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ABSTRACT

Information provided by 119Sn?* Méssbauer probe ions, located on surface sites of anatase-type TiO,

microcrystals exposed, at room temperature, to a H2S/Hz mixture, has permitted to conclude that the
interaction of H2S molecules with the substrate surface leads to the dissociation of a fraction of the
absorbate molecules. This gives rise to the formation of elemental sulfur which oxidizes the neighboring
Sn®* ions, the produced Sn** ions being found coordinated only by $*~ anions. Subsequent exposure to
ambient air is shown to result in the oxidation of 52~ ions, yielding both 5% and S042--like species, with
concomitant stabilization of Sn*" ions in coordination polyhedra where they are surrounded by only

oxygen anions.

1. Introduction

Our recent in situ Mossbauer spectroscopic measurements,
performed in hydrogen atmosphere with tin-doped anatase micro-
crystals [1], has permitted to develop synthesis procedures allow-
ing tin dopant cations to be located in the +2 oxidation state imme-
diately on the surface of crystallites. Oxidation of these Sn2* ions,
occurring upon subsequent exposing the samples to ambient atmo-
sphere, was shown to produce the surface-located Sn** ions that
can therefore be used, along with the Sn2* pristine ions, to study
surface chemical reactions with adsorbed molecules by means of
1195 Mossbauer spectroscopy [2]. Investigation of the reactions
occurring on the surface of titania particles is of technological
significance given their numerous applications in heterogeneous
catalysis. The mentioned room-temperature oxidation of surface-
located Sn?* by O3 molecules, present in ambient air, was revealed
by Méssbauer spectra as a drastic decrease in both the isomer shift
& and quadrupole splitting AEg values reflecting the disappear-
ance of the Sn?* 5s lone pair electrons. However, in this case the
analysis of Massbauer spectra of the 1195n#* oxidized ions did not
permit to distinguish the newly incorporated 02~ anion from those
already present in the coordination sphere of the pristine Sn2*. For

* Corresponding author. Tel.: +7 495 9393217; fax: +7 495 9393187.
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this reason, it would be very interesting to investigate the evolu-
tion of the spectral parameters of the surface-located 1195n probe
in the presence of oxygen-free molecules. In this paper, we report
new results concerning 119Sn Massbauer spectroscopic character-
ization of both the electronic state and local surrounding of Sn?*
cations on surface sites of anatase microcrystals exposed to an
H;S-containing atmosphere. The interactions of HyS with undoped
TiO; (11 0) surfaces were previously studied using ultraviolet pho-
toelectron spectroscopy UPS [3]. The authors have observed two
distinct phases in the adsorption of H2S. The first phase, occurring
atexposures equal or lowerthan 1L(1L=1 Langmuir= 10" Torrs),
was identified as dissociative adsorption of HyS; the second phase
occurring at higher amounts of hydrogen sulfide (exposures > 11)
was tentatively identified as molecular HzS adsorption. Thus, it
would be interesting to compare these results, obtained by conven-
tional surface-characterization technique, to the information on the
interaction of HyS with the surface of anatase particles provided by
surface-located 1'9Sn Méssbauer probe ions.

2. Experimental

2.1. Synthesis method

Tin-doped anatase powder samples, containing 0.1 atom# Sn,
were prepared using an impregnation procedure proven to allow
the large majority of the tin dopant atoms to be located, in the +2
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Fig. 1. X-ray diffraction pattern of undoped 1 exhibiting the anatase-type single phase composition (space group 14, famd).

oxidation state, on surface sites of crystallites [ 1]. This procedure is
based on the precipitation of titanium(IV) hydroxide Ti(OH)4-xH20
by the addition of concentrated ammonia solution to a solution
containing 15 mM of TiCls until the pH reaches ca. 8. To obtain the
TiCly solution, titanium hydride TiHj g, used as the starting mate-
rial, was dissolved in a hot concentrated solution of HCI. To oxidize
Ti3* ions, initially formed upon dissolving titanium hydride, con-
centrated nitric acid was added dropwise to the obtained solution
until the characteristic violet shade of Ti3* has disappeared. The
precipitated hydroxide was washed with deionized water, dried
and then annealed in air for 3 h at 650°C. As evidenced by X-ray
diffraction (Fig. 1), the resulting powder (hereafter denoted as 1)
was a single-phase anatase. Its specific surface area Sger deter-
mined by the BET method was found to be 57 m2g~!. A solution
of 1195nCl4 (0.015 mM)was then introduced by dropwise addition,
onto the synthesized anatase powder. To obtain the ''95nCl4 solu-
tion, metallic B-Sn, enriched with 1195n to 92%, was dissolved in
a hot concentrated solution of HCl. To convert Sn?* ions, initially
formed upon dissolving, to the +4 oxidation state, a few drops of
concentrated HNO3 were added to the obtained solution. Prior to
theaddition of 11950y, the anatase powder 1(15 mM)was impreg-
nated with ammonia solution to ensure rapid hydrolysis of stannic
chloride to Sn(OH)4-xH,0. After deposition of Sn(OH)4-xH,0, the
powder was washed with deionized water, dried in an oven at
150°C and then introduced in the quartz chemical reactor to be
annealed at 400°C for 2h in hydrogen atmosphere. The result-
ing material (hereafter denoted as 2) was cooled down to room
temperature and characterized by in situ Massbauer spectroscopic
measurements. X-ray diffraction (XRD) patterns of 2, recorded in
ambient air, were identical to those obtained before hydrogen
annealing. Hydrogen sulfide, used in the subsequent adsorption
experiments, was synthesized by reacting molten elemental sulfur,
at ca. 450°C, with hydrogen released by a LaNisHy source kept at
room-temperature, All of the chemicals used were analytical grade.

2.2. Characterization techniques

XRD measurements were performed on a powder sample ARL
X'TRA Thermo Scientific diffractometer using Cu Ky radiation

(wavelength A=1.5418A).

Maésshauer spectra were recorded on a MS-1104 spectrometer
with a Cal1¥mSn04 source. To allow in situ Méassbauer spectroscopy
experiments with hydrogen-annealed powders, before and after
their exposure to H;S, the reactor was equipped with a lateral
thin-window quartz sample-cell [4]. During the measurements,
both the Ca!19MSn05 source and the sample cell filled with studied

powder (the absorber) were introduced into the hole of a copper bar
immersed in a Dewar flask filled with liquid nitrogen. Under these
conditions, the temperature of both the source and the absorber
was close to 100 K, and, consequently, in all cases the observed iso-
mer shift § values were not affected by the second-order Doppler
shift. Moreover, at 100K, the spectral contributions of chemically
different species could be considered as a more realistic estimate
of their abundances as compared to the results of room temper-
ature measurements. All Mdssbauer spectra were analyzed by a
least-square fitting program.

X-ray Photoelectron Spectroscopy (XPS) measurements were
carried out with a K-Alpha X-Ray Photoelectron Spectrometer
(ThermoFisher Scientific Inc.) using monochromatic Al K radia-
tion (hv=1486.6 eV), spot size: 200 p.m, and charge compensation.
Overview spectra were taken at pass energy Ep =200eV and high-
resolution spectra at Ep =40 eV. Powder samples, to be analyzed in
the as-prepared state, were pressed onto indium foil. Atomic con-
centrations were determined using areas of the Sn3d5 (E, =487 eV
range), Ti2p3 (Ep =459 eV range) and S2p (E,=160-170¢eV range)
peaks with Scofield correction. High resolution spectra were fitted
using AVANTAGE software provided by ThermoFisher Scientific Inc.

3. Results and discussion

3.1. In situ Massbauer spectroscopic measurements (samples 2, 3
and 4)

In agreement with our previous results [1], in situ 195n
Maéssbauer spectrum of the hydrogen annealed sample (sam-
ple 2, Fig. 2) reveals the presence, besides the residual peak at
v=0.06 mms-! assignable to unreduced Sn** ions (the spectral
contribution Ag=9%), of a largely predominant asymmetric dou-
blet at positive Doppler velocities. The latter can be represented
by a superposition of two quadrupole doublets defined by the
following parameters (Table 1): doublet I: §j=322mm s
AEqyp=1.65mm s7!, the full width at half maximum of
each doublet component I'=0.83mms-! (the fixed value),
Ay =45%;doublet 1I: §yp=2.89mms1, AEgy=171mms1,
I=083mms-1, Ay =46%

Both sets of (8, AEq) values should obviously be ascribed to cova-
lent stannous species having valence electron configurations of the
5s2-X5p¥ type [5]. In fact, the s—p mixing allows one to account
for the significant decrease in the observed isomer shift values,
as compared to that for stannous cation in the 5s25p? pure ionic
state (§>4mms-1), as a result of reducing the total electronic
density at 179Sn nuclei. Moreover, the observed non-zero values



U]

4
Sn (0*)

0]

Absorption (%)

" . " s

-6 0 6
v (mm s-)

Fig. 2. In situ ''9Sn Méssbauer spectrum of 2.

of the quadrupole splitting reveal large electric field gradients act-
ing at "95n nuclei and, consequently, a non-spherical electronic
charge distribution over the hybridized tin valence orbitals. This
means that both considered stannous Sn%* species possess a “stere-
ochemically active 5s lone pair” (for more information about the
relationship between the 119Sn Méssbauer spectroscopic results
and the degree of the lone pair stereochemical activity see, for
instance, [6], [7]). This conclusion thus implies that these Sn2* jons
occupy the low-coordination sites, in agreement with their loca-
tion on the surface of anatase microcrystals, as evidenced in [1].
According to | 1], the appearance of two quadrupole doublets can be
tentatively accounted for by the presence of Sn2* ions both within
and just above the outermost cationic layer of TiO; crystallites. As
to the residual peak at v=0.06 mms~!, it can be attributed to Sn**
ions, which have moved the farthest away from the surface towards
the bulk of anatase particles upon preliminary air heating of the
tin-impregnated sample in the oven.

Sample 2 was then exposed at ambient temperature to a HpS-
containing atmosphere. For this purpose, a mixture of hydrogen
and hydrogen sulfide, obtained by heating molten elemental sulfur
in flowing hydrogen and collected in a chilled glass vessel, was aspi-
rated into the reactor, through a 3-way glass valve, by depression
created upon the preceding cooling down the isolated reactor, con-
taining Hp-annealed 2, from 400 °C to room temperature. In order
to facilitate the penetration of hydrogen sulfide into anatase pow-
der, the sample was displaced, prior to admission of H,S, from the
measurement cell to the bottom of the reactor. After aspiration of
H,S, the reactor has been disconnected from the glass vessel and
left at room temperature for 19 h (the resulting sample is hereafter
denoted as 3). Powder 3 was then displaced from the bottom into
the simple cell to be characterized by in situ Méssbauer spectro-
scopic measurements.

The relevant 119Sn spectrum (Fig. 3 and Table 1) has revealed
two main drastic changes:

4 4+ 2+
sngs Sthsy Sy
(S E

Absorption (%)

Fig. 3. In situ ''95n Méssbauer spectrum of 3.

(i) Very strong decrease in the total contribution of two dou-
blets ascribed to Sn?* ions coordinated by 0%~ anions
(Aqy+ Ay < 10%). This effect, exhibiting the easy accessibility of
tin, even at room temperature, to molecules as large as H3S,
can indeed be observed only for dopant ions lacated on surface
sites.

(ii) Appearance of a very intense and somewhat asymmetri-
cally broadened doublet component defined by the following
average values of Massbauer parameters: §5y=1.16 mm s—1
AEgs=128mms !, I'5=1.03mms ! and A5y =83%.

The value of &) obviously cannot be assigned to a divalent tin
coordinated by $2- anions which is known to exhibit a much greater
isomer shift (e.g. §=3.4mms~! for SnS and §=3.5mms! for Sn2*
in Snz53 [8]). On the contrary, the observed value of &) is close to
those reported for the tetravalent tin possessing an octahedral 52—
surrounding (§=1.3mm s~ for SnS; and §=1.15mms-! for Sn4*
in SnyS3 [8]). Thus, the spectrum in Fig. 3 clearly indicates that Sn2*
ions were oxidized with concomitant breaking of the initial Sn—0
bonds. This, at first glance surprising oxidation of Sn?* ions, can
only be accounted for by the formation of elemental sulfur through
the dissociative adsorption of HyS molecules which themselves are
known to exhibit reducing properties but not the oxidizing ones.
Thus, the 119Sn spectrum in Fig. 3 furnishes an original proof of
dissociation of HyS molecules adsorbed on the surface of anatase
particles, as reported previously [3]. Moreover, this spectrum pro-
vides experimental evidence that elemental sulfur, produced by the
dissociation of H,S, can easily reacts, even at room temperature,
with neighboring stannous ions. Taking into account the typical
values of § corresponding to an Sn** ion, octahedrally coordinated

by either 6 02~ (8=0mms~' in the case of Sn0;) or
652- (8=13mms~! in the case of SnSy), the value of the
isomer shift relative to Sn** ions, formed upon exposure of 2 to
H35 (8(5=1.16 mm s~1), abviously cannot be ascribed to a site with

Table 1
Massbauer spectroscopic parameters of the ''Sn probe, located on surface sites of anatase microcrystals, determined before (sample 2) and after (sample 3) exposure to
hydrogen sulfide.
&(mms1) AEg(mms') I(mms!) A(%)
Sample 2 (H>-annealed powder characterized, by in situ measurements, prior to exposure to Ha$) (Fig. 2)
(0) 0.06+0.03 0.5+0.1 0.83 9+5
[0)] 3.22+0.05 1.65+0.07 0.83 45 +5
(1ny 2.89+005 1.71+0.07 0.83 46 + 5
Sample 3 (the previous powder exposed to H;S at room temperature for 19 h) characterized by in situ measurements (Fig. 3)
(0) 0.06+0.03 0.5+0.1 0.83 8+5
(s) (1.16 +0.05) (1.28 £ 0.05) (1.03) 83+5
(1+(11) (3.1£0.1) (1.63£0.05) 0.90 9+5
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Fig. 4. In situ ''%Sn Mossbauer spectrum of 4.

a mixed anionic surrounding (i.e. to a Sn*" ion coordinated by 3
02 and 3 S$*7). Hence, the observed sy value also implies the
presence, at the anatase surface, of large amounts of undissoci-
ated H2S molecules capable of saturating the coordination sphere
of a pristine sulfur-oxidized Sn* ion to produce [SnSg]-like species.
Therefore, the spectrum in Fig. 3 is also suggestive of H,S adsorp-
tion layer formation on the surface of anatase particles. Besides,
the value of AEgs)=1.28 mm s~1 shows that the local surrounding
of Sn* in the [SnSg]-like species is strongly distorted as compared
to that of Sn** in SnS; whose Méssbauer spectrum is known to
exhibit an unsplit resonance absorption peak (AEg =0.5mms-!
[9]). As revealed by the slightly asymmetric broadening of the main
doublet component in Fig. 3, that is suggestive of the existence of
distributions in both the d;5) and AEqs) values, the [SnSg] coor-
dination polyhedra are obviously distorted to somewhat different
extents.

In this respect, it is worth mentioning that the observed behav-
jor of Sn?* ions on anatase microcrystals in the presence of H;S,
significantly differs from what was observed under the same exper-
imental conditions for Sn2* ions on surface sites of Cr,03 [ 10]. While
in the latter case the surface-located Sn%* ions were also found to
migrate from the sites with pure oxygen surrounding to be bonded
only to 2 ions, no oxidation of the divalent tin was revealed by
the relevant in situ 1'9Sn Massbauer spectra [10]. Accordingly, the
persistence of Sn2* ions in the case of Cr203 shows that the inter-
action of this oxide with absorbed molecules of H;S is essentially
molecular.

In order to get a better insight into the chemical behavior of
tin ions in the presence of hydrogen sulfide we have also investi-
gated Masshauer spectrum of anatase particles doped with 1195p#*
oxidized pristine ions, For this purpose, the starting material was
prepared according to [1] by mild heating of 2 in air at 200°C for
1 h (the resulting material is hereafter denoted as 4). Mossbauer
measurements, performed after exposure of 4 to H;S at 25°C for
19 h (Fig. 4), did not allow any tin sulfide species to be detected
at positive Doppler velocities, all the parameters of the initial cen-
tral peak, assigned to Sn*" ions coordinated by 6 02~ anions, being
found to remain unchanged. Hence, contrary to what was observed
for Sn%*, exposure to HaS under the same experimental conditions
did not affect the nearest surrounding of Sn*" pristine ions. The
higher reactivity of surface-located Sn?* ions with respect to HpS
may therefore be explained by the instability of the intermediate
mixed anionic surrounding of Sn#* sulfur-oxidized ions invalving
size-incompatible 0%~ (ionic radiir= 140 A [11])and 52— (r=1.84 A
[11]) anions.

Absoarption (%)

6 0 6
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Fig. 5. '"Sn Méssbauer spectrum of 5.

3.2. Mdssbauer spectroscopy and XPS characterization of sample
3 after a long-term exposure to ambient air (sample 5)

We also took advantage of the opportunity to investigate, using
both 119Sn Méssbauer spectroscopic probe and XPS techniques,
sample 3 which was exposed to ambient air for a period of 3 months
(this sample is hereafter denoted as 5).

Massbauer spectroscopic measurements (Fig. 5) have once again
exhibited a drastic change in the local environment of Sn**
ions pointing to the total replacement of their neighboring $2~
anions (§s5)=1.16mms ! and AEqs)= 1.28 mms—1) by 02~ anions
(8(0y=0.02 mm s~!and AEg0y=0.50mm s—1). Hence, the observed
change in the ''9Sn hyperfine parameters has provided direct evi-
dence for the oxidation, under ambient conditions, of the absorbed
H3S by oxygen molecules. This reaction is found to result in the for-
mation of Hy0 and/or other oxygen-containing species capable of
saturating the coordination sphere of Sn** to produce [SnOg]-like
coordination polyhedra. Note, that in this experiment once again,
Massbauer spectra revealed no Sn*" ions stabilized in a mixed
[S2~ + 0% ] anionic surrounding.

XPS characterization of 5 has provided the following results
(Fig. 6 and Table 2):

(i) The binding energy values corresponding to Ti2p3
(Ep=458.8¢V) and Sn3d5 (E,=487.0eV) peaks are found
to be virtually equal to those previously reported in [1] for a
sample, similar to 4, but not exposed to HpS. Thus, XPS spectra
in Fig. 6a and b did not allow us to detect any change in the
chemical state of both host and guest cations, which could be
related to interactions of HzS with the surface of tin-doped
anatase microcrystals;

(ii) On the contrary, XPS measurements revealed the S2p spectrum
(Fig. 6¢) consisted of two chemically different main contrib-
utions defined by the binding energy values E, ~164eV and
Ep~169.0eV. According to [ 12], the former value is assignable

Table 2

Tin-to-titanium, tin-to-total sulfur, and elemental sulfur-to-sulfate molar ratios, rel-
ative to 3-5nm thick surface-adjacent layers in 5 (this sample was first exposed
to HzS and then to ambient air), determined from XPS measurements at different
locations of the X-ray spot.

Locations of [Sn]:[Ti] [Sn]:([S°]+[S042-1) [S9):[S042]
the spot

1 0.024 0.21 1.52

2 0.023 033 0.54

3 0.025 0.46 0.46

4 0.023 0.43 0.38

5 0.023 033 073
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Fig. 6. Ti2p, Sn3d and S2p X-ray photoelectron spectra of air-exposed 5. Both main
S2p peaks were fitted taking into account the S2p;; and S2p,; contributions.

to elemental sulfur (52) and the latter to sulfate anion (5042-).
Moreover, in the region between these main peaks, one can
tentatively suggest the occurrence of two very weak peaks rep-
resenting the +4 intermediate oxidation state (E, = 166-167 eV
being reported for the sulfite ion S032~ [12]). Hence, all of
these XPS results are consistent with the oxidation of S2- ions
revealed by the Mossbauer spectrum shown in Fig. 5.

The data presented in Table 2 also allow us to draw some con-
clusions based on comparing the [Sn]:[Ti], [Sn]:([S?]+[S042-]) and
[S9]:[SO42-] molar ratios. So, the observed tin-to-titanium molar
ratio, Rispjmij = [Sn]:[Ti]= 0.023 + 0.002, which appears to be virtu-
ally independent on the spot location, still implies an abnormally
high (more than 20-fold) enrichment with tin of surface layers
as compared to the overall molar ratio [Sn]:[Ti]=0.001 defined
by the amounts of tin and titanium used in the synthesis of 2.

Moreover, the Risq.rj value, relative to 5, is found to be even some-
what higher than the relevant value reported in [1] for a sample
similar to 2, but not exposed to HzS (Rxps = [Sn]:[Ti]=0.018). As the
overall [Sn]:[Ti] ratio in both these samples was the same, a higher
value of Rigy)ryj for the sample exposed ta HpS may be explained
assuming that the presence of sulfur-containing species has prefer-
entially affected the spectral contribution of Ti** ions that became
too distant from the “sulfur-contaminated” anatase surface to be
detected by XPS. Considering the values of [Sn]:([S?] +[S042~]) and
[S°]:[S04%~] molar ratios, involving the sulfur-containing species
that were not desorbed under high vacuum conditions of XPS mea-
surements, one can see that these values exhibit large variations
depending on the spot location. The obvious lack of correlation
between Sn and S contents is thus quite consistent with the forma-
tion, upon long-term exposure of 3 to ambient air, of [SnOg]-like
species revealed by the 1195n Méssbauer probe.

4. Conclusions

Qur in situ Mdssbauer spectroscopic measurements performed
with 119Sn2* probe ions located on surface sites of anatase-type
TiO2 microcrystals and then exposed to a HzS/Hz mixture, have
revealed the oxidation of these ions with concomitant stabilization
of the resulting Sn** ions in a coordination polyhedra composed
of only 52~ anions. This finding is accounted for by the dissociative
adsorption of a fraction of the H;S molecules retained by the studied
TiO, substrate. In ambient air, oxidation of H;S by O; results in the
formation of both H,0 molecules and S042- anions responsible for
the appearance of Sn** ions coordinated by only 02--containing
species. In a broader sense, the results reported in the present study
provide further evidence that the method of the surface-located
1195n2+ Massbauer probe can be successfully applied to studying
the adsorption phenomena at molecular scales.
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