Methods section), to better investigate the CO
interaction with weak Ti4+ Lewis acid sites.

From the comparison of the more diluted HF-etched TiO2

sample (1 vol% HF for 1 h, Figure 7B) with the native TiO2 P25
(Figure 7A), both thermally activated at the same temperature,
it is clear that the morphology has been scarcely modified, in
agreement with the negligible changes in phase composition
and mean crystallite size measured by XRD (see Table 2). With
respect to the FTIR spectra of CO adsorbed at 100K (Figure 3),
we can note a better defined peak at 2,149 cm−1, ascribed to the
rutile phase (Mino et al., 2013), and an intense, broad and easily
reversible band at 2,140 cm−1 due to a multilayer of physically
adsorbed CO.

Increasing theHF concentration to 6 vol% results in a decrease
of the intensity of the band at 2,165 cm−1, ascribed to CO
interacting with the (100) surface, and a parallel growth of the
rutile signal at 2,149 cm−1 (Figure 7C). This finding is consistent
with the increase of the rutile fraction from 20% to 33% (Table 2).

More drastic etching conditions (10 vol% HF for 12 h) lead
to the almost complete dissolution of the anatase component,
as confirmed by XRD analysis (Figure 7D) and (Table 2).
The corresponding FTIR spectra are dominated by the signals
ascribed to the rutile component centered at 2,149 cm−1,
already described above, and at 2,182 cm−1. The latter band,
observed also in the spectra of TiO2 P25 treated at high
temperatures (Figures 3F,G), is due to CO adsorbed on the
(110) rutile surface. In the complex absorption in the 2,195–
2,180 cm−1 range a residual contribution of the (101) and
(110) anatase facets could also still be present. Conversely,
the band at 2,165 cm−1, associated to the (100) facets,
completely disappears.

CONCLUSIONS

The surface modification of TiO2 nanoparticles to design
more effective photocatalysts is one of the major topics in
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FIGURE 7 | FT-IR spectra, acquired at 60K, of CO adsorbed at progressively decreasing coverages on TiO2 P25 outgassed at 773K for 4 h and previously etched in

hydrofluoric acid: (A) pristine TiO2 P25 (no HF treatment), (B) 1 vol% HF for 1 h, (C) 6 vol% HF for 1 h, (D) 10 vol% HF for 12 h.

photocatalysis. A multi-technique characterization approach,
based on FTIR, TEM, and XRD analyses for the investigation
of thermally/HF-chemically modified TiO2 P25 powders has
been shown in this contribution. Remarkably, FTIR studies of
adsorbed CO are an effective method to investigate the surface
sites structure, thus highlighting significant differences in the
morphology and structure of different TiO2 samples, coming
from different thermal activations and etching processes by HF.
In this context, FTIR spectra taken at decreasing CO coverage,
at 100K on TiO2 P25 give rise to bands at 2,178 and 2,165–
4 cm−1 due to carbonyls on Ti4+ sites of (101) and (100)
facets. In addition, a band around 2,155 cm−1 can be explained
with species adsorbed on surface hydroxyl groups and/or on
the (001) anatase surface. Together with FTIR investigation,
XRD, and TEM analyses were used to elucidate the role played
by the thermal treatment (from RT to 1,023K) and chemical

etching by HF solutions (1 vol% for 1 h, 6 vol% for 1 h, 10
vol% for 12 h) in altering the phase composition and modifying
the distribution of exposed surfaces of the pristine TiO2 P25.
FTIR spectra acquired at 60K of samples obtained through more
drastic etching conditions, are dominated by two components
centered at 2,149 cm−1 and at 2,182 cm−1 due to CO adsorbed
on the rutile phase, thus confirming the almost complete phase
transition from anatase to rutile. The present study helps in
the crystal and exposed facet engineering in the development of
highly efficient photocatalysts.
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