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ABSTRACT

Lanthanum-doped sodium tantalate samples (NaLaPwere prepared by a
flux method using a sodium chloride flux with varfoparameters, such as presence or
absence of the flux, solute concentration, holdpemature, and amount of lanthanum
doping. SEM images showed cubic and rectangulareshfor the samples prepared by
the flux method, somewhat rounded shape for thepkaprepared in the absence of the
flux, and large particles for the sample withoutleanum doping. Among the parameters,
the lanthanum doping and solute concentration mitllenced the crystallites size of
the NaTa@La samples. Most of these NaTala samples loaded with platinum
cocatalyst exhibited the photocatalytic activitytive photocatalytic steam reforming of
methane around room temperature. Among them, ekt activity was obtained by the
Pt/NaTaQ:La sample prepared by the flux method with modesaiute concentration,
enough high hold temperature, and moderate amdynhatinum and lanthanum doping.
A positive correlation was found between the cilisgasize and the photocatalytic
activity. When we compared the catalysts havingstume crystallite size, the sample
prepared by the flux method showed higher photbdataactivity than the catalyst
prepared without the flux. It is suggested thatdiffierence in the shape of particle would

be important factor for the photocatalytic activity
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1. INTRODUCTION

Hydrogen is one of the clean and oncoming energyces, and its production
technology have been developed and investigatemhdny researchers. As a source of
hydrogen, methane is an attractive hydrogen sdoecause of the highest H/C values
among hydrocarbons, and it is one of the most adminthtural resource as well as a main
component of renewable biogas. Methane can beytatdly converted to hydrogen by
steam reforming of methane, which is the practycathployed method for the hydrogen
production. The overall chemical equation of theast reforming of methane with
successive water-gas shift reaction can be showq.id.

CH, + 2 H,0 — 4H,+CO, AG5ggk = 1135 kJ morlt 1)

This is a highly endergonic reaction; therefore, high temperature, typically more than
1073 K, is necessary to promote the reaction evehda presence of catalysts. The high
temperature operation causes several problemsasutie large energy consumption, the
irreversible carbon formation, and the necessitgxgiensive reactor. Thus, lowering the
operation temperature has been highly desiredeiséiam reforming of methane.

Utilization of photocatalysts is expected to be mnmsing way for the
development of the steam reforming of methane \attlmperature [1-3]. A reaction
between methane and water to form methanol ancdgdrwas reported by Taylor et al.
over La-doped W@under UV and visible light irradiation [4, 5] imaqueous solution
containing methyl viologen dichloride as an elesti@ansfer reagent. Gondal et al. also
reported the photocatalytic conversion of methamaethanol in a batch reactor using a
visible laser (514 nm) and a W@atalyst [6]. However, these systems might not be

suitable for hydrogen production.



On the other hand, our group firstly reported thetpcatalytic steam reforming
of methane over heterogeneous photocatalysts asgag mixture of methane and water
around room temperature to produce hydrogen arzboatioxide directly as shown in
eg. 1, where the photoenergy was added to themsyetecompensation of the Gibbs free
energy change of this reaction [7]. In other wotls, utilization of photoenergy enables
us to operate the reaction at low temperaturesciwhmay solve the some problems
mentioned above. Platinum-loaded titanium dioxi##TiOz) photocatalysts showed the
activity at mild temperature under photoirradiatiand gave the stoichiometric ratio of
the products (HCOz = 4) [7, 8]. Various photocatalysts have been dgesd for the
photocatalytic steam reforming such as Pt-loadedd@ed NaTa@(Pt/NaTaQ:La) [7,

9], Pt-loaded CaTi®[10, 11], Rh-loaded KisO13[12, 13], and Pt-loaded or Rh-loaded
[-Ga0s3[14]. It was also found that this photocataly@action could be further promoted
at higher temperature; i.e., thermal energy could assist this photocatalytic reaction, which
promised further development [15]. However, thdipfocatalytic activities have been
not enough yet, and the further improvement of gthetocatalytic activity have been
desired for the practical use.

Flux method (molten salt method) is effective fgnthesis of high quality
crystals (with high crystallinity), and the prepdw@ystals often have characteristic and
uniformed shapes covered with particular flat facdt is considered that the high
crystallinity is an important property for the higlactive photocatalyst because crystal
defects are believed to function as recombinatitexs $or excited electron and hole pairs.
In addition to the crystallinity, the shape of thrgstals or the particles is considered to be
one of the key factors affecting the photocatalgtitivity [16-19]. The crystal facets have

been pointed out to help in the separation of pjenerated carriers (electrons and holes),



which leads to the high photocatalytic activity {2B]. The suppression of the
recombination is one of the strategies to imprineeghotocatalytic activity. Up to date,
a number of crystals with characteristic shapesvegnthesized by flux methods and
examined as photocatalysts [23-34].

In the present paper, a flux method was employegrépare the NaTafla
crystalline samples and the photocatalytic activifis investigated in the photocatalytic

steam reforming of methane.

2. EXPERIMENTAL
2.1 Catalyst preparation

Various NaTa@La samples were prepared by a flux method. Seladjents of
TaeOs, N&COs (Rare Metallic, 99.99%), L&s (Kishida, 99.99%), and NaCl (Kishida,
99.5%) were used as-purchased. The mixture gDsJdNaCOs, LaxOs, and NaCl was
ground in an aluminum mortar for 15 min, whereriar ratio of NaCOs to TaOs was
unity. Although it was reported that an excess amad N&COs in the mixture could
compensate the volatile sodium and function asua [B5], in the present study a
stoichiometric ratio of N&COz was added and NaCl was used as a flux, which efm h
us to discuss the role of a flux more clearly. @hmeed amount of La was 0-5 mol%. The

solute concentration of 5-90% was defined as thewog equation:

Solute concentratiorx,

Amount of NaTaQ (mol)

%)=
(mol%) Amount of NaTaQ (mol)+Amount of NaCl(mol)

x100 (2)



The mixture was heated in a platinum crucible usinglectric furnace with a
heating rate of 200 K-hto various target temperatures (1073-1473 K, l[3id 273 K),
successively heated at the same temperature @mloetrrature) for 5 h, and then cooled
down once to 773 K at a cooling rate 100 ¥ &nd then to room temperature without
controlling the temperature. The obtained powdes digpersed in hot ion-exchanged
water (300 mL, 353 K) and filtrated with suctiondeparate the powder from the flux.
The washing procedure was repeated four timesdeaad at 323 K overnight to obtain
the NaTa@La sample. These samples are referred to as NaJ&&QT,y), wherex is the
solute concentration defined in eq.T2is the hold temperature, agdhows the aimed
amount of lanthanum doping (mol%), if necessaryil@nother hand, a reference sample
were prepared without the flux in a solid statetiea method: the starting mixture except
for the sodium chloride flux i.e., 7@, N&COs; and LaOs, where the solute
concentratiorx corresponded to be 100, was ground well, heatéd tve same rate of
200 K I}, maintained at 1273 K for 5 h, and then cooletlpfeed by washing, in the
similar way as mentioned above. This sample igmedeto as NaTag€lLa(100, 1273, 2).

Platinum co-catalyst was loaded onto the prepargfia®:La samples by an
impregnation method. The sample was soaked in aecars solution of HPtClk (Wako,
99.9%), dried up and calcined at 673 K for 2 h. $ample powder was granulated to the
size of 300-60Qum before the photocatalytic activity test. The ®aded sample is

referred to as PiJ/NaTaQ:La(x, T, y), wherez shows the loading amount of Pt (wt%).

2.2 Characterization
X-ray diffraction (XRD) measurement was carried autoom temperature using

a Shimadzu Lab X XRD-6000 using Cu Kadiation (40 kV, 30 mA). The crystallite size



was determined by the Scherrer equation usinguiheviidth at half maximum (FWHM)
of the diffraction line at 2=22.8° in the XRD patterns of NaTaC5canning electron
microscopy (SEM) images were recorded by a JEOL-89M Diffuse reflectance (DR)
UV-Visible spectrum was recorded on a JASCO V-6@0igped with an integrating
sphere covered with Ba@eference. The band gap was estimated from thetrspe
according to Tauc plot [36]. The specific surfacesawas estimated from the amount of

N2 adsorption at 77 K measured using a Quantachroorebbrb.

2.3 Photocatalytic activity tests

Photocatalytic steam reforming of methane waseadwut with a fixed-bed flow
reactor as described in our previous studies [B®rtly, a mixture of the catalyst
granules (0.5 g) and quartz sand (1.2 g) was patamuartz reactor (ca. 50 x 20 x 1
mm?) and the reaction gas of GKR25%) and HO (0.75%) with an argon carrier was
introduced at a flow rate of 50 mL mirwithout heating at atmospheric pressure. Light
irradiation was carried out from a 300 W xenon lawifhout using any optical filter,
where the light intensity was measured to be 14 onW in the range of 24510 nm.
The outlet gas was analyzed by online gas chromegbg with a thermal conductivity
detector at an interval of ca. 30 min. Since thesgwity for COz in the argon carrier was

low, the experimental error for the values ofQ@oduction rate was relatively large.



3. RESULTS AND DISCUSSION
3.1 Characterization

Fig. 1 shows XRD patterns of the Pt/NaTala samples prepared by the flux
method at various hold temperatures. A diffracpattern of TaOs (ICSD No. 9112) [37]
was observed for the sample heated at 1073 if. (18, which indicates that the
temperature is not enough to generate the Napa@se as desired. At this temperature,
NaCOs would be decomposed to form Mathrough decarbonation. Considering the
melting points of the NaCl flux to be 1074 K [38)¢ hold temperature and time (1073
K, 5 h) would not be enough for B to react with the s particles. By heating over
1173 K, the clear diffraction lines of the NaTaghase (ICSD No. 980) [39] appeared
without any impurity phase. It was revealed thathiigher temperature than 1173 K was
necessary to generate the Naga@stallites in this method.

Fig. 2 shows the XRD patterns of the Pt/Na%d@ samples prepared by the
flux method at the hold temperature of 1273 K widiious solute concentrations. For all
the samplesHig.2a—), the diffraction patterns were assignable to tfallaTaQ, and
any impurity phase was not observed. The sampleowitLa doping also showed the
diffraction lines from NaTa®crystallites Fig. 29g).

XRF measurements on the Pt/Nata@(x,1273,2) samples confirmed that the
amount of the doped La was almost the same astieed valueTable 1 entries 7-12,
16, 17. This clearly indicated that all the La cationsroaduced were doped inside the
bulk or on the surface of the NaTala samples, which means the La cations were neithe
captured in the NaCl matrix nor released from tled&Q particles by washing during

the preparation.



As for the samples prepared with higher hold terpee than 1173 K, the
average size of the NaTa®rystallites was estimated from the diffractiomeliat 22.8°
by using Scherrer equation and listedlable 1 The crystallite size did not depend on
the hold temperaturddble 1, entries 2—§ On the other hand, the solute concentration
and the presence of the flux much affected thetallite size the size of the NaTaOs
crystallites increased with an increase of theteatoncentrationTable 1, entries 7-1}
and the sample prepared without the flux had thgekt crystallite size among these
samples Table 1, entry 19. This means that the NaCl flux would suppresscitystal
growth to some extent to yield smaller crystallites

The crystallite size was also decreased with irsingathe amount of La doping
(Table 1, entries 10, 13, 15-)7Kudo et al., reported that La doping could segprthe
crystal growth of NaTa®La during the preparation of the NaTagample in a solid state
reaction (SSR) method [16]. Thus, the present resuifirmed that the crystal growth
could be suppressed by La doping also in the ptéisermethod.

The BET specific surface area of the samples wasuared and listed ifable
1, entries 2—17and also depicted iRig. S1, where a rough tendency could be confirmed
that the BET specific surface area decreased witheasing the crystallite size as
expected.

Fig. 3 shows the SEM images of the NaBd@ samples prepared by the flux
method at various solute concentrations from 3@ (1.e. with/without the flux), as well
as the sample without La doping. The shape of #ital®:La particles was changed with
the presence of the flux; i.e., the samples prepared with the flux had the cubic or

rectangular particled={gs. 3a—d, while the sample prepared in the absence ofitixe



had the rounded particleBi. 36). Among them, the sample prepared with the solute
concentration of 70% exhibited the most clear csbape £ig. 30).

The average particle sizes of these samples wineadsd from the SEM images
and listed inTable 1L The average particle size of the La doped sampigsared with
the flux was in the range of 160-216 nm, which ddd systematically vary with the
solute concentratiore(itries 7—1). It is clear that the observed particle sizen@a $EM
images was larger than the crystallite size caledldrom XRD profiles. The samples
prepared without fluxFig. 36 and without La doping~ig. 3f) consisted of much larger
average particle sizes such as 315 and 733 nneatbagly.

In DR UV-Vis spectra of the NaTaa samples, the adsorption band appeared
at shorter wavelength than 320 nkig( 4). From these spectra the bandgap of these
samples were evaluated from Tauc plot [36] anedish Table 1 The values for the
NaTaQ:La samples were in the range of 4.12—-4.16 e\dtiten the sample without La
doping showed lower values such as 4.06 and 4.1@ebWies 13, and 1% It is found
that the bandgap was not significantly but slightigreased with decreasing of the
crystallite size as shown Fig. S2

In the previous study, it was reported that thedogagp and specific surface area
of the NaTa@La photocatalysts prepared in a SSR method inedeagh an increase of
the La content [9]. The present study confirmed, tineaddition to the presence of the La
doping, the decrease of the crystallite size waldd enlarge the band gap. Among the
NaTaQ:La(x,1273,2) samples prepared with various solute auraions, as they had
similar amount of La doping as shownTable 1, it is suggested that the shift of the band

gap would originate from the variation of the caltite size Fig. S9. This means that

10



the structure, both the crystallite size and thedbstructure, could be controlled by the

solute concentration in the flux method.

3.2 Photocatalytic activity
3.2.1 Effect of the hold temperature

The photocatalytic activity of the prepared Pt lddNaTa@La samples was
evaluated. A representative time course of the ymtsdformation rate is shown Fg.
S3 The products were hydrogen and carbon dioxidg dihle ratio of these two products
was 3.8 after 210 min, which was close to the idaiid of eq. 1 within the experimental
error. Without irradiation, no product formation svabserved in all the catalysts. The
reaction lasted for a long time under photoirradiatvithout catalytic deactivation. Since
platinum loading enhanced the reaction such asmes as shown imable 1, entries 10
and 14 TON was tentatively calculated based on Pt. T@Bl Tvas 53 for 210 min, which
was clearly larger than unity. These clarified ttras reaction over the Pt/NaTaDa
samples proceeded photocatalytically. The prodnctéde varied with the samples as
listed inTable 1, indicating that the photocatalytic activity ofetiphotocatalyst varied
with the structures and the properties.

Fig. 5shows the effect of the hold temperature amongiigaration parameters
on the hydrogen production rate. The hydrogen priiolu rate was evaluated after ca. 4
h from the start of the reaction. The Pt/Na34@ photocatalyst prepared with the low
hold temperature at 1073 K provided low activithile the photocatalysts prepared with
the higher hold temperature than 1173 K gave dasti higher activity. The
photocatalysts prepared with higher hold tempeeatithan 1173 K showed almost

similar activity, which suggests that the tempematf 1173 K was enough to prepare the
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NaTaQ:La photocatalysts by the flux method. The XRD @attshowed that the NaTaO
crystallites were generated when prepared witthtie temperature higher than 1173 K
(Fig. 1). This result clearly indicates that the generatid the NaTa@La phase is
essential for achieving the high activity in thefdcatalytic steam reforming of methane.
Among these photocatalysts, the Pt(0.2)/Nale&§70,1273,1) photocatalyst exhibited

the highest hydrogen production rate, i.e. imbl mirr,

3.2.2 Effect of the La doping

Effect of La doping on the hydrogen production rat&s investigated in the
photocatalytic steam reforming of methane over B@.03)/NaTa@La(30,1273y)
photocatalysts prepared by the flux method withowesr La contentsHig. 6, Table 1
entries 8, 15-1). The hydrogen formation rate was low (0,020l mirr) over the
photocatalyst without La doping, while La dopingastically improved the activity.
Among these samples, the maximum hydrogen productite (1.2umol mirrY) was
achievedat the La doping amount of 1 mol%, and the furtddition of La doping over
1 mol% decreased the activity. In literature, tsifive effects of the La doping on the
NaTaQ photocatalysts prepared by the SSR method have begorted for the
photocatalytic water splitting [16] and the photiatgic steam reforming of methane [9].
Here, it was found that the La doping was alsoctiffe for the improvement of the
activity of the NaTa®@photocatalysts prepared in the flux method.

As for the reason why the La doping enhanced tloégglatalytic activity, some
possibilities have been pointed out. Kudo et abgssted that the presence of La
suppressed the crystal growth to form smaller NaTa@stals with fine steps on the

surface, which would be advantageous compareddarthich larger particles of the

12



photocatalyst without La doping [16]. Yamakatalepainted out that the La doping could
prolong the lifetime of photo-generated carrieted@on and hole), which would result
in the high activity [40]. In our previous studyet substitutionally doped La cations
would change the band structure as well as thafgpsarface area of the photocatalyst
[9]. Actually, since both the crystallite size artde electronic band structure
simultaneously varied with La doping, it is uncledrich factor is the most substantial.
However, it is obvious that the La doping woulddutvantageous for the photocatalytic
activity in these photocatalytic reactions thatgeed through the water activation, such

as the water splitting and the photocatalytic stegfiorming of methane.

3.2.3 Effect of the Pt cocatalyst

Loading of Pt cocatalyst also significantly enhahtiee activity as mentioned
above Fig. 7 shows the effect of the loading amount of thedeatalyst. Even at the low
Pt loading such as 0.03 wt%, the hydrogen prodacticate on the
Pt(0.03)/NaTa@La(70,1273,2) photocatalyst was high (ju2ol mirr?®), which is 4.6
times higher than that of non-modified Na®d@(70,1273,2) (0.2@mol mirr?Y). The
increase of the Pt loading to 0.2 wt% slightly eased the activity, and the maximum
rate for the hydrogen production was obtained 2t8% (1.3umol mirr?). The further

increase of the Pt loading to 1.0 wt% drasticallgessed the hydrogen production rate.

3.2.4 Effect of the solute concentration
Fig. 8 shows the hydrogen production rate with the PtA@La photocatalysts
prepared with various solute concentrations. AmtiregPt(0.03)/NaTaélLa(x,1273,2)

photocatalysts, the highest activity was firBol mirr? in the present condition, which
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was obtained with the photocatalyst prepared wi¢hsolute concentration of 70%. The
hydrogen production rate was 1.4 times higher thamh on the photocatalyst prepared
without the flux, i.e., the Pt(0.03)/NaTa0a(100,1273,2) photocatalyst. However, the
photocatalysts prepared with the solute concentrddéiss than 50 mol% exhibited lower
activity than the photocatalyst prepared withoetftox. In the low solute concentrations
such as 5-30 mol%, the activity did not dependhensblute concentration. Thus, it was
elucidated that the flux method could be effecfaethe preparation of the highly active
photocatalysts if the preparation parameter wasniged. As for the preparation of the
NaTaQ:La photocatalyst in the present condition, thaisokconcentration around 70

mol% should be desirable.

3.4 Correlation between the particle size and thechivity

To investigate the key parameter for the photogatahctivity, the hydrogen
production rate listed ifable 1was plotted against the particle size evaluateah filte
SEM imageskKig. S4, and the band gap determined by DR UV-visiblespefFig. S5,
respectively. However, no clear correlation waseobsd between the hydrogen
production rate and these parameters as showigsn S4, and S5

Fig. 9 shows the relationship between the crystallite sizthe photocatalysts
and the hydrogen production rate in the photoctitatgeam reforming of methane over
them among the photocatalysts prepared in thenflethod with various parameters, i.e.,
the Pt(0.03)/NaTa&lLa(x,1273,2) photocatalysts (open circles), the
Pt(0.2)/NaTa@La(70,T,1) photocatalysts, wherB=1173-1473 K (open squares), and
the Pt(0.03)/NaTa&La(30,1273y) photocatalysts (open triangles), mentioned above

(Table 1, entries 2-11, 16, and 17)Among the Pt(0.03)/NaTafa(x,1273,2)

14



photocatalysts prepared with various solute comagahs (open circles), a positive linear
correlation was clearly observed between the dtitsetaize and the hydrogen production
rate. The line inFig. 9 was obtained by a least square fitting of the gHot the
Pt(0.03)/NaTa@La(x,1273,2) photocatalysts. In addition, the plots fdhe
Pt(0.2)/NaTa@La(70;T,1) photocatalysts (open squares) and the
Pt(0.03)/NaTa@La(30,1273y) photocatalysts (open triangles) were in alignmeitih
the line. Thus, it was confirmed that the photogétaactivity of the Pt/NaTa@La
photocatalysts prepared in the flux method strongigended on the size of the NataO
crystallites. These samples showing the good airoel actually included various
samples with the composition, the structure andetbetrical properties such as the La
content, the particle size, and the band gap asrsh Table 1. This means that these
parameters could not give a dominant effect orptiaocatalytic activity, although these
parameters would be related to the crystallite aimkindirectly or slightly influence the
photocatalytic activity.

The positive correlation between the photocatalgtitivity and the crystallite
size (or particle size) was reported by severaligsan several mulidectron reactions;
e.g., photocatalytic oxygen evolution from silvérate aqueous solutions [41, 42], and
photocatalytic C@reduction [23]. Amano et al., reported that theorebination of the
photogenerated carriers in the large MWgarticles was slower than that in the small
particles, and it would be due to the fast surfacembination compared to the bulk [41].
Thus, the surface recombination is one possildityhe low activity of the present small
NaTaQ:La crystallites because the surface-to-volumeoratould be high for small
particles. Another possibility is that a large ¢ajite can absorb a larger number of

photons than a small one due to its large irradiatea per one crystallite. In the case of
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the multi-electron reactions, the large numbehefdbsorbed photons might effectively
result in the high activity.

On the other hands, when we compared the photgtataictivity over the
photocatalysts having the same Na7a@ crystallite size, the activity of the
Pt(0.03)/NaTa@La(100,1273,2) photocatalyst prepared without tihex (closed
diamong was obviously lower than the line. In other worte photocatalyst prepared
with the flux exhibited higher activity than theqibcatalyst prepared without the flux if
the samples had the same size of the crystaliteish corresponded to 1.6 times higher
activity. This suggests that the photocatalyst areg without the flux would have
negative parameters other than the crystallite size; i.e., the sample prepared with flux
would have one or more positive factors for thacefht activity compared to that
prepared without the flux.

As mentioned above, the photocatalysts prepardutivit flux consisted of the
cubic or rectangular particles, different from tbandish particles of the sample prepared
without the flux. Thus, the merits of the photobaaprepared in the flux method would
possibly originate from the morphology. One posisybis that the cubic or rectangular
particles covered with the clear facets might beareneficial for the efficient charge
separation of the photo-excited carriers in thettetalysts [16, 20]. Another is that the
clear shape particles might have high crystallimitth less crystal defects, which might
result in the less recombination of the electrod &ole pairs. The other is that the
photocatalytic activity might depend on the popolabf the surface sites, such as edges
and corners, that would be determined by the mdoglyo[17]. Thus, the preferable
morphology of the present photocatalyst preparddarilux method would well promote

the charge separation or reduce the recombinairdhge cubic or rectangular shape with
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the regular surface structure might be desirabiléhi® photocatalytic steam reforming of
methane.

In several photocatalytic reactions, molecular gatsan properties could much
affect the activity, where large surface area wquiavide the large adsorption/reaction
sites [43, 44]. However, in the present case,rtbieease of the specific surface area of the
NaTaQ:La photocatalysts resulted in the decrease ofattizity (seeTable 1). This
means that the contribution of the rate of thestasa eventsgg., adsorption, surface
reaction, and desorption) to the overall reactiate would be smaller than that of the

photo-related process such as the charge sepaaatibmigration to the surface.

4. CONCLUSIONS

The present study demonstrated the effectivenesleoflux method using a
sodium chloride flux to synthesize a high-perforcet/NaTa@La photocatalyst for
the photocatalytic steam reforming of methane. Tibe method provided cubic or
rectangular morphology of the NaTala particles. La doping drastically improved the
photocatalytic activity even when the samples waepared in the flux method. The
optimized catalyst prepared by the flux method shavé times higher activity than the
sample prepared without the flux when comparea#talysts having the same crystallite
size.

Various Pt/NaTa@La particles were prepared by changing the preéjaraondition
and the composition, such as the presence or absétite flux, the solute concentration,
the hold temperature, and the amount of the lanttmaioping and the platinum cocatalyst,
and the relationship between the structural andiph/properties and the photocatalytic

activity was investigated. Among the preparatiomapgeters in the flux method, the
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solute concentration much influenced the crystallize of the NaTa€La samples; i.e.,
the crystallite size increased with increasingdbkite concentration. It is notable that a
positive correlation was observed between the NaTaCrrystallite size and the
hydrogen production rate; in other words, the larger crystallite size gave the higher
photocatalytic activity. Besides this correlatiave proposed the cubic or rectangular
morphology of the NaTafla photocatalysts would be effective for the steafarming

of methane by comparing the roundish shape of tlwéoggatalyst prepared without the

flux.
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Table 1.Physical and optical properties of the NaFa@ samples prepared by the flux method and théoghtalytic performance of the

Pt/NaTaQ:La samples in the photocatalytic steam reformihgnethane.

Solute. Introduced La content erstallite Particle size Serd/ Bandgad  Loading amount H> prpduction
Entry T2/K concentratio® amount of L& 0 size (XRD)® (SEM)F P 0 rate' / umol
(mol%) (mol%) (mol%) / nm / nm mg fev of Pt (%) min

1 1073 70 1 - — - - - 0.2 0.12

2 1173 70 1 - 72 - 4.7 - 0.2 1.2

3 1273 70 1 - 69 - 35 - 0.2 14

4 1323 70 1 - 80 - 35 - 0.2 1.2

5 1373 70 1 - 77 - 2.0 - 0.2 1.3

6 1473 70 1 - 76 - 2.0 - 0.2 1.0

7 1273 5 2 1.9 54 195 5.2 - 0.03 0.60

8 1273 30 2 2.1 56 210 4.6 4.16 0.03 0.56

9 1273 50 2 2.2 62 160 5.0 4.16 0.03 0.78

10 1273 70 2 2.2 71 210 35 4.14 0.03 1.2

11 1273 90 2 2.0 68 216 2.4 4.13 0.03 1.1

12 1273 100 2 2.1 76 315 2.1 412 0.03 0.85

13 1273 70 0 - 84 733 0.92 4.10 0.03 0.22

14 1273 70 2 2. 71k 210k 3.5k 4.14k 0 0.26

15 1273 30 0 - 88 - 0.5 4.06 0.03 0.02

16 1273 30 1 11 65 - 4.9 4.14 0.03 1.2

17 1273 30 5 4.6 50 - 55 4.15 0.03 0.55

2 Hold temperature during the preparation in the fiethod,? Solute concentration in the flukxIntroduced amount in preparatich.
Doping amount of La measured with XRRBverage crystallite size calculated from a lin@thiin the XRD pattern$ Average patrticle
size estimated from the SEM images. Relative stahdiaviations were ca. 60 %Specific surface area calculated in the BET method
Band gap determined by UV-vis adsorption spectiBhe hydrogen production rate was evaluated at ldtdr from the start of
photoirradiation! NaTaQ was not formedXThe same data as those in the entry 10.
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Fig. 1. XRD patterns of the Pt(0.2)/NaTaQa(70,T,1) samples prepared by the flux
method at various hold temperature of (a) 10731{@8, (c) 1273, (d) 1373, and (e) 1473

K.
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Fig. 2. XRD patterns of the Pt(0.03)/NaTa0a(x,1273,2) samples prepared by the flux
method at various solute concentrations of (apb30, (c) 50, (d) 70, (e) 90, and (f) 100
mol%, and (g) the Pt(0.03)/NaTe(@0,1273,0) sample without La doping. The

NaTaQ:La(100,1273,2) sample was prepared without the flu
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Fig. 3. SEM images of the NaTaa(x,1273,2) samples prepared by the flux method
with various solute concentrations of (a) 5, (b)@) 70, (d) 90, and (e) 100 mol%, where
the NaTa@La(100,1273,2) sample was prepared without the, fas well as (f) the

NaTaQ(70,1273,0) sample without La doping.
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Fig. 4. DR UV-Vis spectra of the NaTafa(x,1273,2) samples prepared by the flux
method at various solute concentrations of (apb30, (c) 50, (d) 70, (e) 90, and (f) 100
mol%, where the NaTafd.a(100,1273,2) sample was prepared without the #ind (g)

that of the NaTa®La(70,1273,0) sample prepared by the flux methitkdout La doping.
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Fig. 5. The hydrogen production rate in the photocatalstéam reforming of methane
over the Pt(0.2)/NaTad0r0,T,1) photocatalysts prepared with various hold tewrmpees.

The hydrogen production rate was evaluated abden from the start of photoirradiation.

26



=
3
A

-
T T S

0.5+

H2 production rate / umol min—1

0 1 2 3 4 5

La contenst (mol%)
Fig. 6 The hydrogen production rate in the photocatalgteam reforming of methane
over the Pt(0.03)/NaTafla(30,1273y) photocatalysts prepared by the flux method with
various La contents. The La contents were measuitbdXRF. The hydrogen production

rate was evaluated at 4 h later from the starhotgrradiation.
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Fig. 7. The hydrogen production rate in the photocatalstéam reforming of methane
over the P)/NaTa(¥(70,1273,2) photocatalysts with various Pt loadamgount. The

hydrogen production rate was evaluated at 4 h feder the start of photoirradiation.
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Fig. 8. The hydrogen production rate in the photocatalstéam reforming of methane
over the Pt(0.03)/NaTafla(x,1273,2) photocatalysts prepared by the flux methiod
various solute concentrations. The plot at 100%ttersolute concentration shows the
value for the sample prepared without the flux. Tyelrogen production rate was

evaluated at 4 h later from the start of photoiaton.
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Fig. 9. Correlation between the hydrogen production ratehe steam reforming of
methane and the crystallite size of NaFa@ in the photocatalysts. Open circles: the
Pt(0.03)/NaTa@La(x,1273,2) photocatalysts prepared with various solut
concentrations, open squares: the Pt(0.2)/NaTa(¥0,T,1) photocatalysts prepared
with various high hold temperaturesT=(173-1473 K), open triangles: the
Pt(0.03)/NaTa@La(30,1273y) photocatalysts with La contenis=( and 5), and a closed
diamond: the Pt(0.03)/NaTa@a(100,1273,2) photocatalysts prepared withouffltne
The linear fitting was calculated from the plotsthé Pt(0.03)/NaTa&lLa(x,1273,2)
photocatalysts prepared with the various soluteentrations. The hydrogen production

rate was evaluated at 4 h later from the starhotgrradiation.
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