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Abstract
The deactivation of noble metal catalysts by  SO2 and  H2O is a common issue in the post combustion treatment of flue gases 
from sintering processes in the steel industry. In an effort to develop  SO2-tolerant CO-oxidation catalysts, herein, we inves-
tigated the effect of  SO2 and  H2O on the catalytic activity of Pt/TiO2(P-25) catalysts for CO oxidation using X-ray photo-
electron spectroscopy (XPS), transmission electron microscopy (TEM), and diffuse-reflectance infrared Fourier-transform 
(DRIFT) spectroscopy. Pt/TiO2(P-25) catalysts, in the absence of  SO2 and presence of  H2O, enhanced the activity and 
stability of CO oxidation, while being largely suppressed and irreversibly deactivated in the presences of  SO2. The XPS and 
TEM results suggested that variations in the Pt particle size and oxidation state were not major causes of the deactivation. 
Instead, according to DRIFT spectra, the interaction between CO and  H2O at the metal-support interface was weakened 
after the formation of  TiOSO4 on the  TiO2 surface in the presence of  SO2. This resulted in a loss of the previously observed 
enhancement of CO oxidation under humid conditions. These results indicate that in the presence of  SO2, the formation of 
 TiOSO4 is the major cause of irreversible deactivation. Therefore, removal of the  TiOSO4 layer from the  TiO2 surface is a 
crucial step for catalyst regeneration.
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1 Introduction

TiO2 is frequently used as a supporting material for metal 
and metal oxide catalysts due to its high surface area, strong 
metal-support interactions, and chemical stability [1]. These 
properties also make  TiO2-supported metal or metal oxide 
catalysts promising for applications such as those related 
to the production of fine chemicals and catalytic CO oxida-
tion. Among supporting materials for noble metal catalysts, 
 TiO2-supported Pt (Pt/TiO2) catalysts showed higher activity 
for CO oxidation than other supported Pt catalysts (e.g., Pt/
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SiO2) due to the interaction between Pt and the  TiO2 sup-
port [2].

One useful feature of  TiO2 is its robustness against  SO2, 
which is often present in reaction gases. Several studies 
reported that Pt/TiO2 catalysts have an advantage over other 
supporting materials in the tolerance of  SO2 [3–7]. Indeed, 
the effect of  SO2 on the activity and stability of Pt/TiO2 cata-
lysts under dry gas conditions has been established. How-
ever, in the real world setting, a high concentration of  H2O 
coexists with  SO2 in many flue gases [8]. Reportedly, every 
sintering plant in the steel industry emits ~ 1 million  Nm3/h 
of flue gas, from which ~ 1% represents CO, 20–200 ppm 
 SO2, and 10–20%  H2O [9]. Considering the hazardous prop-
erties of CO, removing this gas by catalytic oxidation under 
the influence of  SO2 and  H2O would be highly desirable. 
Under oxidative conditions,  SO2 is oxidized and reacts with 
 H2O to form  H2SO4 [7].

In a previous study, we have found that the formation and 
build-up of  H2SO4 on the Pt/TiO2 catalyst surface leads to 
a further catalyst deactivation [7]. Usually, reactants diffuse 
through the inter-particle spacing inside the Pt/TiO2 particle 
agglomerates. However, these inter-particle mesopores could 
be blocked by  H2SO4. Notably, the blocking can be removed 
at temperatures above 300 °C, thereby making catalyst deac-
tivation due to pore blocking by  H2SO4 reversible. Although 
using  TiO2 supports containing larger mesopores reduces the 
need for reactivation, the catalytic activity of Pt/TiO2 is not 
completely recovered after  H2SO4 removal, thus suggesting 
the presence of additional deactivation mechanisms. It is, 
therefore, necessary to determine other origins of catalytic 
deactivation to further improve the Pt/TiO2 catalyst stability 
under reaction conditions that may be encountered in the 
real world.

Herein, we employ  TiO2(P-25) as the supporting material 
for Pt to investigate the origin of catalytic deactivation under 
the influence of  SO2 and  H2O. Our previous report showed 
that Pt/TiO2(P-25) had large mesopores and exhibited high 
stability during CO oxidation using a gas mixture containing 
both  SO2 and  H2O [7]. Furthermore,  TiO2(P-25) is advanta-
geous for its high purity and absence of sulfuric impurities 
[10], which allows a detailed discussion on the effect of  SO2 
on the catalyst. In this study, the effect of  SO2 and  H2O on 
Pt/TiO2(P-25) during the reaction is discussed using X-ray 
photoelectron spectroscopy (XPS) and diffuse-reflectance 
infrared Fourier-transform (DRIFT) spectroscopy. The effect 
of  H2O on CO oxidation related to the Pt/TiO2(P-25) cata-
lytic activity was first investigated, followed by the effect of 
both  H2O and  SO2, in order to clarify the poisoning effect 
of  SO2 in detail.

2  Experimental

2.1  Catalyst Preparation

The Pt/TiO2(P-25) catalysts were prepared by the impreg-
nation method. An aqueous solution of  H2PtCl6·6H2O 
(Sigma-Aldrich, > 99.995%) was added dropwise to  TiO2 
(Catalysis Society of Japan (CSJ), JRC-TIO-4 (identi-
cal to Degussa P-25)) [11]. The samples were then dried 
at 110 °C overnight and calcined at 500 °C for 1 h. The 
supports were dried at 110 °C for 10 h and subsequently 
heated at 500 °C in air for 1 h before use. The catalyst 
with 0.1 wt% Pt (based on the amount of precursor used) 
was denoted as Pt/TiO2(P-25). Additionally, the catalyst 
employed in the XPS and DRIFT measurements was pre-
pared in the same manner, with 1 wt% Pt, and was denoted 
as Pt1/TiO2(P-25).

2.2  Catalyst Characterization

The surface area of the catalysts was determined by the 
Brunauer–Emmett–Teller (BET) method from the  N2 
adsorption isotherm measured by an adsorption measure-
ment instrument (Japan BEL, BEL-max). X-ray diffraction 
(XRD) measurements were performed for all of the pre-
pared catalysts using an XRD instrument (Rigaku, RINT-
TTR III). The ratio between the anatase and rutile phases 
in  TiO2 was determined following previously reported pro-
tocols [7, 12]. The results from both the BET and XRD 
measurements were in accord with those obtained previ-
ously [7] (Table S1).

TEM images of the Pt/TiO2(P-25) catalysts were 
obtained using a transmission electron microscope (FEI, 
Tecnai G2) in order to determine the dispersion of Pt. All 
images were obtained as bright-field images. The acceler-
ating voltage was adjusted to 200 kV, and the average Pt 
particle size was determined using the procedure described 
in the Supporting Information of our previous paper [7]. 
The size distribution of Pt nanoparticles was determined 
using TEM images (Figs. S1 and S2).

The oxidation states of Pt in Pt1/TiO2(P-25) and the 
amount of S were estimated by XPS. All spectra were 
obtained using an XPS analyzer (ULVAC-Phi, Quan-
tum-2000) equipped with a monochromated Al X-ray 
source and charge neutralizer. All measurements were 
performed at a pass energy of 29.35 eV and recording 
step of 0.125 eV. The peak shift derived from the charge 
build up in the catalysts was corrected by adjusting the 
binding energy of the C 1s peak to 285.0 eV. Addition-
ally, we recorded Ti 2p and O 1s spectra in order to assess 
the validity of the adjustment. The deviation of the peak 
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maxima between the catalysts was confirmed to be below 
0.2 eV. All XPS spectra were fitted using Gaussian–Lor-
entzian symmetric peak shapes and an iterative Shirley 
background. The peak area ratio followed the prediction 
from quantum mechanics, and the ratio between Pt 4f7/2 
and Pt 4f5/2 was adjusted to 4:3 for all pairs of Pt 4f peaks. 
The difference in binding energy between Pt 4f7/2 and Pt 
4f5/2 was adjusted to 3.33 ± 0.03 eV.  TiO2(P-25) supports 
without Pt were also characterized by XPS (Fig. S3), and 
the observed broad peaks were in the fitting of the Pt1/
TiO2(P-25) XPS spectra.

The CO adsorption state on Pt was elucidated by DRIFT 
spectroscopy. The Pt/TiO2(P-25) catalyst was collected 
from the tube reactor and placed in the in situ DRIFT cell 
equipped with ZnSe windows. DRIFT spectra were recorded 
using an infrared spectrometer (is50, Thermo Fisher Scien-
tific) equipped with a mercury cadmium telluride (MCT) 
detector. The reflectance spectra were obtained at 30 °C 
with a resolution of 4 cm−1 and were transformed to the 
Kubelka–Munk function. All samples were subjected to Ar 
flow for 10 min to remove excess water, followed by 5% 
CO/He gas until the peak intensity remained constant. CO 
was then purged by Ar flow for 5 min before beginning the 
measurements. In addition, the amount of  SO4

2− species on 
the catalysts in the samples following the test reactions with 
 SO2 was examined by DRIFT. The measurements were per-
formed under  H2 flow at a heating rate of 5 °C/min.

2.3  Catalytic Test Reactions

The catalytic activity of the Pt/TiO2(P-25) catalyst was eval-
uated by CO oxidation (CO + 1/2O2 → CO2) at atmospheric 
pressure with the same apparatus described elsewhere [7]. 
A reduction pretreatment using  H2 was performed at 500 °C 
for 30 min before each test reaction. Under humid test reac-
tion conditions of CO oxidation without  SO2, the gas com-
position was 1% CO, 10%  O2, and 20%  H2O, and 69%  N2. 
For CO oxidation with  SO2 under humid conditions, the gas 
composition was 1% CO, 10%  O2, 20%  H2O, 40 ppm  SO2, 
and 40 ppm NO, with  N2 making up the remainder. The 
gas composition under dry reaction conditions was 1% CO, 
10%  O2, and 89%  N2. The reaction gas compositions were 
set according to the actual exhaust gas composition of the 
sintering plant of Nippon Steel & Sumitomo Metal Corpora-
tion. The total gas flow was adjusted to 100 cm3/min and the 
space velocity (SV) was adjusted to 6,000,000 cm3/h/gcat. 
Notably, at such high SV, the amount of catalyst is too small, 
i.e. 1.0 mg, to ensure its contact with the gas flow. Therefore, 
the catalysts were mixed with  TiO2 powder to increase the 
catalyst bed thickness. The total amount of the sample in the 
catalyst bed was adjusted to 30 mg. Typically, the reactions 
were performed at 250 °C for 5–20 h. The gas composition 
of the outlet gas from the reactor was determined with an 

infrared gas analyzer (Yokogawa Electric, IR-200) and con-
version of CO was calculated using the CO and  CO2 concen-
trations. Test reactions confirmed that bare  TiO2 exhibited 
almost no activity for CO oxidation (Fig. S4), indicating that 
the catalytic properties of Pt/TiO2 are determined by the Pt 
particles and the Pt–TiO2 interface. The catalyst with 1 wt% 
Pt (Pt1/TiO2(P-25)) was also subjected to the same reaction 
conditions before the XPS measurements and DRIFT stud-
ies. The Pt-size distribution and CO-oxidation activity were 
similar for 0.1 wt%- and 1.0 wt%-Pt/TiO2(P-25) catalysts 
(Figs. S2 and S5), confirming that the chemical condition 
was similar for these catalysts.

3  Results and Discussion

3.1  Effect of  H2O on the CO Oxidation Reaction 
in the Absence of  SO2

To understand the effect of  H2O on the catalytic activity of 
Pt/TiO2(P-25) toward CO oxidation, the reaction was first 
performed in the absence of  SO2. The time course profiles 
of the CO oxidation in the presence of catalyst Pt/TiO2(P-25) 
and the absence of  SO2 at 250 °C differ under dry and humid 
conditions, as well as whether reduced with  H2 (pretreat-
ment) or left untreated (Fig. 1). While, under dry conditions, 
both the reduced and untreated catalyst led to the decrease in 
CO conversion over time, the pretreated catalyst decreased 
to a lesser extent. In contrast, under humid conditions, both 
the untreated and reduced Pt/TiO2(P-25) catalysts exhibited 

Fig. 1  CO oxidation reaction test results without  SO2. Gas compo-
sition, dry: 1% CO, 10%  O2, 0%  H2O, 89%  N2; Gas composition, 
humid: 1% CO, 10%  O2, 20%  H2O, 79%  N2; SV: 6,000,000  cm3/h/
gcat
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comparable and stable activity for CO oxidation through-
out the reaction. These results indicate that the presence of 
water vapor accelerated and stabilized the CO oxidation of 
Pt/TiO2(P-25), irrespective of the pretreatment conditions.

As described above, water vapor in the reaction gas 
improved the activity and stability of the Pt/TiO2(P-25) 
catalyst for CO oxidation. In order to understand the origin 
of these results, the catalysts were characterized by XPS 

and TEM. XPS spectra before and after the test reactions 
are shown in Fig. 2. The results of XPS are summarized in 
Table 1. Clear differences are observed after the test reac-
tions for the catalysts both with and without  H2 reduction. 
In the untreated catalyst prior to the test reaction, Pt was 
comprised solely of  Pt2+ and  Pt4+ (no  Pt0) species. The Pt 
species were then reduced during the test reaction, resulting 
in a decrease in the  Pt2+ and  Pt4+ species and increase in 
metallic  Pt0. In the pretreated (reduced) catalyst, the Pt spe-
cies were mainly  Pt0 with a small amount of  Pt2+(no  Pt4+). 
After the test reaction, the amount of  Pt0 species slightly 
decreased, while that of  Pt2+ increased. These results suggest 
that the oxidation state of Pt on  TiO2(P-25) during the CO 
oxidation under dry conditions is affected by the interaction 
between the metal and  TiO2(P-25) support. CO oxidation 
of the oxidized  Pt2+ or  Pt4+ sites was slower than that of 
the reduced  Pt0 sites under dry conditions [13]. The higher 
activity of the reduced Pt/TiO2(P-25) was ascribed to the 
larger amount of  Pt0 species, which represent the active sites 
for CO oxidation under dry conditions.

The oxidation state of Pt also changed after CO oxida-
tion under humid conditions. The ratio of  Pt2+/Pt0 species 
in the pretreated (reduced) Pt/TiO2(P-25) catalyst increased 
after CO oxidation in the presence of water vapor, indicating 
that the Pt sites on  TiO2(P-25) were oxidized. Conversely, 
as for untreated Pt/TiO2(P-25), the fraction of  Pt4+ and 
 Pt2+ decreased and  Pt0 was formed after the reaction. For 
both catalysts, the fraction of oxidized Pt species  (Pt2+ and 
 Pt4+) after the CO oxidation under humid conditions was 
larger than that under dry conditions. In marked contrast 
to CO oxidation under dry conditions, no clear relationship 
between the fraction of reduced  Pt0 sites and CO oxidation 
activity of Pt/TiO2 catalysts could be determined.

TEM results also indicate the strong interaction between 
Pt and the  TiO2 support. The average diameters of Pt par-
ticles on the  TiO2 supports are listed in Table 2. The aver-
age Pt size before the reaction was ~ 1.4 nm and remained 
almost unchanged when the Pt loading increased from 0.1 to 

Fig. 2  XPS spectra (Pt 4f) of Pt1/TiO2(P-25) after CO oxidation 
under dry and humid reaction conditions a without (untreated) and b 
with  H2 reduction pretreatment

Table 1  Pt oxidation states and ratios in Pt1/TiO2(P-25) before and 
after the test reaction under dry and humid conditions without  SO2

All values were calculated from the peak areas in Fig. 2

Pt0 Pt2+ Pt4+

Untreated
 After humid reaction 0.27 0.53 0.20
 After dry reaction 0.51 0.49 0
 Before reaction 0 0.57 0.43

H2 reduced
 After humid reaction 0.63 0.37 0
 After dry reaction 0.69 0.31 0
 Before reaction 0.72 0.28 0
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1.0 wt%. The particle size distribution is also similar (Fig. 
S1). In addition, Pt particles were smaller than 2 nm even 
after the test reactions. This result also supports the idea that 
the interaction between Pt particles and the  TiO2(P-25) sup-
port is strong enough to stabilize the Pt particles consisting 
of < 200 Pt atoms [14].

3.2  CO Oxidation Reaction with  SO2

The effect of  SO2 on the catalytic CO oxidation was assessed 
by a test reaction (Fig. 3). The reaction conditions were 

identical to those described earlier in Sect. 3.1, but now 
the reaction also included  SO2. Before the test reaction, the 
catalysts were reduced under  H2 flow at 500 °C. Notably, 
the catalysts were almost instantly deactivated under the 
reaction conditions containing  SO2. Previous reports show 
that the adsorption of  SO2 on the Pt surface causes catalytic 
deactivation [15]. Additionally, our previous study indicated 
that the by-product  H2SO4 resulted in pore blocking and 
deceleration of the oxidation process [7]. For these reasons, 
lower catalytic activity in the presence of  SO2 was observed, 
but catalytic CO oxidation could be partly restored by the 
removal of  H2SO4. Herein, we have discussed several causes 
of deactivation originating from  SO2.

The reversible deactivation and reactivation were con-
firmed by the subsequent  SO2-free reaction. CO conversion 
increased around 2 h after the removal of  SO2 from the reac-
tion gas (Fig. 3). However, the obtained conversion in that 
case was much lower than when the catalyst was not exposed 
to  SO2 at all (Fig. 1). This result suggests that the adsorption 
of  SO2 in the presence of  H2O also irreversibly deactivated 
the Pt/TiO2(P-25) catalysts. To verify the effect of irrevers-
ible deactivation,  H2 reduction treatment at 500 °C or 250 °C 
was subsequently carried out. In the case of  H2 reduction 
at 500 °C, the catalytic activity was recovered to the same 
level as when no  SO2 was present (Fig. 1). In contrast,  H2 
reduction at 250 °C restored the catalytic activity by only 
half of what was attained with treatment at 500 °C. This 
result suggests that the causes of the irreversible deactiva-
tion were almost fully removed by  H2 reduction at 500 °C, 
but not at 250 °C.

3.3  Causes of Irreversible Deactivation of Pt/
TiO2(P‑25) in the Presence of  SO2 and  H2O

Pt/TiO2(P-25) catalysts were reversibly and irrevers-
ibly deactivated when  SO2 was present in the reaction gas 
(Fig. 3). Irreversible deactivation was mostly recovered by 
 H2 reduction treatment at 500 °C, but only partly by reduc-
tion at 250 °C. Below, we have discussed the origin of 
irreversible deactivation of Pt/TiO2(P-25) in the presence 
of  SO2 and  H2O related to four possible causes, ultimately 
showing that the alteration of the interaction between Pt and 
 TiO2(P-25) is a major cause of the irreversible deactivation 
of Pt/TiO2(P-25) in the presence of  SO2.

The first possible cause of irreversible deactivation is the 
formation of Pt sulfate species. In the presence of  SO2, the 
Pt/TiO2(P-25) catalysts were subjected to oxidative condi-
tions. It is known that Pd is deactivated when it transforms 
to Pd sulfate species [16, 17]. A similar transformation 
could conceivably occur with Pt, which is why we veri-
fied the chemical state of Pt in the Pt1/TiO2(P-25) catalyst 
after the reaction using XPS measurements (Fig. 4). The 
oxidation state of Pt and ratios between the oxidation states 

Table 2  Pt particle diameter determined by TEM measurement of 
catalysts before and after the reactions under humid conditions with 
and without  SO2

Pt size (nm)

0.1 wt% Pt 1.0 wt% Pt

After reaction without  SO2

 H2 reduced 1.90 1.95
 Untreated 1.73 1.69

After reaction with  SO2

 H2 reduced 2.61 2.72
Before the reaction 1.47 1.41

Fig. 3  CO oxidation reaction test with  SO2. The catalysts were 
reduced in  H2 flow at 500  °C. Gas composition: 1% CO, 10% 
 O2, 20%  H2O,  SO2, NO 40 or 0  ppm,  N2 remaining balance; SV: 
6,000,000 cm3/h/gcat. The samples for XPS and DRIFT studies were 
obtained at the corresponding reaction times indicated by symbols: 
(a) after 2-h reaction in the presence of  SO2 and  H2O, (b) after sub-
sequent 4-h reaction under humid condition without  SO2, (c) after 
 H2 reduction at 250  °C subsequent to the reaction, and (d) after  H2 
reduction at 500 °C subsequent to the reaction
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are described in Table 3. As can be seen, most Pt remained 
metallic  (Pt0) even after the test reaction with  SO2; almost no 
difference was observed before and after CO oxidation with 
 SO2. In addition, the ratio remained almost identical even 
after the reduction treatment at 250 °C and 500 °C (Table 3). 
These results suggest that the alteration of the chemical state 
of Pt is not the origin of the deactivation during the reaction 
in the presence of  SO2. It is noteworthy that Pt was more 
oxidized after the reaction test without  SO2 (Fig. 2) than 
after the reaction with  SO2 (Fig. 4). As previously discussed 
(Sect. 3.1), Pt was oxidized during the reaction test without 
 SO2 due to the interaction between Pt and the  TiO2(P-25) 
support. Therefore, XPS results suggest that the interaction 
between Pt and  TiO2(P-25) was moderated by  SO2.

The second possible cause of irreversible deactivation is 
the sintering of Pt particles during the reaction. Reportedly, 
the sintering of Pt is accelerated by  SO2 [15, 18]. Previ-
ous studies even show the formation of  H2SO4 and  TiOSO4 
as by-products during the reactions containing both  SO2 
and  H2O [7, 19, 20]. The formation of strong acid,  H2SO4, 
can further promote the sintering of Pt during the reaction, 
which may cause irreversible deactivation of the catalysts. 
To assess the effect of the sintering, the average diameter of 
Pt particles was determined by TEM measurements of the 
catalysts before and after the reaction. The results are sum-
marized in Table 2. The average size of the Pt particles on 
 TiO2(P-25) almost doubled following the reaction with  SO2. 
This result indicates that the sintering of Pt at least partly 
caused the irreversible deactivation of the Pt/TiO2(P-25) cat-
alysts during the reactions in the presence of  SO2. However, 
the deactivation cannot be fully attributed to the sintering of 
Pt for two reasons: (1) the size of Pt after the reaction and (2) 
the catalytic activity after  H2 reduction treatment following 
the reaction. While the size of Pt particles almost doubled 
after the reaction, the increase was only ~ 40% compared to 
the result obtained after the reaction without  SO2. It is unrea-
sonable to attribute the drastic deactivation observed to such 
a small increase in the Pt particle size (Fig. 3). This conclu-
sion was also supported by the high activity of Pt/TiO2(P-25) 
after the  H2 reduction treatment following the reaction with 
 SO2. If the major cause of Pt/TiO2(P-25) deactivation was 
the sintering of Pt particles, the catalytic activity could not 
be recovered by such a simple reduction treatment. Com-
bined, these results suggest that the sintering of Pt was a 
minor cause of the irreversible deactivation of Pt/TiO2(P-25) 
catalysts during the reactions with  SO2.

The third possible cause of irreversible deactivation 
is the coverage of Pt particles by  SOx species. Adsorbed 
 SOx species on Pt prevent CO oxidation on the Pt surface, 
which leads to lower Pt/TiO2(P-25) activity. We found 
that the physical adsorption of  SOx species is not a major 
source for the irreversible deactivation of Pt/TiO2(P-25). It 
has been reported that  SOx species on Pt are oxidized and 
transferred from the Pt surface to the surface of the oxide 
supports during reactions in an oxidative atmosphere at tem-
peratures > 200 °C [21]. Furthermore, our previous report 
confirms the appearance of  H2SO4 under reaction conditions 
identical to the aforementioned ones (Sects. 3.1 and 3.2), 
which also indicates the fast removal of  SOx species from 
the Pt surface [7]. For further assessment, we performed 
a DRIFT study to understand the CO adsorption on the Pt 
particles (Fig. 5). An intense peak of CO adsorbed on metal-
lic  Pt0, as well as a small peak of CO on  Pt2+ was observed 
even after the reaction with  SO2 (Figs. 3a, b, 5a, b). In fact, 
the intensity of the main peak was comparable to those of 
the peaks before the test reaction (Fig. 5), thereby signifying 
that CO adsorbed on the Pt surface was not disturbed by the 

Fig. 4  XPS spectra (Pt 4f) of Pt1/TiO2(P-25) after the CO oxidation 
with  SO2

Table 3  Oxidation states of Pt and their ratios in Pt1/TiO2(P-25) 
before and after the test reaction with  SO2

All values were calculated from the peak areas in Fig. 4

Pt0 Pt2+ Pt4+

Reaction without  SO2

 After reaction 0.63 0.37 0
Reaction with  SO2

 500 °C reduced after reaction 0.71 0.29 0
 250 °C reduced after reaction 0.71 0.29 0
 After reaction 0.71 0.29 0

Before reaction
 500 °C reduced 0.72 0.28 0
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 SOx species present. This result also supports the conclusion 
that although the presence of  SOx species on the Pt surface 
is the cause for reversible catalytic deactivation, it is not a 
major cause for irreversible deactivation.

The fourth possible cause of irreversible deactivation of 
Pt/TiO2(P-25) catalysts is the alteration of the interaction 
between Pt and the  TiO2(P-25) supports. As confirmed by 
XPS and DRIFT studies after the reaction (Figs. S6 and S7), 
 SO2 was oxidized on Pt–SO4

2− species. Thermogravimetric 
analysis confirmed the formation of ~ 0.2 nm thick  TiOSO4 
layer on all over the  TiO2 surface after the reaction in the 
presence of  SO2 (Fig. S8; Tables S2 and S3). This modifica-
tion of the  TiO2 surface would alter the interaction between 
Pt and the  TiO2(P-25) supports. Several reports suggest that 
CO and  H2O form an intermediate state at the Pt-support 
interface, which leads to faster CO oxidation [22, 23]. The 
coverage of a  TiO2 surface by  TiOSO4 can therefore hin-
der the reaction between CO and  H2O at the Pt–TiO2(P-25) 
interface. This would lead to a weaker enhancement of the 
CO oxidation by  H2O and, as a result, slower CO oxida-
tion. This assumption is supported by the DRIFT spectra 
in Fig. 5. Clear differences are represented among the spec-
tra. Although the adsorbed CO species are observed in all 
spectra, peaks corresponding to CO interacting with  H2O 
are absent only in the spectrum of Pt/TiO2(P-25) after the 
reaction with  SO2 (Fig. 5a, b) [24]. This result suggests that 

CO does not interact with  H2O at Pt–TiO2 interface on the 
 TiO2(P-25) support covered by  TiOSO4. This assumption 
is supported by the dependence of the peak intensity on the 
reduction temperature after the reaction test with  SO2. When 
reduction treatment was carried out at 500 °C after the reac-
tion with  SO2, the peak intensity of CO interacting with 
 H2O on  Pt0 is stronger than that after the reduction treatment 
at 250 °C (Fig. 5c, d). As illustrated in the DRIFT spectra 
obtained during heating under  H2 atmosphere, the peaks of 
the  SO4

2− species weaken as the temperature is increased 
[7, 15, 25] (Fig. 6). No clear peaks of  SO4

2− species are 
observed at 490 °C, but weak peaks are confirmed at 250 °C. 
XPS spectra of S 2p are also in accordance with these 
results; the peak for  SO4

2− weakened after the reduction 
treatment following the test reaction (Fig. 7). These results 
suggest that the existence of  SO4

2− species on  TiO2(P-25) 
and  TiOSO4 weakened the interaction between CO and  H2O 
at Pt–TiO2 interface, which led to the irreversible deactiva-
tion of Pt/TiO2(P-25).

DRIFT studies suggest that the appearance of  TiOSO4 
alter the interaction between  H2O and CO, which results in 
a weaker enhancement of the CO oxidation from  H2O and, 
thus, slower CO oxidation. In order to confirm this hypoth-
esis, we performed CO oxidations under different condi-
tions. CO oxidation in the presence of  SO2 was followed 
by CO oxidation under humid conditions without  SO2, and 
then by CO oxidation under dry reaction conditions with-
out  SO2 (Fig. 8). It is worth noting that the CO conversion 
rate remained almost constant even after the removal of 
water, thereby indicating that the CO conversion rate was 

Fig. 5  DRIFT spectra of Pt1/TiO2. The samples indicated by symbols 
(a)–(d) were collected at the corresponding reaction times reported 
in Fig. 3: (a) after 2-h reaction in the presence of  SO2 and  H2O, (b) 
after subsequent 4-h reaction under humid condition without  SO2, (c) 
after  H2 reduction at 250 °C subsequent to the reaction, and (d) after 
 H2 reduction at 500 °C to the reaction. All measurements were per-
formed at room temperature. 5% CO/Ar gas flowed for 5 min after Ar 
purge. Then, CO gas was purged by Ar for 5 min before the measure-
ment. Peaks were assigned according to a previous report [24]

Fig. 6  DRIFT spectra obtained during heating under  H2 atmosphere 
after the test reaction with  SO2. The heating rate was 5 °C/min, with 
the spectra being recorded every 15 °C. Peaks ~ 1100–1300 cm−1 cor-
respond to sulfate species [7, 15]
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not affected by the presence of  H2O. These results indicate 
that there was no enhancement of the CO oxidation from 
 H2O after the reaction with  SO2, which clearly supports the 
idea that the coverage of  TiO2(P-25) with  TiOSO4 causes the 
irreversible deactivation of Pt/TiO2(P-25) catalysts.

Taken together, all experimental results suggest that a 
 TiOSO4 layer coats  TiO2 surface, thus weakening the inter-
action between  H2O and CO at the Pt–TiO2 interface and 
rendering the previously observed enhancement of CO 
oxidation from  H2O inactive. This suggests that removal 
of  TiOSO4 from the  TiO2(P-25) support is a crucial step 
in the catalyst regeneration. An easy approach to remove 
 TiOSO4 is heating the catalysts in reductive atmospheres. 
Reportedly, sulfate species decompose at lower tempera-
ture under a reductive rather than oxidative atmosphere 
[26]. Therefore, applying a reductive atmosphere enables 
the removal of  TiOSO4 at lower temperature while also 
avoiding the sintering of Pt on the support. Another pos-
sible approach is washing the catalysts with solvents that 
dissolve  TiOSO4 (e.g., water) in order to effectively regener-
ate the catalysts. Furthermore, the findings of this study also 
suggest another strategy to improving the  SO2 tolerance of 
the catalysts, namely modification of the  TiO2 surface with 
dopants. In particular,  TiO2 is known for its wide range of 
dopant options [27–29]. We expect that the thermal stability 
of the  TiOSO4 layer on the  TiO2 surface would be altered by 
dopants because the stability of sulfates strongly depends on 
the element type [26]. In addition, finer tuning of the chemi-
cal composition of the  TiO2 supports would possibly lead to 
a higher  SO2 tolerance of the Pt/TiO2 catalysts.

4  Conclusions

In this study, we discussed the origin of irreversible deacti-
vation of Pt/TiO2(P-25) in relation to the presence of  SO2. 
Results from XPS and TEM measurements suggest that the 
oxidation state and size variation of Pt are not major causes 
of deactivation. In addition, DRIFT studies show that the 
interaction between CO and  H2O was weakened after the 
formation of  TiOSO4 on the  TiO2(P-25) surfaces. Further-
more, CO oxidation test reactions elucidated the absence 
of CO oxidation enhancement from  H2O in the presence 
of  H2O and  SO2, which results in a lower catalytic activity. 
Based on the results in this work, we concluded that the 
formation of  TiOSO4 is the major cause of irreversible deac-
tivation after the reaction with  SO2. Therefore, the removal 
of  TiOSO4 is a crucial step to reactivating the catalysts after 
the reactions with gas mixtures containing  SO2 and  H2O.

Acknowledgements This research did not receive any specific grant 
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Fig. 7  XPS spectra (S 2p) of Pt1/TiO2(P-25) before and after the CO 
oxidation with  SO2. The samples indicated by symbols (a)–(d) were 
collected at the corresponding reaction times indicated in Fig. 3: (a) 
after 2-h reaction in the presence of  SO2 and  H2O, (b) after subse-
quent 4-h reaction under humid condition without  SO2, (c) after 
 H2 reduction at 250  °C subsequent to the reaction, and (d) after  H2 
reduction at 500 °C to the reaction

Fig. 8  CO oxidation test reaction with  SO2. The catalysts were 
reduced under  H2 flow at 500 °C. Gas composition: 1% CO, 10%  O2, 
0% or 20%  H2O, 0 ppm or 40 ppm  SO2 and NO,  N2 remaining bal-
ance; SV: 6,000,000 cm3/h/gcat
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