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ABSTRACT

The current use of TiO2 nanoparticles raises questions about their impact on our health. Cells
interact with these nanoparticles via the phospholipid membrane and, in particular, the
phosphate head. This highlights the significance of understanding the interaction between
phosphates and nanoparticles possessing distinct crystalline structures, specifically anatase and
rutile. It is crucial to determine whether this adsorption varies based on the exposed facet(s).
Consequently, various nanoparticles of anatase and rutile TiO2, characterized by well-defined
morphologies, were synthesized. In the case of the anatase samples, bipyramids, needles and
cubes were obtained. For the rutile samples, all exhibited a needle-like shape, featuring {110}
facets along the long direction of the needles and facets {111} on the upper and lower parts.
Phosphate adsorption experiments carried out at pH 2 revealed that the maximum adsorption
was relatively consistent across all samples, averaging around 1.5 phosphate.nm in all cases.
Experiments using infrared spectroscopy on dried TiO2 powders showed that phosphates were
chemisorbed on the surfaces and that the mode of adsorption depended on the crystalline phase
and the nature of the facet: the anatase phase favors bidentate adsorption more than the rutile

crystalline phase.
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INTRODUCTION

TiO2 nanoparticles are used in a wide range of applications due to their bandgap energy
value (around 3.2 eV), which allows them to be excited by the UV radiation from sunlight.!?
Specifically, they are employed in photocalysis,>® decontamination processes, self-cleaning
materials and photovoltaics.® Moreover, TiO2 nanoparticles serve as white pigments in paints,
cosmetics® and foods,'! as in the food additive E171224, The significant presence of these
nanoparticles in the environment has thus raised concerns about their effects on the environment
and human health.2>® Notably, several studies have suggested a potential correlation between
cancers and the exposure of TiO2 nanoparticles.!” Consequently, in 2015, the French Agency
for Food, Environmental and Occupational Health and Safety (ANSES) defended to European
institutions for classifying TiO2 nanoparticles as a class 1-B carcinogen. It concluded in 2017
that any product containing TiO2 nanoparticles, whatever its form, should be classified as a
class 2 carcinogen when inhaled. In 2017, a study on rats further showed a potential
involvement of the food additive E171 in colorectal cancer development.l’ In response, the
French government banned the use of E171 in food pending further investigations into its health

effects. This prohibition has been annually extended since 2019.8

Understanding the precise mechanisms through which TiO, impacts health remains
challenging, particularly when considering the various sizes, morphologies and shapes of
nanoparticles.®?° Generally, the effects of TiO, nanoparticles on organisms are attributed to
the formation of radical oxidizing species (ROS) capable of damaging the organelles or DNA
of an organism's cells.?*?? Given this mechanism, the interaction between nanoparticles and
living organisms becomes a fundamental issue when considering TiO2's health implications. In
the case of cells, the initial contact is through the phospholipid membrane. A study has
highlighted the phospholipids ability to interact with TiO, nanoparticles,?® suggesting that the
phosphate head, directly present on the surface membrane, may play a particular role in
adsorption mechanisms. Consequently, understanding the adsorption of phosphate species onto
TiO2 nanoparticles becomes of paramount importance and we can expect this adsorption
phenomenon to be directly influenced by the shape of the nanoparticles, their crystalline facets
and their environment. Hiji et al.?* described the relationship between phosphate adsorption and
TiO> rutile facets, and showed that the {001} rutile facet kinetically favored phosphate ion

adsorption compared to the other facets.



TiO> can be found in three main phases: rutile, anatase and brookite, each characterized by
different crystalline facets. The aim of the present paper is to determine whether the adsorption
of phosphate species is influenced by the morphology and crystalline nature (specifically
anatase and rutile) of these nanoparticles. To ensure control over these variables, we used
custom-designed nanoparticles rather than commercially available ones. This allowed us to
precisely control both the crystalline phase and shape of the nanoparticles. We also worked at
a pH of 2, which does not reflect physiological pH, but allowed us to optimize phosphate
adsorption on nanoparticles, in order to better understand their adsorption modes.?® Our aims
are therefore: i) to synthesize well-controlled nanoparticles with similar size but varying shapes
and crystallinities; ii) to evaluate the amount of phosphate species adsorbed onto these different
nanoparticles; iii) to deeper characterize the nature of phosphate species adsorption. Near- and
mid-infrared spectroscopy were used to achieve these objectives. This approach provides
valuable insights into the surface hydroxyl groups of TiO and their interaction with phosphate

species.

EXPERIMENTAL SECTION

1. TiO2 nanoparticles synthesis

Anatase and rutile TiO2 nanoparticles were synthesized by adapting existing protocols.®226-
30 Synthesis of the nanoparticles is detailed in the SI. Six different types of nanoparticles (noted
A-shape for anatase and R-shape for rutile) were produced using well-controlled synthesis
methods. Six different samples were made: three anatase, labelled as A-Bipy (anatase
bipyramids), A-Rod (anatase rods), A-Cube (anatase cubes) and three rutile rods of different
sizes (R-Small, R-Mid and R-Long).

2. Characterization of the nanoparticles

2.1. X-Ray Diffraction (XRD) measurements

Phase crystallinity and powder purity were determined by X-ray diffraction. The patterns
were measured with a Bruker D8 X-ray diffractometer operating in the Bragg—Brentano
reflection mode equipped with a nickel filter to select the Cu-K,» radiations. The data were
collected in the 26 = 10-120° range with 0.02° steps. Analysis was performed in fixed-slit
mode. Phase assignment was performed using PDF files from powder diffraction files (ICDD,
PDF4+) of anatase (00-021-1272), rutile (00-021-1276) and brookite (00-029-1360). We have
also used the Scherrer equation that provides access to the mean coherence domain of particles.
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This value gives insight into the size of the particles when they are relatively monodisperse and
monocrystalline. Particle sizes were estimated in the direction normal to the planes shown in

Table 1. We used a classical form factor of 0.9.

2.2. Electron microscopy characterization

Transmission electron microscopy (TEM) images were obtained on a FEI Tecnai Spirit G2
instrument at an acceleration voltage of 120 kV. The nanoparticles were ultrasonicated in water
and dispersed on carbon-covered Cu grids. At least 200 particles were measured on TEM

images to determine their size.

To study the crystal planes, we used Nant'Themis' HRSTEM facility. Scanning transmission
electron microscopy (STEM) experiments were performed on a probe-corrected Themis Z G3
microscope (Thermo Fisher Scientific) equipped with a High Angle Annular Dark Field
(HAADF) detector, a four-quadrant annular detector (DF4) dedicated to Differential Phase
Contrast (DPC) imaging. DPC-STEM and HAADF-STEM images of the particles were
obtained using an acceleration voltage of 300 kV, a beam convergence angle of 13.3 mrad, an
electron beam-current of 10 pA and a camera length of 360 mm. The DF4 detector collection
angle was set to 4-16 mrad and the HAADF collection angle to 16-100 mrad. For DPC imaging,
four images used for 2D integration were acquired by the DF4 detector with an optional high-
pass filter applied to reduce the low-frequency information in the integrated-DPC (i-DPC)
images. 25 pL of a 20 mg.L* dispersion of samples containing a known amount of phosphate

species were deposited on a lacey carbon gold TEM grid and let dry.

2.3. Specific surface (BET) measurement

Precise amounts of each sample were degassed at 90°C under 20 mTorr (Vac Prep 061,
Micromeritics®). The sample was then degassed at 150°C for 17 h at 20 mTorr (3-Flex,
Micromeritics®). The Brunauer-Emmett-Teller (BET) surface area analysis was carried out
using nitrogen (N2) as the adsorbed gas.

2.4. Zeta potential measurement

For each nanoparticle suspension, a predetermined amount was dispersed with a
0.01 mol.L* NaCl solution to obtain a TiO2 concentration of 0.15 g.L"%. The resulting dispersion
was sonicated for 15 min (Elmasonic P, 100 W, 37 Hz, sweep mode). Zeta potential
measurements were carried out for different pH values ranging from 2 to 10. Solutions of HCI

(0.1 and 0.01 mol.L™%) and NaOH (0.001 mol.L ) were thus prepared by maintaining a constant



NaCl concentration of 0.01 mol.L%. Consequently, the final TiO, concentration was 0.05 g.L™.
To prevent carbonation, pH of the solutions was adjusted in a glovebox under N.. The
measurements were then performed outside the glovebox using a Zetasizer Nano-ZS (Malvern
Instrument). Prior to analysis, each closed vial was sonicated independently (EImasonic P, 100
W, 37 Hz, sweep mode) for 5 min. A minimum of two samples from each vial were analyzed,
at least three times each. We used Smoluchowski approximation to convert electrophoretic
mobility to zeta potential. Reported values correspond to the averages of the recorded data

points. Measurements were systematically repeated several times to ensure data reproducibility.

3. Phosphate species adsorption isotherms
The described protocol is an adaptation of the one described in reference 2. To perform
phosphate adsorption isotherms, TiOz/phosphate samples were first prepared. All
measurements were carried out at pH = 2 to minimize the undesirable carbonates adsorption on
the surface of nanoparticles and maximize phosphate adsorption. At this pH value, HsPO4 and
H2PO4 exist at comparable concentration. Even if dihydrogen phosphate anion may adsorb
preferentially to the surface of the nanoparticles, since the TiO2 surface is positively charged at
this pH, HzPO4 can also adsorb.3! We therefore refer to phosphate species in the following text.
Note also that in the rest of the experimental protocol, the given values correspond to the total

amount of phosphate species in solution.

For isotherm adsorption experiments, we only worked with the TiO2 dispersions. The initial
mass concentration was assessed by centrifugation and oven drying at 45°C. The pH of the
solutions was set at 2, and the NaCl concentration was fixed at 0.01 mol.Lt. A 0.05 mol. L*
phosphate solution was also prepared by using Na;HPO: (Sigma Aldrich, ReagentPlus®,
99.0%). The desired amount of phosphate was then added to the TiO2 dispersion. The tubes
were then rotated at 25 rpm, at 25°C for at least 24 h to ensure complete adsorption onto the
TiO2 nanoparticles. Typical TiO2 concentrations varied between 3.5 mg.mL? and 6 mg.mL*

depending on the experiment.

The tubes were centrifuged (40000 g, 1h30) and the supernatant was carefully separated from
the precipitated nanoparticles. The quantity of phosphates adsorbed on the TiO, surface was
determined by comparing the quantity of species remaining in the final supernatant with those
initially added to each tube. The total phosphate concentration in the supernatant was carried
out using an adapted quantitative UV-Vis protocol using a combined molybdenum reagent that

forms a blue compound with phosphate species® absorbing at 824 nm (e



517 + 15 L.mol*t.cm™). The reagent was prepared as follows: six volumes of a 0.42 % solution
of ammonium molybdate tetrahydrate (Sigma Aldrich, > 99.0 %) in 0.5 mol.L? sulfuric acid
(prepared from Merck, EMSURE®, 98 %) was mixed with one volume of a 10% L-ascorbic
acid solution (Sigma Aldrich, 99 %). Phosphate standards were prepared by diluting different
amounts of the 0.5 mol.L™ phosphate. 60 pL of the solutions to be measured (supernatant or
standard) were mixed with 2.1 mL of the combined reagent and 900 pL of 1 M HCI. The tubes
thus prepared were placed in a bath at 45°C for around 40 min, until the solutions took on a
stable blue color. Absorption spectra were then measured between 300 and 900 nm using a UV-
Visible spectrometer (UV-2550, Shimadzu) with a PMMA cell of 1 cm of optical path.

More details about this protocol can be found in the Sl, together with evaluation of

uncertainties.

The TiO2 wet powders obtained after centrifugation (see above) were retained for analysis by

infrared spectroscopy.

4. Characterization of the surface of the nanoparticles by infrared spectroscopy

4.1. Diffuse Reflectance Infrared Fourier Transform Spectroscopy (DRIFT)
Working in the near-infrared (NIR) range has several advantages for studying/monitoring the
status of adsorbed or structural water molecules: (i) this range allows us to work with pure
mineral powders without any need for dilution in a non-absorbing matrix; (ii) it provides a
guantitative analysis that is not obtained in the mid-IR region; (iii) in the case of oxides and
clay materials, in the mid-IR range, it is often difficult to determine unambiguously the position
of OH stretching bands of adsorbed water,®* whereas in the Near-IR range, the spectral
separation between structural and water OH groups is increased, allowing for easier and more

precise band assignments.

Diffuse Reflectance Fourier Transform Infrared spectroscopy (DRIFTS) was performed using
a Bruker Vertex 70 spectrometer equipped with a Praying Mantis configuration (Harrick
Scientific Products Inc.). The reflectance spectra are displayed in —log(R/Ro), where R
corresponds to the diffuse reflection collected on the sample and Ro to the reflection recorded
on a reference material. Here, an aluminum mirror was used to minimize any signal of adsorbed
water molecules on the reference. Via a slow sweep of dry air, the sample chamber was taken
from ambient relative humidity to less than 2% at approximately 298 K, making it possible to
preserve the sample powders from excessive physical variations. The wet powder recovered

during isotherm preparation was used for the measurements. Due to the small amount of powder



(approximately 6 mg per isotherm point), a mixture of three isotherm points was required for
analysis. The samples were placed in the analysis chamber under the flow of dry air for early
dehydration. Following the dehydration process, spectra were recorded in the MIR and NIR
spectral regions between 6000 cm™ and 1200 cm™ with a resolution of 4 cm™ using a DTGS
detector. After confirmation of maximum dehydration (when no more spectral evolution is
observed), the final spectra were recorded. The spectra shown here result from the accumulation

of 800 scans.

Moreover, to obtain reliable data below 1200 cm™, we also carried out transmission
experiments with samples diluted in KBr (Sigma-Aldrich, FT-IR grade, >99%) pellets (see

below).

4.2. Transmission Fourier Transform Infrared Spectroscopy (FT-IR)

Mid-infrared spectra between 4000 cm™ and 370 cm™ were also recorded using a Bruker
Vertex 70 apparatus with a DTGS detector. 1% (mass) of the sample was dispersed in KBr,
pelletized into self-supporting discs using a pressure of 10° Pa, and then placed in the
spectrometer. The choice of this dilution ensured that the most intense bands were not saturated.
It was also perfectly suited to our samples, which were available in limited quantities. The
resolution was set at 4 cm™ and each spectrum was an average of 100 scans. The KBr

background was subtracted in all cases.

RESULTS AND DISCUSSION

1. TiO2 nanoparticles characterization

1.1. Characterization of the crystalline phases

To confirm the crystallographic structure of each powder, XRD analyses were performed
(Figure 1). In each case, the observed crystallographic phase was as expected. A small amount
of brookite phase was observed in rutile synthesized hydrothermally for one month (R-Long).
Similarly, traces of brookite were also observed in the bipyramids (A-Bipy) and rods (A-Rod)
of anatase structure. The relative abundance between brookite and the other phases was
estimated using the ratios of the peak areas corresponding to (121) brookite, (110) rutile and

(200) anatase respectively, taking into account the relative contribution of each peak to its



single-phase profile. Brookite accounts for approximately 3% of the phase in the R-Long
sample, 1% in A-Rod and 8% in A-Bipy. It is therefore considered negligible.

A slight peak shift towards smaller angles was also observed for the rutile R-Small (Figure
1). This was previously attributed to the distortion and expansion of the quadratic rutile cell (b
= 4.674 A instead of 4.593 A) by Cassaignon et al.?®
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Figure 1. XRD patterns for each type of TiO2 nanoparticles synthesized. The bars represent the
peaks obtained from the powder diffraction files for anatase (ICCD: 00-021-1272), rutile
(ICCD: 00-021-1276) and brookite (grey, ICCD: 00-029-1360).



1.2. Morphology and size of the nanoparticles

Sample size, and therefore specific surface area, plays an important role in understanding
adsorption phenomena. A first approximation of nanoparticle size was made using the Scherrer
formula (Table 1). In addition, TEM images are shown in Figure 2. The corresponding sizes
obtained from both techniques are reported in Table 1. The observed morphologies are as
expected. Detailed size distribution for length and width, based on TEM images, is given in

Figures S1 and S2 for the anatase and rutile structures, respectively.

Concerning the anatase samples, some sharp edges in the case of A-Bipy can be
distinguished and are consistent with a bipyramidal structure. Rods (or elongated bipyramids)
are observed in A-Rod. TEM images reveal squares (or ovoid shapes) in the case of A-Cube.
For A-Bipy and A-Rod, the specific surface area measured by BET is around 200 m2.g™* (Table
1). This surface is clearly smaller in the case of A-Cube (67 m?.g%, see Table 1), consistent with
its larger size. Estimated specific surface areas using the sizes measured by TEM (see Figure
S1 and Table S1 in SI) corroborate well with the BET data. Overall, both XRD and TEM data

lead to similar nanoparticles sizes for anatase samples.

In the case of rutile samples, there are significant differences between the sizes of the
Scherrer domains obtained from the XRD data and microscopy measurements. Direct
microscopy measurements of needle-shaped objects are certainly more accurate. Indeed,
Sherrer's formula attributes the broadening of the peaks to the decrease in crystal domain size
alone. Given the asymmetry and broadening of the diffraction peaks, it is difficult to take strain
into account. Overall, R-Long needles are bigger than R-Mid, that are bigger than R-Small
sample. As expected, this leads to a higher specific surface area (212 m2.g%) than in R-Long
(82 m2.g1) or R-Mid (79 m2.g%) (Table 1). In this latter case, this low value might be explained
by needles aggregation (bundles) limiting accessible surfaces.
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Anatase Rutile

Figure 2. TEM images of the different samples.

Table 1. Characterization of the synthesized nanoparticles. XRD data (Scherrer formula) give
the crystallite size perpendicularly to the crystallographic planes while TEM images give mean
distances for the different TiO. nanoparticles with standard error. Roughly estimated specific
surface areas, calculated from average sizes obtained by TEM analysis, are given in Table S1.
The anisotropic ratio (length/width) is specified in parentheses for TEM size. Specific surface
areas were measured by BET analysis. The isoelectric point (IEP) values are also reported (see
the zeta potential measurement section).
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1.3. O-H sites on the various samples
In order to gain a detailed understanding of the chemical bonds present in/on the nanoparticles,
the DRIFT spectra of the different types of TiO, were recorded between 6000 and 1200 cm™
(see Figure S3 for the overall spectra). Figure 3 exhibits the region between 3575 cm™ and
3760 cm®, characteristic of the stretching modes of the surface O-H bonds. The band
assignments are given in Table 2 (1-OH represents a hydroxyl group coordinated to an unique
surface titanium atom; p2-OH corresponds to a bi-coordinated hydroxyl group and pi-OH>

represents a chemisorbed water molecule).

It is noteworthy that the global spectra (Figure S3) evidence the presence of organic species on
the A-Cube anatase particles due to the use of surfactant during synthesis. Thus, the meticulous
washing protocol does not completely eliminate these species,® potentially influencing the

cubes’ surface reactivity.

For anatase, insights from both DFT and experimental work by Arrouvel et al.*® and Dzwigaj
et al.®® give indications about OH groups on specific nanoparticle facets. In what follows, 1V,
V and VI refer to quadra, penta and hexa-coordinated titanium atoms. Following Arrouvel’s
work, the observed bands at 3725 and 3736 cm are attributed to the O-H stretching modes of
Tiv-p1-OH groups on {110} and {001} facets, respectively (3730-3742 and 3725 cm™ in their
referenced experimental bands®~*°). Similarly, the band near 3683 cm™ is attributed to a
stretching O-H mode of Tivi-ii-OH groups on {100} facet (3690 cm™ in their referenced
experimental bands®”). Finally, the band detected around 3636 cm™ is attributed to Tivi-p1-OH:
streching modes on {101} facets (observed between 3620 and 3680 cm™ in their referenced

experimental bands®"Y).

In the case of rutile-type samples, Kipreos et al. have studied the evolution of the bands after
deuteration and distinguished terminal p1-OH from bridging p2-OH hydroxyls.*? The authors
attributed the bands detected at around 3725 cm™ and 3680 cm™ to Tiv-p1-OH and Ti-p1-OH
respectively.*? In the present work, all rutile samples present a band near 3725 cm, suggesting
a similar attribution. The bands around 3680 cm™ are attributed to Tiv-p1-OH modes with
unsaturated titanium sites for the three samples. For R-small, the band near 3650 cm
corresponds to p2-OH. For R-Mid and R-Long, the band around 3635 cm™ can be attributed to

H2-OH located on different planes from those absorbing around 3650 cm™.4?

13



Anatase

1 1
1 1
-~ : 1
= % | :
g 5 i i
@ L ! !
= = —
< ! :m
= 1 1
[ 1 lo 'O
=) - -
2 ' LT ' T
<« | L3 LS
| = I3
i 1 1

3750 3725 3700 3675 3650 3625 3600 3575
Wavenumber (cm_l)

Rutile

z 5 Ziz
3 o) QI R-L
i ) N —on
< RS P> s
3 s = e = R-Mid
= : | i 1
< ! ! =
= : L R-Small
S ! ! -
@ 1 | | 1
2 ! ! L
< ! L

3750 3725 3700 3675 3650 3625 3600 3575
Wavenumber (cm_l)
Figure 3. Zoom in on the O-H stretching band for the dehydrated anatase and rutile samples
(see Figure S3 for the global spectra). The various stretching modes observed are listed in

Table 2, along with their possible assignments. They are also indicated in the figure with dotted
lines.
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Table 2. Assignment of O-H stretching bands (in cm™) for anatase and rutile sample. Anatase: modes values were experimentally obtained by
Dzwigaj et al. and compared with their DFT calculations.® For rutile: the bands were experimentally deduced by Kipreos et al. on dried
nanoparticles.*? pi1-OH represents a hydroxyl group where the O atom is mono-coordinated to a surface titanium atom; p-OH correspond to a
bi-coordinated hydroxyl group (bridging group) and pi-OHa represents a chemisorbed water molecule. 1V and V refer to quadra and penta-

coordinated titanium atoms.

(on a different

plane)

Anatase Rutile
Attribution® (cm™) A-Bipy A- A- Attribution®? (cm™) R- R- R-
Rod Cube Small Mid Long
3730-3742 3736 Tiv-p:-OH 3725 3728 3727 3724
Tiv-u1-0H35‘36’43'44
3725 3725 3693 3700
3690 3683 3682 Tiv-p1-OH 3680 3675 3677 3677
Tivi-p1-OH (with unsaturated
titanium sites)
Tivi-p1-OH2 3620-3680 3636 3633 3624 Tiv-U2-OH 3650 3657
Tiv-H2-OH 3644 3636 3635
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1.4. Morphology of the nanoparticles (size and facets)

Knowledge of the facets in contact with the environment is crucial to understand their
interaction with phosphate species. Thus, the characterizations presented above are
complemented by STEM-HAADF/ iDPC images showing the orientations of the crystal planes

in relation to the shape of the nanoparticles (Figure 4).

()
R,

Figure 4. High-Angle Annular Dark-Field (HAADF) or Incoherent Dark-Field Phase Contrast
(iDPC) images of isolated nanoparticles from the different TiO, samples, with {hkl} plane
assignments annotated within the images. Corresponding Fast Fourier Transform (FFT)
patterns can be found in Figure S4 of the Supporting Information.
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The morphologies expected for anatase samples are bipyramids (A-Bipy), rods (A-Rod) and
cubes (A-Cube), predominantly characterized by the {001}, {101} and {100} facets (Scheme

1). The {101} facet of anatase is known to be the most stable and acidic.**>*

Anatase samples show particularly strong aggregation between the nanoparticles (see
Figure S5 in Supplementary Information). For A-Bipy (Figure 4), an angle of 136° is observed
at the edge of two facets of the nanoparticles and can be attributed to the angle between two
{101} facets coherent with bipyramidal structure of the nanoparticles. According to previous
work, the band at 3736 cm™ related to terminal OH groups on the {001} surface is particularly
visible for this sample, indicating the presence and importance of this facet in this sample. The
shoulder at 3725 cm™ could also be an indication of the existence of {110} facets. Moreover,
the band at 3636 cm™ can be attributed to water molecules bonded on {101} surfaces,®
reinforcing the idea of a truncated bipyramidal structure (Scheme 1). The band at 3683 cm™
could be attributed to the {100} facets and could also indicate additional truncation (not shown

in the Scheme).

A-Rod sample corresponds to rods (Scheme 1). The FFT patterns (Figure S4) and the
observation of the angle for a nanoparticle suggest the presence of the {101} facet. The band at
3633 cm™ observed in the IR spectra (Figure 3 and Table 2 ) can be attributed to a water
molecule bonded to a titanium atom on a {101} surface.® Furthermore, an additional band at
3682 cm™, can be attributed to a Tivi-i1-OH mode on a {100} surface.®® We propose a model
wherein rod terminations are characterized by {101} facets (Scheme 1).

For the A-Cube sample, STEM-HAADF images show ovoid morphology whereas this
synthesis generally leads to cubes. Actually, this morphology corresponds to cubes with blunted
edges; either ovoids are directly formed during synthesis or cube edges erosion is provoked
during washing steps. This may leads to the emergence of new facets on the surface of the
particles, such as {101}, {111} or {103},%® in addition to the main {001}, {100} and {010}
facets. Indeed, the broad band between 3600 cm™ and 3670 cm™ is assigned to {101} facet in
the infrared region (Figure 3).%° In addition, other facets such as {111} and {103} may explain
the broadening of the band towards lower wavenumber values®. It is important to note, however,
that the presence of the surfactant, particularly with a polar head, complicates the OH band by
creating hydrogen bonds between the surfactant and surface O-H groups, making further study
of the IR spectrum for this sample difficult.

17



All the rutile samples look like needles (Figure 4). The FFT analysis shows the {110} facet,
as expected (Figure S4). 4’ To get an idea of the possible facets present on the tips of the needles,
some projected angles are given on the STEM-HAADF images (Figure 4). The value of the
angle between the facets of the body and the tips is approximately 132°, which is consistent
with the presence of {111} facets (Scheme 1) on the tips and {110} ones along the body. This
is consistent with the typical morphology found in a previous study.*®

We can observe that the 3725 cm™ Ti-1-OH band intensity increases with the length of the
needle, i.e. the size of the {110} planes (Ir-smait < IrR-mid < Ir-Long) (Figure 4). We can therefore
assume that these Ti-p1-OH groups are preferentially located on the {110} facets of the

nanoparticles.

A comparative analysis with Kipreos et al’s.*? study of the O-H bands in rutile nanoparticles
by DRIFT analysis (Table 2) reveals an additional low-intensity band observed around 3635
cm? in the R-Long and R-Mid samples (Figure 4). Moreover, the R-Small sample, which is the
sample with the smallest dimensions, displays a shoulder at 3657 cm™. Given the facets of the
tips are exacerbated in this sample (Table 1), we could hypothesize that the 3630-3640 cm™
band corresponds to {110} facets while the 3657 cm™ band corresponds to {111} facets in the
case of bridging hydroxyls (bands due to Tiv-p2-OH, see Table 2). Furthermore, the broadened
band observed at 3675 cm™ in the R-Small sample could be attributed to Tiwv-p1-OH, potentially
resulting from the deformation of the quadratic cell, as discussed in section 1.1. This p1-OH
deformation could lead to the presence of a greater number of defects on the surface of the
nanoparticle, and therefore justify a higher intensity for this band. Similarly, the band around

3700 cm™ could be attributed to another Tiv-p1-OH site or facet.

The different band assignments of the O-H stretching band in bare titania nanoparticles are

summarized in Table S2 of the SI.

In conclusion, even if anatase particles exhibit various morphologies, the observed
stretching modes of the surface O-H bonds are all Ti-pu:-OH or —OH> mainly onto {101} facets.
The rutile nanoparticles predominantly exhibit a needle-like morphology that differs in size
and, consequently, in the ratio of {111} and/or {101} tips compared to {110} lateral facets.
The observed stretching modes of the surface O-H bonds are Ti-pu2-OH mainly onto {111}
and/or {101} tips, and Ti-p1-OH and p2-OH onto {110} lateral facets.
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Scheme 1. Expected morphologies for TiO2> nanoparticles (left) compared with the facets
observed using STEM-HAADF/iDPC, XRD and DRIFT analyses.
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1.5. Zeta potential measurements

Zeta potential values as a function of pH are shown in Figure 5 for the various samples. The
isoelectric point (IEP) values for each sample are given in Table 1. In the literature, samples
with anatase and rutile structures have similar isoelectric point values (around 6), as in our case
(Figure 5).%° However, in literature data, various synthesis conditions are used, and particle size
and morphology are not discussed, making a detailed discussion of the effect of these
parameters difficult.

The Smoluchowski approximation used for zeta potential calculations based on electrophoretic
measurements considers spherical nanoparticles. Consequently, true morphologies are not
taken into account. In the case of A-Bipy and A-Cube, the anisotropy ratio is close to 1,
corresponding to quasi-spherical particles (Table 1). The value of the zeta potential is therefore
well estimated. However, the lower IEP value (5.5) for the anatase cubes can be due to residual
surfactant on the nanoparticles surface. In fact, oleic acid has a pKa close to 5, leading to a
lower value for the isoelectric point.

In the case of R-Mid and R-Long, the anisotropy ratio is high (Table 1). Consequently, there is
a greater error in estimating the zeta potential value from the measured electrophoretic mobility,
whatever the pH value.

Finally, for all particles, at pH 2, zeta potential values are largely positive and close (Figure 5).
Interaction with phosphate species, and in particular the dihydrogen phosphate anion (H2POx4),

is therefore optimized under these conditions.
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Figure 5. Zeta potential measurements for the various TiO2 nanoparticles. The lines are a
guide for the eyes, while the points correspond to the experimental data.

2. Phosphate species adsorption on TiO2 nanoparticles

As discussed in the Materials and Methods part, our experimental work focused on a pH of 2,
promoting the dihydrogen phosphate adsorption onto the particles, although H3zPO4, which is

present at a similar concentration, can also be adsorbed. 25315051
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2.1. Phosphate species adsorption isotherms

The adsorption isotherm curves shown in Figure 6 depict the adsorption behaviors of anatase
and rutile. For a better comparison between experiments, phosphate species amounts are
normalized per nm2. Whatever the crystallographic nature and morphology, the maximum
adsorption amount for phosphate species is 1.5 nm2, except for A-Cube and R-Mid samples.
In the first case, the A-Cube sample has a lower phosphate coverage (1.2 phosphate
species.nm?) potentially due to surfactants on the nanoparticles surface, preventing adsorption.
R-Mid samples show a higher phosphate coverage (2.0 phosphate species.nm?), which, as
discussed above, may be attributed to the needles aggregation, leading to a specific surface
underestimation, and consequently, a higher adsorption amount per surface unit. The values
obtained here are consistent with those of Guiot et al?®® who reported a similar value of 1.2
phosphate species.nm at pH 2 for commercial anatase PC100. Of course, in all the phosphate
adsorption experimental protocols available in the literature, the question of reproducibility
arises. This is why the method used here to perform these isotherms is described in detail in the
SI.

Even if there are no differences on a macroscopic scale (adsorption isotherms), there may
be some on a microscopic scale, in terms of adsorption on the different facets. In fact, these
local differences, if they exist, have little impact on the values measured macroscopically.
Indeed, in the case of rutile nanoparticles, a zero-adsorption on the tips would only represent
approximately a 0.1 phosphate species per nm? difference in the results. Furthermore, the
anatase facet {101} has the same amount of Ti or O sites and a calculated surface energy quite
similar to that of the rutile facet {110}.52 In order to better understand the differences that may
exist at the microscopic level between the different samples, infrared spectroscopy experiments

were carried out for different levels of phosphate species adsorption.
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Figure 6. Phosphate species adsorption isotherms on TiO2 nanoparticles. Results are expressed
as amount of phosphate species per nm?2. Lines correspond to curve fitting using the Langmuir
model. The x-axis corresponds to the mass of phosphate species relative to the mass of
supernatant.

2.2. Phosphate species adsorption modes studied by infrared spectroscopy
The literature on adsorption of phosphate species on TiO2 surfaces is relatively scarce, in
contrast to the adsorption of phosphate species on various minerals, which has been the subject
of simulations®*%* or experiments®, as illustrated by the case of the goethite mineral
(a-FeOOH)*+%5%° Ag described on Scheme 2, H.PO4™ (the species we will be focusing on in

the rest of the text) adsorption can be monodentate or bidentate with various modes (bridging
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between two Ti**, or chelating to a single Ti*"). Tridentate adsorption is less favorable, and is

therefore not considered here.?®
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Scheme 2. Representation of dihydrogenophosphate adsorption geometry on TiO2 surface.
Adsorption to the surface of titanium dioxide takes place via Ti-O-P bonds. (a-c) correspond to
bidentate adsorption ((a-b): bridging and (c): chelating) whereas (d) is monodentate
adsorption. (e-h) illustrate different types of H-bonds between various groups present on the
TiO2 surface.

In what follows, we will use infrared spectroscopy in various spectral ranges to gain a better
understanding of phosphate species adsorption on the different TiO2 samples. The presence of
phosphate species on the particles surface is confirmed by infrared spectroscopy (see below).
As the powders are subjected to a flow of dry air, in order to dehydrate them as much as
possible, we can assume that the species observed on the infrared spectra are mostly
chemisorbed, as illustrated on Scheme 2, and that few physisorbed species remain on the
surfaces. We investigated varying amounts of phosphate species on the nanoparticle’s surfaces:
low, medium or high (with the latter corresponding to the maximum value measured on the

isotherm, see Figure 6).
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P-O stretching modes between 950 and 1200 cm*

The P-O stretching modes in the 950-1200 cm™ spectral region is influenced by factors such
as the protonation state of the samples, the bidentate (chelating or non-chelating) or

monodentate adsorption, the nature of the facet®®,

In this spectral range, FT-IR analyses were conducted using pellets made from dried
titanium dioxide powders that had adsorbed various amounts of dihydrogen phosphate anions
and diluted in KBr. In this range, all IR spectra for anatase samples appeared very similar.
Similarly, rutile spectra presented bands with the same shape. We thus present here only the
evolution of the signal, as a function of phosphate content for A-Bipy and R-long (Figure 7),

and provide the other analyses in Figures S6 and S7.

Undoubtedly, the shape of the band, even with low absorbance, is mainly affected by the
crystallographic nature of the sample, whether anatase or rutile. Anatase samples all exhibit a
broad, nearly flat signal between 1000 and 1200 cm™. This signal presents two main bands: one
at 1030 cm™ and the other at around 1120 cm™ (Figure 7a and S6). In the case of rutile, both
components are present, but the spectrum is essentially centered on the one at around 1020-
1040 cm™*, with a shoulder around 1070 cm™ (Figure 7b and S7).
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Figure 7. a) anatase (A-Bipy sample) and b) rutile (R-Long sample) infrared spectra in the
950-1200 cm™* spectral region measured from KBr pellets for different points of the adsorption
isotherm of H.PO4. Baseline has been subtracted. The dotted lines refer to some of the
wavenumbers mentioned in the text.
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O-H stretching modes in the 3550-3750 cm™ spectral region

The spectra measured in this spectral region are displayed in Figure 8, for all samples at various
levels of phosphate species content (from the black to the lightest colors as the amount of
phosphate species increases). As seen in Figure 3 and Table 2, bands between 3720 and 3740
cm correspond to Tiv-J1-OH on bare titania. These bands, when present, show low reactivity,
as they are still present on the surface of the nanoparticles, even at the maximum phosphate

coverage.

Upon phosphate adsorption, a new band appears at 3670 cm™ for all samples. This band is
assigned to the PO-H stretching mode,®® confirming once again the presence of phosphate
species onto the titania surface. As the amount of phosphate on the surface increases, the band
shifts to lower wavenumbers. Note that a second band, with unclear attribution, appears around

3655 cm™ as a more or less pronounced shoulder.
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Figure 8. Details of the infrared band corresponding to the O-H stretching mode for samples
containing increasing amounts of adsorbed phosphate species. On each figure, bottom: no
phosphate; top: higher levels of adsorbed phosphate species up to the maximum possible. All
spectra were recorded after dehydration under dry air flow.

Combination of stretching modes in the near infrared spectral range around 4650 cm™

Among the various modes of interest in the infrared spectral range, the modes of the POH group
in the NIR range have attracted our attention. Few studies deal with this spectral region and
generally focus on phosphate minerals.52* Ishikawa et al. attribute the band around 4660 cm™*
to the combination of stretching modes (vp-o+vo-H) of P-O-H.%! Here, it is the signature of
adsorbed phosphate species having a PO-H group on the TiO- surface. In addition, Guiot et al.
observed two bands at 4663 cm™ and 4574 cm™ still attributed to the combination of P-O and
O-H stretching modes, as bidentate and monodentate, respectively.?® Figure 9 presents
experimental spectra of samples adsorbing increasing amounts of phosphate species. All bands

were fitted with Gaussian curves (Figures S8-S10 and Table S3).
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Upon phosphate adsorption, all samples present three new bands, more or less pronounced,
around 4660 cm™, 4620 cm™and 4580 cm™.(Table S3). The position of these bands varies
slightly between the different samples (see Table S3). Similar to the O-H bond stretching
modes, the band maxima (around 4660 cm™) shift slightly towards lower wavenumbers with
increasing phosphates adsorption on the surface (see also Table S3). Looking at the Gaussian
decomposition of the spectra when the adsorption of phosphate species is maximal, we observe
that the distribution of the three Gaussians is very similar, whatever the sample (Figure S10 and
Table S3). Only the A-Cube sample exhibits a different behavior, with a greater contribution
around 4620 cm™ than for the other samples. This may be due to the presence of surfactants in
this sample. For intermediate and maximum phosphate coverages, the spectra of the anatase

and rutile samples are globally similar, except for the A-Cube sample (Figures S9 and S10).
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Figure 9. Details of the infrared band corresponding to the combination of P-O-H stretching
modes (ve-ot+vo-H) for all samples containing: no phosphate, low, intermediate and maximum
levels of phosphate species, respectively. Bottom (black): no phosphate, top (lightest color):
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higher levels of adsorbed phosphate species (maximum possible). All spectra were recorded
after dehydration under dry air flow. All spectra are baseline corrected and shifted in (y) for
clarity. In the case of A-Bipy, R-Mid and R-Long, samples without phosphate present an
absorption around 4550 cm™ whose origin is not clear. Dotted lines correspond to different
components highlighted in the text (4580, 4620 and 4660 cm™).

2.3. Discussion
We propose to start our discussion with the evolution of the O-H stretching band (Figure 8).
M1-OH and -OH> stretching band have been linked with the {101}, {100} and {110} anatase
facets. Similarly, for rutile, p1-OH and p-OH are on the {110} lateral facet whereas p-OH
stands on {111} and/or {101} tips. If we focus on rutile, R-Long present the largest {110} facet
on which OH is adsorbed. Figure 8 clearly shows that the 3720-3740 cm™ band’s intensities
(assigned to Tiv-p1-OH) decrease with the adsorption of phosphate species. In the meantime,
the intensity of the 3670 cm™ band (assigned to PO-H stretching, see Figure 8) increases. This
is the signature of phosphate species, replacing —OH groups on the surface of the nanoparticles.

We observe the same trend, to a greater or lesser extent, for all the other samples.

For the remaining p1-OH, the band is slightly shifted, suggesting they remain partially isolated
on the surface, without hydrogen bond interaction. On the other hand, the phosphate species
band shifts towards lower values. Indeed, chemisorbed phosphate groups can interact
(hydrogen-bond interactions) with other chemisorbed phosphate groups (Scheme 2)% or with
remaining water molecules. The more phosphates are adsorbed, the closer they are to each
other, leading to stronger H-bonds. Simulations showed that, on the {110} rutile facet, there
were around 5 Ti.nm?2.°2 With a phosphate coverage of 1.5 phosphate.nm™ and assuming
bridging bidentate coordination (see next paragraph), 3 Ti.nm form Ti-O-P bonds, effectively
leaving free -OH groups on the surface. In the case of rutile, another band can be followed: this
is the band around 3680 cm™ (Table 2) involving unsaturated titanium atoms. This band
disappears completely as the phosphate coverage increases, suggesting higher reactivity
compared to Ti-p1-OH sites. In the case of anatase samples, similar arguments can be made.

All these data suggest strong surface heterogeneity after adsorption of phosphate species.

Some studies, whether experimental or using simulations, have looked at the adsorption of
phosphorus-containing species (phosphate molecules, phosphonic acid®®...) onto TiO;
surfaces. The question on bidentate vs monodentate adsorption is thoughtfully discussed and
debated. For example, Tielens et al. studied H2PO4™ adsorption and determined that the most

stable configuration for the {101} and {100} facets of anatase is bidentate®® suggesting a
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predominantly bidentate adsorption for phosphate on TiO2 anatase.’”®® In order to better
understand the adsorption mode, we can dig further into the P-OH stretching mode, studied in
the 950 — 1200 cm™* spectral region (Figure 7 and Figures S6- S8). Literature stands that for
goethite, the P-OH stretching mode bands between 800 and 1200 cm™ are dependent on the
state of protonation, facets and geometry of the adsorbed phosphate.>1*5-%° Indeed, the different
groups attached to the phosphorus atom strongly influence the electron density around it and,
therefore, the position of the bands.®® In our case, as the band in the 950-1200 cm™ spectral
range has a low absorbance, it is not easy to distinguish the different bands observed in this
spectral range and to attribute them to a given phosphate adsorbed species. We decided to
discuss the evolution of the main components qualitatively. We have already established that
in this domain, structure was more influent than morphology on the shape of the spectra. This

mean that we can discuss all anatase and then rutile samples together.

In anatase samples, two components were distinguished: one around 1115 cm™ and the other
one at 1030 cm™ (note that the component around 1122 cm, present in all the spectra, is an
artefact, see Table 3 for proposed assignments of the bands). Both bands increase with the
phosphate coverage. The band around 1115 cm™ can be attributed to PO modes in a bidentate
adsorption coordination onto the surface.>°%® More precise identification of this bidentate
species is a matter of debate in the literature: initial studies suggest bridging adsorption,* while
others identify it as chelating (Scheme 2).2>%! The band around 1030 cm is also attributed to
a bidentate adsorption mode.?®>*® Although it is challenging to provide more precise details,
these results are in agreement with a preferred bidentate adsorption on the facets of the anatase
nanoparticles. Notably, in the case of the A-Cube sample, a less intense additional signal is
observed between 1000 cm™ and 950 cm™. This signal may be due to CH wag from the
substituted alkene group in the surfactant (oleate), accounting for the wide bandwidth in this
case.

Table 3. Proposed assignments of the infrared bands detected around 1000 and 3600 cm™

according to the sample type and the nature of the facet in the titania nanoparticles upon
phosphate adsorption.

% 950 — 1200 cm spectral region (P-O mode)

Band Anatase Rutile
1030 cm™ Bidentate complex,
cm’
(1020-1040 cmL) Bidentate complex mostly on {110}
- cm’
facet
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P-O in bidentate
P-O in bidentate complex,
1115 cm?
complex mostly on {110}
facet
1070 cm (shoulder), Monodentate
observed only at low phosphate complex
rate on {111} facet

% 3550 — 3750 cm™ spectral region (O-H stretching mode)

Band Anatase Rutile
3720-3740 cm™? Tiv-p1-OH always present, even after adsorption
3670 cm™ PO-H stretching mode

In the case of rutile-type samples, the overall shape of the P-O stretching band differs from
anatase (Figure 7, see also Table 3), but keeps similar components: a signal around 1115 cm™,
which exhibits a weaker intensity, and one around 1030 cm™. As for anatase, the infrared
spectra evolve with the amount of phosphate (Figure S7). At the start of adsorption, a band
appears at 1020 cm, together with a weak component around 1115 cm™. As the amount of
phosphate increases, the components around 1030 cm™ and 1040 cm™ increase. As in the case
of anatase samples, the components at 1030 cm™ and 1115 cm™ can be attributed to bidentate
adsorption of phosphate species to the surface. Additionally, other components contribute to
the overall appearance distinguishing it from that of anatase. In addition to bidentate adsorption,
the presence of shoulders at 1070 cm™ and 1020 cm™ could be an indication of a different
adsorption mode specific to rutile. In the case of rutile, {110} facets are more stable and
abundant than {111} facets, which therefore possess higher energy.”®’* Consequently,
phosphate adsorption may be favored on the tips when the amount of phosphate is low, which
explains why the band at 1070 cm™ is visible very early in all three rutile samples. This is also
consistent with the results of Hiji et al. 2* who show a slight kinetic and quantitative advantage
of phosphate adsorption on the {111} single crystal over the {110} single crystal. As stated
above, Ti-p1-OH groups are preferentially located on the {110} facets of the nanoparticles, and
are not very reactive (Figure 8). They lead to phosphate species bidentate adsorption. On the
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{111} facets of the rutile particles, there are mainly Tiv-p2-OH. There are also very reactive
Tiv-H1-OH sites on the {101} facets. On these {111} and/or {101} facets, a preferential
monodentate phosphate adsorption occurs. The early appearance of a band at 1020 cm™ in
rutile samples, different from that of anatase, could also be an indication of monodentate
adsorption, which could be favored by the reactivity of the {111} tips. The different
assignments of the bands located around 1000 and 3600 cm™ upon phosphate adsorption are

summarized in Table 3.

Lastly, in the near-infrared range, the modes at 4660 and 4580 cm™ (Figure 9) were previously
attributed to the combination of stretching modes of P-O and O-H in dihydrogen phosphate
species adsorbed bidentate and monodentate, respectively, on the surface.?® However, all
samples behave in the same way in this spectral range, whether anatase or rutile, raising
questions about the attributions made. As the O-H stretching band at 3670 cm™ does not differ
greatly between the anatase and rutile samples, the P-O vibrational mode involved, between
1000 cm™ and 1120 cm, should not vary between the two phases. Otherwise, a difference
would be observed in the bands detected around 4600 cm™. We can therefore assume that it is
the P-O band located around 1030-1040 cm™ in anatase and rutile that is involved in the
combination mode, corresponding to a more constrained bidentate adsorption, and not the

others.

CONCLUSION

In this study, we investigated the adsorption behavior of phosphate species on various
nanoparticle crystalline structures (anatase and rutile). To this end, different nanoparticle
geometries were synthesized, and their crystalline facets were characterized by different
techniques such as XRD, and STEM-HAADF. Anatase samples exhibited more varied
geometries, including bipyramids, needles, cubes, while rutile systematically formed needles
with various aspect ratios. For the latter, it was possible to vary the amount of {111} facets
present at the lower and upper edges of the needles, in comparison to {110} facets along the

height of the needles.

The zeta potential measurements showed IEP values close to the expected ones for TiO2
particles (around 6). Phosphate species adsorption experiments were then carried out at pH 2 to

maximize adsorption. Overall, at saturation, nanoparticle surfaces were covered with a
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phosphate amount of 1.5 phosphate.nm™. This value is independent of geometry and crystalline

phase.

To gain insights into the microscopic view of the adsorption process, infrared spectroscopy
experiments were carried out on various samples, which had adsorbed (or not) varying amounts
of phosphate species and had been dried. Spectral ranges from near-infrared to mid-infrared
were investigated to provide a comprehensive view of the adsorption phenomena. Results
showed that the adsorption of phosphate species does not occur randomly on nanoparticle
facets. Indeed, crystal phase and facet type influence the nature of this adsorption. Specifically,
adsorption is preferably bidentate (bridging or chelating), depending on the facets of anatase-
type samples, whereas it is probably monodentate on the {111} and/or {101} tips of rutile-type

samples, with bidentate adsorption on the lateral {110} facets.

Finally, the study revealed that not all OH groups on bare nanoparticle surfaces exhibit equal
reactivity towards phosphate species. The Tiv-p1-OH groups showed low reactivity, leading to
a coexistence of phosphate species and -OH groups on the surfaces, even at the maximum

phosphate coverage.

These results highlight the significance of crystal structure and the nature of the exposed facets
in determining the adsorption mode of phosphate anions on TiO2 nanoparticles. Further
investigations into the evolution of these adsorption processes under different parameters such
as solution pH, for example, in order to approach a physiological pH, could provide additional

valuable insights.
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