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Photolyse de I'eau: Vers une nouvelle classe de photolyse
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1972: Fujishima A. and Honda K. Nature 238 37

Photolyse de I'eau via le SC TiO, (rendt <3%)
VERROUS:
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Former un « trou » pour oxyder 'eau — Oxydes metalliques semiconducteurs
(TiO,, WO,, Fe,0,)

2/
5 4H,0+de > 40H +2H,
| m— | A K . — Ee metal
Eg 7 [ 1.23 eV
/ 40H+40* — 2H,0+0,
E

Semicondiictor Electrolyte Metal electrode

Fig. 1 Energy diagram of a PEC cell for the photo-electrolysis of water.
The cell is based on an n-type semiconducting photo-anode.

Cahier des charges pour les matériaux de photoélectrodes:
-Absorption dans le visible

-Stabilité a la lumiere

-Energies des bandes de valence et de conduction adaptées
-Transport des charges dans le semiconducteur efficace
-Faibles surtensions

-Faibles codts
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Fig. 2 Intensity of sunhght versus wavelength for AM1.5 conditions.
The grey area represents the part of the spectrum that can be absorbed
by a hypothetically ideal bandgap ol 2.03 eV.?

— 3.1eV>SC«gap»>1.9eV (0.3 eV pertes thermodynamiques
+ 0.4 eV surtensions cinétiques)= 1.23+ 0.3+ 0.4
3.1eV =400 nm; 1.9 eV = 650 nm

—) Efficacité de conversion (énergie H,/énergie solaire)

s o -j densité de photocourant (Am-2)
Neri J(Vradox — V) -Pjignt intensité de lumiere incidente (Wm)
L Plight 'Vredox: 1,23V
-V potentiel supplémentaire nécessaire (bias)

Nstym®*= 16.8 % (gap=2.03 eV) Int. J. Hydr. En. 2006 31 1999



TiO,

Avantages:

-Ti 3¢me glément le + abondant

-Tres utilisé en photocatalyse

(synthese, désinfection,....)

-Production: 5,5 millions de tonnes
-Toxicité limitée

-peu de photocorrosion

( peu de réaction h*’O2- de la matrice solide)

Inconvénients:

-Cinétiques de réaction faibles (cata)
-Absorption UV (6% spectre solaire)
-faibles rendements (< qq %)

Table 1 Overview of particle-based photo-catalyst systems reported in the literature that are able to split water in stoichiometric ratios

Photo-catalyst Co-catalyst Lamp, electrolyte” Efficiency (solar-to-hydrogen) Stability Absorption

Single particle svstems:

M58b,05 M==Ca, Sr Ru0, L1 — >4 h [BAY

NaTaOs NIO L2, 10" M NaOH 200 (@ 270 nm >14 h [BAY

Balng sNby 505 NiO,, L3 =40 h UVIVIS

]Iln 11Nin |TE1(11 NI() - L3 '[] ﬁlﬁ""’t.l .fli-i' }41{} nim =] 2{] I'.l U‘I-’:"H’IS

(Gay_Zn, )(Ny_0,) Cr—Rh oxide L2/L3, pH 4.5 (H250,) 2.5% @ 420 nm H,O >35h UVIVIS

Tis1, T10,/510, 350 or 30 nm lamps, spectral 3.9% (@ 540 nm =1000 h UVIVIS
width =60 nm

Lavered materials:

Ba:La,Ti0, NIO L2, =12 mM NaOH 50% in UV - [BAY

SryTa,04 NIO L3 12% (@ 270 nm =20h (LY

Composite particles:

Zn: Lua03/Gax0, NIO L2 — =220 h (MY

Cr:BazIn; 04 In205 NiOy L2 4.2% @320 nm =400 h (LY

Particle mixtures, Z-scheme:

WO (Ca, Ta):SrT10y Pt/Pt L3, 100 mM Nal 0.1% (@ 420 nm =250 h UV/IVIS

an-T10,/ru-Ti0, PuPt L2, 0.1 M Nal, pH 11 - =100 h (MY

Y L1 =200 W Heg-Xe; L2 = 400-500 W high pressure Hg; L3 = 300 W Xe.



Fe,O, matériau « idéal » pour une photoanode

Avantages: Inconvénients:

-Fe 2¢me glément le + abondant -Energie de la BC trop faible

-Absorption visible (2,1 eV=539 nm) -Faible efficacité (<5-20%)

-Stabilité xfaible réactivité des « trous » en surface

xdiffusion des « trous » lente
(qg nm; 10-1cm?V-1s1)

—surtensions

&
—catalyseurs
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Fe, O, photoanode

—) Dopage (Nb, SiO,,, ...); rendt: 35-40%

—) Nanostructuration des électrodes (Gratzel)  JACS 2006 128 15714

-Nanostructure dendritique

2,7 mA.cm2a 1,23 V(ENH)

-Dopage SiO, Rendt: 42% (370 nm;1,23V)
-Dépdt de Co(ll)

Composite Photoanode

{{— To counter electrode

1
oxo %20,
TV J
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Il
Co
Fig. 7 Opi hmized mo rph ology for an a-Fe.05 photo-anode for water
splitting. The small diameter of the nanowires ensures short hole COIII
diffus 1h| sths.
s , €@

—) Catalyseurs (Co...) JACS 2009 131 6086
(a) Potential vs. RHE (V) 4
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Photoanode WO ,

Potential
V' vs. NHE)
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1_] [Two—step photoexcitation J ! PLWO, I
— (O evaolution system)
-+ 6h" + 60H — 10, +
3H,0 (photooxidation of I and IO, )  (2)
JHT + 2¢7 — H, (photoreduction of H" into H,) (3)
[0, +6e +3H,0—1 +
60H " (photoreduction of IO, into1") (4)

40H™ + 4h" — 0, 4+ 2H,0 (photooxidation of H,O into O,)
(3)

J Am Chem Soc (2010) 132 5858
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activity®/emol h™

entry  cocatalyst (loading/wt %) loading method Hs Q4 Ha/Ox ratio
1 none <02 0
2 Ru (1.0) impregnation 08 42 233
3 Rh{1.) impregnation 85 26 3.27
4 Pd (1.0) impregnation 33 1.0 3.30
5 Ir (1.0) impregnation 284 12.1 2.35
6 Pt(1.0) impregnation 521 26.7 1.95
7 AU (0] Tmpregnacion 2.3 trace
8 Pt(1.0) photodeposition 6.0 2.0 3.00
9 Pt(0.1) impregnation 6.1 23 262
10 Pt (0.5) impregnation 413 214 1.03
11 Pt(2.0) impregnation 252 121 2.00
12 Pt(3.0) impregnation 251 124 2.03

? Reaction conditions: catalyst, 100 mg of PYWQO; and 50 mg of Pt/

ZrO,/TaON; aqueous Nal solution, 100 mL (1.0 mM); light source,
xenon lamp (300 W) fitted with a cold mirror (CM-1); reaction vessel,
Pyrex top-irradiation type; irradiation wavelength, 350 < A < 800 nm.
” Average rates of gas evolution in 5 h.

activity®/zemol
entry catalyst reactant soln Ha Os
1 Pt/ZrO,/TaON + PUWO, Nal 260 133
2 Pt/ZrO,TaON + PUWO, FeCl, 0.9 0
3 Pt/ZrO,/TaON + BiVO, FeCl, 1.0 0
4 Pt/ZrO,/TaON + BiVO, FeCl, 0.7 424
3 Pt/ZrO»/TaON + TiO; rutile Nal 39.5 28.9
6° Pt/ZrO5/TaON + RuO»TaON Nal 22.0 8.8
7 Pt/ZrO»/TaON + BiVO, Nal 10.9 1.6
8 Pt/ZrO,/TaON Nal 74 0
9 Pt/ZrO,/TaON FeCl, 0.4 0

¢ Reaction conditions: catalyst, 50 mg of Pt/ZrO./TaON or 100 mg of
an O, evolution photocatalyst; aqueous solution, 100 mL (1.0 mM);
light source, xenon lamp (300 W) fitted with a cold mirror (CM-1);
reaction vessel, Pyrex top-irradiation type; irradiation wavelength, 350 <
A < 800 nm. ” Total amount of gas evolution after 5 h. € RuO~/TaON 50

Pt/WO, (O,)
Pt/ZrO,/TaON (H,)
420 nm

rendt quantique: 6,3 %



Catalyseurs

1. Les catalyseurs doivent opérer le plus pres possible du potentiel de la
réaction d’'oxydation de I'eau  (rendt énergétigue maximal)

2. Les catalyseurs doivent étre stables (corrosion limitée)

=» 110,
=% CoPi, Co,0,
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J. Phys Chem C 2009 113 12958 i
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Film de nanoparticules IrO, sur électrode de C
J. Phys Chem C 2004 108 9115 TOF=5-6 S'l, ov=0.25V pour | =0.5 mA.cm™2 40
o Rendt:100%; 0.1 A.cm?2 (1.35 V vs Ag/AgCl)

20 A
e (» [RU2+]*——\VSZOSZ' :

mA/em?

RU2* Ru3 I, 10Smol/em®
“\/ Catalyseurs oxydes:
I Ir4*
v ,.I'r
Y s[?;itizsd
HO O

> TiO, film

TOF=40 s, OV=370mV

CELLULE PHOTOELECTROCHIMIQUE e -

- -

<
-Photocourant : 10-30 pA 2, 20 -
(>410 nm, bias > -325 mV vs Ag/AgCl) Pl ™
-Instabilité du systeme 3 "
-Rendt < 1% g o H 1

0 10 20.30 40 50 60
J. Am. Chem. Soc. 2009 131 926 40 Time (5)
-400 -200 0 200 400

Potential (mV vs. Ag/AgCl)




Catalyseurs oxydes: cobalt

D. Nocera, Science 2008 321 1072

= Voltammeétrie cyclique sels de Co?*

[ 50 A Tampon phosphate, pH 7
]:25 A
. R Oxydation de Co 2*a 1,13V
14 12 10 L
10O, ¥ (vs NHE) Vague catalytique & 1,23 V

| A I I S T I I S T IS A |

14 12 1.0 0.8 0.6 0.4 0.2 0.0
V (vs NHE)

Electrolyse (ITO) de sels de Co?*
Tampon phosphate, pH 7, 1,3V

|

Dépot de nanoparticules
Co3*(O)(OH)(Pi)
sur électrode

. DLy Dégagement O , (marquage isotopique)
WotT e 4 56 T s Rendt: 100%
Surtensions: 400 mV




D. Nocera (MIT)

D. Nocera Chem Soc Rev 2009 38 109

Catalyseurs oxydes: cobalt

In Situ Formation of an Oxygen-Evolving Catalyst in
Neutral Water Containing Phosphate and Co 2+
Matthew W. Kanan, et al.

Science 321, 1072 (2008);

T

D. Nocera J. Am. Chem. Soc 2009 131 3838 s
- 02
HPO,2-
Co(lDa Co(lll),,
Photosystem Il OEC Co-0EC
earth-abundant metal (Mn) earth-abundant metal (Co)
Self-Assembly all oxo core all oxo framework
G e b 1 by self-assembled from water by self-assembled from water by
S TS oxidation of Mn®* to Mn3" oxldation of Co?* to Co™
Electrolyse (ITO) de sels de Co?* Repair D1 protein HPO,*ICo™ equilibrium
Tampon phosphate, pH 7, 1,3V
from neutral water from neutral water
; at 1 atmand RT at1 atmand RT
‘ Qi et at low overpotential at low overpotential (250 mV)
Dép6t de nanoparticules proton carrier (amino acids) proton carrier (HPO,*)
3 .
Co +(,O) (OH)(Pi) Structure a Mn-oxo cubane a Co-oxo cubane
sur électrode d(Mn-Mn) = 2.8 A d(Co-Co) = 2.8 A

Dau, H J. Am. Chem. Soc 2009 d(Mn-0) =19 A d(Co-0) =1.9 A



H. Frei, LBNL

Catalyseurs oxydes: cobalt

Nanoporous silica support

0.9+

0.6

031 \&=\ _TiCr-AIMCM-41

JACS 2009 131 16589 - 0.0 . i,
200 nm : 400 600 800
Wavelength [nm]
HR-TEM 1. Co,O
160 0, yield 3—4
] - | e
Ru(bipy) SBA-15/C0,0,
1204 476nm 35 nm bundle
| pH5.8
5 2-
2 ol s /
mesoporous - 2
silica MCM-41 © 1 5 /
40 &
OH,0 > O, + 4H* + 4o (S,047) f Co,0,micron
sized particles
Level of saturated O, in water 0f——9-y-y-y—¥ ¥V —%
9 Paquet d=35-65 nm -30 0 30 60 9 120
o — = Timin
%" 6. Electrochemical Barre d= 7nm; |I=50 nm
E ; O, Detection _ )
pc ht On/'/-/.\ Rendt quantique: 13% X 96 Co surface TOF= 1140 s1 (cluster)
3 / Ir,0 TiCr-AIMCM-41 (par rapport a pparticules) 0.01 s-1 (CO)
Surtension 350 mV

0 |
0.5 0.0

05 1.0 1.5 20
Time [h]

Angew Chem 2009 48 1841 Rendt quantique 18%




Oxide TOF Overvoltage, ? pPH T Quantum Ref.

(sec™)* (mV) (°C) yield
Co304 0.035 325 5 RT 58% [1] Ru(bipy) + hv + persulfate
C030, > 0.0025 350 14 30 - 2]
C0304 > 0.020 205 14 120 -- 3]
C0304 > 0.0008 414 14725 - [4]
C0304 > 0.006 235 14 25 -- [5]
Co.P film > 0.0007° 410 7025 -- [6]
MnO, >0.013 440 7030 -- [7]
Mn, 05 0.055 325 5 RT 35% (1] Ru(bipy) + hv + persulfate

Angew Chem 2009 48 1841



Catalyseurs oxydes:

Angew Chem 2010 49 2233

a) Mn**(aq)

b) Ca**{aq) + Mn?*(aq)

Oz / NH, RT
-

600°C. 10h

Mny Qs H-O o-Mns 0y

(1)

1. MnOy4~ fOH™, RT

CaMn;0,-Hz0 (3)

1000%C, 10h 1

= CalMn.04 xH-0
2. 210°C, 72h Cas

60°C, 24h

Fin -:-CI Iﬂh

Ca Mn204 4HQD

P

CaMn,0, (4) \

Particules en suspension

1007 ~-=-comm MR, Ce(IV) (E=1.7 V ENH acide)
| —Mn0, (1) A
—— CaMn,0,-4H.0 (2) i
759 ——caMn,0,-H,0 (3) e
| ——CaMn,0, (4) 4

n{O,)mmol,, maoly, =

—— CaMn, 0,4H O (8)

manganese-Ca

Photooxydation (Ru + Co + A>400nm))

[Ru" (bipy)s])* ——— Ru(bipy),]*

A4 nm

A TINECL, TRy (bipy)s]* + Co'(aq) + 5 NH, + CI”

nQz)mmolg, Mol —

---comm mn0, L€ PS des origines

Mn,O, (1)

. CaMn,0:4H,0 (2) de la vie ?

—— CaMn_ 0 +H_O (3)

40+ 24 3

ll::aI".-'Fn:riZil_l (4}
CaMn,C -4H O (§)

274




Catalyseurs moleculaires



Complexes binucléaires Ru-X-Ru
Ce4*: 1,53V (NHE) pH1

Meyer (1982)
Rus3*

X=0 Thummel (2005) SUI;,(ZOOQ)
Ce4*:13-70 RUZ* Ru
Ce4*: 1700
X = pyrazole

Ce4* : 100-500

Tanaka (2000) I
Ru?+

. \/ ‘\ PSS, ITO/1,7V : 33500

'Y .}, Llobet (2004)

‘\.’ Ru2* . \ -
X = pyrazole {“ & o ' b
Ce?* : 18-200 7




Divers
Ru: mononucléaire
Ir: monunucléaire

Bernhard (2007)
[r3+

Thummel (2005)
Ru?*
Ce**: 260



Complexe Photooxydation de I'eau

de Meyer (Hurst, Inorg Chem 2008 47 1753)

hv
/—\ ;J"JJ
*Ru(bpy);*”  Ru(bpy)s>*

1/2 S,0:%
2V'8 H,0

4x {595}
Ru(bpy):>"
sop 7 {3,3}.__5 0,

O, evolution rate uM/s)
o

[
]
|

—
L i

|||||||||||
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Divers
Ru: polyoxométallate

Bonchio, Hill (2008)

Ce#* : 385/90% (2h .
? 6 (2h) Photooxydation de I'eau

(CL Hill 3 Am Chem Soc 2009)

hv
420-520 nw
O, + 4 H* .
4 [Ru(bpy)l
4e”
2 [Ru(bpy)s]**’
2Hy0 4 [Ru(b 3+ A
Y RUGPIT 5 Rubpya?
1 4 8042- 2 82052_
(atom code: Ru, O, W, Si)
8
- 40
0, 400 5
{umol) 359 ® L 30 %
© £
300 = o
i o] . O 4 ©
250 umozllh 10 | o 4 - 20 E
200 - %0 . E o
20 | o @)
199 0| . © 2 L 10 @
100 &
0 —— o
50 0 0,3 0,6 a9 1,2 1,5
0 Liyg1 (umol) O T T T O
0,0 0,5 1,0 1,5 2,0 0 10 20 30 40

Time (h) (llumination time) / min



Un « oxyde de cobalt » moléculaire

CL Hill, Science 2010

[Co,(H,0),(a-PW,0,,),]**

4 [Ru(hp}’}s]g_ +2H,0 — 54 []-:’:JJ{b']:’y;'3]2+ +4H + 0,

Rendt = 65%
TOF=5s1

TON = 1000
(dégradation du PS)



Photocatalyseurs moléculaires (Ru)
Inorg Chem 2010 49 209

M&
hv
€ N\ 'ﬁ
f"f-_-\‘ J
MO o N
[Col{NH)5CIICI =
. O0rNa;$;,03 | R }N—%ﬂ
= ,ﬁ
Vs -H '
R Me
R=H or CH; Complex 1
i —O— with catalys 1
e O (1) Ru(L)43* + H,0 = 0O, (Ru32*1.1-1.2V)

//< (2) *Ru(L)4>* + Co® — Ru(L) 3 +Co?*
v Décomposition

du PS et du cata TOF =550/h
TON = 100 (2h)

L] T ] T ] T T 1
15 30 45 60 75 90 105 120
time (min)



(a) 28mn" + 1.2 MnOy4

n-.--
o G
L TP | oo
SN.T oV .NZ ™~ _PR;
2 5 Nf"’"*uf'ﬂ"-ﬂ . / Rzpﬁ-..__d.f?nhﬂ
AN (N 1a: R =Ph
L J 1b: R = (p-MeO-Ph)
PR 1c: R = (p-Me-Ph)
i 1d: R—[p-l-Ph}
i Hn
70 ) o "l“‘“*o
- . H
(b) S @ "

FIGURE 2. (a) Synthetic routes to Mn4O4lg by self-assembly of

C. Dismukes
(Princeton)

Un tétranucléaire de Mn
Modeéle du site actif de PSII

Angew. Chem 2008 47 1-5
Acc. Chem Res. 2009 42 1935
JACS 2010 132 2892

preformed dimers (1la—d) or from Mn" and MnQ,4~ ions (1a),'®1° (b)
X-ray crystal structure of 1a (LsMn404 L = Ph5PO;7),'? (c) [MN;04]
cubane core, and (d) phosphinate ligand.

2 Mn(lll) 2 Mn(IV)




Current / pa

Current / pA

S5 "50
Ph. ,D-'M“ o \ _Ph
ph """D |Mn— -0 ~Ph
P OEMn—D
Ph/ 0% .;!-,
PH pe
P’ Ph
1/1*

(1.1-1.2V vs ENH)

S
15 —
1.0 -
l
1
l
0.5 —
l
“"—J_---‘h___‘--_-‘h—__l__-‘—.__.:_-'-_“\-
00 e LA B —
1] 40 80 120 160
Time /s
+ ¥ M
3 -
2 —
1 =
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| I ] | | |
100 150 200 250 300 350

Time /s

I
400

Le premier catalyseur a manganese
pour la photo-oxydation de I'eau

Nafion Film
FFF CFJ
1 (CF, ch} g o
& Proposed Nafion Process
“Butterfly”
[Mn‘,_O;LS]:’
..Mn < 2 7
3 \.L7Mn - [ga 3H atom
>0 1-H —— -
“Cubium”
II Il L*th , Hatom J
MESMOT Driven b, MOl T “Mn
: 'll —IG
! Potential Driven ' m - Plnned Butterfly”
' +1.0V vs Ag/AgCl .‘.Mn-:ll{;‘;l‘i!n—! . #MTQD Mn‘_}' o
(] [l - -
: (W o B il 0 L Y ..Ef:i“ PR,
' 26 0‘{.‘”"! “'I'In'ln o ! é
\ q 1 0.85V—" 1 h-‘.’o”"r.'ln/-;
K = =Mnd iy
; Mro‘\m" i +;.DV"‘ ol shlY (AJ/AgCI)hUl -ligand ~ | Eﬂtl}'l ’
P, . Y 2oy " L ‘:;b""
M A (‘, ._::'__,,r' -'."’ | < -=Mn Mn-:l Di:"-m.-.
Oi\'MH.-O T :' 2H‘ h.‘_‘.\ "5:‘“"“-‘6{’7"# '\'
4 +H0 OI‘:'M,T R = p-methoxyphenyl
Iy, ¥ ligand 3 q
Mo “Butterfly”
\ PN y y,

+ 1V (Ag/AgCl), Na,SO,,,, hv (275-750 nm)

4aq’
H,O0* - e +H"+*0, — Rendt: 100%
(pas d’oxydant sacrificiel TON: 1000

oxydant= électrode) TOF: 20-270 O,/h/cata
vitesse~10 Vpg,



oanode Une cellule photoélectrochimique (Mn)
JACS 2010 132 2892

phot

o™ 20 -
E
pH 6.5 Na,SO, < A ,
hv >290 (395)nm < | ~5-10 pA.cm
209 Décomposition dye+cata ?
=
A VA ]
3
Copductive lass a4 B S A S A A
TiO, Dye Nafion Electrolyte Cathode 15 Time (min)
é 1.0 =40 B
# =
0.5 5 a0+ '
= *
0.0 s £ 20 -
40 450 500 50 8 . "
Wavelength (nm) S 10 -
O
Tod - | T | T |
O 80 100 150 200 250 300
Time (sec)
240 c
= 220+ . "
H>0 Ezm— Lo
B 180 *
£ 160 . Rendt: 100%
Nafion i Active site amino acids g 140 1 TOF: 40 O,/h/cata
- 2 120+ Ce e e
TiO; on FTO E Pheophytin [ © WG_T - |' T I I T 1
E S et ! Chan iEr!-Q.&tC-_[ 0 50 1mTim:a5|:nsec)2m 250 300
Photoanode PhotosystemII * - + 4%
H,O0* — e + H* + *O,

FIGURE 5. Schematic showing the conceptual similarity of the
photoanode 1b*—Nafion/Ru(d)—TiO,, with the PSII-WOC, H
2
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