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Highlights

Theoretical achievements to understand systems at the nanoscale are discussed.
Metal electrodeposition on nanoparticles may yield peculiar metastable states
Non-noble metals on carbonaceous nanostructures may catalyze hydrogen evolution
e Doped carbon nanostructures may catalyze the oxygen reduction reaction.
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Since their early/times, by the 50s,
computational” software and hardware
have been” growing in importance, to
become“today_one of the key tools for
the 'development and generation of
knowledge. Increased computing power
has radically transformed the way we
make nowadays research. Today, it is
possible to perform complex
computational experiments with high
quality and accuracy for model systems

that are similar to those studied

experimentally. This starts to be reality
both considering sizes and timescales,
and in many cases this is strictly true at
the nanoscale. The global,trend shows a
significant increase in the
interrelationship” between groups of
theoretical and ‘experimental research.
Addressing, the' problem from a
combined

perspective (theory,

simulations and  experiments) is
becoming a rule in high impact
publications and although a lot is still to
be done, this synergy shows huge
advantages. This is so because this new
perspective allows greater deepening in
the understanding of the basic aspects of
the systems at the atomic or molecular

level.

A comprehensive review on computer
simulations applied to underpotential
deposition (UPD) at the nanoscale, of
interest for materials scientists, has been

presented very recently [1**].

Here, we discuss some challenging
theoretical and computational
achievements in systems of

electrochemical interest at the



nanoscale, providing a close correlation

with experiments.

1. Challenging Theoretical Models for
Nano-electrodeposition

The most important concept to
understand the growth of heterogeneous
systems is surface free energy, and
probably the most widespread model
used to compute such properties is the
classical nucleation theory (CNT).
Nowadays, this concept is applied to the
design of shape controlled nanoparticles
(NPs) on the basis of kinetic control of
the reaction conditions, something that
was originally proposed by LaMer«in
the 50s.
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Figure 1: Scheme of the excess free energy as a
function of the number of atoms for
heterogeneous  electrodeposition in a
nanosystem when the interaction
substrate/adsorbate is larger than that between
depositing atoms. A minimum appears in the

free energy landscape. This minimum will

subsist at zero or slightly positive
overpotentials, defining a global extremum. This
minimum could also remain for slightly negative

overpotentials, defining a metastable state.

Reprinted with permission of Reference [3].

CNT was not developed /for the
electrochemical context, thereby effects
as the equilibrium with charged-species,
ligands, solvent, etc.,were.not included
in it [2]. A [challenging picture of
electrodeposition, based on
nanothermodynamics, was presented in
References~[3**,4]. Figure 1 shows
qualitatively this new approach. The
previous picture has allowed to
rationalize selective growth of facets
[5,6], vanishing of UPD for small NPs
[4,7*,8%*,9,10* 11], the relevance of
anions or ligands for electrodeposition
[12,13*,14], and has been used to
analyze the first stages of Li adsorption

on defective graphene [15].

2. Advanced Computer Simulations
applied to fundamental

electrochemistry

The description of the interactions
between particles is the heart of
computer simulations. In the present

context, the description of charged



species is very important. This is done
through two methods: density functional
theory  (DFT)
semiempirical potentials based on the

calculations or

theory of bond order.

2.1. Density Functional Theory

DFT is one of the most frequently used
computational tools in electrochemistry
[1,16,17]. DFT energy calculations have
typically an uncertainty of 0.3 eV,
which is an order of magnitude larger
than  thermal energy at room
temperature.  Thereby, a  further
comparison with experimental data is
imperative as discussed by Exner etsal

[18].

A methodic DFT-work analyzing” the
structure and properties of arComplex
electrochemical system was performed
by Escudero-Escribane et al [19*,20].
Non-covalent interactions were found to
be responsible/ for the occurrence of
honeycomb structures observed in STM

images-(see Figure 2).

Partalty hydrated caton

Figure 2: STM-image and ‘the, DFT=optimized
model used to understand the nature of non-
covalent interactions leading to honeycomb
structures. Modified with permission of
Reference [19].

The interaction of ligands and/or
solvents molecules with nanostructures
is an important topic in
electrodeposition. A meaningful
contribution on this topic was made by
Carino et al [21,22*]. The calculated
binding energies were found to
correspond well with the peaks

observed in the CVs of Cu UPD on Pt.

DFT-based Kinetic Monte Carlo (KMC)

has gained  popularity  because
adsorption energies and activation
barriers are accessible via DFT
calculations [16,17, 23 ]. KMC is a
stochastic  method that directly
incorporates reaction mechanisms. It
allows to  predict experimental

quantities such as rates of product
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formation, reaction orders, reaction
paths and evolution of the system on the
experimental time-scale. It also allows
access to observables that are difficult
to obtain from experiments, such as the
instantaneous surface concentrations of
different species. Many of these results
have been recently compiled in
Reference [1]. New advances have
extended this methodology to include
atom exchange [24,25] or larger jumps
[26]. This innovation has allowed to
different

analyze categories  of

deposition systems, such as
homoepitaxy, heteroepitaxy, —multi-
layer, decoration of step edges, and

confined regions [1, 25-27].

DFT-based KMC is being used to
model current/voltage curves
experimentally observed,  but special
attention must be paid.to the selection
of the model and.a further comparison
with experimental data is imperative
[ 28 ]. Furthermore, different DFT-
parameters, sets lead to substantial
differences /either in the overall kinetics

or. in‘the surface configuration.

Transport phenomena may also be
analyzed using KMC. This was for
example made in a recent work by
Blanquer et al [29]. These authors
presented a new application of KMC in

three dimensions, in order to explain the
increase in capacity observed for
lithium oxide batteries. It was found
that improvement of the mobility of the
species, dilution or increase of Li"
diffusion coefficient should lead to
greater and more effective diseharge.
These predictions were confirmed by

experiments.

2.2. Semi-empirical-Potentials

Advances on empirical potentials are
hased on the concept of bond order. One
of the advantages of their use is the
ability to emulate systems of more than
10° atoms on time scales of the order of
40 ns [30]. These heuristic potentials
have become a concrete alternative to
simulate nano-electrochemical complex
environments. They have allowed to
simulate relevant characteristics of the
electrochemical  environment:  for
example simulations show that in
aqueous media, oriented nanocrystals
should grow vyielding single crystal
forms [31]. Recent advances are the
inclusion in the growth process of high
electric fields [32] and the possibility of
simulating complex chemical reactions
at high temperatures [33,34,35].



3. Work related to energy generation

and storage

3.1. First principles modeling of

electrocalytic reactions

In recent times, the use of renewable
energy resources as well as more
efficient energy storage systems have
been favorite topics on the agenda of
most influential governments and
international organizations. A
sustainable energy system is urgently
required by the modern society due to
issues like global warming effects,
fluctuating oil price, and contamination
produced by fossil fuel combustion.
This situation has led, within the area of
scientific research, to the. quest for
improved  electrochemical”  storage
systems that can safely. store energy
from sustainable-seurces, such as wind
and solar power, and also provide the
energy needed,  for example, for
transportation™ and residential  uses.
Hydrogen~ fuel cells are one of the
devices foreseen to fit into these needs,
and two electrocatalytic reactions are of
primarily importance for these devices.
One of them is the Hydrogen Evolution
Reaction (HER), which, although it is
not involved in the fuel cell, it is

required to provide its fuel: hydrogen.

The other one is the reaction limiting
the performance of hydrogen-air fuel
cells: the Oxygen Reduction Reaction
(ORR). We revise the newest relevant
theoretical results for these two
problems in the scope of the present

article.

3.1.1. Hydrogen Evolution Reaction

The best current catalysts for this
reaction arewof*high-cost due the fact
that they are based on Pt. Thus, it is
urgent.to employ low-cost and earth-
abundant materials to replace them and
make this technology more economical.
Unfortunately, very abundant 3d
transition metals (like Fe) are not stable
in acidic medium since they dissolve.
Recent work has been devoted to
develop metallic nanostructures (Fe, Co,
FeCo, CoNi alloys) covered by
carbonaceous  shells doped with
nitrogen that protect them from
corrosion [36,37**]. DFT calculations
have been decisive to understand the
way in which these catalysts operate.
The three elementary steps for the HER

are:

H'+e +* > H" (1)



H"+e +H —H, )

2H > H, (3)

where * denotes an active site on the

catalyst.

The Tafel slopes obtained with the
previous metal/C
indicated that the HER for these

nanostructures

compounds occurred by the Volmer-
Heyrovsky  mechanism(1)-(2). The
application of DFT calculations to this

problem was manifold:

a) Calculation of the adsorption free
energy of hydrogen. This is a descriptor
of the HER [38]. Either very large or
very low values showed", to |be

detrimental.

b) Calculation of free energy along the
reaction coordinate.., The results also
supported ~~the, /Volmer—Heyrovsky

mechanism to be operative here.

¢).Analysis of the electrostatic potential.
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Figure 3: a) Schematic illustration of a CoNi
alloy encapsulated in three-layer” graphene. b)

Change in the adsorption” free energy of
hydrogen. AAG(H )(red line) and electronic

potential (bluge line).as a function of the number
of graphene layers, where
AAG.=AG(without metal) — AG(with metal) .

) Redistribution of the electron densities after
the CoNi clusters have covered by one to three
layers of graphene. The red and blue regions
are regions of increased and decreased electron
density, respectively. Reprinted with permission
of Reference [36].

d) Analysis of differential electronic
density plots. These results and the
previous ones showed that stabilization
of the H™ species should originate from
the increase in the electron density on
the graphene shells near the metal

clusters.

Figure 3 shows the model of metal core
covered by a graphitic layer and results

for the free energy of adsorption,



electronic potential and differential
electronic density plots for different
numbers of graphene layers covering
the metal core. DFT calculations have
also been applied to understand related
systems, like the HER on MoS; doped
with metal atoms [39%*], on different
nanostructures of MoS; [40] and on
iron-nickel sulfide (INS) [41]. In the
latter case, the higher activity of the INS
nanosheets with respect to pristine NiS
nanosheets in acid solutions was
attributed to the lower energy barrier for
H™ adsorption and the higher
exothermicity for hydrogen formation.

3.1.2. Oxygen Reduction Reaction

Similarly to the case of the HER, Pt
based catalyst have dominated the
scenery of the materials, used for the
ORR [42]. In acidie solutions, the ORR

may proceed, /over two different

processes:
©,+4H" +4e"= 2H,0 (4)
0, +2H" +2e"= H,0, (5)

where the second process is unwanted
in energy generation processes. In the
case of the ORR, the d-band center of
the metal and the free binding energy of
oxygen are the favorite descriptors used
to analyze the activity of catalysts [43].
The potential of this approach in
combination with the analysis. of
experimental data has. been shown
recently to analyze the, ORR and HER
on Pt catalysts supporied by transition
metal carbides [44]. Sabatier principle
becomes manifest in so-called typical
volcano. plots, where some property
representing the catalytic activity (i.e.
Exchange current density) is plotted as a
function of the binding energy of a
relevant adsorbed species.

A maximum is found at intermediate
binding energies for these reactive
intermediates, which serves to screen
for other good candidates fitting the
binding energy under consideration.

As in the case of the HER, recent effort
is devoted to develop Pt-free catalyst
that make the wuse of catalysts
economically feasible. A breakthrough
in this situation aided by the DFT study
of the mechanisms of the four-electron
pathway on nitrogen doped graphene
can be found in the work of Zhang et al
[45*]. A similar situation was shown by

Yang et al [46] for boron-doped carbon



nanotubes (NT). In this case, the
positively charged boron atom was
found to be favorable to capture of the
oxygen molecule, which is slightly
negatively charged upon approaching
the NT. Recent work in the previous
direction was undertaken to rationalize
the ORR on a series of graphenes doped
with  nonmetal elements: nitrogen,
boron, oxygen, sulfur and phosphorus
[ 47 **]. DFT calculations were

performed to predict exchange currents

joe™ and the adsorption free energies

AG(OOH") of the intermediate OOH",
which is formed upon O, adsorption

and dissociates subsequently to yield

O" . These two quantities were
predicted to follow a volcano-shaped
plot (red line in Figure 4), which
correlated very well with sthe 'same
representation of the, experimental

exchange currents, ji® , blue squares

therein. In the,same)plot a hypothetical
system with the maximum catalytic
activity is “denoted with X-G and
markedwwith a full square. This would

correspond to a system with a
AG(OOH") close to the volcano center,
presenting an activity 5 times higher
than that of a Pt/C catalyst. The authors

proposed that such an X-Graphene
should be sought by doping with

multiple elements, introducing
structural defects or any possible

combination of these effects.
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Figure=4: Volcano plots between j* and
AG(OOH") as calculated in Reference [47].
Blue hollow squares are experimental values of
ig® from Tafel plots and DFT derived
AG(OOH") for each doped graphene catalyst.

The j, experimental value for Pt is shown by

the blue dashed line.

Very recent work based on multi-scale
modeling of the ORR must be
highlighted as an appealing new
approach to this problem[48*].

4. Acknowledgements

This work was supported by PID

Conicet-11220110100992, Program



BID-Foncyt (PICT-2012-2324,), SeCyT
of the Universidad Nacional de
Cordoba.

5. References and recommended
reading

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

* of special interest

** of outstanding interest.

[ 1] "Underpotential Deposition. From
Fundamentals and Theory to Applications
at the Nanoscale". Authors: Oviedo, OA,
Reinaudi, L, Garcia, SG, Leiva, EPM
Springer International Publishing (2016).

** This book is a comprehensive review of
the relevant literature on“underpotential
deposition  (upd) ford. electrochemists,
materials scientists and energy researchers.
For the first time, applications of upd at the
nanoscale are presented, such as the
generation of nanoparticles and
nanocavities, as ‘well as electrocatalists.
Real surface determination and layer-by-
layer .growthwof ultrathin films are also
discussed, as well as the wvery latest
modeling=—approaches to upd based on
nanothermodynamics, statistical mechanics,
molecular dynamics and Monte-Carlo
simulations.

[2] "Thermodynamic Modeling of Metallic
Nanoclusters”. In "Metal Clusters and
Nanoalloys: From Modeling to
Applications” Edited by Mariscal MM,
Oviedo OA, Leiva EPM. Springer New
York Heidelberg Dordrecht London (2013).

[3] Oviedo OA, Vélez P, Macagno VA,
Leiva EPM: Underpotential deposition:
From planar surfaces to NPs. Surf Sci
2015, 631: 23-34.

** A model of electrodeposition including
curvature effects (typical in the nanoworld),
anion coadsorption, solvation, and double
layer charging is presented.

[4] Oviedo OA, Negre CFA, Mariscal MM,
Sanchez CG, Leiva EPM: Underpotential
deposition on free NPs: Its meaning and
measurement.  Electrochem  Commun
2012, 16: 1-5

[5] Personick ML, Langille MR, Zhang J,
Mirkin CA: Shape control of gold
nanoparticles-bysilver underpotential
deposition:Nano.Lett 2011, 11: 3394

[6] Langile.MR, Personick ML, Zhang J,
Mirkin:CA. Defining rules for the shape
evolution of gold nanoparticles. J Am
Chem Soc 2012, 134: 14542

[7] Oviedo OA, Leiva EPM and Mariscal
MM: Thermodynamic considerations and
computer simulations on the spontaneous
formation of Core-shell nanoparticles
under electrochemical conditions. Phys.
Chem. Chem. Phys. 2008, 10: 3561-3568.

* Based on computer simulations, the
authors put forward the idea that
underpotential deposition may be weakened
at the nanoscale.

[8] Campbell FW, Zhou Y, Compton RG:
Thallium underpotential deposition on
silver  nanoparticles:  size-dependent
adsorption behaviour. New J Chem 2010,
34: 187.

*For the first time, experimental evidence is
shown for the vanishing of UPD of metals
at the nanoscale.

[ 91 Campbell FW, Compton RG:
Contrasting Underpotential Depositions
of Lead and Cadmium on Silver
Macroelectrodes and Silver Nanoparticle
Electrode Arrays. Int J Electrochem Sci
2010, 5: 407

10



[10] Aniskevicha YM, Malashchonaka MV,
Chulkina PV, Ragoishab GA, Streltsov EA:
Cadmium underpotential deposition on
CdSe and CdS quantum dot films: size
dependent underpotential shift.
Electrochim. Acta 2016, 220: 493-499

* For the first time, experimental evidence
is shown for the vanishing of UPD of
semiconductors at the nanoscale.

[11] Kumar A and Buttry DA: Size-
Dependent Underpotential Deposition of
Copper on Palladium Nanoparticles. J.
Phys. Chem. C, 2015, 119: 16927-16933.

[12] Langille MR, Personick ML, Zhang J,
Mirkin CA: Defining rules for the shape
evolution of gold nanoparticles. J Am
Chem Soc. 2012, 134: 14542-14554.

[13] zhu Q, Wang S-q: First principles
study of halogens adsorption on
intermetallic surfaces. Appl. Surf. Sci.
2016, 364: 29-36

* Halogen adsorption on metallic surfaces
was analyzed using density functional
theory calculations. These authors show
evidence for a linear relationshipybetween
work function change and change ofdipole
moment change for halogen.adsorption.

[14] Oviedo OA, Mariscal-MM, Leiva
EPM: On the occurrence of stable and
supersaturated” metastable states in
metallic core-shell NPs. Phys Chem Chem
Phys 2010,12: 4580<4589.

[15]/Urquiza ML, Otero M, Luque GL,
Barrace. D,/ Leiva EPM: First-Principles
studies  of  silicon  underpotential
deposition on defective graphene and its
relevance for lithium-ion  battery
materials. Electrochim. Acta 2016, 208:
92-101.

[16] Anderson RM, Yancey DF, Zhang L,
Chill ST, Henkelman G, and Crooks RM: A
Theoretical and Experimental Approach
for Correlating. NP Structure and

Electrocatalytic Activity. Acc Chem Res
2015, 48: 1351-1357.

[17] Zhang L, Anderson RM, Crooks RM,
Henkelman G: Correlating Structure and
Function of Metal NPs for Catalysis. Surf
Sci 2015, 640: 65-72.

[18] Exner KS, HelR F, Over H, Seitsonen
AP: Combined experiment and/theory
approach in surface chemistry: Stairway
to heaven?. Surf Sci 2015, 640: 165-180.

[19] Escudero-Escribano M, Zoloff Michoff
ME, Leiva EPM, Markovic” NM, Gutiérrez
C, Cuesta A: Quantitative Study of Non-
Covalent Interactions at the Electrode-
Electrolyte _Interface/ Using Cyanide-
Modified Pt(111) Electrodes.
ChemPhysChem 2011, 12: 2230 - 2234.

* This_paper analyzes the structure and
properties. of the double layer constituted by
cyanide-modified Pt(111) and adsorbed
cations. The latter interact with the
electrode through non-covalent interactions
and were found to be responsible for
honeycomb structures observed in STM
images.

[20] Escudero-Escribano M, Soldano GJ,
Quaino P, Zoloff Michoff ME, Leiva EPM,
Schmickler W, Cuesta A: Cyanide-
modified Pt(111): Structure, stability and
hydrogen adsorption. Electrochim Acta
2012, 82: 524 533.

[ 21 ] Carino EV, Crooks RM:
Characterization of Pt@Cu Core@Shell
Dendrimer-Encapsulated Nanoparticles
Synthesized by Cu Underpotential
Deposition. Langmuir 2011, 27: 4227-
4235.

[22] Carino EV, Kim HY, Henkelman G,
Crooks RM: Site-Selective Cu Deposition
on Pt Dendrimer-Encapsulated NPs:
Correlation of Theory and Experiment. J
Am Chem Soc 2012, 134: 4153- 4162.

* In this work, partial and full shell
adsorbate structures were characterized by

11



voltammetry and the experimental results
were compared with computational models
generated by using DFT and molecular
dynamics simulations. Binding energies
were calculated using DFT for Cu adsorbed
on Pt{100} and Pt{111} facets of a
“solvated” NP, in which SO, ligands were
adsorbed on the surface to mimic the
solvent-surface interactions existing in the
experiments. The comparison is made
between Cu adsorbed on a “SOy.-solvated”
and on a “not-solvated” Pt-NP.

[23] Moona J, Leeb B, Choa M, Cho K: Ab
initio and kinetic Monte Carlo simulation
study of lithiation in crystalline and
amorphous silicon. Journal of Power
Sources 2014, 25: 1010-1017

[ 24 ] Treeratanaphitak T, Pritzker MD,
Abukhdeir NM: Kinetic Monte Carlo
simulation of electrodeposition using the
embedded-atom method. Electrochim
Acta 2014, 121: 407-414.

[25] Treeratanaphitak T, Pritzker MD,
Abukhdeir NM: Atomistic kinetic Monte
Carlo simulations of polycrystalline
copper electrodeposition. EleCtrochem
Commun 2014, 46: 140-143.

[26] Bezzola A, Bales/BB, Alkire RC,
Petzold LR: An exact{and efficient first
passage time algorithm for reaction-
diffusion processeswon a 2D-lattice. J
Comp Phys 2014, 256; 183-197

[27] Bezzola A, Bales BB, Petzold LR,
Alkire-RC:'Numerical Scaling Studies of
Kinetically-Limited Electrochemical
Nucleation‘and Growth with Accelerated
Stochastic Simulations. J Electrochem Soc
2014, 161: E3001-E3008.

[28] Shishkin M, T. Ziegler T: Direct
modeling of the electrochemistry in the
three-phase boundary of solid oxide fuel
cell anodes by density functional theory:
a critical overview. Phys Chem Chem
Phys 2014, 16: 1798-1808.

[29] Blanquer G, Yin Y, Quiroga MA,
Franco AA: Modeling Investigation of the
Local Electrochemistry in Lithium-O,
Batteries: A Kinetic Monte Carlo
Approach. J Electrochem Soc 2016, 163:
A329-A337.

[30] Liang T, Shin YK, Cheng Y-T, Yilmaz
DE, Vishnu KG, Verners O, Zou C,
Phillpot CR, Sinnott SB, van Duin~ACT:
Reactive Potentials for Advanced
Atomistic Simulations. Ann Rev, Mat'Res
2013, 43: 109 -129.

[31] Raju M, van Duin) ACT; Fichthorn
KA: Mechanisms of Oriented
Attachment of [ TiO,, Nanocrystals in
Vacuum and. ‘"Humid Environments:
Reactive Molecular Dynamics. Nano Lett
2014, 14:°1836—-1842.

[32] Neyts:EC, van Duin ACT, Bogaerts A:
Insightsiin the plasma-assisted growth of
carbon nanotubes through atomic scale
simulations: effect of electric field. J Am
Chem Soc 2012, 134: 1256-1260.

[33] Zheng M, Li X, Liu J, Guo L: Initial
Chemical Reaction Simulation of Coal
Pyrolysis via ReaxFF  Molecular
Dynamics. Energy Fuels 2013, 27:
2942-2951.

[34]Ding J, Zhang L, Zhang Y, Ha K-L: A
Reactive Molecular Dynamics Study of
n-Heptane Pyrolysis at High
Temperature. J Phys Chem A 2013, 117:
3266—3278

[35] Qi T, Bauschlicher CW, Lawson JW,
Desai TG, Reed EJ. Comparison of
ReaxFF, DFTB, and DFT for Phenolic
Pyrolysis. 1. Molecular Dynamics
Simulations. J Phys Chem A 2013, 117:
11115-11125.

[36] Deng J, Ren J, Deng D, Yu L, Yang F,
Bao X: Enhanced Electron Penetration
through an Ultrathin Graphene Layer
for Highly Efficient Catalysis of the
Hydrogen Evolution Reaction. Angew
Chem Int Ed 2015, 54: 2100-2104.

12



[37] Deng J, Ren P, Deng D, Yu L, Yang F,
Bao X: Highly active and durable non-
precious-metal catalysts encapsulated in
carbon nanotubes for hydrogen evolution
reaction: Energy Environ Sci 2014, 7:
1919-1923.

** These authors prepared non-precious
transition metal catalysts encapsulated in
nitrogen-doped carbon nanotubes that
exhibited a remarkable catalytic
performance  towards the hydrogen
evolution reaction in acidic electrolytes.
The catalysts endured prolonged cycling.
These experiments were accompanied by
DFT calculations to analyze the chemical
origin of the observed activity and to
understand the mechanism of the HER in
these materials.

[38] Greeley J, Jaramillo TF, Bonde J,
Chorkendorff I, Norskov JK:
Computational high-throughput
screening of electrocatalytic materials for
hydrogen evolution. Nat Mater 2006, 5:
909-913.

[39] Deng J, Li H, Xiao J, Tu Y, Deng D,
Yang H, Tian H, Li J, Ren P, Bao X:
Triggering the electrocatalytic hydrogen
evolution activity of the sinert two-
dimensional MoS2 surface via, single-
atom metal doping. Energy Environ Sci,
2015, 8: 1594-1601.

* These authors used/DFT to construct a
volcano curveqaiming to” determine which
are the best.single-atom metal doped MoS,
catalysts (for the HER. A Volmer-
Heyroysky mechanism was predicted.

[40] Seo.B, Jung GY, Sa Y, Jeong HY,
Cheon.JY, Lee JH, Kim HY, Kim JC, Shin
HS, Kwak SK, Joo SH: Monolayer-
Precision Synthesis of Molybdenum
Sulfide NPs and Their Nanoscale Size
Effects in the Hydrogen Evolution
Reaction. ACS Nano 2015, 9: 3728-3739.

[41] Long X, Li G, Wang Z, Zhu H, Zhang
T, Xiao S, Guo W, Yang S: Metallic
Iron—Nickel Sulfide Ultrathin
Nanosheets As a Highly Active

Electrocatalyst for Hydrogen Evolution
Reaction in Acidic Media. J Am Chem
Soc 2015, 137: 11900-11903.

[42] Wu J, Yang H: Platinum-Based
Oxygen Reduction Electrocatalysts. Acc
Chem Res 2013, 46: 1848-1857.

[43] Norskov JK, Bligaard T, Rossmeisl J,
Christensen CH: Towards the
computational design of solid{catalysts.
Nat Chem 2009, 1: 37-46.

[44] Liu Y, Kelly TG, Chen JG, Mustain
WE: Metal Carbides) as JAlternative
Electrocatalyst Supports. ACS Catal
2013, 3: 1184—-1194.

[45] Zhangwls™Xia Z: Mechanisms of
Oxygen Reduction Reaction on Nitrogen-
Doped Graphene for Fuel Cells. J Phys
ChemC 2041, 115: 11170-11176.

* These authors showed that the ORR is a
four-electron pathway on N doped
grapheme but found that pure graphene
does not have such catalytic properties. The
doping N atoms in graphene lead to an
asymmetry in spin density and atomic
charge density, making it possible for N-
graphene to yield high activities for the
ORR.

[46] Yang L, Jiang S, Zhao Y, Zhu L, Chen
S, Wang X, Wu Q, Ma J, Ma Y, Hu Zheng:
Boron-Doped Carbon Nanotubes as
Metal-Free Electrocatalysts for the
Oxygen Reduction Reaction. Angew
Chem Int Ed 2011, 50: 7132-7135.

[47] Jiao Y, Zheng Y, Jaroniec M, Qiao SZ:
Origin of the Electrocatalytic Oxygen
Reduction Activity of Graphene-Based
Catalysts: A Roadmap to Achieve the
Best Performance, J Am Chem Soc 2014,
136: 4394—4403.

** These authors combined experimental
studies and DFT calculations to investigate
the nature and origin of ORR activity of a
number of heteroatom (X)-doped graphene
catalysts (X=N, B, O, S, and P). They
suggest the possible occurrence of

13



graphene-based metal free catalysts that
could surpass the ORR performance of the
state-of-the-art Pt catalysts.

[48]Vazquez-Arenas J, Ramos-Sanchez G.,
Franco AA: A multi-scale model of the
oxygen reduction reaction on highly active
graphene nanosheets in alkaline
conditions:, J. Power Sources 2016, 328:
492-502

* These authors used an ab-initio based
multi-scale approach to describe the ORR
in alkaline media. This type of modeling
includes  microscopic  features  like
activation energies, scaling up to the
mesoscopic level. The model was fitted to
experimental  polarization  curves, to
estimate those kinetic parameters that have
not been determined using the ab initio
methods.

14



