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The global Energy challenge

» Consider renewable energy technologies as complementary ones

Energy demand vs.
growth population

18 TW (2018) -> 7.7 billion

aw hours



Renewable (solar) energy
storage

Solar energy is the most abundant renewable energy BUT
it is intermittent and not homogeneously distributed

»  Need for solar energy storage

» Solar energy storage into chemical bonds to be
further used on demand: Solar Fuels

A hi; production Hydrogen: 140 MJ.kg"
» S A from water Natural gas: 55 MJ.kg™’
] : Oil: 45 |
~ Fossil sources Blomass Li-ion b Water |
o X : _d
: Va]‘o-refor& * Thermochemical * Thermochemistry
» Partial oxidation €Oz recyclingfer, | i * Electrolysis
production of liquid fuels * Photoelectrochemistry

* Photocatalysis



What kind of renewable energy ?

Land area required for different « renewable energies sources »

Europe beyond 2050:
700 million people - 2 TW power

Efficiency of Surface per Total area
solar capita needed
conversion

Average power consumption
per capita ~6kW for
European citizens

N aTa:Td =T o T M S of
|_|_.:_| [ |_|_| Do :I:ll_l | ne L _|I._-_—.:' ._,:-::-l':

esis
Assuming that 50% comes
from solar fuels

Insolation average
~ 100 W/m?




Principle of water-splitting

Activation

%0, + 2H

Energetically
TiO,
E (/(\aV)

(E° = 0 VINHE)

-4,57 -1 —5— H'/H,

1,23V
| = H,0/0,

(E° = 1.23 V/NHE)




Principle of water-splitting

Activation Energetically

%0, + 2HT Ti02

H,Q

Recombinalson E (eV)
Recombinaison en surface N

bulk AN CB H,
II".i ‘4,5_ 7\ 0 A H+/H2
1 i , 1 e 7 A




Photoelectrochemical appro:

r"
* Potentiostat ]

Source
Xe 150W

Pt

Membrane Photoanode

Source
Cellule PEC  Mono-chromator Xe 150W

N doping

Tio, Co-Alloying

| H*/H,




Photoelectrochemical appro:

0.4
0.3
§ 0.2- —— Light
g_ 1 Dark
< 0.1
<o T
00 =
-0.11 %
o2 = P Charges
06 -04 02 00 02 04 3 Recombination | Separation
E (V vs MSE) o« : >
D- 1
_ Jph(1.23—Vapp) Applied potential (V,,,) =
T="p
lum

-
* Reaction products separation (gaz) Vapp Electrochemichal = 1.8 V

¢ Sepdrdﬁon Of the differen’r fUhCﬁOhS Vapp Phofoelecfrochemicql == 0.2 V
¢ Sepqra’rion of chcrge carriers




Photocatalytic approach

Water
circulation . . .
Spectre d’émission
= —— N2
. Body of the .;
reactor ;h
Quartz tube ___| Solar lamp j
Computer T . ﬁ MF*’(L%M
:::_'::_'_i_'_::F------ Artificial solar light Wj I fI'\ '
— s Y )
Magneic sies ——| @ () AL WY
Volume : 11 Solar or visible light tirradiation

N, flow rate: between 50 and 500 mL/min
talyst weight: between 100 mg and 500 mg
ed between 18°C and 25°C




Photocatalytic vs.
photoelectrochemical
Photoelectr?cheneﬂlﬁiig “ ratiiﬂ)ncatalytic (PC)

N

H;

i

/
e |

Photoanode

\

(Photo)cathode

Membrane

Drawbacks

v' Photocatalyst immobilisation onto
electrodes — limitation for large scale

applications ?

v' Use of small amounts of photocatalyst
=) limited performance (H, production)

v Use of membranes mmm) costs increase ?

Avantages

v' Moderate efficiency

v' Separated H, and O, evolution

. @
' g @
» VYV @8
L] ) 0 B
5. u
sS4 B
! ".,_I' ™. Y
s (e .
-n"p z Q - hl '

Suspended nanoparticles reactor

Drawbacks

v" Lower efficiency than PEC

v' Use of sacrificial agent addition

Avantages

v" No need for photocatalyst immobilisation

v It is thus possible to use larger amount of

photocatalyst
=) higher performance (H, production)

v' Possibility of use of liquid organic pollutants

as sacrificial agent



Cumulated Hydrogen (umol)

H, Rroduction performance
mount of evolved H,

1000 5
] = AuBare TiO, At
900 e Au/TIO,550C (Air) '
w0+ AUITIO-GCN,(95-5) -~ 18.6 mL
- &

v AUTIO,-gC,N, (95-5) Phys mix
Aulg-C,N (Air)

700~ —*

P 175 mL
‘ﬁ
“ ._,"::;-"". 16.1 mL
'Y

1.0 1.5
Time on stream (h)

Cumulated Hydrogen {umaol)

2254
200 +
175-
150
125:

100 4

—=— Au/Bare TiO, A 50mL
1 —*— AulTIO, 550C (Air) “‘;‘
4 AwTIO_-gC N, (95-5) A
v— AulTiO_-gC N, (95-5) Phys mix ‘,Ll‘ 4.0mL
+ - Aufg-C_N (Air) i 3.8 mL
28mL

Visible light

4 0mL

Jnder artificial solar light (mainly UV+Vis) irradiation:
22 mL of evolved H, over 2.5 h at room
rature by using exclusively light

T ¥ T T
1.0 1.5

Time on stream (h)}

2.0 25

» Under artificial Vis light irradiation:
5 mL of evolved H, over 2.5 h at
temperature by usin



Conclusion

» Rational design of photocatalytic composites for non-carbon based
H, production :
» Separate optimisation of the different functions
« Synergy effect
« Easy synthesis and moderate cost photocatalysts

» Complementary technology for H, production only based on
 Light activation
« Working at room temperature
* No other energy input (heat, pressure, ...)

» Scalable technology

» Coupled to CO, photoreduction
Mimicking artificial photosynthesis



Conclusion

A

Solar fuels and chemicals: timescale

market-readiness level

Technology readiness level
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The global Energy challenge

Growth in primary energy demand - by region
Future Global Energy Demand S e Lo
The world will require 45 percent more energy in 2035 than it did in 2011,

1 quad BTU = 25 mtoe 16961 mtoe
g0 - Nuclear 2035
[ Renewables
70 - @ Natural Gas
I Coal 2011

= China

® India

S S
= Oil i ~ m Other developing Asia
ol
4 » Russia
400 | B Middle East
- | B Restof world
T .
m | u OECD
§e)
S )
1090 2011 #2010 2015 2020 2025 2030 2035

Source: EIA, infemational Energy Outiook 2011, Table A2.
Toe = tonne of oil equivalent defined as the amount of

BTU = British Thermal Unit energy released by burning 1 tonne of crude oil =
1 quad BTU 10" BTU = 1,055%x10"8 J 4.2x1010 J

1 mtoe = 4,2x107¢ J
» Global energy demand increases by one-third from 2010 to 2035

» China & India accounting for 50% of the growth
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Solar energy Solar fuels
+ 4 _ Solar chemicals

Methane
Hydrogen
Alcohols
Fertilisers

Base chemicals

Closed Carbon m !
H30| CO‘],O“I, N;; CFDI-E i

- Concept of a circular economy of carbon using solar energy input >
atmospheric gases as feedstocks




What kind of material ?

eV

0

-3.0

-5.0

6.0F

-7.0

8.0

In vacuum

40k I ——
D BTSSR B SR

iiiiiiiiiiiiiiiii

Evs. NHE
A

10
L_ H*/H,

_+H,0/0,

+20




Conditions
(necessary but not sufficient)

» Band edges position

.rs —— H'H
O Valence band of SC more positive ?
123V
than potential O,/H,O
—— H,0/0,
O Conduction band of SC more

negative than potential H*/H, Vi
Y

(ENH)

g In theory favorable with TiO,




Limitations and bottlenecks

E (eV})
A

» Kinetic overpotential and
thermodynamic losses

EESC

0,3 V for water-splitting

» Addition of co-catalyst (H*reduction into
Photocatalytic configuration

"o .-I _,.-"'
{7
I
r
g b 4 ,
LELES :EH*

» Separation of anodic and cathodic functions with a bias

'. HmL PhotoElectroChemical configuration

]
n-5C Membrane Pt
Photoanode Cathode




Limitations and bottlenecks
» Light absorption

0 Absorp’rion of a maximum of « solar » photons

2.0
4% 5% 50% (Energy

1.5
= VLRP R
£ TiO, anatase :
£10 [ = only 3-4% solar spectra
S Conventional .
> Tio, Sunlight energy
E’ 05 on earth
L

0 500 1000 1500 2000
Wavelength (nm)

» Chemical doping (cationic, anionic, co-doping)

» Heterojunction formation between TiO, and another SC with lower
band gap

» Surface Plasmon Resonnance effect (SPIE)



»Back reaction: H,+%2 0, H,0O

» Spatial separation of H, and O, products

Photoelectrochemical cell with2 compartments (cathodic for
O, evolution and anodic pour H, evolution)

|y
!
EfeV) o
— AT Photoelectrochemical cell (PEC)
E, i
- —ElH:o,«‘.tI:,E
VB b .
n-5C Membrane Pt
Photoanode Cathode
» « Hinder » one half-reaction Photocatalytic (PC)

Addition of sacrificial agents (é donors), ex: Methanol, Triethanolamine,...
O Only H, evolution

Addition of sacrificial agents (é acceptors), ex: AQNO,
O Only O, evolution



» Charges recombinations

E,-

-~

g e« et 27 Recombinations in the bulk, inside of the

Er | )
Wwe | @9 [ . — Ew  depletion layer or on the surface

£ ; -~ & Z. Li, W. Luo, M. Zhang, J. Feng, Z. Zou, Energy & Environmental Science 6, 347 (2013)

k' A M A

n-type Semiconductor Electrolyre

» Introduction of charge traps (addition of metallic nanoparticles)

» Chemical doping (cationic, anionic, co-doping)
Increase of conductivity and charge carriers mobility

» Application of a bias

» Control of the morphology (ex: nanotubes, nanorods, ...)
Dissociation direction of light absorption/minority charge carriers



some examples from ICPEES

“HREA '|.'I '.':.1,..

Nanodiamonds

/

TiO,
nanoparticles

TiO,
nanotubes

» Addition of (bi-) met
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Absorbance (a.u.)

i .

u/gC,

Composites gC;N,-TiO,

"»ﬂé‘ o'

N,-TiO, Composites
PhD Clément Marchal, 3 March 2017
PhD Pablo Calvo, 17 June 2019

Band-gap: 2.6 - 2.7 eV
o ) &

l.l'. :‘i‘i‘: .:- “‘é“ = .~ *iijl

Tri-s-triazine (melem) unit

Perfect graphitic carbon nitride sheet

Composites Au/gC;N,-TiO,

1,6
] ]
1,4 |
1 —— P25 03
12+ ———10% gC3N4 o]
' ——— 25% gC3N4 el
1.0 —— 35% gC3N4 S ard
1 ——— 50% gC3N4 = ]
08 60% gC3N4 2 us-
1 ——gC3N4 5 ]
0,6 - ;b
J =L ]
0,4 044
1 a3 4
0,2 ]
) ]
0,05 T T T ! T T T ! T J T T T
T T T T T T T T T - T 1 200 300 400 500 600 700 800
300 400 500 600 700 800 Wavelenght (nm)

nght (nm) =



Au/gC;N, -T|O2 (P2 ) Composnes

—= 0.3 wt.% Au
5 wt.% g-C;3N

Frequency

Au particle size (nm)

> Well-contacted m’rerche between T|O andgCN
» Homogeneous Au NPs deposition on TiO, and gC;N,

» Au NPs average size 4.7 nm, deviation 0.9 nm




H, production performance
and quantum yield (0.3 % Au/

400 .
- |1 Lat! . Visible-
'6;6350-3) Solar-Light Irradiation i , H:E'EM" g _ C N )
= 3004 i 3" %4
£ !
i » 324 H, ymol h'' g, (solar)
% 1501 » 26 ymol h' g, H, produced (visible)
3 100 1
5 5
- , =
Comm. H2Z N2 Ar Ar St Ar NH3 NH3vis
0.3 wt.% Aulg-C,N, (atm)
EE—U" b) Solar-Light Irradiation ‘ﬂ:‘ﬂ“‘ Ty
e ; 2
3 Iradiation @) = 7 X
815 q
> | D(Abs)
510 0.3 % Au/g-C;N,
c .
g lmax
8] A(A)!
E" o f P(A)x(l—lo())dw
s p(Abs) E( /1) ‘
~ 00! : e Amin
Camm, H2 N2 Ar  Ar St Ar NH3 NH3vis

0.3 wt.% Au/g-C.N, (atm)



H, production performance
(0 3 % Au/TiO,-gC;N,)

] + 95% [0.3%Au/TiO, (P25]

5 mix (red) = Physical mixture of 5%[0.3%Au/g-C;N,

A T 1 2000
o -18007 .
-1600 &
- 14007_

&

o IS s
“t % o p

»~H, production enhancement for the composite in

»Light absorption is not the only
parameter contributing to the

comparison to references and physical mix in both
material’s activity

solar and visible light range

B




Formation mechanism of graphitic Carbon Nitride (g-C;N,)

Perfect g-C;N, sheet

i H"'ﬂ'{"H
NH, NH, i i 1oL
> N NN N J“\\”
s 0 L0 Melon b LS SR
. Melon % il A
HN N N~ N~ NH, NH, S B iy
H | 1Au SN ul"“rg’J*ff El’l‘u’l*r
DG > l_‘fil,_"lﬂr“ &.gau N N _* N-’ N,—' H.—'\.Nﬁ‘l‘-\"'ﬂ"‘au o
- A ¢ N ONTSN 1-C,N, based tri -s-triazine | CNTST
: -3NH;  57|.3NH, “ONHX . "
NN N~ N N N 5
6 : 520°C 6CN,
. L]
HN™ N NH, 9 NH, & 7 N~ N N~ N -3NH, 600°C
Melamine ¢ NN a3 NONTSN NN :
250-280°C  -6NH,x | -3NH, 1”“1 NTSN
IN° N N HN™ N N N7 N7 N NH, NTONTNTN 1
r H ‘JQ' - N -
HN N N NH, I :L TI ,i ,JL,,T
> N" N N
Melem

g-C;N, based s-triazine CNST
Jirgens et al, Melem (2,5,8-Triamino-tri- s -triazine), an Important Intermediate during Condensation of Melar-~- ™"~ s to Graphitic Carbon Nitride: 32
Synthesis, Structure Determination by X-ray Powder Diffractometry, Solid-State NMR, and Theoretical Studies, J 0  em. Soc. 125 (2003) 10288-10300
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materials ?

Polymeric g-C;N,

Medium band gap Visible =
2D Meso porous hv A/?

CB & VB positions

Advantages of g-C;N,

2H* +
120,
Drawbacks of g-C;N,
Low surface area H,0 .

Rapid recombination Antonietti et al, Nat. Mat. (2009)

(1) Tune synthesis atmosphere

Melamine (Mel)

Tubular Oven

H™ (TsTcN) @ Crystallinephases  (STCN)
Al N = formation
HNT "HT TNH g ol

* * Reductive h:’hl NN N "I WEN ONTEN NTEN
f (M NHy) NNTIH NN NN e B
# * Oxidative B R g[S P ICNR i e H W N N N
; NH AIF] NN MTTNT NS NN M
HN \\) '¢T,E~n| tri-s-triazine based g-C,N, s-triazine based g-C;N,
(R !

Dicyandiamide (DCDA) Continuous gas flow



Melamine (Mel)

Tubular Oven

NH,
.- - (TSTCN) : Crystallinephases  (STCN)
| NN NN formation :
H,N N'PI\NH._ A A R
Atms:
* Reductive
[Hy, NH;)
H, * Oxidative
NH {Air)
HN \ * Inert tri-s-triazine based g-C;N, s-triazine based g-C;N,

Dicyandiamide (DCDA) Continuous gas flow
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materials ?

(2) Coupling with TiO,

Advantages of g-C;N, Polymeric g-C3N4
Medium band gap Visib <0 " ACti TiO,
2D Mesoporous hy — Q‘;;;f H,
CB & VB positions ot s . 4 = 2H 2He
i oA
Drawbacks of g-C,;N, ™= Ti H,0
. TEOA®
Low surface area H,0 ¢ TEOAZH" + 1120,

Rapid recombination Antonietti et al, Nat. Mat. (2009)

Advantages of TiO,

Abundant

Chemically stable

(1) Tune synthesis atmosphere

Melamine (Mel)

Tubular Oven Reasonable cost

Ny (TsTCN) : Crystalline phases (STCN)
A NN N““n  formation
H.M M WH A otn Y
N !

* Reductive
[Hz. )

H2 = Dxidative
MNH [Air)

® Inert
A, Ny

| Drawbacks of TiO,

Wide band gap (UV)

Poor H* photo reduction

tri-s-triazine based g-C;N, s-triazine based g-CN,

Dicyandiamide (DCDA) Continuous gas flow
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n]ﬁ tPti;!'g Lllﬁctlon

Advantages .

Challenges

o \ H, * Synthesis method
* Photosensitization oH e @ ' H*/H,
of TiO, (Vis) * sy Good interface
* Increase TEOA contact
charge separation 0/H,0 . Optimal
LERAEN "\ 2H* + %0, proportion
(1) Atm approach (3) Au NPs deposition
| Co-catalyst | Electronic trap site ‘ I Surface PlasmonInduc | Co-catalyst | Electronic trap site | | Surface Plasmon Induced Effect SPIE)
Reduction \\l Charge separation “" Injection Raduetion '\ Charge sepaation ‘; Injerson of Mar &
H* o Hy \\ Shuttle & 1 Hot e ’

H*H.

H'H;
1238V

0,H,0

1.23

0,/H,0




Kinetics of charge carriers

Collaboration with Prof. Christophe Colbeau & Dr. Mohamed Nawfal (LCP),
Université Paris Sud

TRMC (time-resolved measurement) gives w: AAo(t) = AEZ An, ()3
changes in microwave absorption P
resulting from the production and decay of
mobile free electrons AP (t): Difference of microwave power
reflected
Ac: Difference of conductivity after excitation
ca An, : Number of excess charge carriers
L y w. : Electyron mobility
>mobility of A : Sensibility factor
free e S
S
»concentration — roduction Laser
of free e
Powder
- sfmple
imes (ns
= =

Polymeric sample

> Free electrons lifetimes holder

» Electron trapping
> Elecron recombination dynamics Micrawave

Pin T l Pout



Kinetics of charage carriers

Collaboration with Prof. Chrct];Ile?:MeQ Dr. Mohamed Nawfal (LCP),

Université Paris Sud

A = 360 nm, Energy = 1.5 mJ A =450 nm, Energy = 10.8 mJ

, 1204 b)
—— Bare TiO: ]
-=== Au/Bare TiO:
ol — Ti0; 550 = C (Air) 100 /N
A -=== Au/TiOz 550 =C (Air) .
" W Ti02-gCsNs (95/5) 80 | L -
A My ---= Au/TiOrgCaNs (95/5) | |' WA,
,' WA g-CsNs (Air) = i | ALY
» Au/g-CaNs (Air) £ 60- |
n )‘ e l :
40 - r'
] L\ , Aao¥ , it
20 - ' VI el i s
0_ ' . m hﬂu'ﬁanumﬁiﬂ‘lu I%__‘.
10 100 1,000
Time (ns) Time (ns)
» Composite generates the highest mobile > Only the composite photogenerates charge

electron carriers concentration dissociated carriers

electron trapping sites > We assume that g-C;N




Kinetics of charge carriers
TRMC results

A = 500 nm, Energy = 8.1 mJ A = 550 nm, Energy = 6.1 mJ

Time (ns)

» Same observations than at 450 nm excitation > No generation of mobile electron carriers at 550 nm
(maximum of Au NPs plasmon >

- »But in a more attenuated way resonance)




[

] [ Dicyandiamide] [ Melamine

Mechanical solid-state soft mixture

=

Water addition

Agitation 200 rpom until is dried

Drying at 110°C, overnight

-~

-

Polycondensation 550°C, 3h, 5°C/min

"=,

- NH,

—

TiO,-gC;N, Nanocomposites
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Noble metal / support deposition Jasotns]

I

[ Tip Soicator )
Dispersion of the I'.=.1.||:|;3-c:rt In the solvent

L_(Igi Dispersion Time = 30 min J

( Bath .Sonicatnr ]

=

Addition of HAUCI, solution 2.5x10* M
(T,) Contact Time = 60 min }
~Addition of reductant agent solution (NaBH,) |
. (T,) Reduction Time = 10 min :
( Filtration ]
J

( Drying overnight at 100°C




Scheme of Au NPs deposition mechanism principle

: HAUC, 5 (Au™) NaBH, 5 AUCNPs
Chemical [Yellow) S (Purple)
reduction principle

a \H CII “H
a- Allu*_f—CI d —‘.Alu*_f‘—u
: o
Py
0

0

TiO,

4NaCl + 4B{OH); + H*

Reduction / \
Deposition N N
{2}




TEOA degradation__(irreversible oxidation)

A hole scavenger or for O, consumption ' 1, TEOA is an aliphatic tertiary amine with an
oxidation potential of 0.6-0.7 vs NHE at pH 7

dealkylation
TeQ " eown A | H* issued from TEOA
degradation may also be
z implied in H, production
. @ mechanism in addition to
! ' water-splitting

secondary amine and an aldehyde

TUNH HODT

L

Y. Pellegrin, F. Odobel, Sacrificial electron donor reagents for solar fuel production, Comptes Rendus Chim. (2016)




UPS results
Band edges positions

a) b) Energy (eV)
) A
110000 cps ——g-CN, (Ain) = ‘ ke ‘ BCala
e /----- -2.98
_ — EE pm— -2.90
| L e L -2.85
~——TiO,-gC,N, (95-5)
1100000 CPS
I 2.72 eV
3.00 eV
3.15 eV
Bl-----| 570
N T R N ) | CEEESRReR «5.90
10 -8 6 -4 -2 0 2 4 6 8 10 12 14
| R ————— -6.10
Binding Energy (eV)

Favorable heterojunction formation for enhanced charges separation and electrons inj

» New hybrid states
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Surface plasmon benefits for photocatalysis s

SC light absorption exaltation

Intensification du champ

g / électromagnétique

\
0 MEJ!

Condition: For the electromagnetic field
intensification in the surrounding of the M NP it
has to have the same wavelength absorption
than the SC (overlapping).

Hot electron injection

(1) Direct transfer

% Injectiun -
%
Hot Ele-::trun & {2' CB L

. ....._._.._'}u- £
2 ‘.‘ i |
'. I/

(2) Tunnel effect
transfer

VB

Plasmonic nanoparticle | Semiconductor

Note: The SC and M NP absorption do not need
overlapped to allow the injection



TiO, photoanode

D. Gong, et al., J. Mater. Res. 2001, 16, p3331

Nanoparticle deposit 1D nanostructure

1 D nanostructure

¢ Dimension in the order of the mean free path of
minority charge carriers (holes in TiO,)

Reduction of electron/hole recombin



Dopage et co-dopage du TiO,

EA A
CB
i
3,1

T (Ap)
—

_

TiO, anatase Anionique Cationiqu Co-

[r——

(O 2p)

e dopage

Etat hybride (A,-M,)
Etat donneur M, « Continuum
* Hybridation M-Ti34

Etat local accepteur A,
it comme centre de
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