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Abstract

Flux method was applied to prepare sodium hexat&(NaTisO13) photocatalysts for reduction of carbon
dioxide with water. The preparation conditions weramined, such as the starting material, the filne,
composition in the molten mixture, the holding teargture, and the cooling rate of the molten mixtsme
as to obtain several sodium hexatitanate samplesisting of the crystals with various morphologéesl
sizes. These samples were loaded with 0.1 wt% ofcAgatalyst nanoparticles (Ag/PldeO13) and
examined for photocatalytic reduction of carbonxdtie with water, where carbon monoxide, hydrogen
and oxygen were formed as products. It was fourat the photocatalytic production rate of carbon
monoxide varied with the morphology and the sizetlod sodium hexatitanate crystals. Among the
prepared samples, thick rod-like crystals exhibiiegh photocatalytic activity for the reduction adrbon

dioxide.
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1. Introduction

An increasing concentration of atmospheric carbimxide (CQ), which should originate from large
consumption of fossil fuels, has been considerethasmost responsible reason for the current cémat
change [1]. Since the activity of the photosynthasileaf for CQ fixation on the earth is limited, artificial
photosynthesis producing valuable compounds from I§Qutilizing solar energy has been much attractive
in view of reducing the C@emission, recycling Cfas a carbon source and converting solar enertheto
chemical potential of the products [2-8].

Heterogeneous photocatalysis has been studigddareduction of C®with water to produce formate,
carbon monoxide (CO), methanol and methane [9-Hd$gecially, in recent years, many kinds of Cu or Ag
modified photocatalysts to produce CO, hydroges) @dd oxygen (€ have been reported, such as CuiZrO
[16], Ag/BaLaTisO15[17], Ag/GaOs [18—21], Ag/Zn-GaOs [22], Ag/KCaSrTa0:5[23], Ag/LaTi-O7 [24],
and Ag/CaTiQ[25, 26]. In these systems, two reactions competjt proceed, i.e., photocatalytic reduction

of COx to form CO and @(eq. 1) and photocatalytic water splitting inte &hd Q (eq. 2).

CO,—»CO+12Q (1)

HO — Ho + 1/2 Q 2)

The reaction selectivity between the two reactivmaries with the employed photocatalyst. On theasigfof
the photocatalyst, both reduction of £&hd proton by the excited electrons (eq. 3 anahd)oxidation of

water into Q and proton (eq. 5) can occur.

CO,+2H +2e - CO+HO (3)
2H +2e — H (4)

2HO +4H - O+ 4 H (5)

In these photocatalytic systems, however, the emgugduction rates have not been achieved yethr t

practical use. Thus, a clear guidance for catalgsign has been required for further development.



In some systems, it is reported that the morphofbgstructure of the photocatalyst affects the
photocatalytic activity for the CfOreduction. For example, on the Ag/BalgOi:s photocatalyst of
anisotropic plate-like structure [17], the reduntaf CQ to produce CO can take place on the Ag cocatalyst
at the edges of the plates while the oxidationmagress on the Bak&isO1s surfaces. In other words, it
can be recognized that the separated reactiorsfieldreduction and oxidation would contributehe tigh
photocatalytic performance. In our previous stu@$]] we prepared several Ag/CaTEi@hotocatalyst
samples, where a clear relationship was revealeddes the particle size of polyhed@dTiO; crystals in
micro meter scale and the photocatalytic produatie of CO, i.e., the larger size of crystal pded higher
activity for the production of CO.

Flux method employed in the previous and the priestidies can provide fine single crystals or poly
crystals and thus has been applied to fabricatewsamicro or nano-sized photocatalysts in receatry.
For example, many kinds of titanate photocatalystse reported such as Na@sOi3 [27], Na&TizO7 [28],
K.TisO13 [29,30], CaTiQ [25,26], SrTiQ [31], LaTi:07 [32,33], PbTiQ [34], CazZrTiOr [35] and
AgLi13Ti2=0- [36].

In the present study, we prepared several AgFIN®;3; photocatalyst samples by using a flux method.
The NaTisO13 semiconductor has a unique tunnel structure [Ad]reas a bandgap (3.5 eV) [37] larger than
that of anatase Ti¥)X3.2 eV) and rather closed to that of Cad (3.6 eV) [25,38]. Thus, it is expected to be
also active for the photocatalytic reduction of L@ctually in the present study, it was found tkia
Ag/NaTisO13 photocatalyst can promote the photocatalytic rednof CQ to CO. In addition, a good

relationship was revealed between the structuratemghotocatalytic activity.

2. Experimental

2.1. Sample preparation

Most of the NaTisO13 samples in the present study were synthesizedlby emethod in the same manner
described our previous works [25,26,30] from@i@z; (Rare metallic, 99.9%, melting point is 1124 K@an
TiO> (rutile, Kojundo, 99.9%, gm, melting point is 2116 K) as start materials bing some chlorides such
as LiCl, NaCl, KCI and Caglas a flux (the melting points are 878, 1074, 1848 1045 K, respectively).
The molar ratio of NECOs to TiO, was 1:6, and various ratios of the substrat@@l% as NalisO13) in the

mixture with the flux were examined, whexevas defined asx [mol%] = 100 x (amount of Na&igO13



[mol]) / (amount of NaTigO13 [mol] + amount of a flux [mol]). The mixture ofasting materials was put
into a platinum crucible, which was loosely covelsda lid, heated at a rate of 200 K ko 973, 1073 or
1273 K (standard: 1273 K) in an electric furnacgdhat this temperature for 10 h, and then slowlgled

at a rate of —100, —10 or -5 K'n(standard: —100 KH) to 773 K, followed by being naturally cooled to
room temperature in the furnace. It is considehed the decarbonation of bM&0s; would take place to form
NaO species during heating, the mixture of the stgrthaterials would be molten, and then both melted
NaxO and melted Ti@would react with each other to form N&O:3 crystallites in the molten salt during
the cooling step. The obtained products were walilved with hot water (353 K) three times to remitnee
flux. These samples are referred to as NTO(fkirpte if any), e.g., NTO(NacCl,50), NTO(NacCl,5,1073K),
NTO(NaCl,50,-10KR") and so on.

One sample was prepared by a solid state reantethod (SS method). The same starting materials,
NaxCOs (0.03 mol) and Ti@ (rutile, 0.18 mol), were dried at 373 K, mechahjcanixed by a wet ball-
milling method with 150 g of alumina balls and 8Q wf acetone in a plastic bottle (300 mL) for 24th
120 rpm, dried in an oven at 353 K overnight, aedthd in air atmosphere at 1273 K for 10 h in amaia
crucible in the furnace. The sample is referredddNTO(SS). Another sample was prepared by the flux
method with anatase Tisupplied by Catalysis Society of Japan, JRC-TI(388 nfgl) as the start
material,i.e., NTO(NaCl,50,anatase).

Ag cocatalyst was loaded on the surface of thel N@13 samples by a photodeposition method, where
AgNO:s and methanol (25 vol.%) was used as the Ag soamcethe reductant, respectively. The loading

amount of Ag as metal was 0.1 wt%. The samplesedeered to as Ag/NTO, e.g., Ag/NTO(NacCl,50).

2.2. Characterizations

Several kinds of analyses were employed to chaniaetthe prepared samples, such as XRD, XRF, ICP,
SEM, TEM, DR UV-vis, BET, DTA, plaec, and XAFS, the details of which are mentionedhia Electric

Supplementary Information (ESI).

2.3. Photocatalytic reaction tests

Photocatalytic reaction tests were carried outuaghbient temperature and pressure in the sameanan

as the previous study [25]. The details are desdrib the ESI. Detected products were CQ, ahd Q.



Other products were not observed in this systenm @vehe liquid phase after the reaction, althotiyi
possibility of the formation of undetected byprotdueras not denied especially in the liquid phasehé
present study, the selectivity to CO in the redugemtiucts was defined as followszsY%) = 100 x (the

production rate of CO) / (sum of the productioresadf CO and bj.

3. Results and discussion

3.1. Preparation with various fluxes

Since molten salt as a flux can regulate the arypbwth to provide unique morphology of the cajst
in many cases, some kinds of the salts such as N&ZTI, KCI, and CaGlwere examined for the preparation
of NaTisO13 samples. Fig. 1 shows XRD patterns of the obtagaedples with that from database [39] as a
reference and that of the rutile Ti®Gample used as the start material. Among themNi@(NacCl,50)
sample, the NTO(KCI,50) sample and the NTO(SS) $artipig. 1b, 1c, and 1e) exhibited almost the same
pattern to that of the reference data (Fig. 1@ljdating that Nal'isO13 crystallites of monoclinic structure
were obtained. It is noted that the distributiortbed diffraction line intensity of the NTO sampla®pared
by the flux method are different from that of th ®(SS) sample and the reference, for example, the
intensity of the line at 24.5° corresponding toQ)Lftlane was relatively low for the former patteamsi high
for the latter patterns, implying that the igO13 crystals prepared by the flux method have an &g
morphology. Although the NTO(NacCl,50) sample and MiTO(KCI,50) sample exhibited almost similar
diffraction patterns, the latter showed a smalftstoi lower angle. XRF measurement revealed that th
NTO(KCI,50) sample contained small amount of pdtamsand the composition of the sample was estimated
to be Na 4Ko54Ti6013, Where potassium cation having the larger size swalium cation would enlarge the
lattice constant.

The NTO(LICI,50) sample showed a quite differeattern than others (Fig. 1a). By using XRF and ICP,
the composition of this sample was estimated thibeNay 40TieO14.5, indicating that pure phase of sodium
hexatitanate (NdisO13) was not obtained. It is also revealed that th©KRJaCh,50) sample was a mixture
of TiO2 (major) and CaTi®@(minor) (Fig. 1d). These facts indicate that bbiGil and CaC} salts are not

suitable for the preparation of NasO;3 crystals.



The XRF measurement revealed that these samplesotliicontain a detectable amount of Cl anions,
meaning that the removal of the flux was almost gleted by washing with hot water.

SEM images elucidated various morphologies ofdhd§O samples prepared with various fluxes in the
flux method and without any flux in the SS meth&ih( 2). The NTO(LiCI,50) sample consisted of large
particles (Fig. 2a), the NTO(NaCl,50) and NTO(K®)5Samples showed rod-like morphology (Fig. 2b and
2¢), the NTO(CaGJ50) sample exhibited particles covered with simafiments (Fig. 2d), and the NTO(SS)
sample showed ununiformed particles (Fig. 2e).dme cases, various facets could be observed on the
surfaces of the particles prepared by the flux webttiFig. 2, a—c). It was clarified that both the wd flux
and the property of the flux much affected the ghalfpthe particles. This confirms that the moltah san
regulate the crystal growth of each facet to fohm tinique morphology and this effect depends on the
property of the cation such as'LNa', K* and C&". Among them, it is remarkable that the two;NaO;3
samples prepared by the flux method, i.e., the NN&@(,50) sample and the NTO(KCI,50) sample,
exhibited rod-like crystals. They were similar e treported ones in the literatures forNaD13 [27] and
K2TieO13 [30], where the cross-section of the rod-like stinoe was typically hexagonal. In the present
samples some steps were also observed. On thehathdy the NTO(SS) sample of the;NigO13 structure
prepared by the SS method showed granular polyhedrticles connected to each other.

As a conclusion in this section, it is noted ttiet NaCl flux is suitable for the preparation oé fhure

phase of the hexagonal rod-like Na0O:3 crystals.

3.2. Preparation with NaCl flux with various conditions

Some samples were prepared by using the NaCMiltixvarious solute concentrations in the standard
condition. Fig. 3 shows their SEM images. It wasilated that these samples prepared by the flukade
consisted of similar hexagonal rod-like crystald &oth the size and the aspect ratio varied wighsthlute
concentratiorx in the molten mixture. The lowest solute concditra(5%) provided the clear shape of the
fine rod-like crystals (Fig. 3a), while the high€80%) gave somewhat irregular shape (Fig. 3c). Sibes
of the crystals were evaluated from the SEM images listed in Table 1, entries 1-4. The NTO(NacCl,5)
sample consisted of the longest rod-like crystél6.4 nm in length on the average. The averagetheng
clearly decreased with an increase of the soluteautrationx in the molten mixture among the samples

prepared by the flux method. On the other handatteeage width of them once increased with an as=ze



of x to the maximum, i.e., 1.1 nm &t50, then decreased. The aspect ratio of the tsyistdhese samples
decreased from 8.7 to 2.6 with an increasg, @nd for the sample prepared by the SS methodst 3,
almost close to unity (Table 1, entry 5).

Fig. 4 shows a representative TEM image of the INa&ZI,50) sample with an electron diffraction
pattern. A rod-like particle was obviously foundslnoticed that more transparent perimeter carbserved
in the rectangular image of the rod-like crystaporting the hexagonal cross-section. When thetrele
diffraction pattern was monitored at several pooftshe rod-like crystal, the clear and regulartgrat of
bright spots was observed for each location (Fign<et). This fact evidenced that the rod-likestay was
a single crystal.

Fig. 5 shows representative DR UV-visible spectvhjch give information for the electronic band
structure. The NTO(NacCl,50) sample showed a widsogdiion band less than 370 nm in wavelength,
indicating that the estimated bandgap was 3.587&\s. value was very slightly smaller than 3.62 eYthe
NTO(NacCl,5) sample and 3.61 eV for the NTO(SS) damiphis fact might be related to the average width
of the rod-like crystals, i.e., the thick crystglsve the smaller bandgap. However, no drasticreifiee on
the electronic band structure was observed frorh estter. The NTO(SS) sample exhibited an additional
small band at 360—-400 nm, suggesting the presdmnoery small amount of unreacted titanium oxidet tha
could not detected by XRD in this sample or sormel&iof crystal defects.

The NTO(NacCl,5,973K) sample and the NTO(NaCl,5,K)7&ample were prepared with lower holding
temperatures, 973 and 1073 K, respectively. Treaapeératures are lower than or almost equal to gieng
point of pure NaCl (1074 K). XRD profile (not shoyof the former indicated that the holding at 973 K
gave a mixture of rutile Tigand NaTisO13 phases. The SEM image of this sample (Fig. Ska) sthows
the mixture of roundish particles and needle-likgstals, assignable to TiCand NaTisO13 phases,
respectively. The sizes of the needle-like crystase very small as listed in Table 1, entry 6. tmother
hand, the holding at 1073 K was sufficient for pdivg a pure NalisO13 crystals (XRD was not shown).
The SEM images shown in Fig. S1b clarified thatrheelike crystals were formed. The average leragith
width of the rod-like crystals in this sample wér2 and 0.33 nm, respectively as listed in Tablentry 7,
which were smaller than those for the NTO(NaCl&nple prepared at 1273 K (Table 1, entry 1). The
variation coefficients for the length and width wet2% and 28% for the sample prepared at 1073 K and

46% and 40% for the sample prepared at 1273 K.dfads indicate that the lower temperature pravide



smaller rod-like crystals with narrower size distttion. It is considered that the higher holdingperature
would provide enough time for crystal growth in thelten mixture at the longer cooling step.

The cooling rate was also one of the most impopanameters controlling the structure of the ri&d-I|
NaxTisO13 crystals. Fig. 6 shows SEM images of the NTO(N&@HyKh™1) samples prepared with various
cooling rate, —100, —10 and -5 K*hfrom 1273 K to 773 K. As shown, the slow coolirage such as -10
and -5 K h! provided the thicker rod-like crystals than thstfaooling rate as —100 K*h The sizes
estimated from several SEM images were listed iol&a& entries 3, 8 and 9. The slow cooling rate levou
enhance the crystal growth according to Ostwaldenipg. The size distribution of the
NTO(NaCl,50,-5Kht) sample seems to become larger with the slowrgg¢kig. 6¢), which was supported
by the high variation coefficients, 62% and 57%, tlee length and width of the thick rod-like crysta
respectively.

The structure of the start material also influehttee morphology. When anatase Ti@wder with high
specific surface area (33&gt) was employed as the start material instead d&nowder with low specific
surface area (2.5 %g?), the obtained NTO(NaCl,50,anatase) sample catsist smaller size of rod-like
crystals (Fig. S2a, and Table 1, entry 10). Inghesent study, however, it was not clarified whiiabtor
contributed to the smaller size, the anatase streicir the high surface area of the start;@terial. The
detailed discussion was described in the ESI.

In this study, it was also confirmed that the cosifjon of sodium titanate can be determined by the
molar ratio of the two starting materials, /88; and TiQ. In other words, the NaCl flux usually could not
react with TiQ to form sodium titanate in the present conditibor example, when a mixture of p&Os
and TiQ with the ratio of 1:3 was melted in the NaCl flard followed by cooling in the same manner, a
sample of NalizO7 phase was obtained. When a mixture of only thelNlag and rutile TiQ powder was
examined for the preparation, most of Ti@mained and some kinds of sodium titanates waradd as
minor products, which was confirmed by the XRD (slmbwn). In this case, a part of NaCl would be zdd
with the atmospheric £xo form NaO species in the molten mixture and it would remitih TiO2 to form
sodium titanates.

In this section, it was confirmed that well cotied thick hexagonal rod-like N&isO13 crystals were
obtained when the sample was prepared from ruil® By using moderate amount of NaCl flux through

high holding temperature at 1273 K and the modbratew cooling rate of -10 KH.



3.3. Deposition of the Ag cocatalyst nanoparticles.

Silver nanoparticles were deposited as a cocatalpsthese prepared PlasO13 samples by the
photodeposition method. Ag loading amount was % or each sample. Fig. 7 shows DR UV-visible
spectra of the representative Ag loaded samplee. Gharacteristic bands in the visible light region
assignable to the surface plasmon resonance (SRR g nanoparticles confirmed the depositionhef
Ag cocatalyst. The peak position of the SPR bamndhe Ag/NTO(NaCl,5) and Ag/NTO(NaCl,50) sample
was at 500 nm in wavelength while the Ag/NTO(NaQ),Fample exhibited it at 530 nm. This suggests tha
the Ag nanoparticles deposited on the Ag/INTO(Na@lgample would be larger than those on the other
samples. In the photodeposition method, it is aered that adsorbed Ag ions on the surface of the
NaTigO13 crystals are reduced by the photoexcited eleamrerated in the N&isOi13 crystals. Thus, the
structure of the NdisO13 crystals would affect the photocatalytic propentg vary the size of the deposited

Ag nanoparticles.

3.4. Photocatalytic activity

The prepared Ag/N@isO13 samples were examined for the photocatalytic rieslnof CQ by water.
The products observed in the present study welgmoamonoxide (CO), hydrogen £}l and oxygen (@),
which consisted with the results in our previousdgt[25,26] and other reports [16—24]. In thesdeays
including the present one, the reduction of ,Gdd water splitting would take place competitivaly
mentioned above.

In the representative time course of the productiate in the photocatalytic reaction with the
Ag/NTO(NaCl,50) sample (Fig. S3), the productiotesafor H and CO were initially high, but gradually
decreased, and finally became almost constantaftarg time passing around 24 h.

Although G was not observed initially, it was actually obsstvater. The stoichiometric ratio of the
reduced products ¢Hand CO) and oxidized productsj@lid not confirmed in the present study, which
might be due to the small amount of production langle experimental error to determine the amou@.of
However, as discussed in the ESI, there are fughere possible reasons for this phenomenon, such as
photoadsorption of £on the photocatalyst surface [40—44], the competiixidation of water to hydrogen

peroxide [45], and the competitive oxidation of @hion, which is a possible residual from the fliaxtorm



chlorine (Ch) and then hypochlorite species (CJQ46]. To clarify this phenomenon, further study i
necessary.

Some kinds of blank tests confirmed that the ptetlyst, light, water, Cgas were absolutely
necessary to yield CO. Although CO was producenh @ or NaHCQ by photochemical reaction with
the irradiated light even in the absence of thetgdadalyst or water, the amount of CO was very bnal
addition, it was also confirmed that the Ag coosdhtivell accelerated the G@duction, which is believed
to be the active sites for CO production [17—-26fikif the number of all Ag atoms in the reactoswaed
as the number of the active sites, the estimatedter numbers for CO production for 24 h (T&2)Nwere
larger than 5 over the Ag/NTO(NaCl,50,—108hsample, which exhibited the highest CO produciiotine
present study. In addition, the reaction took pleaetinuously even after 25 h at the constant fEbese
results show that the reduction of €@ the present system proceeds photocatalyticelbwever, the
reaction rate was still too low to estimate therque yield exactly in this condition.

The production rates of CO and &fter the reaction for 6 and 24 h over the Ag/NgD13 photocatalysts
are listed in Table 2. As mentioned above, althahglproduction of @was really observed, the production
rates are not listed in Table 2 since the evalonatiould be often imprecise.

The results in Table 2, entries 1-4 show the effdcthe fluxes. Among the four samples, the
Ag/NTO(NaCl,50) sample exhibited the highest CO dmaiion rate (Table 2, entry 2). The
Ag/NTO(KCI,50) sample (actually, Ag/Na&KosaTieO13) with similar crystal structure to the
Ag/NTO(NaCl,50) sample exhibited higher CO prodoictrate than the others, i.e., the Ag/NTO(LiCI,50)
sample and the Ag/NTO(Caf30) sample (Table 2, entries 1, 3, and 4). Thasltesuggests that the sample
of the NaTigO13 crystal structure exhibited higher photocatalgiitivity.

The results in Table 2, entries 2 and 5-8 shovetfezt of the flux method and the solute conceiuns
in the molten mixture. The Ag/NTO(SS) sample predary the solid state reaction method (Table 2yent
8) gave a lower CO production rate than the Ag/NY&ZIxX) samples prepared by the flux method (Table
2, entry 2 and 5-7), indicating that the presam fhethod would be more suitable for the prepanatiocthe
Na:TigO13 photocatalyst for the COreduction by water. Further, the photocatalyticivity of the
Ag/NTO(NaCl,x) samples also varied with the solodacentration. Fig. 8A shows the variation of th@ C
production rate on these samples with the soluteemirationx, where the result on the Ag/NTO(SS)

sample (Table 2 entry 8) was also plotted=t00. The CO production rate increased with ancase of



the solute concentration to the maximum at 50 maid then decreased, which were so-called volcano-
shaped plots. On the other hand, Fig. 8B showsdhation of the average length and width of the-like
crystals (Table 1, entries 1-5) with the soluteamoriration. Although the length of the rod-like stals
simply decreased with increasing the solute comagah, the width increased then decreased, where t
maximum was found at 50 mol%. It is interesting thath CO production rate and the width of the liad-
crystals similarly varied with the solute concetitha to show the volcano-shaped plots, suggesting a
relationship between them. Such a volcano-shapsdazls not observed for the BET specific surfaeaar
listed in Table 1.

The holding temperature of the molten mixture afected the photocatalytic activity (Table 2,reagt
5, 9 and 10). The Ag/NTO(NacCl,5,973K) sample, whdith not consist of pure N&isO13 phase, exhibited
very low activity for the CO production (Table 2ytey 9). The Ag/NTO(NaCl,5,1073K) sample exhibited
higher activity for the C@reduction at 24 h than the Ag/NTO(NacCl,5) sampeppred by the high holding
temperature at 1273 K (Table 2, entries 5 and TB& higher surface area of this sample treatedrlowe
temperature at 1073 K might contribute the hightpbatalytic activity.

The Ag/NTO(NaCl,50,-10KH) sample and the Ag/NTO(NaCl,50,-5¥hsample, prepared with the
low cooling rate(Table 2 entries 11 and 12), exhibited much hig8€ production rate than the
Ag/NTO(NaCl,50)sample prepared with the high cooling rate, —100'KTable 2 entry 2), i.e., the sample
prepared with the slower cooling rate, consistifithiwker rod-like NaTisO13 crystals, exhibited higher CO
production rate. The Ag/NTO(NaCl,50,—-10¥hsample exhibited 8 times higher CO productioe taain
the AgQ/NTO(SS) sample after the reaction for 24 h.

The Ag/NTO(NacCl,50,anatase) sample prepared froatase TiQ powder with high specific surface
area, consisting of the fine rod-like crystals,wsbd a lower CO production rate than the correspandi
sample prepared from rutile, i.e., the Ag/NTO(N&G),sample (Table 2, entry 2 and 13). But it showed
higher rate than the Ag/NTO(SS) sample (Table gyes).

As a conclusion of this section, the efficient @egiion conditions are summarized: The high agtifat
CO production was obtained by the thick rod-likeeNgDi3 crystals prepared in the flux method from rutile
TiO2by using moderate amount of NaCl flux through Higiiding temperature at 1073 K or 1273 K and the

moderately slow cooling rate of —10 K!hThis is the relation between the preparation @tmrsd and the



photocatalytic activity. However, fundamentallyistmore important to know the relationship betwé#en

structure and the photocatalytic activity, whichl e discussed further in the next section.

3.5. Relation between the structure and the photocatalytic activity

Fig. 9 shows the relationship between the avenadth of the rod-like crystals or the particle singhe
various NaTisO13 samples and the photocatalytic activity for £QO@duction over the corresponding Ag
loaded samples (Table 2, entries 2, 5-8, and 11-7®)se NalisO13 samples were prepared by the flux
method by using NaCl flux with various solute camications of 5-70% in the molten mixture, with vars
cooling rates (-100, —10 or -5 K and from rutile or anatase as the starting matéfhe sample prepared
by the solid-state reaction method is also includdidhese samples were prepared through heatitg 3
K, and the same amount of Ag (0.1 wt%) was loadethem.

As clearly shown, a good relationship was obtalmetsveen them, i.e., the thick rod-like crystalibiied
higher photocatalytic activity for the G@eduction to produce CO molecule, typically largen 0.7um in
width. Similar correlation was also found in oueyious study for the photocatalytic @€&duction with
Ag/CaTiO; photocatalysts similarly prepared by the flux noeth25]. Especially the N&isO13 samples
prepared with the slow cooling rate exhibited highetivity, which would originate from the largedth of
the NaTisO13 crystals such as 18n. The aspect ratio of 3.2—3.9 of the thick roatldtructure of these
samples (Table 1, entries 8 and 9) might providead balance for both reductive and oxidative ieast
It is noted that the clear relationship was fourithwhe CO formation rate but not with the production
rate, the thick structure might be responsibletifier state of the Ag nanoparticles as the cocatédydhe

CO production.

3.6. Variation of the Ag cocatalyst nanoparticles

Here, the state of the Ag nanoparticles will lecdssed. Fig. 10 shows SEM images of the reprasenta
Ag/Na:TisO13 photocatalysts before and after the photocatatgaction test. Since these SEM images were
recorded in the reflection mode, the bright dotidate the Ag nanoparticles. Before the reactish tnly
a few and very small white dots could be observed tbe Ag/NTO(NacCl,5) sample and the
Ag/NTO(NaCl,50) sample, suggesting that the mosthef Ag nanoparticles would be small and well

dispersed on the crystals (Fig. 10, a and b). Tieges recorded after using in the reaction tesiweth



some larger Ag nanoparticles (Fig. 10, d and é3.thus proposed that the Ag nanoparticles cogiptegate
during the photocatalytic reaction. The aggregatias observed also on the Ag/NTO(SS) sample (Fi. 10
c and f). This would be the reasons why the phaabgiic production rates varied with time in thetiml
period.

As for the variation of the state of the Ag namtipkes, two possibilities are considered as fobo)
The Ag nanoparticles might migrate on the surfacéhe NaTisO13 crystals under photoirradiation and
aggregate to become larger particles. (ii) On tkidadive facets, where the photocatalytic oxidatiyn
positive holes preferably occur, Ag atoms in the wemoparticles could be oxidized and dissolved into
agueous solution as Agations, and then they would be deposited andcestion other Ag nanoparticles
located on the reductive facets, where the phoabdat reduction preferably occur by the photoexdit
electron, as illustrated in Fig. 11.

In the previous study of the Ag/CaTdPhotocatalysts [25], the CaTi@rystals were similarly prepared
by a flux method and facets were observed on thstals. After the photocatalytic reaction test, &
nanoparticles were found only on some selecteddaifehe CaTi@ crystals, where the reductive reaction
with excited electrons should take place prefeadlgiti In other words, the place stabilizing the Ag
nanoparticles would be the reductive sites in thet@catalytic reaction. The Ag cocatalyst nanopkasi
stabilized on the reductive sites would be vergdii/e for the photocatalytic GOeduction since the Ag
nanoparticles were considered as the receivereoéxbited electrons and the cocatalyst to proni&eCiO
reduction to CO.

In the present study, it was notable that the Agaparticles lined along the rod-like crystals he t
direction of the long axis on the Ag/NTO(NaCl,5@ngple after the photocatalytic reaction test (Eidg).

It seems that the particles are supported by tighbering facets of the aggregated rod-like crgstahich
correspond to the faces vertical to (010) planédhsasc (001) plane [27]. Since the Ag nanoparticlesew
stabilized on the long facets, these neighboricgt&of the rod-like crystals would be the reduesites. It

is proposed that the neighboring two reductivetemuld stabilize the Ag nanoparticles on thenmfithe
two directions and more efficiently supply the pdetcited electrons for the two electron step for CO
formation (eq. 3), which should contribute to thghhactivity for the CO production in the photodgti

CO; reduction (Fig. 12). The wide reductive surfacaulddoe suitable for holding the large numbers ef th



Ag cocatalyst, which would be one of the reasong thie photocatalytic Cé&reduction was enhanced with
the thick rod-like crystals.

The structural variation of the Ag nanoparticles the NaTisO13 samples under the photocatalytic
reaction condition was observed in the DR UV-vie&pa of the AQ/NTO(NaCl,50) sample (Fig. S4). The
SPR band around 500 nm originated from metallimAgoparticles (Fig. S4a) changed to a broad an# wea
one (Fig. S4b), indicating that the nanoparticlesiM change in the size or the oxidation statepertpg
the dynamic variation of the Ag nanoparticles asitioeed above. From Ag K-edge XANES spectra of the
Ag/NTO(NacCl,50) sample before and after the phdtagtc reaction test (Fig. S5, b and c), it waggested
that the Ag/NTO(NaCl,50) samples before and afterreaction would consist of metallic and oxidizeyl
species, suggesting that the Ag cocatalyst nanojeertwould be easily oxidized and reduced durimg t
photocatalytic reaction. This supports the proposedhanism shown in Fig. 11.

When an aqueous solution of &&; (pH=11) was used for the photocatalytic reactiest with the
Ag/NTO(NaCl,30) sample (Table 2, entry 14), the @@duction rate and the CO selectivity were higher
than that in the solution of NaHGpH=8.3-9.2) (Table 2, entry 6). Although the diffnt reaction
condition might change the concentration of dissdIZQ species in the solution and thus it might increase
the reaction rate, the variation of the Ag nanapked during the photocatalytic reaction is disedss the
present study. The zero point of charge for theTN®:3 crystals measured by the titration method using
the NTO(NaCl,50) sample was pki=9.3, meaning that the surface of the; NgDi3 crystal would be
positively charged or close to neutral in the NaH&@Qution and negatively charged in thex8@;s solution.
The DR UV-visible spectra after the reaction irstbondition (Fig. S4c) showed that the Ag nanopledi
on the negatively charged surface still exhibited surface plasmon resonance and shifted to shorter
wavelength, meaning that the Ag nanoparticles wdaddome more dispersed during the reaction. It is
proposed that the dissolved Agation would be preferentially deposited on thgatiwe NaTisO:3 crystal
surface rather than the Ag nanoparticles, which ldvdae tend to enhance the dispersion of the Ag
nanoparticles on the reductive surface and corigituthe enhancement of the CO production ratehis
condition the highest CO selectivity such as 60%s wahieved (Table 2, entry 14), which might be
contributed by the highly dispersed Ag nanoparsi@de the cocatalyst for the CO production. On thero
hand, the Ag nanoparticles on the positive or rd¢suirface lost the SPR feature of nanoparticlenduhe

photocatalytic reaction test (Fig. S4b) and the fofnation rate decreased drastically (Table 2,ye@jr



compared to the negatively charged surface (Tabémy 14), which would be due to the aggregatibn
the Ag nanoparticles. The control of the Ag speeiesild be one of the key factors to realize thehhig

photocatalytic performance.

4, Conclusions

In the present study, several kinds of Ag loadedTiNO13 photocatalysts were prepared with the flux
method and the photodeposition method, and the Ieampere examined for the photocatalytic LLO
reduction by water in the aqueous solution of NaHGhich produced CO, Hand Q. The highest CO
production rate in the current reaction conditiocamsvd.89umol h! at the steady state (24 h later) over the
Ag/NTO(NaCl,50,-10Kh!) sample, although this value was one third lolwanta Ag/CaTi@photocatalyst
of the same Ag content reported in our previoudys{@5]. It should be mentioned that the productiate
of H2 was much higher than the previous one, implyireg the optimization of the loading amount, the
structure of the Ag cocatalyst and so on, may douiie to the further improvement of the CO produati
rate.

The highest CO rate achieved with the; NgDi13 photocatalyst consisting of thick rod-like crystal
which was obtained by the flux method by using W&Cl flux with 50% of solute concentration in the
molten mixture at high holding temperature (1273akyl followed by the slow cooling rate such as K10
h™l. The large side facets such as (001) plane arerdHective facets, which can stabilize the Ag
nanoparticles on them and supply the photoexciezirens to the Ag cocatalyst for the CO productibime
thick rod-like structure with suitable aspect ratiech as 3.2 would realize a good balance for taxthctive
and oxidative reactions, realizing high photocatalgerformance for CO production as a result.

On the other hand, the highest selectivity for@ production in the present study was 60% when th
photocatalytic reaction was carried out in the basjueous solution of M@0z, where the highly dispersed
Ag cocatalyst nanoparticles would be formed madrés expected that further optimization of the teac
condition would also improve the photocatalyticidtt for both the CO production rate and the CO

selectivity. This will be examined in the next spud
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Tables.

Table 1 The average sizes of the rod-like crystals inNfi®© samples.

Entry Sample average size ¢
crystal:® /jum SeetP
lengtk width aspect ratio /m?g?

Various solute concentration, X

1° NTO(NacCl,5 6.4 0.74 8.7 2.0
2¢ NTO(NacCl,30 4.3 0.81 53
3¢ NTO(NacCl,50 4.1 1.1 3.9 1.8
4° NTO(NacCl,70 2.4 0.91 2.6
5 NTO(SS 0.88 0.68 1.3 1.6

Various hold temperatures

6¢ NTO(NacCl,5,973K 1.2 0.049 25

7 NTO(NacCl,5,1073K 6.2 0.33 18 3.6
Various cooling rate

8 NTO(NaCl,50,-10KI™Y) 4.1 1.3 3.2

9 NTO(NaCl,50,-5KI'Y) 4.7 1.3 3.8

Using anatase TiO; as a start material

10 NTO(NacCl,50,anatas 1.7 0.24 7.2

2 The variation coefficient ranged between 28—62BE&T specific surface area.

¢Samples were heated at 1273 K for 10 h, and caledate of —100 KH. @

the data for the rod-like crystals in the mixture.




Table 2 Results of the reaction tests for the photocttatgduction of CQwith H,O with the Ag/NTO samples.

Entry Samplé

Production rate (5 h

later) fimol ht

Production rate (24 h

later) fimol it

CcoO CcoO H Sco (%)°

Various fluxes

1 Ag/NTO(LICI,50) 0.054 0.708 — =

2 Ag/NTO(NaCl,50) 0.155 0.081 0.042 0.115 27

3 Ag/NTO(KCI,50) 0.109 0.298 0.031 0.089 26

4 AgQ/NTO(CaC},50) 0.085 0.380 0.011 0.085 11
Various solute concentration, x

5 Ag/NTO(NaCl,5) 0.088 0.184 0.019 0.246 7.1

6 Ag/NTO(NacCl,30) 0.126 0.155 0.030 0.079 28

7 Ag/NTO(NaCl,70) 0.079 0.097 0.030 0.103 22

8 Ag/NTO(SS) 0.022 0.042 0.011 0.026 30
Various hold temperatures

9 Ag/NTO(NaCl,5,973K) 0.017 0.168 - ¢

10  Ag/NTO(NaCl,5,1073K) 0.085 0.347 0.034 0.630 7 5.
Various cooling rate

11  Ag/NTO(NaCl,50,-10KM) 0.349 1.76 0.089 0.941 8.6

12 Ag/NTO(NaCl,50,-5Kn) 0.279 2.30 0.070 3.14 2.2
Others

13 Ag/NTO(NacCl,50,anatase) 0.086 0.636 0.017 0.214 7.4
144 Ag/NTO(NacCl,30) 0.140 0.539 0.059 0.040 60

2 Loading amount of Ag cocatalyst was 0.1 wt% anduted photocatalyst was 0.2 §electivity to CO
after the reaction at 24 h later, see té¥ot measured due to very low production réfEhe photocatalytic

reaction was carried out in an aqueous solutiddee€0Oz (pH=11) instead of the solution of NaHgO

(pH=8.3).
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Fig. 1 XRD patterns of the prepared N&O;13 samples; the NTO(LICI,50) sample (a), the NTO(N&aQ)
sample (b), the NTO(KCI,50) sample (c), the NTO(G&D) sample (d), the NTO(SS) sample (e), a
calculated one from a database (ICSD#182965){f},the rutile TiQ powder as the starting material (g).
The NTO samples were prepared in the standard womdhold temperature was 1273 K, the cooling rate
was —100 K hb).



Fig. 2 SEM images of the prepared NTO samples; the NTQ(R0F sample (a), the NTO(NaCl,50) sample
(b), the NTO(KCI,50) sample (c), the NTO(CaB0) sample (d), and the NTO(SS) sample (e). Thekes

were prepared in the standard condition (hold teatpee was 1273 K, the cooling rate was —100K.h

Fig. 3 SEM images of the prepared N&O13 samples by using NaCl flux with various concerra of
the solute in the molten mixture; the NTO(NaCl,8mple (a), the NTO(NacCl,30) sample (b), and the
NTO(NaCl,70) sample (c). The samples were prepardte standard condition (hold temperature was3127
K, the cooling rate was —100 K. See Fig. 2b for the NTO(NacCl,50) sample.
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Fig. 4 TEM image and electron diffraction pattern (insg#t)he NTO(NaCl,50) sample prepared by the flux
method in the standard condition (hold temperatwas 1273 K, the cooling rate was —100 K)h
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Fig. 5 DR UV-visible spectra of the prepared M&a0O13 samples; the NTO(NaCl,5) sample (a) and the
NTO(NaCl,50) sample (b), and the NTO(SS) sample T¢le samples were prepared in the standard
condition (hold temperature was 1273 K, the cootiaig was —100 KH).



Fig. 6 SEM images of the NTO(NaCl,50,-100®phsample (a), the NTO(NaCl,50,-10¥hsample (b), and
the NTO(NaCl,50,-5Kt) sample (c). Image (a) is shown again for compatisvhich is the same as Fig.

2cC.
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Fig. 7 DR UV-visible spectra of the Ag/NTO(NaCl,5) samfdg, the AQ/NTO(NaCl,50) sample (b) and the
Ag/NTO(NaCl,70) sample (c), and the Ag/NTO(SS) skafd). The samples were prepared in the standard
condition (hold temperature was 1273 K, the cootiaig was —100 KH).
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Fig. 8 (A) Variation of the photocatalytic production eadf CO with the solute concentratianin the

preparation of the Ag/NTO(NaQ), samples by the flux method in the standard canditwherex=100

means the Ag/NTO(SS) sample prepared by the SSouhe(B) variation of the average size, length and

width, of the rod-like crystals of the NTO(NaClsamples with the solute concentratioiValues are taken

from Tables 1 and 2.
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Fig. 9 Effect of the average width of the rod-like crystar the particle size in the variousNgO13 samples
prepared by the flux method by using NaCl flux withrious solute concentrations (open circles), with
various cooling rates (open squares), and fromaaeas the starting material (closed triangle) pamagared

by the solid-state reaction method (closed cirde)the photocatalytic CO production rate over the
corresponding 0.1 wt% Ag/N&isO13 samples at 24 h later from the start of the reactést. Values are
taken from Tables 1 and 2.
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Fig. 10 SEM images of the Ag/NTO(NaCl,5) sample (a, d), AggNTO(NacCl,50) sample (b, e) and the
Ag/the NTO(SS) sample (c, f) before (a—c) and &ftleif) the use in the photocatalytic €@duction with
water. The bright dots indicated by arrows aregsgile for the Ag cocatalyst nanoparticles.
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Fig. 11 Proposed mechanism for the growth of the Ag narimies on the photocatalyst during the
photocatalytic reaction.
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Fig. 12 Photocatalytic reduction of Gn the Ag nanoparticles stabilized on the neigimgoreductive
facets of the N&isO13 photocatalyst crystals prepared by the flux method



