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Abstract

Proton Exchange Membrane Fuel Cells (PEMFCs) are electrochemical devices
capable of direct conversion of chemical energy into electricity. They are a
promising alternative power supply for future automobile applications, with
advantages such as higher energy conversion efficiency and lower emission of
pollutants. A few problems stand in the way to the commercialization of the
PEMFC technology. Among them, the slow kinetics of the cathodic Oxygen
Reduction Reaction (ORR) is arguably the biggest.

Currently, the best known ORR catalysts are based on rare and expensive
platinum, which price contributes significantly to the overall cost of the fuel
cell stack. There are two main strategies to solve this problem: (i) decrease
the platinum content, at the same time maximizing the catalyst activity, e.g.,
by alloying Pt with other metals; (ii) use a non-precious catalyst made of
earth-abundant elements. In this thesis, the second possibility is investigated
computationally using Density Functional Theory.

Three main groups of non-precious ORR catalysts are studied: N-doped
graphene (NG), iron carbide-supported NG (Fe3C/NG) and a catalyst contain-
ing porphyrin-like FeN4 moiety embedded in the graphene structure (Fe-N-C).
First, solvation and spectator effects, immanently present in the catalytic envi-
ronment in NG, are studied. It is shown that including explicit water solvation
and bound atomic oxygen spectators is essential for the correct description of
the oxygen reduction reaction on NG, and then also on Fe3C/NG catalyst.

The modeled catalytic activity of the Fe3C/NG heterostructure towards
oxygen reduction reaction is found superior to that of the iron-supported NG
(Fe/NG) and iron carbide-supported graphene (Fe3C/G). This is consistent
with experimental evidence in the literature. Differences between Fe and Fe3C
supports are shown to result from their electron-donating properties. Het-
erostructures comprising supports with electron-donating properties between
Fe and Fe3C are predicted to reach or exceed the Pt(111) surface activity.

Finally, the experimentally observed enhancement of the Fe-N-C catalyst
activity in phosphoric acid solutions is shown to result from the phosphate
anion adsorption on one side of the FeN4 moiety. Owing to the fact that Fe-
N-C catalyst is a 2-dimensional material, the other side of the FeN4 moiety is
still available for O2 adsorption. Phosphate ligand is found to slightly modify
binding energies of the ORR intermediates, promoting the oxygen reduction
reaction. This opens a new possibility of tuning the catalytic activity by
manipulating the electrolyte composition.
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Resumé

Resumé

Proton Exchange Membrane brændselsceller (PEMFCs) er elektrokemiske ap-
parater, som er i stand til at omdanne kemisk energi til elektricitet. De er
lovende som alternativ energitilførsel i fremtidige automobiler og har fordele
som højere energiomdannelseseffektivitet og lavere udledning af forurenene
gasser. Nogle udfordringer skal løses før PEMFC teknologien bliver kom-
mercialiseret, den største deriblandt er formentlig den langsomme kinetik i
katodereaktionen, der reducerer ilt (ORR).

De bedst kendte katalysatorer for ORR er, p̊a nuværende tidspunkt, baseret
p̊a det sjældne og dyre platin, hvis pris bidrager betragteligt til de overordnede
omkostninger ved en brændselscellestak. Der er to hovedstrategier til at løse
dette problem: (i) formindsk indholdet af platin og p̊a samme tid maksimer
katalysatoren aktivitet f.eks. ved at legere Pt med andre metaller; (ii) benyt en
katalysator best̊aende af uædle metaller og/eller elementer med høj forekomst
p̊a Jorden. I denne afhandling vil den anden mulighed bliver undersøgt med
tæthedsfunktionalteori (DFT) beregninger.

Tre hovedgrupper af uædle ORR katalysatorer er blevet undersøgt: N-
doped grafen (NG), NG understøttet af jernkarbid (Fe3C/NG) og en katalysator
best̊aende af et porphyrin-lignende molekyle indgraveret i grafen (Fe-N-C).
Som det første bliver opløsnings og tilskuereffekter undersøgt, de er altid til
stede i de katalytiske omgivelser for NG. Det bliver vist at inkludering af
eksplicit vand, der representerer opløsningseffekter og tilskuere af adsorberede
iltatomer er nødvendige for en korrekt beskrivelse af ORR p̊a NG og Fe3C/NG
katalysatorerne.

Den modellerede katalytiske ORR aktivitet af Fe3C/NG heterostrukturen
er højere end aktiviteten af jern-understøttet NG (Fe/NG) og jernkarbid-
understøttet grafen (Fe3C/G). Dette er konsistent med eksperimentelle beviser
fra literaturen. Forskelle mellem Fe and Fe3C supporter viser sig at stamme
fra deres egenskab til at donere elektroner. Heterostrukturer opbygget af sup-
portmaterialer med et elektrondoneringspotentiale svarende til et gennemsnit
mellem Fe og Fe3C forudsiges at have en overfladeaktivitet p̊a højde med eller
større end Pt(111).

Slutteligt vises det at den eksperimentelt observerede forbedring af Fe-
N-C katalysatorens aktivitet i fosforsyreopløsninger skyldes adsorption af en
fosfatanion p̊a den ene side af FeN4-enheden. Da Fe-N-C katalysatoren er et 2-
dimensionelt materiale er den anden side af FeN4-enheden stadig tilgængelig til
adsorbering af O2. Det vises at fosfatligander ændrer bindingsenergierne for de
intermediære produkter i ORR. Dette fremmer ORR og åbner en ny mulighed
for at justere den katalytiske aktivitet ved at manipulere kompositionen af
elektrolytten.
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Chapter 1

Introduction

1.1 Fuel cell technology

Fuel cells are devices that directly convert chemical energy in fuels into elec-
trical energy through an electrochemical reaction. The intermediate steps of
producing heat and mechanical work, which are typical of many conventional
power generation methods, are avoided. Fuel cells are theoretically much more
efficient than heat engines, as they are not constrained by thermodynamic
limitations such as the Carnot efficiency. For example, direct utilization of
hydrogen in an internal combustion engine has an efficiency of about 10-20%,
while the ideal thermodynamic efficiency of a H2–O2 fuel cell is about 83% at
25°C [1].

There are several types of fuel cells, most commonly classified based on
the type of electrolyte used [1, 2]. The present thesis focuses on issues asso-
ciated with the Proton-Exchange Membrane Fuel Cells (PEMFC, Fig. 1.1).
With low operating temperature (60–80°C) and short startup time, this type
is potentially attractive for light transport (e.g. cars) and certain portable
applications. PEM fuel cells are particularly suitable for operation on pure
hydrogen, which requires efficient H2 storage — a generally non-trivial task.
However, integrated fuel processors exist, which allow for on-site hydrogen
generation from conventional fuels such as natural gas or gasoline. There is
also a special kind of PEM fuel cell, which utilizes liquid methanol as a fuel
directly, eliminating problematic H2 gas storage or hydrocarbon conversion.
The so-called Direct Methanol Fuel Cell (DMFC) is seen as a promising power
supply for future portable electronics, like cameras and notebook computers
[2].

Unfortunately, PEM fuel cell technology suffers from a serious issue, which
is sluggish kinetics of the Oxygen Reduction Reaction (ORR) taking place at
the fuel cell cathode [4]. Over the past two decades, a considerable insight
was gained into the reasons behind this phenomenon, and the key findings are
summarized in the next section of the thesis.

Currently, the greatest challenge in commercializing PEM fuel cells is find-
ing a durable and inexpensive material, which would efficiently catalyze the
cathodic oxygen reduction reaction. This issue is widely addressed in the re-
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1. Introduction

Figure 1.1: Schematic of a proton exchange membrane fuel cell [3].

search community. The approach is both experimental and theoretical, with
the present thesis being an example of the latter.

1.2 The Oxygen Reduction Reaction (ORR)

1.2.1 Cathodic reactions and the overpotential

PEM fuel cells work under acidic conditions. The overall oxygen reduction
reaction equation at the cathode is

O2 + 4 H+ + 4 e− −−→ 2 H2O Ueq = 1.23 V (1.1)

where the protons are produced at the PEMFC anode and travel to the cathode
through the proton-exchange membrane. Ueq is the equilibrium potential (vs.
the standard hydrogen electrode, or SHE) at 25°C and 1 bar of O2 and H2. It
represents a cell potential in the absence of net flow of current and determines
the theoretical upper bound for the voltage achievable in a single H2–O2 cell.
It is worth mentioning that at lower potentials an undesirable side reaction of
oxygen reduction to hydrogen peroxide may occur

O2 + 2 H+ + 2 e− −−→ H2O2 Ueq = 0.70 V (1.2)

One particularly useful quantity that describes fuel cell under working con-
ditions is the overpotential

η = Ueq − U (1.3)

where U is the electrode potential when a current is being drawn from the
cell. Overpotential represents the amount of potential that has to be sacrificed
to put a cell into operation. The larger the overpotential, the lower the cell

2



1.2. The Oxygen Reduction Reaction (ORR)

Figure 1.2: Typical ORR polarization curve [5]. U1/2 – half-wave potential,
Uonset – onset potential, Ueq – equilibrium potential.

efficiency, but also the more current can be drawn from the cell. A typical
polarization curve, i.e. the plot of current density vs. U , is shown in Fig. 1.2.

The slow kinetics of the ORR can be understood as a large overpotential
required to draw the reaction. Currently, the best platinum-based catalysts
allow achieving satisfactory current densities at about η = 300–400 mV, while
platinum group metal free (PGM-free) catalysts require ca. 100 mV more [5–7].
Fig. 1.3 shows that, despite the significant effort, only minimal improvements
have been achieved over the past decade in decreasing the required ORR over-
potential.

1.2.2 The ORR mechanism

The reactions (1.1) and (1.2) occur on the catalyst surface, on specific spots
called active sites (denoted by an asterisk). Two mechanisms are usually con-
sidered. If the oxygen molecule dissociates before reduction, a resulting reac-
tion sequence is called the 4 e– dissociative mechanism

O2 + 2 * −−→ 2 *O (1.4a)

*O + H+ + e− −−→ *OH (1.4b)

*OH + H+ + e− −−→ * + H2O (1.4c)

The dissociative mechanism is often unattended due to large O2 dissociation
barriers found on various materials [9, 10].

Alternatively, the oxygen molecule may be reduced directly, which results
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1. Introduction

Figure 1.3: Timeline showing limited improvements in ORR performance over
the past decade [8].

in the associative mechanism

* + O2 + H+ + e− −−→ *OOH (1.5a)

*OOH + H+ + e− −−→ *O + H2O (1.5b)

*O + H+ + e− −−→ *OH (1.5c)

*OH + H+ + e− −−→ * + H2O (1.5d)

The above sequence is called a 4 e– associative pathway. Competitively to
reaction (1.5b), a proton may attack the oxygen directly bound to the surface.
The resulting 2 e– associative pathway leads to H2O2 evolution

*OOH + H+ + e− −−→ * + H2O2 (1.5e)

1.2.3 The ideal catalyst and the scaling relations

From now on, the H2–O2 fuel cell will be considered. At T = 25°C and
pH2

= pO2
= 1 bar, the overall reaction taking place in this type of fuel cell is

2 H2 + O2 −−→ 2 H2O ∆GORR = −4.92 eV (1.6)

where H2 and O2 are in gas phase, H2O is in liquid phase, and ∆G is the
reaction Gibbs free energy. The 4 e– associative mechanism includes three
intermediate surface species: *OOH, *O and *OH. Let their adsorption Gibbs
free energies be defined relative to water

* + 2 H2O −−→ *OOH +
3

2
H2 ∆adsG(OOH) (1.7a)

* + H2O −−→ *O + H2 ∆adsG(O) (1.7b)

* + H2O −−→ *OH +
1

2
H2 ∆adsG(OH) (1.7c)
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1.2. The Oxygen Reduction Reaction (ORR)

Sometimes an initial step of molecular oxygen adsorption is considered

* + O2 −−→ *O2 ∆adsG(O2) (1.7d)

By definition of the reversible hydrogen electrode (RHE), at 0 VRHE the
reaction

H+ + e− −−→←−−
1

2
H2 (1.8)

is in equilibrium (∆G = 0). Unless otherwise stated, the RHE reference for
the electrode potential will be used in the remaining part of the thesis. Eq.
(1.8) allows to rewrite equations (1.6) and (1.7a–c) in the following form

* + 2 H2O −−→ * + O2 + 4 H+ + 4 e− ∆GO2
(0 V) = −∆GORR (1.9a)

* + 2 H2O −−→ *OOH + 3 H+ + 3 e− ∆G*OOH(0 V) = ∆adsG(OOH) (1.9b)

* + H2O −−→ *O + 2 H+ + 2 e− ∆G*O(0 V) = ∆adsG(O) (1.9c)

* + H2O −−→ *OH + H+ + e− ∆G*OH(0 V) = ∆adsG(OH) (1.9d)

where ∆GX(0 V) are the Gibbs free energies of the consecutive states along
the ORR at 0 V, relative to the Gibbs free energy of (* + 2 H2O), denoted as
∆GH2O

. The effect of applied potential (U) on the Gibbs free energy can be
approximated [9] by

∆G(U) = ∆G(0 V)− neU (1.10)

where n – number of electrons transferred, e – elementary positive charge. The
free energies of the ORR steps [Eq. (1.5)] can then be calculated as

* + O2 + H+ + e− −−→ *OOH ∆G1 = ∆G*OOH −∆GO2
(1.11a)

*OOH + H+ + e− −−→ *O + H2O ∆G2 = ∆G*O −∆G*OOH (1.11b)

*O + H+ + e− −−→ *OH ∆G3 = ∆G*OH −∆G*O (1.11c)

*OH + H+ + e− −−→ * + H2O ∆G4 = −∆G*OH (1.11d)

The above procedure of calculating potential-dependent Gibbs free energies
of electrochemical reactions based on the energies of the corresponding chem-
ical reactions is called the Computational Hydrogen Electrode (CHE) scheme
[9].

An example free energy diagram (FED) of the ORR proceeding on a special
type of catalyst is shown in Fig. 1.4a. This theoretical material binds the ORR
intermediates at U = 0 V with the following adsorption energies:

∆adsG(OOH) = 3.69 eV

∆adsG(O) = 2.46 eV

∆adsG(OH) = 1.23 eV

Increasing the electrode potential causes each intermediate to bind less strongly
[Eq. (1.10)]. Arbitrarily close to the equilibrium potential (Ueq = 1.23 V), the
whole reaction path is downhill in free energy (exergonic), and the reaction can
proceed without hindrance (assuming no kinetic barriers between the steps).
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1. Introduction

Figure 1.4: Theoretical free energy diagrams of two model ORR catalysts at
U = 0 V, Ueq (the equilibrium potential) and UL (the limiting potential — the
highest potential at which the whole reaction path is exergonic): (a) the ideal
catalyst, (b) the best catalyst obeying scaling relations [Eqs. (1.12) and (1.13)].
The symbols shown in the figure are defined in Eq. (1.9)–(1.11).
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The theoretical ORR overpotential is ηORR = 0 V. Such a material would be
the ideal ORR catalyst.

One might expect that, given the large variety of known and described
materials, it should be possible to find a few that would be close to fulfilling the
ideal catalyst requirement. However, using Density Functional Theory (DFT),
linear relationships between adsorption energies of species binding with the
surface through a specified atom were found [11]. This observation applies in
particular to the ORR intermediates, both on metal and oxide surfaces [12, 13].
These relationships are known in the literature as the “scaling relations” [8],
and for *OOH, *O and *OH species adsorbed on the (111) surface of various
metals they are as follows (see also Fig. 1.5):

∆adsG(OOH) = ∆adsG(OH) + 3.2 eV (1.12)

∆adsG(O) = 2 ∆adsG(OH) (1.13)

Figure 1.5: Scaling relations for the adsorption energies of *OOH and *O on the
(111) metal surfaces (black circles) vs. *OH adsorption energy as a descriptor [8].
The solid lines correspond to ∆adsG(OOH) = ∆adsG(OH) + 3.2 eV and
∆adsG(O) = 2 ∆adsG(OH). Vertical dashed line marks ∆adsG(OH) of the best
catalyst obeying the scaling relations.

The above scaling relations imply that only one variable is independent [e.g.
∆adsG(OH)]. They also impose a restriction on how good the ORR catalyst
can be, due to the unfavorable relation between *OH and *OOH adsorption
energies (for the ideal catalyst: ∆adsG(OOH) = ∆adsG(OH) + 2.46 eV). The
free energy diagram of the best catalyst obeying the scaling relations is shown
in Fig. 1.4b. At the equilibrium potential, Gibbs free energies of some steps
along the ORR path are positive, which means there is a thermodynamic
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barrier to oxygen reduction. The step with the highest free energy is called
the potential-limiting step. In the case of the best ORR catalyst obeying
the scaling relations, ∆G1(Ueq) = ∆G2(Ueq) = ∆G3(Ueq) = 0.37 eV, and
all these three steps equally limit the highest ORR potential, at which the
whole reaction path is downhill in free energy. For the ORR path to become
exergonic, the electrode potential has to decrease by ηORR = 0.37 V, which is
the theoretical overpotential for this catalyst. Its value compares well with the
overpotentials of the best-known catalysts shown in Fig. 1.3. The quantity

UL = Ueq − ηORR (1.14)

is called the limiting potential, and it is the highest potential at which full
reaction path is exergonic.

Materials that bind ORR intermediates both weaker and stronger than the
best catalyst obeying scaling relations exhibit higher theoretical overpoten-
tials. On materials exhibiting stronger binding, *OH reduction to water is the
potential-limiting step. On materials exhibiting weaker binding, O2 reduction
to *OOH is the potential-limiting step. The UL vs. ∆adsG(OH) dependence
(with the latter being the ORR intermediates binding energy descriptor) forms
a volcano curve, and expresses the Sabatier principle for the ORR (Fig. 1.6).

Figure 1.6: ORR volcano curve as a function of the limiting potential vs. OH
adsorption energy [8]. The vertical dashed line marks ∆adsG(OH) of the best
catalyst obeying the scaling relations, which is at the top of the volcano.

Above, the theoretical approach to catalytic oxygen electroreduction adopt-
ed in this work was described. It is based solely on the thermodynamic analysis
of the reaction steps. A review of the computationally more demanding kinetic
analysis of the ORR under electrochemical conditions can be found in a recent
paper by Kulkarni et al. [8].
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1.2.4 Paths to affordable PEM fuel cells

The high ORR overpotential, together with other issues like the catalyst price
and its instability during operation, has a serious implication: as of today,
PEMFC technology is too expensive to compete with the internal combustion
engine for the automobile market. The most active ORR electrocatalysts are
currently based on rare and expensive platinum. Consequently, the catalyst
contributes about 46% to the PEM fuel cell stack cost [6].

There are a few approaches which could make the PEMFC technology
competitive. The most optimistic and forward-looking one is to find a catalyst
not subject to the ORR scaling relations. A few strategies were proposed to
achieve that, and they usually involve the third dimension (e.g., via confine-
ment, surface functionalization, or electrolyte engineering, Fig. 1.7). However,
an experimental proof of concept is still pending.

Figure 1.7: Strategies proposed to circumvent the unfavorable *OH–*OOH
scaling relation [14].

Another widely addressed approach is to maximize the activity of the
platinum-based catalysts, at the same time minimizing the platinum metal
content. Both goals can be achieved, e.g., by alloying platinum with other
(less expensive) transition metals. Several review articles describe this matter
comprehensively [4, 15–17].

Finally, ORR catalysts may entirely consist of earth-abundant elements,
such as carbon, boron, nitrogen, iron, cobalt, etc. Like in case of Pt-based
materials, the major activity limitation of non-precious ORR catalysts is the
*OH–*OOH scaling relation. The highest theoretical activity of both groups
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of catalysts is the same; however, the inherently lower material cost makes
the non-precious materials particularly interesting. This group of catalysts is
studied in the present thesis.

In the next section, a few notable non-precious ORR catalysts are reviewed,
with a special emphasis on the nature of the active site.

1.3 Active sites on non-precious ORR

catalysts

Certainly, there exist a countless number of ways to synthesize a catalytic ma-
terial. Taking an example of just one method of a non-precious ORR catalyst
synthesis — pyrolysis — a chemist can control such variables as: pyrolysis
temperature, pressure and time, temperature program, type of precursors/ad-
ditives and their concentration, pyrolysis atmosphere (e.g., argon, nitrogen,
ammonia), pre- and post-processing methods etc. All of these factors influ-
ence such characteristics of the end product as the activity, durability/stability
(under various chemical and electrochemical conditions and over different pe-
riods of time), particle size and morphology, etc.

However, the multitude of so obtained materials active towards the ORR
contain only a few general types of active sites, with activity determined by
the closest chemical environment. Owing to the locality of the adsorption
phenomena [18], the active sites can be satisfactorily simulated by quantum-
mechanical methods, such as DFT, capable of describing systems containing
up to several hundred atoms.

Below, the current understanding of the catalytic site structures in three
different classes of materials is presented. The types of catalysts are metal-
nitrogen-carbon (M-N-C) materials, nitrogen-doped carbon and encapsulated
non-precious metal catalysts.

1.3.1 Metal-nitrogen-carbon catalysts (M-N-C)

The first premise that materials made of earth-abundant elements are capable
of catalyzing oxygen electroreduction reaction comes from Jasinski, who dis-
covered that cobalt phthalocyanine is active towards ORR in alkaline media
[19]. Until today, catalysts with moieties containing transition metal atom,
nitrogen, and carbon (M-N-C) are considered one the most promising groups
of cathodic materials for future commercial use in low-cost fuel cells [5].

Currently, the most active M-N-C catalysts for ORR are synthesized by
pyrolysis from iron, nitrogen and carbon-containing precursors. Noteworthy
breakthroughs were made by Proietti (Dodelet group) et al. [20] and Sa et
al. [7], with volumetric ORR activities of their materials being 230 and 320
A cm−3, respectively (U.S. Department of Energy target 2017 for non-precious
catalytic materials: 300 A cm−3). However, the long-term stability of the for-
mer catalyst under operating conditions is still unsatisfactory, and the stability
of the latter was not investigated in the acidic conditions. One of the most
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1.3. Active sites on non-precious ORR catalysts

probable reasons behind the activity loss over time is the dissolution of iron in
acidic environment [21].

However, remarkable stability was achieved in case of a catalyst reported
by Wu et al. (Zelenay group) [22]. With the onset potential of 0.93 V and
the half-wave potential of 0.81 V, it exhibited remarkable stability in a 700 h
fuel cell lifetime test at 0.40 V, as well as during voltage cycling between 0.6
and 1.0 V (up to 30 000 cycles). This activity is very good by the standards of
non-precious materials; however, it still does not reach the activity of platinum-
based catalysts, even with an order of magnitude higher catalyst loading.

A significant effort has been made to resolve the active sites structures
in the Fe-N-C materials [6, 21, 23–28]. Dodelet et al. used Mössbauer spec-
troscopy to identify various iron forms present in their catalyst samples. By
studying the correlation between each form content and ORR kinetic current
density, they deduced that catalytically active sites are porphyrin-like FeN4C
centers (Fig. 1.8a) and N-coordinated FeN2+2/C structures (N–FeN2+2/C, Fig.
1.8b).

Figure 1.8: Fe-N-C active sites deduced by Dodelet et al.: (a) porphyrin-like
FeN4C structure [23], (b) N–FeN2+2/C structure, where N-coordination is modeled
by axial pyridine group [25].

Zitolo et al. analyzed a similarly synthesized catalyst by X-ray absorption
near-edge spectroscopy (XANES), and simulated XANES spectra of Fe for a
series of possible active site structures [26]. By comparing experimental and
theoretical spectra, they achieved the best match for a porphyrin-like FeN4C12

moiety (Fig. 1.9), similar to the FeN4C structure suggested by Dodelet et al.
(Fig. 1.8a).

Carbon-embedded nitrogen-coordinated iron active sites were recently di-
rectly visualized with aberration-corrected scanning transmission electron mi-
croscopy in Zelenay’s catalyst (Fig. 1.10a) [6]. The material was found to
contain a considerably higher concentration of Fe associated with edges and
steps than with basal-plane, which is consistent with earlier DFT modeling by
Holby et al. [27, 28]. According to their computations, the edge-hosted FeN4

structure spontaneously evolves OH ligand, and the OH-coordinated moiety
acts as the catalytic site, exhibiting a limiting potential of 0.80 V on the asso-
ciative pathway.

There is no definitive consensus yet on the exact structure and environment
of the active sites in Fe-N-C catalysts. However, both experimental and the-
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Figure 1.9: Fe-N-C active site models considered by Zitolo et al. [26].
Experimental XANES spectrum of Fe (black dashed line) is presented together
with theoretical simulation (solid red line) for the considered structure. For
FeN4C12, the experimental spectrum is correctly reproduced up to 90 eV above the
absorption edge. The best match is achieved for FeN4C12O2 structures (end-on
and side-on adsorbate configuration).

Figure 1.10: Fe-N-C active sites in Zelenay’s catalyst [6]. (a) High-angle annular
dark-field scanning transmission electron microscopy (HAADF-STEM)
representing the first direct observation of the proposed Fe-N-C active site.
Individual Fe atom embedded in a few-layer graphene sheet exists together with
nitrogen. (b) Proposed active site structure: edge-hosted FeN4 moiety with OH
ligand.
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1.3. Active sites on non-precious ORR catalysts

oretical evidence has so far consistently confirmed that nitrogen-coordinated
iron moieties (most probably FeN4) embedded in a carbon structure are di-
rectly responsible for the ORR catalytic activity in these systems. It is most
likely that various structures are present in the experimental conditions, and
the chemical environment causes differences in their activity and stability. Fur-
ther experimental and computational research is required to determine which
types of structures are the most desirable, and how to synthesize them with
high efficiency and selectivity.

1.3.2 Nitrogen-doped carbon

The class of nitrogen-doped carbon catalysts includes materials like N-doped
graphene, carbon nanotubes, and porous carbon nanostructures. These mate-
rials are inherently insensitive to acid leaching owing to the lack of metal atom
in the active site structure. The pure N-doped carbon activity appears in all
its glory in alkaline media, often exceeding the activity of platinum [29]. How-
ever, some amount of nitrogen is found nearly in every notable non-precious
ORR catalyst [5], including encapsulated metal structures described in the
next section.

It is well known that a nitrogen dopant embedded in a carbon structure fa-
cilitates oxygenated species adsorption on adjacent carbon atoms, rather than
acting directly as an adsorption site [30]. There are five main types of N-doping
in carbon (Fig. 1.11), each associated with specific N 1s X-ray absorption en-
ergy [31]. Significant experimental effort was dedicated to determine which
type of doping was responsible for the ORR activity [31–38]. The results were
often contradictory, oscillating between graphite-like (carbon substitution in a
graphene basal plane) and pyridine-like (as part of a 6-member ring found in
a graphene sheet edge).

Figure 1.11: Five main types of nitrogen doping in carbon materials [31].

The discussion has been settled by Guo et al., who used a well-controlled
method of N-doping to obtain pyridinic-N and graphitic-N sites on highly ori-
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ented pyrolytic graphite (HOPG). They have rigorously demonstrated that the
ORR activity correlates with pyridinic-N content, while there is no correlation
between the activity and graphitic-N content. The proposed ORR mechanism
is shown in Fig. 1.12.

Figure 1.12: ORR mechanism on N-doped carbon as proposed by Guo et al.
[39]. Pyridine-like nitrogen facilitates oxygen reduction reaction on the neighboring
carbon atom.

However, graphitic-N-doping is still a possible explanation of a signifi-
cant activity of some ORR catalysts. DFT calculations by Siahrostami et
al. have shown that certain combinations of graphene basal plane defects and
N-substitutions can exhibit low theoretical ORR overpotentials, comparable to
that of the Pt(111) surface [40]. An N-doped version of the Stone-Wales defect
was found particularly active and stable (Fig. 1.13). This type of defect was
also most frequently observed in their N-doped mesoporous carbon catalyst.
Graphitic nitrogen was concluded a likely source of the catalyst activity, as it
represented 69% of all nitrogen species.
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1.3. Active sites on non-precious ORR catalysts

Figure 1.13: ORR 4e− associative pathway on N-doped graphene with a
Stone-Wales defect, as proposed by To et al. [40].

1.3.3 Encapsulated non-precious metal catalysts

Encapsulated non-precious metal catalysts consist of metal or carbide nanopar-
ticles (core) encased in graphitic layers (shell). The role of the inner metallic
particles is to activate the outer graphitic layers towards ORR. The carbon
cover protects the nanoparticles from being leached out by the acidic elec-
trolyte and provides direct adsorption sites for the ORR intermediates. It
often contains various types of nitrogen embedded in the carbon structure
[41–43].

Examples of reported materials of this type include Fe and Fe-Co alloy
confined in carbon nanotubes (in short: Fe@CNT and FeCo@CNT) obtained
by Deng et al. [41, 44], slightly similar Fe@CNT structure obtained by Chung
et al. [45], and iron carbide encased in graphitic layers (Fe3C@C) synthesized
by Hu et al. [46]. Soon after these catalysts were first reported, Dodelet et al.
noted that a new type of the ORR catalytic site was likely discovered [47].

Shortly after that, Varnell et al. confirmed this presumption by using a
novel Cl2-etching and H2-restoring procedure at 900°C [42]. They prepared
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a catalyst containing both FeN4C sites and confined Fe. Gaseous chlorine
treatment transformed all iron forms in the sample into chlorides, which led
to catalyst deactivation. Subsequent reduction by hydrogen restored the cat-
alytic activity entirely; however, the Mössbauer spectrum of the treated sample
showed no evidence of the presence of nitrogen-coordinated iron (Fig. 1.14).
Accordingly, the activity was ascribed to the encapsulated Fe heterostructure.

Figure 1.14: Cl2-etching/H2-restoring method confirming the catalytic activity
of the encapsulated iron heterostructure towards ORR [42].

1.3.4 Other non-precious ORR catalysts

The above summary of ORR catalysts includes arguably the most promising
materials for future commercial applications in PEMFC. However, its pur-
pose was mainly to introduce materials that are considered in the present
thesis and is by no means intended to be comprehensive. A large number of
other earth-abundant ORR catalysts grouped into classes, such as transition
metal-nitrogen-carbon catalysts, doped nanotubes/graphenes/porous carbon,
metal carbides/nitrides/oxides/chalcogenides, metal–organic frameworks and
coupled inorganic/carbon and carbon/carbon systems, can be found in recent
review articles [4, 5, 29].

1.4 Thesis outline

This thesis consists of seven chapters. The remaining six chapters are outlined
below.

Chapter 2 introduces computational methods employed throughout this the-
sis.

Chapter 3 is based on Paper 1 and presents a computational study of two
effects stabilizing ORR intermediates on basal plane N-doped graphene. A
resulting ORR reaction environment is discussed.
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Chapter 4 is based on Paper 3 and presents a computational study of ex-
perimentally known ORR catalyst, which comprises iron carbide-supported
graphitic layers. A consistency between computational and experimental data
allows formulating a guideline for the future search for more effective support
materials.

Chapter 5 is based on Paper 2 and presents a combined experimental and
computational study of the Fe-N-C catalyst activity increase in phosphoric
acid. The effect is theoretically explained by selective anion adsorption, which
demonstrates that species present in the electrolyte may enhance catalytic
activity.

Chapter 6 summarizes the key findings and discusses possible routes of further
study.
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2. Computational Methods

Chapter 2

Computational Methods

2.1 Density Functional Theory

Density Functional Theory (DFT) is, as of today, the most popular method to
solve the non-relativistic, time-independent Schrödinger equation for systems
containing about 10–1000 atoms in solid-state physics. Here, the theory will
be briefly introduced.

2.1.1 Born-Oppenheimer approximation

At the beginning, we will assume that the motion of nuclei and electrons
can be treated independently. The electrons are almost 2000 times lighter
than the lightest existing nucleus (proton). This usually allows us to assume
that electrons adapt their configuration to that of the nuclei at all times. The
practical implication of this so-called Born-Oppenheimer approximation is that
we can split system’s Hamiltonian into the nuclear and electronic part, and
treat positions of the nuclei in the electronic part as parameters, and not as
dynamic quantum variables.

The electronic Schrödinger equation with the Hamiltonian written explic-
itly in atomic units reads

(
−1

2

N∑
i=1

∇2
i +

M∑
I=1

N∑
i=1

ZI

|RI − ri|
+

N∑
i<j

1

|ri − rj|

)
Ψ = EΨ (2.1)

where r = {ri, i = 1, . . . , N} is the set of N electronic coordinates, R =
{Ri, i = 1, . . . ,M} is the set of M nuclear coordinates and ZI are the charges
of the nuclei. The first term in the Hamiltonian is the kinetic energy of the
electrons, the second term is the electron–nuclei interaction, and the third term
is the electron–electron interaction.

2.1.2 Hohenberg-Kohn theorems

In Density Functional Theory, the key role is played by the electron density,
which in terms of the wavefunction can be written as
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2.1. Density Functional Theory

ρ(r) = N

ˆ
· · ·
ˆ
|Ψ(r, r2, . . . , rN)|2 dr2 . . . drN (2.2)

Density Functional Theory is founded on two Hohenberg-Kohn theorems.

Theorem 1. The external potential vext(r) is unequivocally determined by
the electron density ρ(r), besides a trivial additive constant.

In other words, if we knew the electron density of the system, we would have
all the information about its ground state, i.a. full many-body wavefunction
Ψ and the kinetic T [ρ], potential V [ρ], and total E[ρ] energies. Here by X[ρ]
we mean that property X is a functional of the electron density. We can thus
write

E[ρ] = T [ρ] + Vne[ρ] + Vee[ρ] =

ˆ
ρ(r)vext(r)dr + FHK[ρ] (2.3)

where Vne[ρ] and Vee[ρ] refer to the potential energies of the electron-nuclei
and electron-electron interactions, and FHK[ρ] is called the universal density
functional

FHK[ρ] = T [ρ] + Vee[ρ] (2.4)

Theorem 2. Total energy Ẽ[ρ̃] obtained with a trial electron density ρ̃ is
always greater or equal to the ground state energy E. Equality holds only if
the trial density is the actual electron density of the system.

This is the DFT analog of the variational principle in wave-function based
quantum mechanics. It states that if we knew the form of the universal density
functional [Eq. (2.4)], we would be able to obtain ρ(r) with arbitrary precision
by minimizing E[ρ] (in some basis or without it).

To keep Hohenberg-Kohn theorems in force, it is sufficient if the electron
density fulfills the following three conditions

ρ(r) > 0, N =

ˆ
ρ(r)dr,

ˆ ∣∣∣∇√ρ(r)
∣∣∣2 dr <∞ (2.5)

Some interesting features of the electron density are:

� it is a non-negative function [first expression in Eq. (2.5)],

� it integrates over the whole space to the number of electrons in the system
[second expression in Eq. (2.5)],

� it has cusps at the location of nuclei,

� density gradient at a nucleus is closely related to the nucleus identity.

2.1.3 Kohn-Sham scheme

Having established foundations for DFT, we will discuss its practical implemen-
tation. Currently, almost all DFT calculations are based on the Kohn-Sham
scheme, briefly described below.
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Consider the system of interest being described by a set of non-interacting
electrons moving in an effective Kohn-Sham potential vKS(r). The potential
is constructed so as to ensure the density of non-interacting electrons is equal
to the true many-body electron density. The Hamiltonian of this reference
system is

ĤR =
N∑
i=1

[
−1

2
∇2

i + vKS(ri)

]
(2.6)

where the first term is the kinetic energy operator of the non-interacting elec-
trons. The advantages of this formulation are as follows:

1. Wavefunction for a system of non-interacting electrons is just a Slater
determinant of one-electron orbitals. Considering the closed shell sit-
uation for simplicity, we have N/2 doubly occupied orbitals, and the
wavefunction is

Φ(r) =
1√
(N
2

)!
SD
[
ϕ1(r1)ϕ2(r2) . . . ϕN/2(rN/2)

]
(2.7)

2. Within the same assumption (closed-shell electronic structure), the elec-
tron density is

ρ(r) = 2

N/2∑
i=1

|ϕi(r)|2 (2.8)

3. The orbitals (called Kohn-Sham orbitals) are computed by solving one-
electron equations [

−1

2
∇2 + vKS(r)

]
ϕi(r) = εiϕi(r) (2.9)

It should be noted though these orbitals may have no physical meaning.

4. The exact expression for the kinetic energy of non-interacting electrons
is known

TR[ρ] = 2

N/2∑
i=1

〈ϕi| −
1

2
∇2 |ϕi〉 (2.10)

By a slight modification of Eq. (2.3) we can write an expression for the total
energy functional of our system, the Kohn-Sham (KS) functional

EKS[ρ] = TR[ρ] + Vne[ρ] + J [ρ] + EXC[ρ]

= 2

N/2∑
i=1

〈ϕi| −
1

2
∇2 |ϕi〉+

ˆ
ρ(r)vext(r)dr

+
1

2

¨
ρ(r)ρ(r′)

|r − r′|
drdr′ + EXC[ρ]

(2.11)
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2.1. Density Functional Theory

where

J [ρ] =
1

2

¨
ρ(r)ρ(r′)

|r − r′|
drdr′ (2.12)

is a classical Coulomb interaction of charge density ρ(r) with itself. Notice
that it contains interaction of an electron with an average charge density of
all the electrons, which means it also includes an unphysical interaction of an
electron with itself.

By this, we have divided the energy of the system into two parts. The first
part contains all the contributions that are well-known and can be calculated
exactly (TR[ρ], Vne[ρ], J [ρ]). The second part is an exchange-correlation term

EXC[ρ] := T [ρ]− TR[ρ] + Vee[ρ]− J [ρ] (2.13)

It is the smallest energetic contribution that includes all the ignorance about
the system. Its role is to:

� fix the kinetic energy,

� take into account Pauli repulsion,

� cancel the interaction of an electron with itself, introduced in Eq. (2.12),

� include the remainder of the electrostatic interaction between electrons
(many-electron picture).

The exchange-correlation energy is usually thought of as the interaction
between electron density ρ(r) and a fictitious charge depletion ρ̃XC(r, r′) called
the exchange-correlation hole

EXC[ρ] =
1

2

¨
ρ(r)ρ̃XC(r, r′)

|r − r′|
drdr′ (2.14)

To obtain Kohn-Sham orbitals from Eq. (2.9), we need to know the Kohn-
Sham potential vKS(r). We can use the 2nd Hohenberg-Kohn theorem to min-
imize the functional in Eq. (2.11) with a constraint that electron density is
normalized to N [second expression in Eq. (2.5)]

δ

δρ(r)

(
EKS[ρ]− µ

ˆ
ρ(r)dr

)
= 0 (2.15)

We obtain the effective Kohn-Sham potential

vKS(r) = vext(r) +

ˆ
ρ(r′)

|r − r′|
dr′ + vXC(r) (2.16)

with

vXC(r) =
δEXC[ρ]

δρ(r)
(2.17)

Notice that the Kohn-Sham potential, which enters Eq. (2.9), depends
itself on its solution through the electron density. Therefore the problem has
to be solved self-consistently in an iterative procedure:
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1. Make an initial guess for the electron density,

2. Calculate the Kohn-Sham potential, Eq. (2.16),

3. Solve N one-electron problems, Eq. (2.9),

4. Calculate the electron density, Eq. (2.8),

5. Compare the new density with the old one. If the difference is greater
than the convergence criterion, go back to point 2.

2.1.4 BEEF-vdW functional

Density functional theory is exact for the ground state. However, since the
expression for the exact exchange-correlation functional is not known, we have
to search for better and better approximations that will bring us closer and
closer to the exact solution. Many such approximations have been developed
and classified in what is known as the Jacob’s ladder [48]. The 2nd rung
of this ladder is the Generalized Gradient Approximation (GGA), where the
information about electron density and its gradient is used. Currently, this
class of functionals seems to be the best compromise between accuracy and
computational cost for most of the solid-state physics applications.

Two very popular functionals which belong to this rung are PBE [49] (for
general purposes) and RPBE [50] (mainly for surface adsorption). These func-
tionals, however, do not account for non-local van der Waals interactions like
dispersion forces. Systems considered in the present thesis contain explicit
water layers interacting with a hydrophobic surface of the catalyst, as well as
multiple graphene layers, stacked one on another. In such systems, dispersion
forces can play a significant role. For this reason, a BEEF-vdW functional
[51], is employed, in which vdW-DF2 [52] non-local correlation is used. This
approach proved to be successful in predicting adsorption bond energies both
to transition metal surfaces [53] and carbon-based materials, at the same time
offering a very good description of metal/graphene heterostructures, such as
Ni(111)/graphene [51] (systems comprising metal/graphene heterostructures
are investigated in Chapter 4). It also gives a unique possibility of adsorption
energy error estimation [54]. In what follows, the idea behind the BEEF-vdW
functional is introduced.

Exchange-correlation energy functional can be separated into the exchange
and correlation parts

EGGA
XC [ρ,∇ρ] = EGGA

X [ρ,∇ρ] + EGGA
C [ρ,∇ρ] (2.18)

Here we emphasize that the functional of interest is a GGA functional. Each
component can be expressed as a function of energy density ε. The exchange
part can, therefore, take the following form

EGGA
X [ρ,∇ρ] =

ˆ
εGGA
X

(
ρ(r),∇ρ(r)

)
dr (2.19)
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2.2. From DFT energy to Gibbs free energy

It is convenient to express the GGA exchange energy density εGGA
X as a product

of the uniform electron gas exchange energy density εLDA
X [55] and an exchange

enhancement factor FX(s). The acronym LDA stands for the Local Density
Approximation, which is the 1st rung of the Jacob’s ladder. Function s is called
the reduced density gradient

s(ρ,∇ρ) =
|∇ρ|
2kFρ

=
|∇ρ|

2 (3π2)1/3 ρ4/3
(2.20)

where kF is the Fermi wave vector. The exchange GGA functional now reads

EGGA
X [ρ,∇ρ] =

ˆ
εLDA
X (ρ)FX

(
s(ρ,∇ρ)

)
dr (2.21)

In BEEF-vdW the enhancement factor is expanded in a basis of MX Leg-
endre polynomials Bm

(
t(s)
)

in a transformed reduced density gradient t(s)

FBEEF-vdW
X

(
s(ρ,∇ρ)

)
=

MX−1∑
m=0

amBm

(
t(s)
)
, t(s) =

2s2

4 + s2
− 1 (2.22)

Electron correlation effects are modeled as a linear combination of a purely
local Perdew-Wang [56] LDA correlation functional ELDA

C [ρ], semilocal Perdew-
Burke-Ernzerhof (PBE) [49] correlation EPBE

C [ρ,∇ρ], and vdW-DF2 [52] type
non-local correlation. The purpose of the latter is to account for non-covalent,
intermolecular interactions called collectively the van der Waals interactions.
The total BEEF-vdW exchange-correlation functional reads

EBEEF-vdW
XC =

MX−1∑
m=0

am

ˆ
εLDA
X Bm

(
t(s)
)
dr + αCE

LDA
C

+ (1− αC)EPBE
C + ENL

C

(2.23)

Expansion coefficients am and correlation mixing parameter αC are ad-
justable parameters of the model which can be found in the original paper
[51].

Error estimation is achieved by generating an ensemble of several thousand
functionals with perturbed values of am and αC. The perturbation is per-
formed in such a way that the standard deviation in quantity calculated using
the ensemble of functionals corresponds to the predicted computational error.
It should be noted however that this method cannot account for systematic
errors. Error estimation feature of BEEF-vdW has not been employed in the
calculations conducted under this thesis.

2.2 From DFT energy to Gibbs free energy

Constant temperature and pressure are the most common conditions at which
chemical and electrochemical reactions occur in practical applications. This
equally applies to the oxygen reduction reaction in fuel cells. In this thesis,
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2. Computational Methods

ORR is modeled at T = 298.15 K and the partial pressure of oxygen and
hydrogen of pO2

= pH2
= 1 bar. Gibbs free energy is the thermodynamic

potential that decreases for a spontaneous process (and reaches the minimum
at equilibrium) at fixed (T, p)

G = H − TS = U + pV − TS (2.24)

Direct output of a DFT calculation is the ground state energy of a given con-
figuration of atoms. To model ORR on a catalyst surface, it is necessary to
convert the DFT energy (EDFT) into the Gibbs free energy. Below, the pro-
cess is described both for gas phase molecules and adsorbates on the catalyst
surface.

2.2.1 Gas phase molecules

Gibbs free energies of the gas-phase reactants are calculated according to the
following equations [57]

G(T, p) = H(T )− TS(T, p) =

=

EDFT + EZPE +

298.15Kˆ

0

cp(T ) dT


− T

[
S(298.15 K, p◦)− kB ln

p

p◦

] (2.25)

EZPE =
∑
i

εi
2

(2.26)

where: EZPE – the zero-point energy (calculated from the vibrational spec-
troscopy data), εi – the energy associated with a vibrational mode i, cp(T ) –
heat capacity at constant pressure, p◦ – standard pressure (1 bar). With the
exception of EDFT, all the properties are taken from the literature [58–60].

Gibbs free energy of liquid water is equal to the Gibbs free energy of water
in the gas phase at the equilibrium vapor pressure (0.032 bar at 298.15 K
[60]). Mole fraction-based activity of water in the electrolyte is assumed to be
aH2O

= 1.

2.2.2 Adsorbates

Gibbs free energies of the adsorbates are calculated from the partition function
[57] with the following assumptions:

� pV term in Eq. (2.24) is negligible,

� the adsorbate has only vibrational degrees of freedom,

� the vibrations can be approximated as quantum harmonic oscillations.
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2.2. From DFT energy to Gibbs free energy

G(T ) ∼= U(T )− TS(T ) =
[
EDFT + EZPE + Uvib(T )

]
− TSvib(T ) (2.27)

Uvib(T ) =
∑
i

εi

exp
(

εi
kBT

)
− 1

(2.28)

Svib(T ) = kB
∑
i

 εi

kBT
[
exp

(
εi

kBT

)
− 1
] − ln

[
1− exp

(
− εi
kBT

)] (2.29)

Vibrational frequency calculations are performed via the finite difference
approach, perturbing only the adsorbate atoms. EZPE is calculated as in Eq.
(2.26).

2.2.3 Gibbs free energy corrections

The above procedure applied to the reaction of liquid water formation [Eq.
(1.6)] results in the Gibbs free energy of −4.18 eV. Significant deviation from
the experimental value is often attributed to the poor representation of the
O2 energy at the DFT/GGA level, which is due to the complicated electronic
structure of the oxygen molecule [61, 62]. To avoid O2 calculation, ∆GORR is
fixed to the experimental value of −4.92 eV. This also ensures that the key
value in the simulation, Ueq(H2O) [Eq. (1.1)], is correct. Similarly, whenever
the 2 e– associative pathway [Eq. (1.5a, e)] is considered, the H2O2 forma-
tion energy is fixed at the experimental value to ensure the correct value of
Ueq(H2O2) [Eq. (1.2)].

Moreover, Christensen et al. have found systematic errors in DFT/BEEF-
vdW description of the hydrogen and water molecules, as well as the peroxide
bond [63, 64]. Based on their work, the following corrections are added to the
corresponding Gibbs free energies of H2, H2O and *OOH in Eq. (1.7)

∆G(H2) = 0.09 eV (2.30a)

∆G(H2O) = −0.03 eV (2.30b)

∆G(O−O) = 0.20 eV. (2.30c)
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2.3 Solvation

Oxygen reduction reaction in PEM fuel cells occurs at the solid/liquid interface
between the ORR catalyst and the aqueous environment. Water molecules at
the interface interact with ORR intermediates adsorbed on the catalyst surface
and can alter their binding energy compared to that in the vacuum. The
inclusion of solvation effects in ORR modeling requires involving additional
computational resources and is still often omitted. In such cases, the effect
is usually assumed to be transferable from the Pt(111) surface [9, 65, 66].
While this assumption seems to be justified for other metal (111) surfaces, in
Chapter 3 it is shown not to apply to the basal plane N-doped graphene and
a few similar surfaces.

2.3.1 Explicit solvation by H2O molecules

There are a few ways to include solvation effects at the solid/liquid interfaces.
A complete ab initio treatment requires including many layers of explicit water
molecules in the calculation and performing potential energy surface sampling
(e.g., using ab initio molecular dynamics) and statistical averaging [67]. This
approach is particularly expensive due to a large number of steps required to
obtain reliable statistical averages.

Another approach is to find the minimum energy structures of explicit water
layers for each system along the ORR path (*, *OOH, *O and *OH) [9, 68–70].
It is assumed that these static structures represent electrode/solution interface
accurately enough to produce reliable solvation energies. The main computa-
tional effort lies in finding a global minimum of the respective water layers.
This can be achieved, e.g., by performing relatively short molecular dynamics
(MD) simulations (or, even better, a few MD runs starting from different initial
configurations), optimizing a few lowest-energy structures obtained during the
calculation, and using the lowest-energy one to calculate the solvation energy
and to construct the ORR free energy diagram [69]. Another quite efficient
global optimization algorithm suitable for finding optimal water layer is the
minima hopping method [71]. It also relies on short MD runs combined with
the additional feature of avoiding revisiting previously found local minima. As
this method was extensively utilized for optimizing water structures in this
thesis, it is briefly introduced below.

The minima hopping algorithm [71]

A region in configurational space containing all the configurations that will
relax into a specific local minimum is called a basin. A union of several neigh-
boring basins is called a super-basin. If one can arrive at the lowest minimum
of a super-basin without crossing barriers much higher than the average dif-
ference in energy between local minima, such a super-basin is called a funnel.

Most algorithms for finding global minimum in molecular systems rely on
thermodynamic principles, especially the Boltzmann factor exp(−∆E/kBT ),
which makes it difficult for the system to escape any funnel during the avail-
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able computer time. As a result, the system revisits many times neighboring
configurations, which are close in energy.

The essence of the minima hopping method is making more violent escape
moves from basins that were already visited. The algorithm with parameters
used is as follows:

1. Initialize a current minimum Mcurrent

2. Start a short MD run with the kinetic energy Ekinetic. Stop in the
mdmin-th minimum along the trajectory and relax the structure to find
the closest local minimum M. Parameters used:

Initial Ekinetic: T = 4000 K,
mdmin = 2.

3. if M = Mcurrent or any other minimum visited previously, then increase
the kinetic energy (Ekinetic = 1.1*Ekinetic) and go to point (2),

4. if M is a new minimum, then decrease the kinetic energy
(Ekinetic = (1/1.1)*Ekinetic)

5. If energy(M) - energy(Mcurrent) < Ediff (initial Ediff = 2.5 eV),
then:

– add Mcurrent to the history list
– accept the new minimum (Mcurrent = M)
– decrease Ediff: Ediff = 0.98*Ediff

Else reject the new minimum and increase Ediff:
Ediff = (1/0.98)*Ediff

6. If the number of collected minima is unsatisfactory, go to point (2).

High temperature used during the molecular dynamics stage can cause un-
desirable dissociation or desorption of molecules subject to global optimization.
This may result in the exploration of uninteresting parts of the configuration
space. For example, during a search for the most favorable *CO adsorption
site on a catalyst surface, the algorithm may spend much time exploring {*C
+ *O} or {* + CO} configurations. A recent modification to the minima hop-
ping algorithm, implemented in Atomic Simulation Environment [72], allows to
include Hookean constraints preventing molecules decomposing or leaving the
catalyst surface [73]. However, dissociation or desorption of water molecules
forming a water layer on catalyst surface occurred only sporadically, and the
original minima hopping method was used in this work.

It has to be noted that, given limited time and computational resources, the
minima hopping method does not ensure finding the global minimum on the
potential energy surface. As a rule of thumb, the algorithm was stopped after
finding 30–50 local minima (convergence criterion for finding local minimum:
maximum force on each atom fmax < 0.05 eV/Å). The lowest energy structure,
as well as a few structures which energy was up to 0.1 eV higher than the
lowest energy one (usually 2 to 5 structures in total), were then used for final
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optimization (fmax < 0.01 eV/Å). After this, the lowest energy structure was
selected. For some systems, an extended minima hopping run was performed to
find ca. 80 local minima. This rarely resulted in finding lower energy minima,
but even in such events, the energy difference was less than 0.05 eV.

Adsorption energies of the ORR intermediates in the presence of
water

Adsorption energies of the ORR intermediates in vacuum were defined in Eq.
(1.7). Here, the adsorption energies in the presence of explicit water layer are
discussed.

A catalyst surface without water or any ORR intermediate adsorbed will
be denoted by an asterisk (*). An ORR intermediate bound to the surface
will be represented by *X, where X = {OOH, O, OH, O2}. Systems with
water layer will be represented by *|NH2O (or *X|NH2O), where N denotes
the number of water molecules included in the water layer. In the derivation
below, energies E directly obtained from DFT calculations are used; however,
they can be converted into Gibbs free energies as described in Section 2.2.

Consider the reaction of a water layer formation on the surface of a catalyst

* +N H2O −−→ *|NH2O, ∆EWL (2.31)

where WL stands for the water layer and ∆EWL is

∆EWL = E(*|NH2O)− E(*)−N E(H2O). (2.32)

The average energy of a water molecule in the water layer is

E(H2OWL) = E(H2O) +
1

N
∆EWL =

1

N

[
E(*|NH2O)− E(*)

]
. (2.33)

In the adopted approach, one water molecule is removed from the water
layer per each adsorbate placed on the surface. The adsorption energy in
the presence of water is calculated similarly as in Eq. (1.7), with a slight
modification (example for OH intermediate)

*|(N−1)H2O + H2O −−→ *OH|(N−1)H2O +
1

2
H2, ∆W

adsE(OH) (2.34)

where the superscript W denotes the presence of water and the energy of
*|(N−1)H2O is calculated as

E
[
*|(N−1)H2O

]
= E(*|NH2O)− E(H2OWL). (2.35)

The *|NH2O and *OH|(N−1)H2O structures are obtained using the minima
hopping method as described above. Adsorption energies of the remaining
ORR intermediates are calculated analogously.

In other words, the energy of a water molecule displaced upon insertion
of adsorbate is assumed to be the average energy of H2O in the water layer
in the absence of any adsorbates. The sum of adsorbed species and water
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molecules is kept fixed (N) to avoid a situation in which insertion of adsorbate
into the system pushes a water molecule into a highly unstable position above
a well-developed water layer.

In Chapters 3 and 4, the ORR in the presence of co-adsorbed spectator
*O is studied. Also in this case, the principle of adsorption energy calculation
is similar, i.e., for the example of OH intermediate, the following reaction is
considered

(*O)*|(N−2)H2O + H2O −−→

−−→ (*O)*OH|(N−2)H2O +
1

2
H2, ∆W

adsE(OH)
(2.36)

where the spectator is written in parentheses before the asterisk. The energy
of (*O)*|(N−2)H2O is calculated as

E
[
(*O)*|(N−2)H2O

]
= E

[
(*O)*|(N−1)H2O

]
− E(H2OWL). (2.37)

To summarize, the following systems have to be optimized using the minima
hopping algorithm to calculate the adsorption energies of the ORR intermedi-
ates in the presence of water:

no spectator with *O spectator

*|NH2O *|NH2O

(*O)*|(N−1)H2O

*O|(N−1)H2O (*O)*O|(N−2)H2O

*OH|(N−1)H2O (*O)*OH|(N−2)H2O

*OOH|(N−1)H2O (*O)*OOH|(N−2)H2O

The number N is selected individually for each system depending on the
surface area of the simulation cell and the number of molecular layers of H2O
to be included in the simulated water layer.

Adsorption free energies of the ORR intermediates in the presence of water,
∆W

adsG(X), are used to construct the ORR free energy diagram.

Solvation energy of an ORR intermediate can be calculated as a difference
between adsorption energy in water and vacuum

∆solvE(X) = −∆W
stabE(X) = ∆W

adsE(X)−∆adsE(X) (2.38)

Here, ∆W
stabE(X) is the adsorbate stabilization energy caused by solvation

(equal to the negative solvation energy).

2.3.2 Implicit solvation

Solvation methods described above treat liquid environment quantum-mechani-
cally by including explicit water molecules in the system, which makes them
relatively expensive. As opposed to that, an implicit solvation approach cou-
ples a quantum-mechanical description of the solute (here: catalyst + adsor-
bate) with an implicit description of the solvent as a continuum polarizable
medium [74].
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In the simplest formulation, only the electrostatic interaction between the
solute and the solvent is considered. Solvent is described by a single param-
eter, i.e., its relative permittivity. However, a generally applicable implicit
solvation model has to take into account both electrostatic and van der Waals
interactions, as well as the cavity formation energy. The model used in the
present thesis, developed by Mathew et al. [74, 75], is known as VASPsol and is
freely available as a patch to the Vienna Ab initio Simulation Package (VASP)
source code. It adopts empirically parametrized non-electrostatic interactions
and cavity formation energy related to a surface tension parameter.

Implicit solvation models have a few significant advantages over explicit
solvent description methods. The benefits include much less demanding calcu-
lations, as well as the absence of errors resulting from statistical averaging due
to incomplete sampling of solvent configurations. On the other hand, probably
the greatest disadvantage of treating solvent as a continuum is the inability
to describe effects resulting from the granular structure of the solvent, such
as solvent-solute interaction via orbital overlap. This is suggested to be the
reason for a poor prediction of the *O solvation on N-doped graphene surface
using VASPsol model, described in details in Chapter 3.

2.4 General computational details

General computational details pertaining to each study in this thesis are listed
below. Further details specific to each study can be found in relevant chapters.

All Density Functional Theory (DFT) calculations are done using Vienna
Ab initio Simulation Package (VASP) [76–79] coupled with Atomic Simulation
Environment (ASE) [72]. Core electrons are described with the Projector Aug-
mented Wave method [80, 81], and the basis set for the electronic wavefunctions
are plane waves below the 400 eV (explicit solvation) or 600 eV (implicit sol-
vation) energy cutoff. Fermi smearing of electronic occupations with a width
of 0.1 eV is used. Monkhorst-Pack [82] mesh for the Brillouin zone sampling,
(k1, k2, 1), is usually chosen such that kivi > 30 for vi being the corresponding
lattice vector. However, more dense sampling (kivi > 40) is used for N-doped
graphene systems in Chapter 3. The vacuum layer region between periodic
images of model systems is about 10 Å. Dipole correction is used to decou-
ple electrostatic potentials on the two sides of the two-dimensional structure.
Geometry optimization is performed until the maximum force on each atom
drops below 0.01 eV/Å.
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Chapter 3

Stabilization effects on N-doped
graphene

This chapter is based on Paper 1 (included in Appendix B.1), and contains
additional information about *O solvation effects on materials beyond N-doped
graphene. The Reader does not have to refer to the paper as all the relevant
information is included in the thesis.

3.1 Introduction

3.1.1 Background

The class of metal-free ORR catalysts is dominated by conductive carbon
nanostructures, modified by various types of doping, especially nitrogen dop-
ing [5, 29]. In recent years, N-doped carbon nanotubes and graphene have been
extensively studied both experimentally and computationally. Theoretical ap-
proaches investigated, among other things, effects such as the type of nitrogen
doping (graphitic, pyridinic, pyrrolic) [83], morphology and concentration of
N-dopants [84], structural defects [40, 85], curvature [85], solvation of *O2 [86]
and other ORR intermediates [69] by water, and the influence of additional
nitrogen dopants on the *O2 [86] and *O [65] stability.

In this chapter, the latter two effects are revisited and reassessed. Unoc-
cupied nitrogen dopant in the cell, referred to as “free nitrogen”, is a nitrogen
atom, where neighboring carbon atoms remain being empty adsorption sites.
Such nitrogen is particularly interesting due to its selective stabilization of
*O over *OH and *OOH [65]. Similarly, the presence of water was found to
stabilize *O2 adsorbate by 0.83 eV, twice as much as *OH [69]. Here, the in-
fluence of these two effects on all ORR intermediates is systematically studied
as a function of nitrogen concentrations, the number of nitrogen atoms per
adsorbate, and the number of water molecules per adsorbate. Bader charge
analysis [87] and projected density of states (PDOS) calculations are performed
to gain insight into the underlying phenomena and explain why different ORR
intermediates respond differently to both effects. A case study of the oxy-
gen reduction process on a selected catalytic system shows how these findings
apply to the ORR modeling.
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3.1.2 N-doped graphene model

All considered N-doped graphene (NG) models consist of graphitic nitrogen
atoms uniformly dispersed in the graphene sheet. When a nitrogen atom is
introduced into the system preserving its unit cell, it is placed in a position that
maximizes the distance between nitrogen atoms. In that case, uniformity of N
distribution cannot be strictly preserved. However, all the studied properties of
the system are found to be insensitive to such deviations from uniformity. Non-
uniform dopant distribution, such as nitrogen clustering, introduces another
degree of freedom and is not studied in this work.

The considered NG model systems are referred to in the following format:

NG_x_yN/ads/zH2O,

where: x = nitrogen concentration (atomic ratio), y = N/*ads ratio, ads = con-
sidered adsorbate (O, OH, OOH or O2 for a specific adsorbate, or“ads” for gen-
eral considerations), z = H2O/*ads ratio. For example, NG_4.2%_2N/O/11H2O
denotes graphene with 4.2% of nitrogen dopant, atomic oxygen adsorbate,
N/*O ratio of 2 and H2O/*O ratio of 11. This structure is shown in Fig. 3.1.

Figure 3.1: N-doped graphene structure example, denoted as
NG_4.2%_2N/O/11H2O. Color code for atoms: H – white, C – gray, N – blue, O –
red. Oxygen adsorbate is highlighted in yellow.

3.1.3 Stabilization energy definitions

Adsorption energies are defined as the DFT energies of the reactions in Eq.
(1.7), denoted as ∆adsE(X), where X = {OOH, O, OH, O2}. Superscripts are
added when considering adsorption energies in the presence of free nitrogen
[∆N

adsE(X)], water [∆W
adsE(X)] or both [∆N+W

ads E(X)].

Stabilization by free nitrogen is the difference between the adsorption ener-
gy in 1 N/*ads system (no free nitrogen, e.g., as in Fig. 3.2a, d) and >1 N/*ads
systems (at least one free nitrogen, e.g., as in Fig. 3.2b, c, e, f):

∆N
stabE(X) = ∆adsE(X)−∆N

adsE(X) (3.1)

The energy of stabilization via solvation is the difference between ORR
adsorption energies in vacuum and water and equals the negative solvation
energy (for details, see Section 2.3.1):

∆W
stabE(X) = −∆solvE(X) = ∆adsE(X)−∆W

adsE(X) (3.2)
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3.2 Stabilization effects

3.2.1 Free nitrogen

It is well known that a nitrogen dopant embedded in a graphene structure
creates a net positive charge on adjacent carbon atoms, making their bonds
with ORR intermediates stronger, and by this facilitating the ORR [30]. More
recently, it was found that free nitrogen atoms which are located far away from
the active site stabilize certain ORR adsorbates as well [65].

Figure 3.2: First adsorption energy, ∆adsE(1st), vs. N/*ads ratio at different
nitrogen concentrations; ads = {O, OH, OOH, O2}. Sample unit cell structures are
marked on the figure with letters (a)-(f). Color code for atoms is the same as in
Fig. 3.1.

The effect of up to five free nitrogen atoms on the adsorption energy of
ORR intermediates at different N concentrations is shown in Fig. 3.2. The
OH and OOH adsorption energies are essentially independent of the N/*ads
ratio; fluctuations of ±0.05 eV are observed. By contrast, atomic oxygen
is significantly stabilized by additional unoccupied nitrogen. This effect is
most apparent when the first free nitrogen appears in the cell: oxygen binding
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3. Stabilization effects on N-doped graphene

energy increases by up to 1.05 eV (for 12.5%N). Introduction of the second free
nitrogen further stabilizes oxygen, especially at high nitrogen concentrations
(0.26 eV stabilization of 3 N/*O relative to 2 N/*O at 12.5%N). A higher N/*O
ratio than 3 has a marginal effect on the *O stability.

Stabilization by free N vanishes with decreasing nitrogen concentration.
For systems with uniform N distribution, this is understandable. In these
systems, nitrogen concentration is strictly related to N–N distance (dN−N). In
the limit of dN−N → ∞ (equivalent to 0%N), a local environment around the
adsorption site is the same, irrespective of the N/*O ratio. Nonetheless, the
influence of free nitrogen on oxygen binding proves to be a long-range effect.
For instance, the stabilization of oxygen by two free nitrogen atoms at 1.6%N
is around 0.4 eV, while the N–N distance is 14.8 Å. Moreover, a hyperbolic
decay of ∆N

stabE(O) with N–N distance is observed (Fig. 3.3). This brings
to mind electrostatic (Coulomb) potential between point charges. A proposed
explanation of this phenomenon is presented in Section 3.3.

Figure 3.3: Oxygen adsorption energy as a function of N–N distance for systems
with 1 N/*O (constant function) and 2 N/*O (hyperbola), showing the long-range
character of the *O stabilization caused by a distant, free N. Color code for atoms:
C – dark gray, N – blue, O – red.

The effect of stabilization by free nitrogen becomes even more significant for
molecular oxygen, as the presence of at least two free nitrogen atoms (N/*O2 >
3) appears to be a prerequisite for O2 chemisorption at 12.5%N. Moreover, for
the considered nitrogen concentrations, 12.5%N was the only one that ensured
O2 chemisorption, whereas lower concentrations did not. *O2 is similar to *O
in that its binding energy strongly depends on the presence of free nitrogen
atoms in the cell.
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3.2.2 Solvation

Binding energies of the ORR intermediates depend on the environment near
the fuel cell cathode. This environment is characterized by such factors as the
presence of water [9], pH of the electrolyte [67] and applied field [88]. Here the
focus is on the solvation effect caused by the explicit water molecules.

The water effect is well-studied with Pt(111) as a catalyst [9, 68, 70] and is
often assumed to be transferable to other classes of materials [65, 66]. There
is some evidence, however, that ∆W

stabE(X) can vary a lot between different
catalyst materials. For instance, water has a negligible effect on the stability
of atomic oxygen found in fcc hollow sites on the Pt(111) surface [9], but
oxygen adsorbed on top of a carbon atom in basal plane N-doped graphene is
stabilized in an aqueous environment by about 0.5 eV [69].

Here, the influence of a single water layer on the ORR intermediates ad-
sorption energies at different water-to-adsorbate ratios (H2O/*ads) is studied.
Surface density of water in the employed model is 0.25 H2O molecules per
each atom in the N-graphene sheet, which corresponds to about 5% average
expansive strain on the water layer relative to hexagonal ice. This model al-
lows studying the solvation effect across many different N concentrations and
H2O/*ads ratios. Hexagonal water arrangements were found to be the most
stable by the minima-hopping algorithm both for clean and adsorbate-covered
N-graphene surfaces (sample structures are shown in Fig. 3.4). Unlike the case
of the Pt(111) surface [89] and catalysts containing FeN4 moieties [90], water
molecules do not chemisorb on the active site of N-doped graphene. The av-
erage separation between the N-graphene sheet and water oxygen atoms is ca.
3.7 Å. The energy of a single water layer adhesion to graphene and N-graphene
(6.25%N) is 79 and 82 meV per water molecule, respectively.

Figure 3.4: Top views of the optimized structures of pristine N-graphene and
ORR intermediates with single water layer. N-graphene models are: (a) pristine
N-doped graphene with 1.6%N, and NG_1.6%_1N/X/15H2O with X being: (b) O,
(c) OH, (d) OOH and (e) O2. Color code for atoms is the same as in Fig. 3.1.
Oxygen atoms belonging to the adsorbates are highlighted in yellow.
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3. Stabilization effects on N-doped graphene

For both *OH and *OOH intermediates, the solvation-based stabilization
energy is ∆W

stabE(X) = 0.19 ± 0.02 eV, irrespective of nitrogen concentration,
H2O/*ads ratio, and N/*ads ratio. The situation is different for *O, where
∆W

stabE(O) depends on the H2O/*O ratio. This is shown in Fig. 3.5, where both
solvation and free nitrogen effects on *O adsorption energy are considered as
a function of N concentration. For systems without free nitrogen, stabilization
energy can be viewed as the difference between 1 N/*O and 1 N/*O+H2O
curves in Fig. 3.5. At low water-to-adsorbate ratios (H2O/*O = 5), the
stabilization energy is 0.38 eV, and increases with increasing H2O/*O until
reaching a plateau (ca. 0.65 eV) at 11 H2O/*O. Increasing H2O/*O further
has practically no effect on the stabilization energy (e.g., ∆W

stabE(O) = 0.67
eV at 31 H2O/*O). The plateau suggests that 2-3 coordination shells of water
participate in *O stabilization. A similar analysis for systems with free nitrogen
(the difference between 2 N/*O and 2 N/*O+H2O curves in Fig. 3.5) leads to
the same conclusion, though in this case stabilization energies are about 0.17
eV higher.

A similar trend is found for the *O2 adsorbate. The stabilization energy is
0.67 and 1.05 eV for systems with 5 H2O/*O2 (NG_12.5%_3N/O2/5H2O) and
11 H2O/*O2 (NG_12.5%_6N/O2/11H2O), respectively.

Figure 3.5: Atomic oxygen adsorption energy on N-doped graphene as a
function of N–N distance (or N concentration) in the following scenarios: (i) in
vacuum, 1 N/*O (red), (ii) in vacuum, 2 N/*O (blue), (iii) in water, 1 N/*O
(orange), (iv) in water, 2 N/*O (green), (v) in water, 2 N/*O, assuming additivity
of the free N and H2O stabilizing effects (gray). Sample structures for systems
containing 64 atoms in N-graphene unit cell are shown as insets. Color code for
atoms: H – white, C – dark gray, N – blue, O – red.
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3.2.3 Synergy of the two effects

As mentioned above, the solvation effect becomes stronger in the presence
of free nitrogen. Equivalently, free nitrogen effect becomes stronger in the
presence of water, i.e., the two effects synergistically stabilize *O. This can be
expressed as

∆N+W
stab E(O) = ∆N

stabE(O) + ∆W
stabE(O) + ∆syn

stabE(O)

where the synergy component is ∆syn
stabE(O) = 0.17± 0.02 eV (Fig. 3.5).

For high nitrogen concentration, the total stabilizing effect reaches a re-
markably high value of 1.5 eV, and is approximately constant down to 4.2%N,
due to the opposite changes of ∆N

stabE(O) and ∆W
stabE(O) with nitrogen concen-

tration. Below 4.2%N, the solvation effect reaches its maximum and flattens,
while the free nitrogen effect continues to vanish slowly. Even though the
total stabilizing effect has to finally converge to the pure solvation effect at
0%N limit, the synergy component shows no clear evidence of fading over the
considered nitrogen concentration range.

3.2.4 Solvation on different materials

Interestingly, the effect of strong *O solvation appears not to be limited to
basal plane N-doped graphene. As long as the atomic oxygen is located in
atop adsorption site on a 2nd row element, significant *O solvation is found on
other types of materials (Fig. 3.6). Five cases are described below.

N-doped graphene with a Stone-Wales defect

An N-dopant can exist together with a Stone-Wales defect incorporated into
the graphene structure. The utilized active site model (Fig. 3.6a) corresponds
to the most catalytically active structure studied theoretically by Siahrostami
et al. [40]. There are 18 H2O molecules in the water layer, and 62 atoms in
the defective N-graphene sheet, which means the water layer is slightly denser
(0.29 H2O per NG atom) than for the systems studied above. This results in a
very small strain of about 0.35% (mixed expansive and compressive) on H2O
phase, relative to hexagonal ice layer. The calculated stabilization energy via
solvation is 0.78 eV.

B-doped graphene

B-doped carbon materials have been considered as the ORR catalysts in the
literature [91, 92]. While a boron dopant serves as the atop adsorption site
for *OH and *OOH intermediates, the lowest energy configuration of *O is
the bridge site between C and B [92]. This is confirmed in the present work
— *O on B-doped graphene is located in the C–B bridge site both in systems
with and without water layer. The energy of stabilization by water is in this
case only 0.03 eV. However, if the oxygen is forced to bind on top of the boron
atom, and the structure is optimized, the stabilization energy becomes 0.85
eV (Fig. 3.6b).
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3. Stabilization effects on N-doped graphene

Figure 3.6: Structures exhibiting significant *O solvation energies: (a) N-doped
graphene with a Stone-Wales defect, (b) B-doped graphene, (c) Fe3C-supported
graphene, (d) hydrogen-terminated graphite step zigzag edges, (e) hexagonal boron
nitride. Left column – top views, right column – side views. Water-induced
stabilization energies are included in the figure. Color code for atoms: H – white,
B – pink, C – gray, N – blue, O – red, Fe – orange. Oxygen adsorbates are
highlighted in yellow. Crosses mark atoms fixed in bulk configuration during the
structure optimization.
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This clearly shows the difference in the role of water in the two situations.
When *O is located in the bridge site, the oxygen is able to form two bonds
with the surface; therefore no dangling bond is left, and surrounding water
has almost no effect on the adsorbed oxygen. On the other hand, when *O is
located on top of the boron atom, only a single bond between oxygen and the
surface can be formed. A single, unpaired electron on the oxygen atom makes
the system highly unstable, and the reaction with surrounding water increases
its stability.

Fe3C-supported graphene

*O stabilization by water on Fe3C-supported graphene (0.63 eV, Fig. 3.6c)
is similar to that on N-doped graphene. The Fe3C/G model is described in
details in Chapter 4.

Hydrogen-terminated graphite zigzag edges

Especially strong *O stabilization of almost 1.3 eV is found on hydrogen-
terminated graphite zigzag step edges (Fig. 3.6d). It shows that the effect is
not limited to the basal plane of graphene-based materials. This is particularly
important in light of a recent finding that the edge-hosted pyridinic-N dopant
is most likely responsible for the N-doped carbon materials activity towards
ORR [39].

Hexagonal boron nitride (h-BN)

Supported hexagonal boron nitride has been suggested as a promising ORR
catalyst in a theoretical study by Koitz et al. [66]. On an unsupported and
non-solvated h-BN surface, the *O intermediate binds to the B–N bridge site.
With metallic support, however, an adsorption site on top of the boron atom
is preferred [66]. Oxygen stabilization in that site on unsupported h-BN is
estimated by forcing *O to stay on top of the boron atom. The effect is
smaller than for the other studied materials, but still significant (0.49 eV, Fig.
3.6e).

3.3 Discussion: O(sp) band filling

In this section, an insight into the origin of a strong *O and *O2 stabilization
by free nitrogen and solvation effects is provided. Fig. 3.7 , showing the density
of states projected onto adsorbed oxygen sp states for *O systems, forms the
basis for the discussion. It illustrates that free nitrogen (transition from Fig.
3.7a to 3.7b) and water (Fig. 3.7a→ 3.7c) cause the O(sp) band filling. When
both effects cooperate, virtually all the O(sp) states are located below the
Fermi level.
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3. Stabilization effects on N-doped graphene

Figure 3.7: Adsorbed oxygen projected density of states for: (a)
NG_1.6%_1N/O, (b) NG_3.1%_2N/O, (c) NG_1.6%_1N/O/15H2O, (d)
NG_3.1%_2N/O/15H2O. The corresponding structures are included above the
plots. Color code for atoms is the same as in Fig. 3.5.
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3.3.1 Stabilization due to free nitrogen

Free nitrogen selectively stabilizes *O and *O2. Both adsorbates have one
dangling bond, since carbon, which is already bound to three other atoms,
can provide only a single bond to oxygen. It manifests itself as unfilled O(sp)
states (Fig. 3.7a), which make *O and *O2 quite reactive and unstable. The
presence of free nitrogen in the system significantly stabilizes both adsorbates.
In what follows, this effect is studied on the example of the *O adsorbate.

Fig. 3.8 shows the Bader charge on oxygen and nitrogen for *O systems
with and without free nitrogen, as well as the Bader charge on nitrogen in
a pristine N-graphene sheet. Free nitrogen (Fig. 3.8b) causes the electron
density on oxygen to increase by 0.06 e−, compared to the system without free
nitrogen (Fig. 3.8a). One possible reason for this increase could be electron
density transfer from the introduced free nitrogen to oxygen via an inductive
or mesomeric effect. In that case, we should see electron density depletion on
free nitrogen. However, Fig. 3.8c shows that this does not occur, and the
Bader charge on nitrogen in the absence of any adsorbate is the same as the
charge on free nitrogen in the presence of *O. Another explanation is therefore
proposed, i.e., that free nitrogen disrupts graphene’s stable aromatic structure,
which allows the more electronegative oxygen atom to withdraw more electron
density from the graphene carbon atoms.

Figure 3.8: Bader charge on atoms in: (a) NG_1.6_1N/O, (b) NG_3.1_2N/O
and (c) NG_3.1. Color code for atoms is the same as in Fig. 3.5.

The additional electron density on oxygen continues to fill non-fully oc-
cupied sp band (Fig. 3.7b). The system becomes more strongly polarized:
oxygen gains a negative charge, and graphene carbon atoms become positively
charged. This shows that, as graphene loses electrons in favor of oxygen,
the system becomes partly ionic, while at the same time retaining covalent
bonds between respective parts, as in the case of zwitterions. Variations in
the Coulomb interaction between these ionic parts are suggested to be partly
responsible for the variations in the stability of oxygen on the surface.

A correlation is found between the average Bader charge on oxygen and
average oxygen binding energy for a set of NG_6.25% systems with varying
N/*O ratio (Fig. 3.9). In this case, the charge on oxygen is a measure of
charge separation (varied by N/*O ratio), while constant nitrogen concentra-
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tion assures approximately constant distance between centers of positive and
negative charges. The figure shows that the larger the charge donation into
the O(sp) states, the more stable the system. It has to be also noted that
above 2-3 N/*O ratio oxygen can no longer withdraw more electrons from the
N-graphene sheet, and its adsorption energy stabilizes with respect to the
number of free nitrogen atoms, as shown previously in Fig. 3.2.

It is worth noting that even though *O binding energy correlates with Bader
charge on oxygen at a constant nitrogen concentration, these two properties
do not correlate in general. For example, the Bader charge on oxygen is ap-
proximately constant (-1.10 ± 0.01) for the systems forming the 2 N/*O curve
in Fig. 3.5, where the nitrogen concentration changes. In light of the pro-
posed explanation, the observed decrease of the oxygen binding with decreas-
ing nitrogen concentration is caused by the increase of the distance between
fixed-charge ions. This dependence studied over a broader range of nitrogen
concentrations reveals its hyperbolic character (Fig. 3.3), which is expected
for electrostatically interacting systems.

Figure 3.9: Average ∆adsE(O) vs. average Bader charge on *O at different
N/*O ratios for a set of NG_6.25% systems. Color code for atoms is the same as in
Fig. 3.5.

3.3.2 Stabilization due to water

Water stabilizes all the ORR intermediates (Fig. 3.10). However, its influence
on *O and *O2 is clearly stronger than on *OH and *OOH. As noted earlier,
the difference between these two groups of adsorbates lies in the occupation of
O(sp) states. *O and *O2 have empty states, and their reactivity is thus much
higher than that of *OH or *OOH.
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Figure 3.10: ORR intermediate adsorption energies for different solvation
models: 1 to 3 water layers (WL), one water layer on each side, and continuum
solvation model. Adsorption energies or stabilization (∆W

stabE(X), in parentheses)
are included in eV above each ∆adsE level. N-graphene models are:
NG_12.5%_3N/ads for O2 and NG_4.2%_1N/ads for *O, *OH, and *OOH.
Side-view structures of *O systems are included below the plot. Color code for
atoms: H – white, C – gray, O – red.

The strong stabilizing effect of water on atomic and molecular oxygen can
be explained by bond formation between water molecules and adsorbed species.
In this process, water fills oxygen empty states, as can be seen from the location
of O(sp) band relative to Fermi level in vacuum (Fig. 3.7a and 3.7b) and in
water (Fig. 3.7c and 3.7d). Bonds formed between *O and H2O are about
0.18 Å shorter (average of three bonds) than hydrogen bonds between water
and *OH, suggesting they are much stronger than regular hydrogen bonds.

Describing water as a continuum polarizable medium (εr = 80) results in
unsatisfactory *O and *O2 stabilization energies. For the system with low
H2O/*ads ratio considered in Fig. 3.10, implicit solvation underestimates
∆W

stabE(O) and ∆W
stabE(O2) by 0.18 and 0.43 eV, respectively, relative to sol-

vation by a single water layer. The situation becomes even worse for systems
with a higher H2O/*ads ratio. For example, *O solvation is underestimated
by 0.40 eV in NG_4.2%_2N/O/11H2O system. At the same time, implicit wa-
ter reproduces *OH and *OOH solvation with deviations smaller than 0.1 eV.
Continuum solvation models can capture polarization effects in the system, but
since they neglect granular structure of the solvent, they cannot describe some
solvent-adsorbate interactions, e.g. those resulting from the orbital overlap.
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Inadequate description of the stabilization effect with the implicit solvation
model confirms that the effect likely results from the water-oxygen bond for-
mation. It also means that the implicit solvation is not particularly suitable
for the ORR modeling on N-doped graphene.

3.4 Increasing dimensionality

The computational approach to catalyst modeling often requires reduction of
the real system size or dimensionality due to limited computational resources.
This approach usually leads to meaningful results due to the locality of adsorp-
tion phenomena [18], although it may be a source of error. Here, inaccuracy
of the description of real 3-dimensional (N-graphene or N-graphite)/water in-
terface by a 2-dimensional model is estimated. This is done by applying three
different modifications, one at a time, to the base system, which is a single
N-graphene + single water layer. The modifications are: (i) increasing the
number of water layers (up to three) on the adsorbate side, (ii) including up
to three N-graphene layers and (iii) including a water layer on the other side
of the N-graphene sheet.

3.4.1 Additional water layers on the adsorbate side

ORR intermediate adsorption and solvation energies for different models of
solvation are summarized in Fig. 3.10. Adding a second water layer on the
adsorbate side destabilizes all the ORR adsorbates relative to the single water
layer model. This is likely due to the high stability of the reference, where
water molecules adopt a special configuration with twice as many interlayer
hydrogen bonds as in hexagonal ice, as shown in Fig. 3.11a. The configuration
is preserved to a large extent in systems with *OH and *OOH adsorbates
(Fig. 3.11c and d), but differs significantly in *O and *O2 systems (Fig. 3.11b
and e), resulting in poor stabilization of the last two adsorbates. This special
configuration of two water layers has been observed experimentally on graphene
in ultrahigh vacuum [93] but is not expected to appear in experimental ORR
setups, where the catalyst is immersed in a bulk electrolyte.

With three water layers, ORR adsorbate stability is similar to that with
a single water layer within 0.11 eV. Although such differences may sometimes
be non-negligible for ORR modeling, it can still be concluded that the first
water layer has a decisive influence on the adsorbate solvation effects. A sin-
gle water layer seems to be a reasonable compromise between accuracy and
computational cost.

As discussed previously, in the single water layer model the H2O/*O ratio
influences *O solvation energy (Fig. 3.5). For example, increasing the H2O/*O
ratio from 5 to 15 increases ∆W

stabE(O) from 0.38 to 0.64 eV. A similar increase
of the H2O/*O ratio can be achieved by increasing the number of water layers
from one (5 H2O/*O) to three (17 H2O/*O). Interestingly, ∆W

stabE(O) remains
essentially constant in this process (0.38 and 0.36 eV, respectively). This
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Figure 3.11: Side views of N-graphene structures with double water layer:
pristine (a), and with the ORR intermediates: (b) *O, (c) *OH, (d) *OOH, (e)
*O2. N-graphene models are NG_4.2%_1N/ads for (a)–(d), and NG_12.5%_3N/O2

for (e). Color code for atoms is the same as in Fig. 3.1.

suggests that from the practical point of view the effect of H2O/*O ratio on
solvation energy is limited to the first water layer.

3.4.2 Adding more N-graphene layers

Energetically, the most favorable stacking of multiple N-graphene layers con-
taining 4.2%N is AA stacking with nitrogen atoms located one above another.
For this case, the BEEF-vdW functional predicts similar (within 0.05 Å) inter-
layer distance as for graphite in the AB stacking. The adsorption and solvation
energies for systems with single and multiple layers of N-graphene are summa-
rized in Fig. 3.12. All solvation energies, as well as OH and OOH adsorption
energies, are not affected by the presence of additional N-graphene layers. How-
ever, atomic and molecular oxygen adsorption energies exhibit non-monotonic
variations with increasing number of N-graphene layers. Atomic oxygen bind-
ing becomes stronger by 0.08 and 0.06 eV, while molecular oxygen binding
becomes weaker by 0.20 and 0.10 eV, for 2 and 3 graphene layers, respectively.

3.4.3 Water layer on both sides of N-graphene

Including a water layer on both sides of the N-graphene sheet marginally
changes the *O, *OH and *OOH adsorption energy relative to having sin-
gle water layer on the adsorbate side only (Fig. 3.10). The only affected ORR
intermediate is O2, which binding energy weakens by about 0.13 eV. Though
not dramatic, this effect should be remembered while modeling oxygen reduc-
tion reaction, as it is unlikely to have vacuum on one side of 2D catalyst in
experimental conditions.
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Figure 3.12: ORR intermediate adsorption energies for different numbers of
N-graphene layers (1 to 3) in vacuum and with a single water layer. Adsorption
energies and stabilization (∆W

stabE(X), in parentheses) are included in eV above
each ∆adsE level. N-graphene models are: NG_12.5%_3N/O2 for *O2 and
NG_4.2%_1N/ads for *O, *OH and *OOH. Side-view structures of *O systems are
included below the plot. Color code for atoms is the same as in Fig. 3.1.

3.5 Case study: ORR on N-graphene

(6.25%N) with explicit water

To demonstrate how the above findings affect predicted ORR activity, the
associative ORR pathway is modeled on N-doped graphene at 6.25%N. *O2

intermediate is neglected, as there is strong evidence suggesting that the molec-
ular oxygen adsorption is not necessarily required for the ORR to proceed on
N-doped graphene [94].

First, a simple N-graphene model with one nitrogen and 15 carbon atoms
in the unit cell is considered. A single water layer consists of 4 water molecules.
The system’s structure and free energy diagram at 0.8 V vs. RHE are shown
in Fig. 3.13a. This system represents the simplest N-graphene/water interface
model that could be used for ORR modeling at this nitrogen concentration.
The predicted thermodynamic overpotential is 0.78 V. However, this model is
relevant for ORR modeling only under the assumption that adsorbate binding
energies do not depend on coverage (θads). While this is true for *OH and
*OOH adsorbates, at low *O coverage (or, equivalently, high N/*O ratio)
atomic oxygen binds at least 0.8 eV stronger than at θads = 1 (Fig. 3.2). This
will cause some nitrogen atoms in adjacent cells to remain unoccupied in order
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for the *O system to achieve a lower energy structure.

In the second step, a (
√

2×
√

2) version of the previous cell is considered.
Now all the ORR steps are occurring in the presence of free nitrogen (θads =
1/2). The structure and the free energy diagram for this system are shown
in Fig. 3.13b. This time *O binds so strong that its protonation becomes
the potential-determining step. The resulting thermodynamic overpotential is
1.14 V.

Further increase of the N/*ads ratio results in even more stable *O, with
practically no change of the *OH and *OOH levels (see Fig. 3.2). It suggests
that some amount of *O will be present on the catalyst surface throughout
the entire oxygen reduction process in the form of *O spectators. *O sta-
bility starts to decrease for N/*O < 2 as shown in Fig. 3.9. Entering that
range would increase *O free energy in Fig. 3.13b, such that *O protonation
may no longer be the potential-determining step. In other words, increasing
*O coverage above 1/2 allows the catalyst to explore free energy paths with
lower overall thermodynamic barriers. It is therefore suggested that at 6.25%N
the oxygen reduction reaction occurs on basal plane N-doped graphene at *O
coverages not lower than 1/2.

On the other hand, the coverage cannot be too close to 1. For example,
introducing an *O spectator in the (

√
2 ×
√

2) cell leaves only one catalytic
site where the oxygen reduction reaction can take place, resulting in θads = 1.
Adsorption of any ORR intermediate in such a position is highly unfavorable,
as it significantly destabilizes spectator *O, which can no longer take advantage
of the free nitrogen effect (which is about 0.8 eV at 6.25%N, see Fig. 3.2). As a
consequence, to minimize the barriers along the ORR free energy diagram, the
system seeks to adopt a configuration in which both the *O and free nitrogen
are simultaneously present in the catalytic environment.

Summarizing, the optimal adsorbate coverage is in the range of 1/2 <
θads < 1. The simplest realization of this scenario is an N-graphene cell con-
taining three nitrogen atoms. A carbon near the first of the N atoms is per-
manently bound with atomic oxygen, the second N atom is free throughout
the process, and a carbon near the third N serves as an adsorption site for
the ORR intermediates. The reaction occurs at θads = 2/3. The free energy
diagram and the catalyst structure with *OH adsorbate is shown in Fig. 3.13c.
The thermodynamic overpotential is found to be 0.94 V, with the potential-
determining step being the *OOH formation on the surface.

It has to be noted that the predicted thermodynamic overpotential refers
to the specific model studied here. In real systems, the distribution of nitrogen
does not have to be regular, and nitrogen clustering may occur. It is likely that
there exist different adsorbate coverages and different (*O spectator + free ni-
trogen + catalytic site) configurations, which result in a lower thermodynamic
barrier for the ORR, and thus dominate the basal plane N-doped graphene
activity towards the oxygen reduction.
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Figure 3.13: Oxygen reduction reaction free energy diagrams at U = 0.8 VRHE

for N-graphene (6.25%N): (a) one N atom in the unit cell; ORR occurs at θads = 1;
inset shows the structure of a pristine catalyst, (b) two N atoms in the unit cell;
ORR occurs at θads = 1/2; inset shows the structure of a pristine catalyst, (c)
three N atoms in the unit cell; one adsorbed atomic oxygen and one free nitrogen
act as spectators; ORR occurs at θads = 2/3; inset shows the structure of *OH in
the catalytic environment defined by the spectators and a single water layer. Color
code for atoms: H – white, C – gray, N – blue, O – red.
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3.6 Conclusions

Two effects responsible for unusually high stabilization of the *O and *O2

adsorbates on basal plane N-doped graphene (compared to conventional metal-
based ORR catalysts) have been systematically studied. These are the effect
of additional, free nitrogen in the N-graphene sheet and the solvation effect.
The total stabilization energy from the two effects reaches values as high as 1.5
eV, including a 0.17 eV synergy component. Both effects are found to result
from the high reactivity of *O and *O2 adsorbates, caused by the presence
of dangling bonds, which manifest themselves as unoccupied O(sp) states.
Variations in the *O binding energy due to free nitrogen exhibit a long-range
character, resembling electrostatic 1/r interactions between the charged parts
of the system. The solvation effect is likely to be universal for materials where
oxygen adsorbs on a 2nd row element in the atop position.

A case study of the oxygen reduction reaction at 6.25%N shows that the
reaction occurs at an adsorbate surface coverage between 1/2 < θads < 1, in
the presence of *O and free nitrogen spectators.

Including explicit H2O molecules is essential for the correct description of
ORR intermediates adsorption energy on carbon materials. Continuum sol-
vation models are unable to describe solvation of *O and *O2 with sufficient
accuracy, likely due to bond formation between these adsorbates and surround-
ing water molecules. The first water layer is found to have a decisive influence
on the adsorbate solvation. Including a single water layer to account for sol-
vation effects seems to be a reasonable compromise between accuracy and
computational cost.
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Chapter 4

Carbon-coated iron carbide and
iron

This chapter is based on Paper 3, included in Appendix B.3. The chapter is
self-contained, and the Reader does not have to refer to the paper.

4.1 Introduction

As noted in Section 1.3.3, metal-supported 2-dimensional materials are one of
the most notable classes of non-precious ORR catalysts. Their activity can be
tuned both by the choice of the 2D overlayer (e.g., doped graphene, hexagonal
boron nitride) and the support [5]. These interfaces have rarely been studied
computationally, and studies are challenging due to certain computational dif-
ficulties, such as problems with the correct description of the support-overlayer
interaction at a moderate computational cost [66, 95–98].

In this chapter, a computational model of Fe3C@C catalyst (like the one
synthesized by Hu et al. [46, 99–101]) is established, and its catalytic activity
towards ORR is studied. Additionally, the activity of Fe/carbon interface is
investigated, and the differences between catalytic and electronic properties of
iron and iron carbide supports are used to propose a material, which is likely
to outperform both Fe and Fe3C.

4.2 Structures of the interfaces

Heterostructure interfaces are prepared using the Virtual NanoLab (VNL) soft-
ware [102]. For all the systems containing iron, spin-polarized calculations are
performed, as both iron and iron carbide are ferromagnetic.

4.2.1 Fe3C/graphene

The iron carbide surface is modeled by use of the Fe3C(010) facet. The choice
was made as a compromise between the surface energy [103], the magnitude of
the Fe3C/graphene (Fe3C/G) lattice mismatch and the system size, with the
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4.2. Structures of the interfaces

aim to minimize all the three parameters. Fe3C(010) facet surface energy is
only about 13 meV/Å2 (10%) higher than that of the most stable Fe3C(001)
facet. The unit cell contains 16 graphene carbon atoms placed horizontally
on top of the iron carbide slab, such that the graphene basal plane is exposed
to the liquid phase (Fig. 4.1a–c). The carbide phase is compressed (3.0%)
to match the lattice of graphene. This is done to study the effect of support,
without obscuring it by the effect of strained graphene. A similar approach
was applied previously by Andersen et al. for graphene on different metal
surfaces [96]. It has to be noted that the actual (experimental) strain in the
system due to the interaction between the two phases is not known. The effect
of uniaxial, biaxial and shear strain on the OH adsorption energy on graphene
is illustrated in Fig. 4.2.

Considering the Fe3C(010) plane, the atomic layer pattern repeats every
6 layers. This results in a number of possible cleavages with different sur-
face properties. Starting from a carbon-rich Fe3C surface, the stability of
Fe3C/graphene interface is analyzed as carbon atoms are removed from the
Fe3C surface to form a separate graphite phase (Fig. 4.1e). The process is
described by the following reaction:

Cx@Fe3C/G→ Cx−1@Fe3C/G + Cgraphite (4.1)

where x is the number of carbon atoms on the Fe3C surface in the model unit
cell. The lowest energy structure is found to contain no carbon atoms on the
Fe3C surface. Although removal of the third carbon atom requires energy input
(12 meV/atom, which amounts to 0.3 meV/Å2, or 5 mJ/m2), this barrier, as
well as the actual carbon removal barrier, is expected to be surmountable in the
pyrolytic synthesis conditions [46]. The system without non-graphitic carbon
at the Fe3C/graphene interface is therefore used to model this heterostructure.

Fe3C slab consists of 7 atomic layers (6.8 Å), where the bottom 4 layers are
fixed in the bulk configuration during the structure relaxation (Fig. 4.1a). The
surface cell dimensions are (6.52, 0.00)× (0.93, 6.45) Å. This surface cell is used
only to model the Fe3C/(N-)graphene interface. The actual catalyst models,
which are described in Section 4.3, consist of in-plane-extended versions of
the cell described here. Graphene chemisorbs on Fe3C with adhesion energy
of 43 meV/(C atom), or 16.3 meV/Å2 (260 mJ/m2), and the Fe3C–graphene
distance is found to be 2.3 Å. According to Bader charge analysis, each carbon
atom in the graphene sheet withdraws 0.047 e− from the carbide phase on
average. Increased availability of electrons in the graphene sheet is expected
to increase the *O adsorbate stability, as it was shown in Chapter 3 in N-
graphene systems with additional N dopant.

4.2.2 Fe/graphene

The iron surface is modeled by the lowest surface energy bcc-Fe(110) facet
[104]. The slab consists of 3 atomic layers, where the two bottom layers are
fixed in the bulk configuration during the structure relaxation (Fig. 4.1d). The
surface cell vectors are (13.72, 0.00) × (−2.21, 6.13) Å, and each atomic layer
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4. Carbon-coated iron carbide and iron

Figure 4.1: Fe3C and Fe interface models: (a) Fe3C(010)/N-graphene, side view;
(b) Fe3C(010)/graphene, top view; (c) Fe3C(010)/N-graphene, top view; (d)
Fe(110)/graphene, side view; (e) the differential energy of removing carbon atoms
from the Fe3C surface at the Fe3C/G interface; x is the parameter from Eq. (4.1);
the four surface carbon atoms are shown as transparent in the inset. Crosses mark
atoms which positions are fixed during structure relaxation. Color code for atoms:
C – gray/black, N – blue, Fe – orange.
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Figure 4.2: OH adsorption energy on graphene as a function of (a) uniaxial, (b)
biaxial and (c) shear strain. The images show the unit cells, orientations of *OH
and the varied lattice parameters. Color code for atoms: H – white, C – gray, O –
red.
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consists of 16 iron atoms. Iron and graphene lattices are matched by applying
mixed expansive/compressive strain (2.0 %) to the iron phase. The unit cell
contains 32 graphene carbon atoms placed on top of the iron slab.

According to the calculations, graphene chemisorption energy on bcc-Fe(110)
surface is slightly positive, +2.3 meV/(C atom), which suggests this het-
erostructure is metastable relative to separate phases. A physisorbed state
with a separation of 3.9 Å and adsorption energy of −38 meV/(C atom) was
also found. The potential energy surface of a similar shape was previously ob-
served for fcc-Ni(111)/graphene interface calculated using GGA functionals:
PBE [96] and BEEF-vdW [51]. In this case, repeating the calculations at a
higher level of theory (meta-GGA [96] or Random Phase Approximation [97])
results in evident binding of the chemisorbed state. The problem appearing
with GGA functionals, also when including non-local interaction corrections,
is attributed to an inaccurate simultaneous description of the covalent and
dispersive forces in such weak binding systems [97]. Bearing that in mind, and
having experimental evidence that bcc-Fe(110)/G forms a covalently bound
heterostructure [105], the chemically bound bcc-Fe(110)/graphene interface is
used as the ORR catalyst model.

A graphene sheet forms waves on the bcc-Fe(110) surface with corrugation
amplitude of 1.0 Å (Fig. 4.1d). This effect was previously observed both in
experiments and calculations and was found to result from a combination of
lattice mismatch and strong interfacial interaction [105]. The shortest distance
between iron and graphene is 2.2 Å.

A Bader charge analysis shows that each graphene carbon atom withdraws,
on average, 0.041 e− from the iron phase. This is significantly less than 0.07
e−/(C atom) obtained by Taubert and Laasonen for iron nanoparticle enclosed
in a fullerene [106]. The discrepancy is likely due to the larger separation be-
tween some parts of iron and graphene in the two dimensional Fe/G interface,
caused by buckling of the graphene layer.

4.2.3 Nitrogen doping

The established Fe3C/G and Fe/G interface models are subsequently mod-
ified by nitrogen doping. Replacing one carbon atom with nitrogen results
in Fe3C/N-graphene (Fe3C/NG, Fig. 4.1c) and Fe/N-graphene (Fe/NG, Fig.
4.8b, inset) with 6.3 and 3.1 at%N in the graphene sheet, respectively. N-doped
graphene is slightly more strongly bound to both supports. The chemisorp-
tion energies per N-graphene atom and the support–NG distances are −64
meV and 2.2 Å for the Fe3C support, and −3.4 meV and 2.1 Å (NG wave
trough) for the Fe support, respectively. A Bader charge transfer from the
carbide and iron phases to the N-graphene phase is 0.048 and 0.038 e−/(NG
atom), respectively, which is only slightly different from the one obtained for
the undoped systems.
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4.3 ORR catalyst models

In Chapter 3, the spectator effect on the ORR intermediates stability is con-
sidered on unsupported N-graphene, and the presence of free nitrogen atoms is
found to stabilize the *O intermediate significantly. On the one hand the lack
of free nitrogen results in artificially weak *O binding, but on the other hand,
too many free nitrogen atoms in the cell result in so strong *O binding that its
reduction becomes the potential limiting step for the ORR. As a consequence,
the reaction takes place in the presence of both *O and free nitrogen as spec-
tators. Here, the same is found to be true for Fe3C-supported N-graphene. To
create such a reaction environment, the previously described Fe3C/NG unit
cell is extended in the surface plane to obtain a triple (

√
2 ×
√

3) cell. The
catalyst model contains 3 nitrogen atoms in the unit cell, of which *O occupies
one, another one is free, and the last one serves as an active site for the ORR
(Fig. 4.7b).

The catalytic properties of the Fe3C/G interface are modeled using a double
(
√

2 ×
√

2) cell (Fig. 4.7a). The single cell resulted in the artificially lowered
stability of the water layer inserted on top of the heterostructure (solvation
model is described in details in Section 4.4).

The presence of free nitrogen is found not to influence the *O stability on
Fe/NG interface. The previously described cell is thus also used as the catalyst
model, both for N-doped and undoped systems.

For comparison, the same computational approach is used to model the
oxygen reduction reaction on Pt(111) surface. The model consists of a 3 × 3
surface cell and three atomic layers of platinum. The bottom two layers are
fixed in the bulk configuration during the structure relaxation.

4.4 The water layer

Explicit solvation model is utilized to account for solvation effects. It was
shown in Chapter 3 that continuum solvation models cannot correctly describe
interactions between water and adsorbed oxygen, hence including explicit H2O
molecules seems to be essential for the correct description of the ORR inter-
mediates stability (especially for *O). Here, the number of water molecules
included in each interface is enough to form at least a single water layer.

Global optimization of the water layer structure is performed using the
minima hopping algorithm (Section 2.3.1). Here, the structure is determined
for each ORR step in the appropriate environment (e.g., in the presence of
spectators, when relevant). The support has minimal effect on the optimal
structure of water. For the time of minima hopping runs, the support is re-
moved from the simulation cell, and the (N-)graphene structure is fixed. All
the water molecules and adsorbate atoms, except for the one directly bound
to the (N-)graphene sheet, are allowed to move during the global optimiza-
tion. After finding at least 30 local minima, the support is reinserted to the
lowest energy structure, as well as to the structures which energy is up to
0.1 eV higher than the lowest energy one. The final geometry optimization
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is performed for these systems, allowing all the atoms to relax, except for the
previously specified bottom part of the support slab. The lowest energy struc-
ture (Figs. 4.3 and 4.4) is used to construct the free energy diagram of the
corresponding catalytic system.

Figure 4.3: Water layer structures for the Fe3C/NG system. Same structures
are used for NG and all (supported and unsupported) N-graphite systems. Water
layer in (a) is shown in the absence of any adsorbate. The system in (b) consists of
an empty active site *, one oxygen spectator, and one free nitrogen spectator.
Systems with the same spectators, additionally comprising ORR intermediates at
the active site are: (c) *O, (d) *OH, (e) *OOH. Crosses mark atoms which
positions are fixed during structure relaxation. Color code for atoms: H – white, C
– gray, N – blue, O – red, Fe – orange. Oxygen atoms belonging to the adsorbates
at the active site are highlighted in yellow.

Only in a few cases, the water layer forms a regular hexagonal struc-
ture, similar to the one experimentally found on highly oriented pyrolytic
graphite [107]. This is caused by difficulties in matching the support, graphene
and hexagonal ice lattices at the same time at computationally affordable
sizes of the unit cells. However, water layer stabilities relative to isolated
H2O molecules were found to be similar for all the considered systems, i.e.,
0.490 ± 0.010 eV/H2O molecule. Note that the difference between the water
interaction energy with graphene and N-graphene (no support) was found to
be only about 3 meV/H2O molecule (Section 3.2.2). Similar to unsupported
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4.4. The water layer

Figure 4.4: Water layer structures for Fe3C/G: (a)-(d), and Fe/G: (e)-(h). The
first four structures are also used for NG (2N/ads) and Fe3C/NG (2N/ads)
systems. The last four structures are also used for Fe/NG system. Water layers in
(a) and (e) are shown in the absence of any adsorbate. Systems with ORR
intermediates at the active site: (b) and (f): *O; (c) and (g): *OH; (d) and (h):
*OOH. Color code for atoms is the same as in Fig. 4.3.
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N-graphene, water molecules do not chemisorb on the active sites of Fe3C/(N)G
or Fe/(N)G interfaces. The presence of the aqueous environment stabilizes all
ORR intermediates, *OH and *OOH by 0.18-0.35 eV, and *O by 0.63-0.95 eV,
relative to vacuum.

Stability of ORR intermediates in an aqueous environment is higher than
in vacuum by 0.18-0.35 eV for *OH and *OOH, and by 0.63-0.95 eV for *O,
depending on the system considered. This compares well with the solvation
energies on unsupported N-graphene (Section 3.2.2).

The water layer structure utilized to model solvation effects on the Pt(111)
surface is similar to the one previously described in the literature [68, 70],
i.e., the half-dissociated water layer. The presence of *OH spectators in this
model results from the fact that *OH reduction is the potential-determining
step for the oxygen reduction reaction on Pt(111). The structures of ORR
intermediates embedded in the half-dissociated water layer on Pt(111) are
shown in Fig. 4.5.

Figure 4.5: Structures of a single water layer (a) and ORR intermediates
embedded in the half-dissociated water layer on Pt(111): (b) *O2, (c) *OOH, (d)
*O, (e) *OH – the half-dissociated water layer, (f) H2O2*. Color code for atoms:
H – white, O – red, Pt – gray. Oxygen atoms belonging to the adsorbates at the
active site are highlighted in yellow.

4.5 Free energy diagrams and the 2D volcano

Theoretical ORR free energy diagrams for the considered model catalysts at
U = 0.8 VRHE are shown in Figs. 4.6–4.9, and the adsorption Gibbs free
energies (at U = 0 VRHE) are collected in Tab. 4.1.
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Figure 4.6: ORR free energy diagrams at U = 0.8 VRHE for: (a) Pt(111), (b)
NG. The insets show simulation cells of the corresponding systems with OH
intermediate bound to the active site. The water layer is hidden for clarity.
Crosses mark atoms which positions are fixed during structure relaxation. Color
code for atoms: H – white, C – gray, N – blue, O – red (spectator) or yellow
(adsorbate at the active site), Pt – light gray.
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Figure 4.7: ORR free energy diagrams at U = 0.8 VRHE for: (a) Fe3C/G, (b)
Fe3C/NG. The insets show simulation cells of the corresponding systems with OH
intermediate bound to the active site. The water layer is hidden for clarity.
Crosses mark atoms which positions are fixed during structure relaxation. Color
code for atoms: H – white, C – gray, N – blue, O – red (spectator) or yellow
(adsorbate at the active site), Fe – orange.
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Figure 4.8: ORR free energy diagrams at U = 0.8 VRHE for: (a) Fe/G, (b)
Fe/NG. The insets show simulation cells of the corresponding systems with OH
intermediate bound to the active site. The water layer is hidden for clarity.
Crosses mark atoms which positions are fixed during structure relaxation. Color
code for atoms is the same as in Fig. 4.7.
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Figure 4.9: ORR free energy diagrams at U = 0.8 VRHE for: (a) N-graphite with
two NG layers (2×NG), (b) Fe3C/N-graphite with two NG layers (Fe3C/2×NG).
The insets show simulation cells of the corresponding systems with OH
intermediate bound to the active site. The water layer is hidden for clarity.
Crosses mark atoms which positions are fixed during structure relaxation. Color
code for atoms is the same as in Fig. 4.7.

62



4.5. Free energy diagrams and the 2D volcano

Table 4.1: ORR intermediates adsorption Gibbs free energies at U = 0 VRHE

[Eq. (1.7)] and calculated ORR overpotentials (ηORR) on the considered surfaces in
the presence of water, after applying the Christensen’s corrections [Eq. (2.30a)].

System Cell
∆adsG / eV

ηORR / V
*OOH *O *OH

Pt(111) 3×3 3.98 1.37 0.58 0.65

G
√

2×
√

2 5.98a 3.65 2.58 2.19

Fe3C/G
√

2×
√

2 4.79 1.96 1.51 1.10

Fe/G 1×1 4.41 1.28 1.01 0.96

NG
√

2×
√

3 4.63 2.50 1.20 0.94

Fe3C/NG
√

2×
√

3 4.47 1.45 0.98 0.78

Fe/NG 1×1 4.36 0.78 0.78 1.23

NG (2N/ads)
√

2×
√

2 4.51 1.18 1.10 1.14

Fe3C/NG (2N/ads)
√

2×
√

2 4.51 1.10 1.06 1.20

2×NG
√

2×
√

3 4.61 2.26 1.18 0.92

3×NG
√

2×
√

3 4.62 2.28 1.19 0.93

Fe3C/2×NG
√

2×
√

3 4.66 2.31 1.21 0.97

Fe3C/3×NG
√

2×
√

3 4.62 2.28 1.19 0.93

a not bound; ∆adsG estimated from ∆adsG(OOH) = ∆adsG(OH) + 3.4 eV

It is clearly seen that the Fe3C support significantly stabilizes all the ORR
intermediates, i.e., *OOH, *O and *OH, both on graphene (1.09, 1.68 and
1.07 eV, respectively) and N-graphene (0.15, 1.05 and 0.22 eV, respectively).
The stabilizing effect is even stronger with the Fe support (1.47, 2.37 and 1.57
eV for graphene; 0.27, 1.71 and 0.42 eV for N-graphene, respectively). It is
worth noting that the values for *O are much higher than those for the other
ORR intermediates. As noted above, the electron density is transferred from
the support to the (N-)graphene sheet. A correlation is found between Bader
charge on oxygen and *O binding energy (Fig. 4.10). The electron density
likely stabilizes the adsorbed oxygen by filling its empty sp states, as described
in Chapter 3. Strong *O stabilization caused by support was observed earlier
in Cu(111)/NG system [98].

Both Fe3C and Fe supports significantly activate graphene surface towards
ORR. The calculated ORR overpotential for Fe/G (Fig. 4.8a) and Fe3C/G
(Fig. 4.7a) is 0.31 and 0.45 V higher than for the Pt(111) surface (Fig. 4.6a),
respectively. This agrees with the experimental results that encapsulated iron-
based catalysts prepared from nitrogen-free precursors shows some but limited
ORR activity [43, 46]. Interestingly, Fe/G heterostructure binds the *O inter-
mediate so strong that its reduction to *OH becomes the potential-determining
step — a situation rarely observed on transition metal surfaces [8]. The Fe/G,
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Figure 4.10: Correlation between oxygen adsorption Gibbs free energy and a
Bader charge on *O for undoped (triangles, dotted line) and nitrogen-doped
(circles, dashed line) systems.

as well as the Fe3C/G heterostructures do not appear to follow the scaling re-
lation between *O and *OH adsorption energies determined for the transition
metal (111) surfaces [∆adsG(O) = 2 ∆adsG(OH), Eq. (1.13)]. This is visualized
on a 2D ORR activity volcano plot (Fig. 4.11).

Unsupported N-doped graphene (Fig. 4.6b) belongs to the weak oxygen
binding class of the ORR catalysts. Fe3C support activates N-graphene to-
wards ORR by making the bonds with ORR intermediates stronger, which
decreases the calculated overpotential by 0.16 V (Fig. 4.7b). The resulting
ORR overpotential is only 0.13 eV higher than that of the Pt(111) surface
(Fig. 4.6a), lower than for any other heterostructure comprising undoped
graphene investigated here. This is in line with experimental evidence that
nitrogen plays an important role in the activity of the encapsulated iron-based
catalyst [43].

As mentioned in Section 4.3, if the NG or Fe3C/NG structure contains
sufficiently many unoccupied nitrogen atoms per adsorbate, *O binding energy
is so strong that *O reduction becomes the ORR potential-determining step.
This already happens with 2 nitrogen atoms per adsorbate, i.e., with just one
free nitrogen atom in the simulation cell (structures denoted as “NG (2N/ads)”
and “Fe3C/NG (2N/ads)” in Fig. 4.11; ORR free energy diagrams for these
systems are shown in Fig. 4.12a and b). Under operational conditions, these
structures immediately start to accumulate oxygen on the surface (via O2

reduction or H2O oxidation). This leads to destabilization of the next *O
adsorbates, and the *O accumulation process is suspended as soon as another
ORR step (e.g., O2 reduction to *OOH) starts to limit the ORR potential.

Fe/NG heterostructure (Fig. 4.8b) binds oxygen species, especially *O,
even stronger than Fe3C/NG. In this case, however, accumulation of *O on the
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Figure 4.11: Theoretical ORR overpotential as a function of ∆adsG(OH) and
∆adsG(O). The scaling relation between *OH and *OOH adsorption energies,
∆adsG(OOH) = ∆adsG(OH) + 3.4 eV, is determined from the data for the
structures considered in this study (Tab. 4.1). The plot is divided into four areas
(separated by solid black lines) based on the potential-determining steps, which are
shown in the white boxes. The blue dashed line denotes the scaling relation
between *O and *OH adsorption energies observed on the transition metal (111)
surfaces [8].

surface does not destabilize next *O adsorbates, and the process can continue
until oxygen occupies each nitrogen (or, more precisely, any carbon atom next
to each nitrogen) in the NG sheet. The theoretical overpotential required to
reduce *O is almost 0.6 V higher than for Pt(111), which means *O effectively
poisons the Fe/NG surface. This is again in agreement with experimental
results, where the encapsulated iron-based catalyst’s ORR activity was found
to correlate with the Fe3C phase content, but not with the Fe phases content
[108]. Fe/NG shows poor ORR activity due to an unfavorable breaking of the
scaling relation between *O and *OH adsorption energy (Fig. 4.11).

As noted in Chapter 3, atomic oxygen adsorbed on top of a catalytic site
being the 2nd row element (C, B) is particularly unstable due to the presence
of empty O(sp) states. It gains stability in the presence of water overlayer, free
nitrogen atoms in the N-doped graphene sheet, and, as shown here, an electron
donating support. Excessive stabilization of *O is, however, unfavorable for
the ORR efficiency, as it increases the energy required to reduce *O to *OH. To
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Figure 4.12: ORR free energy diagrams at U = 0.8 VRHE for: (a) N-graphene
with two N atoms per adsorbate [NG (2N/ads)], (b) Fe3C/N-graphene with two N
atoms per adsorbate [Fe3C/NG (2N/ads)]. The insets show simulation cells of the
corresponding systems with OH intermediate bound to the active site. The water
layer is hidden for clarity. Color code for atoms is the same as in Fig. 4.7.
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Figure 4.13: ORR free energy diagrams at U = 0.8 VRHE for: (a) N-graphite
with three N-graphene layers (3×NG), (b) Fe3C/N-graphite with three N-graphene
layers (Fe3C/3×NG). The insets show simulation cells of the corresponding
systems with OH intermediate bound to the active site. The water layer is hidden
for clarity. Color code for atoms is the same as in Fig. 4.7.
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solve this problem, *O has to be selectively destabilized. Since the spontaneous
*O accumulation on the catalyst surface destabilizes the next *O adsorbates,
the activity of NG and Fe3C/NG systems increase. However, such an *O
destabilization does not occur in case of Fe/NG system. Therefore, it cannot
be expected that this effect will have a general application in establishing
design rules for these systems.

Fe and Fe3C supports differ in the amount of charge transferred to the
N-graphene sheet, and subsequently to the *O adsorbate (Fig. 4.10). The
Fe support donates enough charge to completely stabilize *O, even in the
absence of free nitrogen. This results in the surface being fully covered by
*O (all nitrogen atoms occupied) at the ORR-relevant potentials. Stronger
electron donating supports than iron will most likely act similarly, causing the
surface to be poisoned by *O as well. As opposed to that, Fe3C support does
not donate enough charge, and the presence of some amount of free nitrogen
atoms is necessary. This leaves catalytic sites on the surface, where the ORR
can proceed. Weaker electron donating supports than Fe3C are expected to
bind all the ORR adsorbates weaker, causing the drop in the ORR activity
(moving it towards the pure NG activity). However, it can be expected that
support with electron donating properties between Fe and Fe3C will bind the
ORR adsorbates stronger, but not strong enough to let *O entirely cover the
N-graphene sheet. This may lead to a catalyst with ORR activity superior
to that of the Fe3C/NG heterostructure, possibly reaching or exceeding the
activity of the Pt(111) surface.

4.6 Multiple graphene layers

Preparing well defined (N-)graphene layers on the support is a difficult task. As
seen from TEM images, Fe3C-based catalyst is often coated by a few graphitic
layers [46, 101, 108]. For this reason, the effect of adding more N-graphene
layers to the Fe3C/NG catalyst is studied here. The N-graphite model consists
of two (2×NG) or three (3×NG) N-graphene sheets arranged in AA stacking,
with nitrogen atoms located one above another. The catalytic environment is
the same as for NG and Fe3C/NG systems, i.e., one *O and one free nitrogen
act as spectators.

For the unsupported NG system, the addition of the second N-graphene
layer stabilizes the *O intermediate by about 0.2 eV, but the *OOH and *OH
binding energies remain almost unaffected (Tab. 4.1). The catalytic activity
towards ORR does not change significantly, as the O2 reduction to *OOH is
the potential-determining step (Fig. 4.9a). The third N-graphene layer has
a negligible effect on the adsorption energies of the ORR intermediates (Fig.
4.13a and Tab. 4.1).

In case of the Fe3C/NG system, the catalytic activity drops rapidly upon
addition of the second N-graphene layer (Fig. 4.9b). Both the calculated over-
potential and the adsorption energies of the ORR intermediates become close
to the values obtained with the unsupported systems. With three N-graphene
layers, any dissimilarities between supported and unsupported systems vanish
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(Fig. 4.13b and Tab. 4.1).

The study shows that in systems comprising multiple N-graphene layers,
the support would not be expected to enhance the ORR activity. However,
a strong correlation between Fe3C content and the activity is found in the
experiments [108], and this correlation is fully consistent with the active sites
existing on a single graphitic layer on Fe3C.

4.7 Summary

ORR activity of four heterostructures, i.e., Fe3C(010)/graphene, Fe3C(010)/N-
graphene, Fe(110)/graphene, and Fe(110)/N-graphene is evaluated computa-
tionally and compared with earlier experimental studies. ORR intermediates
solvation is taken into account by including an explicit water layer in each
calculation. Both supports stabilize all the ORR intermediates; however, the
effect of Fe is noticeably stronger. The *O intermediate is stabilized particu-
larly strongly, and its binding energy is found to correlate with the charge on
oxygen. Increasing O binding, as well as increasing negative charge on O, is
found in the series: unsupported system < Fe3C support < Fe support.

The most active heterostructure is Fe3C/N-graphene. Like in case of an
unsupported N-graphene system, Fe3C/NG accumulates *O on the surface,
and the ORR takes place at the oxygen coverage between 0.5 < θO < 1.0.
As opposed to that, Fe/NG system stabilizes *O intermediates so strong that
its surface effectively becomes blocked by *O at ORR-relevant electrode po-
tentials. The calculations are consistent with experimental evidence that: (i)
Fe3C support promotes ORR activity more than Fe support, (ii) N-doping is
essential for achieving high ORR activity.

The Fe3C-supported system activity quickly converges to that of the unsup-
ported one with increasing number of graphitic layers. Even two N-graphene
layers effectively isolate adsorbates from the influence of the support. There-
fore, the experimental activity of the iron carbide encased in graphitic layers
likely comes from Fe3C-supported N-doped graphene monolayers. However,
other effects like graphene defect promotion during synthesis caused by the
presence of Fe3C cannot be ruled out.

Finally, it is shown that electron donating support can increase the ORR
activity of N-doped graphene (as in case of Fe3C), but too strong electron
donation properties of the support suppress the activity (as in case of Fe).
It is suggested that a heterostructure consisting of NG layer supported on a
stronger electron donating material than Fe3C (but weaker than Fe) is likely
to have similar or better ORR activity than the Pt(111) surface.
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Chapter 5

Fe-N-C catalyst activity
enhancement by selective anion
adsorption

This chapter is based on Paper 2 included in Appendix B.2. The experimen-
tal part of the study was performed by Kaspar Holst-Olesen (University of
Copenhagen), under the supervision of Prof. Matthias Arenz (University of
Bern), and is summarized in the thesis. Reading the paper is advisable for a
full understanding of the experimental details.

5.1 Introduction

It is a well-known fact that the oxygen reduction reaction on platinum is in-
hibited when certain acids are present in the electrolyte. This, in particular,
applies to phosphoric [109–114], sulfuric and hydrochloric [115–119] acids. The
poisoning mechanism is active site blocking by preferential adsorption of an-
ions formed by acid deprotonation. Non-precious metal catalysts are much
less studied in terms of activity loss caused by anions [120, 121]. Interest-
ingly, Fe-N-C catalysts containing FeN4 moieties are 2-dimensional materials,
where species dissolved in the electrolyte can access both sides of the catalytic
center. This opens a possibility of activity modification by ligand adsorption
on the backside of the active site — an option which is not possible on 3D
nanoparticles of traditional Pt-based catalysts.

Here, the effect of four different electrolytes (i.e., H3PO4, HClO4, H2SO4,
and HCl) on the activity of Fe-N-C catalyst is investigated and compared to
the known behavior of Pt. Most importantly, computational modeling reveals
that the phosphoric acid not only does not poison Fe-N-C catalyst but even
enhances its catalytic activity towards ORR. This result is consistent with
electrochemical experiments conducted within the same study.
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5.2 Results

5.2.1 Experiment summary

In Fig. 5.1, a well-known inhibiting effect of anion adsorption on the ORR on
platinum is demonstrated in RDE measurements of a polycrystalline Pt (Pt-
poly) disk in aqueous HClO4, H2SO4, H3PO4 and HCl electrolytes, respectively.
ORR half-wave potential (U1/2) decreases significantly in the order HClO4 >
H2SO4 > H3PO4 > HCl. This change of U1/2 can be associated with a decrease
in ORR activity. However, the observed decrease in diffusion limited current
(jL) also suggests that the concentration of dissolved O2 in the respective
electrolytes decreases in the same order, except for HCl [122]. As the ORR
is a first order reaction with respect to the oxygen concentration [123, 124],
the observed ORR activity is a result of anion blocking as well as oxygen
concentration.

Figure 5.1: Polycrystalline platinum RDE polarization curves. Pt-poly disk in
0.10 M HClO4, 0.50 M H2SO4, 0.75 M H3PO4 and 0.10 M HCl electrolyte
saturated with O2 at 900 rpm and 10 mV s−1.

Fig. 5.2 shows the same measurement performed on a commercial Fe-N-C
catalyst. It is evident that half-wave potentials are considerably less different
(as compared to Pt) and all fall in the similar potential range. Noticeably,
the polarization curve measured in H3PO4 electrolyte indicates a higher ORR
activity at high potentials than in HClO4. In this case, it appears that the
decrease in jL follows the trend of the increasing electrolyte concentration.
This indicates that low activity of Pt in H3PO4 (Fig. 5.1) is not only related
to oxygen solubility but must also be due to other factors, e.g., poisoning by
anion adsorption.

To disentangle the influence of oxygen concentration and anion adsorp-
tion on the Fe-N-C catalyst, the molarity of the four electrolytes HClO4,
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Figure 5.2: Fe-N-C RDE polarization curves. Fe-N-C in 0.10 M HClO4, 0.50 M
H2SO4 and 0.75 M H3PO4 electrolyte purged with O2 at 900 rpm and 10 mV s−1.
Total catalyst load is 800 µg cm−2.

H2SO4, H3PO4, and HCl was gradually increased and ORR polarization curves
recorded. In Fig. 5.3a, jL is used as a simple measure of the oxygen solubility
and the viscosity of the electrolyte. It is seen that with increasing molarity,
jL and thus oxygen transport decreases. This trend is particularly prominent
for phosphoric acid. Using the mass averaged ORR rate, jk, as a measure
of the ORR activity (Fig. 5.3b), it can be seen that in all acidic solutions
the activity decreases with increasing electrolyte molarity in a similar manner
as jL. This suggests that increasing the molarity does not necessarily affect
the catalytic activity of the Fe-N-C catalyst through site blocking. Instead,
due to decreasing O2 mass transport with increasing electrolyte molarity, the
observed ORR rate decreases consistently with a first-order reaction with re-
spect to O2 concentration. Surprisingly, comparing the catalyst performance
in HClO4 and H3PO4 electrolytes, it is seen that higher ORR rates (Fig. 5.3b)
are measured in the latter, despite the lower O2 solubility (Fig. 5.3a). Such
behavior is in sharp contrast to the observations on Pt catalysts, which always
exhibit increased inhibition in the H3PO4 electrolyte. Therefore, the results
not only demonstrate that anion adsorption behaves differently on the Fe-N-C
catalyst than on a Pt-surface. A clear indication of a promotional effect of
the anions in the H3PO4 electrolyte is observed for Fe-N-C. The results for
the ORR in HCl electrolyte imply that Fe-N-C is not completely resistant to
poisoning from species in the electrolyte solution, but that the promotional
effect depends on the nature of the anions in the electrolyte.

In an effort to avoid the influence of oxygen solubility and electrolyte vis-
cosity on the measured ORR rates, a different experiment was conducted as
well; minute amounts of H3PO4 were added to a 0.1 M HClO4 electrolyte so-
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Figure 5.3: Effect of electrolyte molarity on (a) oxygen solubility expressed by
jL, (b) catalytic activity expressed by jk.
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lution and the effect on the ORR polarization curve recorded. This approach
ensures that oxygen solubility and electrolyte viscosity are not significantly af-
fected and hence changes in the observed ORR polarization curve must be due
to site blocking from added anion species. The results presented in Fig. 5.4
support that even very small amounts of H3PO4 species have a negative effect
on the ORR on Pt, while for the Fe-N-C catalyst the polarization curves in
both solutions overlap indicating no significant change in the ORR rate. This
supports the absence of any detrimental effect of H3PO4 to the activity of the
active Fe-N-C sites. It also indicates that for a promotional effect a certain
H3PO4 concentration is required.

Figure 5.4: Effect of adding 5 · 10−3 M H3PO4 to (a) Pt and (b) Fe-N-C catalyst
in 0.1 M HClO4 electrolyte solution.
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5.2.2 Computational approach

To elucidate the phenomena behind the experimental observations, DFT cal-
culations of the adsorption energy of anions present in the investigated elec-
trolytes are performed. Then, the competition of anions and ORR intermedi-
ates for the active site is assessed.

The Pt(111) surface is modeled by periodically repeated (3 × 3) unit cell
with three atomic layers, of which the bottom two are fixed in bulk configu-
ration. The Fe-N-C catalyst model consists of a FeN4C12 moiety embedded
in graphene structure with a surface cell size of (8.170, 0.0) × (0.0, 12.035) Å.
Fe : N : C atomic ratio is 1 : 4 : 26.

Solvation of the surface and adsorbates is taken into account by using the
implicit solvation model implemented in VASPsol [74, 75]. Comparison of
implicit and explicit solvation approach can be found in Appendix A.1. Anion
adsorption Gibbs free energy, ∆adsG (An−), is calculated as

∆adsG
(
An−) =−∆dilutG

(
HnA(solvated)

)
−∆solvationG

(
HnA(g)

)
+ ∆CHEG (Uvs.RHE, 1 bar)

(5.1)

according to the thermodynamic cycle shown in Fig. 5.5. ∆adsG (An−) depends
on the electrode potential through the ∆CHEG (Uvs.RHE, 1 bar) term, which is
calculated from DFT using the Computational Hydrogen Electrode model [9].
Solvation and dilution Gibbs free energies are calculated from standard ther-
modynamic relations using literature data of formation enthalpies, entropies
and ions activity coefficients [58–60, 125, 126]. An example of the ClO−4 ad-
sorption free energy calculation on Fe-N-C catalyst at 0.75 VRHE is given as
Supplementary Note 1 to Paper B.2. As the gas phase entropies of HClO4

and H3PO4 are not available in the literature, they were calculated from the
partition function using molecular data [59] and treating internal degrees of
freedom as harmonic vibrations. This approach has been validated for the case
of H2SO4, where the deviation of the calculated entropy from the experimen-
tal one is less than 0.3%. The calculated gas-phase entropies are 297.16 and
314.24 J mol−1 K−1 for HClO4 and H3PO4, respectively.

Free energies are calculated as described in Section 2.2. To the best of
the author’s knowledge, a reliable correction for the adsorbed O2 has not been
determined yet. Consequently, *O2 energy level on the free energy diagram
(Fig. 5.7) may be slightly less accurate.

5.2.3 Discussion

Fig. 5.6 shows calculated potential-dependent Gibbs free energies of adsorption
on the Pt surface. The figure includes adsorption energies of ORR interme-
diates (H2O, OH, O) and each acid form present in the electrolyte solutions,
i.e., H3PO4, H2PO−4 , HPO2−

4 and PO3−
4 for phosphoric acid, and ClO−4 for

perchloric acid. It is clearly seen that at ORR-relevant potentials ClO−4 does
not adsorb on the Pt(111) surface, and therefore does not influence the cat-
alytic activity. Contrary to that, phosphate anions interact with Pt(111) much
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Figure 5.5: Thermodynamic cycle for calculation of the Gibbs free energy of
An− anion adsorption from solution. Abbreviations and symbols in brackets: (g) –
gas phase, (aq) – aqueous phase, (sol) – continuum solvent (VASPsol), a – activity,
1 m = 1 mol kg−1 (standard molality).

stronger than the ORR intermediates and consequently displace them from the
surface. This explains the observed drop of platinum ORR activity in phos-
phoric acid. At ORR-relevant potentials, the phosphate form that is most
likely to be found on the Pt(111) surface is hydrogen phosphate (*HPO4).

Figure 5.6: Anions adsorption Gibbs free energy on Pt(111) vs. electrode
potential (Uvs.RHE) at 298.15 K and 0.5 M formal concentration. The insets show
the model systems with optimized structures of *ClO4 and *HPO4. Color code for
atoms: H – white, O – red, P – dark red, Cl – green, Pt – gray.
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Figure 5.7: Free energy diagram of the oxygen reduction reaction on Fe-N-C
catalyst at Uvs.RHE = 0.75 V in four acids: HClO4, H2SO4, H3PO4 and HCl.
Temperature: 298.15 K, acid formal concentration: 0.5 M. The insets in the
upper-right corner show: (left) the catalyst model, top view; (right)
H2PO4−FeN4−OH intermediate, side view. Color code for atoms: H – white, C –
black, N – blue, O – red, P – dark red, Fe – orange.

The same analysis performed for the Fe-N-C catalyst model shows a similar
trend: the perchloric group weakly interacts with the active site, while the
dihydrogen phosphate (H2PO−4 ) adsorption energy is slightly higher than the
one of the ORR intermediates. However, in this case, stronger anion-catalyst
interaction does not automatically result in a decrease in ORR activity. As
mentioned previously, the Fe-N-C catalyst is a 2D material, where both sides
of the catalyst are exposed to the electrolyte solution. If any of these sides is
occupied by an anion rather than an ORR intermediate, the catalytic activity
of the opposite side can be modified. Figure 5.7 shows the calculated ORR
free energy diagrams along the minimum energy paths in the presence of the
following acids: HClO4 (in solution: ClO−4 ), H3PO4 (forms: H3PO4, H2PO−4 ,
HPO2−

4 and PO3−
4 ), H2SO4 (forms: HSO−4 and SO2−

4 ) and HCl (form: Cl−). In
HClO4 and H2SO4, the interaction of the FeN4 moiety with anions is weaker
than its interaction with water. Consequently, FeN4 with H2O ligand (H2O–
FeN4) serves as the active site. The thermodynamically limiting step is OH
removal, with a thermodynamic barrier of 0.115 eV at 0.75 VRHE, therefore
in these electrolytes, the catalyst is on the strong oxygen binding side of the
ORR activity volcano. In H3PO4 and HCl, the interaction of the FeN4 moiety
with anions is stronger than its interaction with water. H2PO4–FeN4 and Cl–
FeN4 serve as the active sites, respectively, and in both electrolytes, the Fe–O
bond is weakened such that the OOH formation becomes the rate-limiting
step (the catalyst is on the weak oxygen binding side of the activity volcano).
Thermodynamic barriers for OOH formation at 0.75 VRHE are 0.013 and 0.169
eV in H3PO4 and HCl, respectively. Summarizing, the thermodynamic barrier
of the limiting step is lower in H3PO4 and higher in HCl, when compared to
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HClO4 and H2SO4. This indicates the following order of Fe-N-C ORR activity
in acids: H3PO4 > HClO4 = H2SO4 > HCl, which agrees very well with the
experimental observations. It should be noted that the calculations cannot
differentiate between the catalyst activity in HClO4 and H2SO4 electrolyte.
This is, however, also in agreement with the experimental results, where only
small differences in ORR activity between these two electrolytes are observed.
As seen in Fig. 5.3, these differences are most likely related to the solubility of
oxygen (jL), which at similar molar concentrations is smaller in H2SO4 than
in HClO4.

5.3 Conclusion

The results support previous investigations on anion adsorption on platinum
surfaces while pointing towards interesting new effects on non-precious M-N-C
catalysts. The strong activity inhibition caused by H3PO4 species on Pt is not
observed on the Fe-N-C catalyst. On the contrary, the ORR activity is found
to benefit from the presence of the H3PO4 electrolyte even though oxygen is
poorly soluble in this solution. Moreover, the Fe-N-C catalyst appears more
tolerant towards poisoning than Pt in general. These experimental results
are supported by the computational modeling, which demonstrates that while
the order of binding strength of the anions is the same on Pt and Fe-N-C,
the catalytic effect on the latter is different. The effects of the weak binding
HClO4 and H2SO4 species are insignificant due to the stronger binding of H2O
to the FeN4 moiety. However, the effect from the stronger binding H3PO4

and HCl species alter the FeN4 site and the thermodynamic barrier of the
limiting step, which is lowered in H3PO4 and increased in HCl, as compared
to HClO4 and H2SO4. The results shown are of particular interest for the
so-called high-temperature proton exchange fuel cells (HT-PEMFCs). In this
version of fuel cells, the electrolyte consists of phosphoric acid embedded into
a polybenzimidazole (PBI) matrix, which forms a polymer electrolyte mem-
brane. Catalyzing the ORR in HT-PEMFCs with Pt-based catalysts leads to
relatively low reaction rates despite a relatively high operating temperature of
about 150°C — an observation often related to anion poisoning (in addition to
low oxygen solubility). The presented results indicate that with respect to the
ORR activity, non-precious catalysts are a highly promising option as cathode
material for HT-PEMFCs.
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Chapter 6

Conclusions and outlook

6.1 Conclusions

The computational studies of the electrocatalytic oxygen reduction reaction
presented in this thesis revolve around catalytic activity modifiers, which can
be classified into two main groups:

� Effects that are immanently present in the catalytic system and not
subject to any control. Considering these effects is necessary for reli-
able computational modeling of the catalysts under operating conditions.
Solvation and spectator effects, studied in Chapters 3 and 4, belong to
this category. It is shown that the oxygen reduction reaction occurs
on N-doped graphene and its Fe3C-supported counterpart at the adsor-
bate coverage between 0.5 and 1.0. Moreover, it is found that including
explicit solvation is essential for the correct description of the ORR in-
termediates adsorption on the 2nd row elements.

� Activity modifiers that can be introduced into the system during synthe-
sis (metallic support for N-doped graphene) or during the electrochemical
cell operation (acid used as the electrolyte).

The second group is of particular interest. Understanding how the chemical
environment affects material properties allows designing materials with optimal
catalytic activity.

Over the past few decades, experimental and theoretical research has syn-
ergistically advanced our knowledge about the oxygen reduction reaction. Ex-
perimental studies have provided an accurate (up to the measurement uncer-
tainty) description of the process in all its complexity. However, they have
often offered only a limited possibility to control — or even merely deter-
mine — the actual structure and chemical environment of the active site. As
opposed to that, computational studies have allowed testing well-defined struc-
tures of the active sites, although at the expense of introducing simplifications
about the system structure and approximations in the theoretical methods.
When these two different worlds meet by giving consistent results, we advance
from a simple statement: “the catalyst works”, to “we know what catalytic site
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likely makes it work”. And this is often just a step away from knowing “why
it works”, which gives us a predictive power. In this thesis, experiments and
computations have met in such a way twice:

1. Owing to the earlier experimental studies, the activity of the graphitic
layer encapsulated iron-based catalyst is known to correlate with iron
carbide (but not iron) content, as well as with the presence of the sur-
face nitrogen dopants. Here, the iron carbide-supported nitrogen-doped
graphene heterostructure (Fe3C/NG) is found to exhibit activity superior
to its Fe-supported counterpart (Fe/NG), as well as to the interfaces com-
prising undoped graphene (Fe/G, Fe3C/G). Electron donating properties
of the support appear to be the key factor deciding which heterostructure
is active. Support possessing intermediate electron donating properties
between iron and iron carbide is predicted to result in a catalyst more
active than Fe3C/NG.

2. Pt and Fe-N-C catalysts are experimentally found to respond differently
when exposed to phosphoric acid (relative to measurements in HClO4

electrolyte). The oxygen reduction reaction on platinum is significantly
inhibited by the presence of H3PO4, while the same acid is found to
increase the onset potential of Fe-N-C catalyst, slightly promoting its
activity. It is suggested that the 2-dimensional structure of the Fe-N-C
catalyst is responsible for this difference. By adsorbing on one side of the
FeN4 moiety, dihydrogen phosphate anion slightly modifies properties of
the other, active side. ORR intermediates bind slightly weaker in the
presence of H2PO4 ligand, which shifts the catalytic activity closer to
the top of the activity volcano. No such effect is possible on platinum,
as the catalyst is a 3-dimensional nanoparticle. In this case, adsorption
of phosphate anions leads inevitably to reducing the number of available
active sites, which is equivalent to a reduction of the catalytic activity.

6.2 Outlook

Based on the combined experimental and theoretical insight into the catalysts
studied in this thesis, the following topics are recognized as particularly worth
studying in the future:

1. Supported N-doped graphene.

Electron donating properties of the support are likely closely related to
the work function. Desirable materials would possess intermediate work
functions between iron and iron carbide. This could be determined in a
rather inexpensive computational screening study. Possible candidates
are metals like cobalt, nickel, and copper, as their typical work functions
are slightly higher than the work function of iron surfaces [58].
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2. Anion effects in M-N-C catalysts.

Mineral acid remainders acting as ligands for the FeN4 moiety in the
Fe-N-C catalyst where shown to decrease binding energies of the ORR
intermediates (relative to water ligand). The effect was more apparent
in the case of chloride than a dihydrogen phosphate ligand. As a result,
H2PO4–FeN4 structure was more active, and Cl–FeN4 was less active
than H2O–FeN4.

ORR activity of the MN4 moiety can be regulated by the central atom M.
A specific combination of M and acid may result in an active site, which
catalytic activity surpasses that of H2PO4–FeN4. For example, MnN4 is
known to bind ORR intermediates stronger than FeN4 [127]. It is possible
that, combined with the weakening effect of the Cl ligand, the Cl-MnN4

structure is very close to the top of the ORR activity volcano. Other
transition metal atoms may also be studied, as well as other electrolytes
(e.g., hydrobromic acid).
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Appendix A

Supplementary material

A.1 Implicit and explicit solvation of anions

at the Fe-N-C catalyst

In Chapter 5, implicit solvation is employed to model interactions of solvent
with ORR intermediates, as well as with adsorbed anions formed by acid de-
protonation. This may raise the question whether solvation of species like
ClO4, HxSO4, and HxPO4, which are bigger and more complex than ORR
intermediates, can be described accurately without referring to the granular
structure of the solvent.

To answer this question, adsorption Gibbs free energies of two anions, OH−

and HSO−4 , are calculated using both the implicit and explicit solvation ap-
proach. For the latter, the method follows the same thermodynamic cycle as
shown in Fig. 5.5, except that 10 H2O molecules are used instead of continuum
solvent. The water structure is optimized using the minima hopping method,
as described in Section 2.3.1. Table A.1 shows that both approaches result in
similar adsorption Gibbs free energies of the two anions.

Table A.1: Adsorption Gibbs free energies (in eV) of OH− and HSO−4 anions in
implicit and explicit solvent.

Solvation ∆adsG(OH−) ∆adsG(HSO−4 ) ∆(∆adsG)

implicit 0.944 0.766 0.178

explicit, 10 H2O 0.914 0.794 0.120

explicit, 14 H2O — — 0.268

explicit, 22 H2O — — 0.175

The difference ∆(∆adsG) = ∆adsG(OH−) −∆adsG(HSO−4 ) was also calcu-
lated with 14 and 22 H2O molecules (though with gas phase water reference,
so the individual adsorption energies have not been calculated). The values
of ∆(∆adsG) obtained with explicit water model oscillate around the one from
the implicit solvation model, which makes the use of the much less compu-
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tationally demanding implicit solvation model legitimate. All the considered
systems with explicit water molecules are shown in Fig. A.1.

Figure A.1: Side views of the optimized structures of OH− and HSO−4 anions
adsorbed on Fe-N-C catalyst model with explicit solvation: (a) FeN4–OH/10 H2O,
(b) FeN4–OH/14 H2O, (c) FeN4–OH/22 H2O, (d) FeN4–HSO4/10 H2O,
(e) FeN4–HSO4/14 H2O, (f) FeN4–HSO4/22 H2O. Color code for atoms:
H – white, C – gray, N – blue, O – red, S – yellow, Fe – orange.
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P. G. Moses, E. Skúlason, T. Bligaard, and J. K. Nørskov. Scaling
properties of adsorption energies for hydrogen-containing molecules on
transition-metal surfaces. Phys. Rev. Lett., 99:016105, Jul 2007. doi:
10.1103/PhysRevLett.99.016105. URL http://link.aps.org/doi/10.

1103/PhysRevLett.99.016105.

[12] J. Rossmeisl, A. Logadottir, and J.K. Nørskov. Electrolysis of water on
(oxidized) metal surfaces. Chem. Phys., 319(1-3):178–184, 2005. doi: 10.
1016/j.chemphys.2005.05.038. URL http://www.sciencedirect.com/

science/article/pii/S0301010405002053.

[13] Isabela C. Man, Hai-Yan Su, Federico Calle-Vallejo, Heine A. Hansen,
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Cell via 57Fe Mössbauer spectroscopy and other techniques. J. Am.
Chem. Soc., 136(3):978–985, 2014. doi: 10.1021/ja410076f. URL
https://doi.org/10.1021/ja410076f.

[25] Csaba E. Szakacs, Michel Lef‘evre, Ulrike I. Kramm, Jean-Pol Dodelet,
and Francois Vidal. A Density Functional Theory study of catalytic sites

86

https://doi.org/10.1021/ar300359w
http://dx.doi.org/10.1021/jz3018286
http://dx.doi.org/10.1038/2011212a0
http://dx.doi.org/10.1038/2011212a0
http://dx.doi.org/10.1038/ncomms1427
http://dx.doi.org/10.1038/ncomms1427
https://doi.org/10.1021/jp2042526
http://www.sciencemag.org/content/332/6028/443.abstract
http://www.sciencemag.org/content/332/6028/443.abstract
http://dx.doi.org/10.1039/C2CP41957B
https://doi.org/10.1021/ja410076f


References

for oxygen reduction in Fe/N/C catalysts used in H2/O2 fuel cells. Phys.
Chem. Chem. Phys., 16:13654–13661, 2014. doi: 10.1039/C3CP55331K.
URL http://dx.doi.org/10.1039/C3CP55331K.

[26] Andrea Zitolo, Vincent Goellner, Vanessa Armel, Moulay-Tahar
Sougrati, Tzonka Mineva, Lorenzo Stievano, Emiliano Fonda, and
Frédéric Jaouen. Identification of catalytic sites for oxygen reduction
in iron- and nitrogen-doped graphene materials. Nat. Mater., 14:937–
942, 2015. doi: 10.1038/nmat4367. URL http://dx.doi.org/10.1038/

nmat4367.

[27] Edward F. Holby, Gang Wu, Piotr Zelenay, and Christopher D. Taylor.
Structure of Fe–Nx–C defects in oxygen reduction reaction catalysts from
first-principles modeling. J. Phys. Chem. C, 118(26):14388–14393, 2014.
doi: 10.1021/jp503266h. URL https://doi.org/10.1021/jp503266h.

[28] Edward F. Holby and Piotr Zelenay. Linking structure to function: The
search for active sites in non-platinum group metal oxygen reduction
reaction catalysts. Nano Energy, 29:54–64, 2016. doi: https://doi.org/
10.1016/j.nanoen.2016.05.025. URL http://www.sciencedirect.com/

science/article/pii/S221128551630146X.

[29] Liming Dai, Yuhua Xue, Liangti Qu, Hyun-Jung Choi, and Jong-Beom
Baek. Metal-free catalysts for oxygen reduction reaction. Chem. Rev.,
115(11):4823–4892, 2015. doi: 10.1021/cr5003563. URL http://dx.

doi.org/10.1021/cr5003563.

[30] Dingshan Yu, Qiang Zhang, and Liming Dai. Highly efficient metal-
free growth of nitrogen-doped single-walled carbon nanotubes on plasma-
etched substrates for oxygen reduction. J. Am. Chem. Soc., 132(43):
15127–15129, 2010. doi: 10.1021/ja105617z. URL http://dx.doi.org/

10.1021/ja105617z.

[31] Hideharu Niwa, Koji Horiba, Yoshihisa Harada, Masaharu Oshima,
Takashi Ikeda, Kiyoyuki Terakura, Jun ichi Ozaki, and Seizo Miyata.
X-ray absorption analysis of nitrogen contribution to oxygen reduction
reaction in carbon alloy cathode catalysts for polymer electrolyte fuel
cells. J. Power Sources, 187(1):93–97, 2009. doi: https://doi.org/10.
1016/j.jpowsour.2008.10.064. URL http://www.sciencedirect.com/

science/article/pii/S0378775308019770.

[32] Ruili Liu, Dongqing Wu, Xinliang Feng, and Klaus Müllen. Nitrogen-
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A B S T R A C T

Noble metal free catalysts, such as N-doped graphene, have drawn a lot of attention as a promising replacement
for platinum in low temperature fuel cells. Computational prediction of catalytic activity requires accurate
description of the oxygen reduction reaction (ORR) intermediates adsorption energies. Two stabilizing effects,
immanently present in experimental ORR setups with basal plane N-doped graphene catalyst, are studied sys-
tematically by means of density functional theory. Distant nitrogen with no adsorbates on neighboring carbon
atoms selectively stabilizes *O and *O2 adsorbates. Water solvation stabilizes all ORR intermediates, having a
greater impact on *O and *O2, than on *OH and *OOH, in contrast to metal and oxide catalysts. Synergistic
stabilization of *O caused by both effects reaches remarkably a high value of 1.5 eV for nitrogen concentrations
above 4.2% N. Such a strong effect is explained by a high reactivity of *O and *O2, which possess empty O(sp)
states. At 6.25% N, the reaction environment is found to comprise *O and free nitrogen spectators. Finally,
strong *O solvation is found to be present in a broader class of systems, comprising all materials where the ORR
occurs on a 2nd row element. Including at least a single explicit water layer is paramount to achieve the correct
description of the ORR intermediates adsorption energies on these materials.

1. Introduction

Low temperature fuel cells have been recognized as one of the most
attractive alternatives to combustion engines for automotive applica-
tions [1]. The promise of higher energy efficiency, independence from
limited resources of fossil fuels and reduction in air pollution drives the
research to overcome the obstacles to commercialization of this tech-
nology. Some of the difficulties are related to the development of
auxiliary technologies, such as hydrogen production via water splitting
and effective hydrogen storage [2], but the most troublesome issue
directly related to the fuel cell stack is finding a durable material, which
would efficiently catalyze the sluggish oxygen reduction reaction (ORR)
[3].

Most commonly utilized cathodic materials for fuel cells are cur-
rently based on platinum [3,4]. However, due to its price and scarcity,
methods of decreasing Pt loading, or completely replacing it with earth-
abundant alternatives, are intensively explored [3,5,6,7–9]. The latter
possibility is particularly attractive, as it may allow to further reduce
the cost of the technology.

Setting aside arguably the most promising non-precious ORR cata-
lysts containing a FeN4 moiety [10,11], we draw attention to metal-free
materials. This class of ORR catalysts is dominated by conductive
carbon nanostructures, modified by various types of doping, especially
nitrogen doping [7,9]. In recent years, N-doped carbon nanotubes and

graphene have been extensively studied both experimentally and
computationally. Theoretical approaches investigated, among other
things, effects such as: the type of nitrogen doping (graphitic, pyridinic,
pyrrolic) [12], morphology and concentration of N-dopants [13],
structural defects [14,15], curvature effect [14], solvation of *O2 [16]
and other ORR intermediates [17] by water, and the influence of ad-
ditional nitrogen dopants on *O2 [16] and *O [18] stability (where * is
an active site on the catalyst's surface).

In the present paper, the latter two effects are revisited and re-
assessed. An unoccupied nitrogen dopant in the cell, referred to as “free
nitrogen”, is a nitrogen atom, where neighboring carbon atoms are
empty adsorption sites. Such nitrogen is particularly interesting due to
its selective stabilization of *O over *OH and *OOH [18]. Similarly, the
presence of water was found to stabilize *O2 adsorbate by a uniquely
high value of 0.83 eV, twice as much as *OH [17]. In what follows, the
influence of these two effects on all ORR intermediates is systematically
studied as a function of nitrogen concentrations, number of nitrogen
atoms per adsorbate and number of water molecules per adsorbate. We
employ Bader charge analysis [19] and projected density of states
(PDOS) calculations to gain insight into the underlying phenomena and
explain why different ORR intermediates respond differently to both
effects. Finally, we include a case study of the oxygen reduction process
on a selected catalytic system to show how our findings are applicable
to the ORR modeling.
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2. Computational methods

All density functional theory (DFT) calculations are done using
Atomic Simulation Environment (ASE) [20] coupled with the Vienna Ab
Initio Simulation Package (VASP) [21–24]. The core electrons are de-
scribed with the projector augmented wave method [25,26], and the
basis set for the electronic wavefunctions are plane waves below a
400 eV energy cutoff. We use a Fermi smearing of electronic occupa-
tions with a width of 0.1 eV and Monkhorst-Pack [27] mesh for the
Brillouin zone sampling of (k1, k2, 1), with ki such that >k v 40i i for vi
being the corresponding lattice vector. The structure relaxation is per-
formed until the maximum force on each atom drops below 0.01 eV/Å.

In this study, we consider systems in which water molecules interact
with one another and with the hydrophobic surface of the catalyst. In
such systems, dispersion forces can play a significant role, and semi-
local exchange-correlation functionals like PBE [28] or RPBE [29] do
not account for non-local van der Waals interactions. Here, we employ
the BEEF-vdW [30] functional in which vdW-DF2 [31] non-local cor-
relation is used. This approach proved to be successful in predicting
adsorption bond energies both to transition metal surfaces [32] and
carbon-based materials [30], as well as adsorption energy error esti-
mation [33].

Solvation of the surface and adsorbates is taken into account by
including water implicitly or explicitly. For implicit solvent calculations
we use the continuum solvation model implemented in VASPsol
[34,35] with a 600 eV plane wave cutoff. Explicit water layer structures
are determined by the minima hopping algorithm implemented in ASE
[36,37]. This global optimization method was accompanied by addi-
tional sampling of minimas, achieved by manual change of orientations
of those H2O molecules, which hydrogen atoms can point either to-
wards or away from the surface. The vacuum layer region between
periodic images of the system is about 10Å. The dipole correction is
used to decouple electrostatic potentials on the two sides of the two-
dimensional structure.

The free energy corrections for adsorbed species are based on the
quantum mechanical harmonic approximation and calculated vibra-
tional frequencies. For calculations of the free energy diagrams, the
total energy of the gas phase O2 is corrected based on the formation
Gibbs free energy of liquid H2O as described previously [38], and the
total energies of the systems with adsorbates are corrected according to
the Christensen's correction scheme [39,40]: ΔE(O–O)=0.2 eV, ΔE
(H2O)=−0.03 eV, and ΔE(H2)= 0.09 eV.

3. Results

All considered N-doped graphene models consist of graphitic ni-
trogen atoms uniformly dispersed in the graphene sheet. When a ni-
trogen atom is introduced into the system preserving its unit cell, it is
placed in a position that maximizes the distance between nitrogen
atoms. In that case, uniformity of N distribution cannot be strictly
preserved. However, all the studied properties of the system are found
to be insensitive to such deviations from uniformity. Non-uniform do-
pant distribution, such as nitrogen clustering, introduces another de-
gree of freedom and is beyond the scope of this study.

The studied NG model systems are referred to in the following
format:

xy zNG N/ads/ H O,2

where x – nitrogen concentration (atomic ratio), y – N/*ads ratio, ads –
considered adsorbate (O, OH, OOH or O2 for a specific adsorbate, or
“ads” for general considerations), z – H2O/*ads ratio. For example,
NG_4.2%_2N/O/11H2O denotes nitrogen-doped graphene with 4.2%
of nitrogen, atomic oxygen adsorbate, N/*O ratio of 2 and H2O/*O
ratio of 11.

Adsorption energies are defined as the DFT energies of the following
reactions:

+ → + E* H O *O H , Δ (O)2 2 ads (1)

+ → + E* H O *OH 1
2

H , Δ (OH)2 2 ads (2)

+ → + E* 2H O *OOH 3
2

H , Δ (OOH)2 2 ads (3)

+ → E* O *O , Δ (O )2 2 ads 2 (4)

Superscripts are added when considering adsorption energies in the
presence of free nitrogen [ EΔ (O)ads

N ], water [ EΔ (O)ads
W ] or both

[ + EΔ (O)ads
N W ].
Stabilization by free nitrogen is the difference between the ad-

sorption energy in the 1N/*ads system (no free nitrogen, e.g. Fig. 1a or
d) and> 1N/*ads systems:

= −E E EΔ (X) Δ (X) Δ (X)stab
N

ads ads
N (5)

The energy of stabilization via solvation is the difference between
ORR adsorption energies in vacuum and in water, and equals the ne-
gative solvation energy:

= − = −E E E EΔ (X) Δ (X) Δ (X) Δ (X)stab
W

solv ads ads
W (6)

To calculate the adsorption energy in the presence of water, one
H2O molecule from the water layer is replaced with adsorbate. The
energy of that water molecule is assumed to be the average energy of
H2O in the water layer.

3.1. Stabilization by free nitrogen

It is well known that a nitrogen dopant embedded in a graphene
structure creates net positive charge on adjacent carbon atoms, making
them more favorable for O2 adsorption and facilitating the oxygen re-
duction reaction [41]. More recently, it was found that free nitrogen
atoms which are located far away from the active site stabilize certain
ORR adsorbates as well [18].

The effect of up to five free nitrogen atoms on the adsorption energy
of ORR intermediates at different N concentrations is shown in Fig. 1.
The OH and OOH adsorption energies are essentially independent of the
N/*ads ratio, only fluctuations of± 0.05 eV are observed. By contrast,

Fig. 1. First adsorption energy, ΔadsE(1st), vs. N/*ads ratio at different nitrogen con-
centrations; ads= {O, OH, OOH, O2}. Sample unit cell structures are marked on the
figure with letters (a)–(f). Color code for atoms: gray – carbon, blue – nitrogen, red –
oxygen. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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atomic oxygen is significantly stabilized by additional unoccupied ni-
trogen present in the cell. This effect is most apparent when the first
free nitrogen appears in the cell: oxygen binding energy increases by up
to 1.05 eV (for 12.5% N). Introduction of the second free nitrogen
further stabilizes oxygen, especially at high nitrogen concentrations
(0.26 eV stabilization of 3N/*O relative to 2N/*O at 12.5% N). A higher
N/*O ratio than 3 has marginal effect on the stability of *O.

Stabilization by free N vanishes with decreasing nitrogen con-
centration. For systems with uniform N distribution this is under-
standable. In these systems, nitrogen concentration is strictly related to
the N–N distance (dN–N), so in the limit of dN−N→∞ (equivalent to 0%
N), the local environment around adsorption site is the same, irre-
spective of the N/*O ratio. Nonetheless, the influence of free nitrogen
on oxygen binding proves to be a long-range effect. For instance, the
stabilization of oxygen by two free nitrogen atoms at 1.6%N is around
0.4 eV, while the N–N distance is 14.8Å. Moreover, we observe a hy-
perbolic decay of EΔ (O)stab

N with N–N distance (Fig. S1, Supporting
Information), which brings to mind electrostatic (Coulomb) potential
between point charges. An explanation of this phenomenon is proposed
in the discussion section.

The effect of stabilization by free nitrogen becomes even more sig-
nificant for molecular oxygen, as the presence of at least 2 free nitrogen
atoms (N/*O2⩾ 3) appears to be a prerequisite for O2 chemisorption at
12.5%N. We also note that for considered nitrogen concentrations,
12.5% N was the only one that assured O2 chemisorption, whereas
lower concentrations did not. *O2 is similar to *O in that its binding
energy strongly depends on the presence of free nitrogen atoms in the
cell.

3.2. Stabilization via solvation

ORR intermediates adsorption energies depend on many parameters
characterizing the environment near fuel cell cathode, such as the
presence of water [42], pH of the electrolyte [43] or applied field [44].
Here we focus on the solvation effect caused by explicit water mole-
cules.

The water effect is well-studied with Pt(111) as catalyst [42,45,46],
and is often assumed to be transferable to other classes of materials
[18,47]. There is some evidence, however, that EΔ (X)stab

W can vary a lot
between different catalyst materials. For instance, water has negligible
effect on the stability of atomic oxygen found in fcc hollow sites on Pt
(111) surface [42], but the same oxygen adsorbed on top of carbon
atom in basal plane N-doped graphene is stabilized in aqueous en-
vironment by about 0.5 eV [17].

Here, we first study how a single water layer influences ORR in-
termediates adsorption at different water-to-adsorbate ratios (H2O/
*ads). The surface density of water in our model is 0.25 H2O molecules
per atom in the N-graphene sheet, which corresponds to about 5%
average expansive strain on the water layer relative to hexagonal ice.
This model allows to study water effect across many different N con-
centrations and H2O/*ads ratios. Hexagonal water arrangements were
found to be the most stable by the minima-hopping algorithm both for
clean and adsorbate-covered N-graphene surfaces (sample structures
are shown in Fig. S2, Supporting Information). Unlike the case of the Pt
(111) surface [48] and catalysts containing FeN4 moieties [49], water
molecules do not chemisorb on the active site of N-doped graphene. The
average separation between the N-graphene sheet and water oxygen
atoms is ca. 3.7Å. The energy of a single water layer adhesion to gra-
phene and N-graphene (6.25% N) is 79 and 82meV per water molecule,
respectively.

For both *OH and *OOH intermediates, the solvation-based stabi-
lization energy is = ±EΔ (X) 0.19 0.02stab

W eV, irrespective of nitrogen
concentration, H2O/*ads ratio or N/*ads ratio. The situation is different
for *O, where EΔ (O)stab

W depends on the H2O/*O ratio. For systems
without free nitrogen, the stabilization energy can be viewed as a dif-
ference between the 1N/*O and 1N/*O+H2O curves in Fig. 2. At low

water-to-adsorbate ratios (H2O/*O=5), the stabilization energy is
0.38 eV, and increases with increasing H2O/*O until reaching a plateau
(ca. 0.65 eV) at 11 H2O/*O. Increasing H2O/*O further has practically
no effect on the stabilization energy (e.g. =EΔ (O) 0.67stab

W eV at 31
H2O/*O). The plateau suggests that 2–3 coordination shells of water
participate in the stabilization of *O. A similar analysis for systems with
free nitrogen (cf. the difference between the 2N/*O and 2N/*O+H2O
curves in Fig. 2) leads to the same conclusion, though in this case sta-
bilization energies are about 0.17 eV higher.

A similar trend is found for the *O2 adsorbate. The stabilization
energy is 0.67 and 1.05 eV for NG_12.5%_3N/O2/5H2O and
NG_12.5%_6N/O2/11H2O systems, respectively.

3.3. Synergy of the two effects

As mentioned previously, the solvation effect becomes stronger in
the presence of free nitrogen. Equivalently, the free nitrogen effect
becomes stronger in the presence of water, i.e. the two effects sy-
nergistically stabilize *O. This can be expressed as

= + +
+ E E E EΔ (O) Δ (O) Δ (O) Δ (O)stab

N W
stab
N

stab
W

stab
syn

where the synergy component is = ±EΔ (O) 0.17 0.02stab
syn eV (Fig. 2).

For high nitrogen concentration, the total stabilizing effect reaches a
remarkably high value of 1.5 eV, and is approximately constant down to
4.2% N, due to the opposite changes of EΔ (O)stab

N and EΔ (O)stab
W with

nitrogen concentration. Below 4.2% N, the solvation effect reaches its
maximum and stabilizes, while free nitrogen effect continues to slowly
vanish. However, even though the total stabilizing effect has to finally
converge to the pure solvation effect at 0% N limit, the synergy com-
ponent shows no clear evidence of fading over the considered nitrogen
concentration range.

3.4. Increasing dimensionality

A computational approach to catalyst modeling often requires re-
duction of the real system size or dimensionality due to limited com-
putational resources. This approach usually leads to meaningful results
due to locality of adsorption phenomena [50], although it may be a
source of errors. Here we estimate the inaccuracy of the description of
real 3-dimensional (N-graphene or N-graphite)/water interface by a 2-
dimensional model. This is done by applying three different modifica-
tions, one at a time to the base system, which is a single N-graphene

Fig. 2. Atomic oxygen adsorption energy on N-doped graphene as a function of N–N
distance (or N concentration) in the following scenarios: (i) in vacuum, 1N/*O (red), (ii)
in vacuum, 2N/*O (blue), (iii) in water, 1N/*O (orange), (iv) in water, 2N/*O (green), (v)
in water, 2N/*O, assuming additivity of the free N and H2O stabilizing effects (gray).
Sample structures for systems containing 64 atoms in N-graphene unit cell are shown as
inset. Color code for atoms: dark gray – carbon, blue – nitrogen, red – oxygen, white –
hydrogen. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

M. Reda et al. Catalysis Today xxx (xxxx) xxx–xxx

3



sheet with a single water layer. The modifications are: (i) increasing the
number of water layers (up to three) on the adsorbate side, (ii) in-
cluding up to three N-graphene layers and (iii) including water layer on
the other side of the N-graphene sheet.

3.4.1. Additional water layers on the adsorbate side
ORR intermediate adsorption and solvation energies for different

models of solvation are summarized in Fig. 3. Adding a second water
layer on the adsorbate side destabilizes all ORR adsorbates relative to
the single water layer model. This is likely due to high stability of the
reference, where water molecules adopt a special configuration with
twice as many interlayer hydrogen bonds as in case of hexagonal ice, as
shown in Fig. S3a (Supporting Information). The configuration is pre-
served to a large extent in systems with *OH and *OOH adsorbates (Fig.
S3c and S3d), but differs significantly in *O and *O2 systems (Fig. S3b
and S3e), resulting in poor stabilization of these adsorbates. This special
configuration of two water layers has been observed experimentally on
graphene in ultrahigh vacuum [51], but is not expected to appear in
experimental ORR setups, where the catalyst is immersed in a bulk
electrolyte.

With 3 water layers, ORR adsorbate stability is similar to simula-
tions with a single water layer within 0.11 eV. Although such differ-
ences may sometimes be non-negligible for ORR modeling, we can still
conclude that the first water layer has a decisive influence on the

adsorbate solvation effects. A single water layer seems to be a reason-
able compromise between accuracy and computational cost.

As discussed previously, in the single water layer model the H2O/*O
ratio influences *O solvation energy (Fig. 2). For example, increasing
H2O/*O ratio from 5 to 15 increases EΔ (O)stab

W from 0.38 to 0.64 eV.
Similar increase of H2O/*O ratio can be achieved by increasing the
number of water layers from one (5 H2O/*O) to three (17 H2O/*O).
Interestingly, EΔ (O)stab

W remains essentially constant in this process
(0.38 and 0.36 eV, respectively). This suggests that from the practical
point of view the effect of H2O/*O ratio on solvation energy is limited
to the first water layer.

3.4.2. Adding more N-graphene layers
Energetically, the most favorable stacking of multiple N-graphene

layers containing 4.2% N is AA stacking with nitrogen atoms located
one above another. In this case, the BEEF-vdW functional predicts si-
milar (within 0.05Å) interlayer distance as for graphite in the AB
stacking. The adsorption and solvation energies for systems with single
and multiple layers of N-graphene are summarized in Fig. S4
(Supplementary Information). All solvation energies, as well as OH and
OOH adsorption energies, are not affected by the presence of additional
N-graphene layers. However, atomic and molecular oxygen adsorption
energies exhibit non-monotonic variations with increasing number of
N-graphene layers. Atomic oxygen binding becomes stronger by 0.08
and 0.06 eV, while molecular oxygen binding becomes weaker by 0.20
and 0.10 eV, for 2 and 3 graphene layers, respectively.

3.4.3. Water layer on both sides of N-graphene
Including water layer on both sides of N-graphene sheet marginally

changes the *O, *OH and *OOH adsorption energy relative to having
single water layer on the adsorbate side only (Fig. 3). The only affected
ORR intermediate is O2, which binding energy weakens by about
0.13 eV. Though not dramatic, this effect should be remembered while
modeling oxygen reduction reaction, as vacuum on one side of a 2D
catalyst is unlikely under experimental conditions.

4. Discussion

In this section we provide insight into the origin of the strong *O
and *O2 stabilization by free nitrogen and solvation effects. We also
provide a case study of the oxygen reduction reaction on N-doped
graphene with 6.25% N to demonstrate how our findings affect the
predicted catalyst activity.

Fig. 4, showing the density of states projected onto adsorbed oxygen
sp states for *O systems, forms the basis for the discussion. It illustrates
that free nitrogen (transition from Fig. 4a and b) and water (Fig. 4a→
c) cause O(sp) band filling. When both effects cooperate, essentially all
the O(sp) states are located below the Fermi level.

Fig. 3. ORR intermediate adsorption energies for different solvation models: 1–3 water
layers (WL), one water layer on each side, and continuum solvation model. Adsorption
energies and stabilization ( EΔ (X)stab

W , in brackets) are included in eV above each ΔadsE

level. N-graphene models are: NG_12.5%_3N/ads for O2 and NG_4.2%_1N/ads for *O,
*OH and *OOH. Side-view structures of *O systems are included below the plot. Color
code for atoms: gray – carbon, red – oxygen, white – hydrogen. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this
article.)

Fig. 4. Adsorbed oxygen projected density of states for: (a) NG_1.6%_1N/O, (b) NG_3.1%_2N/O, (c) NG_1.6%_1N/O/15H2O, (d) NG_3.1%_2N/O/15H2O. The corresponding
structures are included above the plots. Color code for atoms is the same as in Fig. 2.
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4.1. Stabilization due to free nitrogen

Free nitrogen selectively stabilizes *O and *O2. Both adsorbates
have one dangling bond, since carbon, which is already bound to three
other atoms, can provide only a single bond to oxygen. It is illustrated
as unfilled O(sp) states (Fig. 4a), which makes *O and *O2 quite re-
active and unstable. The presence of free nitrogen in the system sig-
nificantly stabilizes both adsorbates. In what follows, we study this
effect on the example of the *O adsorbate.

Fig. 5 shows the Bader charge on oxygen and nitrogen for *O sys-
tems with and without free nitrogen, as well as the Bader charge on
nitrogen in a pristine N-graphene sheet. It can be seen that a free ni-
trogen (Fig. 5b) causes the electron density on oxygen to raise by about
0.06 e−, compared to the system without free nitrogen (Fig. 5a). One
possible reason for this increase could be electron density transfer from
the introduced free nitrogen to oxygen via an inductive and/or meso-
meric effect. In that case, we should see electron density depletion on
the free nitrogen. However, Fig. 5c shows that this does not occur, and
the Bader charge on nitrogen in the absence of any adsorbate is the
same as the charge on free nitrogen in the presence of *O. We therefore
propose another explanation, i.e. that a free nitrogen disrupts graphe-
ne's stable aromatic structure, which allows the more electronegative
oxygen atom to withdraw electrons from the graphene carbon atoms
more effectively.

The additional electron density on oxygen continues to fill the O(sp)
band (Fig. 4b). The system becomes more strongly polarized: oxygen
gains negative charge and graphene carbon atoms become positively
charged. This shows that, as graphene loses electrons in favor of
oxygen, the system becomes partly ionic, while at the same time re-
taining covalent bonds between respective parts, like in the case of
zwitterions. We suggest variations in the Coulomb interaction between
these parts (ions) are partly responsible for the variations in the stabi-
lity of oxygen on the surface.

We find a correlation between the average Bader charge on oxygen
and average oxygen binding energy for a set of NG_6.25% systems with
varying N/*O ratio (Fig. 6). In this case, the charge on oxygen is a
measure of charge separation (varied by N/*O ratio), while constant
nitrogen concentration assures approximately constant distance be-
tween centers of positive and negative charges. The figure shows that
the larger the charge donation into the O(sp) states, the more stable the
system. We also note that above 2–3 N/*O ratio, oxygen can no longer
withdraw more electrons from the N-graphene sheet, and its adsorption
energy stabilizes with respect to the number of free nitrogen atoms, as
shown previously in Fig. 1.

It is worth noting that even though the *O binding energy correlates
with the Bader charge on oxygen at a constant nitrogen concentration,
these two properties do not correlate in general. For example, the Bader
charge on oxygen is approximately constant (−1.10 ± 0.01) for the
systems forming 2N/*O curve in Fig. 2, where the nitrogen con-
centration changes. In light of the proposed explanation, the observed
decrease of the oxygen binding with decreasing nitrogen concentration

is caused by the increase of the distance between fixed-charge ions. This
dependence studied over a broader range of nitrogen concentrations
reveals its hyperbolic character (Fig. S1, Supporting Information),
which is expected for electrostatically interacting system.

4.2. Stabilization due to water

Water stabilizes all the ORR intermediates (Fig. 3). However, its
influence on *O and *O2 is clearly stronger than on *OH and *OOH. As
noted previously, the difference between these two groups of ad-
sorbates lies in the occupation of O(sp) states. *O and *O2 have empty
states, and their reactivity is thus much higher than that of *OH or
*OOH.

The strong stabilizing effect of water on atomic and molecular
oxygen can be explained by bond formation between water molecules
and adsorbed species. In this process, water fills oxygen empty states, as
can be seen from location of O(sp) band relative to Fermi level in va-
cuum (Fig. 4a and b) and in water (Fig. 4c and d). Bonds formed be-
tween *O and H2O are about 0.18Å shorter (average of three bonds)
than hydrogen bonds between water and *OH, suggesting they are
much stronger than regular hydrogen bonds.

Describing water as a continuum polarizable medium (εr = 80) re-
sults in unsatisfactory *O and *O2 stabilization energies. For the system
with low H2O/*ads ratio considered in Fig. 3, implicit solvation un-
derestimates EΔ (O)stab

W and EΔ (O )stab
W

2 by 0.18 and 0.43 eV, respec-
tively, relative to solvation by a single water layer. The situation be-
comes even worse for systems with higher H2O/*ads ratio (e.g.
underestimation of *O solvation by 0.40 eV in NG_4.2%_2N/O/11H2O
system). At the same time, implicit water reproduces *OH and *OOH
solvation with deviations smaller than 0.1 eV. Continuum solvation
models can capture polarization effects in the system, but since they
neglect granular structure of the solvent, they cannot describe all the

Fig. 5. Bader charge on atoms in: (a) NG_1.6_1N/O, (b) NG_3.1_2N/O and (c) NG_3.1. Color code for atoms is the same as in Fig. 2.

Fig. 6. Average ΔadsE(O) vs. average Bader charge on *O at different N/*O ratios for a set
of NG_6.25% systems. Color code for atoms is the same as in Fig. 2.
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solvent-adsorbate interactions. This confirms that water-oxygen bond
formation contributes significantly to *O and *O2 stabilization. It also
means that implicit solvation is not particularly suitable for ORR
modeling on N-doped graphene.

Interestingly, the effect of strong *O solvation appears not to be
limited to basal plane N-doped graphene. As long as the atomic oxygen
is located at the atop adsorption site, significant *O stabilization (via
solvation) energies of 0.5–1.2 eV are found on other types of materials,
such as: B-doped graphene, N-doped graphene with Stone-Wales defect,
Fe3C-supported graphene, hydrogen-terminated graphite step zigzag
edges (non-basal plane carbon material) and hexagonal boron nitride
(non-carbon material). The structures and *O stabilization energies for
these systems can be found in Tab. S1, Supporting Information. In all
these cases, atop oxygen can form only a single bond with the 2nd row
element (C or B), which is already bound to 3 other atoms. High sta-
bilization energy can be explained by water-oxygen bond formation,
like in the case of basal plane N-doped graphene.

4.3. Case study: ORR on N-graphene (6.25% N) with explicit water

To demonstrate how our findings affect predicted ORR activity, we
take the example of N-doped graphene at 6.25% N. We assume the
associative ORR pathway and neglect the *O2 intermediate, as there is a
strong evidence suggesting that the molecular oxygen adsorption is not
necessarily required for the ORR to occur on N-doped graphene [52].

We first take a simple N-graphene model with one nitrogen and 15
carbon atoms in the unit cell, and 4 water molecules in single water
layer (NG_6.25%_1N/ads/4H2O). Its structure and free energy dia-
gram at 0.8 VRHE is shown in Fig. 7a. This system represents the sim-
plest N-graphene/water interface model, that could be used for ORR
modeling at this nitrogen concentration. The predicted thermodynamic
overpotential is 0.78 V. However, this model is relevant for ORR
modeling only under the assumption that adsorbate binding energies do
not depend on coverage (θads). While this is true for *OH and *OOH
adsorbates, at low *O coverage (or, equivalently, high N/*O ratio),
atomic oxygen binds at least 0.8 eV stronger than at θads= 1 (Fig. 1).
This will cause some nitrogen atoms in adjacent cells to remain un-
occupied in order for the *O system to achieve a lower energy structure.

In the second step, we consider a ( ×2 2 ) version of the previous
cell, and all the ORR steps occurring in the presence of a free nitrogen
(θads= 1/2). The structure and the free energy diagram for this system
are shown in Fig. 7b. This time *O binds so strong that its protonation
becomes the potential-determining step. The resulting thermodynamic
overpotential is 1.14 V.

Further increase of the N/*ads ratio results in even more stable *O,
with practically no change of the *OH and *OOH levels (see Fig. 1). It
suggests that some amount of *O will be present on the catalyst surface
throughout the entire oxygen reduction process in the form of *O
spectators. Atomic oxygen stability starts to decrease for N/*O < 2 as
shown in Fig. 6. Entering that range would increase *O free energy in
Fig. 7b, such that *O protonation may no longer be a potential-de-
termining step. In other words, increasing *O coverage above 1/2 al-
lows the catalyst to explore free energy paths with lower overall ther-
modynamic barriers. We therefore suggest that, at 6.25%N, the oxygen
reduction reaction occurs on basal plane N-doped graphene at *O
coverages not lower than 1/2.

On the other hand, the coverage cannot be too close to 1. For ex-
ample, introducing an *O spectator in the ( ×2 2 ) cell leaves only
one catalytic site where the oxygen reduction reaction can take place,
resulting in θads= 1. Adsorption of any ORR intermediate in such a
position is highly unfavorable, as it significantly destabilizes spectator
*O, which can no longer take the advantage of the free nitrogen effect
(which is about 0.8 eV at 6.25%N, see Fig. 1). As a consequence, in
order to minimize the barriers along the ORR free energy diagram, the
system seeks to adopt a configuration in which both the *O and free
nitrogen are simultaneously present in the catalytic environment.

Summarizing, the optimal adsorbate coverage is in the range of 1/
2 < θads < 1. The simplest realization of this scenario is a N-graphene
cell containing three nitrogen atoms. A carbon near the first of the N
atoms is permanently bound with atomic oxygen, the second N atom is
free throughout the process, and a carbon near the third N serves as an
adsorption site for ORR intermediates. The reaction occurs here at
θads= 2/3. The free energy diagram and the catalyst structure with
*OH adsorbate is shown in Fig. 7c. The thermodynamic overpotential is
found to be 0.94 V, with potential-determining step being the *OOH
formation on the surface.

It has to be noted that the predicted thermodynamic overpotential
refers to the particular model studied here. In real systems, the dis-
tribution of nitrogen does not have to be regular, and nitrogen clus-
tering may be observed. It is likely that there exist different adsorbate

Fig. 7. Oxygen reduction reaction free energy diagrams at U=0.8 VRHE for N-graphene
(6.25%N): (a) one N atom in the unit cell; ORR occurs at θads= 1; inset shows the
structure of a pristine catalyst, (b) two N atoms in the unit cell; ORR occurs at θads = 1/2;
inset shows the structure of a pristine catalyst, (c) three N atoms in the unit cell; one
adsorbed atomic oxygen and one free nitrogen act as spectators; ORR occurs at θads= 2/
3; inset shows the structure of *OH in the catalytic environment defined by the spectators
and a single water layer. Color code for atoms: gray – carbon, blue – nitrogen, red –
oxygen, white – hydrogen.
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coverages and different (*O spectator+ free nitrogen+ catalytic site)
configurations, which result in lower thermodynamic barrier for the
ORR, and thus dominate the basal plane N-doped graphene activity
towards the oxygen reduction.

5. Conclusions

Two effects are found to be responsible for the unusually high sta-
bilization of *O and *O2 adsorbates on basal plane N-doped graphene
compared to conventional metal-based ORR catalysts. These have been
systematically studied here, i.e. the effect of additional, free nitrogen in
the N-graphene sheet, and the solvation effect. The total stabilization
from these two effects reaches values as high as 1.5 eV, including a
0.17 eV synergy component. Both effects are found to result from the
high reactivity of *O and *O2 adsorbates, caused by the presence of
dangling bonds, which manifest themselves as unoccupied O(sp) states.
Variations in the *O binding energy due to free nitrogen exhibit a long-
range character, resembling electrostatic 1/r interactions between the
charged parts of the system. The solvation effect is likely to be universal
for materials where oxygen adsorbs on a 2nd row element in the atop
position.

A case study of the oxygen reduction reaction at 6.25% N shows that
the reaction occurs at an adsorbate surface coverage between
0.5 < θads < 1, in the presence of *O and free nitrogen spectators.

Including explicit H2O molecules is essential for a correct descrip-
tion of ORR intermediates adsorption energy on carbon materials.
Continuum solvation models are unable to describe solvation of *O and
*O2 with sufficient accuracy, likely due to bond formation between
these adsorbates and surrounding water molecules. We find that the
first water layer has decisive influence on the adsorbate solvation.
Including a single water layer to account for solvation effects seems to
be a reasonable compromise between accuracy and computational cost.
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Figure S1: Oxygen adsorption energy as a function of N-N distance for systems with 1N/*O 

(constant function) and 2N/*O (hyperbola), showing the long-range character of the *O 
stabilization caused by a distant, free N. Color code for atoms: dark gray – carbon, blue – nitrogen, 

red – oxygen. 

 

 

  



  

Figure S2: Top views of the optimized structures of pristine catalyst and ORR intermediates with 
single water layer. N-graphene models are: (a) pristine N-doped graphene with 1.6%N, (b) 

NG_1.6%_1N/O/15H2O, (c) NG_1.6%_1N/OH/15H2O, (d) NG_1.6%_1N/OOH/15H2O and (e) 
NG_3.1%_2N/O2/15H2O. Color code for atoms: gray – carbon, blue – nitrogen, red – oxygen, white 

– hydrogen. 

 

 

   

             

Figure S3: Side views of the optimized structures of pristine catalyst and ORR intermediates with 
double water layer. N-graphene models are: NG_12.5%_3N/ads for *O2 and NG_4.2%_1N/ads for 
*O, *OH and *OOH. Color code for atoms: gray – carbon, blue – nitrogen, red – oxygen, white – 

hydrogen. 
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Figure S4: ORR intermediate adsorption energies for different numbers of N-graphene layers (1 to 
3) in vacuum and with a single water layer. Adsorption energies and stabilization (∆����

� �(X), in 
brackets) are included in eV above each ∆���� level. N-graphene models are: NG_12.5%_3N/ads 

for O2 and NG_4.2%_1N/ads for *O, *OH and *OOH. Side-view structures of *O systems are 
included below the plot. Color code for atoms is the same as in Fig. S3. 

 

 

  



Table S1. Additional structures exhibiting significant *O solvation energies. All calculations were 
performed at the same level of theory as described in Section 2 of the main manuscript: 

Computational methods. Energy of *O stabilization via solvation, ∆����
� �(O), is defined in Eq. 6. 

System Structure – top view Structure – side view 

B-doped graphene 

∆����
� �(O) = 0.85	eV  

 
 

N-doped graphene 

with Stone-Wales 

defect 

∆����
� �(O) = 0.78	eV  

  

Fe3C-supported 

graphene, 

Fe3C strained (3.04%) 

∆����
� �(O) = 0.63	eV  

 

 

Hydrogen-terminated 

graphite step zigzag 

edges 

∆����
� �(O) = 1.27	eV  

 

 

Hexagonal 

boron nitride 

∆����
� �(O) = 0.49	eV  
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ABSTRACT 

Non-Precious Metal (NPM) catalysts are promising alternatives to platinum-based catalysts for the oxygen 

reduction reaction (ORR), the cathode reaction in fuel cells. In this paper, we focus on an iron-nitrogen-

carbon (Fe/N/C) catalyst in comparison to platinum and investigate how these different types of catalyst 

behave towards selective anion poisoning. The catalysts are studied with respect to their ORR activity using 

the rotating disk electrode (RDE) technique in aqueous HClO4, H2SO4, H3PO4 and HCl electrolytes and the 

results are supported by density functional theory (DFT) calculations. We find that the ORR on the Fe/N/C 

catalyst is less affected by anion poisoning than platinum. Surprisingly, it is seen that phosphoric acid not 

only does not poison the Fe/N/C catalyst but instead promotes the ORR; a finding in sharp contrast to the 

poisoning effect observed on platinum. This is a highly important finding as modern high-temperature 

proton exchange fuel cells (HT-PEMFCs) employ membranes consisting of phosphoric acid that is 

immobilized into a polybenzimidazole (PBI) matrix. 
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INTRODUCTION 

The oxygen reduction reaction (ORR) is known to be the most challenging catalytic reaction in low 

temperature hydrogen fuel cells1. So far carbon supported platinum nanoparticles (Pt/C) have been the 

preferred catalytic material for the ORR, but the high cost and scarcity of platinum has triggered intensive 

research for alternative catalysts using only abundant materials. Since the work of Jasinski2, it has been 

known that porphyrin structures with a metallic centre can catalyse the ORR. These materials utilize 

inexpensive transition metals such as Fe and Co, incorporated into a carbon support structure through 

nitrogen bonds. In literature, they are often referred to as Me/N/C or Non-Precious Metal Catalysts 

(NPMC).  

The efficiency of fuel cells utilizing Pt/C is hampered by the low intrinsic ORR activity, but this process is also 

negatively influenced by impurities and anion adsorption on the catalytic sites. Because phosphoric acid 

fuel cells (PAFCs) were among the first commercially successful fuel cells, it is now well established that 

phosphoric acid electrolyte and its anions severely inhibit the catalytic sites on platinum3–8. This poisoning 

effect on platinum surfaces is also known for other anions such as sulphates and chlorides and has been 

intensively investigated in the past9–13. The basic principle of anion poisoning is a site blocking mechanism, 

where specific anion adsorption prevents the efficient interaction of the reactant with the active Pt sites. 

For NPMCs, considerably less is known about anion poisoning14,15. Due to the different catalytic sites of Pt-

based catalysts and NPMCs, it is worth investigating the differences towards poisoning effects. Pt/C is a 3D 

catalyst, where the active phase are Pt nanoparticles with a complex surface structure. In contrast, NPMCs 

are essentially 2D materials opening for the possibility of selective, partial ligand adsorption on the 

backside of the active centre to tune its catalytic activity; an option which is not possible on traditional Pt-

based catalysts. Thus, in this study, we focus on the poisoning effect on NPMCs observed in four different 

aqueous electrolytes (i.e. H3PO4, HClO4, H2SO4 and HCl) and compare the results to the known behaviour of 

Pt. Through electrochemical experiments and computational modelling, we find evidence that NPMCs and 
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Pt indeed behave differently towards anion poisoning. Most important, it is found that phosphoric acid, 

which has a strong poisoning effect on for Pt surfaces, promotes the ORR on NPMCs. 

RESULTS 

Electrochemical performance 

The effect of anion adsorption on the ORR on Platinum 
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Figure 1 | Platinum polycrystalline RDE polarization curves.  Pt-poly disk in 0.10 M HClO4, 0.50 M H2SO4, 

0.75 M H3PO4 and 0.10 M HCl electrolyte saturated with O2 at 900 rpm and 10 mV s
-1

. 

In figure 1, the well-known inhibiting effect of anion adsorption on the ORR on platinum is demonstrated in 

RDE measurements of a polycrystalline Pt (Pt-poly) disk in aqueous HClO4, H2SO4, H3PO4 and HCl electrolyte, 

respectively. Anion adsorption caused by these acidic electrolytes has been thoroughly investigated by 

voltammetry12,13,16–22 as well as other in-situ techniques such as FTIR23 and is therefore well established for 

platinum. In acidic solution, the anionic (spectator) species inhibits the activity primarily due to the blocking 

of the catalytic surface. This can be observed in cyclic voltammetry particularly through changes in the 

features of hydrogen underpotential deposition (Hupd) below ~0.35 VRHE and adsorption oxygenated species 

around ~0.9 VRHE and also gives rise to the characteristic voltammetric profiles of Pt single crystals12,13,16–22. 



4 
 

The degree of anion adsorption is potential dependent and becomes increasingly pronounced at more 

positive potential. This is problematic because for efficient energy conversion the ORR takes place in the 

positive potential range as well. For this reason, efforts have been made to mitigate the negative effects of 

blocking species on platinum24–29. Figure 1 illustrates that the ORR half-wave potential (�� �⁄ ) decreases 

significantly in the order HClO4 > H2SO4 > H3PO4 > HCl. This change of �� �⁄  can be associated with a 

decrease in ORR activity. However, in accordance with the Levich equation of the diffusion limited current, 

�� 

�� = 0.620	���
�
�		��

�
�	����

�
� 

the observed decrease in �� also suggests that the concentration of dissolved oxygen in the respective 

electrolytes decreases in the same order30, except for HCl. As the ORR is a first order reaction with respect 

to the oxygen concentration23,24, the observed ORR activity is a result of anion blocking as well as oxygen 

concentration, see also below.    

The effect of anion adsorption on the ORR on a NPMC 
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Figure 2 | Fe/N/C RDE polarization curves. HSAC Fe/N/C in 0.10 M HClO4, 0.50 M H2SO4 and 0.75 M H3PO4 electrolyte 

purged with O2 at 900 rpm and 10 mV s
-1

. Total catalyst load is 800 µg cm
-2

. 
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Performing the same measurements on NPMC is demonstrated in figure 2. The figure shows RDE results of 

a commercial Fe/N/C high surface area catalyst dispersed onto a glassy carbon (GC) disk in the same HClO4, 

H2SO4, H3PO4 and HCl electrolyte solutions. To be meaningful, the ORR curves are not normalized to the 

surface area (as usually done for Pt based catalysts), but to the total amount of catalyst material. Analyzing 

the different half-wave potentials, it is evident that they are considerably less different (as compared to Pt) 

and all fall in a similar potential range. Noticeably, the polarization curve measured in H3PO4 electrolyte 

indicates a higher ORR activity at high potentials than in HClO4. In this case, it appears that the decrease in 

jL follows the trend of the increasing electrolyte concentration. This indicates, that the drop of activity seen 

on Pt-poly in H3PO4 (Figure 1) is not only related to oxygen solubility, but must also be due to other factors 

such as poisoning/anion adsorption, higher viscosity and possible depletion of oxygen at the Pt-electrolyte 

interface33–35. Comparing 0.1 M electrolyte solution with electrolytes of higher concentrations, the 

difference in oxygen solubility (jL) leads to a difference in �� �⁄  and thus in the measurements presented in 

figure 2, the ORR activity appears to be higher in HClO4 electrolyte than in H2SO4. However, the onset 

potentials indicate that the ORR activity follows a different order than on Pt-poly, namely H3PO4 > HClO4 ≈ 

H2SO4 > HCl. 
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Figure 3 | Effect of increasing electrolyte molarity on a) oxygen solubility expressed by jdl and b) catalytic activity 

expressed by jk 

To disentangle the influence of oxygen concentration and anion adsorption on the Fe/N/C catalyst, the 

molarity of the four electrolytes HClO4, H2SO4, H3PO4 and HCl was gradually increased and ORR polarization 

curves recorded. In figure 3a, jL is used as a simple measure for the oxygen solubility and the viscosity of the 

electrolyte. It is seen that with increasing molarity, jL and thus oxygen transport decreases. This trend is 

particular prominent for phosphoric acid. Calculating the mass averaged ORR rate jk (Figure 3b), it can be 

seen that in all acidic solutions the ORR activity decreases with increasing electrolyte molarity in a similar 

manner as jL. This suggests that increasing the molarity does not necessarily affect the catalytic activity of 

the Fe/N/C catalyst through site blocking. Instead, due to decreasing O2 mass transport with increasing 

electrolyte molarity, the observed ORR rate decreases consistent with a first-order reaction with respect to 

���. Surprisingly, comparing the ORR on HClO4 and H3PO4 electrolyte, it is seen that higher ORR rates are 

measured in the latter electrolyte, despite the lower O2 solubility (jL). Such behaviour is in sharp contrast to 

the observations on Pt/C catalysts, which always exhibit increased inhibition in H3PO4 electrolyte. 

Therefore, our results not only demonstrate that anion adsorption behaves differently on the Fe/N/C 

catalyst than on a Pt-surface. We observe a clear indication of a promotional effect of the anions in the 

H3PO4 electrolyte for Fe/N/C. The results for the ORR in HCl electrolyte imply that Fe/N/C is not completely 

b) 
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resistant to poisoning from species in the electrolyte solution, but that the promotional effect depends on 

the nature of the anions in the electrolyte.  

 

Comparison of the influence of H3PO4 on Pt/C and Fe/N/C 

In an effort to avoid the influence of oxygen solubility and electrolyte viscosity on the measured ORR rates, 

a different experiment was conducted as well; minute amounts of H3PO4 were added to a 0.1 M HClO4 

electrolyte solution and the effect on the ORR polarization curve recorded. This approach ensures that 

oxygen solubility and electrolyte viscosity are not significantly affected and hence changes in the observed 

ORR polarization curve must be due to site blocking from added anion species. The results presented in 

Figure 4 support that even very small amounts of H3PO4 species have a negative effect on the ORR on Pt, 

while for the Fe/N/C catalyst the polarization curves in both solutions overlap indicating no significant 

change in the ORR rate. This supports the absence of any detrimental effect of H3PO4 to the activity of the 

active Fe/N/C sites. It also indicates that for a promotional effect a certain H3PO4 concentration is required.  
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Figure 4 | Effect of H3PO4. Carbon supported platinum TKK catalyst (Pt/C) and Fe/N/C catalyst in 0.1 M HClO4 

electrolyte with and without addition of 5 x 10
-3

 M H3PO4.  
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DFT CALCULATIONS OF ANION ADSORPTION 

To elucidate the responsible phenomena behind the presented experimental observations, we performed 

density functional theory (DFT) calculations of the adsorption energy of anions present in the investigated 

electrolytes and their competition with ORR intermediates for the active site. For the case of platinum, we 

calculated the potential-dependent adsorption Gibbs free energy of the ORR intermediates (H2O, OH, O) 

and of each acid form present in the electrolyte solutions, i.e. H3PO4, H2PO4
–, HPO4

2– and PO4
3– for 

phosphoric acid, and ClO4
– for perchloric acid (Figure 5). It is clearly seen that at ORR-relevant potentials 

ClO4
– does not adsorb on the Pt(111) surface, and therefore does not influence the catalytic activity. 

Contrary to that, phosphate anions interact with Pt(111) much stronger than the ORR intermediates and 

consequently displace them from the surface. This explains the observed drop of platinum ORR activity in 

phosphoric acid electrolyte. At ORR-relevant potentials, the phosphate form that is most likely to be found 

on the Pt(111) surface is hydrogen phosphate (*HPO4, where * denotes the active site). 

The same analysis performed for the Fe/N/C catalyst model (FeN4C12 moiety, Fe:N:C atomic ratio of 1:4:26) 

shows a similar trend: the perchloric group weakly interacts with the active site, while the dihydrogen 

phosphate (H2PO4
–) adsorption energy is slightly higher than the one of the ORR intermediates. However, in 

this case, stronger anion-catalyst interaction does not automatically result in a decrease in ORR activity. As 

mentioned previously, the Fe/N/C catalyst is a 2D material, where both sides of the catalyst are exposed to 

the electrolyte solution. If any of these sides are occupied by an anion rather than an ORR intermediate, the 

catalytic activity of the opposite side can be modified. Figure 6 shows the calculated ORR free energy 

diagrams along the minimum energy paths in the presence of the following acids: HClO4 (in solution: ClO4
–), 

H3PO4 (forms: H3PO4, H2PO4
–, HPO4

2– and PO4
3–), H2SO4 (forms: HSO4

– and SO4
2–) and HCl (form: Cl–). In 

HClO4 and H2SO4, the interaction of the FeN4 moiety with anions is weaker than its interaction with water. 

Consequently, H2O-FeN4 serves as the active site. The thermodynamically limiting step is OH removal, with 

a thermodynamic barrier of 0.115 eV at 0.75 VRHE
36, therefore in these electrolytes, the catalyst is on the 

strong oxygen binding side of the ORR activity volcano (Figure 7). In H3PO4 and HCl, the interaction of the 
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FeN4 moiety with anions is stronger than its interaction with water. H2PO4-FeN4 and Cl-FeN4 serve as the 

active sites, respectively, and in both electrolytes the Fe-O bond is weakened such that the OOH formation 

becomes the rate limiting step (the catalyst is on the weak oxygen binding side of the activity volcano, see 

figure 7).  Thermodynamic barriers for OOH formation at 0.75 VRHE are 0.013 and 0.169 eV in H3PO4 and HCl, 

respectively. Summarizing, the thermodynamic barrier of the limiting step is lower in H3PO4 and higher in 

HCl, when compared to HClO4/H2SO4. This indicates the following order of Fe/N/C ORR activity in acids: 

H3PO4 > HClO4 = H2SO4 > HCl, which agrees very well with the experimental observations. It should be noted 

that the calculations cannot differentiate between the catalyst activity in HClO4 and H2SO4 electrolyte. This 

is, however, also in agreement with the experimental results, where only small differences in ORR activity 

between these two electrolytes are observed. As seen in Figure 3 these differences are most likely related 

to the solubility of oxygen (jL), which at similar molar concentrations is smaller in H2SO4 than in HClO4.  

 

Figure 5 | Anion adsorption Gibbs free energy on Pt(111) vs. electrode potential (VRHE) at 298.15 K and 0.5 M formal 

concentration. The inset shows the model systems with optimized structures of *ClO4 and *HPO4 (color code for 

atoms: Pt – gray, Cl – green, P – dark red, O – red, H – white). 
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Figure 6 | Free energy diagram of the ORR on Fe/N/C catalyst, at 0.75 VRHE, in four acids: HClO4, H2SO4, H3PO4 and 

HCl. Temperature: 298.15 K, acids formal concentration: 0.5 M. The insets in the upper-right corner show: (left) the 

catalyst model, top view; (right) H2PO4-FeN4OH intermediate, side view. Colour code for atoms: H – white, C – black, N 

– blue, Fe – orange, P – dark red, O – red. 

 

Figure 7 | Schematic ORR activity volcano, shown as relation between limiting potential (UL) and OH adsorption free 

energy. 
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DISCUSSION 

Our results support previous investigations on anion adsorption on platinum surfaces, while pointing 

towards interesting new effects on NPMCs. The strong activity inhibition caused by H3PO4 species on Pt is 

not observed on the Fe/N/C catalyst. On the contrary, the ORR activity is found to benefit from the 

presence of the H3PO4 electrolyte even though oxygen is poorly soluble in this solution. Moreover, the 

Fe/N/C catalyst appear more tolerant towards poisoning than Pt in general. These experimental results are 

supported by DFT-level computational modelling, which demonstrates that while the order of binding 

strength of the anions is the same on Pt and Fe/N/C, the catalytic effect on the latter is different. The 

effects from the weak binding HClO4 and H2SO4 species are insignificant due to the stronger binding of H2O 

to the FeN4 moiety. However, the effect from the stronger binding H3PO4 and HCl species alter the FeN4 site 

and the thermodynamic barrier of the limiting step, which is lowered in H3PO4 and increased in HCl, as 

compared to HClO4 and H2SO4. The results shown are of particular interest for so-called high temperature 

proton exchange fuel cells (HT-PEMFCs). In this modern version of PAFCs, the electrolyte consists of 

phosphoric acid, which embedded into a polybenzimidazole (PBI) matrix forms a polymer electrolyte 

membrane. Catalysing the ORR in HT-PEMFCs with Pt-based catalysts leads to relative low reaction rates 

despite of a relative high operation temperature of ~150 °C, an observation often related to anion 

poisoning (in addition to low oxygen solubility). Our results indicate that with respect to the ORR activity, 

NPMCs are a highly promising option as cathode catalyst for HT-PEMFCs. 

METHODS 

Electrochemical details 

All electrochemical measurements were performed in an electrochemical 3-electrode setup. It consisted of 

an electrochemical double-walled glass cell, which enables precise temperature adjustment. The cell has a 

central glass joint, which supports the rotating disk electrode (RDE) and is fitted with a direct gas inlet made 
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of glass, a closed glass tube containing a thermo-logger, as well as a counter (CE) and reference electrode 

(RE). The CE was a glassy carbon rod and the RE consisted of an RHE in a closed glass tube equipped with a 

sealed in ceramic frit (Mettler) as liquid junction to the cell. The volume of electrolyte in the cell was ~225 

ml. To keep a constant electrolyte temperature, a thermostat (Lauda, Germany) was connected to the 

outer jacket of the cell. The temperature of the electrolyte was monitored by a thermocouple Type J (RS 

Components). The electrolyte solutions were prepared from 70 % HClO4, 96 % H2SO4, 85 % H3PO4 and 37 % 

HCl (suprapur quality, Merck) and ultra-pure water (Milli-Q, ρ = 18.2 MΩ cm, Total organic carbon ≤ 5 ppb). 

Argon gas (purity ≥ 99.999%), oxygen gas and hydrogen gas (purity ≥ 99.995%) were from Air Liquide, 

Denmark. The RDE (EDI101, Radiometer) was combined with a software-controlled rotation control unit 

(CTV101, Radiometer) and the 3-electrode system was interfaced to an ECi-200 potentiostat operated with 

the EC4U software package (Nordic Electrochemistry). The WE was a 5 mm (ø) polycrystalline platinum or 

glassy carbon disk, respectively, inserted into an 11 mm (ø) PEEK cylinder. The WE was polished to a mirror 

finish on polishing pads with alpha alumina suspensions of 1.0 and 0.3 µm grain size respectively (Struers, 

Denmark). The NPMC ink was produced by adding 10 % Nafion solution (Sigma-Aldrich) and absolute 

ethanol (99.8 %) to dry Fe/N/C powder (Pajarito Powder). The mixture was then treated in an ultrasonic 

bath for 1 hour keeping the suspension cold. Thin films of the catalyst were made by adding 20 µl ink 

solution to a GC tip and dried for approximately 2 hours. Only uniform films with a loading of 800 µg cm-2 

were used for electrochemical experiments.  

Computational details 

All Density Functional Theory (DFT) calculations are done using Atomic Simulation Environment (ASE)37 

coupled with the Vienna Ab Initio Simulation Package (VASP)38–41. Core electrons are described with the 

projector augmented wave method42,43. We employ the BEEF-vdW exchange-correlation functional44, a 

plane-wave basis set with 600 eV energy cut-off, Fermi smearing of the electronic occupations with a width 

of 0.1 eV and a 4 × 3 × 1 Monkhorst-Pack45 mesh for sampling of the Brillouin zone. The structure relaxation 

is performed until maximum force on each atom drops below 0.01 eV/Å. 
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The Pt(111) surface is modelled by periodically repeated (3 × 3) unit cell with three atomic layers, of which 

the bottom two are fixed in bulk positions. The Fe/N/C catalyst model consists of a FeN4C12 moiety 

embedded in graphene structure with surface cell size of (8.170, 0.0) × (0.0, 12.035) Å. Fe : N : C atomic 

ratio is 1 : 4 : 26. 

Solvation of the surface and adsorbates is taken into account by using the implicit solvation model 

implemented in VASPsol46,47. Vacuum layer region between atoms in the neighboring cells is at least 9 Å in 

each calculation. Dipole correction is used to decouple electrostatic potentials on the two sides of the two-

dimensional structure. Anion adsorption Gibbs free energy, Δ��� !A#$), is calculated as 

Δ��� !A#$) = −Δ�&'() *H#A!�,'-�).�)/ − Δ�,'-�)&,0 *H#A!1)/ + Δ345 !�-�.645, 8 = 1	bar) (1) 

 

according to the thermodynamic cycle shown in figure 8. Δ��� !A#$) depends on the electrode potential 

through the Δ345 !�-�.645, 8 = 1	bar) term, which is calculated from DFT using the Computational 

Hydrogen Electrode model36. Solvation and dilution Gibbs free energies are calculated from standard 

thermodynamic relations using literature data of formation enthalpies, entropies and ions activity 

coefficients48–51. An example of the ClO4
– adsorption free energy calculation on Fe/N/C catalyst at 0.75 VRHE 

is given as Supplementary Note 1. As the gas phase entropies of HClO4 and H3PO4 are not available in the 

literature, they were calculated from the partition function using molecular data49 and treating internal 

rotations as harmonic vibrations. This approach has been validated for the case of H2SO4, where the 

deviation of the calculated entropy from the experimental one is less than 0.3%. The calculated gas phase 

entropies are 297.16 and 314.24 J mol–1 K–1 for HClO4 and H3PO4, respectively. 

Free energy corrections for adsorbed species are based on the harmonic approximation and calculated 

vibrational frequencies. Total energy of gas phase O2 is corrected based on the formation Gibbs free energy 

of liquid H2O as described previously52, and total energies of the systems with adsorbates are corrected 

according to Christensen's correction scheme53,54: ΔE(O–O) = 0.2 eV, ΔE(H2O) = –0.03 eV, ΔE(H2) = 0.09 eV. 
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To the best of our knowledge, a reliable correction for the adsorbed O2 has not been determined yet. 

Consequently, *O2 energy level on the free energy diagram (figure 6) may be slightly less accurate. 

 

Figure 8 | Thermodynamic cycle for calculation of adsorption Gibbs free energy of An–
 anion from solution. 

Abbreviations and symbols in brackets: (g) – gas phase, (aq) – aqueous phase, (sol) – continuum solvent (VASPsol), a – 

activity, 1m = 1 mol kg–1
. 
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SUPPLEMENTARY NOTE 1: CALCULATION OF ClO4
–
 ADSORPTION ON THE Fe/N/C CATALYST 

Let us consider the process of ClO4
–
 anion adsorption on the Fe/N/C catalyst with an empty backside: 

FeN� + ClO�	 		→ 		FeN�―ClO� + e	 (S1) 

In the equation, the catalyst is represented by the FeN4 moiety. The thermodynamic cycle for this process is 

shown in Supplementary Fig. 1, and the adsorption energy is calculated according to the following equation 

(special case of equation (1)): 

Δ�����ClO�	� = −Δ������ �HClO������������ − Δ�������� � �HClO��!�� + Δ"#$��%��.'#$, 1	bar� (S2) 

 

 

 

Supplementary Figure 1 | Thermodynamic cycle for calculation of adsorption Gibbs free energy of ClO4
–
 anion from 

solution. Abbreviations and symbols in brackets: (g) – gas phase, (aq) – aqueous phase, (sol) – continuum solvent 

(VASPsol), a – activity, 1m = 1 mol kg
–1

. 
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The third term on the right hand side of equation (S2), Δ"#$��%��.'#$, 1	bar�, is the adsorption Gibbs free 

energy of gaseous HClO4(g) at 1 bar and a given electrode potential %��.'#$, and is calculated by means of 

Density Functional Theory using the Computational Hydrogen Electrode scheme
1
: 

Δ"#$��%��.'#$, 1	bar� = Δ"#$��0	V'#$, 1	bar� − /0%��.'#$ (S3) 

where: / – number of electrons transferred (here / = 1), 0 – elementary positive charge. 

Adsorption Gibbs free energy of gaseous HClO4(g) at 1 bar and 0	V'#$ is given by: 

Δ"#$��0	V'#$, 1	bar� = � �FeN�―ClO������� +
1
2�2H3	�!�4 − 5� �FeN������� + �2HClO�	�!�46 (S4) 

where the Gibbs free energies of the reactants �X� are
2
: 

��X� = %89:�X� + %;<$�X� + = >?�X�dA
B

CD
− AE�X, A, 1	bar� (S5) 

Here A is the temperature (298.15 K), %89:�X� is the reactant DFT energy, %;<$�X� is its zero point energy, 

F >?�X�dAB
CD  is the integrated heat capacity (from 0 to 298.15	K) and E�X� is the entropy. For the gas phase 

reactants, %;<$ is calculated from the spectroscopic data, F >?dAB
CD  is taken from the literature (for H3) or 

calculated from the partition function using molecular data (for HClO�; data and references are included in 

Supplementary Table 1), and E�298.15	K, 1	bar� is either taken from the literature (H3	�!�) or calculated as 

described in the Methods section of the main manuscript (HClO�	�!�). For the remaining systems, the last 

three terms on the right hand side of equation (S5) are calculated from DFT vibrational frequencies, 

allowing only the adsorbate atoms to vibrate, and assuming all the degrees of freedom can be described as 

independent quantum harmonic oscillators. 

 

The second term on the right hand side of equation (S2), Δ�������� � �HClO��!��, is the Gibbs free energy of 

dissolving gaseous HClO4 in water to form ion solution in the standard state (ideal solution, K = 1	mol/kg, 

Q = 1	bar) at 298.15 K: 

Δ�������� � �HClO��!�� = ΔR�∘ �ClO�	�TU,�V�� − ΔR�∘ �HClO��!�� (S6) 

where ΔR�∘�X� are the standard Gibbs free energies of formation, that can be found in the literature (data 

and referenced are included in Supplementary Table 2). 

 

The first term on the right hand side of equation (S2), Δ������ �HClO������������, is the Gibbs free energy of 

dilution (in general: concentration change). It also captures deviations from ideal behavior: 
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Δ������ �HClO������������ = WXA ln�Z#[ 	Z"�\]̂ � (S7) 

where Z_ = K_`± is the ion activity, K_ is its molal concentration, and `± is the concentration-dependent 

mean activity coefficient. 

 

Supplementary Table 1 | Values of the properties used to calculate bcdef�egh.ide, j	klm�. 
 FeN������ HClO�	�!� FeN�―ClO������ H3	�!� 
%89:	/	eV  -247.655 -16.850 -261.357 -7.178 

%;<$	/	eV  0 0.727
3
 0.429 0.273

3
 

F >?dA3no.Tp	D
CD 	/	eV  0 0.155

a
 0.135 0.088

4
 

E�298.15	K, 1	bar�/	meV	K	T  0 3.080
b
 0.945 1.354

4
 

a
 calculated from the partition function

2
 using molecular data

3 

b
 calculated from the partition function

2
 using molecular data

3
 and treating internal rotations as harmonic vibrations 

 

Supplementary Table 2 | Values of the properties used to calculate bhqrglstquf2dcrvw	�x�4 and 

bytrzsf2dcrvw	�hqrgls{y�4. 

 HClO�	�!� ClO�	��V� H|��V� 
ΔR}∘�298.15	K�	/	eV  -0.0260

5
 -1.340

4
 0 

E∘�298.15	K�/	meV	K	T  3.08
a
 1.886

4
 0 

ΔR�∘�298.15	K�	/	eV  0.869 -0.0890 0 

K	/	mol	kg#~\	T   N/A 0.5 0.5 

`± �0.5 U��
�!�~�

�  N/A 0.769
4
 0.769

4
 

a
 calculated from the partition function

2
 using molecular data

3
 and treating internal rotations as harmonic vibrations 

 

Using data included in Supplementary Tables 1 and 2, we calculate ClO�	 adsorption Gibbs free energy on 

Fe/N/C catalyst at Q = 1	bar, A = 298.15	K, % = 0.75	V'#$ and K#"�\] = 0.5 U��
�!�~�

≈ 0.5 U��
�U�: 

 

Δ"#$��%��.'#$, 1	bar� = −0.894	eV 

Δ�������� � �HClO��!�� = −0.958	eV 

Δ������ �HClO������������ = −0.049	eV 

Δ�����ClO�	� = +0.113	eV 
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Abstract

Iron carbide encapsulated in graphitic layers has recently been recognized as an active Oxygen Reduction Reaction
(ORR) catalyst made of earth-abundant elements. Here, the ORR activity of graphene (G) and N-doped graphene
(NG) supported on Fe3C(010) and Fe(110) is studied computationally by means of Density Functional Theory (DFT)
calculations. Consistent with experiments, the calculations show higher activity of the Fe3C-supported system than the
Fe-supported one, as well as the importance of N-doping in achieving high ORR activity. The active sites are existing
on a single N-doped graphitic layer placed on the Fe3C surface. Like in the case of unsupported NG, the reaction on
Fe3C/NG interface proceeds at the atomic oxygen coverage between 0.5 < θO < 1.0. Charge on O adsorbate caused
by the presence of support is found to correlate with oxygen binding strength. In case of Fe/NG system this results in
the surface poisoning by oxygen. It is suggested that a heterostructure consisting of NG overlayer and a support with
stronger electron donating properties than Fe3C (but weaker than Fe) is likely to approach or exceed the ORR activity
of Pt(111) surface.

Keywords: Oxygen reduction reaction, Density Functional Theory, Pt-group free ORR catalyst, N-doped graphene,
Metal support

1. Introduction

Fuel cells are devices that directly convert chemical energy in fuels into electrical energy through an electro-
chemical reaction. They are theoretically much more efficient than heat engines. For example, direct utilization of
hydrogen in an internal combustion engine has efficiency of about 10-20%, while the ideal thermodynamic efficiency
of a H2–O2 fuel cell is about 83% at 25◦C [1]. There are several types of fuel cells; among them, the Proton-Exchange
Membrane Fuel Cells (PEMFC) are particularly promising for future use in light transport (e.g. cars) and certain
portable applications [2]. However, the technology suffers from a serious issue, which is a sluggish kinetics of the
Oxygen Reduction Reaction (ORR) taking place at the fuel cell cathode [3]. Over the past two decades, a considerable
insight was gained into the phenomena underlying this obstacle, and the responsibility was found to lie on the side of
an unfavorable scaling relation between OH and OOH binding energies. More in-depth discussion can be found in a
very recent review article by Kulkarni et al. [4].

Currently, the greatest challenge in commercializing PEM fuel cells is finding a durable and inexpensive material,
which would efficiently catalyze the oxygen electroreduction. One way to achieve this is to decrease the amount
of precious metals, of which the most active known ORR catalysts are made [3, 5, 6, 7]. A different strategy is
to synthesize the catalyst using precursors made entirely out of the earth-abundant elements [3, 8, 9]. The latter
possibility is particularly attractive, as there is no fundamental difference between precious and non-precious catalysts
regarding the highest achievable activity.

Arguably the most promising low-cost catalysts for ORR to date, both in terms of activity and long-term durability,
are those containing FeN4 moieties as active sites [10, 11]. Another notable class of catalysts are metal-supported 2-
dimensional materials, which activity can be tuned both by the choice of the 2D overlayer (e.g. doped graphene,
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hexagonal boron nitride) and the support [9]. These interfaces have rarely been studied computationally, and studies
are challenging due to certain computational difficulties, such as problems with correct description of the support-
overlayer interaction at a moderate computational cost [12, 13, 14, 15, 16].

Recently, a new metal-supported 2D material composed of iron carbide nanoparticles encased in graphitic layers
was shown to have a notable activity and stability in acidic conditions [17, 18, 19, 20]. It has been suggested that
a new type of catalytic site may have been discovered [21]. The catalyst activity was shown to correlate both with
nitrogen [22] and iron carbide [23] content. The present work aims to provide insight into the possible nature of the
ORR active sites at the iron/carbon interface, as well as to explain their catalytic activity and suggest how it may be
improved.

2. Computational methods

Heterostructure interfaces are prepared using the Virtual NanoLab (VNL) software [24]. All Density Functional
Theory (DFT) calculations are done using Vienna Ab initio Simulation Package (VASP) [26, 27, 28, 29] coupled
with Atomic Simulation Environment (ASE) [25]. Core electrons are described with the projector augmented wave
method [30, 31], and the basis set for the electronic wavefunctions are plane waves below a 400 eV energy cutoff.
We use a Fermi smearing of electronic occupations with a width of 0.1 eV and a Monkhorst-Pack [32] mesh for the
Brillouin zone sampling of (k1, k2, 1), with ki such that kivi > 30 for vi being the corresponding lattice vector. For
systems containing iron, spin-polarized calculations are performed, as both iron and iron carbide are ferromagnetic.
The structure relaxation is continued until the maximum force on each atom drops below 0.01 eV/Å.

In our study, we consider systems such as multiple graphene layers stacked one on another, in which dispersion
forces play a significant role. Many popular semilocal exchange-correlation functionals used in materials science,
like PBE [33] or RPBE [34], do not account for non-local van der Waals interactions. Here we employ BEEF-
vdW [35] functional in which vdW-DF2 [36] non-local correlation is used. This approach proved to be successful in
predicting adsorption bond energies to transition metal surfaces [37], at the same time offering a very good description
of metal/graphene heterostructures, such as Ni(111)/graphene [35].

Solvation of the surface and adsorbates is taken into account by including explicit water layer, which structure is
determined by the minima hopping algorithm [38] implemented in ASE [39]. We use 14 Å of a vacuum + water layer
region between periodic replicas. Dipole correction is used to decouple electrostatic potentials on the two sides of the
two-dimensional structure.

Oxygen Reduction Reaction proceeds through four electron-proton transfer steps, called collectively a 4e− asso-
ciative pathway

∗ + O2 + H+ + e− → ∗OOH (1)
∗OOH + H+ + e− → ∗O + H2O (2)
∗O + H+ + e− → ∗OH (3)
∗OH + H+ + e− → ∗ + H2O (4)

where * denotes the active site on the surface of the catalyst. Competitively to reaction (2), the proton may attack the
oxygen directly bound to the surface. This results in the parasitic formation of hydrogen peroxide and so-called 2e−

associative pathway [40]
∗OOH + H+ + e− → ∗ + H2O2. (5)

4e− dissociative pathway, in which oxygen dissociates on the surface before accepting proton and electron, is less
likely to occur due to high O2 dissociation barrier on graphene and N-doped graphene (2.4 eV and 1.2 eV, respectively
[41]).

We employ the Computational Hydrogen Electrode (CHE) scheme [42] to calculate free energies of the ORR steps
as a function of the applied electrode potential. Adsorption energies are defined as the DFT energies of the following
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reactions:

∗ + H2O→ ∗O + H2, ∆adsE(O) (6)

∗ + H2O→ ∗OH +
1
2

H2, ∆adsE(OH) (7)

∗ + 2H2O→ ∗OOH +
3
2

H2, ∆adsE(OOH) (8)

∗ + O2 → ∗O2, ∆adsE(O2) (9)

Gibbs free energies of the adsorbed species are calculated assuming they can be approximated by the quantum har-
monic oscillators. Formation Gibbs free energy of liquid water is fixed at the experimental value of −2.46 eV to avoid
calculation of O2 energy, which is known to be poorly described by DFT [43]. Total energies of the systems with
adsorbates are corrected according to the Christensen’s correction scheme [44, 45]: ∆E(O−O) = 0.2 eV (peroxide
bond), ∆E(H2O) = −0.03 eV, ∆E(H2) = 0.09 eV. Free energy of H2O2 formation is fixed at the experimental value of
−1.39 eV [46] by adjusting the energy level of hydrogen peroxide.

3. Results and discussion

3.1. Structures of the interfaces

3.1.1. Fe3C/graphene
The iron carbide surface is modeled by use of the Fe3C(010) facet. The choice was made as a compromise between

the surface energy [47], magnitude of the Fe3C/graphene (Fe3C/G) lattice mismatch and the system size, with the aim
to minimize all the three parameters. Fe3C(010) facet surface energy is only about 13 meV/Å2 (10%) higher than
that of the most stable Fe3C(001) facet. The unit cell contains 16 graphene carbon atoms placed horizontally on top
of the iron carbide slab, such that the graphene basal plane is exposed to the liquid phase (Fig. 1a–c). The carbide
phase is compressed (3.0%) to match the lattice of graphene [13]. This is done to study the effect of support, without
obscuring it by the effect of strained graphene. It has to be noted, however, that the actual (experimental) strain in the
system due to the interaction between the two phases is not known. The effect of uniaxial, biaxial and shear strain on
the OH adsorption energy on graphene is illustrated in Fig. S1 (Supporting Information).

Figure 1: Interface models: (a) Fe3C(010)/N-graphene, side view; (b) Fe3C(010)/graphene, top view; (c) Fe3C(010)/N-graphene, top view; (d)
Fe(110)/graphene, side view; (e) differential energy of removing carbon atoms from the Fe3C surface at the Fe3C/G interface; x is the parameter
from Eq. (10); the four surface carbon atoms are shown as transparent in the inset. Crosses mark atoms which positions are fixed during structure
relaxation. Color code for atoms: C – gray, N – blue, Fe – orange.
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Considering the Fe3C(010) plane, the atomic layer pattern repeats every 6 layers. This results in a number of
possible cleavages with different surface properties. Starting from a carbon-rich Fe3C surface, we consider the stability
of Fe3C/graphene interface as the carbon atoms are removed from the Fe3C surface to form a separate graphite phase
(Fig. 1e). The process is described by the following reaction:

Cx@Fe3C/G→ Cx−1@Fe3C/G + Cgraphite (10)

where x is the number of carbon atoms on the Fe3C surface in the model unit cell. We find that the lowest energy
structure contains no carbon atoms on the Fe3C surface. Although removal of the third carbon atom requires energy
input (12 meV/atom, which amounts to 0.3 meV/Å2, or 5 mJ/m2), this barrier, as well as the actual carbon removal
barrier, is expected to be surmountable in the pyrolytic synthesis conditions [17]. We therefore use a model with Fe3C
surface without non-graphitic carbon at the Fe3C/graphene interface.

The model Fe3C slab consists of 7 atomic layers (6.8 Å), where the bottom 4 layers are fixed in the bulk positions
during the structure relaxation (Fig. 1a). The surface cell dimensions are (6.52, 0.00) × (0.93, 6.45) Å. This surface
cell is utilized to model only the Fe3C/(N-)graphene interface. The actual catalyst models, which are described in
section 3.2, consist of in-plane-extended versions of the cell described here. Graphene chemisorbs on Fe3C with an
adhesion energy of 43 meV/(C atom), or 16.3 meV/Å2 (260 mJ/m2), and the Fe3C-graphene distance is found to be 2.3
Å. According to Bader charge analysis, each carbon atom in the graphene sheet withdraws 0.047 e− from the carbide
phase on average. Increased availability of electrons in the graphene sheet is expected to increase the *O adsorbate
stability, which was observed before in N-graphene system with additional N dopant [48].

3.1.2. Fe/graphene
The iron surface is modeled by the lowest surface energy bcc-Fe(110) facet [49]. The slab consists of 3 atomic

layers, where the two bottom layers are fixed in the bulk positions during the structure relaxation (Fig. 1d). The
surface cell vectors are (13.72, 0.00) × (−2.21, 6.13) Å, and each atomic layer consists of 16 iron atoms. Iron and
graphene lattices are matched by applying mixed expansive/compressive strain (2.0 %) to the iron phase. The unit cell
contains 32 graphene carbon atoms placed on top of the iron slab.

According to the calculations, graphene chemisorption energy on bcc-Fe(110) surface is slightly positive, +2.3
meV/(C atom), which suggests this heterostructure is metastable relative to separate phases. We have also found
physisorbed state with a separation of 3.9 Å and an adsorption energy of −38 meV/(C atom). The potential energy
surface of a similar shape was previously observed for fcc-Ni(111)/graphene interface calculated using GGA func-
tionals: PBE [13] and BEEF-vdW [35]. In this case, repeating the calculations at a higher level of theory (meta-GGA
[13] or Random Phase Approximation [14]) results in evident binding of the chemisorbed state. The problem ap-
pearing with GGA functionals, also when including nonlocal interaction corrections, is attributed to an inaccurate
simultaneous description of the covalent and dispersive forces in such a weak binding systems [14]. Bearing that in
mind, and having experimental evidence that bcc-Fe(110)/G forms a covalently bound heterostructure [50], we use
the chemically bound bcc-Fe(110)/graphene interface as the ORR catalyst model.

We notice that a graphene sheet forms waves on the bcc-Fe(110) surface, with corrugation amplitude of 1.0 Å
(Fig. 1d). This effect was observed previously both in experiments and calculations, and was found to result from
a combination of lattice mismatch and strong interfacial interaction [50]. The shortest distance between iron and
graphene is 2.2 Å.

A Bader charge analysis shows that each graphene carbon atom withdraws, on average, 0.041 e− from the iron
phase. This is significantly less than the 0.07 e−/(C atom) obtained by Taubert and Laasonen for iron nanoparticle
enclosed in fullerene [51]. The discrepancy is likely due to larger separation between some parts of iron and graphene
in the two dimensional Fe/G interface, caused by buckling of the graphene layer.

3.1.3. Nitrogen doping
Having established the Fe3C/G and Fe/G interface models, we investigate the effect of nitrogen doping. By

replacing one carbon atom with nitrogen we obtain Fe3C/N-graphene (Fe3C/NG, Fig. 1c) and Fe/N-graphene (Fe/NG,
Fig. 4b, inset) with 6.3 and 3.1 at%N in the graphene sheet, respectively. N-doped graphene is slightly more strongly
bound to both supports. The chemisorption energy per N-graphene atom and the support-NG distance are −64 meV
and 2.2 Å for the Fe3C support, and −3.4 meV and 2.1 Å (NG wave trough) for the Fe support, respectively. A
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Bader charge transfer from the carbide and iron phases to the N-graphene phase is 0.048 and 0.038 e−/(NG atom),
respectively, which is only slightly different from the one obtained for the undoped systems.

3.2. ORR catalyst models

In the previous study [48], we have considered spectator effect on the ORR intermediates stability on unsupported
N-graphene. We have found that the presence of free nitrogen atoms (i.e. nitrogen, which neighboring carbon atoms
are not occupied by any adsorbate) significantly stabilizes the *O intermediate (* stands for the active site). On the
one hand the lack of free nitrogen results in artificially weak *O binding, but on the other hand too many free nitrogen
atoms in the cell result in so strong *O binding that its reduction becomes the potential limiting step for the ORR. As
a consequence, the reaction takes place in the presence of both *O and free nitrogen as spectators. In this study, we
find the same to be true for the Fe3C-supported N-graphene. In order to create such a reaction environment, we extend
the previously described Fe3C/NG unit cell in the surface plane to obtain a triple (

√
2 × √3) cell. The catalyst model

contains 3 nitrogen atoms in the unit cell, of which one is occupied by *O, another one is free, and the last one serves
as an active site for the ORR (Fig. 3b).

The catalytic properties of the Fe3C/G interface are modeled using a double (
√

2 × √2) cell (Fig. 3a). The single
cell resulted in artificially lowered stability of the water layer inserted on top of the heterostructure (solvation model
is described in details in section 3.3).

The presence of free nitrogen is found not to influence the *O stability on Fe/NG interface. The previously
described cell is thus also used as the catalyst model, both for N-doped and undoped systems.

For comparison, we use the same computational approach to model the oxygen reduction reaction on Pt(111)
surface. The model consists of 3× 3 surface cell and three atomic layers of platinum. The bottom two layers are fixed
in the bulk positions during the structure relaxation.

3.3. The water layer

Since the oxygen reduction reaction catalysts are intended to work in an aqueous environment, it is desirable to
include the water solvation effects in ORR modeling. Previously, we have shown that continuum solvation models
cannot correctly account for interactions between water and adsorbed oxygen, hence including explicit H2O molecules
seems to be essential for the correct description of the ORR intermediates stability (especially for *O) [48]. The
number of water molecules in each interface is enough to form at least a single water layer. This was found to
sufficiently reproduce the ORR intermediates solvation on N-doped graphene [48].

Global optimization of the water layer structure is performed using the minima hopping algorithm [38, 39]. Here,
the structure is determined for each ORR step in the appropriate environment (e.g. in the presence of spectators, when
relevant). The support has minimal effect on the optimal structure of water. For the time of minima hopping runs
the support is removed from the simulation cell and the (N-)graphene structure is fixed. All the water molecules and
adsorbate atoms, except for the one directly bound to the (N-)graphene sheet, are allowed to move during the global
optimization. The procedure is continued until at least 30 local minima are found for each system. Finally, we reinsert
the support to the lowest energy structure, as well as to the structures which energy is up to 0.1 eV higher than the
lowest energy one (usually 2 to 5 structures in total). The final geometry optimization is performed for these systems,
allowing all the atoms to relax, except for the previously specified bottom part of the support slab. The lowest energy
structure (Figs. S2 and S3, Supporting Information) is used to construct the free energy diagram of the corresponding
catalytic system.

Only in a few cases, the water layer forms a regular hexagonal structure, similar to the one experimentally found on
highly oriented pyrolytic graphite [52]. This is caused by difficulties in matching the support, graphene and hexagonal
ice lattices at the same time at computationally affordable sizes of the unit cells. However, water layer stabilities
relative to isolated H2O molecules were found to be similar for all the considered systems, i.e. 0.490± 0.010 eV/H2O
molecule. Note that the difference between the water interaction energy with graphene and N-graphene (no support)
was found to be only about 0.003 eV/H2O molecule [48].

Adsorption energies in the presence of water are calculated by replacing one H2O molecule from the water layer
with an adsorbate. The energy of that water molecule is assumed to be the average energy of H2O in the water layer
without adsorbates. Similar to unsupported N-graphene [48], water molecules do not chemisorb on the active sites of
Fe3C/(N)G or Fe/(N)G interfaces. The presence of the aqueous environment stabilizes all ORR intermediates, *OH
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and *OOH by 0.18-0.35 eV, and *O by 0.63-0.95 eV, relative to vacuum. This compares well with the solvation
energies on an unsupported N-graphene [48].

The water layer structure utilized to model solvation effects on the Pt(111) surface is similar to the one previously
described in the literature [53, 54], i.e. the half-dissociated water layer. The presence of *OH spectators in this model
results from the fact that *OH reduction is the potential determining step for the oxygen reduction reaction on Pt(111).
The structures of ORR intermediates embedded in the half-dissociated water layer on Pt(111) are shown in Fig. S4
(Supporting Information).

3.4. Free energy diagrams and the 2D volcano

Theoretical ORR free energy diagrams for the considered model catalysts at U = 0.8 VRHE are shown in Figs.
2–5, and the adsorption Gibbs free energies (at U = 0 VRHE) are collected in Tab. S1 (Supporting Information).

In the figures, it is clearly seen that the Fe3C support significantly stabilizes all the ORR intermediates, i.e. *OOH,
*O and *OH, both on graphene (1.09, 1.68 and 1.07 eV, respectively) and N-graphene (0.15, 1.05 and 0.22 eV,
respectively). The stabilizing effect is even stronger with the Fe support (1.47, 2.37 and 1.57 eV for graphene; 0.27,
1.71 and 0.42 eV for N-graphene, respectively). It is worth noting that the values for *O are much higher than those
for the other ORR intermediates. As noted above, electron density is transferred from the support to the (N-)graphene
sheet. We find a correlation between Bader charge on oxygen and *O binding energy (Fig. 6). The electron density
likely stabilizes the adsorbed oxygen by filling its empty sp states, as found in a previous study on N-doped graphene
[48]. Strong *O stabilization caused by support was observed earlier in Cu(111)/NG system [15].

Figure 6: Correlation between oxygen adsorption Gibbs free energy and a Bader charge on *O for undoped (triangles, dotted line) and nitrogen-
doped (circles, dashed line) systems.

Both Fe3C and Fe supports significantly activate graphene surface towards ORR. The calculated ORR overpo-
tential for Fe/G (Fig. 4a) and Fe3C/G (Fig. 3a) is 0.31 and 0.45 V higher than for the Pt(111) surface (Fig. 2a),
respectively. This agrees with the experimental results, that encapsulated iron-based catalyst prepared from nitrogen-
free precursors shows some but limited ORR activity [17, 22]. Interestingly, Fe/G heterostructure binds the *O
intermediate so strong that its reduction to *OH becomes the potential-determining step — a situation rarely observed
on transition metal surfaces [4]. The Fe/G, as well as the Fe3C/G heterostructures do not appear to follow the scaling
relation between *O and *OH adsorption energies determined for the transition metal (111) surfaces [4]:

∆adsG(O) = 2 ∆adsG(OH).

This is visualized on a 2D ORR activity volcano plot (Fig. 7).
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Figure 2: ORR free energy diagrams at U = 0.8 VRHE for: (a) Pt(111), (b) NG. The insets show simulation cells of the corresponding systems
with OH intermediate bound to the active site. Water layer is hidden for clarity. Crosses mark atoms which positions are fixed during structure
relaxation. Color code for atoms: H – white, C – gray, N – blue, O – red (spectator) or yellow (adsorbate at the active site), Pt – light gray.
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Figure 3: ORR free energy diagrams at U = 0.8 VRHE for: (a) Fe3C/G, (b) Fe3C/NG. The insets show simulation cells of the corresponding systems
with OH intermediate bound to the active site. Water layer is hidden for clarity. Crosses mark atoms which positions are fixed during structure
relaxation. Color code for atoms: H – white, C – gray, N – blue, O – red (spectator) or yellow (adsorbate at the active site), Fe – orange.
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Figure 4: ORR free energy diagrams at U = 0.8 VRHE for: (a) Fe/G, (b) Fe/NG. The insets show simulation cells of the corresponding systems
with OH intermediate bound to the active site. Water layer is hidden for clarity. Crosses mark atoms which positions are fixed during structure
relaxation. Color code for atoms is the same as in Fig. 3.
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Figure 5: ORR free energy diagrams at U = 0.8 VRHE for: (a) N-graphite with two NG layers (2×NG), (b) Fe3C/N-graphite with two NG layers
(Fe3C/2×NG). The insets show simulation cells of the corresponding systems with OH intermediate bound to the active site. Water layer is hidden
for clarity. Crosses mark atoms which positions are fixed during structure relaxation. Color code for atoms is the same as in Fig. 3.
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Figure 7: Theoretical ORR overpotential as a function of ∆adsG(OH) and ∆adsG(O). The scaling relation between *OH and *OOH adsorption
energies, ∆adsG(OOH) = ∆adsG(OH) + 3.4 eV, is determined from the data for the structures considered in this study (Tab. S1, Supporting
Information). The plot is divided into four areas (separated by black solid lines) based on the potential determining steps, which are shown in white
boxes. Blue dashed line denotes the scaling relation between *O and *OH adsorption energies observed on the transition metal (111) surfaces [4].

Unsupported N-doped graphene (Fig. 2b) belongs to the weak oxygen binding class of the ORR catalysts. Fe3C
support activates N-graphene towards ORR by making the bonds with ORR intermediates stronger, which decreases
the calculated overpotential by 0.16 V (Fig. 3b). The resulting ORR overpotential is only 0.13 eV higher than that
of the Pt(111) surface (Fig. 2a), lower than for any other heterostructure comprising undoped graphene investigated
here. This is in line with experimental evidence that nitrogen plays an important role in the activity of encapsulated
iron-based catalyst [22].

As mentioned in section 3.2, if the NG or Fe3C/NG structure contains sufficiently many unoccupied nitrogen
atoms per adsorbate, *O binding energy is so strong that *O reduction becomes the ORR potential determining step.
This already happens with 2 nitrogen atoms per adsorbate, i.e. with just one free nitrogen atom in the simulation cell
(structures denoted as “NG (2N/ads)” and “Fe3C/NG (2N/ads)” in Fig. 7; ORR free energy diagrams for these systems
can be found in Fig. S5, Supporting Information). Under operational conditions, these structures immediately start to
accumulate oxygen on the surface (via O2 reduction or H2O oxidation). This leads to destabilization of the next *O
adsorbates, and the *O accumulation process is suspended as soon as another ORR step (e.g. O2 reduction to *OOH)
starts to limit the ORR potential.

Fe/NG heterostructure (Fig. 4b) binds oxygen species, especially *O, even stronger than Fe3C/NG. In this case,
however, accumulation of *O on the surface does not destabilize next *O adsorbates, and the process can continue
until each nitrogen (or, more precisely, any carbon atom next to each nitrogen) in the NG sheet is occupied by
oxygen. The theoretical overpotential required to reduce *O is almost 0.6 V higher than for Pt(111), which means *O
effectively poisons the Fe/NG surface. This is again in agreement with experimental results, where the encapsulated
iron-based catalyst’s ORR activity was found to correlate with the Fe3C phase content, but not with the Fe phases
content [23]. Fe/NG shows poor ORR activity due to an unfavorable breaking of the scaling relation between *O and
*OH adsorption energy (Fig. 7).

Atomic oxygen adsorbed on top of a catalytic site being the 2nd row element (C, B) is particularly unstable due to
the presence of empty O(sp) states [48]. It gains stability in the presence of water overlayer, free nitrogen atoms in
N-doped graphene sheet [48], and, as shown in the present paper, an electron donating support. Excessive stabilization
of *O is, however, unfavorable for the ORR efficiency, as it increases the energy required to reduce *O to *OH. To
solve this problem, *O has to be selectively destabilized. Since the spontaneous *O accumulation on the catalyst
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surface destabilizes the next *O adsorbates, the activity of NG and Fe3C/NG systems increase. However, such an *O
destabilization does not occur in case of Fe/NG system. Therefore, it cannot be expected that this effect will have a
general application in establishing design rules for these systems.

Fe and Fe3C supports differ in the amount of charge transferred to the N-graphene sheet, and subsequently to the
*O adsorbate (Fig. 6). The Fe support donates enough charge to completely stabilize *O, even in the absence of free
nitrogen. This results in the surface being fully covered by *O (all nitrogen atoms occupied) at the ORR-relevant
potentials. Stronger electron donating supports than iron will most likely act similarly, causing the surface to be
poisoned by *O as well. As opposed to that, Fe3C support does not donate enough charge, and the presence of some
amount of free nitrogen atoms is necessary. This leaves catalytic sites on the surface, where the ORR can proceed.
Weaker electron donating supports than Fe3C are expected to bind all the ORR adsorbates weaker, causing the drop in
the ORR activity (moving it towards the pure NG activity). However, it can be expected that a support with electron
donating properties between Fe and Fe3C will bind the ORR adsorbates stronger, but not strong enough to let the
N-graphene sheet be completely covered by *O. This may lead to a catalyst with ORR activity superior to that of the
Fe3C/NG heterostructure, possibly reaching or exceeding the activity of the Pt(111) surface.

3.5. Multiple graphene layers
Preparing well defined (N-)graphene layers on the support is a difficult task. As seen from TEM images, Fe3C-

based catalyst is often coated by a few graphitic layers [17, 20, 23]. For this reason, we computationally assess how
adding more N-graphene layers change catalytic activity of the Fe3C/NG catalyst. N-graphite model consists of two
(2×NG) or three (3×NG) N-graphene sheets arranged in AA stacking, with nitrogen atoms located one above another
[48]. Catalytic environment is the same as for NG and Fe3C/NG systems, i.e. one *O and one free nitrogen act as
spectators.

For the unsupported NG system, addition of the second N-graphene layer stabilizes the *O intermediate by about
0.2 eV, but the *OOH and *OH binding energies remain almost unaffected. The catalytic activity towards ORR
does not change significantly, as O2 reduction to *OOH is the potential determining step (Fig. 5a). The third N-
graphene layer has a negligible effect on the ORR intermediates adsorption energies (Fig. S5c and Tab. S1, Supporting
Information).

In case of the Fe3C/NG system, the catalytic activity drops rapidly upon addition of the second N-graphene layer
(Fig. 5b). Both the calculated overpotential and the adsorption energies of the ORR intermediates become close to the
values obtained with the unsupported systems. With three N-graphene layers, any dissimilarities between supported
and unsupported systems vanish (Fig. S5c and d, and Tab. S1, Supporting Information).

Our study shows that in systems comprising multiple N-graphene layers, the support would not be expected to
enhance the ORR activity. However, a strong correlation between Fe3C content and the activity is found in the
experiments [23], and this correlation is fully consistent with the active sites existing on a single graphitic layer on
Fe3C.

4. Conclusions

ORR activity of four heterostructures, i.e. Fe3C(010)/graphene, Fe3C(010)/N-graphene, Fe(110)/graphene and
Fe(110)/N-graphene is evaluated by means of Density Functional Theory and compared with earlier experimental
studies. ORR intermediates solvation is taken into account by including an explicit water layer in each calculation.
Both supports stabilize all the ORR intermediates, however the effect of Fe is noticeably stronger. The *O intermediate
is stabilized particularly strongly, and its binding energy is found to correlate with charge on oxygen. Increasing O
binding (and increasing negative charge on O) is found in the series: unsupported system < Fe3C support < Fe support.

According to the calculations, the most active heterostructure is Fe3C/N-graphene. Like in case of unsupported N-
graphene system, Fe3C/NG accumulates *O on the surface and the ORR takes place at the oxygen coverage between
0.5 < θO < 1.0. As opposed to that, Fe/NG system stabilizes *O intermediates so strong that its surface effectively
becomes blocked by *O at ORR-relevant electrode potentials. The calculations are consistent with experimental
evidence that: (i) Fe3C support promotes ORR activity more than Fe support, (ii) N-doping is important for achieving
high ORR activity.

The Fe3C-supported system activity quickly converges to that of the unsupported one with increasing number of
graphitic layers. Even two N-graphene layers effectively isolate adsorbates from influence of the support. Therefore,
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the experimental activity of the iron carbide encased in graphitic layers likely comes from Fe3C-supported single
N-doped graphene layers. However, other effects like graphene defect promotion during synthesis caused by the
presence of Fe3C cannot be ruled out.

Finally, it was shown that electron donating support can increase the ORR activity of N-doped graphene (as in
case of Fe3C), but too strong electron donation properties of the support suppress the activity (as in case of Fe). It is
therefore suggested that a heterostructure consisting of NG layer supported on a stronger electron donating material
than Fe3C (but weaker than Fe) is likely to have similar or better ORR activity than Pt(111) surface.
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1. Supporting figures 

 
Figure S1. OH adsorption energy on graphene (Eq. 7) as a function of (a) uniaxial, (b) biaxial and (c) 
shear strain. The images show the unit cells, orientations of *OH and the varied lattice parameters. 
Color code for atoms: H – white, C – gray, O – red.  



 

Figure S2. Water layer structures for the Fe3C/NG system. Same structures are used for NG and all 
(supported and unsupported) N-graphite systems. Water layer in (a) is shown in the absence of any 
adsorbate. The system in (b) consists of an empty active site *, one oxygen spectator and one free 
nitrogen spectator. Systems with the same spectators, additionally comprising ORR intermediates at the 
active site are: (c) *O, (d) *OH, (e) *OOH. Crosses mark atoms which positions are fixed during 
structure relaxation. Color code for atoms: H – white, C – gray, N – blue, O – red, Fe – orange. Oxygen 
atoms belonging to the adsorbates at the active site are highlighted in yellow. 
 

  



 

Figure S3. Water layer structures for Fe3C/G: (a)-(d), and Fe/G: (e)-(h). The first four structures are 
also used for NG (2N/ads) and Fe3C/NG (2N/ads) systems. The last four structures are also used for 
Fe/NG system. Water layers in (a) and (e) are shown in the absence of any adsorbate. Systems with 
ORR intermediates at the active site: (b) and (f): *O; (c) and (g): *OH; (d) and (h): *OOH. Color code 
for atoms is the same as in Fig. S2. 
  



 
Figure S4. Structures of a single water layer (a) and ORR intermediates embedded in the half-
dissociated water layer on Pt(111): (b) *O2, (c) *OOH, (d) *O, (e) *OH – the half-dissociated water 
layer, (f) H2O2*. Color code for atoms: H – white, O – red, Pt – gray. Oxygen atoms belonging to the 
adsorbates at the active site are highlighted in yellow. 

 

  



 

Figure S5. ORR free energy diagrams at U = 0.8 VRHE for: (a) N-graphene with two N atoms per 
adsorbate [NG (2N/ads)], (b) Fe3C/N-graphene with two N atoms per adsorbate [Fe3C/NG (2N/ads)], 
(c) N-graphite with three N-graphene layers (3×NG), (d) Fe3C/N-graphite with three N-graphene layers 
(Fe3C/3×NG). The insets show simulation cells of the corresponding systems with OH intermediate 
bound to the active site. Water layer is hidden for clarity. Color code for atoms is the same as in Fig. 
S2. 

 
  



2. Supporting tables 

Table S1. ORR intermediates adsorption Gibbs free energies at � = 0 V��� [∆
��, Eq. (6)-(9)] and 
the calculated ORR overpotential (����) on the considered surfaces in the presence of water, after 
applying the Christensen’s correction (as described in the main manuscript). 

System Cell 

∆
�� / eV 

���� / V��� *OOH *O *OH 

Pt(111) 3 × 3 3.98 1.37 0.58 0.65 

G √2 × √2  5.98a 3.65 2.58 2.19 

Fe3C/G √2 × √2 4.79 1.96 1.51 1.10 

Fe/G 1 × 1 4.41 1.28 1.01 0.96 

NG √2 × √3 4.63 2.50 1.20 0.94 

Fe3C/NG √2 × √3 4.47 1.45 0.98 0.78 

Fe/NG 1 × 1 4.36 0.78 0.78 1.23 

NG (2N/ads) √2 × √2 4.51 1.18 1.10 1.14 

Fe3C/NG (2N/ads) √2 × √2 4.51 1.10 1.06 1.20 

2×NG √2 × √3 4.61 2.26 1.18 0.92 

3×NG √2 × √3 4.62 2.28 1.19 0.93 

Fe3C/2×NG √2 × √3 4.66 2.31 1.21 0.97 

Fe3C/3×NG √2 × √3 4.62 2.28 1.19 0.93 
a not bound; ∆
�� estimated from ∆
���OOH� = ∆
���OH� + 3.4 eV. 

 

 

 

 

 


