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Computational Hydrogen Electrode
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Nørskov, Rossmeisl, Logadottir, Lindqvist, Kitchin, BligaardJónsson, J. Phys. Chem. B, 108, (2004) 



Field effects

Rossmeisl, Nørskov , Taylor, Janik , 
Neurock .  J. Phys. Chem. B 110 , 
(2006), 21833 -21839

Karlberg, Rossmeisl, Nørskov, PCCP, 9 (2007) 
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U vs. RHE

N=1      H++e-+*ª H*

Surface depends on potential?Evaluate energy of the surface as 
function of the potential

EN(U RHE)=E(N) -E(0) -½ NG(H 2) -½NeU RHE

N=-1

N=-2
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Phase-diagrams
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CV for Pt(111) 

Cyclic voltammetry

URHE /V0 1



H+ +e -
Ą H*

Markovic et al J. Phys. Chem. 101 , 5405 (1997)

G.S. Karlberg , T. Jaramillo, E.Skulason , J. Rossmeisl , T. Bligaard , J.K. Nørskov . PRL, 99, (2007)
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UORR and U OER

UOER=max( ǧG1 , ǧG2, ǧG3, ǧG4 )/e

UORR =min( ǧG1 , ǧG2, ǧG3, ǧG4 )/e

æG1ĄæG2ĄæG3ĄæG4
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OER and ORR double pyramide

ǧG2~ǧG1

4.92 eV= ǧG1+ǧG1+ǧG3+ ǧG4

ǧG4=4.92eV -2ǧG1-ǧG3

UORR ( ǧG1 , ǧG3 ) 

UOER( ǧG1 , ǧG3 )

Electrolysis

Fuel cell
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UORR and U OER

UOER=max( ǧG1 , ǧG2, ǧG3, ǧG4 )/e

UORR =min( ǧG1 , ǧG2, ǧG3, ǧG4 )/e

æG1ĄæG2ĄæG3ĄæG4
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Universal scaling 

EOOH=EOH + 3.2 °0.2 eV

Metals
Oxides

Man, Su, Calle-Vallejo, Hansen, Martinez, Inoglu,  Kitchin, Nørskov, Rossmeisl ChemCatChem 2011
M. Koper, Journal of Electroanalytical Chemistry 2011
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Scaling: ǧG1+3.2eV=2 ǧG2+ǧG3

Ú ǧG3=3.2eV -ǧG1

OER

ORR

Scaling 

Busch Halck, Kramm, SiahrostamiKrtil and Rossmeisl, NanoEnergy 2016 
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Scaling Ą Volcanos
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Double Volcano

Suntivich , May,Gasteiger , Goodenough, Shao -Horn Science 334 , 1383 (2011)

OER

ORR



The role of the surface

What is the role of the electrolyte?
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U vs. RHE

N=1      H++e-+*ª H*

Surface depends on potential?Evaluate energy of the surface as 
function of the potential

EN(U RHE)=E(N) -E(0) -½ NG(H 2) -½NeU RHE

N=-1

N=-2
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Phase-diagrams

EN(U RHE)



What have we done

30

U=E(N)-E(0)-½NGH2

In anopensystemwith constant , Min(U(N))

d(U)=mdN

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

d(U-mN)= -Ndµ

EN(U RHE)=E(N) -E(0) -½ NG(H 2) -½NeU RHE
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Workfunction is linked to the potential
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Martin Hangaard Hansen, Chengjun Jin, Kristian S. Thygesen, Jan Rossmeisl, JPC 2016



What can we do with pH?

32

d(U) =mdN=felectronsdN+fprotonsdN

d(g)=d(U-mN)= -Ndµ = -Ndfelectrons- Ndfprotons

m=felectrons + fprotons pH ~fprotons

Min(g(m,felectrons))

m

felectrons 

U-mN

fprotons

Rossmeisl , Bagger, Arnarson in preparation
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Born -Haber

From experiments ὲe- ~ 4.4 eV at pH=0

ȹὲH+ = kT ln [aH+] = 0.059eV/pH

Knowing ɛH+ + e-and ὲe- means that pH is known as well

ȹG

½H2
H++e-
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pH and potential

ὲe-

ɛ(H+ + e-)

0 vs. RHE

0 vs. SHE

(4.4 V)

pH=0

pH=ȹὲ H+/2.3kT
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The energy of the interface

EN

ɛ(H++e-)
pHὲe-

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

EN(U RHE)=E(N) -E(0) -½ NG(H 2) -½NeU RHE

EN(fe-,URHE)=E( N,fe-) -E(0) -½ NG(H 2) -½NeU RHE
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Projections

EN
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Adding hydrogen to the electrolyte E N

Rossmeisl, Skúlason , Björketun , Tripkovic , Nørskov . Chem. Phys. Lett. 466 . (2008) 68 -71
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Work function as order parameter
Normal distribution E N(ὲe-)
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Hansen, Nilsson, Rossmeisl, PCCP, 2017
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Potential of maximum entropy
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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, 5258ï5265
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OH-coverage
H2OźOH*+H + +e -

ŪOH=1/3 1/(1+ exp((ȹGOH-eU)/kT))

Pt3Ni

Pt

Rossmeisl, Karlberg, Jaramillo,  Nørskov. Faraday Discussions 140 , (2008) 337 -346 

Stamenkovic, Fowler, Mun, Wang, Ross, Lucas and Markovic, Science , 2007, 315 , 493 -497

Langmuir isotherm 
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Structure of OH and H 2O 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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felectrons 

U-mN

URHE

U-mN

felectrons

H

H+ +e -

URHE



Tekst starter uden 

og òEnhedens 

From simulations to CVôs
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d( U-Nm)/d( m)

d(q)/d( m) ǧ(m)/ ǧ(t)
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½H 2źH + +e -

H +

µ(H + +e -)

EF = 0

EF = µ(H + +e -)

eU

U0

Na(s) źNa + +e -

pH = 0, [Na + ] = 1M
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½H 2źH + +e -

H +

µ(H + +e -)

EF = 0

EF = µ(H + +e -)

eU

Na(s) źNa + +e -

pH = 14, [Na + ] = 1M

U0 - kTln[H + ]
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E-mN

URHE

USHE

0
0

Na +
H*

pH = 0, [Na + ] = 1M
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E-mN

URHE

USHE
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0

Na +
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pH = 14, [Na + ] = 1M
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Pt (111) in Acid and Base
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Kim Deng Jensen
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Pt(111) NaOH
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Pt 111 in NaOH
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Pt (111) in LiOH
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Pt (111) in Acid and Base
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Kim Deng Jensen

LiOH similar to acid
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Cu(111) Cu(100) Cu(110)
Alkaline
(Aquous)
pH=13,

0.1 [M]
NaOH
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Cu(111) Cu(100) Cu(110)
Neutral
pH=7,

0.1 [M]
HxCO3
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Cu(111) Cu(100) Cu(110)
Acidic
pH=1,

0.1M 
[HClO4]

+[Cl]
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Electrochemical 
reduction of CO2

methanol
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