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Abstract

Metal-free carbon-based catalysts have gained ratiehtion during last years because
of their interesting properties towards oxygen atiun reaction. Intrinsic parameters of
carbon materials such as porosity, structural om@rductivity and defects have proved
to have a strong influence in the catalytic acyivof these materials. However, the
highest differences in catalytic activity are oh& via doping with heteroatoms, being
nitrogen the most remarkable in terms of activihd aselectivity. One of the most
challenging goals of the scientific community isuoravel the role of the functional
groups in order to design an optimized materialweler, the complexity of isolating
one specific functionality, the difficult unambigus characterization of the species and
the influence of the intrinsic properties of thebma materials, make the identification
of the active sites a complex and controversialassThis review presents a critical
assessment about the role of heteroatoms on ORRthe analysis of the literature that

combine both experimental work and computationati@tiong.
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1 Introduction

Combustion of fossil fuels satisfies most of gloleslergy demand, it is the main
responsible for the global warming and, most likédy the climate change that we are
already experiencing [1-4]. To try to solve thioolgem and maintain the global
temperature change below 1.5°C [1,5], a fast deereafossil fuels utilization and the
massive implementation of renewable energies isdatany. One option to achieve this
objective is the “power to gas” technology in whitle exceeding renewable energy is
converted into a fuel gas that can be used uporadérar employed in vehicles [6,7].
One of the most promising alternatives is the sgsithof H from water electrolysis
that could be used in transportation or the eledrid, being an example of hydrogen
economy. H would be used as fuel in fuel cells due to théghhefficiency towards

energy generation and low pollutant production][8,9

Among fuel cells, polymer electrolyte membrane faells (PEMFC) are one of the
most auspicious alternatives towards the replacenm@n the current combustion
engines in transportation applications due to theghly efficient energy production
from green fuels (b, the non-pollutant products generation and bexdlsy do not

need recharging of both oxidant and fuel [10-13].
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Figure 1: Schematic illustration of Polymer Electrolyte Mierane Fuel Cells (PEMFC) working in acid
conditions.

Figure 1 includes a scheme for a PEMFC, showingdgeh oxidation in the anode and
oxygen reduction in the cathode. Both anode anldodat electrodes require a catalyst
for hydrogen oxidation reaction (HOR) and oxygerducion reaction (ORR),
respectively. Of particular interest in the sciBotcommunity is the ORR since it
exhibits large limitations in terms of high overpotial, low limiting current and the

high cost of the electrodes.

ORR is not only an important reaction for FCs, ibus$ also relevant for other devices
or applications, such as metal-air batteries, hyeinoperoxide production, etc. On the
one hand, metal-air batteries are electrochemiealicds that generate electricity
through redox reactions between metal and oxygehlfl. In contrast to other
batteries, metal-air family has higher energy dgnsecause the oxygen is not stored
[14,15]. Even though the use of oxygen is consuier® the main advantage of these
devices, the oxygen electrode is also the most toated and, sometimes, expensive
component of metal-air batteries [14,15]. On ttieeohand, hydrogen peroxideb})
production is a very attractive topic for differeagplications[16,17]. bD- is a versatile

and multifunctional chemical whose interesting @mies are due to its oxidizing



power. The production of this chemical exceeds #ianitonnes per year and the
industry around this compound generates almostlidrbidollars [16]. The industrial
synthesis of hydrogen peroxide is based on therauiinone process, a multistep and
very energetic process. In this context, one ofntlost challenging targets on this topic
focuses on the synthesis of hydrogen peroxide tirae electrochemical reduction of
oxygen molecules, which is a process safer, gremmeworks under ambient pressure

and temperature.

It is widely known that the ORR mechanism dependsttee electrolyte (acidic or
alkaline) and the selectivity of the catalyst. OB& occur through (i) a four electrons
pathway, what is the most desired reaction singevitlves higher energy production,
and (ii) via two electrons pathway, which leadsHi®, or HO,” production (acidic or
alkaline electrolyte, respectively). Nevertheled®e HO, and HQ species can be
further reduced to ¥D and OH species, thus giving rise to the so-called 2+2tedas

mechanism.

Acid medium Alkaline medium
0, + 4H* + 4e~ — 2H,0 0, + 2H,0 + 4e~ = 40H™
0, + 2H* 4 22~ = H,0, 0, + H,0+2e~ = HO; + OH™
H,0, + 2H* + 2e~ — 2H,0 HOT + H,0 + 2e~ — 30H™

Unfortunately, the most active and selective catatp water formation is based on
platinum nanoparticles supported on carbon magefis8,19]. Apart from its high cost
and low terrestrial abundance, commercial catalgds® exhibit low durability, Pt
dissolution and CO deactivation which make impdssibthe large-scale

commercialization [18,19]. Pt-loading on the anetttrode is close to 0.05 mg-ém



whereas the Pt amount on the cathode electrodensstiten times higher due to the
lower oxygen reduction reaction rate [20]. This nethat almost 90% of the platinum
in the fuel cells is located in the cathode elat#roConsequently, the search for new
cathode catalysts becomes into a scientific ankntdogic hot-topic as deduced from
the strong increase in research publications stheelast 15 years [21]. The studies
found in the literature can be classified into tgroups: (i) the development of non-

precious metal-based catalysts and (ii) metalifieessed catalysts.

Regarding the first group, even though the amotinbble metal, such as platinum, has
been reduced because of the use of non-precious patlysts, metals can lixiviate
and agglomerate, producing the loss of efficienayird) time [22]. Nevertheless, the
research on this kind of materials has reachedf&ignt progress in the development of
new highly efficient devices and interesting revsesan be found about this topic [22—

29].

The second and probably more innovative alternatovgsists on the use of metal-free
catalysts based on heteroatom-doped carbon matesikich is a specific section of the
wide field of defects in carbon materials. Duehe tack of metals, the development of
these catalysts could significantly decrease tls abthe cathode. The strong research
activity on carbon materials as electrocatalystsG&®R started around 12 years ago
being the paper published by Dai et al. in 2009,[86 one that reported, for nitrogen-
doped carbon nanotubes, catalytic activities ckos@latinum-based catalysts. Since
then, huge efforts are in progress with the airmmgiroving the performance of carbon-
based catalysts. However, a large number of wornksthis topic sometimes are
contradictory and have provoked a huge controveb®ut the nature of the active sites
and the reaction mechanism. This is due to the t®itp of carbon materials in which

surface chemistry, porosity and structure are thmgaortant factors that, in general,



determine their performance. Many times, intergir@baof results focuses only on one
of these factors and omit others that can havergoitant contribution. Furthermore,
metal impurities can also be responsible for calttary results since low amounts of
metal impurities can significantly improve the dgtia activity of the carbon materials
[31]. Thus, high purity carbon materials are neagsso get specific information of

metal-free carbon based catalysts.

In this sense, this review provides a comprehensivamary of the most relevant
studies in ORR catalysis by non-doped and hetemoakmped carbon materials. We
essentially focus on heteroatom-doped carbon naégewhich is a small part of the
wide and complex field of defects in carbon matsri#/e have to note that in the last
few years a significant number of interesting resgdhave been published that focus on
carbon-based metal-free catalysts that present riango information from both
experimental and theoretical points of view [32—-3W] this review we have tried to
deepen into the origin of the active sites as aglthe contribution of each heteroatom
functionality considering the fundamentals of Carlfecience. Therefore, we try to
provide information about the relevance of surfaemistry but without omitting the
role of porosity and structure of carbon matenalthe ORR catalytic activity, pointing
out and analysing the contribution that each fumgtiity plays in the catalysis of ORR
in carbon-based metal-free catalysts. This arpetevides a discussion over ORR from

experimental and computational chemistry literature

At this moment, to our opinion, it is importantdtarify that when we refer to structure
and surface chemistry, we include defects sincg déine the responsible for many of the
properties of the carbon materials. The relevarfcdefects is well-known and is a
subject of deep analysis in solid state physicsdranistry disciplines. Thus, we have

to consider that heteroatom doping, vacancies satunated carbon atoms (different



kind of point defects), and other structural defeite, topological defects such as
Stone-Wales defect, pentagons, heptagons, etc),vemg often found in carbon
materials. A control over the nature and amounthaf defects will determine the
properties of the carbon material including catalgind electrocatalytic activities. This
makes defects engineering a fascinating area eérels that will be an essential area of
research in the future. Some interesting exampteshs issue can be found in the

following references [38—43].

2 General view of oxygen reduction reaction mecharosm
carbon-based catalysts

The mechanism through which ORR proceeds is muche momplicated than the
simplistic view of a 2 or 4 electron routes. ORRdlves multiple elementary steps,
such as @ adsorption, electron and proton transfer and prtsddesorption. Figure 2
summarizes the possibfeRR mechanisms catalysed by non-doped and heteroato
doped carbon materials that the authors deduce trmmanalysis of the different
publications presented in this review. In additidrgble 1 classifies the proposed
mechanisms according to the dioxygen binding maut the number of transferred

electrons.
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Figure 2: Summary of the most proposed mechanisms for #talysis of ORR by carbon-based
catalysts.

The first stage of the oxygen reduction reactiomsgsis on the adsorption of the
dioxygen molecule on the surface of the catalys$iis Tnight occur via terminal or
bridging binding modes, which means that the oxygeecule would be adsorbed
through one or two carbon atoms, respectively. diesociative mechanism involves a
rupture of the oxygen-oxygen bond, whereas thecestsee mechanism keeps the

oxygen-oxygen bond.

Table 1: Representation of the adsorption mode, electathvpay and mechanisms of the different
proposed ORR path in Figure 2.

Route Adsorption mode Electrons pathway Mechanism
A Terminal 2 Associative

B Terminal 4 Dissociative

C Bridging 2 Associative

D Bridging 4 Associative

E Bridging 4 Dissociative

F Bridging 4 Dissociative




If the oxygen is adsorbed through one active sitetdrminal binding mode), the first
electron-proton pair supply involves the formatioha C-O-O-H type intermediate.
Then, the next electron-proton supply may invohle tupture of the C-O bond, leading
to H,O, generation (routa) or the rupture between both oxygen atoms (rbytevhich
results in the formation of one water molecule am& oxygen atom bonded to the
carbon surface. Routeis followed by subsequent reduction stages upéagyeneration

of the second water molecule.

On the other hand, if the chemisorption happenstw@a active sites (or bridging
binding mode), four different ORR mechanisms hagerbproposed. First, the rupture
of one C-O bond along with the first electron-profoair supply would lead to the
formation of a C-O-O-H type intermediate. From tpwmint, the possibilities are the
same as in routa andb, being the difference just the initial chemisasptimode. The
second possibility involves the rupture of the (b@nhd (routes andf), where both

configurations lead to 4 electrons processes andéheration of water molecules.

3 Metal-free Carbon-based catalysts

Properties and applications of carbon materialsrarstly determined by their structure,
porosity and surface chemistry. These three factanshave a wide range of variation
making Carbon Science a very complex and rich stibje the specific case of ORR,
the main factor that causes the highest differenceatalytic activity is the doping with
heteroatoms different to oxygen, being the mostargable the effect of N functional
groups. However, the effect of porosity and strretshould not be omitted since they

have a very important contribution to the overaéirfprmance of the material:
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microporosity can act as nanoreactors and, sinsaglan electron transfer process, the
electrical conductivity of the carbon material @atined by the structure) is essential
for the reaction to take place. Other type of disfetich as unsaturated carbon atoms,

vacancies or additional structural defects plag alselevant role.

According to the above considerations, the review lbeen structured by explaining in
a first section the “non-doped carbon materialsivimich we will take into account the
effect of porosity and structure and will make sdmief comments about the effect of
the oxygen groups (which are naturally found in ttebon materials). The next
sections will collect the most important resultsoab heteroatom-doped carbon
materials, specifically N, P, B and S. Since thesmgtudied and the most remarkable
results are found for N-doped carbon materials,trobshe review is focused on this

heteroatom.

3.1 Non-doped Carbon Materials

The effect of porosity has often been obviatecha discussion of the catalytic activity
of carbon-based catalysts; however, some studies demonstrated the important role
that porosity plays in the ORR catalysis. This aspeas highlighted by Appleby et al.
when they reported ORR kinetic studies on a sasfesarbon materials in alkaline
electrolyte [44], by demonstrating that the cafalyctivity towards ORR increases
linearly with BET surface area for carbon blackg][4However, this trend was not
observed in activated carbons whose porosity ishmmore complex than for carbon
blacks [44]. In this sense, Gabe et al. [45] regmhrivia mathematical modelling and
experimental results, the influence of microponrosit the oxygen reduction reaction
catalysis. The authors found that microporositgagainly correlated to a high activity

in the ORR and the shape of the ORR curves dependshe micropore size
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distribution, being the §D, reduction favoured in the narrow micropores (SizéioWw
0.7 nm) [45]. Liu et al. [46] studied the effedtraicro and mesoporosity on carbon-
based catalysts. They concluded that the microfggras the responsible for the
catalytic activity, but mesopores are also necgstarfacilitate the accessibility to
active sites within the microporosity [46]. The cial role that mesopores play for
achieving an adequate oxygen mass transfer to tbeopores was supported and
pointed out by Bandosz et al. [47]. In additiore #uthors also concluded that strong
adsorption of dioxygen molecule takes place in bgtobic ultramicropores (pores of
size below 0.7 nm) [47] and have recently propdbketlthe ultramicropores can be the

active sites for this reaction [48].

The structure of the carbon materials also hasnapoitant effect on the oxygen
reduction reaction catalysis, since carbon nanstul@NTs) exhibit higher catalytic
activity than graphite/graphene-based electrode@$0}. The small number of graphene
layers and the curvature of CNTSs, especially fosethCNTs of smaller diameter, can be
the responsible for such an increase in ORR agtiMoreover, the selectivity of the
ORR also differs in CNT, promoting a 4e- reacti@ahp[50]. The origin of the effect of
curvature mainly comes from the change of the laybation of the carbon atoms that
affects the electronic structure [51]. The welljmated structure of a graphene layer
impedes the change from?dp sp and, consequently the oxygen chemisorption, which
should be mainly restricted to the edge of therayldowever, the use of CNTs makes
possible the control over the degree of thé Bpbridization [51]. An interesting
example can be found in the computational studyedeith silicon-doped graphene and
silicon-doped CNT; the oxygen adsorption energy #mal free energy of the rate-
determining step in ORR is lower when the oxygesnaisorption takes place inside the

CNT (negative curvature) [52]. Furthermore, dendiinctional theory simulations

12



reveal the importance of the length of the nandubethe oxygen adsorption energy;
the higher the length of the CNTs, the lower thensisorption energy of oxygen

molecules in the basal plane of the carbon nanet[88].

According to the literature, edge chemistry aldtuances the catalytic activity towards
ORR. Deng et al. [54] investigated the electrogétal activity towards ORR of
graphene layers obtained with different size, tgkitio account that the smaller the size
of the graphene layer, the higher the amount oedygge carbon atoms. Interestingly,
the smallest the graphene size reported, the hidjeecatalytic activity towards ORR,
which points out the crucial role that edge chemigiays in electrocatalysts [54].
Theoretical calculations indicate that catalytit\aty in those materials is due to zigzag
edge sites [54]. Chen et al. [55] reported theimppmf sulphur and reduction of
graphene oxides by hydrothermal method. The S-dopmauce the formation of
abundant edge sites and defects in the grapheee-basterials leading to higher
catalytic activity towards ORR. The authors progbtfee asymmetric spin densities and
the higher edge plane defects as responsible #ohiph oxygen reduction catalysis
[55]. In fact, it has been proposed that the reagtiowards electron transfer of the
edges is at least two times higher than that ferbsal plane of a graphene layer [56].
This higher reactivity is not only observed in ttetalytic activity towards ORR but
also in other reactions like electro-oxidation ofcarbic acid (AA) and beta-

nicotinamide adenine dinucleotide (NADH), amongenth[57].

Structural defects engineering is recently gaimmgye attention. In most carbon-based
catalysts, structural defects (such as pentagoheptagon carbon rings, vacancies,
defects at edges and 1D defects) are intrinsigagsent. Jia et al.[58] reported a
synthetic strategy for specific carbon defectsstpre HOPG was etched by argon

plasma to form uniform grooves. The obtained sam@eHOPG) was washed,
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followed by annealing at 700 °C in an ammonia fldke resultant N-doped highly
oriented pyrolytic graphitic (N-HOPG) was annealatl 1150°C under nitrogen
atmosphere to obtain HOPG with a high number otmaies and topological defects
(D-HOPG). X-ray photoelectron spectroscopy (XP) Raman spectroscopy indicated
the complete removal of nitrogen in D-HOPG andramaase in defects during the heat
treatment. From X-ray absorption near-edge stracgoositron annihilation, high-angle
annular dark-field scanning transmission electranrescopy and density functional
theory (DFT) calculations, the authors confirm tlla¢ increase in the number of
structural defects occurs because of the recorgtnuof the edge carbon lattice from
N-HOPG, specifically, through the conversion of igyric nitrogen species into
pentagons [58]. Interestingly, D-HOPG shows thehégy catalytic activity towards
ORR, with an onset potential of 0.81 V vs RHE irdacelectrolyte, whereas N-HOPG
shows an onset potential of 0.76 V vs RHE. Workcfiom measurements suggest that
pentagons have the highest electron-donating clitgadnd hence the highest ability for
charge transfer with oxygen. This was confirmedHh®y higher catalytic activity of the
defect-containing carbon materials compared to dpyid-containing ones. Recent
works also corroborate the highly efficient catedysf pentagon containing defects

through experimental and computational approache$9,60].

In addition to pentagons or heptagons formatiorherae-like zigzag sites and carbyne-
like armchair sites formation at graphene edgepassible mechanisms for nascent site
deactivation [61]. Radovic et al. proposed thatjerrair atmosphere, part of zigzag and
armchair edges must be carbenes, carbynes or Eiatgfiree radicals [62], and those
should not be dismissed as possible active cetdmeards oxygen reduction reaction.
The main consequence of the presence of thesetsiedeihe observed ferromagnetism

of carbon materials, which can be interpreted cmgig the presence of carbene
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structures at the zigzag edge [62]. Furthermore, ghesence of carbene leads to
different oxygen chemisorption structures. Thus, dltygen molecule can be adsorbed
through a double C-O bond in one single carbon aadhin a C-O-O configuration,
being the first more favourable than the secondufé 3A) [63,64]. It does not only
reveal a new chemisorption configuration for oxygesiecules but can also explain the
oxygen reduction reaction [64], the oxidation oé ttarbon materials through carbon
dioxide formation [63] and the creation of oxygemdtional groups in the basal plane
of carbon-based catalysts [65]. This approach egmeement with experimental studies
in which it was demonstrated a correlation betw@&R catalytic activity of non-doped

carbon materials and the @arbon gasification reactivity [50]

Therefore, the presence of structural defectshi@ir imultiple possibilities) is necessary
to explain the catalytic activity of non-doped aamkbased catalysts for oxygen
reduction reaction. Nevertheless, defects coniobhutan only be positive if the
conductivity of the catalysts is high enough tovile electrons to the active sites [66].
Once the introduction of defects leads to a cordtytlower than 70 S-fh, the
positive effect of such defects is overshadowedhieylow resistance towards electron

transfer [66].

Oxygen functional groups are naturally found inboer materials and can be created on
the carbon surface through different well-known moeiblogies being even possible to
tailor the nature of the functional groups. Thisame that pure carbon materials cannot
be prepared. However, their influence towards QIRBs not seem to be important or,
at least, they are not the main factor responditrlethe activity found for the best

reported metal-free carbon-based catalysts. I189s, several studies focused on the
effect of oxygen functional groups in glassy carbbime oxidation of carbon electrodes

like glassy carbon led to a slight improvement bé tcatalytic activity [67—69];
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however, such activity was very different from thaft the platinum commercial
catalysts. The authors attributed this behavidhépresence of aryloxy radicals on the
carbon surface. Such aryloxy radicals would be aesiple for the increased
paramagnetism, which accompanies chemical andretdéemical oxidation of carbon
materials [67—69]. These paramagnetic centers edyce HQ@ into OH resulting in a
higher number of transferred electrons during gdiction of dioxygen molecules [67—
69]. However, this enhancement was also attribtdetie influence of the surface area
in ORR catalysis, which also changes with the pegtnent [69] and could also explain
the higher number of transferred electrons durif@RONevertheless, a more recent
work points out the beneficial role that epoxy atler-groups play in the selectivity
towards hydrogen peroxide formation [70]. Other kvtias proven that the oxygen
functional groups do not produce an important enbarent of the ORR catalytic
activity [71] and that it is significantly increasé& another heteroatom like nitrogen is
added to the carbon material [71]. Despite the btivity that oxygen functional
groups show by themselves, they can generate dicign synergistic effect with other

functional groups, as we will discuss in the nedt®n.

3.2 Heteroatom-doped carbon materials

By doping carbon with more electronegative atonhsas nitrogen, a positive charge
density is created on adjacent carbon atoms, wiaiclitates oxygen adsorption and
charge transfer, resulting in enhanced ORR act[@i®y. The opposite strategy has also
been studied, and it has been reported that theglepth a less electronegative atom,
such as boron or phosphorus, can also facilitateottygen molecule adsorption and

reduction [72].
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In this section, we will discuss about heteroatampeti carbon materials paying
attention to the proposed nature of the actives sited the reaction mechanisms through
which oxygen reduction reaction occurs. Since gegriece of work deals about N-
doped carbon materials due to their remarkableopmdnce, we will dedicate more

space to this heteroatom.
3.2.1 Nitrogen-doped carbon materials

The introduction of nitrogen atoms into the carlmatrix is the most studied doping
method for ORR. Nevertheless, despite the promipwgsibilities of N-doped carbon
materials, there are only few studies that repigiliz efficient electrocatalysts towards
ORR and most of them in alkaline electrolyte. Instnaf the cases, the catalytic activity
of the reported N-doped carbon materials is famfdatinum-based catalysts, although
the characterization of the materials very oftescdbes similar N functionalities as for
the best N-containing carbon electrocatalyst. Thessults have led to a huge
controversy about the nature of the active siteegged by the nitrogen heteroatoms in
the carbon framework. The huge controversy andtdediaout the nature of the active
sites lie in the difficulty to isolate one specifitrogen species in a carbon material. The
isolation of one nitrogen species incorporatedh@ tarbon material structure is not
straightforward. Even though it was possible, theklof control over other important
properties (such as structural order, morphologfeats and porosity, among others),
that may have a strong influence in the performaotemetal-free carbon-based

catalysts (see Section 3.1), makes difficult top@eeinto the knowledge of this topic.

In 2009, Dai et al. [30] showed the high activiopwrds ORR in alkaline medium of
vertically aligned N-doped carbon nanotubes (VA-NQNreaching a platinum-like

performance (Figure 3B). The reaction pathway weisrthined to be 2 + 2, where
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first reduced to H® and, then, converted to QHn addition to carbon nanotubes,
graphene and graphene-based electrodes have eemogt studied carbon materials
for nitrogen doping since their well-defined stuwret provides an excellent model to
understand the effect of different nitrogen funcélities on ORR catalysis. Qu et al.
[73] demonstrated the remarkable catalytic actietyN-doped graphene obtained via
chemical vapor deposition (CVD) (Figure 3C). Altigbuthe onset potential is still

lower than the commercial platinum-based catalytbis,current density is three times
higher. Moreover, the differences in both onseeptal and current density compared
with the pristine graphene reveals the role ofogién functionalities. Sheng et al. [74]
reported a route of synthesis of N-doped graphéneugjh the thermal annealing at
different temperatures (700-1000 °C) of graphitedexusing melamine as nitrogen
source. By controlling the temperature of the tresit, the nitrogen atomic percentage
was 10.1 % at 700 °C. Higher temperatures lead decaease in both nitrogen and
oxygen contents. The improved catalytic activitysvedtributed to the incorporation of

the nitrogen atoms into the graphene layers thatifmehe electronic structure of the

adjacent carbon atoms [74]. In addition to the CkiBthodology [73,75-77], other

studies have reported improved catalytic activify gpaphene-based materials via
nitrogen doping through arc-discharge [78], theraralealing of graphitic carbon with

NH3[79] and urea [80], among others.
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Figure 3: (A) Selected thermodynamically stable graphensters (C19H10) that illustrate a likely path
for the formation of an epoxide-type functionalion the graphene basal plane subsequent o O
chemisorption on a carbene-type edge site (Replrini¢h permission from Ref. 63, Copyright 2009,
American Chemical Society). (B) RRDE voltammografois oxygen reduction in air-saturated 0.1 M
KOH at the Pt-C (curve 1), VA-CCNT (curve 2), andAWCNT (curve 3) electrodes (From Ref.
30.Reprinted with permission from AAAS). (C) RRDElItammograms for the ORR in air-saturated 0.1
M KOH at the graphene electrode (red line), Pt/€&€g line) and N-graphene electrode (blue line).
Electrode rotating rate: 1000 rpm. Scan rate: O@4 (Reprinted with permission from Ref. 73,
Copyright 2010, American Chemical Society). (D) ctddted charge density distribution for the NCNTs
of Figure 3B (From Ref. 30. Reprinted with permissfrom AAAS).

Although N-doped carbon nanotubes and graphenedbasectrocatalysts are the

simplest demonstration of the positive effect dfagen atoms in the enhancement of
ORR catalytic activity of carbon materials, the mestended routes of synthesis of N-
doped carbon materials are the carbonization aobgeh-based precursors, such as
polymers or ionic liquids and the direct reactiatviieen carbon materials and nitrogen

precursors [81-85]. These methods of synthesis atoparmit a precise control of
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properties such as morphology, structural orderpgity, electrical conductivity, etc.,
what makes difficult to unravel the role of the pesies on ORR catalytic activity. For
this reason, several studies have tried to overctirase limitations using templates
such as Sig)83,86—89] or TiQ[90,91]. The nitrogen-containing carbon precursor i
deposited within the porous structure of the temeplaa chemical or electrochemical
synthesis. Once the precursor is deposited into pbesity, a heat treatment is

performed to generate the ordered porous N-dopdxbicanaterials.

In any case, N-doped carbon materials with excelfggrformance, and prepared
through conventional synthesis methods without tise of templates, have been
published. For example, in 2011, Yang et al. [9Z]jtBesised highly efficient catalysts
through the heat treatment of the most familiaenizases (adenine, guanine, cytosine,
thymine and uracil) mixed with 1-ethyl-3-methylinazblium dicyanamide at 1000°C.
The obtained samples show almost platinum-likegearance with high onset potential.
Men et al. [93] synthesised hierarchical N-dopedops graphene/carbon composites
(NPGC) from glucose after pyrolysis at 950 °C. NP&@ibits a high onset potential
(0.91 V vs RHE) with a number of electrons closéotar, which means a direct oxygen

reduction towards water production.

In spite of the fact that most of the researchhas topic focuses on the synthesis of the
most active N-doped carbon material through veffedint strategies that seem to
follow a trial and error methodology, we can findidies, with increasing number in
recent years, that try to deepen into the naturthefactive sites in N-doped carbon
materials and the reasons why N atoms provoke suphovement. Obviously, this
knowledge is essential to define the guiding pples for the design and nanoscale

engineering of advanced metal-free carbon-basedlystd for ORR.
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Undoubtedly, not only experimental results but @lsmputational studies are necessary
to get the most accurate view on this complex tdpar example, Gong et al. reported
that the high electron affinity of the nitrogenmtcan produce a positive charge density
into the adjacent carbon atom, which would provate easier oxygen adsorption
(Figure 3D) [30]. The high activity of N-doped carbnanotubes was supported by Hu
et al. [94]. They proposed that N-doping can rediheebandgap between the HOMO
and the LUMO through the increase of the energglletthe HOMO, which facilitates
the electron transfer to the adsorbed oxygen. Maeoit has been demonstrated
through DFT calculations that the positive chargasity of the adjacent carbon atoms
to the nitrogen heteroatom facilitates the oxygbeenasorption and, then, reduction
[30,94,95]. All these works permit to conclude thia¢ catalytic active sites are not
nitrogen atoms themselves but the neighbour caaboms where oxygen molecule is

attracted, chemisorbed and then reduced.

Nevertheless, the identification of the nitrogeredpes that create the most active
catalytic sites is still under debate. In fact, @dtnall nitrogen functionalities have been
proposed as responsible for the excellent cataqgtiivity of N-doped carbon materials.
Some authors directly attribute the high catalgintivity of N-doped carbon materials
to the nitrogen content, which is considered ask#ein understanding the catalysis of
ORR [96-98]. However, more recent studies are sagleement with that conclusion
[99-101] since specific functionalities seem to the responsible for the highest
activities. Thus, an extended analysis and disonssbout the nature of the active sites
is necessary to get a better understanding of Mdoparbon materials as
electrocatalysts towards ORR. In the next sectioms, discuss about the role of
different N functionalities in the catalytic actiyias deduced from the abundant

available literature.
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3.2.1.1 Pyridinic Nitrogen species

Among all nitrogen species, pyridinic nitrogen e tmost reported as responsible for
the high activity of N-doped carbon materials. Esample, Rao et al. [102] prepared
vertically aligned N-doped carbon nanotubes witlaaety of polymer precursors. The
enhancement in the catalytic activity of the maisriwas attributed to the increase in
the atomic percentage of pyridinic nitrogen spesiase the higher the pyridinic atomic

percentage, the higher the catalytic activity talgaDRR.

Similarly, Miao et al. [103] prepared nitrogen-ddpeduced graphene oxide materials
by hydrothermal method, followed by an annealireptment. The different treatment
temperatures enable to tailor the content of ttr@gen species. The pyridinic nitrogen
content increased with the annealing temperatumn(f600 to 800°C) as well as the
catalytic performance, which suggested that pyridimtrogen species are the active
centres in these N-doped carbon materials. Endaél.e[104] reported the higher
catalytic activity of pyridine functionalized receat graphene oxide (Py-EGO), obtained
by a filtration method, compared with nitrogen-dopeduced graphene oxide (NrGO)
samples prepared by hydrothermal method in preseinasmonia. Py-EGO exhibited
higher content in pyridine functional groups andhar catalytic activity than NrGO
sample. Chang et al. [105] supported the key rbl@yadinic nitrogen species towards
ORR catalysis through the catalytic test of pyicinN-rich doped graphene
nanoplatelets and its counterpart without pyridima@eties. The N-rich samples showed
superior activity towards ORR than without the giyic moieties, which highlighted
the crucial role of the pyridinic functional grougaurthermore, Lv et al.[106] reported
the selective formation of pyridinic nitrogen-dophgldrogen-substituted graphidyne

(HsGDY) and that these species resulted in higbiliva catalysts towards ORR.
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Figure 4: N1s spectra and ORR results of clean-HOPG, edgB®l grap-HOPG and pyri-HOPG (From
Ref. 107. Reprinted with permission from AAAS).

An interesting approach is the study by Guo efldl7]. The authors characterized the
ORR active sites in N-doped carbon materials obthioy well-controlled N doping of
highly oriented pyrolytic graphiteclgan-HOPG) (Figure 4). For this purposegan-
HOPG samples were bombarded with an idn beam through a thin metallic mask to
create a material with a high concentration of carledge-siteseflge-HOPG). This
edge-HOPG was exposed to NHat 973 K, creatingpyri-HOPG sample which
contained pyridinic species as determined by XP&ditfonally, clean-HOPG were
cleaned by annealing at 1073K under ultra-high watUHV) for 15 min and then,
nitrogen doping was carried out by mild bombardnweitih a nitrogen ion beam at 600
K. The obtained sample, named gsap-HOPG, exhibited only the presence of
quaternary nitrogen species. The materials werkiateal as catalysts for ORR in acidic
electrolyte pyri-HOPG was the sample with highest activity towa@dRR, although an
improvement in the catalytic activity ajrap-HOPG was also observed in acidic
electrolyte. Interestingly, the post-ORR XPS analyfemonstrated the transformation
of pyridinic species into pyridonic nitrogen furanalities. The authors use the
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differences in the composition after ORR to sugdbst the carbon atom next to

pyridinic N is responsible for the ORR catalysisl anot the pyridinic N themselves.

In the same context, three N-doped multilayer geaphmaterials were obtained from
graphene oxide using different nitrogen sourcesdopming methods [108]. XPS of the
samples after ORR showed an increase in the OH @tnoduhe adjacent carbon atom
and, consequently, the generation of pyridonic-likieogen functionalities during the
ORR catalysis (Figure 5A). This was attributedhe tormation of an intermediate step
for the oxygen reduction reaction in the carbonemalk containing pyridinic nitrogen,

where the dioxygen would react through the adjacanbon atom to pyridine species
via terminal binding mode, thereby creating N-Cg@aes during the oxygen reduction

reaction [108].

G-NH/H.O f G-CN, o G-NH,
Before ORR I Bafore ORR A Before ORR

G-NH, H,0 - GCN, G-NH,
After ORR A\ oy After ORR o After ORR

Intensity (a.u.)

295 400 405 E3 400 405 ags 400 405
Binding energy (eV)

B o
e

Figure5: (A) N1s spectra of the three multilayer graphsamples before and after ORR (Reprinted with
permission from Ref. 108, Copyright 2014, Ameri€dmemical Society), and (B) geometric detail of the
surface model of pyridine functional group in armichposition before and after the, ©hemisorption
(Reprinted from Ref. 119. Copyright 2016, with pession from Elsevier).
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However, these interesting observations might aisanportant question; are pyridinic
species the responsible for the creation of theveacsites towards ORR or the
pyridonic-type nitrogen groups formed during théiah stages of ORR? The next
section evaluates the N-C-O species as active simsever, before that discussion, an
extended evaluation of the ORR mechanism along thighmost relevant studies in

computational chemistry concerning pyridine spedgepresented below.

The terminal binding mode is the most widely acedpORR scheme for pyridinic
species. This means that moleculari©adsorbed in a C-O-O configuration. However,
the associative or dissociative mechanisms areustidler a huge controversy for this
active site. While some authors demonstrate almadgr 2+2) electrons pathway for
pyridine containing carbon materials [98,109,1t@her works reported high selectivity
towards hydrogen peroxide [111-115]. In acidic wetdgte, the hydrogen peroxide
formation for pyridinic species was strongly dentosted by Y. Sun et al. [113]. The
pyrolysis of CMK-3 and polyethylimine (PEI) produta pyridine-rich nitrogen carbon
material, which reached more than 95% of selegtitotvards HO, formation during
the oxygen reduction reaction. Otherwise, 4 (or)2tansferred electrons pathway
predominates in alkaline solution [98,109,110]. rEfiere, the employed electrolyte
plays a key role in the selectivity of pyridine hriccarbon materials. A detailed
mechanism was proposed for 2 and 2+2 electronswpgthin carbon materials
containing armchair-type pyridinic species (Figay¢107] in which the electrolyte may
determine the pathway followed during the reactiime porosity is another factor that
must not be discarded for having a strong influeircghe number of transferred

electrons (see section 3.1).
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Figure 6: Schematic pathway for ORR on pyridinic nitrog@edaes in armchair position (From Ref. 107.
Reprinted with permission from AAAS).

Pyridinic nitrogen species have not only been thestrevaluated in ORR from an
experimental point of view, but also from a compiotzal chemistry approach. DFT
calculations showed that pyridinic-N in armchairspion enhances the adsorption of
molecular dioxygen on the adjacent carbon atomusecaf the positive charge density
and high spin density created in the carbon atonthbyhigh electronegativity of the
nitrogen atom and the consequent electron-withdrasfeect [75]. However, the
evaluation of the pyridinic-N in zigzag positionvealed poor catalytic activity [116],
even lower than pristine carbon materials [117} 8djacent carbon atoms in a zigzag
position needs very high energy to change its kytation [117]. Indeed, Huang et al.

[118] reported that for a given zigzag edge she, gresence of a pyridine group is not
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favourable for the ORR. To get further insightithis matter, Ferre-Vilaplana et al.
[119] evaluated and compared the oxygen chemisor@iep for pyridine groups with
different structure and location in the grapheryeidalnterestingly, the chemisorption of
molecular oxygen in the carbon atom adjacent topyradinic nitrogen at armchair

position is the most favourable compared to a caratmm adjacent to a pyridine
located in a zigzag position. The results obtaioendfirm the formation of N-C-O-O

groups via @ adsorption in the carbon atom adjacent to pyridipecies at armchair

position (Figure 5B).

All these studies show the role that the positibthe functionality, and consequently
the local structure of the material, plays towatds ORR. This also allows us to
understand the variety of results found since thecentration of zigzag or armchair
pyridine groups will be very much dependent ongheparation method and precursors
used. In addition, this discussion arises the ingmbrquestion of analysing the catalyst

after use or, ideally, under operando conditions.

3.2.1.2 Pyridonic-type Nitrogen species

The evaluation of N-C-O species as active sitdd-tdoped carbon materials is strongly
related with the presence of pyridinic nitrogencsinas we commented above, the
adjacent carbon atom to the pyridinic nitrogen ss@mreact with dioxygen creating N-
C-O species as an intermediate of the oxygen reayathich are also detected in post-
reaction materials. Thus, the question is whetherdatalytic activity comes from the
pyridines or directly from the pyridone-type niteog species, which may favour a
stronger chemisorption of the dioxygen moleculgt@carbon atom. In the following,
several examples are presented that propose thatathlytic activity is due to these

species.
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Polyaniline (PANI) was heat-treated under two ddfe conditions; inert and slightly
oxidant atmosphere up to 800°C (PANI_N2 800 and P& 800, respectively)
[120]. From XPS and TPD analysis, it is observeat the heat treatment in an oxidant
atmosphere leads to a higher contribution of pyncdaype nitrogen species (N-C-O
moieties), what also results in an enhancement h@ tatalytic activity of
PANI_0O2 800 compared to its counterpart in inemagphere [120]. This suggested
that N-C-O species are not only intermediate fumai groups formed during the
oxygen reduction of carbon-containing pyridinest &liso they can be catalytic active

sites.

The high catalytic activity of N-C-O species wagpported by Li et al. [121]. They
present a synthesis of N- and O- co-doped carboowebs through activation with
KOH after the pyrolysis of a polypyrrole nanowelheTsynergistic effect between the O
(from KOH activation) and N groups (from the PPyqursor) creates highly active
pyridonic groups on the carbon matrix. The obtainedloped materials exhibit higher
intrinsic ORR activity than the materials withohetincorporation of oxygen groups.
Furthermore, Silva et al. [122] reported the sysitheof N- and O- doped carbon
materials obtained via the pyrolysis of PANI/SBA-&émposite. The high catalytic
activity of these materials was attributed to tyaesgistic effect of the O (from the

Silica) and N species (from polyaniline).

In spite of the low popularity of pyridone-type sps as active sites for ORR, the
discovery of N-C-O as intermediate of the oxygetudion reaction has produced an
increase in the number of publications related with and O- co-doped carbon

materials for ORR electrocatalysis [71,123-125].

The structure of the pyridone group responsiblettier catalytic activity is very much

related to the discussion included in the previeastion. Only pyridone groups at
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armchair position would be responsible for the lgétaactivity. Thus, armchair edge

sites would be preferable for creating the higlesicentration of active sites.

DFT simulations also evaluated the ORR catalytibaveour of these pyridone-type
species in which the obtained results suggesttltegt exhibit higher performance than
non-doped carbon materials [117]. The electrondvétval effect that both oxygen and
nitrogen heteroatoms provoke in the adjacent cadioms seems to create a positive
charge density that acts as active sites, in wiiheh dioxygen molecule would be

attracted [120].

3.2.1.3 Pyrrolic Nitrogen species

Pyrrolic N atoms are incorporated into five-membleteeterocyclic rings and are
bonded to two carbon atoms. Such nitrogen spece@ very common in carbon
materials because pyrrolic species have a low lgjgabwhat makes that the
concentration of this functionality is low aftercarbonization or heat treatment [126].
For instance, Lin et al. [127] demonstrated tha ttarbonization of polypyrrole
produced a decrease in pyrrol groups from 100%th@npristine polymer) to 0 % at

1000°C.

However, there are some studies that attributecttalytic activity of N-containing

carbon materials to the presence of this species.

Li et al. propose the transformation of pyridinmesies into pyrrolic functional groups

at high temperature [128]. Such increase in pyrapecies was considered as
responsible for the observed high catalytic actiat these N-doped carbon materials.
Unni et al. [129] observed a relationship betwdenpyrrolic content and the catalytic

activity in nitrogen-doped graphene. The authooppse that the high pyrrolic nitrogen
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content along with the high surface area, resuthéefficient ORR catalysis of the N-
doped carbon materials obtained by heat treatmiegraphene oxide with adsorbed
pyrrole monomers at different temperatures (800020). Li et al.[130] reported the
synthesis of N-containing carbon materials supporten SBA-15 template with
different N species. The highest catalytic actitdwards ORR was obtained by the N-
doped carbon materials which exhibited the higlpmstolic and pyridinic contents.
Likewise, Feng et al. [131] reported the synthedipyridinic and pyrrolic nitrogen-
doped carbon using SBA-15 as template. The obtaimatérials exhibited comparable

catalytic activity as platinum-based catalyst.

Based on high-resolution XPS and experimental OR®iges of N-doped carbon
black materials, Liu et al. [132] proposed an ordérthe activity of the nitrogen
functionalities as follows: pyridinic nitrogen > pglic nitrogen > graphitic or
quaternary nitrogen > oxidized nitrogen > pristiagbon material, pointing out the high

activity of pyrrolic nitrogen as well as by pyridimitrogen [132].

It has been proposed that pyrrole-based nitrog@edicarbon materials induce a 4
electrons pathway through a bridging binding madehe vicinities of the nitrogen
functionality [133]. Then, the posterior reductistages lead to the cleavage of the O-O
bond as a result of the formation of two C-O-H imtediates, which leads to the final

formation of two water molecules [133].

It must be noted that the identification of pyrr@eups is done using XPS and the
differentiation among pyrrole and pyridone funcabgroups is very difficult since both
of them appear at similar binding energies. In,fatmetimes we can find in the
literature on N-doped carbon materials that the 3l@¥ peak is only assigned to pyrrol
groups although it could also correspond to pyr&species. Then, taking into account

the low thermal stability of pyrrol groups, the faitilty of an straightforward
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identification (which can be confused with pyridpraind that pyridone groups can
generate high catalytic activity (see section 32),1lwe can understand that pyrrol
groups are mainly considered as inactive by mostthaf scientific community

[99,116,117,134-137].

3.2.1.4 Quaternary Nitrogen species

Quaternary (or graphitic) nitrogen species are iclemed as functionalities responsible
for the formation of high catalytic activity siteldowever, most of the studies that can
be found in the literature do not distinguish bedweébasal or edge-type quaternary
nitrogen species and just conclude that those getrespecies are responsible for the
highly effective catalysis of oxygen reduction. Meheless, they have important
structural differences that result in very differérehaviour in ORR. This aspect was
studied in detail by the evaluation of the freergies of the oxygen reduction steps
[138]. Not only the position of the quaternary ogen plays a key role in the oxygen

reduction energies, but also in the selectivityg]13

There are few studies that explicitly mention bdgpe quaternary nitrogen as the
responsible for the catalytic activity. For exam@®ng et. al. [30] explained the highly
efficient catalysis of N-doped carbon nanotubethéopresence of basal-type quaternary
nitrogen. The basal-type N atom in the graphenerlaan provide electrons to the
system what results in an increase of the nucléamhiaracter of the adjacent carbon

atom, which enhances the @lsorption and, then, the ORR [30].

However, experimental and computational studiestradict the previous argument.
Flyagina et al. [139] evaluated by DFT the variatiof energy for the oxygen
adsorption on a basal-type quaternary nitrogen ianehs observed that the energy

gradually increases from a distance of 2.8 A to A.&hen the oxygen molecule is
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approaching to the carbon matrix, which points thé high energetic cost of the
oxygen chemisorption in the adjacent carbon atora basal-type quaternary nitrogen
species. This conclusion was also supported byalletdl. [116]. The chemisorption of
the oxygen molecule on the sites created by bgpal-jluaternary species is the least

favourable chemisorption configuration from a thedynamic point of view.

It seems that oxygen molecule chemisorption on ghes formed by basal type
quaternary N is not favourable considering theidiffies in changing the hybridization

of the carbon atoms in the graphene layers.

Edge-type graphitic nitrogen and pyridine are thestrproposed functionalities in the
literature as responsible for the most active siteBl-doped carbon materials. Basal-
type quaternary nitrogen is located inside the lyeap layer what promotes a variation
of charge density inside the graphene layer. Howea it was explained previously,
this configuration does not permit the adsorptidntlte oxygen molecule in the

neighbour carbon atoms [116,117,138,140]. Howether introduction of the nitrogen

species close to the edge, facilitates an eleatritimdrawal effect at the edge carbon

atoms [116,117,138,140] being this critical to ustend the catalytic activity.
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Figure 7: (A) Normalized ratio of nitrogen functionalitiegs annealing temperature, background-
corrected cyclic voltammograms in-®aturated 1 M KOH for undoped CNTs and nitrogepetbCNTs
annealed at high temperatures and proposed coriensaactions by annealing from pyrrolic-N to N-
Qvalley and from pyridinic-N to N-Qvalley and N-Quer) (Reprinted with permission from Ref. 141.
Copyright 2012 American Chemical Society). (B) Rrsgd ORR catalytic cycle for edge-type quaternary
structure via C-O-O (Reproduced from Ref. 140 wigmmission from The Royal Society of Chemistry).
(C) SCF energy diagram and proposed mechanismRiR 6f edge-type quaternary nitrogen via C-O-O-
C. White represents hydrogen, grey represents nalboe represents nitrogen and red representseoxyg
(Reproduced from Ref. 117 with permission from Ruwgyal Society of Chemistry).

Reaction coordinate

The highly effective catalysis produced by edgestgaternary nitrogen species was
proposed by Sharifi et al from their study with Npgd CNT after annealing at
different temperatures [141]. The authors propdbketl annealing at high temperatures
of N-doped CNT results in the transformation ofrpyic and pyridinic nitrogen into
edge-type quaternary functional groups due to cosateon reactions (N-Qvalley from
pyrrolic and N-Qvalley and NQ-centre from pyridirgooups, in Figure 7A). The edge-

type groups (N-Qvalley) are the responsible forhigh catalytic activity observed with
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increasing the heat treatment temperature (Figukg This N-functional groups
transformation by thermal treatment is widely knosumce the influential work by J. R.

Pels et. al. in 1995 [142].

Recently, it has been reported that the heat tesatrat high temperatures of PANI
results in the conversion of both pyridines andidoyes species into quaternary
nitrogen species [143]. Interestingly, the highee temperature used during the heat
treatment, the higher the catalytic activity of tieained samples. Indeed, the highest
treatment temperature results in almost platinka-liperformance in alkaline
electrolyte for a N-doped carbon material with apgmately 90 at% of quaternary-type
nitrogen species obtained from such transformatidre authors attributed the high

catalytic activity to the increase in the amounedfe-type quaternary nitrogen species.

The ORR mechanism for carbon materials containtgedype quaternary nitrogen
functional groups, is still under controversy. Th&ogen heteroatom, due to its higher
electronegativity, promotes an electron withdraimathe adjacent carbon atoms. Thus,
a positive charge density is created in these #&gue-carbon atoms, where the
dioxygen molecule can be attracted and chemisordtere are two possible
chemisorption configurations: through one or twoboa atoms, which lead to a
different oxygen reduction path. Kim et al. [14@ported that the chemisorption
through one carbon atom results in the oxygen nudeeduction through a 4 electrons
pathway, which involves one ring-opening via clegvaof a N-C bond in order to
facilitate the oxygen reduction (Figure 7B). Thisemisorption mode can be favoured

by the presence of defects in the vicinities ofdédge-type quaternary nitrogen [64].

However, the chemisorption through two carbon atssems to be the most accepted
and proposed mode in the literature [51,116,1171438144]. Once the dioxygen is

adsorbed via a C-O-O-C configuration, the introthucof the first electron-proton pair
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(i.e., the first reduction stage) leads to the atiggion of the O-O bond and the
formation of one hydrogen bond between both oxyagms [117]. This mechanism
also results in a 4 electrons pathway with the fdram of two water molecules (Figure

7C) [117], but without ring-opening.

The chemical state of the quaternary N species adtetion should be evaluated to get

a more precise information about the nature obttieve sites.
3.2.2 Phosphorus-doped carbon materials

Phosphorus atom has the same electron configurafiealence electrons as nitrogen
but its electronegativity is lower than nitrogendacarbon atoms. In addition, this
element can use the 3d orbitals for bonding. Phamrsishdoping in carbon materials was
very much studied because it inhibits the carboyger reaction [145,146], being
important for oxidation protection [147,148hd fire retardant [149]. Phosphorous
functional groups result in an effective modificeti of electrical properties and
chemical reactivity of carbon materials, givingeri®o numerous applications that are
being developed recently, especially in catalydi49[150] due to their strong acid

properties.

In the field of ORR catalysis, the research on phosus doped carbon materials is not
as abundant as with nitrogen because the improveofi¢he catalytic activity is not so
remarkable. Nevertheless, we can find some stwabest P-doped carbon materials as

electrocatalysts for ORR [150].

In 2011, Liu et al. [151] reported the synthesigpbbsphorus-doped graphite materials
and their evaluation towards ORR. P-doped graphis prepared by pyrolysis of
toluene and triphenylphosphine (TPP) at 1000°C. deonparison purposes, carbon

materials without phosphorus were synthesized bystime methodology using only
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toluene. The introduction of phosphorus in the carframework was confirmed by
XPS and the evaluation of their catalytic actiyptyinted out the beneficial effect of the
phosphorus atoms. This effect was also observeaduayet al. [152]. They compared P-
doped carbon nanotubes (P-CNT) and pristine canbootubes (CNT). P-CNT showed
an improved onset potential and larger current itheigSigure 8A). Yang et al. [153]
attribute the higher catalytic performance of thHeidoped ordered mesoporous carbon

to covalently bound P atoms in the carbon framework

The beneficial effect of phosphorus was also aasediwith the formation of defects in
the carbon structure after P doping [154]; thosteade may increase the electron
delocalization due to the good electron-donatingpprties of the phosphorus atom

favouring ORR [155].
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Figure 8: (A) LSV curves of PCNT and CNT at a scan rat& ofiV-" and a rotation rate of 1600 rpm in
O,-saturated 0.1 M KOH solution (Reprinted from R&62. Copyright 2016, with permission from
Elsevier). (B) Optimized geometrical structure of &lsorption on P-doped graphene. (Reprinted from
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Ref. 156. Copyright 2013, with permission from kis€) (C) Optimized geometrical structure of O
adsorption on P-doped CNT. (Reprinted from Ref.. I&@pyright 2013, with permission from Elsevier)

To get further insights into the nature of theasites and to understand if phosphorus
atoms play a direct role in the ORR catalysis, éh@sosphorus functional groups were
evaluated through DFT simulations [156]. The biigdai oxygen molecule in P-doped
graphene and carbon nanotubes is favoured wherpfesent. The oxygen molecules
are directly bonded via bridging binding mode cguafation to the phosphorus atom,
thereby forming two P-O bonds (Figure 8B and C)61%After oxygen molecule
chemisorption the reduction may occur through disgmn of dioxygen molecule into
two oxygen atoms or the hydrogenation to form OQudcges, being the second the
most favourable pathway [157]. However, these thigal studies do not take into
account that P may induce the formation of defdws may be essential to understand

the catalytic activity as suggested by other awiib®4,155].

Although phosphorus doping does not seem to prodacemportant improvement in
the ORR catalytic activity, making scarce the numisestudies, the co-doping with
another heteroatom (especially with N) has gainedhrattention in recent years. This
is because the change in the local electronic ptiegeof co-doped carbon materials
may increase the catalytic activity towards oxy@eolution reaction (OER), what is

useful for the design of bifunctional catalystsenersible fuel cells [158,159].

In this sense, J. Zhang et al. [160] developedpraach to prepare 3D mesoporous
carbon materials with nitrogen and phosphorus fanat groups by pyrolysis of P-
containing polyaniline obtained from polymerizatiohaniline in the presence of phytic
acid. The obtained material does not only show leetecatalytic activity towards ORR
but also for OER. The authors, on the basis of Biffulations, associate this activity
to a synergistic effect between both functionalug in the carbon framework. This

synergistic effect was also proposed by Borgheiaket[161]. They reported an
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electroactive material obtained from nitrogen arfebgphorus containing activated
carbons. The activation was carried out using phosp acid at 550°C and then the
materials were treated with urea as a nitrogen ceouDespite the low content of
nitrogen, the ORR activity significantly increasafler urea treatment. This beneficial
effect was not only observed in carbon-based cstglput also in P-doped polyaniline
[162]. Besides the synergistic effect, the obsergathlytic activity of carbon-based
catalysts was also attributed to the large fractibmesopores and the large proportion
of graphitic and pyridinic nitrogen [161]. Phosph®matoms do not only directly lead to
a beneficial effect for ORR catalysis because efftrmation of P species, but it may
also promote structural order as it has been obdarv polyacrylonitrile carbon fibers
preparation in presence of small amounts of phasplazid [163]; such increase in
structural order should result in an improvemenelectrical conductivity which is a

key parameter for improving the ORR (see Sectidj 3.

Concerning the active sites of P and N co-dopedaramaterials, Li et al.[164]
proposed via DFT simulations that quaternary ngrog@long with phosphorus groups
are responsible for the enhancement in the catalgttivity. Moreover, it was
demonstrated that the most favourable co-dopinterbegins with first the introduction
of phosphorus and, then, the introduction of n#&rogtoms [165]. This was explained
considering that the presence of P produces Idoattaral changes and promotes the
formation of quaternary N species, being one ptssitechanism the substitution of P

by N atoms in the carbon framework acting as “salfrifice” agent [165].

3.2.3 Boron-doped carbon materials

38



Boron-doped carbon materials can be another progisiternative for metal-free
carbon-based catalysts. Similar to the phosphortemsa boron has lower
electronegativity than nitrogen and carbon atontsibwas extensively studied in C;O
reaction inhibition [166,167]. Some experimentaldsts have reported that B-doped
carbon materials can have an ORR catalytic actielpse to that for commercial
catalysts based on platinum nanoparticles [168,T88 high activity of such carbon-
based catalysts is attributed to the electron-aeficcharacter of the boron atoms. DFT
simulations revealed that the higher electroneggtf the adjacent carbon atoms to
the boron induces a positive charge into the hatem. Such positive charge density
favours the chemisorption of the dioxygen molecirecontrast to the N-doped carbon
materials, where the oxygen is chemisorbed on tijacant carbon atoms to the
nitrogen, for the B-doped carbon, @& adsorbed on the boron itself [72], similar to
what happens with phosphorus atom. However, thisoecur in borinine type species,
whereas in substitutional B atoms in ortho positoth respect to the H-saturated edge
site, oxygen molecule chemisorption is favouredhie two neighbour carbon atoms
[64]. Like in the case of phosphorus, it cannodiszarded that the presence of B may
induce the creation of defects which are the resipteafor the improvement in catalytic

activity [154].

In any case, we cannot find many studies on B-dayzeblon materials for ORR that
suggest that promising materials based on only #uscific heteroatom can be
designed. However, we can find a significant piefework on co-doping carbon

materials with B and another more electronegataterdoatom, mainly N.

Zao et al. [170] reported two different routes wfithesis of B- and N- co-doped carbon
nanotubes via chemical vapour deposition. The firesthod is based on the sequential

doping of boron and nitrogen using triphenylboramehe CVD and then, the heat
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treatment in NH to dope with nitrogen. As a consequence, the geémoand boron
species are separated between them. On the othdy the simultaneous doping with
boron and nitrogen during the CVD leads to the tawvaaof N-B-C moieties [170].
Experimental and theoretical results suggest ti@aiN-B-C species do not enhance the
catalytic activity, whereas the separated funclibea can improve the catalytic
activity towards ORR (Figure 9A) [170]. On the athsand, the synergistic effect
between B and N was reported by Zheng et al. [$ifide B and N co-doped graphene
exhibited higher catalytic activity than the B-ddpearbon and N-doped carbon
materials. In this case, boron atom in meta pasiiith respect to pyridinic nitrogen
atoms was proposed as active centres for ORR [lfftEfestingly, Gong et al. [172]
reported B- N- co-doped carbon materials with raghalytic performance, even higher
than Pt/commercial catalysts. In order to get aebetinderstanding, the authors
evaluated through DFT calculations five possiblBl Benfigurations; (i) one BN pair in
the basal plane of the graphene layer, (ii) onel@&dted at the edges, (iii) three BN
pairs at the edge, (iv) a long line of BN pairstla nanoribbon edges and (v) the
interface between BN and graphene domains (FigByeT™he oxygen chemisorption in
the configuration (i) is unfavourable thermodynaali; whereas the chemisorption in
BN located at the edges of the graphene layer bes@nergetically favourable, which
can improve the catalytic activity for ORR [172h& comparative study on the B- and
N- doped carbon materials reveals that the co-dppnte plays a more dominant role

in enhancing the ORR behaviour than the singlerdppiethods [172].
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Figure 9: (A) lllustrative of different N-B moieties configations and their catalytic activity towards
ORR (Reprinted with permission from Ref. 170. Cagiyt 2013 American Chemical Society). (B)

Schematic representation of structural models aleit some selected intermediate states (Reprinted
with permission from Ref. 172. Copyright 2015 Angeni Chemical Society).
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In the search for deepening into the reasons af khgh catalytic activity, Ozaki et al.
reported several studies focusing on this topic2006, the authors showed that the
simultaneous doping of boron and nitrogen in thlb@a material is an effective way to
improve the catalytic activity [173]. They reportddht the ORR has a good correlation
with the surface concentration of the B-N-C mot@nd edge-type nitrogen [174]. In
2010, they deepened into the role of both hetenositm the ORR catalysis. By DFT
simulations, they confirmed the effectivity of coging carbon-based catalysts with
boron and nitrogen through the evaluation of thec@emisorption and subsequent
reduction steps onto multiple B-N- functional greud75]. Interestingly, the strong

attractive interatomic interaction between bothehm#toms helps nitrogen to occupy
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specific sites, which are the most adequate foaeahg the catalytic activity [175].

Furthermore, B-N species reduce the free energyxygen molecule adsorption, which
suggests an enhancement of the catalytic actitit$]l More recently, they studied the
ORR mechanism of carbon materials containing B-8&t&gs, proposing a 2+2 electrons
pathway for these species, where the oxygen isréduced to hydrogen peroxide and,
then, by the action of the B-N moieties, the hy&mgeroxide is reduced to water

molecules [176].

3.2.4 Sulfur-doped carbon materials

Different types of sulfur functionalities can beuf@ on the carbon surface and can be
classified, according to the number of carbon attwmsded to them, as sulphides or
sulfoxides (two carbon atoms) and thiols or thioguies (one carbon atom). Disulfides

can be also found. The most common S-functionaldie thiols and sulfoxides [177].

Sulfur doping in carbon materials has gained atiandue to the interesting properties
induced by the sulfur atoms. S-doped carbon médeplay an important role in gas
adsorption [178], electrochemical capacitors [1783chargeable batteries [180],

photoactivity [181] and electronic properties [182]

Sulfur-doping has been proposed as a strategy Mgraving the ORR catalysis
although there are no a large number of studigsaloas on only sulfur doping and the
reasons for such improvement are not clear. Fomplegg Yang et al. [183] suggest that
S-doping increases the amount of edge sites andtstal disorder of graphene and
attribute the improvement in ORR catalytic activityspin density changes originated

by sulfur doping. Other authors consider that tihesence of sulfur in the carbon
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framework is the responsible for the formation efetts that are the responsible for the

increased ORR activity [154].

Wang et al. [184] reported the synthesis of ordenegoporous carbons (OMC) using
sucrose as carbon source. In order to dope OMC lsampith sulfur, the same
procedure was done but with the addition of berdigulphide, resulting in OMC-S
materials. From XPS analysis, two oxidation statiesulfur atoms were detected, that
is, sulphide groups and oxidized sulfur groups. ThBo of both species varies
depending on the amount of benzyl disulphide usettheé synthesis and the higher the
amount of benzyl disulphide used, the higher thaetrdmution of sulphide groups.
Interestingly, all samples show identical onseteptidl in the oxygen reduction
reaction; however, the limiting current density reeses with the amount of sulphide
species. Park et al. [185] reported the synthelssuldur-doped graphene through the
heat treatment of the pristine graphene in presendeS. XPS analysis showed the
selective formation of thiophene groups. Once aghia higher the sulfur content, the
higher the limiting current density, with no chasge the onset potential of these
materials. These observations are in agreementtheatieffect of sulfur in increasing the
concentration of defects similar in catalytic aityivo those of the pristine material, but

not in the formation of new active sites with highetivity.

Seredych et al.[186] analysed sulfur doped redugeaphite oxide (RGOS). To
introduce sulfur atoms into the RGO, the materiakvheated at 800°C in hydrogen
sulphide (1000 ppm of 4% in a nitrogen atmosphere), resulting in sulfupetbreduced
graphite oxide. The authors attributed the goodopmance of the RGOS to the
presence of both sulfur and oxygen atoms, andsihatar atomic amount is the most
adequate to optimize the synergistic effects on OBRtRer factors such as porosity and

induced hydrophobicity by sulfur are positively tidputing to the improvement of the
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catalytic activity for ORR. Thus, the presence ottbS and O containing functionalities
can be the responsible for the formation of higlediective active sites. This
investigation is in agreement with a previous stigyLiang et al. [187], where a
similar effect was observed in carbon materialsdoped with sulfur and nitrogen

heteroatoms.

In order to demonstrate the positive effect of sutoms towards ORR catalysis, Poh
et al. [188] reported sulfur doping of grapheneimyithermal exfoliation of graphite
oxides. Three different sulfur precursors;#CS and SQ) were used. The physical
and chemical properties of these materials poirget that all undoped graphene
possessed a higher number of defects with respeittteir sulfur-doped counterparts,
which is in disagreement with the large part of thleeady commented works.
Interestingly, the oxidation state of the sulfuoratwas similar for all materials and it
was associated with the presence of oxidized sujfaups (in form of -SgH),
regardless the sulfur precursor and the method tsegenerate the graphene. The
formation of active sites with higher activity dteethe presence of these sulfur groups
was confirmed since all sulfur-doped carbon maleeahibited higher onset potential

than their undoped counterparts.
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Figure 30: (A) lllustration of several possible sulfur-dopgdphene clusters. (Reprinted with permission
from Ref. 189. Copyright 2014 American Chemical i8t9 (B) 2 electron pathway process on the
sulfur-doped graphene cluster where sulfur spemi$s as active sites. (Reprinted with permissiomfr
Ref. 189. Copyright 2014 American Chemical Socidi@) 4 electrons pathway on the sulfur-doped
graphene cluster where a carbon atom as active §Reprinted with permission from Ref. 189.
Copyright 2014 American Chemical Society).

Concerning computational chemistry, DFT calculadi@rere carried out by Zhang et al.
[189] with the aim of understanding the reactiorchaism and the nature of the active
sites of sulfur-doped graphene. For that purposer sulfur doping structures were
proposed: adsorbed S on the graphene layer, Sitstibst at edge sites, SO

substitution at edge sites and sulfur-ring clust@snecting two pieces of graphene
(Figure 10A). The formation energies of these apmfations highlight that surface

sulfur chemisorption is the most stable configumatithat sulfur atoms at zigzag edge
sites have lower formation energy than sulfur stuigin at armchair positions and that
the presence of Stone-Walker defects facilitattuswaloping. Regarding the active sites
towards ORR in these materials, the authors coecthdt spin and charge densities
determine the catalytic activity. Substitutionait§elf or carbon atoms located at the

zigzag edges or close to —S€pecies, can be active sites for ORR.
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Two electron transfer pathway proceeds on the gubshal sulfur atom being the
catalytic active site (Figure 10B), while four-di@mn transfer takes place on the carbon
atoms with high positive spin or charge densitg(fe 10C). —S@functionalities gives
rise to the highest positive charge and spin dessfor the neighbor carbon atoms, in
which the most favorable is the four electrons naacdm. The authors also conclude
that the Stone-Wales defects facilitate sulfur doin graphene and improve the

catalytic activity of sulfur-doped graphene.

In summary, sulfur doping can improve the catalgiitivity of carbon materials either
through the increase in the amount of defects taat act as catalytic sites or by
activating the neighbour carbon atoms, becausehefimcrease in charge or spin
densities, induced by sulfur species. In this cas@lized sulfur is the functionality

which produces the strongest activation and théepesel to design the highest activity

material.

4 Short overview, future research and perspectives

Metal-free carbon-based materials have receivedtgagtention during last years
because of their promising performance as eledibfysts in oxygen reduction reaction.
Intrinsic properties of non-doped carbon materialssh as porosity and defects, have
demonstrated to play an important role. Indeedeasfseem to be one of the most
challenging targets, in which a large number ofligtsi have demonstrated its relevance
in many applications including ORR electrocatalysiad makes necessary a strong
research effort on defects engineering. Among fifferdnt defects, one of the most
relevant in the enhancement of the catalytic agtivi metal-free carbon materials is the
presence of heteroatoms in the carbon structuteaarong them nitrogen heteroatoms

are the most influential.
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The synthesis and properties of nitrogen contaigigudpon materials is well known in
Carbon Science and these materials were/are vech studied in different applications
like in catalysis or adsorption processes. Thangsdf N-doped carbon materials in
ORR showed that they had a promising catalyticvagtiand this experimental
observation has resulted in a high number of pabbtas reporting activities that, in
some cases, are close to that for Pt-containinglysa$. Taking into account the
different nature of the N-functionalities that da@ encountered in the carbon materials
and the additional factors such as structure, mgrodefects, etc., that increase the
complexity of the system under study, it can beewsiod that all nitrogen functional
groups have been proposed in the literature ageasties towards ORR. However, the
important piece of work done on this topic duringarly the last fifteen years has
helped to get important information about the raiirthe active sites. In the previous
sections, we have tried to discuss about the effiespecific N-functional groups on the

catalytic activity of carbon materials towards ORR.

Interestingly, from the combination of experimergtldies on materials with a detailed
characterization and computational work, importaoniclusions have been obtained that
are already accepted by the scientific communitwsl two functionalities are mostly
accepted as the responsible for the formation efhiigher activity active sites in N-

doped carbon materials: pyridines and quaterngrg-tytrogen functional groups.

Although this can be assumed as a general conoluisis very important to take into
account that the structure of those functional gsodetermines the catalytic activity.
Quaternary nitrogen species located in the basateplof a graphene layer hardly
contribute to an improvement of the catalytic atfivhowever, if the same heteroatom
is located close to the edge, a completely differeffiect is observed. The high

electronegativity of the nitrogen atom promotes edectron withdrawal of the two
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adjacent edge-type carbon atoms, which results posatively charged density and,
therefore, easier oxygen molecule chemisorptiorsitida of pyridine species is also
decisive since zigzag position does not producalytat active sites in the neighbour
carbon atoms. Both adjacent carbon atoms are watdd in an edge position what
makes difficult the change of their hybridizatiotate and, then, the oxygen molecule
chemisorption. However, if pyridines are locatedammchair position, one adjacent

carbon atom is located in the edge and oxygen ml@ean be easily adsorbed.

Analysis of samples after ORR has shown that tiereaf the functionalities changes
and pyridones are detected in the studies publisheétie moment. This means that
pyridines in armchair position can produce pyridagreups and, consequently, the
observed catalytic activity could be due to theigome species instead of pyridines.
Although both of them are related, the reactiontmecsm could be different depending
on the species which is really participating at tbaction conditions. This means that
higher attention should be paid to the state ohtlagerial at reaction conditions, making
necessary characterization of the materials asechss possible to the operando

conditions, being these measurements one of thiopiats for the future research.

Finally, the outstanding catalytic properties ofdbped carbon materials are usually
measured in alkaline electrolytes, being much lovrracidic conditions. The
technology for polymer electrolyte membrane fudisces well developed for acidic
conditions in which well-performing membranes axikable. This means that it is
mandatory to understand the reasons why the catalgtivity is so strongly dependent
on the electrolyte, in order to design, if possiblenaterial that may work adequately in
acidic conditions. This is the second aspect thatiires a strong research in the future.
Other important factor that must be handled ispitaetical application of these carbon-

based catalysts, since they are often tested atimgt(ring) disk electrode (RRDE), but

48



not in devices close to the final application. RRiBEery useful to evaluate the activity
of the catalysts; however, different problems mageain FCs that may result in the
inapplicability of the material. Therefore, the umed study of such catalysts in Fuel

Cell stations is one of the next challenges.

Phosphorus, boron and sulfur-doped carbon matdvéals also demonstrated efficiency
towards ORR although the improvement seems to kmwbthat from nitrogen. Of
particular interest is the origin of this perforrsanwhich is unclear. There are mainly
two theories for explaining the results observée: dreation of defects induced by the
heteroatoms doping and the change in the electfmoigerties of the neighbourhoods
of the heteroatom. A deeper investigation is sitessary to understand the effect of
these heteroatoms. However, it seems that the rmmesef these heteroatoms can
improve the performance of nitrogen species. Thagjoping could be a very attractive
methodology to enhance the catalytic activity notlydor ORR catalysis, but also to

design bifunctional catalysts that can be efficfentORR and OER.

It is interesting to highlight that introducing aore electronegative heteroatom than
carbon seems to be an attractive methodology tarex@the activity of carbon-based
ORR catalysts, especially by using nitrogen. Onatiner hand, the introduction of less

electronegative heteroatoms has also been promssagrofitable route to increase the
catalytic activity of these materials. However, thest successful heteroatom, nitrogen,
is the one that presents similar atomic size aadt®lnic configuration. This means that
the introduction of nitrogen creates stable speitigbe carbon matrix, what is a key

parameter to produce stable active sites. Nitraganalso produce stable species with
other heteroatoms, such as phosphorus or boromefbine, the combination of nitrogen

with other heteroatoms can be a very attractiveoogor the design of advanced carbon

catalysts.
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Besides the co-doping with two functionalities, eathinteresting alternative is the
combination of additional defects and heteroatomsyhich the beneficial effect of
both approaches can work together towards the eehamt of the catalytic activity of

carbon-based metal-free ORR catalysts.

Furthermore, special attention must be focused etamimpurities, which can

significantly improve the ORR performance of carlwamalysts although with very low
concentration of metals [31] and this can be aront@mt source of error when reporting
data for metal-free carbon based catalysts. Howdles can also be an opportunity
since controlled loading of very small amounts a@niprecious metals can be a

direction for further improvement of heteroatom ddgarbon materials.

Oxygen reduction reaction is only the guiding piphe of metal-free carbon-based
catalysts, but there are also many other applicatio which these catalysts can have,
or can be designed to reach, high performance Kiibe/lledge about reactions such as
hydrogen evolution reaction (HER), oxygen evolutiogaction (OER), hydrogen
peroxide reduction reaction §8,RR) or, even, carbon dioxide reduction reaction
(CORR), among others, is still under development. Gihderstanding in the catalysis
of these reactions by defect-engineered carbon rialstecan be an important

contribution to the energetic transition from fo$sels to carbon free energy sources.
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