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qurfca’[ Human Development and Energy Usage

I DK 3800 Wy I I NL 5800 Wy I Energy: 80 % comes

Global average\ / from fossil fuels
1.0 _ 12 -

Expected to increase
G Netherl d USA Iceland
Denmarkeﬁrmag” o ffané S o from 18 Twy to 30
5 09 0" Q& 7o ¥ 1105 TwWy by 2050
© Turkey ° | Qe - c
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€ 07 &) - . . S 3800 Wy per person
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DK plan to be fossil free in 2050 (2016: DK 31% NL 6%0)



Sustainable
Energy

In Denmark
we use

0.6Wy/m? per
capita

In NL
2 A\Wy/m?




SurfCat

Horizontal DK

Ca. 1050 kWh/m?2year |

Or 120Wy/m?
averaged over a year

Globally use 18 TWy
Sun in: 120000 TWy:
A factor of 1:6700

http://re.jrc.ec.europa.eu/pvgis/apps4/pv
est.php#
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surfCat PV learning curve =
100 Estimated that
) 5TW at 0.3%/W
'“:? Translate into
S 0.03%/kWh for
8 10 25% efficiency.
a (current 22-24%)
an
£ Yxtrapolated
A prices
=3 | ' |
g $0.25/W
X -8 TW
3 |
= ~1TW
0.1 . . . : : : !
107 1 10* 102 103 104 10° 108 107

Cumulative global shipments (MW)
N. M. Haegel et al. Science 356 (2017) 6334



SurfCat

Global Wind Capacity =

lpbal cumulative installed wind capacity 2001-2016
500 GW/

400 GW
300 GW
200 GW

100 GW

39,431

2003 2004

2016 installed

China 169 GW
EU 153GW
usS 82 GW
GE 50 GW
DK 5GW

47,620

1,559,052

1,20,696
93,924 I

2007 2008 2009

4,86,750

4,32,680

2015 2016

Estimated Wind potential

70 TW (land only)!

J. GEOPHYSICAL RESEARCH, 110,
D12110, doi:10.1029/2004JD005462, 2005

M. Jacobson

<o | Wind dasses at 80 m
B 1(VEsIm/s)

® 6(86=V<9.4m/s) |ed

® 2(59<V<69m/s) | ’

® 3(69:v<75m/s) |

® /4(75<V<BImss) [ -
. 5(8.1=V<86 m/s)

‘@ 7(V=94m/s)

Average 80-m wind speed In 2000 (LS methodolosy)
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A{\“S””Cat Wind learning curve

Crude oil price March 2018:

~ 60 USD per barrel =~ 3.5
US cents per KWh

Kriegers Flak (600 MW offshore wind
farm)

The lowest bid: 6.2 US cents /kWh
http://efkm.dk



surfcat  Nobody want wind turbines at land so... &=
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Doggerbanke

* Far shore becomes near shore

*  Distnibution point for different ::ounhies
.. Sy elssinle cqenat (i 2 10) Energineiz and TenneTl
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ﬂ/' SUN k Electricity Denmark 25" June - 37 July 2017 Sower
Wi (GW)
Pric 4
(DKK/M
\
500 3
400
300 2
200
100 1
0
-100 . I T 1 °

Sunday 25/06/2017 Wednesday 28/06/2017 Sunday 02/07/2017

EU Total Power

EU 2200 320

DK 23 3,6

NL 105 12 All GWy
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SurfCat Power to X
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Europe uses:
Total 2,2 TWy
~5% for Chemicals

 non-edible biomass

- == E . i -1‘1(*(&’,
- Non edible bn:;mass"h 4 \SEC}(

CHO, i CHO. ~5% for Steel prod.
- Fuel storage ~3% for AViation fuel
Fuel transmission ~7% fOI’ Seasonal

aveageing

' - Trucks, Ships?
Fuel storage

\Electri i

| Where shall the
| Them'?icatalvsis CO, come from?
A 3 H, storage E
‘ i3 Concrete
giy’ production
BRHHS L» M w \ ’ \'% Biomass using O,
Battery-, fuel cell- or combustion-powered transportation Chemicals and materials

from Electrolysis.



%Swﬂi&t CO, (N,) reduction =

Solar and winc

& Catalytic
CO, reductlon

w *{ Carbon cycle

Fuels
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40
35

MJ / liter
= = N NI UJ
o un o un o o

Energy content of potential fuels

EIOO Diesel
O Gasoliffe

(%]
T

Ethanol ©

© Methanol

© Lig. Butane
O Lig. Propane

?)

Aviation and long
transport (trucks ? & ships

Decentralized long term
energy storage ~ months

o Lig. NH; .
© NG 250 bar Liq. H, ©
i 700 bar H, ©
O Batteries
| 60 80 120 140
MJ / kg

Notice: If we change
all 253 mio. Cars in
Europe to the new
Tesla S with 100
kWh batteries and
they all are fully
charged we can only
run Europe for some
12 hours.

USA 235 mio. cars
gives 10 hours
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Fuels and chemicals
Hydrocarbons
Alcohols

Hydrogen

w

,, »| Ammonia
:".- + N2

The Challenge: We need new catalysts with:
« High efficiency < High stability
* High selectivity  » Abundant elements, preferably
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Qsljrfcm What Is a catalyst doing?
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The surface is essential

() Without since all happens there.
< Catalyst So how do we get lots of
surface??

The 1deal case

~100m?/g

Free Energy
g
-
Y

‘-
Surface /> 77777

sites " Reaction Pa_thway




SurfCat

Fuel transmission

Motivation .o *»“‘“ s

! ool N

"MW"“@!‘

wtyd-ﬂ'w e 3‘\ 7

Approach =~ —TEm IS

. i
PG ivity

. F:tsLa
- . Activity after '-_\_~\
= 4 10 000 cycles s |
e Oxygen Reduction (ORR : -
o ~. Pt
3' 2 -
-
0 T T T T
5.1 5.2 53 5.4 5.5 5.6
O.+Ho- — HOO® a (lattice parameter) / A
T~ “ (a)
- ot -
! S":ﬁ"'ﬂ"':)'o' O SmFeCuNIO’
107y 15 Li on Mo ™ e oNsE L
,Li on Mo 20 oFe Pt
o i I 10 uonag® & N Y
ydrogenperoxide production 00 Ko S
% 1074 N, Li on Mo fa— .
-~ This worl) -
-‘% 10"1 f Fera‘” A n):l \
-1 A O
071 & Noblank test
or] 8 Nt P
Grean: This work Fe o
10° Filled: MNon-ageucus
-4 -3 -2 -1 0
Uy

Electrochem hydrogenation of N, to ammonia



=
—]
[

11

surfcat  The machinery (the unifying principle)

Sustainable Resources

Basic research approach to solving important
technological and societal problems

s wvy k&
Screening

The

Solar Fuels
Storage

VILLUM FONDEN
x

The 7 Chemical
Building Blocks

Experiment
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QSurfCat Computational screening of catalyst candidates 3

>

Electronic structure theory now has predictive power in many cases

Establish a reaction pathways and
Identify descriptors of catalytic activity

e Check for stability under
reaction conditions

e Check for selectivity

e Establish lead candidates for

experimental investigation \

(Abundance)
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SurfCat Tremendous Development in HER
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(A) Hydrogen evolution (E=0V) (@] HER activity
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5, [Mo,S, ] Nanoclusters CoP Nanoparticles

| personally fear there is
severe issue with the
stability of the phosphides

ncreasing nu r of acti
MosS, Nanoparticles
STM » -' 5 E
o)
o ¥ . L
i D py 12

« ldentifying and optimizing active sites (incl. selectivity and stability)
» Theoretical screening identifying most potential candidates
« Optimizing number of active sites by nanotechnology

Z. W She, J. Kibsgaard, C. F. Dickens, I. Chorkendorff, J. K. Ngrskov, T. F. Jaramillo, Science (2017) 355



sufcat  The other side: Oxygen evolution
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2 H,0 - 2H,+ 0,

Hydrogen evolution reaction (HER)

A

A e,
A .‘k.‘

MoS, based A* “
A A
A A A
v.aZv
Phosphide based wy
V‘t"

Activity of Pt

5006 2008 2010 2012 2014 2016
Publication date [Year]

Oxygen evolution reaction (OER)
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o
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= 0.3 g e a ‘.
S Vo
> 0.2 v
G
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Q
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2008 2010 2012 2014 2016
Publication date [Year]

Z.W. Seh, J. Kibsgaard, C. F. Dickens, I. Chorkendorff, J. K. Narskov, T. F. Jaramillo, Science. 2017, 355

(6321).
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*QSUFfC&t This insight leads the route forward =
Bifunctionality Promoters
— & —
° o ® ()
00000000 QOOOOO o0
Tethering/functionalization Electrolyte engineering
% ol : o
N -

O
CO00000000 OCOO0O000000

AGgy (V)

Interfacial sites Confinement
S OOOOOOQOO
9 0000 o o°

TR et " ® 000000000 000000000

Z. W. Seh, J. Kibsgaard, C. F. Dickens, I. Chorkendorff, J. K. Ngrskov, T. F. Jaramillo, Science. 2017, 355
(6321).
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Catalysis
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Flow Field Plate «as2’

[ ' ' --- Flow Field Plate
Gas Diffusion Electrode (Anode)-===4 1 ! ! === Gas Diffusion Electrode (Cathode)
Catalyst (Anode) ====d H = Catalyst (Cathode)
Proton Ew:h;nge Membrane

Current density

A

2H0—0,+ 4H +4e

Overpotential
<>

r Reversible potential
<€

Potential availabl;

for fuel cell

>

1.2V Potential

(V vs RHE)

1.6-1.7V



ﬁ{\‘tsljrfc:at Screening

of Pt;X and Pd,X alloys
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N

-1.2 -1.0 -0.8

Pd3Nbg Pd3V

Pt Mo
; Pt3Fe
PdaZ Co
da<n P3 I® 1 d3 r
Mn
d30u= PN

Pd3Cde Pd3 Co
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0.2

Greeley, Stephens, Bondarenko, Johansson, Hansen, Jaramillo, Rossmeisl, Chorkendorff, Ngrskov (2009)

Nature Chemistry 1 (2009) 522
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Kinetic rates
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Specific activity: j, [mA cm™]
at 0.85V (RHE)

0 -

T v T ' T v T y
080 0.85 0.90 0.95 1.

U/ V (RHE)

P%Sc

Pt.Y

Greeley, Stephens, Bondarenko, Johansson, Hansen, Jaramillo, Rossmeisl, Chorkendorff, Ngrskov (2009)

Nature Chemistry 1 (2009) 522



surfcat Experimental activity-lattice parameter volcano
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58

Lanthanum

Cerium

59 60 61 66 L 68 69

Ce/| Pr[NdPm|S “Eu|&d Tb|Dy|Ho| Er [Trm|Yb

Praseodymium Heodymium | Promethium

| 10000 cycles

Doy / A
26 27
Pt.Tb Pt .Gd
5 5
¥ o PtSm
/
PtSDyA_,ii .Ii PtSCa
1PtTm ¥ . %. >, Initial
? 3 ‘-' _; \I‘i’tsCe activity
’f":._ ! ) ‘-§§\|?t5|.a
] Activity after "-:\_\

14
o 124
E .
< 10 -
£
= 8-
% .
o 6-
2
S 4
>
S 2
" 1
0
5.1

52 53 54 55
a (lattice parameter) / A

5.6

Lattice parameter: activity

and stability descriptor

Escudero-Escribano, Malacrida,... , Rossmeisl|, Stephens, Chorkendorff, Science 2016, 352, 73.
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aé{\“SurfCat Schematic representation of the cluster source
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Time-of-flight Mass separator _ UHV

Aggregation zone e " - With
| — SO XPS,

E— — I - g AES.
s , 1SS,

SEM,
STM

Gas phase reactor
. _ pnhase reactor

"TEM grid or
Microreactor

To the Mass ,
spectromete flow
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Mass selected Pt, Y Nanoparticles

DTU
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SurfCat Activity of Mass-selected NP of Pt, Pt,Y, Pt,Gd
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4.0 -
3.5
3.0 -
2.5
2.0 -
1.5 -
1.0 -
0.5 -

0.0 — 1 r 1 r T - 1 " 1T 717
0 2 4 6 8 10 12
Particle size / nm

Pthd T -| 3.6 A (mg Pt)? I

Mass activity
at0.9V/A(mg,)"

Pt,Gd nanoparticles: Velazquez-Palenzuela, Masini, Pedersen, Escudero-Escribano, Deiana, Malacrida,
Hansen, Friebel, Nilsson, Stephens, Chorkendorff, J. Catal. 328 2015 297

Pt Y nanoparticles: Hernandez-Fernandez,..., Stephens, Chorkendorff, Nature Chem. 2014, 6, 732.

Pt nanoparticles: Perez-Alonso, ..... Hernandez-Fernandez, Strebel, Stephens, Nielsen, Chorkendorff, Angew.
Chem. Int. Ed. 2012, 51, 4641.
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surfcat OXygen Reduction Reaction in RDE Setup =

0.2 _25
Anodic scan in Nz-saturated solution “"g
0.0 4 —_— E

Background-corrected = 2.0
-0.2 4 ORR measurement %
| 4

-0.4 1 > 1.5
T ] 2
E 061 %
v— ] 2
-0.8 1 Anodic scan in =
1 P\&saturated solution o
-1.0 1 &

50 mVs i )
12 | 1600 RPM (7]
“her 0.1 M HCIO4
' 1 4 I ' 1 4 I ! 1
0.
0.0 0.2 0.4 0.6 0.8 1.0 Untreated Pt/C TKK PtY/C_ . . Untreated Pt/C TKK PtY/C_ . .
U vs. RHE (V) Pt/IC TKK annealed Pt/IC TKK annealed

at 900 °C at 900 °C

Significant increase in specific and mass activity, but nearly an order of magnitude lower
than the specific mass activity observed for the Mass-selected Pt,Gd (3.5 Amg)

C. Roy, B. P. Knudsen, C. M. Pedersen, A. Velazquez-Palenzuela, L. H. Christensen, C. D. Damsgaard,
l. E. L. Stephens, and I. Chorkendorff, ACS Catal. 8 (2018) 2071—2080



=
—]
[

] oo
SurfCat Outlook/Perspective =
Mass activity (A/mg Pt)
Liquid half cell @ Fuel cell a5
%
14 ‘2&?&&
12
10
8
Pt Gd
6
;iésw N
? ?
[ [ ] 2 2
Commercial pure Dealloyed Pt-Ni Pt-Ni Pt-Pb Pt
Pt nanoparticles nanoparticles nanoframes  nanoplatelets nanowires

|. F. L. Stephens, J. Rossmeisl, I. Chorkendorff, Science 354 (2016) 1378-79.
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We have i1dentified main obstacles —
defines the approach forward
.@Q@.@Q@.
Fuel cell catalysts (ORR) @@6%“5"5‘&)@@
«EZ 0.5 0 . . N s ‘
Eod o et g®@®®®oo®®/
o v "' I < 5:5 Reactants TetherlrlglFun ctionalization
‘-g IASAR A ;é g |- @, With })
S 0.2} = § Catalyst
g ol - products @@@@@ O
§ 00k ] .\ Electrolytf englneering \
2006 2ogﬁb“§gt1ign gg)tlzwégm 201 Reaction Pathway  ~ . g@ . E

The ideal
case

§C00000000)

4 Interfacial sites I

Z.W. Seh, J. Kibsgaard, C. F. Dickens, I. Chorkendorff, J. K. Ngrskov, T. F. Jaramillo, Science. 2017, 355

(6321).
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sufcat  H,0O, by the anthraquinone process 3

m} )
OH

8]
Ha

The anthraquinone process
» Batch synthesis method

» Requires huge plants (just about 60 in the Whole World)
New heterogeneous catalyst Pd/Au for a “Dream Reaction”

H,O, plant in Rotterdam,
the Netherlands

+H'+e) +H'+e) +{H"+e) +(H"+&) 0,+H*+e- » HOO*
- " (a)
L 2 -
S » — PtHg, U=0V de’
. "N\ HOO* p -
N \ — PtU=0V4e
ne _\\\ PtHg, U=0V 2e |-
!
> \
Z 3 \\ 0 H,0 - «- 0%
\
'?,J \ \ /
c ol \ \ _ I
L { \
$ [ ' Ho
L qk \\ .
"\\
B by
Y\ 2H,0
0 -

Reaction Coordinate
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surfcat Comparison to other electrocatalysts 2

HPNé&w

103 Ndopedc
] *normalized to geometrical area
] Pt-Hg pc
| Pt-Hg/C nanoparticles
15
N :
&
(&)
£
— 01 ;
& i
S : Au 111
:Nu 0c Au/C
Pt pc Pd-Au/C
0.01 =% . - 1

HOO*+H*+e" —>H202

0.4 0.6
U/V (RHE)

S. Siahrostami, A. Verdaguer-Casadevall, M. Karamad, P. Malacrida, B. Wickman, M. Escudero-Escribano,
I. Chorkendorff, I. Stephens, J. Rossmeisl, Nature Mat. 12 (2013) 1137 .
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Qsljrfc:at Electrochemical H,O, generation
HPNé&w

/

Water Air
H+

Oxygen H,0,

 Electrolytic reaction between Oxygen and protons from water

 Safe to operate
« Concentration controlled by adjusting power input and water flow
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Fuel storage
Sedar, wind, hydre Fuel transmission
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I World population growth, 1750-2100

in Data
Annual growth rate of the world population
4 World population 2.1% .,
2% 10.8 Billion
10.2 BilliGn
1.8%
9.2 Billion
1.6%
1.4%
1.2%
Fritz Haber Carl Bosch Gerhard Ertl

1% (1918) (1931) (2007)

0.8%

Haber-Bosch

0.6%

0.2% 0.9 Billion

1760 1780 1800 1820 1840 1860 1880 1900 1920 1940 1960 1980 2000 |2020 2040 2060 2080 2100
2015

Projection

b -
>
Data sources: Up to 2015 QurWerldinData series based on UN and HYDE. Projections for 2015 to 2100: UN Pepulation Division (2015) - Medium Variant.
The data visualization is taken from OurWorldinData.org. There you find the raw data and more visualizations on this topic. Licensed under CC-BY-SA by the author Max Roser.

Use 1 % of our total energy Consumption
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1993

Cleaned N, gas prior to measurement
with Cu catalyst to reduce NO,. Use
cold trap to trap any ammonia in stream.

Tz
= WE: Mo Npto |
CE: Pt mesh " ° °

Use glass pump to cycle gas for duration
of experiment (use 200 mL isotope
labelled nitrogen).

Include background measurements with
Ar with potential and N, at OCP (no
significant contribution)

0.2 M LiClO, in

THE:EtOH (99:1) Need <-3.04 V to electrodeposit lithium

A. Tsuneto, A. Kudo, & T. Sakata Chemistry Letters 851-854 (1993)
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NMR spectroscopy of isotope labelled NH,
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A. Tsuneto, A. Kudo, &
T. Sakata Chemistry
Letters 851-854 (1993)

Quantitative
15N, conversion
to ammonia is
Mandatory!!

“Assessing the Current State of Catalyst Development for the Electrochemical Reduction of N2 to NH3”

S. Z. Andersen, V. Coli¢, S. Yang, J. A. Schwalbe, A. C. Nielander, J. M. McEnaney, J. G. Baker, A. R. Singh, B. A.
Rohr, M. J. Statt, S. J. Blair, S. Mezzavilla, K. Enemark-Rasmussen, J. Kibsgaard, P. C. K. Vesborg, M. Cargnello,
S. F. Bent, T. F. Jaramillo, I. E. L. Stephens, J. K. Ngrskov, I. Chorkendorff. Submitted (2018).
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“Assessing the Current State of Catalyst Development for the Electrochemical Reduction of N2 to NH3”

S. Z. Andersen, V. Coli¢, S. Yang, J. A. Schwalbe, A. C. Nielander, J. M. McEnaney, J. G. Baker, A. R. Singh, B. A.
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S. F. Bent, T. F. Jaramillo, I. E. L. Stephens, J. K. Ngrskov, I. Chorkendorff, Submitted (2018).
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We need to make Sustainable Energy cheaper than Fossil
Fuels

 What is definitively needed: Better OER
catalysts in particular for acid

» \We should consider new processes for
delocalized production, whether it is Thermal
or Electrochemical does not matter as long it
Is efficient and selective

e This provides new opportunities: SurfCat
have started three spin-off companies since
2014,
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