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Water adsorption on TiO2 
surfaces probed by soft X-ray 
spectroscopies: bulk materials vs. 
isolated nanoparticles
Safia Benkoula1, Olivier Sublemontier2, Minna Patanen1, Christophe Nicolas1, 
Fausto Sirotti1, Ahmed Naitabdi3, François Gaie-Levrel4, Egill Antonsson1, Damien Aureau5, 
François-Xavier Ouf6, Shin-Ichi Wada7, Arnaud Etcheberry5, Kiyoshi Ueda8 & Catalin Miron1,9

We describe an experimental method to probe the adsorption of water at the surface of isolated, 
substrate-free TiO2 nanoparticles (NPs) based on soft X-ray spectroscopy in the gas phase using 
synchrotron radiation. To understand the interfacial properties between water and TiO2 surface, 
a water shell was adsorbed at the surface of TiO2 NPs. We used two different ways to control the 
hydration level of the NPs: in the first scheme, initially solvated NPs were dried and in the second 
one, dry NPs generated thanks to a commercial aerosol generator were exposed to water vapor. 
XPS was used to identify the signature of the water layer shell on the surface of the free TiO2 NPs 
and made it possible to follow the evolution of their hydration state. The results obtained allow the 
establishment of a qualitative determination of isolated NPs’ surface states, as well as to unravel 
water adsorption mechanisms. This method appears to be a unique approach to investigate the 
interface between an isolated nano-object and a solvent over-layer, paving the way towards new 
investigation methods in heterogeneous catalysis on nanomaterials.

Titanium dioxide (TiO2) is undoubtedly one of the most studied materials owing to its technological 
relevance to various fields, such as photonics, electronic devices, self-cleaning materials and photocataly-
sis1–4. Considerable research effort has been devoted to the understanding of the link between the surface 
properties of TiO2 and water adsorption mechanisms on its surface5–8. These mechanisms are known to 
be essential in photocatalytic processes, affecting for instance charge recombination rates9,10. The water 
- TiO2 interface is thus of crucial importance, and the proper control of the surface properties of TiO2 
appears to be even more crucial, as soon as we reach the nanometer scale where the surface-to-bulk ratio 
is considerably larger than in the infinite solid. Several studies, based on techniques such as high res-
olution scanning tunneling microscopy (HRSTM)7,11,12 or X-ray Photoelectron Spectroscopy (XPS)13,14, 
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have been reported in the literature and aimed at understanding and controlling TiO2 nanoparticles 
(NPs)’ surface properties. However, despite the wide interest devoted to this subject, the photocatalytic 
activity of TiO2 NPs and its correlation with water adsorption is still a matter of debate both theoreti-
cally and experimentally because of the complex interplay between the surface structure at the atomic 
scale and the nature of the adsorption mechanisms5,7,15–17. The degree of complexity is also enhanced by 
the fact that the NPs are usually deposited on a substrate, resulting in sample modifications during the 
deposition process itself, interactions between the substrate and nanosystem under study, and sample 
charging effects. Identifying the key factors influencing the adsorption mechanisms and mastering the 
degree of hydration of TiO2 NPs are important challenges for photocatalysis. Here we address the water 
adsorption problem on the surface of isolated TiO2 NPs using a novel experimental technique, which has 
recently proved its efficiency in the characterization of isolated nano-objects18–20. Our approach consists 
in using synchrotron radiation (SR) based soft X-ray electron spectroscopy to analyse the properties of a  
collimated beam of differently hydrated NPs generated and focused to the interaction region with the SR 
by an Aerodynamic Lens System (ADLS). This experimental approach offers the opportunity of avoiding 
any interaction between the sample and a substrate, thus giving access to the sole, intrinsic information 
about the NP surface. Several questions have been addressed to evaluate the feasibility of controlling the 
hydration state of freestanding TiO2 NPs and to achieve insight into the factors which can influence the 
water adsorption mechanisms on isolated TiO2 NPs in the gas phase.

Results
A variety of studies was preliminary conducted in view of the structural characterization of the com-
mercial TiO2 nanopowder. The TEM images obtained for the TiO2 nanoparticles reveal an important 
size dispersion of the nanometer grains (Fig. 1), ranging from 20 nm to 120 nm. The sample from Sigma 
Aldrich, made of a mixture of the two prevalent crystalline phases of TiO2, namely rutile and ana-
tase (Fig.  1a) shows clearly the presence of two distinguishable morphotypes on the grain structure –  
a faceted and a cluster-like structure – which can be attributed to the two different crystalline phases 
present in the sample. This assumption is supported by the absence of such an inhomogeneity on the 
micrograph performed on a commercial sample of pure anatase TiO2 nanopowder (MK Impex Corp.) 
(Fig.  1b). A systematic TEM study of different samples additionally shows that the amount of anatase 
and rutile phases present in the mixture is not equivalent. The X-ray diffraction (XRD) patterns of all 
samples (not shown here) evidence a predominant anatase phase in the mixture with large anatase (101) 
and (200) peaks, along with a weak rutile (110) peak. Using Spurr and Myers formula21, the fraction 
of anatase in the commercial nanopowder was thus evaluated to be 0.8. Some DFT calculations and 
experimental studies have shown that the water sorption mechanisms are dependent on the crystalline 
structure22, as well as on the orientation of nanocrystals5,23,24. However, as our gas-phase experiment 
results to an averaging of the contributions from all crystal orientations, the difference between anatase 
and rutile becomes meaningless. The mixture sample of 100 nm was thus chosen to be close to a “real-
istic” sample commonly used in applications. Even if the anatase-rutile NPs mixture of 25 nm (P25) is 
the most used in commercial photocatalysis systems, it is poorly focused with our ADLS. Consequently, 
the choice of the average size of nanopowder sample (100 nm) was mainly guided by our aerodynamic 
focusing efficiency requirements.

Soft x-ray photoelectron spectroscopy was initially performed on dry TiO2 NPs sprayed out by the 
nanopowder aerosoliser and then hydrated thanks to the setup described in the Methods section. In order 
to ensure the dryness of the particles prior to aerosolisation, an annealing process has been performed, 
similarly to the protocols used in bulk surface science. For annealing, the nanopowder has been kept 

Figure 1. TEM images of commercial TiO2 nanopowder mixture of rutile and anatase from Sigma Aldrich 
(a) and pure anatase from MK Impex Corp. (b). 
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in a vacuum oven at 150 °C under N2 atmosphere during 24 h. The temperature has been chosen delib-
erately low in order to avoid any crystalline phase transition, according to previous observations25,26. 
The effect of annealing on the O 1s XPS spectra can be seen in Supplementary Figure S1 online. The 
annealed nanopowder was then transferred in the aerosoliser chamber before being sprayed through the 
ADLS. In these conditions, the exposure of the nanopowder to the ambient moisture is strictly limited; 
however a brief exposure during the transfer to the aerosoliser chamber remains possible. Figure 2 dis-
plays O 1s XPS core-level spectra obtained for annealed nanopowder before hydration (a) and during 
hydration (b) by water evaporation as described in the Methods section. The incident photon energy 
used to record the O 1s spectra was 630 eV, leading to an inelastic mean free path of about 0.6 nm in 
TiO2, as determined by using Seah’s equation for inorganic compounds27. The experimental resolution 
(originating from the convolution of the monochromator bandwidth and of the electron spectrometer 
resolution) was about 960 meV, resulting in a total FWHM in the range 1.2–1.5 eV for each compo-
nent (see Supplementary Table S2 online). It is worth stressing that NPs samples present a non-cleaned, 
non-oriented surfaces which are all measured at the same time, and each of the spectral lines represents 
an ensemble of atomic arrangements in the NPs with slightly different chemical environments (leading 
to slightly different binding energies). Also, on top of the instrumental and lifetime broadenings, linew-
idths are affected by phonon and final state vibrational broadenings (FSVB). In case of absorbed species 
the FSVB can lead to broader photolines than their gas phase counterparts due to the formation of new 
vibrational modes28,29. For example several OH-vibrational modes having frequencies up to 0.5 eV have 
been reported on hydroxylated TiO2 surfaces30.

A systematic energy calibration has been performed, by recording the Ar 2p photoemission lines 
in the gas phase. A Voigt profile was used to fit the data, and the background was assumed to have a 
Shirley-type shape31,32. In order to achieve a reasonable fit of the broad structure originating from O 1s 
photoemission, four symmetric peaks with their experimental linewidths as fixed parameter were used. 
For information, the error bars representing the standard deviation have been reported for the individual 
fitting components. The relative energy positions of the components have also been kept constant (within 
the error bars), except for the higher binding energy (BE) peak whose position is shifted as discussed 
below.

Hence, after Shirley background subtraction and deconvolution, the spectrum gives rise to four com-
ponents as shown in Fig.  2. The positions of each component used to fit the spectra can be found in 
Supplementary Table S3 online. The main peak at 533.8 ±  0.2 eV BE is interpreted as originating from 
bulk oxygen atoms in the TiO2 NPs lattice, and the component at 535.6 ±  0.2 eV BE is linked to the 
adsorption of water on the TiO2 surface, mainly as hydroxylated chemisorbed species, which is in agree-
ment with several previous bulk studies14,25,31,33,34 and confirmed by the fact that before hydration, this 
component is substantially reduced (Fig. 2a) and increases as a function of the water temperature during 
hydration (Fig. 2b). Let us point out that even without hydration, a small residual component attributed 
to the position of OH species still remains in the spectrum (a). This can be linked to the spectroscopic 
signature of the two-fold coordinated O-bridging, which has been already evidenced by Bullock et al. and 
other groups32,35. However, a small hydration due to ambient moisture is not totally excluded to explain 
the presence of this peak.

Two different OH groups have been distinguished in the literature of hydrated TiO2 surfaces32,35,36: 
OH-groups bond to 5-coordinated Ti4+ cations forming Ti-OH basic groups, and acidic OH-groups 
linked to the bridging oxygens, here called ObrH. Sham and Lazarus reported already in 1979 a study 
of hydrated rutile (001) surface, where they observed these chemisorbed acidic and basic groups as well 
as physisorbed components in the O 1s XPS36. Evaluating from the spectra they present, the BE shifts 
from the bulk O 1s component are approximately + 1.6 eV and + 2.6 eV for ObrH and Ti-OH compo-
nents, respectively. Perron et al. reported a binding energy shift of + 1.3 eV for O-bridging component, 
and + 2.5 eV for Ti-OH. Unfortunately, we cannot resolve these peaks, and only one broad component 

Figure 2. Experimental fit performed on O 1s XPS spectra obtained for annealed TiO2 nanopowder before 
hydration (a) and after hydration at 90% of RH (b) using synchrotron radiation. 
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(FWHM =  1.5 eV) is fitted with a binding energy shift of + 1.8 eV compared to the bulk O, representing 
non-hydrated O-bridging, ObrH, and Ti-OH.

To fit the experimental data, two more components have to be added: an intermediate peak at 
537.4 ±  0.2 eV BE which results from the adsorption of molecular water in the upper layer, as previ-
ously shown by Sham and Lazarus36, H. Perron et al.32 and other groups37, and a higher BE component 
whose position relative to the bulk component seems to fluctuate. This peak can be related to oxygen 
from organic contaminants at the surface of TiO2 NPs resulting either from the annealing process38 or 
from air exposure. The energy location of the carbon contamination signature is known to depend on 
the nature of the adsorbate and to vary for different organic contaminants as a function of the chemical 
partner of the carbon (e.g. oxygen or hydrogen)39. This chemical shift can thus be assigned to the differ-
ent neighboring of the organic adsorbent species before (a) and during (b) hydration. It is important to 
stress that the energy scale of all spectra is referenced to the vacuum level, due to the gas phase configu-
ration. Consequently, a systematic shift varying between 3.5 eV and 4 eV of the whole spectrum is to be 
considered to compare with the data from the literature dealing with deposited NPs, which corresponds 
to the TiO2 work function.

Evaluations of the peak areas relative to the bulk component for different hydration levels are shown in 
Fig. 3. The relative humidity (RH) measured for each step of water-heating temperature is also reported. 
The curves reveal that the peak weight at 535.6 eV related to the OH species adsorbed is strongly depend-
ent on the RH, whereas the H2O peak seems to stay constant whatever the hydration level is. It has been 
shown that molecular physisorbed water is easily desorbed under ultrahigh vacuum conditions32,37, and 
hence cannot be directly linked to the hydration level. The higher BE peak is also independent of the state 
of hydration which supports the assignment to oxygen atoms from organic contaminants, whose signa-
ture is also confirmed by the slightly grey color observed on our nanopowder samples after annealing.

Figure 3. Area ratio of each component of the O 1s spectra relative to the bulk component after peak 
fitting. The first point corresponds to the spectrum recorded before hydration. Error bars are within the size 
of markers.

Figure 4. O 1s XPS spectra of dry (red) and hydrated (blue) deposited TiO2 NPs, obtained with an Al 
Kα source. The dotted line presents the fit result of the blue spectrum.
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To validate this interpretation of the spectra, additional XPS measurements have been performed for 
chemical specification of our sample with a monochromatized Al Kα source on TiO2 NPs deposited on 
a substrate, as described in the Methods section.

Figure 4 displays the O 1s XPS spectra obtained with the latter setup. Charge effects are compensated 
thanks to a flood gun correction and a systematic calibration by recording C1s position. Fitting has been 
performed with the commercial Thermo scientific Avantage software, using a Voigt line shape. The bulk 
oxygen peak arises at 530.2 eV BE in perfect agreement with the position observed by Hugenschmidt et 
al.40. The BE shift of the overall spectrum with regards to Fig. 2 - corresponding to gas phase configura-
tion - enables to extract a work function equal to 3.6 eV.

As was the case for the isolated nanoparticles, a second component arises at 1.6 eV higher BE upon 
hydration (blue spectrum) which is fully consistent with the peak position attributed to OH chemisorbed 
species in Fig.  2, observed at + 1.8 eV from the bulk O peak. This peak was verified to be independ-
ent from any C-contamination, by recording C 1s XPS spectra before and after hydration. It has to be 
stressed that due to a lower surface sensitivity in the latter conditions, the NPs were saturated with liquid 
water in order to get a signal from surface-adsorbed water, resulting in a higher coverage in this case. It 
might also be noted that no other component is observed at higher energy, contrary to the spectra shown 
in Fig.  2. This confirms the assignment of the peak at 537.4 eV BE in Fig.  2 to physisorbed molecular 
water in the upper layer, which tends to be more easily desorbed under the present higher vacuum con-
ditions. It explains why this peak has been evidenced only at low temperature41 or by tilting the sample32.

Ti 2p XPS spectra have also been recorded on freestanding TiO2 NPs, before and after hydration of 
previously annealed TiO2 NPs. The Ti 2p core-level spectra (Fig. 5) do not reveal any obvious signature 
of water adsorption. However, some studies report the presence of a shoulder at the lower binding energy 
side of the Ti 2p doublet31,33,42,43 attributed to reduced species (Ti3+ and Ti2+) in non-stoichiometric 
defective TiO2 films. This asymmetry is observed to be quenched after subsequent water exposure33,43, 
resulting in a “healing” of surface defects as shown by Wang et al.33. The absence of such an asymmetry 
in our situation and the high similarity between the two spectra in Fig. 5 reveals that these Ti 3d states 
are absent or below the detection threshold in our NPs and suggests that they do not take part in the 
adsorption path. Thus, we can conclude that the Ti-OH are not most likely dominating species on the 

Figure 5. Ti 2p XPS spectra obtained on annealed NPs without hydration (red spectrum) and during 
hydration with water evaporation at 68 °C (blue spectrum) using synchrotron radiation. The incident 
photon energy was 560 eV.

Figure 6. (a) Valence spectra obtained with a suspension of solvated NPs sprayed out with an atomizer 
(blue) and on “as-received” dry NPs sprayed out with an aerosoliser (green) at 100 eV photon energy.  
(b) Comparison of the edge of the valence band (4–12 eV) for “as-received” dry NPs (green) and hydrated 
NPs (blue). The spectra have been normalized relative to the top of the valence band.
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surface of NPs and in the O 1s spectra the strong increase of OH-group contribution is mostly due to 
the ObrH-groups.

However, a clear evidence of water adsorption can be seen in the valence spectra. Indeed, Fig.  6a 
depicts the valence spectra obtained on solvated TiO2 NPs sprayed out by atomization (blue spectrum) 
and on an “as-received” nanopowder sprayed out with the commercial nanoaerosoliser (green spectrum). 
The peak at 15.9 eV BE corresponds to Ar 3p valence states, and has been deliberately kept for calibration 
purposes. The spectrum corresponding to solvated TiO2 NPs gives rise to three molecular states of water 
in the valence band region, labelled as 1b1, 3a1 and 1b2 – as previously described by M.A. Henderson44 
– which are absent or strongly attenuated in the spectrum of dry NPs. Water peak assignment was based 
on Kimura’s et al.45 valence states study. The presence of molecular water states in the valence band 
region (blue spectrum) is assigned to the atomization procedure of NPs in water suspension. However, 
it is difficult to distinguish the signal of adsorbed surface water from gas phase water also present in 
the interaction region, because the binding energy shift between them is very small in the valence band 
region. To better illustrate water adsorption in the valence band region, the spectra have been normalized 
relative to the top of the valence band (Fig.  6b) and energy calibration was achieved using the Ar 3p 
photoline. A difference between dry and solvated NPs cases is evidenced: the band bending of the valence 
edge accompanying the hydrated state and the shift towards higher BE is in full agreement with the 
observation made by Kurtz et al.46 on bulk hydrated TiO2 surfaces. The same behaviour was highlighted 
with DFT calculations47 and was attributed to a solvation of TiO2 surface states due to water adsorption.

Discussion
Considerable effort has been dedicated to unravel the reactivity of water on TiO2 surfaces. However, the 
literature suffers from insufficient information regarding the nanoparticles’ case. Even on the well-known 
bulk situation, several factors have been shown to influence the water sorption scheme. Some stud-
ies have argued for a coverage-dependency on the adsorption mechanism, with a two-step process in 
which a low coverage dissociative adsorption is followed by a molecular adsorption at higher cover-
age16,43. Another point of view defends influence of the sample temperature on the adsorption scheme46. 
However, a large consensus seems to be achieved for a molecular adsorption on defect-free surfaces, 
whereas dissociation occurs only on defective surfaces24 especially at O-vacancies (Ovac)8,11,25. Walle  
et al.41 have recently shown that dissociation can also take place on vacancy-free surfaces, resulting in a 
mixed dissociative and molecular water adsorption qualified as a “pseudodissociated state” at monolayer 
coverage, where the temperature of the substrate plays a crucial role in the experimental observation of 
such a mixed state.

SR-based XPS of a rutile (110) single crystal was recorded to follow the hydration signature of a bulk 
solid in ultra-high vacuum conditions for comparison with the isolated NPs experiment using the same 
photon energy (Fig. 7a).

In good agreement with the experiments of Walle et al.41 these results show that (1) no trace of molec-
ular water can be visible at room temperature (RT) whereas it is clearly evidenced at −193 °C through the 
structure around 534 eV, (2) a small shoulder appears at 532.2 eV at both temperatures, and seems to be 
related to OH species chemisorbed at Ovac. Contrary to Walle’s experiment, the present study is made on 
a defective surface with Ovac – as observed with the STM characterization performed on the rutile (110) 
monocrystal (not shown here) – supporting the view that in this case, OH species are preferentially 
adsorbed at Ovac sites.

For comparison, the data obtained with our isolated nanoparticles (mixture of rutile/anatase) are 
shown in Fig. 7b on the annealed nanopowder progressively hydrated. As previously discussed, the spec-
trum corresponding to dry-annealed NPs, as well as the spectra associated to a controlled-hydration, 
display four components with a clear signature of OH and H2O – as supported by the fit – the whole 
hydration procedure being made at RT. Moreover, still in contradiction with the bulk situation, the 
hydration is accompanied by a strong increase of the OH component - with a weak effect on the H2O 

Figure 7. O 1s XPS spectra recorded on bulk rutile (110) monocrystal at the TEMPO beamline (a) and on 
our commercial nanopowder (mixture of rutile and anatase) at the PLEIADES beamline (b).
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peak - giving rise to the second peak at 535.6 eV, which corresponds to the small shoulder observed on 
the (110) surface (Fig. 7a).

In a classical paper by Sham and Lazarus36, chemisorbed and physisorbed water on a freshly intro-
duced ambient sample of TiO2 (001) surface were observed. When the sample was allowed to stay 
in UHV vacuum conditions for a week, the high energy side of the O 1s spectrum was substantially 
decreased, indicating that these features corresponded to physisorbed water. A similar effect can be 
observed in our spectrum of the (110) surface (Fig. 7a) evidencing the presence of physisorbed water: 
when the temperature is decreased, the residual moisture of the experimental chamber condenses on the 
TiO2 surface and the physisorbed molecular water peak becomes evident. Additionally, in their study 
Sham and Lazarus mechanically scraped the surface before exposing it to water, thus creating a lot of 
surface defects. To record the O 1s XPS they used Mg Kα radiation, resulting to higher kinetic energies 
and thus longer escape depth of the photoelectrons, and in order to be more sensitive to the surface, 
the sample was tilted which clearly enhanced the intensity of the hydroxylated peaks. The effect is very 
similar to what can be seen in the evolving hydration process of NPs (Fig. 7b). However, compared to 
our results obtained on a rutile (110) monocrystal and to the (001) surface studied by Sham and Lazarus, 
the NPs data show stronger increase of the OH-species.

The first explanation for this difference in intensity of the OH component can be attributed to the cov-
erage, which is higher in the case of isolated TiO2 NPs than with a well-controlled surface, the hydration 
process being hardly quantifiable in our gas phase environment. This coverage dependency is moreover 
confirmed by the presence of a molecular H2O peak in Fig.  7b, which can be observed only at low 
temperature on the experimental data of the (110) surface (Fig.  7a) or on Walle’s study41. Decreasing 
the temperature might result in adsorption of residual water on the surface of TiO2 and prevent from 
complete desorption of adsorbed species as shown in other studies24,37,41. This supports the idea that at 
higher coverage the adsorption can also occur molecularly on the OH sublayer acting as “anchor sites” 
for H2O molecules, as reported by Yamamoto et al.43 for the TiO2 (110) surface. Indeed, the presence 
of the molecular H2O component was also experimentally evidenced by H. Perron and co-workers32 on 
a (110) rutile surface at RT where the hydration process was performed during 24 h, resulting in a pre-
sumed higher hydration amount than in Fig. 7a, and more comparable with our isolated NPs hydration 
conditions.

Let us point out that the relative coverage is moreover maximized at the nanometer scale, where the 
surface-to-bulk ratio is larger, resulting in an exaltation of the water-peaks, which become almost com-
parable to the bulk component as the water layer thickness increases.

A clear indication for the occurrence of a dissociative adsorption mechanism is hence visible through 
our NP spectra via the appearance of a RH-dependent OH component, and this is consistent with the 
fact that our commercial nanopowder sample might contain Ovac at the NPs’ surface, especially after 
the low-temperature annealing process carried out to dehydrate the nanopowder. The presence of 
induced-surface defects is confirmed by the appearance of a shoulder in the valence gap region for the 
annealed nanopowder samples (Fig. 8), which was absent from the non-annealed sample.

These valence gap states are usually attributed either to Ovac or Ti interstitials37. However Yim et al.48 
have shown that these states are mainly resulting from Ovac rather than Ti interstitials, which is consist-
ent with the fact that no Ti3+ component was observed in our Ti 2p core-level spectrum. A DFT study 
has also attributed this peak at + 1 eV above the VB of TiO2 to a “poorly solvated” configuration of OH 
species49.

Based on this XPS study, Fig.  9 summarizes the main adsorption schemes which can occur at the 
surface of a TiO2 NPs and evidenced through XPS spectra measurements. The dissociative mechanism 
(1) at O-vacancies (grey O atoms) have been shown to be dominating, resulting in a highly hydroxylated 
surface. A proton transfer on a neighbouring O-site can subsequently occur (black O atoms), resulting in 
a OH weight which is twice the density of defects, as already shown11,46. Related to this “chemisorption 
path” a molecular H2O adsorption which could contribute to the peak arising under hydration (Fig. 7b) 
is not totally excluded (2). Increasing the coverage, the H2O physisorption takes place in the upper layers 

Figure 8. Band gap states induced by the annealing process. 
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(3), which is enhanced by the presence of underlying OH sites. Another dissociative mechanism (4) via 
5-coordinated Ti atoms adds also the amount of ObrH species when the proton is transferred from Ti 
to the neighboring O-bridging atom (schematically represented by black arrows). This pathway is con-
cluded to be a smaller contribution compared to the mechanism (1), based on the fact that the Ti 2p 
XPS spectra remained unchanged during the hydration process. Also the fitted OH-related peak in the 
hydrated nanoparticle XPS shows a BE shift closer to the ObrH value from literature, but one has to be 
careful when comparing the importance of these methods based on O 1s XPS since both mechanisms 
(1) and (4) contribute to the ObrH species.

For the first time, we have experimentally demonstrated the presence of water at the surface of 
freestanding TiO2 NPs. To achieve this, we used aerodynamic focusing and SR-based X-ray photoelec-
tron spectroscopy. More importantly, we have shown that it is possible to control the amount of water 
adsorbed at the NPs’ surface and to unravel the adsorption mechanism. A comparison with the bulk case 
showed that the water signature is exalted in the O 1s XPS spectra through the OH component, attributed 
to a higher coverage and the higher surface-to-bulk ratio, enhancing the weight of the water components. 
This result is relevant and of high importance to the photocatalysis research, taking into account that the 
dissociation of water is favored at the surface of TiO2 NPs. The high surface sensitivity obtained in our 
experimental conditions have proved to be crucial to disentangle the role of the surface state into the 
adsorption mechanism. Finally, consistent with previous studies on bulk TiO2 surfaces, we have observed 
a clear evidence for a mixed dissociative and molecular adsorption mechanisms, explained by the high 
coverage obtained in our experimental hydration conditions for nanomaterials.

Methods
SR based soft X-ray electron spectroscopy measurements. The experiments were carried out at 
the French national SR laboratory SOLEIL (Saint-Aubin, France) at the ultrahigh resolution soft X-ray 
PLEIADES beamline (9–1000 eV), where soft X-rays with any kind of polarization can be generated using 
an Apple II – type permanent magnet HU80 (80 mm period) undulator starting from 60 eV. PLEIADES is 
dedicated to the spectroscopic studies of isolated species ranging from atoms50, ions51 and molecules52–55 
to proteins56,57, clusters58 and nanoparticles20,59. The photoelectron spectra were recorded with a com-
mercial VG-Scienta R4000 spectrometer based on a hemispherical electron analyzer whose detection axis 
is perpendicular to the propagation direction of the SR. The pass energy and entrance slit are selected 
according to the experimental resolution targeted for each measurement and the polarization vector of 
the linearly polarized SR was chosen to be parallel to the electron detection axis.

The basic idea of the experiment is to create a collimated beam of isolated TiO2 NPs in interaction 
with SR under high vacuum conditions. Briefly, a flow of nanoparticles is sprayed out in the aerosol phase 
using a carrier gas (usually Ar or N2) and the resulting solid aerosol is focused thanks to an ADLS and 
injected through a 2 mm skimmer into the high vacuum chamber of the photoelectron spectrometer 
setup where the pressure is kept around 2 ×  10−6 mbar during the experiment. The principle of the ADLS 
was widely described by Zhang et al.60 or McMurry et al.61–63 and its relevance to the study of isolated 
nanospecies has already been demonstrated at the PLEIADES beamline20,59,64. Complementary meas-
urements of single crystal TiO2 have been performed at the TEMPO beamline at the French national 
SR facility SOLEIL (A. Naitabdi et al.). TEMPO is dedicated to the spectroscopic studies of condensed 
matter in the soft X-ray region (50–1500 eV), supplying a good complementarity to the gas-phase meas-
urements performed at PLEIADES. The comparison is discussed in section “Discussion”.

Figure 9. Schematic diagram of the proposed adsorption mechanisms at the surface of a TiO2 
nanoparticle. The four main mechanisms which can occur on a TiO2 nanoparticle surface are displayed on 
the Figure.
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Hydration of the nanoparticles beam. To study water/TiO2 surface interaction and to control the 
hydration level of the TiO2 NPs, two different experimental methods have been used. The first method 
was based on the drying of solvated nanoparticles. Commercial TiO2 NPs (Sigma Aldrich, mixture rutile 
and anatase, diameter < 100 nm) are initially kept in a distilled water suspension at a concentration of 
5 g/L, and droplets are generated by atomization of the liquid suspension using a commercial atomizer 
setup (Atomizer model 3076, TSI Inc.). The droplets are then dried through a silica gel diffusion dryer and 
a tube furnace (Vecstar) before being transmitted into the ADLS system. The second method was based 
on the hydration of a dry particles beam generated with a commercial aerosoliser (Naneum Aerosolizer 
PA100S). The nanopowder aerosol is generated by concentrating high velocity vibrating jets of Ar under 
high pressure (6 bars) at the powder surface inside a vortex shaker aerosolisation chamber. Nitrogen gas 
was flown through a heated bubbler filled with deionized-water to hydrate the flow of NPs before the 
injection in the ADLS. The moisture level was controlled by varying water temperature and the flow rate 
of N2. Water temperature was measured thanks to a type-K thermocouple and the humidity level was 
measured in-situ with a commercial humidity sensor (Sensirion, kit EK-H5).

Classical XPS measurements. A better characterization of our nanopowder has been achieved by 
additional XPS measurements carried out at the French laboratory “Institut Lavoisier de Versailles”, on 
deposited TiO2 NPs, using the same sample which served for the SR studies. The spectra were collected 
using an XPS apparatus (Thermo scientific) with a monochromatized Al Kα source, and the pressure in 
the analysis chamber was kept around 2 ×  10−8 mbar.
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