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Abstract

The morphological effects of SpQhin film on catalytic activities and selectivities for the selective oxidation of, CH
were investigated with X-ray photoelectron spectroscopy (XPS) and thermal desorption spectroscopy (TDS). Dense texture
type and a columnar texture type Sn@in films were prepared by the sputtering method. The measured proportion of
adsorbed oxygen species{0Q 0,2~, O,~ and Q) on these two types of samples with XPS were different from each other,
and the proportion of a highly reactive oxygen speciesv@s larger on the dense sample. The TDS data of the products
(HCHO, CHOH, CO, CQ and HO0) were obtained on the two different structured film samples aftey &osure at
room temperature. The obtained TPD data were explained appropriately by considering several reaction pathways. The dense
texture type Sn@film showed a higher reactivity for the oxidation of ¢lthan that of the columnar texture type one. The
selective formation of HCHO was especially observed for the dense texture film. The oxidation w&Sitherefore strongly
affected by the surface morphology of Snfdm. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction structure can modify the reaction rate on the selec-
tivity. Furthermore, these catalytic could be strongly
The selective oxidation reaction of hydrocarbon affected by the presence of defective sites.
species on metal oxides has been practically and sci- SnQ is widely used as a gas sensing device and
entifically important process. The factors which affect the catalyst of oxidation reaction [2—6]. The reactive
the yield of the products in the reaction have been oxygen species of SnQvhich play an important role
intensively studied. The structural sensitivity of the in the oxidation was considered to be Gpecies
selective oxidation on crystallized metal oxides have chemisorbed on the bridging oxygen site of the (11 0)
been examined [1]. This means the determination of surface [6]. Recently, we reported on the gas sensitiv-
the structure of the active site and to what extend this ity control by the morphological variation of Sa€hin
film [7]. In this paper, we reported that the gas sensi-
"+ Corresponding author. Tekt81-774-75-2305: tivity of a dense texture type Sp@im in contact with
fax: +81-774-75-2318. H,> was much larger than that of a columnar texture
E-mail addresskenijt@rite.or.jp (K. Tabata). type SnQ film. Furthermore, we studied GOH
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adsorption on Sn@thin films with different mor- used. TDS measurements were carried out with a
phologies [8]. In that paper, we reported that the quadrapole mass spectrometer QMS-200 (Balzers
dense texture type film oriented mainly to the (110) Instruments) attached to the vacuum chamber of
phase showed a higher reactivity for oxidation of XPS (base pressure- 4 x 10~/ Pa). The treatments
CH3OH than the columnar texture type film. Cox of acquired mass spectra were carried out with the
and co-workers [9] studied the GBH dissociation software (QuadStar 422: Balzers Instruments). The
and oxidation over the single crystal of Sp(1 10) raising rate of temperature was 5K/min. Sample
using X-ray photoelectron spectroscopy (XPS) and heating was carried out with a halogen lamp, which
thermal desorption spectroscopy (TDS). In that paper, was attached at the outside of the second chamber of
they reported that the formation of HCHO by the de- XPS. The estimated measurement error was within
composition of adsorbed methoxide species occurred +2 K. Heat treatments during the XPS measurements
at two different types of oxygen vacancies on the were carried out with a resistive heater, which was
(110) face. These results indicated that the catalytic built in a sample holder in an analyzing chamber. The
properties over Sngsurface could be affected by the estimated measurement error was withihO K. The
variation of morphology of that. However, the detail specific surface area of SaGhin film was measured

of the structural sensitivity of SnfOwas still unclear. with the BET method (BELSORP TCV: Nippon-bel).

In this study, we examine the morphological effects in

the selective oxidation of CHwith an SnQ thin film.

3. Results
2. Experimental section 3.1. SEM images of SnGilm
Two different types of Sne@thin films were pre- Fig. 1 shows the SEM images of dense (a) and

pared on a sapphire substrate by the reactive radiofre-columnar (b) texture type films. The appearance of
qguency (RF) magnetron sputtering method (SPF-430: these images was clearly different. The smooth surface
Nichiden Anelva). We called these two different SnO  of the dense sample can be seen but several nanome-
films as a dense texture type film and a columnar ter size of the column can be seen in the SEM image
texture type one. The details of the sputtering con- of the columnar sample. From the results of our pre-
ditions are written in [7]. Three-dimensional images vious XRD measurements of these films, it was found
of the surface of Sn@films were obtained using the that the dense texture film had a strong peak of the
scanning electron microscope (SEM) with S-5000 (110) phase and the columnar one had main peaks
(Hitachi). The acceleration voltage of electron was of the (211) and (301) phases [8]. The specific sur-
10.0kV. The X-ray diffraction spectrum of these films face area of these films was measured by BET method
were shown in our previous paper [8]. XPS mea- (Table 1). The measured area of the columnar type
surements were performed with an angle-resolved film was almost 20 times larger than that of the dense
ESCA-KM (Shimadzu). An Al Kx X-ray source was  texture type film.

used for the excitation, and the pass energy was 32 eV.

The central position of the sample was measured 3.2. XPS measurements of Sn@in films

with XPS. The diameter of the elliptically measured

region was 2mmx 1 mm. XPS was detected at an 3.2.1. Oxidized Sngfilms

angle of 15 to the surface of the sample. The bind- In the beginning, we checked the surface compo-
ing energy Eg) was calibrated with respect to the nents of these samples in advance with XPS. All the
peak position of the St (3ds/2) peak as 486.8eV  observed peaks were originated from Sn, O and the
[8]. The treatments of acquired spectra were carried contaminating carbon. In order to obtain the informa-
out with the software (VISION: Kratos Analytical). tion of adsorbed oxygen species on the surface, we
Oz gas (>99.8% purity, Sumitomo Seika Chemi- carried out XPS measurements on the pre-oxidized
cals) was used through a liquid nitrogen trap. Highly SnG films. Fig. 2 shows the O (1s) level spectra
purified CH; gas (>99.9995% purity, Teisan) was of two different types of films, obtained aftero,O
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(b)

Fig. 1. SEM images of Sngxhin films for: (a) dense texture type
film; (b) columnar texture type film.

oxidization at 473K at B6 x 10'°L. We resolved

Table 1

Specific BET areas of Snfilms (the corrected BET area)
Dense (cri/substrate area) 6.15
Columnar (cri/substrate area) 121

position of @%~ on nickel and copper [10,11]. The
resolved peak aEg = 5315eV could be assigned
to O~ species from the reported peak position of O
on nickel [12-14]. Concerning the resolved peak at
Eg = 5293eV, we assumed to be oxygen species
ionically chemisorbed on the bridging sitesyj@rom

the results of our previous report [15]. The small
resolved peak aFg = 5339eV was observed in
Fig. 2(b). We assumed that this peak was able to be
assigned to @ species because the peak position of
superoxo was reported to be at ca. 534.5eV on kLi—O
complexes [16]. The proportions of resolved peaks
were different between two samples. The total value
of the proportions of O and Q, on the columnar type
film was clearly smaller than that on the dense type
film as shown in Table 2. In the previous paper, we re-
ported that an adsorbed oxygen atom coupled with the
nearest neighboring bridging oxygen vacant site was
O~ species and this oxygen species brought catalytic
activity on the (110) surface of SpQ17]. Further-
more, we suggestedyGpecies shifted to O during

the oxidation of CH [17]. Therefore, the difference
of the proportions of the reactive oxygen species were
originated from the different morphologies.

3.2.2. CH-exposed Sn&films

In order to investigate the difference of reactivities
on these two different structured samples, we carried
out CHy exposure on the pre-oxidized samples. Fig. 3
shows the C (1s) level spectra obtained aften @k
posure at room temperature and &86lx 10°L. We
resolved each spectrum into five peaks using the soft-
ware. Every peak position of resolved spectra was the
same between these two different samples. The peak

the spectra into several peaks as to match with the positions of resolved peaks and their intensity propor-
original ones with the software. Every peak position tion were listed in Table 3. The resolved hydrocar-
of the resolved spectra was the same in Fig. 2(a) andbon species akg = 284-285¢eV could be assigned

(b). The peak positions and their proportions were to the methyl group formed from adsorbed £&hd

listed in Table 2. The resolved peaki&g = 5306 eV
could be assigned to the lattice oxygen atom$ (0
Concerning the resolved peaks B = 5324¢eV,

further carbonized species [18,19]. The resolved peak
at Eg = 2864 eV could be assigned to methoxide
species since the peak position of methoxide species

we assigned to €9~ species from the reported peak adsorbed on both ZnO and TiOwere reported to
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Fig. 2. O (1s) level XPS spectra of Sp@hin films obtained after © exposure: (a) dense texture type film; (b) columnar texture type
film. O, exposure was carried out at 473K aBf x 1010L.

be Eg = 2868¢eV [20,21]. The resolved peak at ca. film (Table 3). On the contrary, the intensity propor-

Eg = 287.4 eV could be assigned to molecularly ad- tion of dioxymethylene species on the dense texture

sorbed CHOH from the reportedg of molecularly type film was more than three times larger than that

adsorbed one on ZnO (287.3eV) and 7i(®01) on the columnar texture film. Since the proportion of

(287.4eV) [20,21]. Concerning the assignment of the this highly oxidized species on the dense sample was

last resolved peak &g = 2889 eV, two hydrocarbon  larger than that on the columnar one, the reactivity

species, i.e. formate or dioxymethylene species could for the oxidation of CH on the dense texture film

be considerable from the reported value289.3 eV) was supposed to be higher than that on the columnar

adsorbed on ZnO or Zr9[20,22]. Dioxymethylene  sample.

species was also observed after4CH{ adsorption on

SnG with FTIR in our previous study [23]. We there-  3.3. Thermal desorption spectroscopy

fore assigned the peak to the dioxymethylene species.

On the columnar texture type Sp@m, both methox- 3.3.1. Q desorption from oxidized Sp@ilms

ide species and molecularly adsorbedzOHl propor- In order to investigate the thermal stability of

tions were larger than those on the dense texture typechemisorbed oxygen species on the surface, thermal
desorption of oxygen molecule was carried out on the

Table 2 pre-oxidized Sn@films. Fig. 4 shows the TDS data
Intensity proportion of surface oxygen species of gnidms of the dense texture type Sp@m (a) and the colum-
obtained after @ exposure (@ exposure was carried out at 473K nar one (b). @ exposure was carried out under the
and at 136 x 10'°L) same condition as that of XPS measurements. Heating
Species rate was 5K/min, anek/z = 32 was detected. TDS

data of the dense sample started to rise from around

573K, and that of the columnar sample rose from

Eg (eV) 530.6 5324 5339 5315 5293  ground 530K. The spectrum (a) had a peak at around

gﬁﬂfgnar gg 12 1 iz i 700K, and spectrum (b) had a peak at around 600 K.
The TDS of @ from the single crystal of SnfX1 1 0)

0% Oy 2- Oy~ (o Op
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Fig. 3. C (1s) level XPS spectra of oxidized Snthin films obtained after following ClHexposure. (a) is of dense texture type film, and
(b) is of columnar texture type film, respectively. gldxposure was carried out at room temperature.36 & 101°L.

Table 3 by its electronic states and surface structure. The dif-
Intensity proportion of surface intermediate species of oxidized ferent desorption spectra in Fig. 4(a) and (b) should
SnG films obtained after Cld exposure (Cll exposure was car- represent the presence of different adsorbed oxygen
ried out at room temperature and aB@ x 10°L) . .
states on those two different structured Snthin

Species films.

Methyl group CHO~  CH3OH  H,COO*~
Es (&)  285.1/284 2864 2874 2889 3.3.2. .OX|d|zed species desorption from
Dense 57 6 5 35 SnQ films after CH, exposure
Columnar 63 15 9 13

3.3.2.1. Sn@ dense texture type film.In the previ-
ous section, we mentioned the difference of surface
surface was investigated by Cox and co-workers [9].
They reported that bridging oxygen desorption was
observed over a wide range of examined temperature

region (300-600 K). Recently, we studied the thermal :: (a)

desorption of adsorbed oxygen from the dense tex- ol e

ture type Sn@ film using XPS [24]. In that study, §

we reported that three surface oxygen species, (O 5 J/“"’\.

0,2, 0»~) were observed on the surface aftes O O

exposure, and that these oxygen species were des- E (b)

orbed in the order of O, 0,2~ (>473K) and G~ 373 473 573 673 773
(>673K). These results corresponded to the order of Temperature (K)

theoretically calculated value of stabilization energy _
. int-charge model on the reduced $nO Fig. 4. TDS data of @ with dense (a), and columnar (b) texture
using a poin 9 type SnQ films obtained after @ exposure. @ exposure was

(110) surface [25]. The desorption temperature of carried out at 473K and at36x 1010L. The detectedn/z = 32
O2 was, therefore, considered to be strongly affected (0,).
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Fig. 5. TDS data of the oxidized products with Sn@ense tex- Fig. 6. TDS data of the oxidized products with Sn€olumnar

ture type film. Q exposure was carried out at 473K and at texture type film. @ exposure was carried out at 473K and at
1.36x 10'9L. CHy4 exposure was carried out at room temperature 1.36x 10'°L. CH4 exposure was carried out at room temperature
and at 136 x 1010L. and at 136 x 101°L.

oxygen species between two types of $nfdms, 3.3.2.2. Sn@ columnar texture type film. The sim-
which should lead the difference of reactivities in the jlar TDS data of Sn@ columnar texture type film
oxidation of CH. In order to investigate the reactivity ~ were observed as shown in Fig. 6. Both CO and,CO
of oxygen species and selectivity in the oxidized prod- were desorbed from around 600K and had the peak
ucts, we carried out CHexposure on the SnChin at around 620K. Another peak of GQspectrum
films. Pre-oxidation was carried out aB6 x 101°L was observed at around 670K and the broad peak of

and at 473 K. After evacuation, Giéxposure was car-  CO spectrum covered around this temperature. These
ried out at 136 x 10° L and at room temperature. The variations of the columnar sample were different

TDS data of the dense sample are shown in Fig. 5. The from those in Fig. 5. The main and shoulder peaks
observed TDS data of each component after ondy O of desorbed HO spectrum were observed at ca. 530
exposure was subtracted from each TDS data as theand 590 K. These values were smaller than that of
background. The main desorbed products wes®H the dense sample. HCHO and gBH were also ob-
CO, and CO. CO and Comainly desorbed at around  served. The thermal desorption spectrum of HCHO
620K and their shoulder peaks were observed at ahad two peaks at around 530 and 670K. The slight
higher temperature around 670 K. These variations of desorption peak of C¥OH was observed at around
CO and CQ spectra were almost the samex(Gdes- 620 K. The peak position of the second peak of HCHO
orbed over a wide range of temperature variations. spectrum was in accordance with that of the second
The main peak was at around 640K, and the shoul- peak of CQ. The peak position of CkDH desorption
der peak was observed at around 530 K. Small amountwas agreed with those of CO and g@esorption.

of HCHO was desorbed at around 530K and it had a The observed TDS data with those different structured
broad peak at around 620K. The first peak position samples represented the morphological effects.

of HCHO was in good agreement with the shoulder

peak of BO spectrum. The peak position of main 3.3.3. Evaluation of reactivity and selectivity

peak of HO spectrum was in good agreement with after CH; exposure

those peak position of CO and GOA slight desorbed The total amount of accumulated intensity of each
CH3OH was also observed, however, its variation was desorbed component in Figs. 5 and 6 were calculated
obscure. up to 773K, then normalized with each measured
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Fig. 7. Calculated ratios of the desorbed products. The amount of
each oxidized products desorbed from columnar texture type film
was assumed to be 1.

surface area. The normalized intensity of each com-
ponent of the dense sample was divided by that of the

same component of the columnar sample. The calcu-

lated ratio of each component was shown in Fig. 7.
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In that paper, we reported that dioxymethylene species
was produced from the hydroxylation of methoxide
on SnQ at 373K:

CH30™ + OH™ — CHyO0% + H» (3)

Dioxymethylene species observed in the C (1s) XPS
spectra (Fig. 3) was assumed to be produced via this
reaction route after ClHexposure at room tempera-
ture. Produced dioxymethylene species is considered
to be desorbed as HCHO:

CH,00%~ — HCHO + 0% (4)

Since the decomposition of dioxymethylene species
to HCHO was considered to occur easily with the rise
of temperature from the results of our recent study
[26], HCHO desorption observed in TDS data for both
types of SnQ films (Figs. 5 and 6) at a lower tem-
perature region (ca. 530 K) could be derived from the
decomposition of dioxymethylene species. Concern-
ing the formation of HO, the combination of OH
species produced by the reaction route in Eqg. (1) was
considered:

20H" — H,0 + 0>~ (5)

The total value of each component of the dense sample HCHO could also be formed through the oxidation of

was clearly larger than that of the columnar sample.
Furthermore, the normalized ratio of desorbed HCHO
from the dense sample was clearly larger than other

desorbed components. This means the selective for-p,~po- _, HCHO + e~

mation of HCHO over the dense texture type $nO
thin film.

4. Discussion

CH, oxidation on the surface of SnpChas been
considered to be initiated by the extraction of H atom
by the active O species:

CHs 4+ O™ — CHz® 4+ OH™ 1)

CHs* could be subsequently oxidized to gHand
CH*. Some part of Ch* could be reacted to methox-
ide:

CHg® + O~ — CH3O™ )

Recently, we studied the oxidation reaction route of
adsorbed CHOH on SnQ powder using FTIR [23].

methoxide species:

CH30™ + O~ — HCHO™ + OH- (6)

@)

The desorbed HCHO at around 620K observed in
Fig. 5 could be formed by these reaction routes. The
oxidation of HCHO (Eq. (6)) should be accompa-
nied as follows:

CH,O~ + 0~ — CHO™ + OH~ (8)
CHO™ +0~ — CO™ +OH~ 9)
CO +0™ - CO* (10)

The simultaneous desorption of CO andCfDaround

620 K observed in Fig. 5 was assumed to be explicable
using these oxidation mechanisms. Sm@nse texture
film oriented mainly to (1 1 0) surface was considered
to have a higher reactivity for the oxidation of gH
because the presence of a larger amount of the active
O~ species on the surface.
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On the Sn@ columnar texture type film, the se- CO+ OH™ — CO,+H (18)

lective formation of CHOH was observed at around _ _
620K as shown in Fig. 6. Concerning the forma- The simultaneous desorption of CO and {6Ggether

tion of CHOH, some kinds of reaction routes were With the desorption of CBDOH observed in Fig. 6

suggested: could be (_explicable.by the_se reactilon routes. Th_us,
B B ” the selective formation of intermediate species, i.e.

CH30™ + OH™ — CH3OH+ O (11) CH30OH, HCHO was assumed to be strongly affected

CH30™ + H20 — CH3OH + OH™ (12) by the morphology of Sngfilm. The desorption peak

of HCHO, CO and C@ appeared again at around
CH3®* + OH™ — CH30H™ (13) 670K in Fig. 6. We speculated that this formation of
HCHO was originated from the oxidation of methox-
CHzOH formation by the reaction routes in Egs. (11) jde species with a less reactive oxygen species. We
and (12) should be accompanied by the formation found that this columnar texture type film had strong
of dioxymethylene species and the following forma- peaks of (211) and (301) phases from our previous
tion of formaldehyde. Dioxymethylene species and XRD measurements [8]. We assumed that the reac-
formaldehyde were assumed to be formed by the re- tion between the oxygen species on these faces and
action routes in Egs. (3), (4) and (6), (7). Since the methoxide species was occurred at a higher temper-
lowering of HCHO spectrum at ca. 620K observed atyre region. Therefore, the larger desorption peaks
in F|g 6 Suggested that the deSOI‘bed3CH'H could of the Components (HCHO’ CO and @mt around
be formed by the reaction route in Eq. (13). The first 670K observed for the columnar texture film (Fig. 6)
step of CH oxidation reaction on Sn©)(110) has indicated the contribution from a larger amount of a

been considered to produce Ol$pecies and methyl  |ess reactive oxygen species on the surface of the SnO
radicals as shown in Eq. (1). Produced methyl radicals columnar texture film.

were considered to combine with the neighboring O

species promptly and, therefore, methoxide species

were generated as shown in Eq. (2). On the surface s conclusion
of dense texture type film, this reaction routes were
assumed to be more favorable on account of the larger
amount of O species. Produced methoxide and OH reactivity for the oxidation of Chl than that of the

species were considered to form dioxymethylene columnar texture type one. The selective formation of

species easily by the reaction routes in Eq. (3), which o115 \was especially observed for the dense texture
caused a larger amount of dioxymethylene species in g1, The oxidation of CH was therefore strongly af-

the surface as shown in Table 3. The proportion of O fected by the surface morphology of Sa@im
species on the surface of the columnar texture type '

film was smaller than that on the dense texture type
film. On the surface of columnar texture type film,
we speculated that the formation route of £

in Eg. (13) could be more favorable than the route
in Eg. (2) on account of a smaller amount of O
species. Molecularly adsorbed @BIH formed by the
reaction route in Eqg. (13) was assumed to be easily
dehydrogenated by the neighboring Oldpecies: References

The dense texture type Spd@im showed a higher
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