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The common denominator is surface science where the functionality
of nanoparticles plays an essential role.
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/ % Heterogeneous Catalysis
¢ Electrocatalysis
¢ Photocatalysis
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&  Energy content of fuels £3
e
' Fill up the tank with gasoline!
409 e Diesel 20 1/min or 720MJ/min
e Gasoline Corresponds to 60.000A @ 200V
301 e Butane
= e Propane
= e Ethanol
= 20
= e Methanol
e Liq. NH3
10 - ® NG 250 bar Liq. He
700 bar H,®
Batteries
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% Averaging renewal energy sources

’ Cathode  Annods CathOde 2(H++e-) > HZ
f'- Anode:  H,0 > % O, +2 H*

U Total:  H,0 > %0, +H,
| G AGY =2.46 eV (1.23 eV/electron)

| Could be a route for averaging out sustainable

Ha energy production i.e. from wind and PV
_ R

In DK ~21%
power from

wind alone
~3 % of total energy
consumption

HE

(m H,-production from wind

rlgoul la Cour, Askov school for popular education for adults
(Denmark) ~1891-1908
1000 I/h H, ~1.3kW www.poullacour.dk

H,0—%0,+H,

‘ glae =T

Electricity
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ﬁ Trends for Hydrogen Production 3
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T Some 200 Ton Pt a year
Today: 1g Pt per kW or

‘\ 4 million cars per year!

.. I~ Barrier for dissociation
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o[ strongly,
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J.K. Ngrskov, T. Bligaard, A. Logadottir, J.R. Kitchin, J.G. Chen,
Pandelov, and U. Stimming: J. Electrochem. Soc. 152, J23, (2005) R. Parson 1957
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& The Solar spectrum 2
r Ideally: H,O + 2hv — 1H, +1/20,
A strongly activated process
Problem: Photon efficiency and H, storage
0.25 lll3e'|VI|iIlll'l'rllflillil\!IT
e\ 2eV 0.5eV
hV > AG . 0.204 x\ -
2 '_E Solar [firradiation curve outside atmofphere
N:‘— lar irradiation curve at sea ldvel
hv >1,23eV § 2]
hv <1000nM 2 o.10-
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Wavelength/(um)
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N A Metal
+1 1.23v
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hv _—> H;0/0,
P22V
Y
& H,0 4 2h*= 30, + 2H*
Semiconductor ,9 * Metal
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mhotoelectrocatalysis: Lots of good Physics&s)

E? Flat-band

' o

L lpotentia 9 9 ¥

Fmieme |y TH,0 Hy/H,0 Tt |Hy/ HLO
e 1 1= VE, ?

n-type | TR E b A P
H,0/ 0, [Foro, % . | [ROIG,
E ?_:ﬁﬂ"L "
vB | / R ¢
@ @ ®
sermizonductor] lguid
(a) not connected (b) connected (C) Light on

All a matter of getting a sufficient bandgap matching the
redox potentials for oxidizing water

1C-11/74 Lecture-2 8-02-2010

HE

(ﬁe Some important definitions:

|- Anode: The electrode where oxidation occurs i.e. A*—> Ax*!
e (Cathode: The electrode where reduction occurs i.e. AXs AX!

* Going anodic means going positive potential
* Going cathodic means going negative potential

* An anion is, however, negative A

* While a Cations are positive A™

Confused ? Learn more about electrochemistry and you will
get your plate full.

1C-12/74 Lecture-2 8-02-2010
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Setups for water splitting

DTU|

A
A
A

' * Nanoparticles

» Self contained
* Simple - cheap

* Very hard to separate H, from O,
explosive gas (900kg TNT /Ha*hour)

* Macroscopic electrodes

* Can have complex
nanostructures

* More expensive

 Trivial H, separation

hi

—_—
H20 Rug, —Tiog-pr

1
Ha+ 30,

Yates et al Chem. Rev. 1995

— ||I, —
1k _
3
l 3
e & /_.hy
B TiO,
e | py H,0
. % Ve
722,
12 i
Ho0 o> Ha* 30
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Band gap Engineering

HE
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Vacuum
ol— E4NHE
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S0 -sT

GaP
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This is basically an bulk effect except for nano particles

splitting
Needs a potential for
 Euzite .
I—umo Hjevolution.

_|— [Felchy -

J-reFe Though good for self-

TiO, was found in
1972 but is not
efficient for Water
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> cleaning surfaces

Hz6
D+

C-14/74 Lecture-2 8-02-2010




W The band gap limitations
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F..[Mol s™1%237 [kJ / Mol]

STH =

Py [Wem™1* Arealcm ]

Ideally: H,O + 2hv —— 1H, +1/20,
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http://hydrogen.energy.gov/pdfs/review06/pd_6_miller.pdf
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Stability: Splitting water

HE

* Criteria;

AG,
" TN,
AG,
P4 TN,
E(H /H,)>

E(O,/H,0)<E,,

AB+ze” - B + A+ AG,
AB+zh" - A" +B+AG

a .3 —E, . 4
3 e ‘=] n
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[ [ : gy 3
] T P — I:E 0 =
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Eq E- —c 100 z
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+ Stability is a major issue for many materials - eg Cu,O
* Electrochemical corrosion, photo-corrosion, dissolution

All surface effects

Bak et al, 2002, Intl. J. Hyd. Energy, 27

1C-16/74 Lecture-2 8-02-2010




HE

(2) good O, energetics
(3) “fair” H, energetics
(4) stable under illumination

&  Some potential photocatalysts
-2
= I
E 13
1°3
3 5 5
e g
= 2 5
o .74 E, T
g ’ €, Z"I(% mo 43 =
& -8 WOJ ‘r
& Sno,
\ 4
ZnO: (1) bandgap too wide (3 eV)
(2) good O, energetics Cu,0: (1) narrower bandgap (2 eV)
(3) “fair” H, energetics (2) “fair” O, energetics
(4) photoanodic corrosion (3) good H, energetics
(4) photoanodic AND
TiO,: (1) bandgap too wide (3 eV) photocathodic corrosion

Bak et. al., Int. J. Hydrogen Energy,
vol 27 (2002) 991-1022
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Me How can we get alleviate this over potential ?
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r

Basic principle of photocatalysis

anode

e —
saturated
€7 calomel electrode
-08V B
o 4o +4H' — 2H, |
\
o
e- 1
.......................... 02v HH, b s
[ Platinum
+10v 1.23V
E-30eV - l
}/’,,———- H,0/0,
+22V
- 4h* + 2H,0 - 4H* +0,
) I Metal cathode
Semiconductar




ﬁ What are the Alternatives — Tandem cells?

HE

r .

Photocathode

‘Aoo  Double electrode Ce
H. L. Wang, et al. J. ECS 155, F91 (2

Photoanode Oxygen evolution
» Choose different materials with optimized properties for each half reaction

Hydrogen Evolution

008).

ﬁ. The dream device

HE

H,O +4h"™ —— O, + 4H" The Helios concep
(Nate Lewis)

Large band
gap >2.0 eV

Small band
gap<1l,leVv

AN+ de—s 2H,

10
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m Trends for Hydrogen Production 3
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L Y AV Barrier for dissociation
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J.K. Norskov, T. Bligaard, A. Logadottir, J.R. Kitchin, J.G. Chen,
Pandelov, and U. Stimming: J. Electrochem. Soc. 152, J23, (2005) R. Parson 1957

(ﬁ e Composition of Earths Crust
’ = 107 ey T T T T r
2 10°
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g 10
210°
c 10?
1
§ 100
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2 10 4 47,4%
S 10-2_ Si 27,7%
o] Al 8.2%
© 10-%@ Fe 4,1%
"(7') 10_4_ Ca 4,1%
S i Na 23%
fu -5 | 3%
G 10 Ne 3 20
2 1076+ Ti  0,56%
£ 107 Hrrrerrrerrreeeeee Sum 988
= 10
L 0 10 20 30 40
Element No
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ﬁe How does nature make Hydrogen?
\ Hydrogen evolution U=0 V
0.6

Nitrogenase: P H*
0.4+ "
Hydrogenase
S 02r
2
3 + 12H
H™ +e 2
g 0.0
£
@
8
w 0.2 Nitrogenase
041
-0.6

Reaction coordinate

B. Hinnemann and J.K Ngrskov, J. Am. Chem. Soc. 126, 3920 (2004)
Hydrogenase: Per Siegbahn, Adv. Inorg. Chem. 56, 101 (2004).

HE

W The Nano effect:
e The edges of MoS, are metallic

—

(1010) S adge

(1010) Mo edge

! y
! (1010)
¥ Sedge

Bollinger, Jacobsen, Besenbacher, Narskov Phys. Rev. Lett. 87, 196803 (2001).
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¥ MoS, as a catalyst for hydrogen evolution 2
2 A |
» Model with Differential free
Hydrogen evolution U=0V fourrows  energy (eV)
0.6
04}
MoS,
Hydrogenase
~ L model
ke 50% 0.08
E: 0.0
1.?. 02+ r\.'l'.l"?’(_]l-.'.‘nii.‘il_'- 75% I 076
0.4
Py 0.79
Reaction coordinate
» The coverage cannot be changed continuously.
» Probably only coverage changes between 25% and 50% contribute.

HE

Sl L
Hydrogen evelution U=0V »

W@ Measurements on MoS, on Graphite

06

04
<l
g 00
|§ 02
04
500 .
oe oaction coordin / 25°C
Reaction coordinate - -500 I - Mo,
Are edge states really g w0 w0
the active sites? g0y
E -200 Pt
What is the activity per 100
site ? o k=

0 50 100 150 200 250 300
Current{ma)

B. Hinnemann, P.G. Moses, J. Bonde, K. P. Jorgensen, J.H. Nielsen, S. Horch, I. Chorkendorff, and J.K.
Norskov, J. Am. Chem. Soc., 127 (2005) 5308-5309.

13
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W Combining surface science and electrochemistry g

r

1) Synthesis and STM 2) Measure electrochemical

B '(111) ) activihy nf thea Mn<_ inict

)

05 -04 -03 -02 -01 00
Voltage / RHE (V)

1§ ~_S Sulfided
8 sz’ 21 Au(111) ]
E od ]
E, i Low MoS,
§ coverage
Q -84 Medium MoS, 1
é 104 coverage
=
- .

Mg Variation of the MoS, nano-particles

' * Prepare a sample set of MoS, nanoparticles on Au(111) with variations:
* coverage: controlled by Mo deposition rate / time.
* particle size: controlled by sintering at elevated temperatures.

HE

400 °C 550°C 550 °C

470 Ax 470 A 470 Ax 470 A 60 A x 60 A

14
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. ey
&  Exchange current density =
é 0.4 - g 0,4 : : : :
NE% w
o 0,3- + ] K& 0,3-
> >
Z 0,24 * { @ 021 )
5 g 5
a ) c}
: 01] & 1 g0
j =]
(@] O
S 00 : : S . , . ,
n 0,1 0,2 03 o 0,05 0,10 0,15 0,20
MoS, area coverage (nmy, _/nm’_ ) MosS, edge length (nm,,q,/nm,...)
o Annealed to 400 °C
e Annealed to 550 °C
T.F. Jaramillo, K.P. Jergensen, J. Bonde, J.H. Nielsen, S. Horch, I. Chorkendorff,
Science 137 (2007) 100

1|
[ gl MoS, on the volcano p=
-
Aby/ (V) TOF~0.9 s°!
l 064 044 024 .04 016
- T T T T T T T T T T
2 . per active site:
g L] 5
: L Reoowd Rh"" s, lin4 We now know
sH Nig 4 fﬂgc stateatoms |- exactly where
T L ]
oo e oW G y to look for
<7 [~ e . . . ™| improvement:
>, 0 0 " ' 7| Increase the
2 [ [TOF~002 s hydrogen bonding
4 to the edge!
=
6
1.
8 .(;.4 ' .(;.2 ' lIJ ' n!z ' n!d
AG,, /(eV)
T.F. Jaramillo, K.P. Jergensen, J. Bonde, J.H. Nielsen, S. Horch, I. Chorkendorff,
Science 137 (2007) 100

15
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[l Overall trends 3
g
' Normalized current at -0.4 V
400 vs NHE as a function of the
" - calculated free energies of
Z hydrogen adsorption.
z 3004 - ydrog p
>
- ]
Q
® 200+
Q
S 100+
005 010 015 0,20
AGH/eV
J. Bonde, P. G. Moses, T. F. Jaramillo, J. K. Nerskov, I. Chorkendorff
Faraday Discussions. 140 (2008) 219-231.

HE

M‘ Mo,S, going small

r Incomplete Cubanes [Mo,S,]*

@ Mo
Cs
C H
@O0
© Cl

4 CI- to ensure charge neutrality

The smallest entity of the active site of MoS, ?

T. F. Jaramillo, J. Zhang, B. Lean Ooi, J. Bonde, K. Andersson, J. Ulstrup,
I. Chorkendorff, J. Phys. Chem. 112 (2008) 17492.

16
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ﬁ STM of Mo;S, on activated HOPG

2 4 6
length / nm

= 1
0.0 100nm 0.0 40 nm 40 nm
* Coverage of Mo;S, molecule (most likely including ligands) on
HOPG is approx. 1.0 (£ 0.1) x10'3 molecules /cm?
* Each molecule is ca. 2.0 (£ 0.5) nm in diameter.
Close-packed coverage is ~ 3.2 (+ 0.8) x 10!3 molecules /cm?.

T. F. Jaramillo, J. Zhang, B. Lean Ooi, J. Bonde, K. Andersson, J. Ulstrup,
I. Chorkendorff, J. Phys. Chem. 112 (2008) 17492.

—
Mg Mo,S, going small g

' The smallest entity of 0

the active site of MoS, ? % ™1 MoS, 4

o -107" Fuel cell i
@Mo &, g -154 .
c S g @ £ -204 i
T E 25 -
©eo » 4 3 o 2
©Cl o ¢° 06 05 -04 03 -02 -01 0.0

© Q

E/V NHE

On graphite HOPG
Coverage 1*10'3 cm2~1%

T. F. Jaramillo, J. Zhang, B. Lean Ooi, J. Bonde, K. Andersson,
J. Ulstrup, I. Chorkendorff, J. Phys. Chem. 112 (2008) 17492.

N0 40 nm

17
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ﬁ. The dream device

H,O +4h* —— O, + 4H"* The Helios concep
(Nate Lewis)

Large band
gap >2.0eV

Small band
gap<1lleV

_ DTU|
[l Preparation =
A
| Drop-casting p-type (100) Si
20 uL Mo,S, dissolved in l
Dicloromethane and MeOH 1:1 HE etch

H H-terminated Si(100)
|

Sis
/AT
l Deposit cubane and heat to

H 60 C to remove solvent
|
S~

cocatalyst

Transfer to cell
Xenon lamp with a combinatorial filters

1 M HCIO, bubbling with hydrogen

18



Experimental

HE

__ _——Septa for
electrical
_connections

8-way

2t 1000 W Xenon Lamp
= "AM1.5G filter* +
8 635 nm long-pass filter

Reference Working electrode Counter electrode

(mWiem’)

Integral intensity  Flux

(mAJem’)

a 283

electrode compartment cohed U
¥ : b (2635 nm) 38.8

- ——

250 ~
200 -
150 4

1004

Irradiance {u\W/cm®/nm)

504 a
Photoelectrode

Optical

17.2
252

fiber

L TR, REATIN. ERRCOnT. P
300 400 500 600
Wavelength (nm)

e T T AL
700 800 800 1000

The current reaches 8.4 mA/cm? over cubane/Si at 0 vs. RHE

o 1|
& Effect of cubane on PEC activity $2
0 0
- - - bare planar Si,dark Issues:
—— bare planar Si,lig ! .
« 4]~ - - cubane/planar ' Plagar Si
g —— cubane/planar %i, light : 25 < limited by
< 1~~~ PuplanarSi, | < low surface
S —— Pt/planar Si, L
= 8 O area
c 50 =
o | =
3 ! £ Minorit
8 -124 1 g ) Y
s | f Si(100)+ cubane+light |75 & carrier (€)
o Planar Si(100)+light \ has long
167 Si(100)+Pt+light ! diffusion
————7—7T——7—7—— 1100
42 10 -08 -06 04 02 00 02 leng;h ;[10
Potential (V vs. RHE) reach the
surface

The Pt/planar Si was prepared by photolelectrochemical reduction from 25 uM H,PtCl; in 1M HCIO

19



% XPS of 2nmol cubane before and after test E

DTU|

Counts (a.u.)

' 7000 -
6000

5000
4000

3000 —— T T T T T
6000 2 nmol Cubane

1500

(d)

Siplasmon 2 nmol Cubane
FE N (after test)

Si plasmon efore test)

4500 4 S2p B

s2pcC

3000 S2p A

178 1%6 1%4 17’2 17'0 1é8 1é6 16’4 1(’52 1(’50 1%8
Binding energy (eV)

- @

Cubane coverage ~ 1% of a ML~2*10'"m

Counts (a.u.)

5500 -

5000 4

4500

4000

18000
12000 A

6000 4

f"’g o 2 nmol-Mo: S: S(sulfonate) = 3:3.8:0.9
Yo—s 0-5-°  After test

T"| | 2 nmol-Mo: S: S(sulfonate) = 3:2,7:2
S—NMlo

jo—8 ﬂ Obliviously deactivated by exposure to air
"\E%-‘\ ) by oxidation

(b)

Mo3d_, B Mo3d. A 2nmol Cubane
& (after test)

Mo3d, A

512

T T T T T T
Mo3d, A 2 nmol Cubane
(before test)

Mo3d, B
D50 S2s B

2é8 256 2."34 2é2 250 2és 2é6 Zé4
Binding energy (eV)

Theoretical considerations

HE

pH=0

0.6~ a)
; 0.4
N
=
o
g 02
o
5
8
&
0.0
02FH + ¢

12H,

Reaction coordinate

20
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W The flat-band 1s shutting it of P =1
' (b)
Uppe =0V Uge = 0.2V
Electrolyte Electrolyte
lluminated p-Si llluminated p-Si
CB "N Ves-0.2v
- ECB
EFn —————————
~0.55V = e
Fr ~0.55V
Ev: " Eriom el L Erim,
] T A |
EVB

Photocurrent (mA/cm?)

Me Si-pyramids: A Definite Enhancement

r.

About 1 sun with red filter

A

&
1

KR
N
1

J|— Si pyramids, lig

— planar Si,light
—— cubane/planar Si,fight

—— cubane/Si pyrarhids, Jight

25

50

75

Apparent IPCE (%)

100

T T T
-12 -10 -08 -06 -04 -02 0.0

T T T

Potential (V vs. RHE)

Microstructuring with 0.35 M KOH and IPA

photoelectrode surface

» The limiting current over Si pyramids was enhanced by 30% compared to planar Si
» Pyramid structure facilitates the release of hydrogen bubbles produced on the

21



e ha

10pm EHT = 5.00 kv 2pm EHT = 10.00 kv Signal A = SE2 Date :11 Mar 2009
Mag= S504KX |—|WD- 17 mm Mag= GTIKX |_| WD= 17 mm Photo No. = 2303 Time :14:20

, DT
W‘ Measurements on pillared structures &3

» UV-lithography and dry-etching of silicon
* 3 um diameter circular w 6 um spacing

* Hexagonal pattern and 60 pm long

* 32000 pillars/mm? increased area of ~15

b 1
Bl ______"___—_A_____IJark § n
5
= =
E 1 25 £
2 w
g
8 B9 50 €
5 | Planar si, light E
=3 1
g -12- ol : <
3 Cubane/planar Si, light ' 75
o Si pillars, light !
-16 4 Cubane/Si pillars,, light
1 x T . 1 T o Ll T » : b T 1 DU
1.2 -10 -08 -06 -04 -02 00 02
s Potential (V vs. RHE)

22
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ﬁe Hydrogen evolution and stability &3
' Pillars, (A > 620nm, 28.3 mW/cm?, Area ~0.25 cm?, V,,,=0.0V
50 0.0
Basically 100% Faradayic efficiency
1 by e TON~41.000
® measure y
g 404 - - - - charge/2 ,’."0'5
S TOF 5.7 s°! ) _
r 30 el --1.0 %
3 204 ‘—?‘ ’ L 15 5
5 S e o
R A " o
) . . . ; -2.5
0 10 20 30 40 50 60
Time (min)

W The pillared structure scales linear with
e light intensity

HE

128.3 mwicm®

56.7mW/cm®

1 2
.40 85.8mWicm

60

-804 173 mWiem®

Photocurrent density (mA.I'cmE}

Could be important if focusing
the light.

Naturally Si(100) is way too
Expensive, but Nate Lewis
have made extensive studies in
optimizing growth of such
pillared structure by much
cheaper CVD processes.

100 ——a——v—7—7——+—7——71+—7
-06 -05 04 -03 -02 01 00 O4
Potential (V vs. RHE)

Science 327, 185-187 (2010).

0.2

Boettcher S. W. et al.: Energy-conversion properties of
vapor-liquid-solid grown Silicon wire-array photocathodes.

23



: D10
m The dream device: The real challenge $3

H,O +4h" —— O, + 4H" The Helios concep
(Nate Lewis)

sl
Large band
gap >2.0eV

Small band
gap<1lleV

4H* + de—> 2H,

0Ty

J =0V vs. RHE

~ 0 mA /em?
~ 0 mW /ecm?)

24
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W The Oxygen evolution is the hard part £

' Experiments from: S. Trasatti. Electrochimica Acta. 29, (1984), 1503.

NiO, 1 2.0 eV band gap material

Must be combined with a

i that is stable under extreme
oxidizing conditions

T T T T T T
L 1o, RuO,
.....5..
g -0.2f T .
= - MnQ, -
2 2 4.
R EPtOz
£ O Alkaline
= -04fF o -
@ Acidic
DS ——————}
AE, DFT (eV)

H.A. Hansen, Rossmeisl, 2008

1|
& The Major loss in ORR and OER  £3
' The anode reaction in a fuel cell: O,+4H +4e = 2H,0
R S e
140 i
1.05 |
0O = iR-free and n,,-free E
100 B G I
0.95 & O = measured By > TMornR
S 090 ‘_ ............ & =50% ny-free By Heat .........
T 085 [
i ;
0.80
075 | AEnhmie
0.70
Adapted from el : T
pt oso [ Edectricity 7
Gasteiger et al.
0‘55 A 1 1 A A A L 1 A A L 1
0.0 02 04 06 08 1.0 12 14 j[A/lem?

25
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ﬁ Theoretical trends for oxygen reduction$=

Using 4E, as a “descriptor’ for Pt alloys
O binds too strongly: O binds too weakly:

All catalysts with
‘Pt-skin’ overlayers

Intix i)

Experimental activity, relative to Pt

-0.4 -0.2 0.0 0.2 0.4 08

- Pt
< AEg - AEg [eV] > Need to search for new

Pt-alloy catalyst with

AE,-AE; ~ 0.2 eV

Experimental data from: Zhang et al Angew. Chem. Int. Ed., 2005; Stamenkovic et al, Angew. Chem, Int.
Ed 2006- Stamenkaovic et al Science 2007

Theoretical O adsorption energy, relative to Pt
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Rossmeisl, Chorkendorff. Norskov (2009) Nature Chemistrv 1 (2009) 52
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ﬁ Experimental verification of theory:
Activity measurements of Pt, Pt;Y and Pt;Sc

r'

et i P S e
L]} l '
Polycrystalline Pt, Pt;Sc Rotating disc electrode (RDE)
and Pt;Y disc electrodes measurements in liquid cell with
cleaned and characterised O,-saturated 0.1 M HCIO,
under ultra high vacuum solution, at room temperature.
conditions.
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(m Measured polarization curves
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Greeley, Stephens, Bondarenko, Johansson, Hansen, Jaramillo,

Rossmeisl, Chorkendorff, Nerskov (2009) Nature Chemistrv 1 (2009) 52
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Kinetic current at 60 °C, EWJ
. now including Pt;Sc and Pt.Y and Pt,La -
gri 5 3
102_- Pt ,Ni (111) (Stamenkovic, Science, 2007)
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<
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U /V (RHE)

_ DMy
. Theoretical trends for oxygen reduction$=
' Using 4E, as a “descriptor’ for Pt alloys

O binds too strongly: O binds too weakly:

4

All catalysts with
‘Pt-skin’ overlayers
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Expermental activity, relative to Pt
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Pt-alloy catalyst with

0.4 -0.2 0.0 . 0.2
AEg - AERY [eV) AE, -AES ~ 0.2 eV

Experimental data from: Zhang et al Angew. Chem. Int. Ed., 2005; Stamenkovic et al, Angew. Chem, Int.
Ed 2006 Stamenkovic et al Science 2007
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Kinetic rates

HE
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Rossmeisl. Chorkendorff. Nerskov (2009) Nature Chemistrv 1 (2009) 52
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Summary of Approach

HE

r

* Inspiration by the Nitrogenase enzyme leads us to MoS, or WS2 which|
in nano-particulate form are showing useful characteristic for HER
and can be promoted by Co

» Even smaller entities like the incomplete cubanes display interesting
effects and the overpotential may be reduced when considering the
moderate current for photoelectrolysis

* The Cubanes can be coupled to p-Si nano-structures and the over
potential can be negated by utilizing the otherwise useless part of the
solar spectrum matching a say 10 % efficiency for water splitting.

» Ultimate goal is to produce and average energy by for example coupling
the hydrogen production with storable fuels like NH; or CH;OH by
direct hydrogenation of N, or CO,
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W New Nano-materials

n might be a good idea for mankind to be in some sort of
balance with Nature
We need a Revolution on the Energy Production
We need super bright people You !!!!

HE
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