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Abstract

H>0O: production from O; over Pd nanoparticle (NP) co-catalysts-supported BiVO4 was
studied. Several deposition methods and conditions (active metal, co-catalyst loading,
solution pH) were investigated for catalyst preparation, and the photo-assisted deposition
(PAD) of Pd from an aqueous phosphate buffer solution (pH = 7) was found to be optimal,
resulting in small and uniform phosphate ion (PO4>")-coated Pd NPs being selectively

deposited on the reductive surfaces of the BiVOs. This catalyst exhibited better H>O»



production from O: in the presence of methanol (CH3OH) as a hole scavenger under
visible light irradiation than that by the catalysts prepared by the other methods and under
other PAD conditions. It is surmised that PO4*~ partially coats smaller Pd NPs with a
narrow size distribution on the reductive surfaces of the BiVOs, and that these NPs
promote H>O> generation synergistically by catalyzing the two-electron reduction of O>
while simultaneously inhibiting the four-electron reduction of Oz and the two-electron

reduction of HoO» to H»O.
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1. Introduction
H>0,, which produces only H,O and/or O on reacting, has been the subject of
considerable research attention as a versatile and clean redox agent for selective organic
conversions [ 1-4], environmental purification, bleaching, sterilization and cleaning [5-8],
and energy source in H»O> fuel cells [9-13]. H20O: is generally synthesized by the
anthraquinone process [14-15]. However, this process suffers a multitude of serious
problems, including its multistage nature and reliance on large amounts of harmful
organic solvents and H». Thus, the development of one-step, H»-free, aqueous
photocatalytic systems to produce H>O> from O [16-26], exploiting inexhaustible light
energy, represents a promising strategy to overcome the problems of the anthraquinone
process.
In such systems, H>O» is photocatalytically generated by the two-electron reduction
of O, as shown in Eq. (1):
02 +2H"+2¢” — Hy0; (E(02/H202) = +0.68 V vs. RHE)) (1
Thus, visible light-responsive photocatalysts capable of driving the Oz reduction in Eq.
(1) are required for the efficient utilization of solar light and thus the realization of
economically viable light-driven synthetic processes [18-26]. Encouragingly, several
promising examples of materials and systems that produce H>O; effectively from Oz with
H>O as the electron source (Egs. 1-3) under visible light or solar light irradiation have
been reported [20-26, 33].
2H,0 — O +4H" +4e (E(O2/H20) =+1.23 V vs. RHE)) 2)
2(1) + (2): O2 + 2H20 — 2H,0» 3)

BiVOys is widely known as an excellent oxide-type photocatalyst having band



potential capable of achieving the reduction of Oz and the oxidation of H>O under a wide
spectral range of light energy (~520 nm) [26-30]. Accordingly, authors (Fuku and
Sayama) have reported the unprecedented production of H>O» from H>O on a BiVOg4
photoanode in aqueous hydrogen carbonate by a two-electron oxidation process under
simulated solar light irradiation [31-33]. This anodic reaction was accompanied by H>O»
or H production from O or H>O, respectively, on the cathode. However, although BiVO4
exhibits the unique ability to generate H>O; simultaneously from both Oz and H>O under
visible light irradiation [33], most previous studies on BiVO4 photocatalysis have focused
on application for H» production through water splitting rather than through H>O:
production.

Au nanoparticles (NPs) are utilized frequently as a reductive co-catalyst to generate
H>0; from O on oxide-type photocatalysts [16,18,26,33]. The combination of an Au NP
co-catalyst with a BiVOs4 photocatalyst has also been reported to facilitate H>O»
generation from Oz and H>O under visible light or simulated solar light irradiation [26].
Thus, the exploitation of reductive co-catalysts represents a promising strategy to realize
the excellent reduction potential of BiVOy in effective H2O: production through the two-
electron reduction of O;.

Accordingly, in the present study, we investigated optimum metal NPs as a reductive
metal co-catalyst for use with BiVO4 in H>O» production from O, under visible light
irradiation (Fig. 1). Photocatalyst composites were prepared by impregnation (IMP),
deposition-precipitation (DP)/chemical reduction (CR) (DP-CR), or photo-assisted
deposition (PAD) methods. The catalysts were then characterized thoroughly using X-ray

diffractometry (XRD), scanning electron microscopy (SEM), transmission electron



microscopy (TEM), and X-ray photoelectron spectroscopy (XPS), and their performances

in the photocatalytic synthesis of H>O, were evaluated.

2. Experimental
2.1. Chemicals

All reagents were commercially available, of reagent grade, and used without further
purification.
2.2. Preparation of metal co-catalysts-supported BiVO4
2.2.1 BiVOy photocatalyst preparation

BiVO4 powder was prepared according to the existing DP method, with a minor
change [29-30]. Typically, a suspension of BixOz (10 mmol), V>0Os (10 mmol), and
aqueous 0.5 M HNOs3 (200 mL) was heated at 333 K for 24 h while stirring. After filtration
and washing with H>O, the resulting powder was dried at 60 °C.
2.2.2 Deposition of metal co-catalysts on BiVOq

IMP method: BiVO4 (0.495 g) was added to H>O (20 mL), and an aqueous solution
of the appropriate metal precursor (1.0 wt% (5 mg) in terms of the corresponding
zerovalent metal species) was added to the suspension. After the suspension was
evaporated at 333 K under vacuum, the obtained powder was dried at 383 K for 1 h and
then calcined at 723 K for 2 h. An aqueous solution of HAuCls, IrCls, RuClz, RhCls,
AgNOs3, HoPtCls, (NH4)2[PdCls], MnCly, NiCla, CoCly, or CuCl, was used as the metal
precursor. In addition, 0.1 and 0.5 wt% Pd catalysts were also prepared using the same
procedure, except with different concentrations of the aqueous (NH4)2[PdCl4] precursor.

DP-CR method: The deposition of Pd onto the BiVO4 by DP-CR was performed



by reference to the existing literature of DP and CR methods [34-36]. Briefly, BiVO4
(0.495 g) was added to H>O (50 mL), and then an aqueous solution of (NH4)2[PdCl4] (1
wt% (5 mg) in terms of Pd”) was added to the suspension. The pH of the suspension was
adjusted to 11 by the addition of 28% aqueous NH3, and the suspension was heated to
reflux for 2 h while stirring. To reduce the Pd species, an aqueous solution of NaBH4 was
added to the suspension (Pd:NaBH4 = 1:100 (mol/mol)), and the suspension was heated
to reflux for a further 1 h while stirring. After filtration and washing with H>O, the
resulting powder was dried at 60 °C.

PAD method (with and without phosphate): BiVO4 (0.495 g) was suspended in
an aqueous solution (100 mL) containing 10 vol% CH3OH as a hole scavenger with or
without phosphate buffer solution (90 mM) adjusted to pH = 5.1, 7.2, 8.9, or 10.9. Then,
an aqueous solution of (NH4)2[PdCls] (1 wt% (5 mg) in terms of Pd®) was added to the
suspension. The suspension was photo-irradiated at A > 300 nm with a 300-W Xe
illuminator (ILC Technology, Inc., CERMAX LX-300) while stirring under ambient
pressure in an ice bath for 2 h. After filtration and washing with H>O, the resulting powder
was dried at 60 °C. The pH of the phosphate solution was adjusted by changing the
amounts of NaHPO4, NaH;PO4, and NaOH therein. BiVOyq catalysts with Pd loadings of
0.01, 0.05, 0.1, and 0.5 wt% were also prepared by the same procedure, except with
different concentrations of aqueous (NH4)2[PdCls]. For comparison, preparation of other
BiVOs photocatalysts with Pd loadings of 0.1 wt% by the PAD method was also
performed by the same procedure, except with substituting aqueous borate, acetate,
carbonate, and citrate buffer solutions adjusted to pH = ca. 7 for the phosphate solution.

2.3. Characterization



Catalysts were characterized using XRD (SmartLab, Rigaku, Ltd.) with
monochromatic Cu-Ka radiation, SEM (S-4800, Hitachi, Ltd.), TEM (JEM-2010, JEOL,
Ltd.), and XPS (JPS-9010MX, JEOL, Ltd.) with Mg-Ka radiation.

2.4. H20: production from O: over metal co-catalysts-supported BiVO4

A prepared photocatalyst sample was suspended in HO (45 mL) in a test tube
(#30 x 200 mm). After the test tube was bubbled with O for 15 min at 200 mL min™! in
an ice bath, CH3OH (5 mL) as hole scavenger was added to the suspension while O
bubbling. The suspension was bubbled with O for further 5 min and sealed with a silicone
stopper. The test tube was photo-irradiated in an ice bath for 2 h at A > 420 nm using a
300-W Xe illuminator equipped with a cut-off filter (HOYA Corp., L42). The
concentration of H,O» generated was measured by colorimetry based on the color change
of Fe** to Fe** [31-33] using a UV—vis spectrophotometer (PD-3500UV, APEL Co., Ltd.).
Briefly, 0.1 mL of 0.1 M FeSO4 in 0.5 M aqueous H2SO4 solution was added to a solution
containing 1.0 mL of reaction sample and 0.9 mL of 0.5 M aqueous H2SO4 solution. The

H>0 concentration was measured by Fe** colorimetry (305 nm).

3. Results and discussion
3.1. Effects of metal species and co-catalyst preparation method

H>O> production from O in the presence of CH30H as a hole scavenger under
visible light (A > 420 nm) irradiation using different metal co-catalysts (1 wt%)-supported
BiVOs4 prepared using the IMP method is shown in Fig. 2. Almost all the metal-bearing
catalysts exhibited higher H>O2 generation performances than that of bare BiVO4 (except

for supported Ir and Mn), and the performances increased in the order Ni = Co < Ru <



Rh <Ag < Cu = Pt << Pd. Pt being known to promotes electrochemical H>O generation
by the four-electron reduction of O» and the two-electron reduction of H>O> [37-38], and
Cu as base metal species facilitated H>O; production from O, well under these reaction
conditions. It should also be noted that Pd was by far the most effective co-catalyst for
H>0: production from O, exhibiting a performance that was ca. 9.3 times greater than
that of Au, which is a conventional co-catalyst to generate H>O» from O,. It has also been
reported that Au requires a higher overpotential for the electrochemical reduction of O>
than those of Pt or Pd, and that Pt exhibits higher activity at lower overpotentials in the
four-electron reduction of O than that for Pd [37-38]. This results in poorer performances
in terms of reactivity and selectivity in H2O2 generation via the two-electron reduction of
O; for Au and Pt, respectively. In this study also, the specific improvement of performance
by Pd supported on the BiVO4 photocatalyst might be caused by both a comparatively
low overpotential and a high selectivity for the two-electron reduction of O».

For the Pd co-catalyst, the effects of the preparation method on performance were
also investigated using the conventional methods of IMP and DP-CR as well as the PAD
method (Fig. 3). As shown in Fig. 3(A), XRD patterns derived from the monoclinic
structure, which exhibits higher photocatalytic activity in H>O splitting than other BiVO4
crystal forms [29-30], were observed for bare BiVOs4, and this structure was maintained
after the deposition of Pd NPs by IMP and PAD. However, peaks for Bi metal were
observed for the catalyst prepared by the DP-CR method, suggesting that some BiVO4
was reduced to Bi” by the NaBH4 used as a reducing agent in the chemical reduction.
Moreover, no diffraction peaks ascribed to Pd NPs were observed for any of the samples,

suggesting that the Pd NPs supported on the BiVO4 were highly dispersed.



In addition, the BiVO4 prepared in this study possesses a unique decahedral structure
with separate sites (faces) for reduction and oxidation reactions, and it has been
demonstrated previously by observing these deposition sites using the photo-deposition
method of metals or metal oxides and from a difference in energy levels of {010} and
{110} facets calculated by DFT that the two facets on the top and bottom (the {010}
faces) and the eight side facets (the {110} faces) act as reduction and oxidation sites,
respectively (Fig. 3(B)(a)) [39]. As seen in the SEM images shown in Fig. 3(B)(b), the
IMP method provided Pd NPs with sizes of 20—70 nm, distributed randomly over the
entire BiVO4 surface. In addition, the DP-CR method provided Pd-BiVO4 having
distinctly different patterned indented surface structure over the entire BiVOs surface
compared with other samples. From the XRD pattern of Fig. 3(A)(c), it indicated that the
patterned indented surface structure was formed by composite particles of Pd species and
Bi’ derived from the BiVO4 by the chemical reduction. Conversely, the catalysts prepared
using the PAD method (without phosphate) showed agglomerations of Pd NPs with sizes
of 10—60 nm supported selectively on the reductive surfaces ({010} faces) of the BiVO4
(Fig. 3(B)(d)), indicating that the Pd species were reductively supported by the action of
excited electrons generated on the reductive surfaces under light irradiation.

Figure 3(C) shows a comparison of the H>O> production performances achieved
using these Pd-BiVOyj catalysts. Pd-BiVOg prepared using the DP-CR method exhibited
very poor H2Oz production properties, in that the photocatalytic activity was lost due to
the reduction of BiVO4 discussed above or inhibiting H>O> generation over the Pd-BiVO4
by generating Bi’. Interestingly, the Pd-BiVOs prepared by the PAD method without

aqueous buffer solution exhibited a H>O> production performance ca. 2.1 times better



than that prepared by the IMP method.

The effects of Pd loading on H>O» generation for catalysts prepared by the IMP and
PAD methods were also investigated, as shown in Fig. 4. In both cases, the performance
decreased significantly with increasing loading in the range 0.1-1.0 wt%, and the
performance of Pd-BiVO4 prepared using the PAD method without aqueous buffer
solution was maximal at ca. 340 uM. From the SEM images of 0.1 and 1.0 wt% Pd-
BiVOg4 prepared by the PAD method without aqueous buffer solution (Fig. S1), better
dispersed and smaller Pd NPs were observed clearly for a Pd loading of 0.1 wt% than
those observed for a Pd loading of 1.0 wt%. The results shown in Figs. 3, 4, and S1
indicate that smaller Pd NPs supported selectively on the reductive surfaces of the BiVO4
facilitate H>O; production from Oo.

3.2. Effects of PAD conditions

The pH of the solvent employed in PAD significantly affects the size of the resultant
NPs supported on the photocatalytic support [40], meaning that smaller Pd NPs can be
deposited on the reductive surfaces of BiVOs by performing PAD under optimal pH
conditions. Accordingly, to improve the H>O> production performance of Pd-BiVO4
prepared by the PAD method, we focused on optimizing the deposition conditions.

In this study, a phosphate buffer solution was used as a pH adjuster as a means to
maintain a fixed pH during PAD. Fig. 5 shows the H>O: production performance from Oz
of 0.1 wt% Pd-BiVOy4 prepared using the PAD method with phosphate solutions adjusted
to different pH values ranging from acidic to basic. The performance changed
significantly with the pH and the maximum performance was achieved for pH = 7.2,

where the maximum accumulation reached ca. 600 uM after only 2 h. This was ca. 1.8



times greater than that for 0.1 wt% Pd-BiVO4 prepared using the PAD method without
pH adjustment.

To identify the specific factors responsible for this pH-dependent performance, the
average particle sizes (dav) and size distributions of the Pd NPs were obtained from TEM
images of the samples prepared at pH = 3.5 (without pH adjustment), 7.2, and 10.9 (Fig.
6). The dav and size distributions of the Pd NPs clearly changed significantly with the pH.
The sample prepared at pH = 7.2 presented the lowest day and narrowest size distribution
of Pd NPs of the samples analyzed (Fig. 6(b)). On the other hand, the Pd NPs deposited
at pH = 10.9 presented a particularly wide size distribution and the highest day.

It has been reported that (NH4)2[PdCl4], used in this study as a Pd precursor,
undergoes changes in coordination geometry with the changing pH of the solution [41-
42]. The CI in the [PdCl4]*" is substituted gradually by OH™ on increasing the pH beyond
6 [41], and [PdCI(H20)3]" and [PdCl2(H,0),] complexes are formed at pH < 3.8 [42].
Based on these results and those of previous reports, the [PdCl(OH)sx]*~ complex
formed at pH = 7.2 is better suited to the deposition of highly dispersed, small, narrow
size distribution Pd NPs by the PAD method compared with the
[PACI(H,0)3]*/[PdCl2(H20),] or [PACI(OH)3]* /[Pd(OH)4]*>" complexes that are expected
to form at pH = 3.5 or 10.9, respectively. In addition, these results also indicate that
smaller Pd NPs supported on the BiVO4 improve reductive H2O2 production from Ox. It
has also been reported that the amount of electrons (i.e., negative charge state) trapped in
Au NPs supported on a Si wafer increases proportionately with increasing particle size
[43]. This suggests that, in the present study, increasing the particle size of the Pd NPs

would lead to better performance for multielectron reduction processes, i.e., the



unfavorable four-electron reduction of Oz to H>O (the back reaction of Eq. (2)), resulting
in a decreasing selectivity for H,O> generation by the two-electron reduction of O». Thus,
smaller Pd NPs supported on the reductive surfaces of the BiVOs would act as an
excellent co-catalyst for HoO» production by the two-electron reduction of O; rather than
the four-electron reduction of O, resulting in significant different co-catalyst
performances of Pd NPs prepared at pH = 7.2 and 10.9 with phosphate.

On the other hand, although Pd NPs prepared at pH = 3.5 without phosphate
exhibited a higher abundance rate of smaller NPs (< 10 nm) than that prepared at pH =
10.9 with phosphate (Figs. 6(a) and (c)), low H2O> production performance was
confirmed equivalent to that on the sample prepared at pH = 10.9 with phosphate
possessing a bigger day and a wider distribution of Pd NPs. These results may indicate
that “phosphate” utilized as the pH adjuster in the PAD also facilitates H>O> production
intrinsically from Oo.

To fully investigate the effects of phosphate on H>O> production from O; (other than
those related to its role as a pH adjuster), 0.1 wt% Pd-BiVO4 catalysts were prepared
using PAD at pH = ca. 7 from aqueous solutions containing buffer species other than
phosphate. As shown in Fig. 7, although a pH of 7 was used for all the depositions, the
performance changed significantly depending on the species used in the aqueous buffer
solution. In the case of using citrate, citrate ions might be adsorbed strongly onto the Pd
NPs, even after PAD, resulting in a decrease in the occurrence of the two-electron O2
reduction. Indeed, there are many reports of citrate ions acting as a reducing agent and/or
aggregation inhibitor in metallic NP preparation by the chemical reduction method [44-

45]. Conversely, 0.1 wt% Pd-BiVO4 prepared using acetate, carbonate, and borate



exhibited higher performance than that prepared without the buffer, but their effects were
clearly lower than those observed for the phosphate buffer.

The TEM image of 0.1 wt% Pd-BiVOs prepared using carbonate (Fig. S2(a)), which
exhibited the lowest performance other than that prepared using citrate, revealed that the
dav and size distribution for these Pd NPs were similar to those for the NPs prepared using
phosphate. These results (Figs. 7 and S2) demonstrate clearly that the phosphate
contributes to H2O> production from O> through effects other than those as simply a pH
buffering agent.

3.3. Mechanism of the effect of phosphate on Pd-BiVO4 performance

To investigate the specific effects of phosphate ions on H>O, production from O,
Pd(3d) and P(2p) XPS spectra were obtained from Pd-BiVOs prepared at pH = 7.2 using
phosphate solution (Fig. 8(A) and (B)). A catalyst loading of 1.0 wt% Pd was used for
confirming the information of Pd NPs in detail. For comparison, a sample of BiVO4
photo-irradiated in an ice bath for 2 h at A > 300 nm using a 300-W Xe illuminator in
phosphate solution adjusted to pH = 7.2 without (NH4)2[PdCl4] was also obtained (Fig.
8(0)).

Interestingly, the presence of both Pd and P species on the surface of the 1.0 wt%
Pd-BiVO4 was confirmed. In the Pd(3ds.2 and 32) spectra, the 1.0 wt% Pd-BiVOs presented
two peaks at 337.9 eV and 343.3 eV due to tetravalent Pd oxide (PdO.) (Fig. 8(A)) [46-
47], although the Pd NPs were supported on the reductive surfaces of the BiVO4 using
the PAD method. It has also been known that surface of reduced Pd species is easily
oxidized in the presence of O2 [48-49]. In this study also, surface oxide layer of the PdO>

might be formed by the O, after the Pd species were reductively supported on the



reductive surfaces under light irradiation. In the P(2p3/2and 12) spectra, two peaks at 133.0
eV and 134.3 eV due to phosphate ions (PO4+’") were observed. (Fig. 8(B)) [50-52].
Furthermore, no peaks due to bonds between Pd and P (such as those in Pd-P and Pd-PO)
were observed in the Pd(3d) and P(2p) spectra. In addition, no spectrum was confirmed
in the XPS measurements of P(2p) on the BiVOs-irradiated visible light in the same
procedure other than using aqueous buffer solutions of phosphate at pH = 7.2 without
(NH4)2[PdCl4] as the Pd precursor in the PAD method (Fig. 8(C)). These results suggest
that PO4* partially coated only on the Pd NPs, not on the BiVOs, by the PAD method
using phosphate (Fig. 8).

It is noted that phosphate is widely known to be an effective stabilizer of H>O [53].
To confirm the effect of phosphate on H>O» degradation during the reaction, reductive
H>0» production from O in an aqueous solution of CH3OH containing H>O> (200 uM)
was also performed using 0.1 wt% Pd-BiVOs prepared at pH = ca. 7 using aqueous
carbonate or phosphate buffer solutions (Fig. 9). The amount of H,O» generated decreased
with the initial addition of H20: in both cases, suggesting that the H>O> generated was
consumed during the reaction between H>O» and the carriers generated by BiVOs4
photocatalysis (excited electrons or holes). However, the decrease in the rate of H>O»
generation over 0.1 wt% Pd-Bi1VO4 prepared using phosphate was ca. 31%, whereas that
for carbonate was ca. 58%. In addition, degradation test of H>O> (1 mM) in an aqueous
solution of CH30H under condition of Ar (oxygen-free) atmosphere that cannot generate
H>0» was also performed in the absence or presence of visible light (A > 420 nm). As
shown in Fig. S3, the degradation of H2O2 over 0.1 wt% Pd-BiVO4 prepared using

phosphate was significantly inhibited compared with that for carbonate in both conditions



of dark and light irradiation. These results suggest that the PO4>~ partially coated Pd NPs
act as effective co-catalyst for selective reduction of O to H>O; by inhibiting H>O»
degradation (Fig. 10). As shown in proposed mechanism of Fig. 10, the results suggested
that a BiVOs photocatalyst decorated selectively on its reductive faces with small, narrow
size distribution, partially phosphate-coated Pd NPs exhibited excellent activity for H>O»

production from Os.

4. Conclusions

In summary, the Pd was suitable metal co-catalyst for H2O2 production by the two-
electron reduction of O> under visible light (A > 420 nm) irradiation on the BiVO4
photocatalyst. The PAD method using an aqueous phosphate buffer solution adjusted at
pH = 7.2 provided smaller Pd NPs with a narrow size distribution on the reductive
surfaces of the BiVO4 photocatalyst compared with the conventional methods of IMP and
DP-CR and other conditions in the PAD method. The 0.1 wt% Pd-BiVOs prepared in the
PAD method using phosphate achieved the maximum performance, where the maximum
accumulation reached ca. 600 uM after only 2 h, in our tried photocatalysts in this study.
The specific improvement of performance might be concluded to be a result of the
synergy by the formation of small Pd NPs on the reductive surfaces of the BiVO4 in the
PAD at pH = 7 and partial PO4>~ coat on Pd NPs derived from the phosphate. This study
contributes to the developing design guidelines of promising co-catalyst for achieving
efficient H>O> generation and accumulation from O>. The more detail tracking of Pd
species for improving the H>O; generation and inhibiting the degradation of H>O», and

oxidative and reductive H,O> production from H>O and O using the Pd-BiVOj are the



subjects of current investigations.
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Fig. 1. Schematic of photocatalytic H>O> generation from Oz over a reductive co-catalyst-

supported BiVOys in the presence of CH30H as a hole scavenger.
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Fig. 2. Effects of metal co-catalyst species (1 wt%) supported on BiVO4 using the IMP
method on H20> production from Oz in the presence of CH;OH under visible light (A >

420 nm) irradiation for 2 h.
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Fig. 3. (A) XRD patterns, (B) SEM images (inset: corresponding Pd-BiV Oy illustrations),
and (C) H20» production performances of (a) bare BiVO4 and 1 wt% Pd-BiVO4 prepared
using (b) IMP, (¢) DP-CR, and (d) PAD without phosphate addition under visible light (A

> 420 nm) irradiation for 2 h.
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Fig. 4. Effects of Pd loading using (a) IMP and (b) PAD methods (without phosphate) on

H>0; production from O> in the presence of CH3OH under visible light (A > 420 nm)

irradiation for 2 h.
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Fig. 5. H2O> production from O in the presence of CH30H under visible light (A > 420
nm) irradiation for 2 h over 0.1 wt% Pd-BiVOs prepared using the PAD method with

phosphate buffer solutions of different pH.
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Fig. 6. TEM images, size distributions (insets: NP coverage schematics), and average
particle sizes (dav) of Pd NPs of 0.1 wt% Pd-BiVOs prepared using the PAD method at

pH = (a) 3.5 (i.e., without phosphate), (b) 7.2, and (c) 10.9.
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Fig. 7. H2O2 production from O in the presence of CH3OH under visible light (A > 420
nm) irradiation for 2 h over 0.1 wt% Pd-BiVOs prepared by PAD at pH = ca. 7 using (a)

citrate, (b) acetate, (c) carbonate, (d) borate, or (e) phosphate buffer solutions.
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Fig. 8. (A) Pd(3d) and (B) P(2p) XPS spectra of 1.0 wt% Pd-BiVOs prepared using PAD

at pH = 7.2 in an aqueous phosphate buffer solution, and (C) P(2p) XPS spectrum of
BiVOy4 photo-irradiated in an ice bath for 2 h at A > 300 nm using a 300-W Xe illuminator

in an aqueous phosphate buffer solution adjusted to pH = 7.2 without (NH4)2[PdCl4].
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Fig. 9. Comparison of H>O production from O3 (a) without or (b) with the initial addition

of H202 (200 uM) in the presence of CH3OH under visible light (A > 420 nm) irradiation

over 0.1 wt% Pd-BiVOg4 prepared using PAD in aqueous (A) carbonate and (B) phosphate

buffer solutions (pH = ca. 7).
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Fig. 10. Proposed mechanism for the effect of phosphate on photocatalytic H>O>

production from O in the presence of CH30H over Pd-BiVO4 prepared using PAD.



