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Future: cheap (free) electricity

Renewable Energy—Historical Cost Declines(!)

Selected Historical Mean LCOE Values?
Mean LCOE
$/IMWh
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Wind
25 : : . ; ‘ ; (47%)
Year 2009 2010 2011 2012 2013 2014 2015 2016 2017
LCOE Version 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.0 11.0
Source: Lazard estimates.
Note: Reflects average of unsubsidized high and low LCOE range for given version of LCOE study.
(1) Primarily relates to North American alternative energy landscape, but reflects broader/global cost declines.
(2) Reflects total decrease in mean LCOE since the later of Lazard’s LCOE—Version 3.0 orthe first year Lazard has tracked the relevanttechnology.
(3) Reflects mean of fixed tit (high end)and single axis tracking (low end) crystalline PV installations.
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Electrochemical Energy Conversion

Electric energy Chemical energy
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Challenge, control the surface chemistry

Electric energy

Chemical energy
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Why use DFT
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Computational Hydrogen Electrode
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Field effects
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Evaluate energy ofthe surface as

function of the potential

En(Ugrne)=E(N) -E(0) -72NG(H,)-Y2NeU g

H++e-+*a H*
HO+x=xOH+H" +e”
«OH=Ox+H" +e”
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Phase-diagrams
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Rossmeisl, Ngrskov , Taylor, Janik, Neurock . J. Phys. Chem.B 110 , (2006 )




Cyclic voltammetry

CV for Pt(111)
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H*+e- A H*
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ORR and OER intermediates
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O, +4(H *+e)
HOO +3(H *+e)

En(U rpe)

(H *+e)

URHE
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O, +4(H *+e)
HOO +3(H *+e)

En(U rpe)

\ HZO

ORR HO+(H *+e)

URHE
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Uorr and U oer
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OER and ORR double pyramide
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Uorr @and U oer
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Universal scaling

Eqo=Eqy + 3.220.2eV
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M. Koper, Journal of Electroanalytical Chemistry 2011
Man, Su, Calle-Vallejo, Hansen, Martinez, Inoglu, Kitchin, Ngrskov, Rossmeisl ChemCatChem 2011.
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Scaling A Volcanos
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Double Volcano

Suntivich , May,Gasteiger , Goodenough, Shao -Horn Science 334 , 1383 (2011)
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The role of the surface
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Towards Electrochemical interfaces
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Open system
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Open system

‘trolyte ’. . +
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Evaluate energy ofthe surface as

function of the potential

En(Ugrne)=E(N) -E(0) -72NG(H,)-Y2NeU g

H++e-+*a H*
HO+x=xOH+H" +e”
«OH=Ox+H" +e”
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Phase-diagrams

Water on Au
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Rossmeisl, Ngrskov , Taylor, Janik, Neurock . J. Phys. Chem.B 110 , (2006 )
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What have we done
U=E(NJEQ)-Y2NG,

In anopensystemwith constantu , Min(U(N))
d(U)=ndN

In a closedsystemwith constantN, g=U-mN, Min(g(m))
d(U-nN) =-Ndu

En(U rue)=E(N) -E(0) -72NG(H,)-2NeU gy

30
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Generalized Computational electrode
Workfunction is linked to the potential

(0 )

RHE

H" + g =+ H2

Martin Hangaard Hansen, Chengjun Jin, Kristian S. Thygesen, Jan Rossmeisl, JPC 2016
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What can we do with pH?

mef + f

electrons pH ~f

protons protons

dU) =nmdN=f geconsdN+F orons N R
d(g):d(U'nN) - 'Ndli =-Ndf electrons™ Ndf protons U-mN

Min(gm f electrong) f lect
electrons

m /
f protons

Rossmeis| , Bagger, Arnarson in preparation

32
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Born - Haber -cycle

A,G
H » HT + ™
AdG —(I)H+ —q)e—
_|_ —_
1/2Hs(g) > Hiyy e
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Born - Haber
A
AZG —(I)H+
oG &
A G e
<€ >
1/5H, HHF +e- H*+e

From expe+4de¥ atpH0 ¢
P&, = kT In [q,,] = 0.059eV/pH
Knowing €, .. a N d me&ans that pH is known as wgll
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pPH and potential
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The energy of the interface
En(Urpe)=E(N) -E(0) -72NG(H,)-2NeU gy
En(fe. . Urne)=E( N, T )-E(0) -72NG(H ;) -72NeU g,

‘ e(H+e
. (H*+e)

Rossmeisl, Chan, Ahmed, Tripkovic, Bjorketun, PCCP 2013
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Projections

U - 0.9V . U=0V . | U = -0.9V

]
\mqu

| 0+ 3 =

1]
1]
]

1.5

=N

[eV]

w. water

m 0.5 O+ _*____*__*___.*——ak———*—)k N
<] | J
O - -
L =
L 1 L s L L
0.4 0.2 0o . 0.2 0.4
Field [V/A]

e(H*+e)




UNIVERSITY OF COPENHAGEN

Projections
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Projections
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Adding hydrogen to the electrolyte E N

o

b

H' in 1 water layer

Potential Difference [V]

+ H' in 2 water layers

(] — - H' in 3 water layers —
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] | 1 | 1 | 1
0 5 10 15 20
Position [A]

Rossmeisl, Skulason , Bjorketun , Tripkovic , Ngrskov . Chem. Phys. Lett. 466 . (2008) 68 7,
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Work function as order parameter
Normal distribution E = (€,.)
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Hansen, Nilsson, Rossmeisl, PCCP, 2017
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Potential of maximum entropy

ouU dAS
oT )+ Glold
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Images
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Climent, V.; Coles, B. A.; Compton, R. G. Laser-Induced Potential
Transients on a Au(111) Single-Crystal Electrode. Determination of the
Potential of Maximum Entropy of Double-Layer Formation. J. Phys. Chem.
B 2002, 106, 52581 5265
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g(mfe)
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OH-coverage
H,0z OH*+H *+e-

Langmuir isotherm

Uo=1/3 1/(1+exp((giGo-eU)/KT))
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Stamenkovic, Fowler, Mun, Wang, Ross, Lucas and Markovic,

Rossmeisl, Karlberg, Jaramillo, Ngrskov. Faraday Discussions 140 , (2008) 337 —346.
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Structure of OHand H ,0 on Pt(111)
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Hansen, Nilsson, Rossmeisl, PCCP, 2017
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Charge tranfer?
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Open system
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Coupled proton electron transfer?
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From si mul ati ons to CVO0s
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Open system

‘trolyte ’. . +

Cat*%: .

Anode
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pH=0,[Na *]=1M
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Figure 1. Top: (111) facet of the copper fcc crystal. Middle: cyclic
voltammograms for the reduction of a saturated solution of CO (~1
mM) on Cu(111) in phosphate buffer (pH 7) and NaOH solution
(pH 13). Bottom: associated mass fragments of volatile products
measured with OLEMS. Data for pH 7 are shown with blue dotted
lines and plotted against the left axis, and data for pH 13 are shown
with green solid lines and plotted against the right axis.
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Figure 2. Top: (100) facet of the copper fcc crystal. Middle: cyclic
voltammograms for the reduction of a saturated solution of CO (~1
mM) on Cu(100) in phosphate buffer (pH 7) and NaOH solution
(pH 13). Bottom: associated mass fragments of volatile products
measured with OLEMS. Data for pH 7 are shown with blue dotted
lines and plotted against the left axis, and data for pH 13 are shown
with green solid lines and plotted against the right axis.




