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We developed a semiconductor photocatalyst, Pd-Pt alloy
nanoparticle-loaded, Al-doped SrTiO; (PdPt/STO:Al), for
photoreduction of unsaturated carboxylic acids. By the cooperative
STO:Al surface and Pd-Pt alloy nanoparticle, the catalyst dispersed
in water provided highly redox-selective photoreduction against
oxidative degradation of starting materials/products and against
reductive evolution of H,, where minimal glycolic acid worked as an
efficient electron-donating fuel.

Semiconductor photocatalysts (SPs) have shown great
potential for the realization of green and sustainable chemical
reactions. Representative examples include organic pollutant
degradation, and more notably, water splitting, where photo-
generated holes (h*s) and electrons (e~s) promote oxidation of
water to O; and reduction of protons (H*s) to H; via surface
hydrogen species (H* = e~ + H*), respectively.! A vault of
modification methods of SPs has been developed, and loading
metal nanoparticles on the SP surfaces is one of the most
effective strategies to facilitate the generation of the surface H*
for efficient H, evolution.? For instance, Domen, Hisatomi and
their co-workers reported a well-designed SP, Rh-Cr-Co-
coloaded, Al-doped SrTiO3; (RhCrCo/STO:Al).3

By changing metal nanoparticles on SPs, the reactivity of
the surface H® can be altered for reduction of organic
compounds, in which various e~-donors have been used instead
of explosive H; gas.? Although several SPs have been developed
for photoreduction, large excess amounts of e~-donors were
needed for the quantitative conversion of starting materials.4-8
It is probably due to competition with oxidative degradation of
the organic substrates/products by the h*s,> and/or with the
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Scheme 1 redox-selective

PdPt/STO:Al-catalyzed
photoreduction using minimal glycolic acid (GA) and water.

dissipation of the surface H* for the undesirable H; evolution.®
In other words, the SP-promoted photo-oxidation and
reduction were barely controlled. Aiming at a green and
sustainable organic synthesis, the use of the organic e~-donors
must be rationally reduced,® and also water should be used on
purpose more effectively.10

In this work, we newly developed Pd-Pt alloy nanoparticle
(ANP)-loaded STO:AI (PdPt/STO:AIl) that promotes
photoreduction of organic compounds using a minimalll e—-
donor in water (Scheme 1). For instance, C=C (double) bonds of
unsaturated carboxylic acids (CAs), corresponding to 2e--
acceptor, were hydrogenated by using minimal glycolic acid
(GA) as 6e~-donor [C=C bond of 1a:GA = 3 (x 2e~-acceptor):1 (x
6e—-donor) mol/mol]. PdPt/STO:Al provides highly redox-
selective photoreduction,’2 which is promoted exclusively
against the oxidative degradation of organic
substrates/products, and against the reductive evolution of H,.
Unlike many privileged photo-oxidation of CAs (e.g.,
decarboxylation) catalyzed by TiO3,13-15 photoreduction of CAs
predominates in the PdPt/STO:Al system. In addition, CA
products are easily isolated by a simple work-up procedure
including neutralization with a Brgnsted acid and decantation to
remove the heterogeneous catalyst. The recovered catalyst was
reused for at least four cycles with a minute decrease in the
catalytic activity. Besides, PdPt/STO:Al functions under
simulated solar light irradiation and in the fully agueous media
without organic solvents.16 These features are advantageous in
many respects for green and sustainable organic synthesis.

We initially studied a series of reactions of 1a with various
SPs under near-UV light irradiation (1 = 365 nm, Fig. S1) to
synthesize 2a in basic water without organic e~-donors (Table 1).
Pristine STO:Al did not give 2a (2a: <1%, entry 1). While
Pd/STO:Al (1.5 wt% Pd) and Pt/STO:Al (1.5 wt% Pt) gave small
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Table 1 Optimization of the reaction conditions®?

hv (1=365nm)
P_h_thgﬁ(a)tralyst(s) (10.0 mg) ook cooh
Ph/\/COOH :q. NaOH (2 mL, 2 M) Ph/\/ P
1a, 0.2 mmol Np, 45°C, 24 h 2a 3a
; then ag. HCI
Photocatalyst Yield of | Yield of
Entry | (s) e-Donor 2a (%) 3a (%)
1 STO:Al - <1 <1
2 Pd/STO:AI - 19 <1
3 Pt/STO:AI - 22 2
4 PdPt/STO:Al - 55
5b Pd/STO:AI - 26 3
and Pt/STO:AI
6 PdPt/STO - 3 <1
7¢ PdPt/STO:Al - 86+3 5
8ce PdPt/STO:Al - 86 4
9f PdPt/STO:Al - 81 4
10¢ PdPt/STO:AIl Oxalic acid 68 3
(0.1 mmol)’
11¢ PdPt/STO:Al Glyoxylic acid 88 3
(0.05 mmoly
129 PdPt/STO:Al GA (0.034 mmol)* >99 <1
13h PdPt/STO:Al GA (0.34 mmol) 86 1
o) [6)

[e]
OH OH HO
.,

o (@)

oxalic acid glyoxylic acid glycolic acid (GA)

a Conditions: 1a (0.2 mmol), hv (4 = 365 nm), photocatalyst(s)
(10.0 mg), e~-donor, ag. NaOH (2 mL, 2 M), Ny, 45 °C, 24 h.
Yields were determined by !H NMR analysis after
neutralization by aqg. HCl.  Photocatalysts (5.0 mg each). < 1a
(0.1 mmol). 4CO; (50 umol) was detected. ¢ Simulated solar
light, 96 h.fIn the 4th run of catalyst recycling. 9 CO, (30 #mol)
was detected.”1a (1 mmol), 8 h, hv (4 =370 nm). i 2e~-donor.
i4e=—-donor. k6e~-donor.

amounts of 2a (ca. 20%, entries 2 and 3), PdPt/STO:Al (1.5 wt%
Pd and Pt) promoted the desirable reaction more efficiently (2a:
55%, entry 4). The formation of the Pd-Pt ANPs on STO:Al
surfaces was confirmed by a scanning transmission electron
microscopy (STEM) with an energy dispersive X-ray
spectroscopy (EDX) (Figs. 1a—d). The EDX line scanning profiles
obviously demonstrated that Pd and Pt were randomly mixed in
the ANPs (Figs. 1a, 1e, and 1f). The high resolution (HR) TEM
image showed lattice fringes with d-spacings of 0.220 nm and
0.199 nm, assignable to the (111) and (200) planes of the fcc Pd-
Pt ANPs, respectively (Fig. 1g).17'8 When Pd/STO:Al and
Pt/STO:Al were used instead of PdPt/STO:Al, a less amount of
2a was obtained in 26% (entry 5), suggesting that the Pd-Pt
ANPs formation on the same STO:Al surface is critical. In a
control experiment using PdPt/STO without Al-doping, the
hydrogenation hardly proceeded (2a: 3%, entry 6). Al-doping
would prevent recombination of the photo-generated h* and e~
by diminishing recombination sites in the STO lattice, resulting
in the enhanced catalytic ability.3 The yield of 2a was further
increased when 0.1 mmol of 1a was used (2a: 86%, entry 7).
PdPt/STO:Al was also driven by a simulated solar light
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Fig. 1 Pd-Pt ANPs on STO:Al (a) STEM image. STEM-EDX mapping
images for (b) Pd (Lal, red), (c) Pt (Lal, green), and (d) overlay
(overlapped points were highlighted in yellow). (e, f) EDX line
scanning profiles. (g) HR-TEM image. (h) H; evolution abilities of
the photocatalysts. Conditions: hv (4 = 365 nm), photocatalyst
(10.0 mg), GA (ca. 0.035 mmol), ag. NaOH (2 mL, 2 M), N, 45 °C,
24 h. (i) Proposed surface H*-relay mechanism. Stoichiometry
was omitted for simplicity.

irradiation (2a: 86%, entry 8, Fig. S2). Heterogeneous
PdPt/STO:Al was easily recovered by centrifugation and
decantation after the reaction, and was reused in at least four
successive cycles without a significant decrease in the catalytic
ability (2a: 81% in the 4th run, entry 9, Fig. S4). PdPt/STO:AIl
recovered after the 4th run was characterized to investigate
important factors of the catalytic activity, as will be described
later.

Other reaction parameters were optimized as shown in
Tables S1-S3. It should be noted that the reaction was
promoted in water without base additives, albeit with low
efficiency. The use of NaOH was effective for dissolution of 1a
and for dispersion of PdPt/STO:Al in the reaction mixture,
resulting in a better reactivity. Control experiments indicated
that light irradiation and the photocatalyst are necessitated and
that the protocol is robust against the presence of O, in air and
ions in tap water (Table S4).

According to the liquid- and gas-phase analyses for the
reaction using PdPt/STO:Al (entry 7), 3a (5%) and CO, (50 xmol)
were detected, while O, which is the product of water
oxidation, was not generated, indicating that oxidative
degradation of 1a and/or 2a occurred and the extracted e-s
therefrom were used for the hydrogenation of 1a. When
benzaldehyde, seemingly derived by the oxidation of 1a,1° was
used instead of 1a, benzoic acid (3a) was produced (30%) but
CO; was hardly detected (Scheme S1). In a similar reaction with
2a as a starting material, no 3a but CO; (30 mol) was detected
(Scheme S2).13-15 Thus, 1a and 2a would be oxidized mainly to
3a and CO,, respectively (Scheme S3).

This journal is © The Royal Society of Chemistry 20xx
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Inspired by a preceding report on the smooth oxidation
of lactic acid with H; evolution enabled by an interplay of
photocatalytic TiO,-surfaces and loaded Pt nanoparticles,2®° we
envisioned that selective oxidation of a-hydroxycarboxylic acid
or its structural analogues, which more strongly bind to the SP
surface, would outperform undesirable oxidation of 1a and 2a
by a similar synergistic effect of STO:Al surfaces and Pd-Pt ANPs
(entries 10-12). Finally, GA was found to be a competent e—-
donor: 1a was converted into 2a exclusively when minimal GA
was used (2a: >99%, 3a: <1%, C=C bond:GA = 3:1 mol/mol, entry
12).11 At the same time, CO, (30 zmol) was detected.2! We also
conducted a similar reaction using D0 instead of H,O0. A post-
reaction sample of the D,O phase was analyzed by 1H NMR
immediately after solid residues were filtrated, where GA and
relevant small organic molecules derived therefrom were
undetected (Fig. S5). These observations indicate that GA
functioned as the efficient 6e--donor. The D-labeling
experiment also suggested that water was the source of two H*s
incorporated into the hydrogenated product (Fig. S5, Table
S$7).22-24 A more scalable reaction (1a, 1 mmol) was successful
(2a: 86% entry 13, Fig. S3, Table S5).

To get further insights into the function of the Pd-Pt ANPs,

H, evolution abilities among photocatalysts were compared (Fig.

1h). The detection of H, was negligible under the standard
conditions using PdPt/STO:Al and 1a. In the absence of 1a,
PdPt/STO:Al hardly produced H; as well. In contrast, Pt/STO:Al
produced relatively large amounts of H, both in the presence
and absence of 1a. These observations could be interpreted as
follows (Fig. 1i): A photo-excited e~ of PdPt/STO:AI
accommodated at a Pt site, whose work function is larger than
that of Pd,2> would reduce a H* to a surface H* at the Pt site (Pt—
H). While the Pt—H is prone to be consumed for H; evolution, it
would also be possible to be transferred to an interface
between Pt and Pd in the ANP, which can store a higher
concentration of H* than the Pt site.?6 The formed Pd—H-Pt
would be used dominantly for the hydrogenation of the C=C
bond of 1a that outclasses the undesirable H, evolution. Similar
surface H*-relay mechanisms involving Pd-Pt ANPs loaded on
other SP surfaces were also proposed previously.’8

Overall, the smooth and selective e~ transfer from GA to
1a would be promoted by the cooperative role of STO:Al
surfaces and the Pd-Pt ANPs: GA would be oxidized through the
interplay of the STO:Al surfaces and Pd-Pt ANPs, followed by
reduction of 1a through the surface H*-relay mechanism on the
Pd-Pt ANPs.

Under the established standard conditions, a variety of
C=C- or C=C (triple) bonds of CAs were photocatalytically
hydrogenated efficiently and selectively (Fig. 2a). Trans-
cinnamic acids containing an electron-donating, an electron-
withdrawing or a sterically demanding substituent underwent
the hydrogenation smoothly (2b—2d: 290%). The hydrogenation
took place efficiently even when the olefin moiety was not
directly m-conjugated with the carboxyl group (2e: 71%). A CA
with a C=C bond (1f) was doubly hydrogenated to 2a using
minimal GA within 24 h [2a: 95%, C=C bond:GA = 3 (x 4e-
acceptor):2 (x 6e~-donor) mol/mol]. Just by shortening the

This journal is © The Royal Society of Chemistry 20xx
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R2 X COOH R COOH
]©/V DNR‘ =R2=H (1a), 2a, 89% (>99%)?
R! R R' = OMe, R2=H (1b), 2b, 90%

1a-1c 2a-2c  R'=H, R2= OMe (1c), 2¢, 94%
COOH COOH COOH COOH

PR PN \/©/ \/©/

1d 2d, 91 % 1e 2e,71%

Ph—==—COOH 12 PR COOH o

reaction time 1f, 0.1 mmol 1a’

6 ho <1%3 6% 70%#2 11%2

24 hb <1%? <1%? <1%2 95%

X H
X = Cl (1g), 3a, 95%°
X =Br (1h), 3a, 81%
HOOC 1g-1i HOOC 3a X =1(1i), 3a, 90%
X COOH COOH
/Ej/v /©N X=Cl (1)), 2a, 75%"
X 1j-1k H 2a X = Br (1K), 2a, 79%"

(©

: - unreacted
1a impurity 2a impurity
Ph/\/ Ph (42 >99%2 >99%2
Ph—==—Ph (4b) >99% >99%3

Fig. 2 Generality and chemoselectivity. (a) Hydrogenation. (b)
Hydrodehalogenation. (c) Chemoselective hydrogenation in the
presence of impurity (0.1 mmol). Conditions: unsaturated CA (1,
0.1 mmol), hv (4 =365 nm), PdPt/STO:Al (10.0 mg), GA (ca. 0.035
mmol), ag. NaOH (2 mL, 2 M), Ny, 45 °C, 24 h. Isolated yield after
neutralization by aq. HCI. @ Determined by IH NMR analysis after
neutralization by aq. HCI. 2 GA (ca. 0.07 mmol). <30 h.

reaction time to 6 h, a partially hydrogenated product with a cis-
configuration was obtained selectively (1a’: 70%).

Cl, Br and I-substituted benzoic acids (1g—1i) underwent
photocatalytic hydrodehalogenation (substitution of halogens
with hydrogen) under the PdPt/STO:Al system (3a: >80%, Fig.
2b). Accordingly, CAs with a C=C bond and a C(sp2)-Cl or a
C(sp2)-Br bond (1j and 1k) provided uniformly the doubly
hydrogenated product (2a: 275%).

Emphasis should be placed on the ease of isolation of the
products. The desirable products, which were formed cleanly,
could be isolated with analytically high purities just by a simple
work-up procedure including neutralization by an aqueous
solution of HCl and extraction, without column chromatography.

As demonstrated above, CAs soluble in water were
competent substrates, while non-polar chemicals with a C=C
bond (4a) or with a C=C bond (4b) remained largely intact
(Scheme S4). Even in the presence of non-polar 4a or 4b, water-
soluble 1a with the carboxyl group underwent the
hydrogenation chemoselectively while 4a and 4b were hardly
hydrogenated (Fig. 2c).

The newly developed PdPt/STO:Al was characterized by
several spectroscopic and microscopic techniques. By
inductively coupled plasma-atomic emission spectroscopy (ICP-
AES), the metal composition of PdPt/STO:Al was determined to
be 1.38 wt% for Pd and 1.27 wt% for Pt. X-ray photoelectron
spectroscopy (XPS) showed that freshly prepared PdPt/STO:AIl
mainly contains Pd? and PtC rather than Pd?*, Pt2* and Pt** (Figs.
S6a and d). The binding energies for Pd® 3d and Pt® 4f of

J. Name., 2013, 00, 1-3 | 3
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PdPt/STO:Al were lower than the standard values of bulk Pd®
and Pt9, suggesting electronic interactions of both Pd and Pt
with STO:Al. The TEM image of PdPt/STO:Al showed that fine
Pd-Pt ANPs were randomly dispersed on all the STO:Al surfaces
since the ANPs were loaded by the standard impregnation
method (Figs. S7a). Other characterization data of PdPt/STO:AI
were shown in Figs. S8 and S9.

In the catalyst recycling experiments, the photocatalytic
ability was slightly decreased through each run (Fig. S4). The
possible causes of a gradual deactivation of the catalyst: (i)
leaching of the Pd-Pt ANPs from the STO:Al surfaces; (ii) changes
of the electronic properties (formal charges) of Pd and/or Pt;
and (iii) aggregation of the ANPs were investigated. (i) The ICP-
AES analysis demonstrated that Pd and Pt were scarcely leached
into solutions even after the 4th cycle (1.35 wt% Pd, 1.24 wt%
Pt) compared with the initial state (1.38 wt% Pd, 1.27 wt% Pt).
(ii) The XPS analysis of PdPt/STO:Al recovered after the 4th run
showed that oxidized Pd?* and Pt** were dominant species
rather than Pd® or Pt (Figs. S6b and e). Although the oxidation
states of Pd and Pt of the recovered PdPt/STO:Al were restored
to their initial states by reduction with NaBH, (Figs. S6¢ and f),
the photocatalytic ability could not be refreshed (Table S6).
These results suggested that the oxidation states of Pd and Pt
would not be important for the photocatalytic performance. (iii)
According to the XPS analysis, the surface atomic ratio of Pd and
Pt relative to Ti were decreased after the 4th run, implying that
the fine Pd-Pt ANPs would aggregate (before reaction: Pd/Ti =
0.48, Pt/Ti = 0.34; after the 4th run: Pd/Ti = 0.27, Pt/Ti = 0.30).
In the TEM image of the PdPt/STO:Al recovered after the 4th
run, most of the fine Pd-Pt ANPs disappeared and relatively
large Pd-Pt ANPs were mainly observed (Fig. S7b). Therefore,
we can conclude that the aggregation of the Pd-Pt ANPs
negatively affected the photocatalytic performance.

In summary, the redox-selective reduction of organic
compounds was enabled by a newly developed PdPt/STO:AIl
photocatalyst with minimal GA as the e—-donor in water.
Selective e~-transfer from GA to CAs would be enabled by the
cooperation of the STO:AIl surfaces and the Pd-Pt ANPs. This
study demonstrates the great potential of ANPs-loaded SPs for
clean and selective organic synthesis directed toward
sustainable material production.
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