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Abstract: Facet-selective gold or platinum-nanoparticle deposition on decahedral-shaped anatase
titania particles (DAPs) exposing {001} and {101} facets via photodeposition (PD) from metal-complex
sources was reexamined using DAPs prepared with gas-phase reaction of titanium (IV) chloride
and oxygen by quantitatively evaluating the area deposition density on {001} and {101} and
comparing with the results of deposition from colloidal metal particles in the dark (CDD) or under
photoirradiation (CDL). The observed facet selectivity, more or less {101} preferable, depended mainly
on pH of the reaction suspensions and was almost non-selective at low pH regardless of the deposition
method, PD or CDL, and the metal-source materials. Based on the results, the present authors propose
that facet selectivity is attributable to surface charges (zeta potential) depending on the kind of facets,
{001} and {101}, and pH of the reaction mixture and that this concept can explain the observed facet
selectivity and possibly the reported facet selectivity without taking into account facet-selective
reaction of photoexcited electrons and positive holes on {101} and {001} facets, respectively.

Keywords: decahedral-shaped anatase titania particles; {001} and {101} facets; facet-selective metal
photodeposition; pH dependence; zeta potential; facet-selective reaction

1. Introduction

The term “charge separation” is one of the most attractive and convenient terms and/or concepts
for researchers in the field of heterogeneous photocatalysis [1,2]. Since charge separation, i.e., spatial
separation of a photoexcited electron in the conduction band and a positive hole in the valence
band, is a kind of physical process and since the separated charges recombine easily with each other
within a very short time period if there is no subsequent chemical reaction consuming those charges,
direct observation of the single physical process of charge separation seems practically impossible.
Time-resolved pump-probe spectroscopy using a femtosecond laser system has been reported to show
such charge separation, i.e., accumulation of trapped photoexcited electrons was completed within a
laser pulse and only the decay (disappearance) of those separated charges could be followed. To the
best of the authors” knowledge, however, there has been no reported evidence of the primary step of
charge separation itself. Then, why has “charge separation” been believed to occur in photocatalyst
materials under photoirradiation? One possible reason is speculation assuming a mechanism as an
analogy of a photoelectrochemical reaction of semiconductor electrodes, in which there is a space
charge layer, i.e., an electric field in a semiconductor being in contact with the electrolyte; for n-type
semiconductors such as metal oxides, positive holes and photoexcited electrons are made to migrate
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to the surface and the bulk of an electrode, respectively [2,3]. It should be noted that the depth of
the space charge layer depends on the donor density of the electrode material, and it is known that
ordinary (non-doped) semiconductor particles such as “white” titanium (IV) oxide particles have a
negligible donor density to make the depth larger than the particle size, i.e., there may not be a space
charge layer in those particles. Another reason for believing the occurrence of “charge separation”
is simple; this concept is very convenient for interpretation of results of photocatalytic reactions; for
example, high and low quantum efficiencies or photocatalytic activities have been explained by high
and low extents of charge separation without showing direct evidence as described above.

What we observe (or can observe) is the results of chemical reactions that follow physical
processes, photoexcitation and possible charge separation. Since the fate of electron-positive hole pairs
is limited to an alternative, chemical reaction or recombination, the pairs that are not used to liberate
photocatalytic-reaction products must disappear by mutual recombination [4]. Based on a simple
kinetic assumption, the overall efficiency of electron-hole utilization is regulated by the ratio of the
rate of this alternative; the efficiency must be high and low when the ratio is high and low, respectively.
A frequently found misconception in papers on photocatalysis is low efficiency (low activity) being
attributed only to faster recombination; slower electron/positive hole transfer to a substrate(s) can
reduce efficiency/activity even though recombination occurs at a constant rate. Another misconception
involves the recognition of charge recombination as a counter backward process of charge separation,
i.e., charge recombination occurs because charges are not spatially separated. Thus, charge separation,
a possible physical process just after photoabsorption, has been conveniently used in the interpretation
of results of chemical reactions detected in chemical analysis without any support or evidence.

Anyway, if electron-positive hole pairs are created in the bulk of photocatalyst particles,
charge separation would be expected to occur only when there is an internal electric field (IEF) in each
particle; it seems impossible to separate negative and positive charges without an IEF overcoming the
attractive electrostatic force between them. However, as described above, such an IEF does not seem to
exist in not heavily (or negligibly) doped semiconducting materials, and even if there is an IEF from
the surface to the bulk of a particle, a charge, electron or positive hole, separated to the bulk cannot
react with a surface-adsorbed substrate(s). Therefore, when charge separation induced by an IEF is
expected, a photocatalyst particle must have (i) two kinds of surfaces with different potentials and (ii)
a smoothly changing bulk structure from one surface to the other surface forming a potential slope,
i.e., an IEF in the bulk, though such a fine structure, especially providing (ii), seems unrealistic.

Titanium (IV) oxide (titania) is one of the most promising photocatalyst materials and is well
known to exhibit high level of photocatalytic activity in various kinds of heterogeneous photocatalytic
reactions. Three kinds of crystalline polymorphs of titania (with negligible occurrence of TiO,(B) [5,6])
have been found: Anatase, rutile and brookite as natural minerals in characteristic octahedral,
complexed faceted and hexagonal plate-like crystal shapes, respectively. For natural anatase
crystals, though they are predominantly octahedral crystals exposing eight equivalent {101} facets,
decahedral-shaped crystals exposing an additional two {001} facets have occasionally been found.
On the other hand, when titania particles were prepared in various procedures, octahedral-shaped
anatase particles have been rarely found except for reports from the authors’ group [7,8], presumably
because natural crystals might grow very slowly for satisfying the thermodynamic requirement
to expose only the most stable (lowest energy) facets, {101}. However, detailed analysis revealed
that decahedral-shaped anatase particles (DAPs) existed in titania particles, e.g., Evonik (previously
Degussa) P25 [9], though selective preparation of DAPs had not been reported before the publications
of independent works by Yang and coworkers [10] and the present authors’ group [11] using a
hydrothermal reaction with a structure-controlling agent (SCA) and using a gas-phase reaction of
titanium (IV) chloride and oxygen, respectively.

It has been believed that DAPs exposing two {001} and eight {101} facets have a high level of
photocatalytic activity because photoexcited electrons and positive holes migrate to the {101} and
{001} facets, respectively, resulting in efficient charge separation [12-23]. However, since such “charge
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separation” cannot be observed directly as mentioned above, the reason seems to be just speculation or
a hypothesis proposed on the basis of microscopic observations of metal- and metal oxide-deposited
DAPs through photocatalytic reduction and oxidation from their precursors on {101} and {001} facets,
respectively [12-20]. There are also reports about facet-selective metal/metal-oxide deposition on the
surface of rutile titania and other metal-oxide particles with a polyhedral shape [24-27]. These results
have been attributed to facet-selective reduction and oxidation on {101} and {001} facets, i.e., as far as the
authors know, all reports except for one [28] have indicated that photoexcited electrons and positive
holes migrate selectively to {101} and {001} facets, respectively. It seems that this “facet-selective
redox (FSR) hypothesis” has become established, and studies are now focusing on the possible
mechanism, e.g., facet-dependent band positions [12-14], though the basic assumptions that (i)
electron-hole pairs are created in the bulk and then move to the surface and (ii) electrons and holes
migrate to different facets depending on the band energies seem inconsistent with (a) observation
by femtosecond pump-probe laser spectroscopy of electrons and holes being trapped quickly in the
surface states [29] and (b) the fact that charges, electrons and holes, cannot undergo separation and/or
directional migration to escape from their electrostatic attraction without an electric field in the bulk of
each particle.

However, before discussing the mechanism of FSR, experimental results of photocatalytic
metal /metal-oxide deposition leading to the FSR hypothesis may have several problems. For example,
(a) the effect of possibly remaining SCAs, used in order to prepare facetted particles, is neglected,
(b) the facet-selective deposition has been evaluated only qualitatively using a few scanning electron
microscopic images, without showing the number (or volume) ratio of deposits depending on the type
of facets and (c) there has been no discussion of the possible migration of metal/metal-oxide deposits
after photodeposition.

On the basis of the above-mentioned background, FSR on facetted anatase titania particles was
re-examined in this study using (1) DAPs prepared by gas-phase reaction of titanium (IV) chloride and
oxygen without using SCAs through (2) quantitative analysis by counting the number of deposited
particles in order to evaluate the surface-density ratio of facet-selective deposition via an ordinary
photocatalytic reaction and (3) photoassisted deposition from colloidal metal particles; points (1),
(2) and (3) were introduced/employed to solve (or suppress) problems (a), (b) and (c), respectively.

2. Results and Discussion

2.1. Decahedral-Shaped Anatase Titania Particles (DAPs) Used in This Study

The sample particles, DAPs, were prepared by a previously reported procedure, coaxial-flow
gas-phase reaction of titanium (IV) chloride and oxygen as schematically shown in Figure 1. One of
the features of this DAP sample is its high level of purity, possibly because only titanium, chlorine and
oxygen are involved in the preparation system, i.e., no SCAs and even hydrogen sources such as water
or organic compounds are included. Although the reason why DAPs exposing only {101} and {001}
facets are selectively prepared has not been clarified yet, it is speculated that DAPs are liberated as a
lower surface area/volume ratio only exposing two kinds of facets ({101} and {001}) as the lowest and
appreciably low surface energy [30,31], based on the observation that the observed oblateness (ratio of
the short side to the long side of the {101} trapezoid (b/a: see Materials and Methods 3.5.)) was ca.
0.7 and it was not changed even when the preparation conditions were modified (See Materials and
Methods). The lowest surface area (nm?)-volume (nm?) ratio (SV ratio; 8.2 nm 1) of ideal decahedral
particles is expected to be obtained with oblateness of ca. 0.5 assuming the same surface energy of {101}
and {001} facets. This oblateness of the lowest SV ratio seems smaller than the observed ratio, though a
plot of SV ratio as a function of oblateness seems parabolic as shown in Section 3.5 and the SV ratio at
0.7 oblateness, 8.9 nm~!, seems not so high compared with the SV ratio at 0.5. Although there is still a
possibility that the sole by-product of the gas-phase reaction, chlorine, remained on the {001} facets
even after thorough washing with water and this led to lowering of the {001} surface energy and high
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oblateness, it can be stated that the particle shape is not controlled by the surface energy (stability) of
each particle, not surface modifiers, and this sample seems suitable for study on FSR behavior. In any
case, even if the observed oblateness was 0.7, more than 70% of the entire exposed surface area of a
DAP was {101}.
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Figure 1. Schematic representation of the DAP synthesis process by coaxial-flow gas-phase reaction of
titanium (IV) chloride and oxygen.

Figure 2 shows a representative electron-microscopic image of the sample. In this image, all of the
particles have a sharp-edged decahedral shape with sizes of ca. 50-200 nm. Ridges in these observed
DAPs looked white due to the “edge effect”, i.e., secondary-electron emission occurs preferably at sharp
edges. In other words, the DAP samples used in this study have sharp edges. Other images for the
samples showed a similar trend except for a few particles with a non-decahedral shape, which might
be rutile or non-crystalline titania particles as described below. The crystallite size of anatase evaluated
from the XRD patterns with the Scherrer equation was ca. 75 nm (djo;: 71 nm, dyps: 68 nm and
dpoo: 87 nm), which was almost the same as the above-mentioned particle size evaluated from SEM
images. This rough coincidence suggests that each DAP appearing in SEM images was a single crystal
anatase particle.

Figure 2. FE-SEM image of DAPs synthesized by coaxial-flow gas-phase reaction.

The crystalline content of the DAP sample used was shown by Rietveld analysis of the diffraction
pattern to be 89% anatase and 4% rutile with a 7% non-crystal component.

2.2. Deposition of Metal Particles on DAPs

SEM images of gold and platinum-deposited DAPs through photodeposition (PD; (a) and (d))
from precursors and colloid deposition in the dark (CDD; (b) and (e)) and that under photoirradiation
(CDL; (c) and (f)) are shown in Figure 3. The roughly estimated particle sizes of both gold and platinum
deposits, shown in Figure 3, were in the range of 4-12 nm (Table 1) and no distinct difference in the
size depending on the kind of facets was observed. For metal particles photodeposited from their
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precursors, the size was 4-5 nm regardless of the kind of metals, though the possibility of small
(<1 nm) particle formation could not be excluded due to the resolution of SEM analysis in this study.
The average particle size of the original gold colloid was ca. 12 nm and this was not changed by loading
under photoirradiation and in the dark, while the original size of platinum colloid particles was ca.
5 nm. The two-times larger size after deposition in the dark is attributable to possible aggregation of a
few platinum particles, though each of them was observed as one particle.

(b) CDD (Au) | (c)CDL (Au) ¥

Figure 3. Representative FE-SEM images of DAPs deposited with gold (a—c) and platinum (d-f) by
photodeposition (PD) from their precursors (HAuCly and H,PtClg, respectively) (a,d), deposition from
their colloids in the dark (CDD; b,e) and under photoirradiation (CDL;c,f).

Table 1. Summary of the results for deposition of metals on DAPs.

1 4 —4 5 —4
Entry Source Amot:nt Medium Size?/nm  pH?3 Dygony i 10 Duoy £120 s
(wt %) nm nm
PD 7(Au) HAuCly 0.5 MeOH 8 5 -9 3.9 6.4 0.61

CDD°(Au)  Au colloid 2.0 water 12 —9 0.065 0.37 0.18

CDL (Au) Au colloid 0.5 water 12 7.6 0.011 0.25 0.04
PD7(Pt) H,PtCl 0.5 MeOH 8 4 7.2 45 16.0 0.28
7 MeOH &

PD7(Pt/CA) H,PtCly 0.5 LCAL 5 25 5.1 8.2 0.62
CDD 10(py) Pt colloid 2.0 water 10 —9 0.12 0.48 0.24
CDL 11(Pt) Pt colloid 0.5 water 5 7.0 0.76 16.0 0.05
CDL 11(Pt) Pt colloid 2.0 water 5 8.9 0.676 22.0 0.03

CDL1(Pt/CA) Pt colloid 05 +“é'j‘:ef2 4 24 6.6 9.0 073

! Amount as metal. 2 Roughly estimated average size of metal deposits assuming a spherical shape. 3> Measured
after deposition. 4 Area deposition density of metal deposits for {001} facets. > Area deposition density of metal
deposits for {101} facets. © Facet selectivity (=Dy001}/ Dy101))- 7 Photodeposition. & 50 vol % aqueous methanol.

9 Not measured. 1° Colloid deposition in the dark. 11 Colloid deposition under UV irradiation. 12 Citric acid
(0.1 mol L1,

As a general trend, gold and platinum particles were deposited preferably on {101} facets. In order
to evaluate the facet selectivity quantitatively, facet selectivity (s) was defined as the ratio of number
(not volume) density per unit area, i.e., area density, of metal deposits on {001} (Djgo1;) and {101}
(Dy0o1}) facets determined by counting more than 100 DAPs in several SEM images for each sample
(See Materials and Methods). Since the exposed surface was predominantly {101} facets for DAPs used
in this study, a comparison without consideration of the surface areas of the two kinds of facets does
not seem to make sense.
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For the photodeposited samples, the s values of gold and platinum (in the absence of citric
acid) were 0.61 and 0.28, respectively (Table 1), both of which were below 1, i.e., photodeposition
proceeded preferably on {101} facets. Although these selectivities were not 0%-or-100%, the tendency
of preferential photodeposition on {101} facets seems consistent with previously reported results.

2.3. Mechanism of Metal Deposition on DAPs and FSR

Although it has not been discussed so far, the mechanism of photocatalytic metal-particle
deposition does not seem to be straightforward since the formation of deposited metal particles
composed of a large number of metal atoms requires a process to make metal-metal bonds. At least
three steps may be included. (1) The first step is reduction of precursor metal-complex anions (AuCly~
and PtCls?~) adsorbed on the surface of photocatalyst particles by photoexcited electrons along with
oxidation of a sacrificial hole scavenger, methanol in the present case, by positive holes. (2a) The
next step is migration of low-valent or metal atoms and/or clusters to grow into metal particles (as
detected in SEM analysis). It is expected that the larger the size of meal clusters or nanoparticles is,
the lower is the possibility of surface migration. (2b) The next step is reduction of metal precursor
anions on the surface of formed metal nanoparticles being in contact with titania. Both steps (2a)
and (2b) are probable, and facet-selective deposition is regulated by (i) facet-selective migration of
photoexcited electrons and positive holes in step (1), (ii) facet-selective adsorption of metal precursor
anions in step (1/2b) and/or (iii) surface migration and facet-selective attachment (fixation) of metal
clusters/nanoparticles in steps (2a/2b). At least one of them, if there are no other possible reasons,
can lead to a value of s that is different from unity, though previous reports suggested reason (i)
without showing evidence that excludes the possibility of (ii) and (iii).

In order to check the possibility of (ii) and (iii), deposition of metal particles on DAPs from
gold and platinum colloid solutions was examined in the dark (CDD) and under photoirradiation
(CDL). It is well known that colloidal particles prepared using citric acid, which was used in this
study, are stabilized by coverage of their surface with citric acid and repulsion with negative charges
with carboxylate groups, i.e., the metal-particle surface is negatively charged. For CDD, as shown in
Table 1, the area deposition density (D) was lower than that with PD presumably because there seems
to be no driving force for colloid particles to settle on the surface (other than interaction with possible
protonated hydroxyl groups on the DAP surface) and a higher concentration (2 wt %) of the colloid
solution was necessary to count the number of deposited metal-particles. On the other hand, CDL gave
a high D compared to that with CDD. Based on the fact that hydrogen and carbon dioxide production
was detected and the fact that the particle size of CDL-deposited platinum was almost half of that of
CDD-deposited platinum, oxidative decomposition of surface-covering citric acid to expose the bare
metal surface proceeded as a counter reaction of hydrogen evolution by photoexcited electrons.

One of the interesting features is that s was less than unity in all cases (PD, CDD and CDL),
suggesting that the facet selectivity was governed by the metal-nanoparticle fixation (attachment)
process, not the redox process. Another interesting feature is that CDL gave very low s, i.e., high
{101} selectivity, which was induced by lowering Djqy; and enhancement of Dyjg1) in gold and
platinum deposition results, respectively. It seems that these results cannot be interpreted by the
conventional mechanism including facet-selective migration of electrons and positive holes if the
above-mentioned photocatalytic oxidative decomposition of citric acid on the surface of metal particles
induces deposition and no migration of metal particles occurs after the deposition.

2.4. Influence of pH on Metal Deposition on DAPs

Then, what governs the observed facet selectivity? One possible candidate is the surface
charge depending on the kind of facets; in all of the deposition methods, PD, CDD and CDL,
negatively charged substances, metal-precursor anions or metal colloid particles, are deposited on the
surface and such deposition must be influenced by the surface charge of DAPs.
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Figure 4 shows representative SEM images of platinum-deposited DAPs obtained by (a) PD and
(b) CDL under acidic conditions. Citric acid was chosen for acidification of the reaction medium since
colloidal metal particles contained this acid as a surface stabilizer. As easily seen in those images,
platinum particles were deposited both on {001} and {101} facets and this tendency was evaluated by
counting more than 100 DAPs as shown in Table 1 (PD(Pt/CA) and CDL(Pt/CA)); the values of s were
greatly increased by the acidification to 0.62 and 0.73, respectively, which were almost non-selective.
On the other hand, a markedly low s value, high {101} selectivity, was observed when pH of the
colloidal suspension was basic (pH = 8.9) by using a higher concentration of platinum colloid (2 wt %)
(Table 1). Thus, s depended strongly on pH of suspensions in both PD and CDL platinization.

(b) CDL (Pt)

Figure 4. FE-SEM images of metal-deposited DAPs under acidic conditions by: (a) photodeposition;
(b) colloid deposition under UV irradiation.

The effect of pH (acidification) is summarized in Figure 5a. The plots for PD and CDL platinization
processes in Figure 5a seem to show resemblance, i.e., their pH dependence may originate from the
same effect. The drastic decrease in the s value along with pH was caused by the drastic (Note that
the D plots are shown in a logarithmic scale.) decrease in Dy}, while Dyj01; was constant or slightly
increased with an increase in pH raise regardless of the procedure, PD or CDL, and deposition amount,
0.5 or 2.0 wt %.
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Figure 5. (a) pH dependence of facet selectivity (s) and deposition density (D) in PD (open symbols)
and CDL (closed symbols) platinum deposition. For deposition-density plots, circles and squares
correspond to the density of {001} and {101} facets, respectively. Plots in the dotted oval reflect samples
deposited with a 2 wt % platinum-colloid solution. (b) Hypothetical pH-dependent zeta-potential
curves for {101} and {001} facets. A dashed line is a rough sketch of actual zeta-potential measurement
of a DAP sample giving point of zero charge at ca. 7. It should be noted that the DAP sample used in
this zeta-potential change was prepared under slightly different reaction conditions.
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One of the possible reasons for such pH dependence is pH-dependent and facet-dependent surface
charges and, assuming negatively charged species PtCls~ anions or negatively charged platinum
colloidal particles are approaching the surface for platinum deposition, changes in surface charge
by pH for {101} and {001} facets are different. It is well known that there are appreciable amounts of
hydroxyl groups on the surfaces of metal-oxide particles, and protonation/deprotonation depending
on pH of a surrounding medium gives protonated (-OH,"), neutral (-OH) and deprotonated (-O™)
forms, resulting in the observed zeta-potential curves; the surface of titania particles is positively
charged at low pH, decreased by pH increase and then negatively charged at high pH.

A hypothesis is that a zeta-potential curve for {001} facets is shifted to the lower-pH side from
that of {101} facets as depicted in Figure 5b, being consistent with the actual zeta-potential curve for a
DAP sample shown in the figure as a rough sketch. As has been reported for the facet-selective surface
charge for bismuth oxybromide [26], different facets with different surface energies may have different
surface charges.

The hypothetical zeta-potential curves for {101} and {001} facets can reasonably interpret the
observed pH-dependent s and deposition density (D) shown in Figure 5a as follows. At low pH,
both {101} and {001} facets are positively charged with protonated surface hydroxyls (-OH,*) to induce
attraction of negatively charged precursor anions/colloidal particles and thereby non facet-selective
deposition occurs at pH = 2.4-2.5. At neutral pH, the average charge on {001} facets is decreased,
while {101} facets are still positively charged to decrease s at pH ca. 7. A further increase in pH
leads to negatively charged (-O™) {001} facets to give negligible facet selectivity at pH = 8.9. At higher
pH, it is expected that both {101} and {001} facets are negatively charged, resulting in negligible
deposition densities. Under such high pH conditions, however, large platinum particles were formed
and the number of deposits was very small (data not shown), presumably because precursor small
metal particles or colloidal particles were aggregated by neutralization of surface negative charges by
sodium cations.

Although there has been no experimental evidence for the above-mentioned hypothetical
zeta-potential curves due to the lack of a technique for measuring zeta-potentials of each facet on a
DAP, the observed facet selectivity in PD and CDL-induced deposition of platinum nanoparticles on
DAPs can be consistently explained without taking “charge separation” (FSR) into account. Since there
also seems to be no direct evidence for FSR, i.e., speculated only from the position of metal and/or
metal oxide deposition, the above-mentioned effect of facet-dependent variation in surface charge may
still be a possible reason for the facet-selective (or non-selective) deposition of metals as an alternative
of FSR.

2.5. Influence of Stirring Operation on the Deposition Density of Metal Nanoparticles on DAPs

When the above-mentioned interaction between the charged surface (facets) and precursor anions
or metal nanoparticles is assumed, the possible detachment of the photodeposited metal nanoparticles
should be examined. Figure 6 shows the effect of post-irradiation stirring in the dark on Ds for
(a) gold and (b) platinum deposition. Although the plots seemed rather scattered, the densities
were decreased by post-irradiation stirring except for platinum deposition on {101} facets. For gold
deposition, the densities on both facets were decreased, but it seemed that gold deposits on {001}
facets tended to be detached faster than those on {101} facets to result in a lower facet-selectivity value.
On the other hand, platinum deposits were more stable than gold deposits and the trend of decrease
in D was not obvious for both {101} and {001} facets. The observation of a decrease in the number of
deposited metal particles by post-irradiation stirring in the dark indicates that the deposited metal
particles can be detached and thereby possibly aggregated to larger particles.
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Figure 6. Change in deposition density (D) by post-irradiation stirring of PD processes for (a) gold and
(b) platinum. Open and closed circles correspond to D of {001} and {101} facets, respectively.

Figure 7 shows the change in the particle size distribution of gold nanoparticles deposited on
each facet of DAPs with the time of stirring in the dark after PD. Although only ca. 200 gold particles
were counted in each distribution, the number of which seems too small for reliable statistical analysis,
the shape of the distribution patterns seemed to change with stirring time. However, a change in the
average particle size on each facet was not obvious and thereby the detachment of deposited gold
particles proceeded almost homogeneously for both {101} and {001} facets. Being consistent with the
results showing that {001} facets tend to release gold nanoparticles faster than do {101} facets as shown
in Figure 6, the average gold-nanoparticle size on {001} facets was a slightly smaller than that on {101}
facets, i.e., {101} facets might be able to keep larger particles than those can be kept on {001} facets.
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Figure 7. Change in distribution of gold-particle size on (a) {001} and (b) {101} facets by stirring in the
dark for (top) 0 h, 2 h, 13 h, 24 h and (bottom) 48 h. Frequency was standardized to be 100% for the 0-h
samples and summation of distribution is proportional to the number of remaining gold nanoparticles.
Figures in square brackets show average particle size in the unit of nm.
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Thus, the results suggested that the distribution of metal nanoparticles on {001} and {101} facets
depends on the size and that metal particles that have been deposited can be detached during the
process of PD.

2.6. Photodeposition of Metal Particles on DAPs under No Stirring Conditions

Since, as described in the preceding section, metal particles deposited in PD processes can
be detached from the DAP surface, further experiments using PD without magnetic stirring were
performed to reduce the detachment, and the results are summarized in Table 2. In these experiments,
DAPs were fixed on a glass plate and irradiated in aqueous methanol containing metal complexes
(2 wt % as metal) (See Materials and Methods). Ds were evaluated neglecting DAPs without any
metal deposits because unlike PD under the condition of magnetic stirring, only the surface layer of
the DAP film absorbs light for metal deposition. Even though such modification in the D evaluation
scheme was adopted and a higher concentration of the metal source was used, the actual densities
were comparable or even lower than those of PD with magnetic stirring (Table 1). In all of the cases
shown in Table 2, s was in the middle range, 0.4-0.6, i.e., ambiguous facet selectivity. Although it
is difficult to compare the facet selectivity with that obtained for deposition with magnetic stirring
(Table 1) and although facet selectivity for gold deposition without stirring was even decreased,
the above-mentioned ambiguous facet selectivity again suggested less probable FSR.

Table 2. Summary of results on PD deposition of metals on DAPs without magnetic stirring.

1 4 —4 5 —4
Entry Source Amotomt Medium  Size ?/nm p_fl Dioon) °/10 Doy 1120 §6
(wt %) nm nm
PD7(Au) HAuCly 2.0 MeOH 8 5 -9 0.28 0.75 0.38
PD7(Pt) H,PtCly 2.0 MeOH 8 4 7.2 1.3 33 0.39
PD7(Pt)  [Pt(NH;3)4]Cl, 2.0 MeOH 8 5 74 2.0 35 0.58

1 Amount as metal. 2 Roughly estimated average size of metal deposits assuming spherical shape. 3 Measured
after deposition. 4 Area deposition density of metal deposits for {001} facets. 5 Area deposition density of metal
deposits for {101} facets. ® Facet selectivity (= Djoo1)/Dy101))- 7 Photodeposition. 8 50 vol % aqueous methanol.
9 Not measured.

Another feature seen in Table 2 is that when a cationic precursor, [Pt(NH;3)4]%*, was used, the Ds
for platinum were comparable or even higher than those for deposition with an anionic precursor,
PtClg?~. This fact suggests that the precursor for deposition which is affected by the surface charge,
based on the assumption that D is governed by the surface charge, is small metal particles/clusters,
not source metal-complex ions, e.g., PtClg?~ or [Pt(NH3)4]%*; in the initial stage of PD, small metal
particles/clusters are created followed by migration of these precursors with possible particle growth to
be fixed on the surface, and the position of deposition in the second step is regulated by surface charges
depending on the kind of facets, {101} or {001}. It should be noted that this proposed mechanism does
not exclude the possibility of FSR in the first step, and even though facet-selective metal deposition is
observed, it seems that this does not prove the occurrence of FSR.

3. Materials and Methods

3.1. Preparation and Characterization of DAP Samples

DAP samples were prepared by a gas-phase reaction of titanium (IV) chloride (TiCly; Wako, Tokyo,
Japan) and oxygen (O,) using a coaxial-flow gas-phase reactor as reported previously (modified from
the original procedure [32]). A brief description of the procedure is as follows. An argon (Ar; >99.99%;
purified by a Shimadzu (Kyoto, Japan) GLC Click-on Triple (hydrocarbon, oxygen and moisture) trap)
stream (100 mL min~!, 453 K) containing 1 vol % TiCly (Wako, Tokyo, Japan)(quantitatively introduced
by a syringe feeder) vapor and an O, stream (>99.5%, dried and purified by a Shimadzu (Kyoto, Japan)
GLC Click-on Combi (hydrocarbon and moisture) trap; 800 mL min~!) are introduced into a quartz
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reactor tube as inside and outside, respectively, coaxial flow and heated from platinum foil (3.0 cm),
wrapped around the quartz reactor tube, the temperature of which is kept at 1473 K by infrared lamps
(Advance Riko VHT-E44, Yokohama., Japan; totally 2 kW maximum). The preheated outside O, flow is
heated by the 1473-K wrapped platinum foil prior to the inside TiCly / Ar stream and expanded toward
the center to react with TiCly (TiCly + Oy, — TiO, + 2Cly). The resultant white titania smoke flows at
the center of the reactor tube (see Figure 1) and is collected by a glass-fiber filter thimble (Whatman
high-purity glass microfiber extraction thimble, 25 mm x 90 mm, Tokyo, Japan). The white product is
washed with water five times to remove possibly adsorbed chlorine and then freeze-dried (EYELA
FDU-2100, Tokyo, Japan) under vacuum (<10 Pa) for 24 h.

The DAP samples were characterized by X-ray diffractometry (XRD) and scanning electron
microscopy (SEM) with a Rigaku SmartLab X-ray diffractometer with CuK radiation (40 kV, 30 mA,
Rigaku, Akishima, Japan) and a JEOL JSM-7400F microscope (JEOL, Akishima, Japan), respectively.
The details of XRD measurements are as follows: A DAP sample and 20 wt % nickel oxide (NiO; Wako,
Tokyo, Japan) as an internal crystalline standard [33] were mixed thoroughly in an agate mortar,
and the XRD pattern of the mixture was recorded with a scanning rate of 1.0° min~! and steps of
0.008° in the 260 range of 10-90°. Recorded diffractograms were analyzed using the software PDXL
2 (Version 2.6.1.2, Rigaku, Akishima, Japan) including a RIETAN-FP Rietveld analysis package [33].
Crystallite size, i.e., primary particle size, was estimated by the Scherrer equation with corrected
average peak width of anatase 101, 004 and 200 peaks at 26 of ca. 25.4°, 37.8° and 48.0°, respectively.
The detailed conditions and procedure for SEM analysis of the DAP samples are described in the
following sections.

3.2. Photodeposition of Metal Nanoparticles on DAP Samples from Metal Complexes

In the process of PD of platinum and gold, a 30-mL solution of 50 vol % aqueous methanol (Wako,
Tokyo, Japan) containing hydrogen hexachloroplatinum(IV) (H,PtCls, Wako, Tokyo, Japan) or aqueous
hydrogen tetrachlorogold(Ill) (HAuCls, Wako, Tokyo, Japan) (0.5 wt % (or 2.0 wt %) as metal) was
poured in a glass tube containing 0.015 g of DAP. In some experiments, tetraammineplatinum (II)
chloride ([Pt(NH3)4]Cl,, Wako, Tokyo, Japan) was used instead of H,PtClg, and citric acid (Wako,
Tokyo, Japan; 0.1 mol L~! in a suspension) was added to acidify the suspension. The suspension was
sonicated to be homogenized, deaerated by argon bubbling, and then irradiated by a 400-W mercury
arc (>290 nm; Eiko-sha 400) with vigorous magnetic stirring at 1000 rpm. After 15-min irradiation and
2-h irradiation for platinum and gold, respectively, pH of the suspension was measured using a pH
meter (Horiba pH meter LAQUA twin, Kyoto, Japan) and the powder was recovered by centrifugation,
washed three times with Milli-Q water, and freeze-dried under vacuum (<10 Pa) for 24 h.

3.3. Photodeposition of Metal Nanoparticles on DAP Samples from Metal Colloids

Platinum and gold colloid solutions were prepared following the reported procedures for
platinum [34] and gold [35], respectively. For platinum colloid, a 196-mL portion of an aqueous
H,PtClg solution (0.30 mmol L’l) was heated to be refluxed by a mantle heater (MS-ES-3, As one,
Osaka, Japan) under magnetic stirring. Then 4.0 mL of aqueous sodium-citrate solution (0.84 mol L~1)
was added and the reaction mixture was kept boiling for 45 min. After being cooled down rapidly
in an ice bath, excess citric acid and inorganic salts in the resultant colloidal solutions were removed
by being passed through an ion exchange resin (Organo Amberlite MB-1, Tokyo, Japan)-packed
column. For gold colloid, a 202-mL portion of an aqueous HAuCly solution (1.0 mmol L~!) was heated
to be refluxed, and then 24 mL of sodium-citrate solution (0.039 mol L~') was added followed by
maintenance of reflux for 30 min. The workup procedure was the same as that for the above-mentioned
platinum colloid preparation.

Deposition of platinum nanoparticles and deposition of gold nanoparticles under CDL or CDD
were performed using 0.015 g and 0.044 g, respectively, of DAP suspended in a 5.0-mL colloid solution
containing the required amount of the metal. The reaction mixture was kept at 298 K with magnetic
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stirring under photoirradiation, with the same setup as that for PD, or in the dark. The resultant
powder was recovered by centrifugation, washed three times with Milli-Q water, and freeze-drying
for 24 h.

3.4. Photodeposition of Metal Nanoparticles on DAP Samples without Agitation

A 0.20-mL portion of a sonicated DAP suspension (10 mg mL~!) was poured onto a glass plate
and dried in vacuum at ambient temperature for 24 h. The DAP-coated glass plate was immersed in
50 vol % aqueous methanol containing a metal complex, HyPtCls, HAuCly or [Pt(NH3)4]Cly (2 wt % as
metal), and irradiated by a mercury arc at >290 nm for 2 h. After metal deposition, the DAP-coated
glass plate was dried at room condition without washing procedure.

3.5. Evaluation of Deposition Densities and Facet Selectivity of Metal Deposition

The metal nanoparticle-deposited DAPs were analyzed by electron microscopy using a field
emission-type scanning electron microscope (FE-SEM; JEOL JSM-7400M, Yokohama, Japan) in a mode
of secondary electron image (SEI) with operating conditions of 5.0-10.0-kV electron-acceleration
voltage, 10.0-pA current and 3-6-mm working distance. Evaluation of D and s was performed by
counting the number, not volume, of metal deposits per unit area in FE-SEM images as follows. First,
the number of deposited metal nanoparticles (Njgp1; and Nyjo1)) and total area of deposited facets
(S1001) and Sy191)) were measured using several SEM images for {001} and {101} facets, respectively.
In order to keep statistical reliability and reproducibility, more than 100 metal-deposited DAPs were
counted. For the area measurement, the following equations were used to estimate the area of each
facet, Sypo1) and Sy91), with the measured lengths of two ridges of a DAP, long () and short (b) sides
of a {101} trapezoid (Figure 8a). Then the Ds on each facet, Dy and Dyj(1), were obtained as N/,
and s was calculated as Dyyg1}/Dj101). Values of s of more than 1, 1 and less than 1 mean {001} selective,
non selective and {101} selective, respectively.

Sio01) = b? 1)

Spon =@ +b) x h/2=(a+b) x (a —b) x tan 69.7° /4 )

30

m!
- N N
o O ()]
T T T

SV ratio/n
)

()]

0 02 04 06 08 1
bla

(@) (b)

Figure 8. (a) Assumed dimension of a DAP and (b) surface area-volume (SV) ratio as a function of

o

oblateness, b/a, of an ideal {101} trapezoid. The grey part corresponds to the oblateness range giving
an SV ratio within excess 10% of the minimum value (8.2 nm™—1).

The surface area-volume (SV) ratio, Siota1/V, of a DAP was calculated using the dimension shown
in Figure 8b.
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4. Conclusions

As described above, metal-nanoparticle deposition was reexamined using DAPs synthesized by
gas-phase reaction of titanium (IV) chloride and oxygen in the absence of a so-called SCA to obtain the
following three significant aspects.

One is that the frequently reported almost perfect (0%-or-100%) facet selectivity for photocatalytic
deposition, PD, i.e., reductive metal deposition and oxidative metal-oxide deposition on {101} and {001}
facets, respectively, due to FSR could not be observed, at least for the DAP samples used in this study,
though there seemed to be a tendency of {101}-selective deposition. The difference from previously
reported results may be due to (i) the conclusion of 0%-or-100% selectivity in previous studies by using
only one or a few microscopic images matching the FSR concept or (ii) an appreciable difference in the
DAP surface structures, e.g., our samples being influenced by the negligibly remaining chlorine or the
surfaces of previous samples prepared through liquid-phase processes being covered by an SCA or
the others.

The second aspect is that the change in the observed facet selectivity with different reaction
conditions was similar to that in deposition of metals, gold and platinum, from CDD or CDL. The FSR
concept cannot be applied to CDD since photoexcitation of titania is not induced in this process.
Although the detailed mechanism, at least why metal deposition from colloids was enhanced by
photoirradiation, has not yet been clarified, the colloid-stabilizing agent citric acid was decomposed
along with hydrogen and carbon dioxide evolution and thereby oxidative decomposition/removal
of citric acid covering colloidal metal particles may lead to deposition. In such a case, oxidative
deposition of metal nanoparticles should be observed on {001} facets, not the actually observed {101}
facets, according to the FSR concept.

The third aspect is pH-dependent change in facet selectivity of platinum-nanoparticle deposition
in both PD and CDL processes; {101}-preferable facet selectivity in neutral and basic pH conditions
became ambiguous at low pH. Based on the assumption that {001} facets are more acidic,
i.e., easily releasing protons to bear negative surface charges, than are {101} facets and that
metal nanoparticles are created by the assembly of small atomic or cluster-sized metal precursors,
which migrate on the surface in detachment and re-attachment cycles, it is thought that the difference
in surface charges depending on the kind of facets and deposition conditions, e.g., pH, accounts for
the observed facet selectivity in all of the PD, CDD and CDL processes.

On the basis of these aspects, it can be concluded that the concept of FSR, facet-selective reaction
of photoexcited electrons and positive holes, does not seem to be necessary to explain the change
in facet selectivity observed in this study and that the results can be consistently interpreted by the
possible surface charges depending on the kind of facets, {001} and {101}. Since the procedure and
conditions for preparation of DAPs in this study were actually different from those used in previous
studies, there might be another mechanism for the reported facet selectivity. Furthermore, the results
of this study, non 0%-or-100% facet selectivity, do not suggest that only 0%-or-100% selectivity results
were chosen in previous studies since possibly different surface structures of DAPs used in previous
studies might have led to 0%-or-100% selectivity. However, the present authors propose here that
the above-mentioned surface charge-dependent deposition of platinum and gold nanoparticles can
explain the results shown in this article and may be expanded to the previously reported results.
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