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The photocatalytic decomposition efficiency of gaseous 2-propanol was studied using a titanium dioxide thin
film under very weak UV light; the incident UV light intensity was 36 mW5 yW-cm™2. Under such low-
intensity UV illumination, the value of the quantum yield (QY) increased gradually with decreasing number
of absorbed photons and finally saturated (28%) for a number of absorbed photons lesstha@'4
guantacm2-s~! for an initial 2-propanol concentration of 1000 ppmv. Thus, purely light-limited conditions
were reached. For lower initial concentrations, the QY values decreased, but the same maximum QY value
as that for 1000 ppmv was also approached with decreasing light intensity. We discuss these results in terms
of the normalized absorbed photon numbgs.{/s 1), a parameter that we have defined as the ratio of the
number of absorbed photons ([photghto the number of adsorbed 2-propanol molecules {M]When all

of the experimental QY values were plotted as a functioh,&f, all of the points appeared on a single line

for a wide range of initial 2-propanol concentrations. On the basis of these results, we conclude that either
*OH radicals or 2-propanol molecules must be able to diffuse at least ca. 11 nm on the titanium dioxide
surface in order to react with each other. We also conclude that the maximum QY value of 28% represents
the intrinsic charge-separation efficiency for this photocatalyst.

Introduction achieved under 0.5 mwim-2irradiance for 1000 ppmv gaseous
acetaldehyde decomposition using Fintaining papé? and

It is well-known that when photons with energies greater than : ) L
P giesd Semitransparent TiQthin films formed on glas&** In

the bandgap are absorbed by semiconductors such as ZnO, CdS,”' S .
and TiO,, electron-hole pairs are generated and are then addition, we have found thaEscherichia colicells can be
transferred to the surface, where they are trapped and can reac‘foquetely_k'"ed on T'QCO?IEd glass tiles even und_er room
with surface-adsorbed molecules. FiGn particular has ~ '9ht> Using these materials, we can also investigate the
beneficial characteristics, such as its chemical and physical kinetics of photocatalytic reactions under even lower-intensity

stability, as well as the strong oxidizing power of the photo- UV illumination, e.g., at nWem-2 levels. Using this approach,
generated holes, with which most organic compounds can be"€W aspe_cts of_photo_catalys_ls, dl_stln_ct from those _assouated
oxidized to carbon dioxide at ambient temperature and pressure With the higher-intensity UV illumination employed in many
Therefore, the photocatalytic destruction of harmful and toxic Other reports, can be expected to be discovered.
materials using Ti@powders and films has great promise for ~ In the present work, we have examined the stationary
the purification of air and watér.3 Traditionally, high-pressure  photocatalytic decomposition of dilute gas-phase 2-propanol on
mercury and xenon lamps have been used in most photocatalyticd TiO; thin film under extremely low-intensity UV illumination,
research for the purpose of high-rate photodecomposition andfrom as little as 10 n\Aem~2 and ranging up to 1@W-cm2,
also to compensate for the low photocatalytic efficiency of ,TiO  for the first time. We have paid particular attention to the
itself4=® In recent years, since Heller et al. reported the dependence of the QY values on the number of absorbed
oxidative stripping of oil sheens from the surface of sea water photons ([photon}) and on the number of 2-propanol molecules
with buoyant photocatalyst-coated ceramic microbubblbe, (IM] a9 adsorbed on the surface of the film. Consequently, we
field of environmental purification has been devoting increasing found that the ratio of [photogf[M] aguniquely determines QY,
attention to photocatalysis using sunlight and black-light-type even with a wide range of different initial concentrations, i.e.,
fluorescent lamps as UV light sources, i.e., at the several 1-1000 ppmv. We have discussed the diffusion lengttObf
mW-cm2 level, which is safe for human exposi#ré?! radicals on the Ti@surface and the charge-separation efficiency
In contrast, we have been devoting our attention to a unique of the TiO; film on the basis of these results.
type of passive-type purification system for indoor working and  The reasons that 2-propanol was chosen as a reactant for these
living environments. These systems incorporate deodorizing, experiments were that (i) it is efficiently photodecomposed to
antibacterial, and self-cleaning functions under lower level acetone, which undergoes further reactions at a much slower
illumination from room light. In connection with this concept,  rate, (ji) acetone can be detected sensitively using gas chroma-
many different types of Ti@ materials that exhibit higher  tography (GC), (iii) a single photon is considered to participate
phot'ocatalytic activitigs tha.n.P-25 powder, which is known for i the generation of each acetone molecule, and (iv) its self-
its highly photocatalytic activity, have been prepatéd® For  gyidation is negligible. The latter aspect is distinct from the
example, quantum yields (QY) of close to 100% have been zigehydes, which are decomposed via free radical chain reactions
+To whom correspondence should be addressed, involving reduced oxygen spem&lignd therefore, the reaction
t Research Fellow of the Japan Society for the Promotion of Science. dynamics cannot be accounted for in a simple fashion. It should
€ Abstract published irAdvance ACS AbstractSeptember 15, 1997.  also be noted that, under very low-intensity illumination
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conditions, the adsorption of the reactant on the;T$0rface 200
is essentially at equilibrium. We are currently examining mass
transport effects at higher UV light intensities.

Experimental Section o
E 100

TiO; thin films were prepared on soda lime glass by a =
conventional spin-coating process, using a commerciak TiO 50

anatase aqueous sol (Ishihara Sangyo Kaisha, Ltd., STS-21, 20

nm particle diameter, 50 #ry~! surface area). A 7 cnx 7

cm piece of glass was spun at 1500 rpm for 10 s. After air- 0
drying, a second coating was applied in the same manner over

the coated gel. The resulting sample was calcined at°€50 . . .

for 1.5 hin air. The thickness of the semitransparent film was Figure L. Inverse plots of the gaseous concentratiofm(grm ) and
) ’ . - P . > the weight of adsorbed 2-propand®ifmg) on the TiQ thin film used

about 1.7um, according to cross-sectional observation by atomic for analysis of the Langmuir-type isotherm.

force microscopy. The weight of the film was 0.40 g2

The roughness factor of the film was estimated to be about 150 The absorbed photon flux was estimated as follows. The
cré/e? , by measuring the amount of adsorbed cyanine dye incident photon flux Ig) can be expressed as follot#s
(1-(2-carboxyethyl)-2-[7-[1-(2-carboxyethyl)-1,3-dihydro-3,3-

dimethyl-H-indol-2-ylidene]-1,3,5-heptatryenyl]-3,3-dimethyl- o=l i+ 1+, 1)
3H-indolium hydroxide, inner salt, NK3422, Nippon Kankoh-

Shikiso Kenkyusyo Co., Ltd.) on the sample surface. Scanning Wherela is the intensity of light absorbed in the filn,is the
electron micrographic observation showed that the film consisted transmitted intensityl; is the forward-scattered intensity, and

of particles with diameters of about 5000 nm due to particle Ip is the backscattered intensityp was measured directly using
growth during the sintering step. the UV power meter. However there was some degree of

nonuniformity of intensity over the illuminated area because
of passage of the UV light though a 1-m glass fiber light pipe.
Thereforely was estimated in a manner analogous to that
described by Hill et al? for the measurement df,. This

0 0.01 0.02 0.03 0.04
¢ im3%mg "

An O, (20%)—N, gas mixture, which was passed through a
16 °C water humidifier in order to adjust the relative humidity
to 50%, was used to fill the 1-L Pyrex glass photocatalytic

reaction vessel. For purposes of preparing the gas mixtures,, o\yes the establishment of a contour map of light intensity

containing various concentrations of 2-propanol, the nonhu- 5,4 gypsequent calculation of the average intensity over the
midified O—N, mixture gas was first saturated with 2-propanol jyminated area. The full-strength intensity lef after passing

(Kosou Kagaku Yakuhin) by passage through a 2-propanol yrough the light pipe, was 48W-cm 2. The sum ofl, andl;
I|qU|d reservoir at room temperature, I’esultlng In a concentration was determined using a conventional integrating Sphere (Sh|_
of 5 vol %, as measured using GC (see below) after dilution. madzu ISR-260). The modified method of Bolton e%vas
Measured quantities of the 2-propanol-saturated gas were themot used, becaudg was measured separately (see below). The
injected into the 1-L vessel using a syringe. sample was placed at the sample position of the integrating
For the photocatalytic decomposition of gaseous 2-propanol, sphere with a piece of glass plate similar to that used as a support
the TiQ; thin film was illuminated with a Her Xe lamp (Hayashi for the TiG; film as the reference. The apparent transmission
Tokei, Luminar Ace 210). To obtain monochromatic UV light, factor, (t + I1)/lo, reading of the instrument was 0.30 at 365
a 365 nm band-pass filter (fwhm 2 nm, Kenko, BP-W1-365) nm. Iy from the sample was estimated using a method similar
was used. To control the intensity, poly(ethylene terephthalate) to that of Hill et al’® I, at normal incidence was extrapolated
sheets were used as neutral density filters. The UV intensity Py measurindy as a function of the incident light angle. The
was measured using a UV power meter (TOPCON UVR-1) that factorly/lo evaluated foIIowmg 'Fhls methodology was 0.05. The
had previously been corrected against a thermopile meter (No.factorld/lo for the sample Ti@film was calculated to be 0.65.
30198E6, The Eppley Laboratory, Inc.). Because the detection e UV absorption by 2-propanol on the film (365 nm) was

limit of the power meter was AW-cm2, we used extrapolated considered to be negll|g|ble. .
values below 1@W-cm~2incident UV light. Illumination was The amount of physically adsorbed water on the BQrface

A was estimated using a differential thermobalance (Shikuu Riko
conducted at room temperature after equilibrium between X . .
gaseous and adsorbed 2-propanol on the,Tin film was TGD 7000RH) for the Ti@ powder (Ishihara Sangyo Kaisha,

hieved id db tant 2 | trati Ltd., ST-21), the commercial powder corresponding to that
achieved, as evidenced by a constant ~-propanol concentra Iondispersed in STS-21 sol, which was used after it was subjected

The 2-propanol concentration was measured using & GCtg the same heat treatment that was used to prepare the film
(Shimadzu Model GC-8A) equipped with a 5-m PEG1000 (see above).
column and a flame ionization detector, usingds the carrier The amount of 2-propanol adsorbed on the J$@mple was
gas. The C@concentration was measured using the same GC, estimated by measuring the decrease in the balance of 2-pro-
equipped with a 2-m Porapak-Q column, with a methanizer and panol gas concentration in the glass vessel containing the TiO
a flame ionization detector, also using Bs the carrier gas.  film sample versus that in a separate empty glass vessel. The
The detection limits for both acetone and L£@ere ap- concentrations were measdré h after a given concentration
proximately 0.1 ppmv. gas mixture was introduced into each glass vessel.

All of the data were collected using the same F1t@in film
in order to avoid variations in activity caused by the difference
of the surface area and thickness. The photocatalytic activity ~Figure 1 shows the experimental data for the adsorption
of the film was able to be fully regenerated by illumination isotherm in the form of an inverse plot, the weight of adsorbed
with 5 mW-cm~2 UV light in fresh humid air for 120 min. 2-propanol on the Ti@ thin film (M/mg) vs the gaseous

Results
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Figure 2. Concentration changes of gaseous 2-propanol, acetone, andrigure 4. Dependence of QY on absorbed photons (initial 2-propanol
CO;, as a function of time in the decomposition of gaseous 2-propanol concentration:® 1000 ppmv,a 100 ppmv,a 10 ppmv,O 1 ppmv).

(incident UV intensity, 45:W-cm~?; initial 2-propanol concentration,
100 ppmv;® 2-propanol,O acetonea carbon dioxide).
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Error bars for 100 ppmv are omitted for clarity.

the slope, i.e., the exponeatin the R = Kl relation, is ca.
0.7-0.8. Itis well-known in heterogeneous photocatalysis that,
under light-rich conditions, the reaction rate is often character-
ized by ana value of 0.5 due to domination by the second-
order-dependent carrier-recombination proééss.Conversely,

the light-limited reaction rate is representechas 12324 Thus

the present experimental regime is in a transition region between
the two asymptotic valuesa values of ca. 0.7 were also
reported in the photodecomposition of formic acid by Hill et
al’® and of acetone by Ollis et &.under several mWm2

UV irradiation. For 365 nm light, an incident UV light intensity
of 1 uW-cm™2 corresponds to a photon flux of 1.8 102
guantacm=2-s71, of which the TiQ film absorbs 1.2x 10}

Figure 3. Dependence of the acetone generation rate on the absorbedquantacm2-s1. We calculated the initial rates using the

photons (initial 2-propanol concentratio® 1000 ppmv.a 100 ppmv,
A 10 ppmv,O 1 ppmv).

2-propanol concentratiorC(mg-m~3). These data were ana-
lyzed in terms of a Langmuir-type isotherm, which is described
as follows
IM=21u+ 1uTC) (2)

whereu is the maximum weight of molecules in an adsorbed
monolayer, for a given Ti@sample, andr is the adsorption
binding constant. The values pfandT were ca. 0.33 mg and
0.000 63 m-mg?, respectively. These results will be used in

the discussion of the QY values for 2-propanol decomposition

in the next section.

Figure 2 shows a typical experimental data set for the i
concentration changes of gaseous 2-propanol, acetone, and cgowever, good repeatability,

conventional least-squares method over the firh and used
the least-squares statistics to calculate the error ranges, based
on a 50% confidence level. Only for the plots in which
2-propanol was exponentially decomposed, i.e., at the highest
light intensity, the initial amount of acetone generated in 15
min was used as the initial rate.

Figure 4 shows semilog plots dfversus the apparent QY
values for acetone generation. The apparent QY values were
calculated using the following equation:

_ humber of generated acetone molecule?3)
number of absorbed photons

QY

Error bars associated with the QY values were evaluated on
the basis of the total error of measuring the acetone concentra-
tion and extrapolating the value of the UV light intensity.
within 7% , was obtained even

as a function of time in the decomposition of gaseous 2-propanol [OF the lowestl values. The QY values increased gradually

(incident UV intensity, 45¢W-cm~2; initial 2-propanol con-
centration, 100 ppmv). After 60 min, when equilibrium between
gaseous and adsorbed 2-propanol on the T film had been
achieved, UV light illumination was initiated. The amount of

generated acetone was equivalent to that of the decompose@'S%'

2-propanol, and the generation of €@nd other stable

intermediates was not detected, within experimental error.

Under the present experimental conditions, i.e:1000 ppmv
initial 2-propanol concentration and 36 rW¥5 xW-cm—2
incident UV light intensity, only acetone was generated stoi-
chiometrically.

Figure 3 shows loglog plots of the acetone generation rates
(R) versus the number of absorbed photoh)s R decreased
with decreasing, in essentially a linear fashion, with slopes

that were almost constant regardless of the initial 2-propanol
concentration. The higher the initial 2-propanol concentration,

the higher the value for the same UV intensity. The value of

with decreasind and finally saturated for the highest initial
2-propanol concentration (1000 ppmv) fdiess than 4x 10t
guantacm-2-s71, and thus a purely light-limited conditior(

= 1) was reached, where the maximum QY value was 27.8
This maximum QY value also appeared to be approached
for lower initial concentrations. Moreover, the curve shapes
for the different initial 2-propanol concentrations are similar
regardless of the initial concentration. For a given QY value,
increasing the initial 2-propanol concentrations by a factor of
10 leads to an increased value lof However, the increases
became smaller with increasing concentration: 10 times, 6 times,
and only 2 times for £10 ppmv, 16-100 ppmv, and 100
1000 ppmv, respectively.

Discussion

The mechanisms for the photocatalytic decomposition of
2-propanol to acetone has been descrilSe¢f. The photocata-
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lytic processes prior to the initiation of 2-propanol decomposi- excitationby
tion are well-known: one phoMP time 02
S —_
hw—h"+e (4) electron-hole pair
h*+ OH (s)—'OH, orh’+H,0—'OH+H" (5) generation 20
0 -propanol
e +0,)— 0, (6) charge 1 PSTT
O " + H+ —HO." 7 separation
> 2 ) -0
The generatetOH radical reacts with 2-propanol, abstracting ns— 02 2-propanol
its hydrogen atom to form a radical: Rydroxyl radical
. generation and acetone
CH,CH(OH)CH, + "OH— CH,C:(OH)CH; + H,O (8) reaction ZOH
This CHC*(OH)CH; radical is decomposed to acetone through US—— .02° -propanol
several reaction pathways. One of these is the so-called current- superoxide
doubling reaction, expressed by generation by
electron transfer
CH,C'(OH)CH, — CH,COCH, + H"+e (C.B.) (9) ms—— 0
where € (C.B.) represents an electron in the Fi€@nduction initig qtate
band?” Under ambient conditions, however, €an attack the
radical, producing an unstable peroxo radical, which decomposes s — ~~__~H20
to acetone: 2-propanol
CH,C'(OH)CH, + O, —~ CH,COO(OH)CH; (10)
excitation by_»
CH;COUO(OH)CH, — CH,COCH, + Hf + 0, (11) the next photon™ y

Figure 5. Schematic diagram of a series of photocatalytic processes
In the same manner, HOradicals generated via eqs 6 and 7 along the time axis. The time interval of excitation by photons in this
may also react with the CGi€*(OH)CH; radical figure is assumed to be that for an experimental conditiorgdficm—

incident UV intensity and 1000 ppmv initial 2-propanol concentration.

CH,C'(OH)CH,; + HO," — CH;COOH(OH)CH, (12)
oxidation occurs in on the order of 100 ns. Electrdrole
CH,COOH(OH)CH — CH,COCH, + H,0, (13) recombination proceeds in the 4000 ns rangé*3°> Electron

transfer to Q@ molecules is usually assumed to proceed more
Note that there is no chain reaction involved in the above slowly?%35 but still much faster than the time interval of the
processes. Overall, only one photon participates in generatingoverall reaction frequency. These processes are schematically
one molecule of acetone, and therefore QY values were summarized in Figure 5. As seen in Figure 5, the charge-
calculated using eq 3. Considering that no radical chain separation efficiency must be independent.ofl herefore, the
reactions are involved, the maximum QY value obtained (28%) maximum QY value of 28% can be considered to represent the
is very high. We have previously reported that QY values for intrinsic charge-separation efficiency of this Bi@m. The
the decomposition of gaseous acetaldehyde ranged up to nearlyemaining 72% must be converted into heat in a charge-

100%12-14 but this reaction involves chain reactiof¥s. recombination process, as shown below.
In the present experiments, in which very low-intensity UV
light was used, the frequency of the reaction of each adsorbed h* + e — heat (14)

molecule with photoproduced reactive species suctOakis

very low. Let us estimate the frequency, for example, for the g g photoirradiated TiQsurface, various types of active

case of a light intensity of xW-cm™2 and a gaseous 2-propanol  oxygen species exist. These species react with each other,
concentration of 1000 ppmv. From the Langmuir adsorption forming stable products, as follows:

isotherm in Figure 1, the area occupied by each molecule is
estimated to be 0.3 in OneuW-cm~2 of 365 nm UV light
corresponds to 2 102 quantacm=2-s71. Therefore on the
average, each 2-propanol molecule can encounter a photogen- . .
erated*OH radical only once every-1®® s if a single photon OH +"OH—H,0, (16)
always generates*®H radical. Conversely, the time scale of

one series of photocatalytic processes including charge-separaTherefore, when the 2-propanol concentration is low, these
tion and charge-transfer processes is very short. The time scalgeactions predominate. Conversely, with decreasing light

"OH + HO, —H,0+ O, (15)

of electron-hole pair generation is on the order of 10¥8° intensity, these recombination reactions proceed less efficiently,
Thus, hole-trapping and electron-trapping at the sT$Qrface, and the QY values for 2-propanol decomposition increase.
in other words, the charge-transfer processes to the surface, ar@ecause*OH radicals are much more reactive than 0
completed in the picoseconthanosecond regioH:32 For radicals, the steady-stat®H concentration is probably much

example, electron migration to the Ti®urface is estimated to  less than that of H®. Moreover, the reaction rates ¢dH
be 0.83 ns usin® = 0.02 cn#-s1in a 100-nm-TiQ particle33 with HO,* and with*OH were estimated to be 14 10719 and
*OH radicals are formed in on the order of 10 ns, and 2-propanol 1.8 x 10712 cm?-mol~1-s71, respectivel\¥¢ Therefore, we can
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TABLE 1: Correlation of the Initial 2-Propanol 50 [T T T Ty T
Concentration, Its Adsorbed Amount, and Absorbed Photons [ ]
at a QY Value of 15% w0 F h
initial adsorbed amount 2 X ]
concentration of of 2-propanol/ adsorbed photons/ s 30 F .
2-propanol/ppmv moleculescm™2 gquantacm st g r *{ é% z i ]
1000 4.4x 10' 1x 108 E o F % i ]
100 9.6x 105 3 x 10@ £ - é, 1

10 1.1x 10 5 x 101 S o
1 1.1x 10t 5 x 10 0 F 30“ ]
L A E
. . . .. PP IR I LT R C.).....ca) e

assume that reaction 15 is the main recombination process on 0 = o = " P 2 1 0

. 107 10° 10° 10" 10° 10% 107" 10

the TiQ, surface. 1 s

norm

Next, let us consider the variation of the QY-absorbed photon _. _ .
L . Figure 6. Plots of QY values vs lodnom (/S71), a parameter that is

curves on the reaqtan_t concentration in Figure 4. When the defined as the ratio of the number of absorbed photons to the number
reactant concentration in the gas phase was decreased, the curvg adsorbed 2-propanol molecules (initial 2-propanol concentrasion:
shifted to the lower light intensity direction. If we assume that 1000 ppmv,a 100 ppmv,a 10 ppmv,0 1 ppmv).
both incident photon and reactant molecule flux arriving at the
TiO, surface react immediately, the QY values should be possible diffusion length of eithe©OH radicals or 2-propanol
determined by the ratio of the light intensity to the gas may be atleast 11 nm. However, when the average 2-propanol
concentration. In other words, when the gas concentration intermolecular distance becomes greater tharr@té radical
increases by a factor of 10, the same QY value should be diffusion length, the QY values can decrease against tdtally
obtained with a factor of 10 higher light intensity. As can be in Figure 6.
seen in Figure 4, however, the experimental results do not |n the present study, we used a pure anatase Sifered
support this model, showing that the factor correlating the QY thin film, which has sufficient surface adsorbed water and
values with the photon flux is not the flux of 2-propanol oxygeri?for electron-hole pairs to transfer at the TiGnterface.
molecules under the present experimental conditions. However, some lattice defects or doping transition metals exist

It is reasonable to consider that the adsorbed amount ofin the bulk of TiG. These behave as trapping sites or
2-propanol is more important in determining the QY values. recombination sites for electreihole pairs3*37:38 Thus the
For example, in Table 1 are shown the initial 2-propanol variable amounts of these in different samples could influence
concentrations (ppmv), the amounts of adsorbed 2-propanolthe QY values vdnom in Figure 6. In addition, the variation
molecules on Ti@ (moleculescm?), and the numbers of  of the amounts of surface hydroxyl groups, water, and oxygen
absorbed photons (quantan2s71) at a QY of 15% , as molecules can also influence the charge-transfer process at the
determined from Figure 4. The adsorbed amounts of 2-propanolsurface, and thus th®H radical diffusion distance.
were estimated from the Langmuir isotherm in Figure 1. A
good proportionality between the amount of adsorbed 2-propanol Conclusion
molecules and the number of absorbed photons is suggested in
this table. Even over the wide range of QY values shown in
Figure 4, this relationship is satisfied. In other words, QY values
appear to be determined by the ratio between the number of
adsorbed 2-propanol molecules ([M] and the number of
absorbed photons ([photag]

Here we define the normalized photon numbbgg) as
[photon}y, divided by [M]ag and have replotted the QY values
as a function ofinom in Figure 5. Despite the wide range of
different initial concentrations of 2-propanol, the plots fall on
the same curve. The value of QY increasesnas decreases
and finally becomes constant at 28% fgym values below 16
(s71). Because [photorjis defined as the number of photons
being absorbed in 1 $;0m has the dimension of 3 in Figure
5.

From the present kinetic study of the photocatalytic decom-
position efficiency of gaseous 2-propanol using purely anatase
TiO, sintered thin film under very weak UV light, it can be
concluded for the first time that QY values are determined by
the ratio of the number of adsorbed 2-propanol molecules to
the number of absorbed photons. This phenomenon indicates
that eitherOH radicals or 2-propanol can diffuse on the FiO
surface at least ca. 11 nm. The decrease in QY is attributed to
increases in the rates of reaction f@H radicals with H@
radicals andOH with itself, relative to that with 2-propanol.
The maximum QY value of 28% represents the intrinsic charge-
separation efficiency of this sample. It is interesting that we
can apply this reaction dynamics for such a wide 2-propanol
concentration range. We believe that these findings can become
significant models for photocatalysis involving more complex
reactions, for example, in the case of reactants that are easily
oxidized via radical chain reactions.

This result indicates that either reactive specit€3H) or
reactant (2-propanol) diffuses on the TiGurface and the
decomposition reaction efficiency is determined by the collision
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