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Review Article 

Frontiers in first principles modelling of electrochemical 
simulations 

Alberto Roldan 
∗

Computer simulations are a useful tool to describe physical 

and chemical processes. However, the state-of-the-art 

techniques lack practicality to simulate the dynamical 

movement of species while accounting for the electron 

exchange. This is the case of electrochemical processes, i.e. 

species in solution interact with the surface of the electrode 

and the solvent molecules arrange at the interface according to 

the field created by the electrode potential. Here we present 

the latest innovative methods and frontiers for the treatment of 

electrochemical simulations including microsolvation protocols 

implemented in the density functional theory framework. We 

also suggest alternative electronic structure mixed-force 

calculations to pioneer a more realistic simulation framework of 

reactive processes. 
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Introduction 

The characterisation of the interface between electrodes 
and electrolytes lies at the heart of the electrochemical 
processes. However, electrochemical information is com- 
monly derived at a macroscopic level by measuring, for in- 
stance, surface tension, work-function and interfacial ca- 
pacitance [1] . Measurements revealing the atomic struc- 
ture, such as STM, are not readily performed in aque- 
ous electrolytes, and even if performed will not reveal the 
structure of the solvent double layer at the interface. 

Recent advances in theoretical models, based on classical 
Poisson–Boltzmann electrostatics from Gouy–Chapmann 

and Stern, and the increasing computational power, fa- 
cilitate the simulation of electrochemical interfaces us- 
ing density functional theory (DFT) methods [2 

•

] . These 
have provided approximated insights of the potential- 
dependence of specific catalytic reactions [3 

••

,4] . Al- 
though first principles simulations seem well suited, the 
modelling of the electrochemical interface is far from triv- 
ial to provide the required fundamental understanding of 
the structure of the interface. The electrochemical solid–
liquid interface represents one of the frontiers in first prin- 
ciples modelling due to the dynamism of the systems, i.e. 
adsorptions on the electrode of solvent, electrolytes and 

other species from the interface. 

Innovative experimental and theoretical techniques are 
urgently required to decouple the many-body problem as- 
sociated with it, where the structure and species on the 
electrode and in the solution, as well as the potential ap- 
plied, are key factors. Especial importance has been at- 
tributed to the atomic scale computer simulations contri- 
butions as they can provide access to the microscopic pro- 
cesses occurring at electrode surfaces and probe the iso- 
lated and collective effects of these critical factors on the 
electrochemical interface [5,6] . 

Computational approach 

DFT enables theoretical elucidation of electron- 
exchange reaction mechanisms on complex catalyst 
surfaces [7–9] and nanoparticles [10,11] , making it now 

possible to design efficient catalysts for various industrial 
applications. The extension of this predictive power to 
electrochemistry process is highly valuable. However, for 
a detailed understanding of the electrochemical reaction 

mechanism, it is of great importance to bridge the gap be- 
tween the computer models and actual systems exposed 

to realistic operating conditions. Resolving this issue is 
not just a matter of adding more atoms to the simulations, 
but it is a fundamental challenge. 

Theoretical methods have made exciting progress in 

modelling and understanding electrochemical phe- 
nomena. Methods such as Canonical Monte Carlo [12] , 
Wertheim–Lovett–Mou–Buff integral equation [13] , 
modified Poisson–Boltzmann [14] and molecular dy- 
namics [15] have been successfully implemented. The 
solid–liquid interface can now be approached with quan- 
tum mechanics approaches. Similar to heterogeneous 
phase reactions, the energy landscapes of electrochem- 
ical reactions are influenced by the atomic structure of 
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2 Innovative Methods in Electrochemistry 

Figure 1 

Schematic representation of an fcc metal electrode in (a) vacuum, (b) implicit solvent, (c) and (d) one and two layers of explicit H 2 O molecules and 

implicit solvation model. The solid lines indicate the local potential along the Z -axis. The dashed lines correspond to the Fermi energy, and the arrows 

point the difference �ref −�Fermi related to the point of zero charges of the electrode surface. 

the electrodes and the presence of surrounding species 
– (co-)adsorbates, promoters, poisons and solvents. In 

addition, electrochemical processes are highly depen- 
dent on variations of the electric potential applied to 
the electrode, which also may alter the stability of reac- 
tants, intermediates and products on surface reactions. 
Specific mechanisms and pathways may be preferred 

or mitigated by tuning the electrode potential [16 
••

] . 
However, it requires considering the complexities of 
an electrolyte in solution and potential reference for an 

accurate description of the process. 

The advancement of electrochemical simulations accu- 
racy should involve a reliable method to model the elec- 
trode/solution interface considering the operating condi- 
tions, such as concentration of species, pH and applied 

potential, and provide the relevant information of atomic 
structure at the electrode surface and interface with the 
solution, the charge, and the number of electrolytes on 

the slab species. 

Importance of the solvation model 
The constraint of treating liquids, including their elec- 
tronic behaviour, requires intensive computational power 
to sample the thermodynamic variables of atomic con- 
figurations. Empirical models for describing bulk liquids 
[17 

•

] suitable for solid–liquid interfaces have been imple- 
mented with the DFT [18] . These models, represented in 

Figure 1 a and b, have made important advances towards 
the reliable yet efficient treatment of electrochemical sys- 
tems. 

The continuum solvation model presents the advantages 
to neutralise the charge electrode-ions, essential for peri- 
odic calculations [19] , and to define a meaningful absolute 
reference value for potentials [20 

•

] . These imply well- 
defined calculations with a net charge per unit cell in the 
solute and the electron chemical potential referenced to 
zero at infinity. Despite accurate representation of molec- 
ular solvation energies [21] , these homogeneous solvation 

models cannot represent directional interactions such as 
hydrogen bonds, crucial to describe the stabilisation of 
adsorbed species. An alternative is to consider a metal–
solution interface explicitly, actually including the solvent 
[22] . The resulting effect is a change in the Fermi energy 
directly influenced by local changes in the solvent and 

(co-)adsorbates electronic structure. This model enables 
the band structure alignment between different surfaces 
with the same solution level (i.e. the potential zero de- 
fined far from the surface or between periodic slabs). More 
importantly, it corrects the DFT energy with the long- 
range electrostatic interaction due to solvation. While ab- 
initio molecular dynamics are a viable solution [23 

••

] , 
they remain generally unaffordable. Static DFT calcula- 
tions, however, require a statistical average over a large 
number of atomic configurations to integrate over mean- 
ingful thermodynamics observables, i.e. interaction ener- 
gies and electronic structure properties for the predom- 
inant molecular arrangements under reaction conditions 
(concentrations and temperature) [22,24] . Besides, it also 
needs a large simulation cell, and a number of molecules 
explicitly described to minimise finite size errors – ar- 
tificial electron work-function values and molecular ar- 
rangements due to size constraints [25] . These factors 
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make the simulations prohibitively expensive computa- 
tionally with the addition to being difficult to set up and 

analyse. 

The combination of implicit and explicit solvation mod- 
els, i.e. microsolvation as shown in Figure 1 c and d, min- 
imise the computational requirements as it accounts with, 
at least, an explicit solvation layer in addition to contin- 
uum solvation in the rest of space that defines the solution 

bulk and the reference potential. This is a more affordable 
solution and combines benefits from previous solvating 
models to describe the interface [16 

••

] . 

Treatment of the applied potential 
External potentials play the central role in electrochem- 
istry as it influences (co-)adsorption, reaction and des- 
orption of species on the electrode [26] . Several com- 
putational techniques implemented within DFT mod- 
els provide an approach accounting for electric potential, 
e.g. for calculating capacitance in metal–insulator–metal 
[27,28] and carbon nanotube systems [29] , and for field 

emission from metal surfaces [30] . These allow calculat- 
ing the Helmholtz free energy and electrochemical po- 
tential of specific microscopic configurations of the dou- 
ble layer and adsorbates on the electrode surfaces [31,32] . 

However, self-consistent DFT calculation involves a 
fixed number of electrons and therefore additional frame- 
works, such as canonical-ensemble, are required to inte- 
grate the electron fluctuations within the simulation and 

derive, for instance, reaction rates [33,34] . The combina- 
tion of DFT fixed electron chemical-potential within a 
canonical treatment of electrons is based on charged slab 

models (by homogenous background charge [3 
••

] , explicit 
protons in the electrolyte [35 

•

] , compensating plane of 
charge [36] and others methods [20 

•

,37] ). Canonical ap- 
proaches implement the flux of electrons and mimic the 
experimental condition on a surface [38,39] . For instance, 
an external potentiostat can be included in molecular dy- 
namics simulations to allow the exchange of electrons and 

drive the process towards a chemical potential [6] . 

A different strategy is to perform constant charge elec- 
tronic structure calculations and relate the slab poten- 
tial to its work-function as outlined by Trasatti [40,41 

••

] . 
The main idea is to vary the dipole of the interface and 

measure the corresponding change in the electron work- 
function (an increase in the Fermi level), which corre- 
sponds to a change in electrode potential [22] . The ref- 
erence to the simulated potential is typically the standard 

hydrogen electrode (SHE), which absolute position is rel- 
ative to the vacuum level. The SHE can be measured 

computationally from zero charge calculation of solvated 

electrodes [42] . Although this method minimises system- 
atic errors, experimental values are also a good approxi- 
mation. 

Reaction energies at a fixed potential can be obtained by 
plotting the energies as a function of the work-function 

for initial and final states of structures with varying in- 
terface dipoles. It is related to the fact that during re- 
dox processes, the dipole at the interface changes locally, 
which may have a significant effect on small simulation 

cells [39] . An alternative approach is to employ increas- 
ingly larger simulation cells and then extrapolate the re- 
sult to the limit of the infinite area as the dipole varia- 
tion is inversely proportional to the size of the electrode 
simulated [43] . To retain the link between work-function 

and energy, the solvent structure should remain practi- 
cally constant as the structural arrangement of polar sol- 
vents, e.g. water, leads to dipole and work-function vari- 
ations but not necessarily to the energy. Besides consid- 
ering the energy—work-function relationship one-to-one, 
the main backward of fixed potential simulations is that 
the pH also determines the interface’s structure and the 
driving force. The restricted relaxation of the double layer 
is also related to the pH, what constitutes additional com- 
plexity for simulating electrochemical processes. 

The proton potential is related to the electrochemi- 
cal environment, and it gets more significant as pH in- 
creases because the protons are more stable at high pH 

(higher configurational entropy). To facilitate its treat- 
ment, the proton potential is often connected to the elec- 
tron, μ(H 

+ 
+ e −), see Equation (1 ). Nevertheless, recent 

methods treat the combined proton–electron potential 
and the electron potential (from the electrode) individ- 
ually [44 

•

] . 

U = φ − φSHE + 
RT 

F 
ln (10) · pH (1) 

Scope for development 
The methods outlined above provide approximations of 
electrochemical experiments although it remains unclear 
whether it is possible to treat the static properties of 
the electrode/electrolyte interface and the dynamism of 
species in electrochemical reactions in a unified, realis- 
tic and practical simulation framework. Using standard 

DFT calculation means keeping fixed the electrochem- 
ical potential and the pH during the electronic structure 
calculation, and the need of exploring several sizes of the 
simulation cell and solvent arrangements leads to an un- 
feasible protocol. The microsolvation of the surface and 

ionic species speed this process by decreasing the num- 
ber of explicit molecules considered during the simula- 
tion, though an average of atomic configurations is still re- 
quired to sample the energy landscape. 

Instead of assuming attributes for the interface structure 
and then calculating the working conditions, the combi- 
nation of DFT with canonical ensemble allows to include 
the variation of applied potential and other observables 

www.sciencedirect.com Current Opinion in Electrochemistry 2018, 10 :1–6 



4 Innovative Methods in Electrochemistry 

[45,46] . For instance, a grand canonical ensemble would 

correct energies derived from DFT by integrating the 
electrostatic potential within the working volume over the 
applied charge. 

G ( T =0 ) = E DF T + 

∫ q 

0 

〈

V 
〉

d Q + μq (2) 

A canonical mean-field microkinetic treatment of the 
DFT results can incorporate an accurate description of 
the molecular interactions (adsorption and desorption) to 
the surface of heterogeneous electrodes, where the local 
potentials may differ from the average potential over the 
exposed surface [47] . 

The reaction dynamism can be accounted by molecular 
dynamics providing a fair sample of most of the ther- 
modynamic constraints imposed on the interface struc- 
ture by the electrochemical environment. However, fully 
ab-initio molecular dynamics implies considerable com- 
putational costs. Pioneering techniques to achieve reli- 
able simulations are being developed. For instance, it is 
now possible to account electrons and the movements of 
solvent and solvated species during a reaction by com- 
bining, in a single hessian matrix, accurate DFT and 

parametrised dynamic simulations [48–50 
•

] . This setup 

initially evaluates the system using precise static DFT, 
i.e. electronic structure and interatomic forces. It pro- 
ceeds to solve the equations of motion with standard al- 
gorithms, which trajectories are corrected by the accurate 
initial description. Hence, it allows coarsening the inter- 
vals at which high precise forces are calculated, with the 
advantage of efficiency and enhanced sampling resolution 

[51,52] . Upon reaching the required threshold between 

interatomic forces, the last step is a precise DFT provid- 
ing accurate electronic structure, i.e. the work-function 

over an equilibrated electrode-solution interface. Fur- 
thermore, while parametrised potentials are constructed 

commonly employing physical models of atomic interac- 
tions, innovative integration of adaptive potentials have 
paved a novel way to construct them. These potentials im- 
prove their accuracy within the self-consistent calculation 

following schemes such as artificial neural networks [53] , 
non-linear regression models [54] and others [48,54,55] . 
Hence, the size of the cell can be large enough to con- 
sider negligible variation the dipole and constrictions in 

the solvent and solvated species. 

Conclusion 

The development of computational techniques led to 
methods to predict physical and chemical processes. Nev- 
ertheless, a realistic simulation of electrochemical re- 
actions remains a grand challenge. It marks a frontier 
where the accuracy, efficiency and affordability of com- 
puter models are compromised. Previous methods have 
framed the importance of (i) including an explicit solvent 

in the simulations, integrating the polarisability, (ii) the 
long-range stabilisation of species within the dynamic en- 
vironment of reaction processes, and (iii) the exchange of 
electrons at the electrode-solvent interface. 

Along with the microsolvation and integration of static 
DFT in canonical frameworks, we propose the assimila- 
tion of dynamic and precise static calculations within a 
single mixed-forces scheme. This is more efficient than 

ab initio molecular mechanics while conserving the DFT 

accuracy describing electronic structures. 

Acknowledgements 

I acknowledge the Research Grant from the Royal Society and the 
Engineering and Physical Sciences Research Council (EPSRC grants nos. 
EP/P005845/1 ) for funding. The author acknowledges the use of the 
Advanced Research Computing @ Cardiff (ARCCA) at Cardiff University, 
and associated support services, in the completion of this work. All data 
created during this research is openly available from the University of 
Cardiff Research Portal at http://doi.org/10.17035/d.2018.0045298414 . 

References and recommended reading 

Papers of particular interest, published within the period of review, have 
been highlighted as: 

• Paper of special interest 
•• Paper of outstanding interest 

1. Aikens DA: Electrochemical methods, fundamentals and 
applications . J Chem Educ 1983, 60 :A25. 
https:// doi.org/ 10.1021/ ed060pA25.1 . 

2. 
•

Fang Y-H, Wei G-F, Liu Z-P: Theoretical modeling of 
electrode/electrolyte interface from first-principles periodic 
continuum solvation method . Catal Today 2013, 202 :98–104. 
https:// doi.org/ 10.1016/ j.cattod.2012.04.055 . 

This publication integrates the modified-Poison-Boltzmann electrostatic 
theory into periodic electronic structure calculations. It provides an 
accurate description of the double layer in contact to the electrode . 

3. 
••

Taylor CD, Wasileski SA, Filhol J-SS, Neurock M: First principles 
reaction modeling of the electrochemical interface: 
consideration and calculation of a tunable surface potential 
from atomic and electronic structure . Phys Rev B , vol 73 2006 
165402. https:// doi.org/ 10.1103/ PhysRevB.73.165402 . 

This is an outstanding paper showing the effect of an explicitly 
represented double layer in contact with a metal electrode. It also 
contains a detailed explanation of the electronic effect of ionic species 
as countercharges on the work-function as well as the electrocatalytic 
activation of methanol . 

4. Nørskov JK, Rossmeisl J, Logadottir A, Lindqvist L, Kitchin JR, 
Bligaard T, Jónsson H: Origin of the overpotential for oxygen 
reduction at a fuel-cell cathode . J Phys Chem B 2004, 
108 :17886–17892. https:// doi.org/ 10.1021/ jp047349j . 

5. Boosting materials modelling . Nat Mater , vol 15 2016 365–365. 
https:// doi.org/ 10.1038/ nmat4619 . 

6. National Materials Advisory Board Integrated Computational 
Materials Engineering . Washington, D.C.: National Academies 
Press; 2008. https:// doi.org/ 10.17226/ 12199 . 

7. Roldan A, Hollingsworth N, Roffey A, Islam H-U, Goodall JBM, 
Catlow CRA, Darr JA, Bras W, Sankar G, Holt KB, Hogarth G, de 
Leeuw NH: Bio-inspired CO 2 conversion by iron sulfide 
catalysts under sustainable conditions . Chem Commun 2015, 
51 :7501–7504. https:// doi.org/ 10.1039/ C5CC02078F . 

8. Santos-Carballal D, Roldan A, Grau-Crespo R, de Leeuw NH: A 
DFT study of the structures, stabilities and redox behaviour of 
the major surfaces of magnetite Fe 3 O 4 . Phys Chem Chem Phys 
2014, 16 :21082–21097. https:// doi.org/ 10.1039/ C4CP00529E . 

Current Opinion in Electrochemistry 2018, 10 :1–6 www.sciencedirect.com 



Electrochemistry in the frontiers of modelling Roldan 5 

9. Tafreshi SS, Roldan A, de Leeuw NH: Density functional theory 
calculations of the hydrazine decomposition mechanism on 
the planar and stepped Cu(111) surfaces . Phys Chem Chem 

Phys 2015, 17 :21533–21546. 
https:// doi.org/ 10.1039/ C5CP03204K. 

10. Roldan A, González S, Ricart JM, Illas F: Critical size for O 2 
dissociation by Au nanoparticles . ChemPhysChem 2009, 
10 :348–351. https:// doi.org/ 10.1002/ cphc.200800702 . 

11. Roldan A, Ricart JM, Illas F, Pacchioni G: O activation by Au 5 
clusters stabilized on clean and electron-rich MgO stepped 
surfaces . J Phys Chem C 2010, 114 :16973–16978. 
https:// doi.org/ 10.1021/ jp1017357 . 

12. Yang K-L, Yiacoumi S, Tsouris C: Canonical Monte Carlo 
simulations of the fluctuating-charge molecular water 
between charged surfaces . J Chem Phys 2002, 117 :337–345. 
https:// doi.org/ 10.1063/ 1.1480858 . 

13. Vossen M, Forstmann F: The structure of water at a planar wall: 
an integral equation approach with the central force model . J 
Chem Phys 1994, 101 :2379–2390. 
https:// doi.org/ 10.1063/ 1.467679 . 

14. Abrashkin A, Andelman D, Orland H: Dipolar Poisson-Boltzmann 
equation: ions and dipoles close to charge interfaces . Phys Rev 
Lett 2007, 99 :77801. 
https:// doi.org/ 10.1103/ PhysRevLett.99.077801 . 

15. Sugino O, Hamada I, Otani M, Morikawa Y, Ikeshoji T, Okamoto Y: 
First-principles molecular dynamics simulation of biased 
electrode/solution interface . Surf Sci 2007, 601 :5237–5240. 
https:// doi.org/ 10.1016/ j.susc.2007.04.208 . 

16. 
••

Chan K, Nørskov JK: Electrochemical barriers made simple . J 
Phys Chem Lett 2015, 6 :2663–2668. 
https:// doi.org/ 10.1021/ acs.jpclett.5b01043 . 

The understanding of charge transfer along the reaction pathway, 
including transition states, is discussed in this paper. Although it does 
not consider explicit or implicit solvent, is the actual water molecule the 
one reacting. Overall, it presents a simple protocol to determin reaction 
energies at constant potential . 

17. 
•

Marenich AV, Cramer CJ, Truhlar DG: Universal solvation model 
based on solute electron density and on a continuum model of 
the solvent defined by the bulk dielectric constant and atomic 
surface tensions . J Phys Chem B 2009, 113 :6378–6396. 
https:// doi.org/ 10.1021/ jp810292n . 

Prof Truhlar developed a continuum solvation model based on the 
charge density of the solvent. Any charged or neutral species is well 
described . 

18. Andreussi O, Dabo I, Marzari N: Revised self-consistent 
continuum solvation in electronic-structure calculations . J 
Chem Phys 2012, 136 :64102. https:// doi.org/ 10.1063/ 1.3676407 . 

19. Sundararaman R, Schwarz KA, Letchworth-Weaver K, Arias TA: 
Spicing up continuum solvation models with SaLSA: the 
spherically averaged liquid susceptibility ansatz . J Chem Phys 
2015, 142 :54102. https:// doi.org/ 10.1063/ 1.4906828 . 

20. 
•

Letchworth-Weaver K, Arias TA: Joint density functional theory 
of the electrode-electrolyte interface: application to fixed 
electrode potentials, interfacial capacitances, and potentials 
of zero charge . Phys Rev B 2012, 86 :75140. 
https:// doi.org/ 10.1103/ PhysRevB.86.075140 . 

The authors employed computational methods using a continuum 

solvation model to derive fundamental observables such as capacitance 
and electrochemical potentials of zero charges for a set of metals . 

21. Mathew K, Sundararaman R, Letchworth-Weaver K, Arias TA, 
Hennig RG: Implicit solvation model for density-functional 
study of nanocrystal surfaces and reaction pathways . J Chem 

Phys 2014, 140 :84106. https:// doi.org/ 10.1063/ 1.4865107 . 

22. Filhol J-SS, Neurock M: Elucidation of the electrochemical 
activation of water over Pd by first principles . Angew Chem Int 
Ed 2006, 45 :402–406. https:// doi.org/ 10.1002/ anie.200502540 . 

23. 
••

Herron JA, Morikawa Y, Mavrikakis M: Ab initio molecular 
dynamics of solvation effects on reactivity at electrified 
interfaces . Proc Natl Acad Sci 2016, 113 :E4937–E4945. 
https:// doi.org/ 10.1073/ pnas.1604590113 . 

This paper explores a worth-mentioning ab-initio molecular dynamics 

solvent. This dynamic form of DFT was used to study the 
electrooxidation of methanol on Pt(111). It proves the stabilisation of 
species due to the hydrogen bond network . 

24. Taylor CD, Neurock M: Theoretical insights into the structure 
and reactivity of the aqueous/metal interface . Curr Opin Solid 
State Mater Sci 2005, 9 :49–65. 
https:// doi.org/ 10.1016/ j.cossms.2006.03.007 . 

25. Wasileski SA, Janik MJ: A first-principles study of molecular 
oxygen dissociation at an electrode surface: a comparison of 
potential variation and coadsorption effects . Phys Chem Chem 

Phys 2008, 10 :3613. https:// doi.org/ 10.1039/ b803157f. 

26. Salazar MR, Kress JD, Redondo A: Dissociation of molecular 
oxygen on unpromoted and cesium-promoted Ag(111) 
surfaces . Catal Lett 2000, 64 :107–111. 
https:// doi.org/ 10.1023/ A:1019011725743 . 

27. Kasamatsu S, Watanabe S, Han S: Orbital-separation approach 
for consideration of finite electric bias within 
density-functional total-energy formalism . Phys Rev B 2011, 
84 :85120. https:// doi.org/ 10.1103/ PhysRevB.84.085120 . 

28. Stengel M, Spaldin NA: Ab initio theory of metal-insulator 
interfaces in a finite electric field . Phys Rev B , vol 75 2007 
205121. https:// doi.org/ 10.1103/ PhysRevB.75.205121 . 

29. Uchida K, Okada S, Shiraishi K, Oshiyama A: Quantum effects in 
a double-walled carbon nanotube capacitor . Phys Rev B , vol 76 
2007 155436. https:// doi.org/ 10.1103/ PhysRevB.76.155436 . 

30. Wasileski SA, Koper MTM, Weaver MJ: Field-dependent 
electrode −chemisorbate bonding: sensitivity of vibrational 
stark effect and binding energetics to nature of surface 
coordination . J Am Chem Soc 2002, 124 :2796–2805. 
https:// doi.org/ 10.1021/ ja012200w . 

31. Mermin ND: Thermal properties of the inhomogeneous electron 
gas . Phys Rev 1965, 137 :A1441–A1443. 
https:// doi.org/ 10.1103/ PhysRev.137.A1441 . 

32. Hohenberg P, Kohn W: Inhomogeneous electron gas . Phys Rev 
1964, 136 :B864–B871. https:// doi.org/ 10.1103/ PhysRev.136.B864 . 

33. Bonnet N, Morishita T, Sugino O, Otani M: First-principles 
molecular dynamics at a constant electrode potential . Phys 
Rev Lett , vol 109 2012 266101. 
https:// doi.org/ 10.1103/ PhysRevLett.109.266101 . 

34. Brandbyge M, Mozos J-L, Ordejón P, Taylor J, Stokbro K: 
Density-functional method for nonequilibrium electron 
transport . Phys Rev B , vol 65 2002 165401. 
https:// doi.org/ 10.1103/ PhysRevB.65.165401 . 

35. 
•

Skúlason E, Tripkovic V, Björketun ME, Gudmundsdóttir S, 
Karlberg G, Rossmeisl J, Bligaard T, Jónsson H, Nørskov JK: 
Modeling the electrochemical hydrogen oxidation and 
evolution reactions on the basis of density functional theory 
calculations . J Phys Chem C 2010, 114 :18182–18197. 
https:// doi.org/ 10.1021/ jp1048887 . 

This is a representative publication considering explicit solvent and 
protons to simulate the solvent, and of how the integration of 
macro/micro-canonical treatment of the systems can help to develop 
accurate reaction rates even when treating electrochemical systems . 

36. Otani M, Sugino O: First-principles calculations of charged 
surfaces and interfaces: a plane-wave nonrepeated slab 
approach . Phys Rev B , vol 73 2006 115407. 
https:// doi.org/ 10.1103/ PhysRevB.73.115407 . 

37. Hamada I, Sugino O, Bonnet N, Otani M: Improved modeling of 
electrified interfaces using the effective screening medium 

method . Phys Rev B , vol 88 2013 155427. 
https:// doi.org/ 10.1103/ PhysRevB.88.155427 . 

38. Tafreshi SS, Roldan A, de Leeuw NH: Micro-kinetic simulations 
of the catalytic decomposition of hydrazine on the Cu(111) 
surface . Faraday Discuss 2017, 197 :41–57. 
https:// doi.org/ 10.1039/ C6FD00186F . 

39. Roldan A, de Leeuw NH: A kinetic model of water adsorption, 
clustering and dissociation on the Fe 3 S 4 {001} surface . Phys 
Chem Chem Phys 2017, 19 :12045–12055. 
https:// doi.org/ 10.1039/ C6CP07371A. 

www.sciencedirect.com Current Opinion in Electrochemistry 2018, 10 :1–6 



6 Innovative Methods in Electrochemistry 

40. Trasatti S: Structure of the metal electrolyte solution interface –
new data for theory . Electrochim Acta 1991, 36 :1657–1658. 
https:// doi.org/ 10.1016/ 0013- 4686(91)85023- z . 

41. 
••

Trasatti S: The absolute electrode potential: an explanatory 
note (recommendations 1986) . Pure Appl Chem , vol 58 1986. 
https:// doi.org/ 10.1351/ pac198658070955 . 

This paper provides the fundamental description and understanding of 
the appropriateness of employing the electrode’s work-function 
independently of the solvent . 

42. Sundararaman R, Goddard WA: The charge-asymmetric 
nonlocally determined local-electric (CANDLE) solvation 
model . J Chem Phys 2015, 142 :64107. 
https:// doi.org/ 10.1063/ 1.4907731 . 

43. Rossmeisl J, Skúlason E, Björketun ME, Tripkovic V, Nørskov JK: 
Modeling the electrified solid–liquid interface . Chem Phys Lett 
2008, 466 :68–71. https:// doi.org/ 10.1016/ j.cplett.2008.10.024 . 

44. 
•

Hansen MH, Nilsson A, Rossmeisl J: Modelling pH and potential 
in dynamic structures of the water/Pt(111) interface on the 
atomic scale . Phys Chem Chem Phys 2017, 19 :23505–23514. 
https:// doi.org/ 10.1039/ C7CP03576D . 

This paper innovates in the separated treatment of protons and 
proton-electron potentials (work-functions) . 

45. Exner KS, Anton J, Jacob T, Over H: Full kinetics from first 
principles of the chlorine evolution reaction over a RuO 2 (110) 
model electrode . Angew Chem 2016, 128 :7627–7630. 
https:// doi.org/ 10.1002/ ange.201511804 . 

46. Hansen MH, Rossmeisl J: pH in grand canonical statistics of an 
electrochemical interface . J Phys Chem C 2016, 
120 :29135–29143. https:// doi.org/ 10.1021/ acs.jpcc.6b09019 . 

47. Jørgensen M, Grönbeck H: Adsorbate entropies with complete 
potential energy sampling in microkinetic modeling . J Phys 
Chem C 2017, 121 :7199–7207. 
https:// doi.org/ 10.1021/ acs.jpcc.6b11487 . 

48. Glielmo A, Sollich P, De Vita A: Accurate interatomic force fields 
via machine learning with covariant kernels . Phys Rev B , vol 95 
2017 214302. https:// doi.org/ 10.1103/ PhysRevB.95.214302 . 

49. Peguiron A, Moras G, Walter M, Uetsuka H, Pastewka L, 
Moseler M: Activation and mechanochemical breaking of C–C 

bonds initiate wear of diamond (110) surfaces in contact with 
silica . Carbon 2016, 98 :474–483. 
https:// doi.org/ 10.1016/ j.carbon.2015.10.098 . 

50. 
•

Anglada E, Junquera J, Soler JM: Efficient mixed-force 
first-principles molecular dynamics . Phys Rev E 2003, 68 :55701. 
https:// doi.org/ 10.1103/ PhysRevE.68.055701 . 

This paper represents the fundamental background of the mixed-force 
implementation and provides good examples of the accuracy and 
dynamic treatment of species . 

51. Li Z, Kermode JR, De Vita A: Molecular dynamics with on-the-fly 
machine learning of quantum-mechanical forces . Phys Rev Lett 
2015, 114 :96405. 
https:// doi.org/ 10.1103/ PhysRevLett.114.096405 . 

52. Caccin M, Li Z, Kermode JR, De Vita A: A framework for 
machine-learning-augmented multiscale atomistic simulations 
on parallel supercomputers . Int J Quantum Chem 2015, 
115 :1129–1139. https:// doi.org/ 10.1002/ qua.24952 . 

53. Natarajan SK, Behler J: Neural network molecular dynamics 
simulations of solid–liquid interfaces: water at low-index 
copper surfaces . Phys Chem Chem Phys 2016, 18 :28704–28725. 
https:// doi.org/ 10.1039/ C6CP05711J . 

54. Handley CM, Behler J: Next generation interatomic potentials 
for condensed systems . Eur Phys J B 2014, 87 :152. 
https:// doi.org/ 10.1140/ epjb/ e2014- 50070- 0 . 

55. Bartók AP, Payne MC, Kondor R, Csányi G: Gaussian 
approximation potentials: the accuracy of quantum 

mechanics, without the electrons . Phys Rev Lett , vol 104 2010 
136403. https:// doi.org/ 10.1103/ PhysRevLett.104.136403 . 

Current Opinion in Electrochemistry 2018, 10 :1–6 www.sciencedirect.com 


	Frontiers in first principles modelling of electrochemical simulations
	 Introduction
	 Computational approach
	 Importance of the solvation model
	 Treatment of the applied potential
	 Scope for development
	 Conclusion
	 References and recommended reading


