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Abstract

Design of novel materials in renewable energy systems plays a key role in powering transportation vehicles
and portable electronics. This review introduces the research work of first principles-based computational
design for the materials over the last decade to accomplish the goal with less financial and temporal cost
beyond the conventional approach, especially, focusing on electrocatalyst toward a proton exchange membrane
fuel cell (PEMFC). It is proposed that the new method combined with experimental validation, can provide
fundamental descriptors and mechanical understanding for optimal efficiency control of a whole system.
Advancing these methods can even realize a computational platform of the materials genome, which can
substantially reduce the time period from discovery to commercialization into markets of new materials.
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1. Introduction

There is no doubt that fossil fuels have significantly

contributed to realizing modern technologies through

supplying powers for various systems. In spite of

serious environmental issue, it still occupies more

than 75% of all global energy sources consumed in

used for commercialized applications [1-2]. It is,

however, also true that the conventional energy

framework will be shifted in near future due to the

environmental degradation and concern with worries

for exhausting the energy reservoir.

Over the last several decades there have been

extensive efforts in research and development to

establish renewable energy sources, such as earth-

abundant biomass [3], hydrogen [4-5], solar power [6]

and so on. Various systems have been proposed to

efficiently utilize the energies via electro- or chemical

reactions [7].

The high operational efficiency being free from the

limitation by thermodynamic law for combustion

engines, however, turns out much lower than what is

expected. It originates largely from the inherent

irreversible reactions. Especially, the activation

barriers for oxygen reduction or evolution reaction

(ORR or OER) is notoriously known as very high,

and its reduction is the most challenging. It is due to

missing of proper catalysts with highly stable,

selective and active. The difficulty is at the oper -

ational conditions, where, the catalysts are exposed

to: strong acidic medium or high electro -chemical

potential.

Thus, commercialized catalysts are mostly based

on expensive noble elements, Pt and its alloys. These

issues are the bottleneck that delays the replacement

of conventional fossil fuels by the renewable

energies, also the strong driving force for further

concerted research work.

Using electrocatalysts toward ORR in proton

exchange membrane (PEM) fuel cells this review

introduces the frontiers of the first principles-based
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computational materials science [8], which can open

new ways in developing high functional materials

and discovering new design concept beyond the

conventional wisdom. It firmly stands on the

quantum mechanical laws to predict materials

properties from the levels of electrons, atoms and

molecules. If rigorously combined with statistical

mechanics or electrochemical formalism, it is even

utilized for multiscale materials properties spanning a

wide range of reaction time scales and sizes of

interest. This paper consists of several sections. First,

it explain show to capture the underlying principles

for key catalytic properties of electrochemical

stability and catalytic activity. The next session

describes how to identify optimal alloy catalysts

beyond Pt and estimate its performance. Finally, it

guides completely new design concepts for superior

catalysts by controlling hybrid complex of material

interfaces.

2. Computational Details and Model 
System

As an archetype of a catalyst model, we used Pt

nanoparticles and its alloys with different sizes and

morphologies, which are exposed to adsorptions of

various chemical species: O, OH, H2O, etc. To

calculate its catalytic properties, we extensively

utilized the first principles density functional theory

(DFT) [9] calculations. To describe interaction potential

between ion/electron cores and valence electrons, PAW

[10] method were employed and the generalized-

gradient approximation(GGA) [11] captured the

exchange-correlational energy of electrons. These

formalisms were implemented in VASP [12] the

program we used in this paper. For a cluster, we used

gamma point only to get total energy by DFT

calculations and zero-point energy and entropic

change were estimated in calculated internal energy

to obtain the Gibbs free energy. 

3. Results and Discussion

3.1 Prediction of ground state structures:

Grand canonical potential

PEM fuel cells generate electric power through

water formation with hydrogen and oxygen gas. As

illustrated in Fig. 1, H2(g) and O2(g) are injected into

gas diffusion channels to reach Pt catalyst of 2-3 nm

sizes in anode and cathode, respectively. Then, H2(g)

is oxidized to H+(aq) + e- and O2(g) is reduced into

O
2-
 at each of the electrodes. The H

+
(aq) diffuses to

the cathode through a membrane (typically Nafion®)

and form water by reacting with O2- ion. The

spontaneous electrochemical reaction involves four

electrons which are utilized for electric work with a

potential of 1.23 V at room temperature. If liquid

methanol is used as a fuel in anode (direct methanol

fuel cell, DMFC), a slightly smaller electric potential

of 1.18 V is created due to dissipation of energy for

Fig. 1. A PEM fuel cell system. (a) Pt catalyst oxidizes H2(g) into a proton at anode and reduces O2(g) into O2- in
cathode. The proton diffuses into cathode to react with O2- and forms water. The electron produced in the anode go
around the external circuit for electric work. Overall, it is four electron electrochemical reaction in a Pt catalyst[7]. (b)
Pt nanoparticle on carbon support.
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breaking C-H bonds.

It is well known [13] that exchange current density

for the proton oxidation reaction in Pt is very high

compared to any transition metal leading to very

small overpotential in the PEM fuel cell operation.

The oxygen reduction reaction is, however, very

sluggish even in Pt limiting overall performance of

the system [14-15]. It is because the breaking of the

double bond O=O consumes substantial energy.

Furthermore, various intermediates are produced in

the ORR, which degrades the performance of Pt

catalyst. Thus, critical issues in the catalysts for the

PEM fuel cells are focused on how to improve the

ORR catalytic activity, either by pure Pt or by

developing other alloys. Even though several alloys

such as Pt-Ni, Pt-Co and Pt-Fe have been proposed

as superior activity to Pt, the electrochemical

instability hinders their appearances into markets.

Since catalysis is essentially surface reactions it is

of importance to accurately characterize the structure

of a catalyst, which is open to adsorption of chemical

species in the ORR. It is a formidable task in

experiments since synthesis of well-defined Pt

nanocatalyst is difficult and observation on the

adsorption of various intermediates requires accurate

control of thermodynamic (temperature, pressure,

etc.) and electrochemical conditions (potential,

current density, etc.). On the other hand, the first

principles DFT calculations are free from the

difficulties when rigorous statistical thermodynamic

formalism is combined with the accurately obtained

internal energy. It is well known in modern

thermodynamics [16] that an internal energy of a

system can be transformed into various other state

functions without losing any information of the

system. Using Legendre transform, we expand the

internal energy of any Pt-adsorbate system into

equivalent grand canonical potential as eq. (1-1),

(1-1)

where, Ψ is the grand canonical potential of Pt

nanoparticle adsorbed with O of the coverage x, and

μO is chemical potential of O. E is the internal

energy the system obtained by DFT calculations.

For adsorption by intermediates other than O, the

grand canonical potential can be calculated as the

same method. For example, adsorption of OH, 

 (1-2)

In eq. (1-2) the coverage of OH should be twice of

O because of the charge balance. Both eq. (1-1) and

(1-2) indicate that we can calculate grand canonical

potential of Pt nanoparticle adsorbed with any

oxygen contained chemical species as a function of

µO. They are linearly dependent on µO and thus, the

ground state structures will be identified by the

convex hull of the grand canonical potentials as

illustrated in Fig. 2(a) for 1 nm sized Pt consisting of

55 Pt atoms. It implies that at extremely low μO, pure

Pt metal nanoparticle is stable and as the oxygen

partial pressure increases, OH group adsorb faster on

the Pt surface instead of oxygen. At extremely high

potentials, adsorbed oxygen atoms penetrate into the

subsurface and form an oxide Pt nanoparticle.

Once the ground state structures are identified, we

can even calculate a cyclic voltammogram (CV) for

Ψ PtOx( ) E PtOx( ) xOμO–=

Ψ PtOH2x( ) E PtOH2x( ) 2 xOμO xHμH+( )–=

Fig. 2. (a) Ground state structures of Pt nanoparticles open to chemical adsorption with O and OH predicted by DFT
caluclations and grand canonical potentials and (b) surface structure of Pt nanoparticle by an applied potential in
solution[19].
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the ORR catalysis by the Pt nanoparticle as shown in

Fig. 2(b). For example, the 1 nm Pt is considered in

the reaction

 (2)

Here, the reaction potential (V) depends on activity

of a proton, i.e., pH (= -log [H+]) and total 2/55 of

electronic charge was involved to form 2/55 water

molecule. DFT calculations give us the energy of

Pt(OH)2/55 and a water molecule. Then, with the

Nernst equation V is expressed as V = 0.518 -

0.059pH, where 0.518 was obtained by the DFT

calculated energies. In this way, it is possible to

formulate stepwise functions between the charge Q

and V of the reactions of other ground state

structures. Eventually, the relations allow us to

calculate differential charge dQ/dV, which consists of

delta functions centered at the reaction potentials. By

convoluting them with Gaussian-type functions we

can calculate the CV as shown in Fig. 2(b).

3.2 Prediction of electrochemical stability:

Pourbaix diagram

As stated in the introduction, the electrochemical

stability is the central issue in nano-scale catalysts for

ORR of PEM fuel cells due to the highly acidic

medium. Even though bulk Pt is the most noble

transition metal, its nanoscale counterpart has completely

different characteristics. Previous experiments [17]

observed that Pt catalyst in acidic aqueous solution

become electrochemically dissolvable after the repeated

potential cyclings under the PEM fuel cell operation

condition. 

To understand its underlying mechanism a

pourbaix diagram [18] was calculated for a Pt

nanoparticle as a function of size in aqueous

solution. The diagram maps the phase stability of

chemical species with varying pH and electrode

potential with respect to standard hydrogen electrode.

The governing equations determining phase

boundaries depend on types of reactions: chemical or

electrochemical as shown in eq. (3-1) and eq. (3-2),

respectively. For a general reaction of OX + xH+ +

ze- = Red + 0.5xH2O,

(3-1)

(3-2)

Here, OX and Red represent chemical species of

higher and lower oxidation states of a catalyst,

respectively. [OX] and [Red] are their molar

concentrations, K means an equilibrium constant for

given T and P. ΔGo (Eo) is the standard reaction

Gibbs free energy (reduction potential).

Fig. 3(a) illustrates that the dissolution potential of

1 nm Pt (~0.7 V) is substantially lower than that of

the bulk counterpart (~1 V). Furthermore, the

stability region of Pt2+ ion is much bigger as well,

widely spread out into pHs and electrode potentials.

Fig. 3(b) shows experiments to measure the

dissolution potentials of Pt nanoparticles with

varying sizes using in-situ STM. Pt nanoparticles of

different sizes were distributed on the Au support in

acidic solution until certain particles disappear to

define electrochemical dissolution potential. The DFT

Pt OH( )2 55⁄

2

55
------H

+ 2

55
------e

–
+ + Pt

2

55
------H2O+=

For a chemical reaction z 0=( )                     ;

logK log
Red[ ]

H
+[ ]

x

OX[ ]
---------------------------⎝ ⎠
⎛ ⎞ G

oΔ–

2.303RT
---------------------= =

For electrochemical reation z 0≠( )               ;

E
G

oΔ–

z
------------- E

o
=( )

0.05916

z
-------------------log

Red[ ]

H
+[ ]

x

OX[ ]
---------------------------⎝ ⎠
⎛ ⎞–=

⎩
⎪
⎪
⎪
⎪
⎨
⎪
⎪
⎪
⎪
⎧

Fig. 3. The Pourbaix diagram predicted by DFT calculations for Pt nanoparticle of 1 nm size in (a) and in (b) the in-

situ STM measurement of electrochemical dissolution potentials of Pt with varying sizes[19].
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calculations and the experimental measurements

agreed well [19]. Underlying mechanism for such

different materials properties were ascribed to a

dramatic change of the cohesive energy of a Pt particle

as a function of the particle size. Nanoparticles have

much large excessive surface areas, which reduces

bond strengths between atoms leading to easier

dissolution than bulk counterpart.

The results indicate that the figure of merit of a

nanocatalyst (larger surface areas for the catalysis

than bulk) may not results as good as expected since

the electrochemical instability degrades the durability

in the PEM fuel cell operation. Unfortunately, even

Pt, the most noble metal has such low dissolution

potential when sizes are reduced to about 1 - 2 nm. It

implies that it is of difficulty to develop more

durable nanocatalysts better than Pt.

3.3 Prediction of catalytic performance: Gibbs

free energy diagram

The catalytic performance of ORR is thermodyna-

mically evaluated by its onset potential. DFT

calculations can predict it by estimating Gibbs free

energies of intermediates and the final product water

over the ORR catalysis as shown in eq. (4)[20-21].

 (4)

Where, ΔG and ΔE are changes of Gibbs free

energy of the reaction and internal energy for a given

reaction, respectively. The term ΔZPE and ΔS mean

zero-point energy correction and entropy change, by

the reaction, respectively. The internal energy can be

obtained by DFT computing but the ΔZPE and ΔS
are estimated by statistical mechanics.

Fig. 4 illustrates the Gibbs free energy diagrams

for Pt(111) and (100) surfaces toward ORR catalysis.

It was calculated by considering ORR mechanism as

eq. (5),

(5-1)

(5-2)

(5-3)

(5-4)

Here, * indicate adsorption site in the Pt surface

and adsorbate was described by superscript * in the

chemical species. It was assumed that activation

energy in each reaction is at least the reaction energy,

and details of microkinetic model were not applied to

the free energy map, that is, it is thermodynamic

approach. The Fig. 4 indicates that thermodynamic

onset potentials of ORR for (111) and (100) surfaces

are very different, about 0.78 V versus 0.54 V,

respectively. Such inferior performance in Pt(100)

surface originated from the last step of the

electrochemical reduction of OH into H2O, which

will be a rate determining step in overall ORR

catalysis in the Pt nanoparticle. In summary, for only

performance aspect Pt(111) single crystal is better

than the multifaceted Pt nanoparticle[14].

 3.4 Toward alloy catalysts

As stated in the previous sections, a pure Pt

nanoparticle is not expected to meet the requirements

for high functional ORR catalyst: electrochemical

GΔ EΔ ZPEΔ T SΔ–+=

O2 g( ) 4 H
+

aq( ) e
–

+[ ] *+ +

OOH* 3 H
+

aq( ) e
–

+[ ]+=

OOH* 3 H
+

aq( ) e
–

+[ ]+

O* H2O l( ) 2 H
+

aq( ) e
–

+[ ]+ +=

O* H2O l( ) 2 H
+

aq( ) e
–

+[ ]+ +

OH* H2O l( ) H
+

aq( ) e
–

+[ ]+ +=

OH* H2O l( ) H
+

aq( ) e
–

+[ ]+ + 2H2O l( )=

Fig. 4. Gibbs free energy diagrams of ORR in Pt(111) surface in (a)[20] and in (b) Pt(100) surface[21].
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stability and performance. Over the last decade

concerted research work has been pursued to

overcome the challenging issues. Naturally, one of

the main stream was to develop Pt-alloy catalysts to

tune the activity and durability [22-23].

Previous experimental measurements and

computational predictions proposed that early

transition metals Fe, Ni Co, Cr, etc. can be good

candidates for the alloying elements, showing even

better activity than a pure Pt. Nørskov [23] identified

that experimentally measured exchange current

density and chemical adsorption energy of O in the

catalyst surface have a linear relation, so called the

volcano plot manifesting the Sabatier rule. Based on

the results they argued that Pt adsorb O too strongly

to be highly active for ORR catalysis and thus, it

should be optimized by alloying with elements to

reduce the binding strength. Fig. 5 illustrates the

volcano plot, showing that Pt alloys with the early

transition metals indeed reduce the adsorption energy,

leading to higher exchange current density than bulk

Pt(111) surface.

In spite of the computational and experimental

studies for the Pt-M alloys, none of them were

commercialized. It is because the electrochemical

stability was not secured for a long time enough for

PEM fuel cells. To understand the mechanism, ab-

initio thermodynamics was applied. As shown in Fig.

6 thermodynamically the most stable structures as a

function of alloy composition can be identified using

so called energy convexhull concept. Internal energy

of a Pt-M alloys with the same certain alloy

composition but with different configurations are

obtained by DFT calculations. Then, the convexhull

sorts out the most stable structures for a given

composition and particle size. Since the two variables

create formidable numbers of alloy candidates to

calculate we need smart statistical formalism to only

consider symmetrically independent particles. The

cluster expansion theory [24] can handle with the issue

with a cheap computational cost. It also enables to

capture interatomic interaction potentials as a function

of atomic distance and cluster size, of which

information can be utilized in Monte Carlo simulations

to explore thermodynamically stable structures with

varying experimental conditions, such as the alloy

composition and oxygen partial pressure [25].

Fig. 6 denotes that Pt-Co alloys are stable against

each of their pure states and form various stable

Fig. 5. Volcano plot showing clear relation between

experimentally measured exchange current density and

adsorption energy of O in various catalysts[23].

Fig. 6. Energy convex hull capturing thermodynamically the most stable structures of Pt-Co alloys as function of the

alloy composition and size in (a), and in (b) surface segregation energies of Co calculated by DFT method with varying

O coverages. Negative energy value means the surface segregaion is thermodynamically plausible and vice versa[22].
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configurations [22] depending on the alloy

composition. In compositional ranges of x < 0.333 in

the Pt1-xCox so called Pt(shell)-Co(core) structures are

thermodynamically the most stable, which well

agrees with experimental observation. It is

noteworthy, however, that the early 3d-transition

metals in Pt-M alloys have strong affinity toward

oxygen, which may induce surface segregation of the

core metals to the outermost shell occupying Pt

lattice followed by their dissolutions. Indeed, Fig.

6(b) shows that Co can come out to the surface to

form an oxide when oxygen coverage reach a certain

level. The interplay of the selective surface

segregation and dissolution of the core metal

seriously degrades the integrity of Pt-Co alloy

structure. 

In summary, the enhancement of catalytic activity

toward ORR by alloying early 3d-transition metals

led serious deterioration of the stability unless the

surface segregation is hindered [26-27].

3.5 New design concept of high functional catalyst

To remove the two issues (electrochemical stability,

activity) in ORR catalyst for PEM fuel cells new

design concept should be necessary other than

making the alloys. While adsorption energy with O is

necessarily reduced by the alloying the serious

surface segregation needs to be blocked. 

It is interesting that encapsulating of the Pt-M or

even non-precious catalyst with N-doped carbon

shells was proposed as the promising solution [28-

30]. The carbon shells not only tune the interaction

strength between oxygen and the core metal but also

close the path for surface segregation.

In the new approach, the key step is how to control

or optimize the carbon shell thickness toward the

best ORR performance. DFT calculations propose

that the carbons layers should be less than five,

otherwise the encapsulation effect is nullified. Noh

and associates [28] controlled the thickness by

oxidizing the shells using CO2 at high temperature

T = 1000 oC. As shown in Fig. 7 they identified that

Fe-Co nanoparticle alloy encapsulated by N-doped

carbons shells as a promising ORR catalyst with high

activity in acidic solution as much as Pt and with

exceptional stability for a 10,000 cycling tests.

This new design concept is a good example how

to utilize systematic applications of computational

prediction and experimental validation to realize

new material discovery for a desired function.

Accurate and fast DFT calculations identify good

candidates for experimental synthesis and validation

with an innovative design concept. This synergic

aspect from such tight collaborations are already

undergoing in many research areas and industrial

sectors. In fact, the material genome project targets a

dramatic saving in temporal and monetary costs

from discovery to commercialization of new

functional materials [31-33].

4. Conclusion

This paper reviewed recent computational

framework applied to develop highly functional

Fig. 7. Design of Fe-Co catalyst for ORR encapsulated N-doped carbon shells. (a) TEM, EDS, XPS analysis of Fe-

Co encapsulation structure and theoretical model (b) Computational prediction and experimental measurements agree

that the catalyst have high ORR activity and durability in acidic solution[28].
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materials with an example of nanoscale catalysts

toward ORR. It was mentioned that conventional Pt-

based catalysts have crucial issues for serving in the

PEM fuel cells: electrochemical instability and low

catalytic activity for oxygen reduction reaction. It

was stressed that a systematic interplay between first

principles-based computational prediction and

experimental validation can substantially useful to

overcome the challenges and discover highly

functional new materials. This new methodology is

beyond the conventional wisdom depending on our

repetitive experiences and already successfully

applied to several research areas and industrial

sectors, for instance, materials genome project for a

new drug discovery.
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