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Abstract: The removal of air pollutants is an important research topic in order to improve the
environment. In addition, many common pollutants can affect human health to varying degrees. In
this work, we investigate NO and SO, conversion by reaction with a commonly used metal oxide
catalyst, TiO,. Rutile TiO,(110) single crystals and industrial powder samples used in sunscreen
are studied using near-ambient pressure X-ray photoelectron spectroscopy (NAP-XPS) as a main
tool. This allows in situ monitoring of the gas conversion process. We find Ti** defects (oxygen
vacancies) or Mn oxides/cations (MnO) at the TiO, surfaces can improve the conversion of NO
and SO; to surface-bound species. MnO and Ti%* defects at the surface of rutile TiO,(110) exhibit a
synergistic effect on the conversion of NO and SO, that is significantly improved by nearly an order
of magnitude. The by-products are mainly in the form of NO3~, S032-, and SO4%~. We find the main
oxidation products formed on the single crystals are subtly different from those on the industrial
powder samples. For TiO, nanopowders (undoped and Mndoped), the presence of Mn also shows
improvement in toxic gas adsorption capacity. Overall, it is believed that the outcome obtained from
NAP-XPS in this research provides useful insights for the future use of TiO, in pollutant gas capture.
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1. Introduction

Titanium dioxide (TiO,) is a widely used semiconducting metal oxide, applied in a
large number of applications including personal care products, where it is coated or doped
for use in sunscreen [1]. Its effective ultraviolet (UV) light absorption, arising from the
optical energy bandgap (3.0-3.2 eV), and biocompatibility in bone-contacting implants [2]
have led to applications in numerous technological areas [3]. TiO; also possesses good
adsorption capability against a variety of reactants, some of which are toxic gases such as
50, [4], NOx [5], etc. This is important since SO, and NOy are known to have negative
effects on human respiratory health [6] and have been implicated in skin ageing/damage [7]
and more recently, it has also been suggested that NO, may be linked to dementia [8].

Materials can be used for air pollutant removal in several ways, including an intrinsic
process [9], under light [5], or heat stress [10]. The intrinsic route for catalytic reactions does
not require any other inputs; i.e., no light is required, so the material can act even under
dark conditions. However, the catalytic capability of pure TiO, samples via intrinsically
catalytic reactions is typically limited. One reason for this is that without light, no extra
electrons or holes are produced by photoexcitation. Electrons and holes are thought to be
key to the catalytic activity of TiO; [5]. Creating defects and/or adding some dopants at the
surface or in the bulk of TiO; are effective approaches to improve the performance [11,12].
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For example, doping potassium cations (K*) in TiO, appears to improve the ability to
capture nitrogenated species and therefore enhance NO, removal [9]. Other dopants have
also been shown to be effective for pollutant gas removal [13], and among them, manganese
(Mn) is an inexpensive and effective dopant for TiO,. Mn doping leads to the creation of
additional states within the bandgap which may facilitate catalytic processes. The typical
concentration of dopant atoms like Mn to give an optimised performance is around 10%
or less since they are only required to reside at or near the surface to initiate the surface
reactions that occur following the adsorption of the target gases [14]. In addition, Mn-
TiO,-based catalyst systems are of particular interest for NO removal and appear to be
particularly resistant to poisoning by SO, [15,16].

Catalytic mechanisms with different reactants on different surfaces are quite var-
ied [17]. Hence, understanding the fundamental interaction of gas molecules with catalyst
materials is essential for designing relevant and efficient catalysts for use in air pollutant
removal. X-ray photoelectron spectroscopy (XPS) is a powerful surface characterisation
technique for catalytic mechanism studies [18,19]. However, conventional XPS only allows
samples to be analysed in ultrahigh vacuum (UHV) conditions, which poses questions
regarding the applicability to processes occurring under normal atmospheric conditions.
This is true even when studying reactions with gases that only occur in ppm concentrations
in the atmosphere since the vapour pressures of such gases will be in the 1072 mbar range.
It only enables post-mortem measurements that may miss some key information [20],
making it difficult to properly understand catalytic mechanisms, and in particular iden-
tify intermediate species. The development of near-ambient pressure XPS (NAP-XPS)
means that surface reactions under pressures up to tens of mbar now can be studied in
situ/operando and in real time [9,21], allowing mechanisms at more realistic pressures
to be elucidated. In addition to research in catalysis, NAP-XPS has also led to numerous
successes in the investigation of other mechanisms, such as TiO, with water adsorption [22]
and the moisture-induced degradation process of halide perovskites [23], which provide
useful insights for future materials development.

Although NAP-XPS studies have been performed on model TiO;-containing samples
with various reactants, there is less work studying the effect of particle size, dopants, and
defects (i.e., Ti** /oxygen vacancies) in TiO, and their effect on the reaction with NO and
50;, common atmospheric pollutants. In this paper, we study the reaction of NO and SO,
with rutile TiO,(110) single crystal, with and without O-vacancies. We then investigate
the effect of Mn deposition on the rutile TiO,(110) single crystal surface—again with and
without O-vacancies. We compare these samples to the reaction of the gases with TiO,
nanopowders, with and without Mn doping. The rationale for this approach is based on the
concept that using single crystal TiO,, where the surface can be prepared to be atomically
clean and ordered, can help with the interpretation of data recorded from the more complex,
realistic system of the manufactured powders. The rutile TiO,(110) single crystal surface is
one of the most well-understood metal oxide systems, and the preparation of stoichiometric
and reduced surfaces is well known [22,24,25]. Single crystal TiO, also allows us to monitor
the effect of depositing Mn on the surface, in terms of the effects of the electronic structure,
without having to consider the effects of adsorbed hydrocarbons, or other contaminants that
may be present in the powders. Using NAP-XPS, it was found that a powder containing
Mn has a better NO and SO, adsorption capacity than the undoped materials with similar
particle sizes. Interestingly, we find for the rutile TiO,(110) single crystal that depositing
Mn on a reduced TiO, surface leads to an increased reaction with both NO and SO,. This
results in more adsorbed NO or SO, than for the stoichiometric surface (regardless of Mn
doping) or the reduced sample without Mn doping. In addition, it is found that reduction
in the TiO; surface affects the S species formed by adsorption. This suggests a synergistic
effect of Ti** defects and Mn cations on TiO, for air pollutant removal.
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2. Experimental Section
2.1. Samples

Rutile TiO,(110) single crystals (PI-KEM) were prepared by a common TiO; singlecrys-
tal cleaning process [21] that involved cycles of sputtering using an Ar ion cluster source
(cluster size = 1000 atoms, cluster energy = 10 keV) and annealing to 700 °C in vacuum
(<5 x 1071° mbar), until the surface is free of contaminants (C, K, Ca) and the Ti 2p spec-
trum shows no evidence of Ti%* species. The reoxidation of the rutile TiO,(110) surface is
thought to proceed via the diffusion of O-ions from the bulk to the surface, resulting in the
formation of a stoichiometric surface. The diffusion of O from the bulk leads to a reduction
in the bulk, rendering it n-doped, and resulting in a colour change from transparent to pale
blue. The n-type nature of the reduced bulk gives rise to sufficient conductivity so that
charge compensation is not required in photoelectron spectroscopy measurements [24]. To
form defective (reduced) surfaces, the final annealing step is omitted, in order to produce
O-vacancies at the rutile TiO,(110) surface which is evidenced by the appearance of Ti** in
Ti 2p spectra. To study the effect of Mn doping, Mn was deposited on these surfaces using
a Knudsen-cell evaporator with a Mn flake (99.95%, Goodfellow) in a preparation chamber
attached to the NAP-XPS system so that samples were not exposed to the atmosphere
prior to analysis. These surface treatments resulted in four different TiO,(110) surfaces:
stoichiometric TiO5(110) (s-TiO,), reduced TiO5(110) rich in O-vacancies and Ti3* (r-TiO5),
Mn-doped s-TiO, and Mn-doped r-TiO5.

Before putting the Mn into the evaporator, the Mn flakes were washed with HCI
several times to remove the surface oxide and then dried in air [26]. To heat the Mn source,
a clean flake was surrounded by a handmade tungsten wire coil heated via an electric
current of 4 A. Under this condition, the sample-to-sample electrical resistance was quite
stable (ca. 1.5 ohm), which is expected to offer identical heat stress. Mn deposition was
maintained for 10 min at a base pressure of around 5 x 1078 mbar. The TiO, substrates
were not heated during deposition.

Nanoparticulate, rutile TiO, powder samples were synthesised by a precipitation/calc-
ination route and provided by Croda Europe. The Mn-doped (doping level ~0.7 wt %) and
undoped samples with similar particle sizes are named Croda 1 (Optisol™) and Croda
2, respectively, hereinafter (note Croda 1 has a slightly larger particle size due to the Mn
doping). The powders consist of a large agglomerate of smaller nanoparticles, resulting in
visible particle sizes in the micron range. These samples were measured by XPS by pressing
the powder onto a conductive graphite tape compatible with a vacuum.

2.2. XPS Measurements

Standard XPS measurements were performed for the Croda samples, using a Kratos
Axis Ultra XPS instrument(Kratos, Manchester, UK), equipped with a monochromated Al
Ka X-ray source (photon energy hv = 1486.6 eV). Emitted photoelectrons were collected
using the 165 mm hemispherical energy analyser. These results are shown in the Supple-
mentary Materials (SM). All measurements conducted in this section were carried out in
ultrahigh vacuum (UHV).

NAP-XPS measurements were performed using a SPECS Focus 500 monochromated
Al Ko (hv = 1486.6 eV) X-ray source and a SPECS 150 mm Phoibos 150 NAP analyser, with
a three-stage, differentially pumped electrostatic lens to enable gas exposure experiments.
Single crystal samples were prepared as described above in the same ultrahigh vacuum as
the NAP-XPS cell, before being loaded directly into the NAP cell. The cell is then “docked”
onto the entrance lens of the electron energy analyser before the gases are admitted. This
means the prepared samples are not exposed to atmosphere between preparation and
measurement at near-ambient pressures. SO, and NO gases are allowed into the cell to
a fixed pressure using mass flow controllers. For the SO, experiment, a diluted SO, gas
(1% in Ar) was used, and the pressure applied during exposure was 1.5 mbar. For NO,
undiluted NO (99.999%) gas was allowed into the cell to a pressure of 1 mbar. The spectra
recorded “after exposure” were made after the gases were pumped out of the cell and the
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pressure had returned to a level of below 2 x 1078 mbar. Fresh samples were prepared
prior to each of the gas exposure experiments.

Binding energies (BEs) are calibrated to the C 1s spectrum from adventitious carbon at
284.8 eV [27] for Croda powders and to the O 1s spectrum from rutile (110) at 530.5 eV for
the single crystals (all four surface preparations) [22]. For the latter, the Ti** Ti 2p3/, peaks
are located at 459.2 eV, consistent with the values for Ti** (TiO, and SrTiO3) measured by
the same instrument [22,23]. BE values are quoted to an accuracy of 0.1 eV. A Shirley or a
linear background was subtracted from the spectra [22], and a GL(30) peak (70% Gaussian
and 30% Lorentzian) was applied to fit the core-level spectra using CasaXPS software
(v2.3.25) [28]. The built-in CasaXPS sensitivity factors (Kratos) are used for calculating the
stoichiometry of the samples. It was found empirically that the ratios of N/Ti and S/Ti
during exposure could still be applied using the sensitivity factors for UHV.

3. Results and Discussion
3.1. Single Crystal TiO,(110) Surfaces
3.1.1. Reaction with NO Gas

XPS spectra were recorded from the as-prepared single crystal sample, during exposure
to 1 mbar NO (undiluted), and after exposure to NO. Figure 1 shows Ti 2p and N 1s spectra
recorded during this cycle. The Ti 2p core-level XPS spectra (before NO exposure) are shown
in Figure 1a. The spectrum consists of two peaks at binding energies (BE) of 459.2 £ 0.1 eV
(Ti 2ps/2) and 464.9 £ 0.1 eV (Ti 2p; /»), corresponding to the spin-orbit splitting of the Ti
2p level for Ti** in TiO, [22]. There is no evidence of a contribution from Ti®*, which would
lie at around 457.5 eV for the Ti 2p3/, component [22]. Upon exposure to NO gas, the Ti
2p spectrum does not change, but the N 1s core-level spectra (Figure 1b) show changes
during exposure and post-exposure to NO. During exposure to NO, the N 1s spectra exhibit
three peaks. Two of these peaks arise from the NO gas due to its paramagnetic behaviour,
which results in a splitting of 1.4 eV. (The NO gas phase spectrum, recorded from NO gas
with the substrate retracted from the analysis region, is shown in Supplementary Materials
(SM) Figure S1). The area of the lower BE peak (ca. 406.1 eV) is approximately three times
that of the higher BE component (ca. 407.5 eV), and the peaks are called the triplet and
singlet peaks, respectively [9]. The N 1s spectrum recorded during exposure does not give
rise to peaks consistent with NO adsorption, which would appear at a BE of ~401 eV [29].
However, a broad peak can be fitted to the spectrum beneath the gas phase peak with
a centre of gravity at 407.5 eV, a BE consistent with the formation of NO3;~ [5]. Nitrate
species are a common by-product produced by TiO, catalytic processes [9]. During NO
exposure, the NO3™ component lies directly beneath the NO gas phase-derived peaks,
but the additional component is much broader than the gas phase peaks. As seen in the
bottom curve in Figure 1b), which was recorded after the removal of the gas, the peak
corresponding to NO; ™ is still present. It should be noted that fitting the spectrum recorded
during exposure to NO did not require the application of constraints on the relative peak
areas or full width at half maxima in the data analysis software to obtain the expected 3:1
peak area ratio for the gas phase NO peaks.
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Figure 1. XPS spectra of (a) Ti 2p, (b) N 1s core levels recorded from a cleaned, undoped, s-TiO(110)
rutile single crystal before/during/after exposure to 1 mbar NO gas and (c) Ti 2p, and (d) N 1s
core levels recorded from a cleaned, undoped, r-TiO,(110) rutile single crystal before/during/after
exposure to 1 mbar NO gas. Spectra are normalised to the corresponding Ti 2p spectra.
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Surface Ti*" resulting from the presence of surface O-vacancies has been shown to
improve the photocatalytic performance of titania [12]. Its role in pollutant gas conversion,
without UV illumination is, however, not clear. Figure 1c shows the Ti 2p and Figure 1d the
N 1s XPS spectra recorded from an atomically clean rutile TiO(110) substrate prepared
with a final 10 min Ar-cluster ion sputtering step to create O-vacancies at the surface. As
shown in Figure 1c, before NO exposure, a significant Ti**-derived, Ti 2p3,, component can
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be observed at a BE of 457.5 eV [17]. Upon NO exposure, the intensity of the Ti**-derived
peak is attenuated significantly, indicating that the NO appears to react at the O-vacancies
leading to healing of the surface. The precise structure of this sputtered TiO, surface is
unclear, but it appears that reaction with NO results in the healing of the defects [18]. It
has been shown that the reaction of NO to form nitrate at the surface of TiO, progresses
via a reaction with water or adsorbed hydroxide [4,26]. It is well known that reduced TiO,
surfaces show a higher reactivity with regard to water and therefore are likely to have a
higher surface OH content [22,25,30]. Despite careful degassing and conditioning of the gas
handling lines for the NAP cell, it is likely that at high pressures used in this experiment,
there will be significant water desorption from the walls of the vacuum chamber. Therefore,
it is possible that in part, the healing of the defects may be due to the reaction of the
surface with water to form OH, and it is this OH that then reacts with the NO to form
nitrate. Table S4 of the supplementary information shows that the r-TiO,(110) surface has a
much higher surface Ti-OH concentration than the stoichiometric surface, which would
seem to support this mechanism. In particular, it is noted that the r-TiO,(110) water:OH
ratio is reduced compared to the stoichiometric surface, consistent with water dissociation
at defect sites at the surface of the TiO; [22]. It would be interesting to investigate this
reaction further using techniques such as scanning tunnelling microscopy (STM), where
the adsorption and reaction of NO at O-vacancies could be monitored directly. It would
also be useful to study the effect of exposure to NO/H;O mixtures and under light and
dark conditions under these higher-pressure regimes. It is clear from Figure 1c that even
when the gas is removed, the Ti** intensity does not return to the original concentration,
suggesting the “healing” process is permanent.

The N 1s NAP-XPS spectra for the reduced surface (Figure 1d), show a stronger NO3;~
signal relative to NO gas peaks. This alone does not mean a larger amount of NO3 ™ on
the surface, since the number of NO gas molecules probed also depends on the distance
between the sample and the NAP analyser cone, even if the pressure is identical (i.e.,
1 mbar). The distance between the sample and the analyser cone may vary by a few tens
of microns. A better measure is the relative intensity of the NO3™ to total Ti 2p since
both are substrate-related. The values of the nitrogen-containing species relative to Ti
are summarised in Table 1 and show that the NO3 ™ concentration relative to Ti is almost
double for the r-TiO,(110) than in the s-TiO, sample. This suggests that the presence of
Ti3* /O-vacancies improves the capture of NO gas and subsequent conversion to surface-
bound nitrates. It is also found that the nitrate formed is quite stable since spectra recorded
30 min and 1 h after the gas is removed show no reduction in the amount of NO at the
surface (see Table 51, SM). To calculate the N 1s:Ti 2p3, ratios, Kratos sensitivity factors
are used, although these are not strictly applicable to measurements at higher pressure.
This is because the gas will affect the transmission of photoelectrons between the sample
and the analyser cone. However, the kinetic energy of N 1s and Ti 2p3,, photoelectrons
is similar (~1086.6 eV and ~1030.6 eV, respectively), so the effect should be small. In
fact, the agreement between the “during” and “after” gas NO3 ™~ concentrations, for the
“after” spectra the Kratos sensitivity factors are applicable as the measurements are at high
vacuum, suggests that the use of these sensitivity factors is acceptable.

Table 1. Concentrations of the adsorbed nitrogen-containing species (total N,45, NO3 ™, and NO; ™)
obtained from the N 1s XPS spectra relative to Ti (from the Ti 2p XPS spectra—i.e., N/Ti, NOx/Ti)
during NO exposure. Total N is the sum of all the nitrogen-containing species. * N.D. = not detected.

Sample Total N4 NO3~ NO,~
s-TiO,(110) 0.03 £ 0.01 0.03 £ 0.01 N.D. *
r-TiO,(110) 0.08 £ 0.02 0.08 £ 0.02 N.D.

Mn-doped s-TiO,(110) 0.06 £ 0.02 0.06 + 0.01 N.D.

Mn-doped r-TiO,(110) 0.41 + 0.05 0.16 £ 0.02 0.25 £ 0.05
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The effect of manganese (Mn) doping of the surface on NO adsorption by rutile
TiO,(110) was also investigated. Figure 2 shows the Mn 2p spectra for the stoichiometric
and reduced TiO; surfaces before and after NO exposure. Based on the BE position and the
broad structure of the Mn 2p3, peak for both the stoichiometric and r-TiO,(110) surfaces,
the Mn appears to be oxidised [31]. The Mn 2p3/, spectra can all be fitted with multiplet
features consistent with the multiplet structure for MnO (Mn?*) [31-33], suggesting the
reaction of Mn with the TiO, surface. This is further supported by the Ti 2p spectrum of
the s-TiO,(110) surface shown in Figure 3a, where deposition of Mn is found to create Ti>*
at the surface, presumably due to the creation of surface O-vacancies in the TiO,. This is
consistent with the reaction of oxygen from the TiO; surface with Mn, resulting in MnO
formation. In addition, the Ti 2p spectra shown in Figure 3¢, following deposition of Mn
on the reduced TiO, surface, show a larger Ti**:Ti*" ratio compared to the reduced TiO,
surface without Mn, despite using the same Ar™* ion sputtering conditions. The shape of
the Mn 2p spectra for the Mn-doped TiO, samples are similar regardless of the surface
pre-treatment, showing that the deposition has good reproducibility, although it results in
twice the coverage of Mn on the reduced surface compared to the stoichiometric surface.
A simple calculation assuming a thin continuous film of Mn on the single crystal surface
gives a film thickness of 0.2 nm (stoichiometric) or 0.4 nm (reduced surface). This result is
interesting since it suggests that O-vacancy sites, or other defects on the rutile surface, may
act as nucleation points for the attachment of the Mn. It is difficult to determine exactly the
nature of the Mn growth, but previous work studying the deposition of Ag on the rutile
TiO, surface [34] suggests the growth is likely to be as clusters which begin at nucleation
sites around defects on the surfaces, which would be consistent with the observation of
higher coverage on the reduced surface.

Upon exposure to NO, as shown in Figure 2, the Mn 2p spectra do not undergo any
changes. The Ti 2p spectra, shown in Figure 3a,c, on the other hand, show an almost
complete removal of Ti®* following reaction with NO gas, both for the stoichiometric
and the reduced surfaces doped with Mn, suggesting the reaction results in oxidation of
surface T*. At the same time, for the Mn-s-TiO, surface, the N 1s spectra indicate that
NO reacts with the surface to form NO3;~, as shown in Figure 3b, and in agreement with
the observation of the reaction of s-TiO, with NO (Figure 1b). Table 1 shows that NO
conversion by Mn-doped s-TiO; is higher than for the undoped surface and similar to the
undoped r-TiO, sample. This is consistent with the similar levels of Ti>* seen in the Ti 2p
spectra for the r-TiO; and Mn-s-TiO, surfaces.

Figure 3d shows the N 1s spectra of the Mn-doped r-TiO, upon exposure to NO. The
appearance of a peak at a BE of 404.0 eV is observed, and this is assigned to NO,~ or
adsorbed NO, [9]. The NO5; ™ :Ti ratios shown in Table 1 indicate that the total N-species
present on the Mn-doped r-TiO;, is roughly ten times that for the undoped stoichiometric
sample. This suggests a synergistic effect of MnO and r-TiO; on the NO adsorption and
conversion. Such improvement in total NO reaction uptake is mainly ascribed to a gain
in NO3~ and NO, ™ /chemisorbed NO, species, as shown in Figure 3d. Interestingly,
the adsorbed NO, species remains on the surface of the Mn-r-TiO, sample when the
background gas is removed, but the spectral weight seems to shift to the NO; ™ peak as
shown in Table S1. When the sample is left in a vacuum for another hour (Table S1),
the NO, ™ -related peak continues to decrease in intensity whilst the NO3 ™~ peak intensity
increases. Initially, there is a decrease in the total N-species concentration when the NO
gas is first removed, but between 30 min and 1 h in a vacuum, the total N content remains
roughly constant as shown in Figure S2. This suggests the feature at 404.0 eV may be an
intermediate of the oxidation process induced by the Mn-doped r-TiO, surface.
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Figure 2. Mn 2p spectra recorded from the Mn-doped TiO;(110) single crystal samples exposed to NO
gas. The top three spectra show the spectra of Mn—doped s-TiO,, before, during, and after exposure
to NO, and the bottom three are the corresponding Mn 2p spectra recorded from the Mn-doped
r—-TiO; sample. The dotted lines are fits consistent with the multiplet splitting of MnO and fitted
using the constraints suggested by Biesinger et al. [27], the solid black lines are the fits to the 2p3,,
components of the spectra (i.e. the sum of the dotted lines) and the red dots are the experimental
data. Spectra are normalised to the corresponding Ti 2p spectra shown in Figure 3.
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Figure 3. XPS spectra following the deposition of Mn on the stoichiometric and reduced TiO,(110)
surfaces. (a) Ti 2p before, during, and after exposure to NO gas, (b) N 1s spectra for the Mn—s-TiO,
surface, (¢) Ti 2p recorded from the Mn-r-TiO, surface, and (d) N 1s for the Mn—r-TiO, surface.
Spectra are normalised to the corresponding Ti 2p spectra, and only the Ti 2p3,, components are
fitted in the Ti 2p spectra.

3.1.2. Reaction with SO, Gas

SO, is another pollutant gas for which the reaction with the four rutile TiO,(110) single
crystal treatments was evaluated using NAP-XPS. The reaction of S-containing gases is also
of interest in catalysis applications where S can lead to the poisoning of catalysts [35,36].
Exposure of the s-TiO; surface to 1.5 mbar 1% SO, in Ar gives rise to no observable changes
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in the Ti 2p spectra (Figure S3 in SM). Interestingly, for r-TiO,, Figure S3 also shows that
exposure to 1.5 mbar of 1% SO, in Ar does not lead to a large reduction in the intensity
of the Ti3* defect-related peak. This suggests there may be different reaction mechanisms
between NO and SO, at the surface of r-TiO,. Figure 4a,b show S 2p spectra of the undoped
s-1iO; and r-TiO; crystals exposed to SO, in Ar, respectively. No physisorbed SO, peaks are
observed in the S 2p spectra, suggesting that SO; is rapidly converted into other sulphur-
containing species. The spectra for the stoichiometric sample can be fitted with two S 2p3/»
and 2p; /, spin-orbit-split doublets. The doublet at a lower BE (with an S 2p3,, binding
energy = 166.3 eV) is assigned to SO32~, and the doublet with S 2p3,, located at a BE
of 168.4 eV is assigned to S0,2~ species [35,37,38]. This indicates an oxidation process
triggered by TiO, to form a mixture of sulphates and sulphites, in agreement with earlier
work studying the adsorption of SO, at low coverages on the s-TiO,(110) surface [39,40].
Previous work using diffuse reflectance infrared Fourier transform spectroscopy to study
Mn-Fe-doped TiO, catalysts also showed the presence of sulphite and sulphate on the
surface, with the sulphate formed following adsorption in a bidentate mode with surface-O
species [35]. It is also seen that after time, sulphite appears to be slowly converted to
sulphate since the spectral density shifts towards the latter in a spectrum recorded 1 h
after exposure to the gas is stopped (see also Table S2 and Figure S4). On the reduced TiO,
surface, as shown in Figure 4d, SO42~ does not seem to form upon exposure to SO,, with
only peaks associated with SO3%~ visible. The reasons for this difference are unclear. It may
be associated with differences between the surface-O environments for the two surfaces,
perhaps with the SO, interacting with bridging oxygen rows on the s-TiO, surface that
are likely to be absent, or significantly disrupted, on the r-TiO,(110) surface [24,38]. In the
spectra recorded under UHV conditions, after 1 h and 2 h following the evacuation of the
SO, gas, there is a slight decrease in the amount of SO3%~ at the surface relative to the “in
situ” measurement (see Table S2 and Figure 54 in SM). Again, it is noted that the use of
vacuum sensitivity factors may affect the calculated S:Ti ratios for the in situ measurements,
and here the effect is likely to be larger than for the NO spectra since the kinetic energy
difference of photoelectrons emitted from S 2p5,, and Ti 2p3,, is around 300 eV. It is
possible, therefore, that the amount of SO52~ does not change over time; i.e., the sulphite
species is strongly bound to the surface. Table S2, which shows the SO3%~ concentration
over time after the gas is removed, supports this assumption since the concentration does
not change, within error, between 1 and 2 h after the gas is removed. Since these latter
measurements are both made in vacuum, the sensitivity factors used will account for the
different kinetic energies of the photoelectrons.

We now turn to the effect of Mn doping on the SO, reaction with rutile s-TiO,(110)
and r-TiO,(110). No change was observed in the Mn 2p spectra upon SO, exposure for
any of the surfaces studied here (see Figure S5). The S 2p spectra sets of spectra show
components due to SO42~ and SO32~, although for the r-TiO, sample, the sulphate-derived
peak is smaller than the sulphite. The Mn-doped r-TiO,(110) sample also shows a much
higher concentration of total surface-bound S species on exposure to the SO, gas than either
the undoped r-TiO; or either of the s-TiO, surfaces. The total S content at the surface is
around six times the value for the undoped stoichiometric sample. This seems to suggest
that Mn (or MnO) acts to promote the conversion of SO; to sulphite. This is similar to the
case of NO conversion on this surface, where it was seen that the increase in N content
was due to the formation of lower oxidation state products (i.e., NO,;~ vs. NO3;~ and
SO32~ vs. SO4%7). MnO appears to have a significant effect on the capacity for NO and
SO, gas adsorption although it should also be remembered that more Mn is deposited on
the r-TiO,(110) surface. This was also the case for the sample used for the study of SO,
conversion. Of particular interest, for the Mn-doped reduced TiO, sample, a spin-orbit
split doublet peak is present with an S 2p3,, peak at a binding energy of 160.9 eV, which
is consistent with the formation of metal sulphides [41,42]. In addition, a decrease in the
intensity of the Ti** and Ti?>* components in the Ti 2p spectrum is observed (see Figure S3
in SM), in contrast to what was seen for the undoped r-TiO,(110) and the Mn-doped s-TiO,
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samples, where only a small decrease in the Ti>* content is observed. It appears that Mn is
therefore catalysing the reduction of SO; on the TiO; surface, with the O being incorporated
into the TiO, surface, coupled with the formation of Ti sulphides [41,42].
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Figure 4. S 2p XPS spectra of (a) the undoped s-TiO;, (b) r—TiO,(110) single crystals, (c) Mn-doped
s-TiO,, and (d) Mn-doped r-TiO,(110) single crystals before/during/after exposure to 1.5 mbar
SO; gas (1% in Ar). All spectra are normalised to corresponding Ti 2p spectra (not shown). For the
reduced Mn-doped sample, a peak due to a surface sulphide is observed.

Table 2 shows the S species concentrations measured relative to Ti during exposure to
SO, in Ar gas. For the stoichiometric TiO, surface, it appears that Mn doping does not lead
to any significant difference in the total amount of adsorbed S-containing species, but the
amount of SO32~ is higher on the Mn-doped r-TiO, surface. It is noted that again when the
gas is removed and the sample returned to UHYV, the spectral weight again shifts towards
the formation of sulphate, suggesting either a slow conversion of SO32~ to SO42~ or the
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desorption of SO32~ from the surface (see Table S2, Figure S4). This too would seem to
support a reaction between the SO, gas and surface oxygen since Mn doping leads to the
formation of surface Ti**. This then would lead to a reduction in the amount of surface
oxygen available for reaction with SO,, limiting the reaction to the formation of SO3%~,
as appears to be the case for the reduced TiO;(110) surface. Unlike the Mn-doped r-TiO,
surface, however, there is no evidence of sulphide formation, nor is there an observable
decrease in the Ti** concentration upon reaction with the surface as shown in Figure S3.

Table 2. Concentrations of the sulphur-containing species (total S, 5042, SO32~, and sulphide)
obtained from the S 2p3 /» XPS spectra relative to Ti (from the Ti 2p3 /, XPS spectra—i.e., S/Ti, SOx/Ti)
during SO, exposure. The total S is the sum of all the sulphur-containing species.

Sample Total S SO042~ S032~ Sulphide
s-TiO,(110) 0.08 = 0.02 0.04 £ 0.01 0.04 £ 0.01 0.00 £ 0.01
r-TiO;,(110) 0.08 + 0.01 0.00 + 0.01 0.08 + 0.01 0.00 £ 0.01

Mn-doped s-TiO,(110) 0.09 £ 0.02 0.03 £ 0.01 0.06 + 0.01 0.00 £ 0.01
Mn-doped r-TiO,(110) 0.40 £ 0.05 0.06 £ 0.01 0.25 £ 0.05 0.09 £ 0.01

3.2. TiOy Nanopowders
3.2.1. Reaction with NO Gas

We have shown that pollutant gas conversion can be induced by various treatments
of rutile TiO,(110) single crystals. The single crystal studies above provide an idealised
model for mechanistic studies and allow us to clearly identify surface species free from
contamination and the complexity of powder samples. Here, we evaluate two different
samples supplied by Croda Europe: Croda 1 is a TiO, nanopowder, doped with Mn,
and Croda 2 is undoped TiO,. This enables us to study the effect of Mn doping on the
nanoparticle powders and their reaction with NO and SO,. Ti 2p XPS spectra for these
samples show that the surfaces of the particles are largely free of Ti>* (see Figure 5a). Based
on the multiplet splitting and binding energy of the Mn 2p spectrum in Figure 5b, we
deduce that the Mn at the surface is also in the form of MnO, similar to the single crystal
case. Although the spectrum is rather noisy, a weak shake-up feature (at ~646 eV) can be
observed, further supporting the presence of MnO at the surface [31].

Figure 6 shows N 1s spectra recorded during the reaction of NO with the Croda
samples. The spectra for the two samples indicate that the N-containing components
generated are the same in both samples. A peak related to the formation of NO3;™ at a
binding energy of 407.5 eV is present for both samples, which remains when the background
gas is removed, in agreement with the measurements on the single crystal surface discussed
above. A feature at a BE of 400.4 eV not observed on the rutile single crystals exposed
to NO is present on the Croda 1 powder samples that contain Mn. This peak can be
assigned to adsorbed NO [29]. The absence of NO on the single crystal surfaces is not
entirely surprising since it was reported that NO is only weakly adsorbed on rutile TiO,
surfaces [43]. The peak area of the NO3 ™ relative to the Ti 2p3/, peak for these two powder
samples is higher than those in the case of the s-TiO, crystals but slightly lower than for
the r-TiO,(110) sample, as shown in Table 3. The improved performance of NO conversion
provided by the powder samples may be due to an increased concentration of adsorbed
hydroxides and water on the surface of the powder samples. It has been shown that the
conversion of NO to NO; ™ results in the formation of HNO3 and NO3 ™ species at the
surface through reaction with water or surface OH [5], catalysed by UV light. Although
no UV light was deliberately introduced into the system here, the cell was illuminated
with an LED lamp to allow sample positioning, and absorption of X-rays will also result
in the formation of the holes in the valence band which are required for the reaction to
progress [5,29]. In order to investigate this further, the effect of exposing the powder to 1
mbar NO + 1 mbar H,O, simultaneously, was investigated. As can be seen in Table 3, for
the undoped Croda 2 sample, the conversion rate in the presence of water is approximately
the same as for NO gas alone. However, for the Mn-doped powder sample, there is a
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threefold increase in the amount of nitrate at the surface, accompanied by a doubling of the
adsorbed NO species. Similarly to the single crystal studies, it was found that after the gas
was evacuated from the cell, the nitrate and NO concentrations remained roughly constant
relative to the Ti 2p, as shown in Table S5 of the SM.
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Figure 5. (a) Ti 2p XPS spectra of Croda 1 and Croda 2 (before exposure), and (b) Mn 2p XPS spectra
of Croda 1 powder. For the Mn 2p spectrum, black dots are raw data, black dashed lines are the
multiplet splittings of Mn according to Biesinger et al. [27] and solid black lines are the fits to the
2p3,2 components of the spectra (i.e. the sum of the dotted lines).

Table 3. Concentrations of the nitrogen-containing species (total N, NO3~, NO,45) obtained from the
N 1s XPS spectra relative to Ti (from the Ti 2p XPS spectra—i.e., N/Ti, NOx/Ti) during NO exposure.
The total N is the sum of all the nitrogen-containing species.

Sample Total N NO;~ NO,4s

Croda 1 0.35 + 0.02 0.20 +0.01 0.15 + 0.01
Croda 1 + H,O 0.99 + 0.05 0.60 = 0.05 0.39 £ 0.02

Croda 2 0.33 £ 0.02 0.23 £0.01 0.10 £ 0.01

Croda 2 + H,O 0.35 £ 0.01 0.18 £ 0.01 0.17 £ 0.01
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Figure 6. XPS spectra of Croda powders upon and after exposure to NO and SO,/ Ar gases. (a) Croda
1 (Mn-doped) and (b) Croda 2 (undoped) samples before/during/after exposure to 1 mbar NO gas.
Corresponding S 2p spectra recorded from Croda 1 and Croda 2 exposed to SO,/ Ar are shown in (c)
and (d), respectively.

3.2.2. Reaction with SO, /Ar Gas

SO, reaction with the powder samples is also of interest for comparison with the rutile
single crystal samples and with regard to catalyst poisoning. S 2p spectra obtained by
exposing Croda 1 and Croda 2 to SO; in Ar are shown in Figure 6c,d. In agreement with the
results for the s-TiO,(110) single crystal surface, the main S 2p3/, component at a binding
energy of 168.4 eV is assigned to the formation of sulphate at the surface [39]. As in the case
of the N 1s spectra for NO adsorption on the Croda samples, we also find S 2p components
attributed to the presence of SO;(ads) with a S 2p3,, BE of around 164.6 eV [37]. As shown
in Table 4, below, the Mn doped Croda 1 powder results in more SO42~ and more adsorbed
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50, on the surface. The presence of adsorbed NO and adsorbed SO; is interesting since
neither species was observed on the single crystal surfaces. It may be that the presence of
adventitious hydrocarbons on the surface of the powders helps stabilise the adsorption
of the gases or slow the reaction with the titania particles. An alternative explanation
may lie in the fact that the powders are likely to contain more active sites, in the form
of step edges where adsorption of the gases may occur preferentially, and this, coupled
with a much larger surface area, may explain the stabilisation of adsorbed gases on the
powders. It is also noted that the amount of adsorbed SO; is lower on the undoped Croda
2 surface, which again suggests that MnO enhances the adsorption of SO, on this surface
in agreement with the results of the NO reaction.

Table 4. Ratios/concentrations of the sulphur-containing species (total S, SO42~, and SO, ,45) ob-
tained from the S 2p XPS spectra relative to Ti (from the Ti 2p XPS spectra—i.e., S/Ti, SOx/Ti) during
SO, exposure. Total S is the sum of all the sulphur-containing species.

Sample Total S SO42- SO, ads
Croda 1 0.49 £ 0.01 0.36 £+ 0.01 0.13 £ 0.01
Croda 2 0.28 £ 0.01 0.23 +0.01 0.05 £ 0.01

Both powders contain a significant amount of sulphate on the surface following
exposure to SO, (see Table 4), but peaks corresponding to the formation of sulphite are
not observed for either sample. In addition, no sulphide peaks are seen in the spectra
recorded from the Mn-doped Croda 1 sample. On the stoichiometric TiO; single crystal
surface, only sulphate was observed, both with and without Mn doping. On the reduced
surface, however, only sulphite was found to be present. Again, it is not surprising that
sulphite is not observed in the spectra recorded from the powders, since the density of
O-vacancies is low. It was argued above that for the heavily reduced TiO,(110) surface,
missing oxygen atoms in the bridging oxygen rows are likely to lead to a lack of available
sites for the adsorption of the SO, to two O-atoms. It would be interesting to confirm this
observation by examining the adsorption as a function of the degree of reduction in the
TiO,(110) surface in order to clarify this observation. Since the powders were found to
contain no Ti** it is likely that the surface is fully oxidised, which may explain why SO42~
is formed preferentially on the powders. This suggests the adsorption capacity is limited by
the adsorption sites on the TiO, powder rather than the gas or the gas concentration. Again,
the data show that the Mn-doped powder outperforms the undoped TiO, in the total S
uptake as well as the formation of SO4?~ showing that Mn doping leads to an increase in
surface reactivity, in agreement with the single crystal studies.

4. Conclusions

In summary, this work has demonstrated the reaction between TiO; single crystals
and two commercial TiO; powders, with toxic gases (NO and SO,). We clearly show that
Ti* defects (O-vacancies) or Mn cations (MnO) can enhance the chemisorption of NO on
rutile TiO,(110) single crystals. The reduced TiO,(110) surface containing Ti>* combined
with MnO exhibits a synergistic effect on the reaction of the NO and SO, gases, significantly
outperforming the undoped stoichiometric TiO, by 6~10 fold. Upon exposure to NO, Ti**
is oxidised to Ti** whilst the oxidation state of Mn (MnO) remains unchanged as a result of
the reaction with the gases. SO, on the other hand does not seem to readily react with the
TiO, surface to remove Ti** (O-vacancies). Here, Mn is required to promote the conversion
of SO, to S and lattice O.

NO and SO, are also found to react with commercial powder samples, showing
enhanced adsorption and reaction capacity provided by MnO in the presence of the gas.
The surface species generated via reactions with the powders, however, are different to
those on the single crystal surfaces in that they show a much higher concentration of fully
oxidised N and S species and the presence of adsorbed gases. We also observe an increase
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in the amount of surface nitrate on the powders exposed to NO gas, when a small amount
of water vapour is present, suggesting a reaction mechanism involving surface hydroxide,
particularly since the conversion of NO to nitrite and nitrate is enhanced on the single
crystal surfaces that contain a higher density of surface Ti-OH.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/surfaces7010003/s1, Figure S1: N 1s XPS spectrum of NO gas
molecules during exposure to 1 mbar NO gas with the substrate was retracted from the analysis
region. The two peaks arise from triplet/singlet splitting due to the paramagnetic electronic structure
of NO; Table S1: N-components at the single crystal surface for the various surface treatments
following exposure to NO gas and after 1 and 2 h. * N.D. = not detected; Figure S2: (a) N 1s NAP-XPS
spectra of the Mn-doped defective rutile (110) single crystal during and 1 h and 2 h after exposure
to 1 mbar to show the evolution of the NO-conversion by-products. (b) NO3~ concentration for
the stoichiometric (s-TiO;), reduced (r-TiO,) and Mn-doped stoichiometric single crystals over time
showing little change over time and (c) NO3~ and NO, ™ concentrations on the Mn-doped reduced
TiOy (Mn-1-TiO;) with time. It appears NO, ~ is converted to NO3®~ over time, although there is also
a slight decrease in the overall N-concentration at the surface over time; Table S2: Ti®*:Ti** ratios
for the various surface treatments during and after exposure to a SO,/ Ar gas mixture. * Note that
the Mn-doped r-TiO, sample was heavily reduced and that the Ti>* component is likely also to
contain some other low oxidation states of Ti (i.e. Ti*); Figure S3: Ti 2p spectra recorded from (a).
stochiometric TiO,(110) with and without Mn doping before during and after exposure to SO, in
Ar gas, and (b) reduced TiO,(110) with and without Mn doping before during and after exposure
to SO, in Ar gas. (c). shows the variation in Ti%* and Ti** peak areas for the two reduced surfaces
from (b) indicating that there is only minimal change in Ti>* removal in the reduced surface but that
the Mn-doped surface leads to reoxidation of the TiO, surface by the SO,/ Ar gas mixture; Figure
54: The top panel shows the amount of SO32~ and SO42~ species found on stoichiometric (s-TiO»)
and reduced (r-TiO,) single crystal TiO,(110) surfaces, along with the Mn-doped stoichiometric TiO,
surface (Mn s-TiO;) relative to the Ti 2ps/, peak area. The lower panel shows the sulphur species for
the Mn-doped reduced surface, where an additional feature for sulphide species is observed. The
sulphide content remains constant and is accompanied by a decrease in Ti>* as shown in Figure S3;
Table S3: S-components at the single crystal surface for the various surface treatments following
exposure to SO, in Ar gas and after 1 and 2 h. * N.D. = not detected; Figure S5: Mn 2p spectra
following deposition of Mn on stoichiometric TiO;(110) (top) and reduced TiO,(110) (bottom panel).
Spectra are shown fitted with multiplet fitting for MnO (Mn?*) [32], before during and after exposure
to SO, gas. No significant changes are observed in the Mn 2p spectra. The spectra recorded from the
r-TiO, sample have a better signal to noise ratio, associated with the higher uptake of Mn on this
surface (see main manuscript); Table S4: Contributions of different O-species to the O 1s spectra for
the different sample treatments and samples. Peak assignments are taken from Jackman et al. [22]
Binding energies for the different O-contributions are given in parentheses; Figure S6: O 1s spectra
recorded from (a) single crystal samples s-TiO,, r-TiO,, s-TiOy+Mn and r-TiO,+Mn and (b) Croda 1
and Croda 2. Peak binding energies and assignments are in good agreement with those seen for water
adsorption on anatase TiO; [22]. Table S5: N and S concentrations on the two TiO, nanopowders two
hours after exposure to NO or SO,/ Ar gas. Note that the effect of water on SO, adsorption was not
measured. The supplementary materials also show the method of calculation of the thickness of the
Mn overlayers, using the method described by Briggs and Seah [44].
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