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Molecular Catalyst for H,O oxidation / CO, reduction
~ model for oxidation (reduction) center for Artificial Photosynthesis

0. Introduction

@ Photosynthesis the process that converts solar energy to chemical energy
which can be used by biological systems.

@ Solar energy abundant, totally huge --- but difficult to use whole energy
—» broad spectral
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Photosynthesis is a good model for converting solar energy to chemical energy
without producing CO,
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1. About Photosynthesis
1-1. Green plants' photosynthesis

—— chemical
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@ In chloroplast (Z&#kiE) g
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photochemical biochemical
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@ In thylakoid membrane
photoenergy transduction is realized by electron transfer (ET) system.

(See Lit. Dr. Oisaki (M1))
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| 2H,0 — O, + 4H* + 4¢"1 (E°=+0.815V) (pH =5, )

! D470

DFT-QM/MM
S-State Cycle

nucleophilic attack of H,O
to oxyl radical

(H* gradient is generated (
and used for ATP synthesis) —

* Mn3;CaO,4Mn complex
* Rate 50 moleculeO,/ s

<OEC in PsSIl >

| Catalytic cycle of water splitting
suggested by DFT QM/MM models of the OEC of PSII.
V. S. Batista et al. (J. Am. Chem. Soc. 2008, 130, 3428.)

( Dashed arrows indicate transformations leading to the following S state in the cycle)
The circles highlight substrate water molecules.

cf) There are many possibilities.
(Chem. Rev. 2001, 101, 21) (Chem. Rev. 2006, 106, 4455)

NADP* is 2 electron reduced and NADPH is generated at the end
(it is used for CO, reduction in some biochemical cycle...etc)

(E°=-0.32V) (pH =8, )




1-2. Toward artificial photosynthesis
> omitting further biochemical energy conversions (Of course, they are interesting research areas.)
> using H,0 as electron donor (H,O oxidation) is reasonable.
> making useful chemical energy (for human) at the reduction center is desirable.
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@ simple molecular system for artificial photosynthesis

hv
\? 1) Antenna System
2H,0 >

Jde (D—s—A) _2ne_ (not yet ?)
O, + 4H*

2H* CO, + 6H*
3) Oxidation 4) Reduction > (5) Integarated System]
Catalyst Catalyst or

CH30H + H,O
(2) Charge Separation Unit)

H

. . . . chemical energy storage
<requirement > (See Lit. Dr. Oisaki (M1))

ﬁ> « possessing high absorption in visible light

 stable toward photo-decomposition "Harvesting Device of Visible Light"

« properly long lifetime (t) " : : e
[:> . sufficiently high energy content Photoenergy Storage Device Posessing CS Ability

« higher quantum yield (®), higher energy conversion efficiency

Donor - Sensitizer - Acceptor system
concepy) e — Donor : Ferrocena, Carotenoid elc,

| Sensitizer - Porphyrin, Ru(bpy)s2* ete.

ik
" Cartengid - Porphyrin - Quinone Triad”
# pioneering work (C-P-Q) N2

by T. A. Moore, D. Gust et al {1 - 1 N
(Nature 1984, 307, 630-632) ' ¥
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Ij> 2H,0 —> O, +4H" + 4e (reaction itself difficult)
(section 2) » multi-electrons donor (acceptor)

« stable under highly oxidizing (reducing) conditions
2H*+2e" —> H;
L a
- CO; + 66"+ 6H" ——> CH30H + H,0
(section 3)
a [:>  appropriate oxidation-reduction potential at both site

« minimun energy loss
(section4)  * higher energy conversion efficiency / lower cost than bio-photosynthesis totally



@ occuring reaction page 4

<oxi.> <red.> 2H*+2e — H, (E°=0V)
2H,0 —— O, +4H" +4e” (E°=+1.23V) CO, + 66 + 6H*—> CH3OH + H,0 (E° = - 0.62 V)
(pH=0) (pH = 0)
> thermodynamically > in photosynthesis

4 E%xi e Ered
o Tew 75
m W

]n:ud.!.'d mlal
cf) semiconductor photocatalyst (section 4) i

. . H20 [T~
simple system for water splitting by hv - "CS" state
(2H,0 —> Oy + Hyp) Ha - on the surface

* low quantum yield (@) <10%

« bad responce for visible light (. > 500 nm) )
(low energy conversion efficiency)

@ molecular catalyst
Homogeneous, simple catalyst is hardly applied.

a) multi-electrons donor (acceptor) at one catalytic cycle

b) stable under highly oxidizing (reducing) conditions .
which causes most chemical functional groups to degrade [ are desirable

c) high efficincy

d) cheap, easily prepared

(E°=+1.23 V) (E°=0V) : (E0= -0.62V)
< H,O oxi. > (section 2) <H red. > 1< COyred. > (section 3)
« 4e oxidation, difficult * 2e reduction bt }fe redefl:Jn, \ﬁry dlf‘f:c*ti!t |
e nature --- Fe ' Oy be” 0O (E 214 V) i
* nature --- MnzCaO,Mn cluster « M --- Co, Ni, Rh '/ €O+ 2% + MY ~HCOOH (E*~ —085V) ()
*M--- Mn, Ru, Ir, Co : OO+ 2 +2H" =00+ HO  (E¥= —0T6V) (3
mono or dinuclea, aqua (oxo) complex Moo + HY —> [ M (x+2) !
| CO, + 4 +dH* ~H OO+ HO  (E® 072 V)
OH, OoH o [ " & ' 4
11 T =H ~H* | X ‘A '
M D e &H- Mo | 2N (M |2 H, b\ €O+ 6o+ 6H S CHOH + H0 (B~ ~0.62V)
- - , (k]
f = | or ! . ) ) i
. Ao CO,+ % +8H —CH, + 2HO  (E° = — D48 V)
o M@ + 2H" —> [M (xva) ' i)
2H,0 ? : i
ene \ \ ' e nature --- Fe-Ni sluster
. ' *M--Ru,Re, Cu
22N (M IZZ/(« Hy !

< combining oxi. and red. > (section 4)
« finding appropriate mediator

cf) mechanistic possibilities of O, evolving from metal oxos (PNAS, 2006, 103, 15729.)

HO:— , (Scheme 3) Nucleophilic Attack of (Scheme 5)
Hydroxide on High-Valent Metal Oxos Reductive Elimination of bis Hydroxos
o or bis u-Oxos unknown
[MME] e [MP2] & O + H+ oH
[Mﬂ+:‘|/ > [MrE] L Op o4+ 3.
o
_— (Scheme 4)
0 Radical Coupling of Two Oxos A0
el Mr2y” a2 = M) W]+ O
4 » 2MA-T 4+ Op "o
O

[ most general



2. Water Oxidation by Molecular Catalyst page 5

i hv
(ewgrlgy) s*<— g "photocatalytic/ photosensitized / photoinduced"
Enoo ~ smaller

24,0 . R\/
+ >\4e/< d>e oxidant "chemical"
donating e \

02+4H

favorable ;(c)\t’}l\?;ﬂ?n) (+)anode  "electrochemical / electroclysis”
energy
2-1. Water Oxidation —_— —
> Water oxidation is inherently difficult.

H —> H'+e (E°=-22V) (a) 4-electron O,-evolving water oxidation

H oH* + 26 E%=~0V) requires least oxidation potential
o 2 ____________+_ _e_________ _________ (b) But it demands the loss of 4e” and 4H* from 2H,0,
'2H,0 —> O,+4H'+4e (E0=+1.32 V) ! all accompanied by the formation of an O-O bond

2H,0 —> H,0,+2H" +2¢" (E°=+1.76V)

H,O —> OH+H'+¢ (E°=+2.72 V) under ambient sunlight in the chloroplast, the OEC (oxygen-evolving complex)
must be resynthesized every half an hour or so

< Even plants find this task difficult: >
owing to the oxidation damage it suffers from O, that it has produced.

(at pH = 0, vs NHE)

2-2. Pioneering work

oxo-bridged dinuclea Ru T.J. Meyer etal. (J. Am. Chem. Soc. 1982, 104, 4029) (J. Am. Chem. Soc. 1985, 107, 3855)
» e Pl a +Ce(V)
LS 4 b8 T La+
‘T\l Hr"c"HH ol r;f_'- (cat. cycle) [ibpy)zRu-O- Ru ibpylz] ’ -Ce(lll) [{bpylzRu OIRJ [bpyls]
: Fi:l(_lll) } du(lll) | I —>]><4 .l[ |
CHA ™™ T‘*\} OH; OHj H* 0 ¢
I-\.-" -02
' (1eq) (afeweq.)
Ruthenium TONg, 2~3 (loses its catalytic efficiency after just a few cycles.)
‘blue dimer’ catalyst (0.1M)
€ ACe(IV) + ZH30 —— ACe(ll]) + Oy + 4H' .
(25 e0) aq.HCIO, pH ~0.7 (ag.H,S0,), CAN as oxidant (Y ¢.<30%)
cf) 2H,0 —> O,+4H"+4e (E9=+1.23V) (pH =0, vs NHE)
Ce**+e —> Ce¥ (E9=+1.72v) -~ only capable of water oxidation very slowly
2-3. Recent Work Review (Angew. Chem. Int. Ed. 2008, 47, 5888)
oxo- or bridged, bi-, and multinuclear transition metal complex
> Ligand-Ruz R. P. Thummel et al. (J. Am. Chem. Soc. 2005, 127, 12802) (Inorg. Chem. 2008, 47, 1835)
two Ru with well-defined geometry Fjl 1 tor 2b
. {FFsh
T =N (0 or 2b) « The reaction is first order in catalyst
L o T _(Z] A RuDMEGLCSE) N TONg, 572 (48h)
TauL A 3 4-R-pyralig & =hopd
! T, BoR B 'x. :f" l-{" g *-“..,.-' catalyst (6.6 X10°M) ) + _
L T N (,,)R A ! H~1 CE~SO-H cooperative interaction of the two Ru
&N NS § T i’ = P ] (ag. CF3SOsH) centers of a single catalyst molecule
e i A 2 i LR LA fan with Ce(1V) (Y ce~46%)
;‘J I [‘- l hu::'
more active catalyst :{:‘g"‘:?? u‘ I ’T (purified by chromatography on alumina)

“rESCE; AT
electrochemical tuning

> Ligand-Ru, + quinone-ligand (solid state) > Ru-containing polyoxometalate
K. Tanaka et al. (Inorg. Chem. 2001, 40, 329) All-inorganic

catalyst is immobilized (Inorg. Chem. 2008, 47, 1787) | [=m = T 7 s osZoosoooo - oo-ooo- oo

on ITO electrode
electron transfer

2" - ., from OH to quinone o _(I_V_’i) _________________________________ ,
Ge h 2 OCOH MO e
= . g = M. Bonchio et al. (J. Am. Chem. Soc. 2008, 130, 5006)
) L SR futher Ce(IV) addition
r.hl-\N "._I.-: e . I# (]; Q=0 (I|:|S!.:: TON02 500 (2h) i_nduced mguivment
'g (”) ol " (“)I By , m o o o° Lim[l] éRHat%oé max 0.125/s) O, evolution.
| i .
! e mediator \CE BU | = with Ce(1V) (Y ce <90%) robust catalyst
(5Q) ’
i \5. » L0 ermyridne [ P B. Botar et al. (Angew. Chem. Int. Ed. 2008, 47, 3869)
(D) (|||) S m - TONg, 18 (30~40s)
Rateg 0.6 /s -
TONg, 33500 (40h) R L RbKj[1] |(Ratec: ) continuation ?

pH 7 (phospate buffer)

E =+ 1.70V (vs Ag/AgCl)




> Cyclometalated Ir S. Bernhard et al. (3. Am. Chem. Soc. 2008, 130, 210) (Nature (News and Views) 2008, 451, 778) page 6

"q\)‘ Ry D T Teon
Ly 5
- A, & ~ R = "
Nag[Iri)Cl] J:} - {1 b Segott D ke | o f. :
Lig;nd " :MT,-‘LI:IL (81 EEH H:0) R’@;{']‘HDH’ g g
| o, e - ||
44-76% ~fy g 00 E
Cyclometalaing  —0% E E |
HOMO energy tuning © Ligand =y s / Sopn sorrat]
. _ y ‘ = = E AT
« synthetically accessible, robust, efficient 2 154
« broad range of oxidation potential 5 LAY J SR
can be obtained by ligand tuning R~ . TONp 2760 (7‘?)
¢ machanism is not clear 4 LT 18— catalyst (3 X107°M)
(non-1st order dependence in catalyst conc.) 5 s _F 0~ m pH ~0.7
with CAN (Yce ~37% (7d))

~100% (6h)

Next Chall _ without noble metal
ext Lhalleng€ ~ homogeneous photocatalytic water oxidation

2-4. New amorphous catalyst for water electrolysis

(Science 2008, 321, 1072)
(Science (News this week) 2008, 321, 620)

In Situ Formation of an
Oxygen-Evolving Catalyst in Neutral

=& R
Water Containing Phosphate and Co Coll) NG, :

Matthew W. Kanan and Daniel G. Nocera® E pH 7 (potassium phosphate buffer)
! E =+1.29V (@ITO) I

Oy » dH* & do— = 30 '_-_ o = 123V 005G fpH) W va NHE . | . f
=iy Pt £ a0V~ 0,080 LHIV v M continuous O, evolving from
adark coating on the ITO surface

HO —= H; + Oy E, SE-- 1

utilize as electrochemical catalyst

> easily prepared, earth-abundant catalysts that oxidize water.

(_!_)Iorming_from earth-abundant metal ions in agueous solution "elements of
(i) a plausible pathway for self-repair natural photosynthesis "

(iii) a carrier for protons in neutral water
(iv) the generation of O, at low overpotential, neutral pH. 1 atm, and room temperature

< other >
5 . TONg, 143 (10h)  (E=1.29V)
> 0, (3.0mg, 95umol) was produced by cat.(~0.2mg) in 10h = (Rategy 4X10°/s)  ( CopH,KOP )

> overpotential (n) ~0.32V (i = 0.1mA / cm?) relatively low

0.41V (i = 1mA / cm?)
on the anode (?)

(o (coating) one or more intermediates preceding O, formation
> mechanism 7 OH A that are deprotonated reversibly
( ) OH, -€ I 3+ -€ H* (0]
- —_— Co”" <= s T
- solution (2 Co? HY (HPO2) T co*
in solution (?) (HPO) etc. HPo,2) ) 2
etc. - 0@ etc.
_02
< Requirement for electrode in practical sense >
> low overpotential —> () :
{ > neutral (pH ~7)
> without noble metal
WOTL RN R D
(=0 dmArm LS so far...
# X R % HE RS « first-row spinel and perovskite metal oxides
[N ATy R P moderate overpotentials (<0.4V)
h | Kl 1 concentrated basic solutions (pH > 13)
¥ Fe
N

g X « precious metals and precious metal oxides
H u L ! similar efficiencies

i i -= acidic conditions (pH < 1)
< Co%* >

Co?* + Ru(bpy)s®* in neutal phospate solutions can catalyze water oxidation. v v. shafirovich et al. (Nouv. J. Chim. 1980, 4, 81)
(E° =+ 1.26V) ...but oxidized Co species were precipited gradually. C, Creutz, N. Sustin et al. (J. Am. Chem. Soc. 1983, 105, 4832)



< This paper > page 7
> Indium tin oxide (ITO) (a minimal background activity for O, production)
+

E=+129V B
+ 125 -

Co(NO3), (0.5 mM)
potassium phosphate (0.1 M, pH 7.0; KPi electrolyte) o 100 !
G 7 Eeof (wlo Co?*)

]

075 ;/ 7 a0 3I‘-..._‘_F - o

/ey

a dark coating on the ITO surface I EM' ™ almost no electrolysis
effervescence becomes increasingly vigorous 050f 0 S
1 5
(same results with CoSO,4, Co(NO3),, or Co(OTf),) | tmalh
I S Y 23 a5 67 8
0, time /' h

(B) Current density profile for bulk electrolysis at 1.29 V (versus NHE)
in 0.1 M KPi electrolyte at pH 7.0 containing 0.5 mM Co?*.

cf) >40 C are passed over 8 hours

. |;I> in situ formation of an oxygen evolving catalyst
(all the Co?*---> Co®* requires 1.9 C) yo 9 y

< What is this coating ? >

Fig. 2A. SEM image (30° tilt) of the electrodeposited catalyst after 30
C/cm? were passed in KPi (0.1 M, pH 7.0) containing Co?* (0.5 mM).
The ITO substrate can be seen through cracks in the dried film.

> morphology

« The film thickness gradually increases.
At maximum activity, the film is >2um thick.

« The x-ray powder diffraction pattern shows broad amorphous features
No peaks indicative of crystalline phases

(780.7, 798.7 eV)

bl - Co?* or Co®* bound to O
. > surface ap |- 7 o SRl
> composition . . . [~ i T I”“ (133.1 eV)
* Energy-dispersive x-ray analysis (EDX) spectra = Wl it | ‘ 1. ;:.': phosphate.
Co, P, K, and O as the principal elemental g inkiss [ 5 S| CoLw 4 H‘-
-~ - - e 4 1 i ] | by -
(2 3:1: 1) % 20 k- Colmm l :II  Jg I l.._|: c1s Cods
; In 3 IIl X \ Ca I
» Microanalytical elemental analysis 1k il | ] R “: - | o
(Co:P:K)=(2.1:1.0:0.8) o : ! T, 4
y 1000 800 50U 400 200 )

Binuging snargyle
Fig. S2. XPS spectra of the electrodeposited film

E:> an amorphous Co oxide or hydroxide incorporating a substantial amount of phosphate anion
at a stoichiometricratioof (Co:P:K)=(~2:1:1)

<lIs O, really derived from water ? >
« prepared catalyst coatings (1.3 cm2, stored under ambient laboratory conditions) were used following experiments.

B 16’1602}3
a0 : (Fig. 3B)
4000 r e 4 2 0.5% abundance of each isotope
r over the course of the experiment.
C £ &0
J000 ¢ £ 16,18 e
“ [ 540 %0, same as statistical abundances
c - < . 72.9,24.9, and 2.1%
3 2000 | 10 20 a0 # 245=06% ( )
3 r | 1618 tirru b} 20
Fon 0 18180, 34.02%
1000 1.29 V) =" —r—r—1—
.'_/ 1.0 1.5 20 295
i 18,180y tima/h
O T c
05 1.0 15 20 25 30 35 100 - (calc)) (Fig. 30)
i /h r ! ‘\/ O, production measured by fluorescent sensor (exp.) and
me 80} t by calculation (calc.)
(Fig. 3A) Mass spectrometric detection of isotopically labeled O, + off
during glectrolysi?aof a catalyst film on ITO in a KPi electrolyte & e ) Faradic efficiency ~ 100%.
containing 14.6% “*OH,. <} r "
§a0h o (exp) ... .
v - ! -
(129V) # 1 all of the current was caused by 4e™ 1
. 20 & [ !
* phospate is stable L 1 oxidation of water to produce O, !
31, PN . . I A T T
(**P NMR after stoichiometric(?) electrolysis). 086 8 10 12 14 18
e £ h

I:> electrodeposited catalyst cleanly oxidizes H,O to O, in neutral KPi solutions.

(X-ray photoelectron spectroscopy: XPS)

(X-ray photoelectron spectroscopy: XPS) SAM



3. CO, Reduction by Molecular Catalyst page 8

"photocatalytic / photosensitized S hv S*

/ photoinduced"

cat
o o ,C0: .
=~ nxe ne Eco2 ~bigger
"chemical" reductant accepting e — favorable
(( cat™
"electrochemical / electroclysis" (-) cathode
3-1. CO, Reduction (a) might be important for global warming

(b) very difficult (multielectron transfer)

(Coord. Chem. Rev. 2002, 226, 211-218) . .
> more electron reduction, more energetically-favored

COs+e™ = CO5  (E° 114V (PH=7) in But controlling number of electrons is difficult.
CO,+ 2 +2H* = HCOOH  (£* 0ESYY () (c) Reduction of protons to H, is competitive
\C0, 126 12 SCO A0 (E S 076V) () (more thermodynamically favored)
oy + 40 +4H +HALO0 = HO (B 072 V) G
(4 transition metal catalyst
CO. + 62 4+ 6H* ~CH,OH + HO (K 0.62 V) selective coordination of CO, to metal before reduction
(5)

M—C0; ———= M—C(0)0H ——— M—C0 ——— M—CHO
OO, + Be EH" —«CH, + 2HO  (E° 0,48 V)
(6

M—CH,0H

M—CH,

. Scheme 1. Stepwise reduction of CO; on transition metal.
2H*+2es —> Hz (E°=-041V)

> dg metal (Ru(ll), Re(l)) or Ni(ll) is good for CO, to CO.
> Re(l) (CO); is exceptionally good
(acts as reduction-catalyst and photosensitizer)
3:2.CO, 10 CO
<In nature >
> |n Moorella thermoacetica ( )
[Ni-L-Fe,S,] cluster (in carbon monoxide dehydrogenase/acetyl-CoA synthase (CODH/ACS))

; ; reversible reduction of CO, to CO
bifunctional { synthesis of acetyl-CoA from CO & CoA

CODH .
ODHsle L science 2002, 208, 567)

-+

CO, =
2 L.._; A ) o
et Nl_!S _Fe
e W
co,

B. Wilson homepage
(http://research.uvsc.edu/wilson/CODH.htm)

" CODH remains notably the most efficient catalyst for this reduction " (J. Am. Chem. Soc. 2003, 125, 14688)

< Early example >

> Re(l)(CO); acts both as photosensitizer and as reduction catalyst
________________ J-M. Lehn et al. (J. C. S. Chem. Commun. 1983, 536)

i « efficient genaration of CO, no dectable amount of H,
1 atm COy, in DMF-TEOA((HOCH,CH,)3N) (5:1) (H, was formed in the absence of CO,)
250W halogen lamp, >400nm, 4h

« the activity of the system decreases slowly with time
TONco 30 quantum yield ?

(due to labilization of ligand species)
(supposed cycle)
CO, Re(0) cf) TEOA —> TEOA* +e (E®=ca. +0.8V)
f e *[Re(l)(bpy)(CO)3X] + € — [Re(0)(bpy)(CO)3X] (E0 =ca. +1.25V)
CO e’
W~

\(v TEOA*

TEOA cf2)  [Re(0)(bpy)(CO)sX] — [Re(l)(bpy)(CO)sX] + €& (E°=ca.-1.05V)
v—>*Re(l) CO,+2H" +2e" — CO+Hy0 (E= -0.76V)

Re(l)
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(a) capturing CO, after loss of the monodentate ligand (L)
Re(0) _O_Igl?_(_op_e_e_l_e_cgrp n-reduced _S_Qq(:_lgs_)_ (b) donation of the second electron to CO, by another OER without loss of L.

O. Ishitani et al. f:-ﬁ T'-'Sm
(J. Am. Chem. Soc. 2008, 130, 2023-2031) —— —_ - s ":ﬂel;:_m
e e I -a ( 'q:_ﬂ- s
V"‘“’&"‘W I“Mm 1LHCS
co to \‘\‘ (supposed mechanism)
gy NS \ ! \m’
e |00 \
_..f“ :mi“‘jc ll'n"llllr 3
Bt o "'\_ | T
_____ 1:rt::'! o [I'Cl‘.'_‘,'l2 adduct] "MLCT (= triplet metal-to-ligand charge transfer)
e NCS |-:j-'I n encited stats (by flush laser photolysis studies)
[y I \ |
[ Senl S - TEQA (=(HOCH,CH,)3N)
' o ' P F TEOA
___________ J d FrET T TS s
CO1 e o) 1 o 1
P sRe® Nes (G 1e0
&~ I 'gi’;, —=~co | , . .
o ! an ! (by UV-vis absorption studies)
T CER !

> So far, the most efficient homogeneous photocatalyst
[Re(1)(bpy)(CO)3(CHsCN)I " / [Re(1){4,4'-(MeO),bpy}(CO)3{P(OE)s}]" = (1 : 25)

(as catalyst) (as photosensitizer)
* easy L dissociation { « very high @ for OER
[° by itself » OER has enough reduction power for [Re(I)-CH3CN]+ (to make 1)

low photocatalytic activity
@ = 0.59 at 365nm

in DMF-TEOA (5:1)

> For CO, to CO, visible-light can be utilized

T n# O. Ishitani et al. (Photochem. Photobiol. Sci. 2007, 6, 454)

visible light active
photosensitizer :Tigﬂ -
catalyst
,m, f/j’“

catalyst (5 x10° M) "

L=Cr [Ru-RaCI)2* @®=0.12, TN¢o = 160 Hg lamp (>500nm) CHPh
=P(OEt);  [Ru-ReP(OEt 1" & =0.21, TNgo =232 | DMF-TEOA (5:1) BHAH
=py [Ru-Repy]3+ BNAH (0.1M) as reducing reagent for Ru

< Other report for CO, to CO >
stoichio --- Fe(l)
electrochemical --- Ni, di-Pd, Ru, Re
chemical --- (Cu(I)NHC + B-B), (Met + H,) etc...
3-3. Other Reduction
> CO, to HCOOH (2e" reduction) selectively
--- a few examples Scheme 10, Ligand-Dependent Pathways for the Catalvtic Reduction of COs
o
electrochemical reduction (Nm L, 00
at carbon electrodes modified by films of [Ru(0)(L)(CO),]n ” N oo [ . | N
A. Deronzier et al. (J. Electroanal. Chem. 1998, 444, 253) k.fe' " | :;,:T"'_':“
Ly n
. “ A
E:’ 9 }: f.-‘ fh"‘l A0 Tr‘.ljt-u_n
S ﬁ [ { *Q"T' ~co 5 |
Ly L L3 n LI il
T e u's
~ 1 ]C /"‘ml 00 | lEI . ,»/f l(-.-' 0., H
CI.. H L‘H.-l e N, | ; & Tl
" y " e ey, 0 i
SR . F ) ™ |
Ly Lg - ~ o C: Lg, I_|;: |
. 10 (= Lrlaand Ly ~7 Nl S 5
{;,-Mn*-#""-i {hﬁ-ﬂw'::! \{T\“- path \l (via Ru(l)-H) .‘lll.l
Py H L] L) 48
Chns ~A Ao g0 ml] ’/ ./5"‘!:-"*”"1’ | <
Ls 1 “-'\"l "ﬁ'f [ f‘“ﬂ"' o __,H|
ra Lo [P - ] . - rl .
" A i 5

> CO, to formaldehyde, methanol, methane selectively --- very rare next challenge
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H,O as electron source

4. Integrated System

4-1. semiconductor material o ____.
Notwe ([9772) 238, 3038
""‘"-\'-’I!'J.Ir-l L L Ae—

1
1
1
1
| Blecirochemical Photolysis of Water = re Do Fludon
1
1
1

> originally repoted by Honda and Fujishima
TiO, (A=380~413 nm)

=

af & Semicondwctor Electrode Pasiivasy f fosbusiial fona ¢
Uity af Tl pe, Bigpateps. Triips

> many efforts toward improvemnts of semiconductor materials  “gne step mechanism"

> first example of water splitting under visible light (A> 420 nm) "two step mechanism" “artificial Z scheme"

i Stoichiometric water splitting into Hy and O, using o mixture of two

1 o F 5

v different photocatalysts and an 107/ shuttle redox mediator under
2 & a E gy 1 o o

' visible light irradiation K. sayama, H. Arakawa et al. (Chem. Comm. 2001, 2416)' Review (# & # 5 2003, 24,19)

@ finding appropriate reversible electron donor (") is important

6H* + e — 3Ha (E°=-0.41V) (pH=7)
I- + 60H— + 6h* — [0+ + 3H00  (E°=+0.67V) (pH=7)

"""""""""""""" * Pt-loaded SrTiO3(Cr-Ta doped) is best.

YT c g i Pt is co-catalyst
g H'/Hs (-0.41) 1 no oxidation of H,O (only oxidation of I)
i « The initial rate of H, evolution was 0.8 pmol h'
0y (+0.67), but the evolution rate decreased gradually and stopped after 20 h (Fig. 1(a)).
OO (+0-82)i Activity was recovered by replacing rxn. solution with a new Nal

H, formation was significantly suppressed (< 0.1 umol h'%)
when a small amount of NalO3 (0.1 mmol I'Y) was added

[> accumulation of 105" inhibits H" reduction

(due to competitive 103 reduction on Pt (?))

= wvacaing
g i i
E 100 gt dark kgt ),«" dark lighl Fig. 1 Reaction time course of the photocatalytic splitting of water into Hz
E 80 " s and O under visible light (A > 420 nm, 3.1 W, window area: 16 cm?2). (a)
2 f ] / /4‘ 0.2 g of Pt(0.3 wt%)-SrTi0, doped with Cr and Ta (both I mol% of Ti) was
& 60 Jf' ] fm i suspended in the Nal aqueous reaction solution (100 mmol 1-!, 250 ml, pH
o an e | AN 7 Ik = 7.0). (b) Both 0.2 g of Pt(0.3 wt%)-SrTiO doped with Cr and Ta (both
Ig“ P Ha o Fi 1 mol% of Ti) and 0.2 g of Pt(1 wt%)-WO; were suspended in the Nal
= 20 '},/ “oe |08 :"I_/ £ _— aqueous reaction solution (100 mmol 1-1, 250 ml, pH = 7.0). The magnetic
é_ 0 e i ) “;,-” stirring was continued during the light irradiation and in the dark.
E 0 o0 100 =11 200 2ol
Time / h

< oxi. >

I__________________"I

1 ™

I L 10 #3H0 £ e — - +60H-  (E%=+0.67V) (pH=7)

1 w !

: f’? Yk 1 GOH- 4+ 6h* — 3,0, + 3H,0 (E°=+0.82V) (pH=7)

! G2

. | 5]

I | | ™ i * Pt loaded WO; is best.

| | Ma-,l . : no reduction of H,O (only reduction of 103"

. svsbleftighe

X l « | oxidation by h* in the valence band was very slow.

' HOMEA Shwn, :

U U I

< mixing both catalyst > B ) )
* H, and O, gases evolved under visible light (>440nm) (Fig.1(B))
& 320 S 1[H: . . "
- FS2I0A PSIIH:] ) « stoichiometric water splitting more than 250 h.

» ".'-le: . « added Pt-WOj4 effectively eliminated the 103- ion by reduction to I-

concentration of I (100 mmol I'Y) did not change

wihichn formation of the 103™ was negligible
bl ligh 10

OHa0 (merity *2 (AGH D72 THLp)

Fatential | ¥ ve. NHE [ pH
m o -

h

H+0 PrSsTiOw Cr-Ta doped )

(drawback) < 4hv/2e /H,

) i ) ) « low efficiency
Flg. 2 Speculated reaction mechanizm for the water splittiing using a mixture 7
of PLSeTik, PLWOL, and Nal aqueous solution. quantum efficiency ~0.1% (420.7 nm)
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O. Ishitani et al. (CREST H17 report)

S2

quantum yield ? reduction from water
TON ? Pt [ ek ]
o
ORI LI e
[ p] — <
—WFRIEHE [y
| l oxidaiton @
[# 18 "fEiCED L
C!"'.‘.'J 'T
H. Inoue et al.

[ PEh™ Juu PRCW
(J. Am. Chem. Soc. 2003, 125, 5734.)
reduction

homogeneous, integrated system for H,O oxidation/ XXX reduction is very rare.
big challenge in future

@ Future Challenge ~ from molecular catalyst field

semiconductor is more practical (?)

* Photoinduced system
* New approaches

« arificial Z scheme
(2 step mechanism)

* Low costs catalysts 1) Antenna System
2) Charge Separation Unit
hv 2
(e, (D—s—A) 6e
2H20 COZ + 6H*
3) Oxidation ( Kae ) 4) Reduction > 5)Integarated System
Catalyst D—S*-A Catalyst
0, + 4H* @ CH30H + H,0
(D—s—A)

* New approaches
* Low costs catalysts

semiconductor ?
heterogeneous catalyst ?

} in gas phase



