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ABSTRACT: The electrochemical oxygen reduction reaction (ORR) is the key energy
conversion reaction involved in fuel cells, metal-air batteries and hydrogen peroxide
production. Proliferation and improvement of the ORR requires wider use of new and existing
high performance catalysts; unfortunately, most of these are still based on precious metals and
become uneconomical in mass-use applications. Recent progress suggests that low cost and
durable carbon materials can potentially be developed as efficient ORR catalysts. Significant
efforts have been made in discovering fundamental catalytic mechanisms and engineering
techniques to guide and enable viable regulation of both the ORR activity and selectivity of
these carbon catalysts. Starting from the fundamental understanding, this report reviews
recent progress in engineering carbon materials from exotic chemical doping to intrinsic
geometric defects for improved ORR. On the basis of both theoretical and experimental
investigations reported so far in this area, future improvements in carbon catalysts are also
discussed, providing useful pathways for more efficient and reliable energy conversion
technologies.

Keywords: carbon materials; oxygen reduction reaction; electronic structure; adsorption
energy; density functional theory

1. Introduction

The electrochemical oxygen reduction reaction (ORR) is one of the most important energy
conversion reactions to involve Oz and H2O, and can be used in proton-exchange membrane
fuel cells (PEMFCs), rechargeable metal-air batteries and the production of hydrogen

peroxide (H20).'"¥ In PEMFCs and metal-air batteries, the ORR starts from the adsorption
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of Oz molecules at the cathode, electrochemical activation of the O-O bond and then the
formation of O-containing groups such as OOH*, O* and OH*. In this way, Oz is reduced by
the electrons (Figure 1a).[* The efficiency of these energy devices is usually determined by
that of the ORR process. However, the strong bond energy of O-O (498 kJ mol™!) means that
the ORR at the electrode is not easy, especially compared to the hydrogen oxidation reaction
(HOR: H,—2H" + 2¢") at the anode of hydrogen-oxygen fuel cells (Figure 1a). Improvement
of O-O bond activation and cleavage with catalysts is therefore highly important in
developing efficient energy storage and conversion systems as well as fast and efficient
chemical production techniques.

Nevertheless, in industry, the most common ORR catalysts are still Pt-based materials,
which are prohibitively expensive for wider application (Figure 1b).>) There is a pressing
need to explore alternative electrocatalysts that are cheap and stable. Significant efforts have
been made to develop alternative materials (e.g., transition metal oxides, alloys, metal-organic
frameworks/MOFs, single atom catalyst) and investigate their catalytic mechanisms, %%/ but
challenges remain. In 2009, Dai’s group reported using doped carbon nanotubes (CNTs) to
catalyze ORR that exhibited better catalytic efficiency than commercial Pt/C electrodes in
alkaline media.!'¥! It should be noted that, in alkaline media, the hydroxide conducting
polymeric membranes (e.g. in anion exchange membrane fuel cells) are unstable and have
poor resistance to CO», while the overpotentials for hydrogen oxidation are also high.!!+1!
Compared to metal-based catalysts, carbon materials have significant merits of outstanding
anti-corrosion performance and electrochemical durability, as well as the possibility of low-
cost manufacture. This combination means that carbon materials are seen as highly promising
candidates to replace precious metals as ORR. In the years following Dai’s pioneering work,
various other doped carbon materials were further developed and their catalytic mechanisms

401722

investigate 1 Some more recent studies explored this further and suggested that active

intrinsic carbon structural defects are associated with efficient ORR catalysis (Figure 2b).[>*
2
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261 Although great progress has been achieved on this topic, the origin and mechanism of the

ORR activity are still not fully clear. Beyond the catalytic activity, no pattern has been

established in the selectivity between the two-electron/2e” and four-electron/4e” processes of

reported carbon materials.

[17-33]
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Figure 1. a) Schematic of the ORR used for energy conversion in fuel cells; b) The development of carbon-based ORR
catalysts over time; ¢) Schematic shows end on and side on adsorption on the catalyst, and ORR pathwats with 2 and 4e
electron transfer (the 4e” dissociative process has no *OOH involved); d, ¢) Free energy diagram for the 4¢ associative ORR
on Pt(111) (d) and 2e" associative ORR on PtHga; f) Scaling relationships for the chemisorption energies of *OOH and *O
against the *OH on the (111) of different metals [AG (*OOH) = AG (*OH) + 3.2; AG (*O) = 2AG (*OH)]; g) Volcano plot of
limiting potentials as a function of *OH free energy for the 4e” process, highlighting the regions of strongly bound *OH

(solid blue line) and weakly bound *OOH (solid green line); h) Volcano plot of limiting potentials as a function of *OH free
energy for the 2e” process, highlightling the regions of strongly bound *OH (solid purple line) and weakly bound *OOH
(solid green line). In f, g and h, the color gradient represents the strong *OH and weak *OOH binding regions. (d)-(h) are
reproduced with permission.** Copyright 2018, American Chemical Society.

In this report, we explore how the catalytic efficiency and selectivity of carbon materials
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conversion technologies. We first present the fundemental mechanism of the ORR, and
summarize viable approaches used to engineer carbon materials to regulate both the catalytic
activity and selectivity. We then introduce the principles that underpin carbon materials as
ORR catalyst before discussing their future prospects for highly efficient and selective ORR.

2. Fundamentals of ORR
2.1 Reaction Pathways

ORR has two reaction pathways of 2e” (conversion to H>0>) and 4e” (conversion to H>O)
reductions, related to dissociative and associative processes, and that depends on the
adsorption mode, activation and cleavage barrier on the catalyst surface.l'>343337] Although
the 2e” reduction is not of assistance in fuel cells, it can be used for the production of H.O»
and developed for relevant applications, such as electrochemical degradation of organic
pollutants and the sterilization of water systems. In acidic solution, the 4e” reduction of O can
be expressed with the following reactions:['?2%37]

The direct dissociative pathway:

® O, +2* —2*0O (Equation 1)

® 2*Q +2H" +2¢" — 2*OH (Equation 2)

® 2*OH + 2H" + 2¢” — 2H20 + 2¢* (Equation 3)
and the indirect associative pathway:

® O, +*— *0O, (Equation 4)

® *0,+H" +e¢ — *OOH (Equation 5)

® *OOH + H' + ¢ —H202 (Equation 6)

® *OOH +H"+¢ — *O + H,O (Equation 7)

® *O+H+e — *OH (Equation 8)

® *OH+ H" e — H,O +* (Equation 9)
In alkaline solution, the presence of OH™ causes the H" (or hydronium ion) to become H>O,

although the intermediates of HOO*, O* and *OH (Figure 1¢) still occur, which is in contrast

4
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to the 2¢” process only having HOO* as an intermediate.*>! Activation of the O-O bond can
be realized by bonding with catalytic sites. The specific electronic environment around the
active catalytic site can also change the electronic distribution of a O-O species and affect its
activation. The O-O can be side adsorbed on the active site (side-on adsorption) or end-on a
single active site (Figure 1¢), which weakens the O-O bond and promotes the dissociative
process (the activation and cleavage of the O-O bond). However, a strong interaction with
many metal catalysts between the active catalyst sites and O hinders the removal of the H,O»
formed in both the dissociative (Equation 1, 2) and associative process (Equation 4, 5, 6) and
prevents the further reduction of the *OOH to form H>O (Equation 3, 7, 8, 9). In end-on
adsorption, if the binding is not strong enough to dissociate Oz, the two-electron reduction
will be the favored route and result in an end product of H>O», as observed at defect sites in
(371

many carbon materials.

2.2 Free Energy

In a catalyst with weak surface activity, the O, adsorption step may need to be considered
as a possible rate-limiting step to compare with the adsorption of ORR intermediates (HOO*,
O* and *OH). However, to simplify the analysis, Nerskov ef al. treated the adsorption of O>
on a metal catalyst surface as a chemical step that is unlikely to be the rate-limiting process of
ORR, assuming a simple electron-proton transfer process from hydronium to oxygen.**l The
free energy of the intermediates (*OOH, *O, *OH) can then be considered the basis with
which to understand ORR mechanism. According to calculations, the activation energy
barriers of each reaction are potential dependent, which is mainly due to the free energy of
intermediates.*®! With the computational hydrogen electrode (CHE) model,**3¥! the
adsorption free energy of a reaction intermediate (AG, with n proton-electron pairs) can be
expressed as a function of the potential by:

AG = AEc + AEy + AEfiela + AZPE - TAS -neU (Equation 10)
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where AEcic, AEw, AEficid, AZPE, TAS and -eU are the density functional theory (DFT)
calculated binding (adsorption) energy, effects of adsorbate solvation, electric field effects,
zero-point energy, entropic corrections, and the free energy of a single proton-electron pair (U
is the electrode potential versus a reversible hydrogen electrode [RHE]). On this basis,
Norskov et al. plotted the free energy diagram for the 4e” associative ORR on Pt (111)
(Figure 1d) and 2¢” one on PtHgs (Figure 1e).2** In the 4¢” ORR process and at the
equilibrium potential of 1.23 V (Figure 1d), the reductions of O> to *OOH and *OH to H>O
all have to overcome a free energy barrier. The maximum potential (thermodynamic limiting
potential) where both of these reactions are exergonic (so large ORR current densities occur)
is calculated to be about 0.8 V on Pt (111). One parameterization of ORR activity is the
theoretical potential calculated as the equilibrium potential subtracted by the limiting potential,;
here this is around 0.43 V. In the 2e” ORR process on PtHgs (Figure 1e), the formation of
*OOH is slight increase in free energy at an equilibrium potential of 0.7 V. The
thermodynamic limiting potential is 0.63, indicating that the theoretical potential in this case
is 0.07 V.04

2.3 Scaling Relationship and Volcano Plots

The above discussed theoretical overpotential of the associative ORR is a function of the
binding free energy of the three intermediates (*OOH, *O and *OH), which are strongly
correlated and change monotonically for different catalysts.?*34!1 These binding energies
and limiting potentials are linearly correlated because the intermediates all bind with the
catalyst through the O atom. The following equation can then be applied to describe the
binding energy scaling relation between different intermediates (1 and 2):13442!

AGz = A12 X AG1 +Bi2 (Equation 11)
where the slope A1 and the intercept B12 depend on the electron-counting rule, while the

intercept also depends on the nearest-neighbor-counting rules. As result, the slope of the

scaling relation of *OOH vs *OH and *O vs *OH are around 1 and 2, respectively to satisfy
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electron-counting rules (e.g., the octet rule where the required electron number on the O atom
in *OOH (*OH) and *O is 1 and 2, respectively). The binding free energy of *OOH and *OH,
therefore, have the scaling relation with the equation of AG (*OOH) = AG (*OH) +3.2+£0.2
eV, which occurs at most catalyst surface (Figure 1f).['>*% Such scaling relation limited the
availability of catalysts with high limiting potential for the 4¢” ORR process. It also means
that the ORR can be independently described by the *OH binding free energy (also
represented as AGon).***¥ Since the theoretical overpotential is a function of binding free
energies of the three intermediates, the limiting potential can be calculated from the *OH
binding directly based on the above scaling relations. Figure 1g shows the results of this
calculation for the 4e” process in which is known as a ‘volcano’ plot, due to the crossed
relations for *OH and *OOH binding. Norskov ef al. concluded from these plots:** 1) for
catalysts that bind strongly with the *OH, the reaction of *OH—H>O is potential limiting (the
solid blue line in Figure 1g); and 2) for catalysts that show weak binding, O>—*OOH is
potential limiting (solid green line in Figure 1g). This understanding creats a route to use
various engineering strategies of catalyst materials, such as edge strucrure, strain, boundary
modification and doping, to design regulation of the binding strength of a catalyst and,
therefore, to reach the minimun theoretical overpotential (~0.37 V) of the 4e” process.

For the 2e” ORR process, since *OOH is the only intermediate involved in the reaction, its
formation or the removal becomes the only rate-limiting step (without the consideration of O
adsorption). On the basis of above scaling relations, a similar volcano plot (Figure 1h) can
also be prepared to show the relationship between the limiting potential and the *OH binding
free energy. For catalysts with strong binding abilities, the desorption of *OOH to form H>O»
will be the rate-limiting reaction step. By contrast, if the binding between O and the catalyst
is relatively weak, the activation of the O> and the reaction of the O,—*OOH will be the rate

limiting step. Optimal binding ability of the catalyst, in principle, can be reached by suitable
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regulation of the materials, giving potentially a zero overpotential like that in the hydrogen
evolution reactions (HER) (Figure 1h).[*+%]

2.4 Reaction Rate and Selectivity
Microkinetic modeling of the ORR suggests that the ORR is intrinsically fast but becomes

limited by O, diffusion at low potential (< 0.65 V versus RHE) and by O adsorption at high
potentials (~0.9 V versus RHE).I*¥ In practice, the reaction rate of the ORR also depends on
the number of the active sites, temperature and the pH of electrolytes.

Selectivity between the 2e” and 4e” pathways is determined by the competing *OOH
reactions that yield to H,O2 and H2O (Egs. 6 and 7).>*! As suggested by the Eq. 7, the key to
suppress the 4e” process is to avoid the dissociation of the O-O bond in *OOH. We can use
the scaling relations discussed above to predict that catalysts with strong binding abilities are
unsuitable for the selection of 2e” pathway. Recent developments suggest that carbon
materials may be interesting in this regard, given their inactive graphite plane and highly
active N-doped states of CNTs well suited for the 4e” process. Regulation of the electronic
states of carbon materials between pristine graphite and CNTs is possible. This regulation
may be achieved by, for example, introducing dangling bonds, or tuning the density of states
(DOS) around the Fermi level and electronic distributions near active regions (e.g. by strain,
geometric defects and polarized edge states).[*”!

3. Engineering Strategies of Carbon Materials for ORR

With all the above understanding, we discuss below the development of carbon catalysts
and engineering strategies towards the improved and controlled catalysis, including mainly
the chemical doping and defect engineering. Other strategies such as monatomic catalyst and
hybrid/heterostructures will not be discussed in this report as their catalytic activities are
mainly raised from exterior materials rather than the carbon structures.

Understanding of the ORR mechanism of engineered carbon materials are mainly based on

the DFT investigations which suggested only weak physisorption (bound by dispersive van
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der Waals forces, no charge transfer happens) of Oz on the CNT and graphene surface.[*33! In
the DFT calculation reported by Giannozzi et al., the graphene and semiconducting single-
walled CNTs (SWCNTs) have the binding energy of 0.1 and 0.08 eV, respectively to the
triplet 02.°% Veiga et al. further calculated the binding energy of Oz at both the zigzag and
armchair graphene nanoribbons.*!! Among all investigated structures (Figure 2a,b), the H-
terminated zigzag structure is the only one which can chemically interact (bound by the
formation of a chemical bond, charge transfer happens) with the O2. The weak binding ability
to Oz of the plane of graphene layer and semiconducting CNTs explains why the carbon
materials have to be suitably regulated (e.g. chemical doping) to enable the ORR catalysis.

3.1 Chemical Doping
3.1.1 N doping
In 2009, Dai’s group reported the N-doped CNTs (Figure 2¢-e) which exhibited superior

ORR performance (e.g. the higher steady-state diffusion current and better durability) over
that of Pt/C catalyst in 0.1 M KOH electrolyte.!'*! The electron transfer number for one
oxygen molecule conversion was calculated as close to four at half-wave potential, suggesting
a relatively high binding energy between the O> and N-doped CNTs (Figure 1g-h). The C
atoms surrounding the N dopant (electronegativity of C: 2.55; electronegativity of N: 3.04)
have higher positive charge density than others (Figure 2f), which changed the O>
chemisorption from the end-on (Pauling model) to a side-on model (Yeager model, see
Figure 1c¢), and weakened the O-O bonding to facilitate ORR.'3! The detailed mechanism
was actually not really clear at that time considering the existence of various possible N-
doped structures such as pyridinic, graphitic and pyrrolic N.[21:52-%]

Based on both experiments and DFT studies, various results have been then reported to
discuss how carbon materials can be activated for ORR by N doping.®>° These N doped
carbon materials are usually too complex (i.e., the effects from geometric defects have been

overlooked in many early studies),20-3%3456:57.58.60-64] 34 the ORR between different N-doped
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structures are difficult to be precisely distinguished. In particular, many geometric defects
(e.g., edge, strain, crystal distortion) of pristine carbon materials are actually active for ORR
(will be further discussed in Section 3.2), giving great uncertainty of the experimental results.
Nevertheless, the DFT investigations involved in these works have provided a relatively
comprehensive understanding on the trend of ORR catalysis.!33%61 6569 For example,
Henkelman et al. discussed the ORR on pure and N-doped graphite materials (model: five
layers of graphene) in detail (Figure 2g-i).’" The C atoms close to the edge with 3C and
2CI1N coordination have only weak binding ability to Oz, which were directly excluded for
the ORR together with the unusual pyrrolic N structure (N bonded to two C and one H in a
five-membered ring). Their investigation suggested that the ORR activity of various N doped
structures follows the order of zigzag edge > Np-Z > Ng-Z > Np-A > Ng-A > Ng-B > armchair
edge at pH =1, and the order of zigzag edge > N-A > Ng-Z > Ng-B > armchair edge at pH =
13 (structures are defined in Figure 2h, also see descriptions below). Especially, the DFT
calculation gave key findings of:[""
® Basal plane: without graphitic N doping (Ng), the carbon atoms at basal plane are
unable to chemically bind with O; and ORR intermediate; The Ng can improve the
binding ability of the neighbouring C atoms (Ng-B, structure 2 in Figure 2i) slightly,
which has the theoretical onset potential (where the ORR starts) of 0.08 and 0.39 V (vs.
RHE) at pH =1 and 13, respectively. The pH-dependent activity is attributed to the
potential-dependent binding abilities to ORR intermediates (increase with increasing
electrode potential).
® Zigzag edge: the zigzag edge (structure 1 in Figure 2i) of pristine graphite is highly
active for ORR in both acid (theoretical onset potential of 0.6 V vs. RHE at pH = 1)
and alkaline medias (theoretical onset potential of 0.7 V vs. RHE at pH = 13, Figure

2g-h). The reduction of *OH to H20O (Equation 3) is the potential-limiting step in

10
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acidic media, while the *OH formation step (Equation 2) determines the onset
potential in alkaline media.

Armchair edge: compared to the zigzag edge, the two under-coordinated C atoms at
armchair edge (structure 5 in Figure 2i) have relatively strong C-C bonding (bond
length of 1.37 A vs. 1.41 A of zigzag C-C), giving weak binding abilities to the ORR
intermediate and poor activities in both acidic and alkaline medias (Figure 2h).
Pyridinic N-doped zigzag edges (Np): the Np (structure 3 in Figure 2i) can directly
occupy the most active zigzag edge and deactivate the neighboring zigzag C site (Np-
Z, Figure 2i), giving reduced theoretical onset potentials of 0.4 and 0 V (vs. RHE) at
pH of 1 and 13, respectively (Figure 2h). However, the ORR activity is still higher
than that of the armchair structures.

Pyridinic N-doped armchair edges (structure 6 in Figure 2i): the Np (C-N) weakens
the C=C bond, which correspondingly improves the ORR activity of the neighboring
C site (armchair C, Np-A, Figure 2i), giving theoretical onset potential of ORR as
around 0.63 and 0.3 V (vs. RHE) in alkaline and acidic medias, respectively (Figure
2h).

Graphitic N near zigzag edge (Ng, structure 4 in Figure 2i): in this case, the
theoretical ORR onset potentials of the neighbouring zigzag C (Ng-Z) was predicted
as 0.36 and 0.56 V (vs. RHE) at pH = | and 13, respectively (Figure 2h), which are all
lower than the pristine zigzag structure. Such negative affect on the ORR activity also
slightly works on the next nearest-neighboring zigzag C atom.

Graphitic N near armchair structure (structure 7 in Figure 2i): the bond length of
armchair C-C is reduced upon the graphitic N doping at the nearest C atom. Therefore,
the binding ability of the nearest (to the graphitic doping position) armchair C to O

(Ng-A) is too weak to activate the ORR.

11
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® Synergy between Ng and Np: electron transfer from the Ny to Ny improves the
catalytic activity at the armchair position (Figure 2i).

These results are interesting by suggesting the highly active zigzag edges and detailed
effect of N doping on the ORR activity. Nevertheless, in most cases, the edge structure of
carbon materials is oxidized and needs to be studied further (see Section 3.2.1). Besides, the
modeling did not considered the competitive associative 2¢” reaction pathways, which may
only need relatively weaker binding ability compared to that of the dissociative 4e” reactions

(see Section 2.4).
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The calculated charge density distribution of the N-doped CNTs. (¢)-(f) are reproduced with permission.!'3] Copyright 2009,
AAAS; g) Diagram shows the structures of the graphitic N (Ng) and pyridinic N (Np) in graphene and their synergistic effect
in ORR; h) Theoretical onset potential for different active sites at pH of 1 and 13; i) Atomic structures of different active sites
(A, Z and B mean armchair and zigzag edges and basal plane, respectively). In g and i, the C, N and H are represented by
black, cyan and white, respectively. The sites to bind with ORR intermediate are marked as red circles. Figures (g)-(i) are
reproduced with permission.””! Copyright 2020, American Chemical Society; j) ORR pathways on N-doped carbon materials.
Reproduced with permission.[*] Copyright 2016, AAAS.

In 2016, Nakamura et al. prepared the highly oriented pyrolitic graphite (HOPG) with well-
defined © conjugation and controlled N species.[*” This preparation allowed the comparison
between graphite and various N-doped graphite structure, giving the ORR catalytic activity of
pyridinic N-dominated HOPG > graphitic N-dominated HOPG > edge patterned HOPG
(without N doping) at pH = 13. The characterization suggested that the C atoms near pyridinic
N are ORR active sites, which have a localized DOS in the occupied region near Fermi level,
and act as Lewis bases to adsorb O-species.>%’!"2 Nakamura et al. proposed a possible
mechanism for the N-doped HOPG with both associative (steps 1 -2—3—4—5) and
dissociative processes (steps 1 —-2—3—4—06, acidic media, Figure 2j). In the associative
process, the adsorbed O at the active C sites is protonated (two protons), giving the breakage
of the O-OH bond and formation of OH species. One proton further reacts with the remained
—OH to generate H>O. In the dissociative processes, the O» is initially protonated to form
*OOH (steps 1-3) which is then reacted with another proton to form H>O» (steps 3 — 6,
Figure 2j). The H2O: is then re-adsorbed and reduced to the H>O (step 6 — 5, Figure 2j).
These proposed reaction routes match well with above equations 1-7. Nevertheless, according
to the DFT calculations,[”” the ORR catalysis of pyridinic N structure is still not as good as
that on the pure zigzag structure. The catalytic activity of the edge in the HOPG may be
under-estimated,®! assuming the small number of the edge structure and the existence of
relative inactive armchair edges. In many ring-disk electrodes (e.g., the glassy carbon disk),
besides the higher ORR current background, the onset potential is also higher than that of all
the above N-doped HOPG materials.[”>) Besides, the 4e” dissociative process may be not the
case in the HOPG when the measured and calculated onset potential is too low and far away

from the equilibrium potential of 1.23 V (versus RHE, e.g., around 0.4 V in the pyridinic N-
13
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dominated HOPG, close to the theoretical one).’%7% The binding ability of these graphite
materials may be still too weak when comparing with that on the N-doped CNTs which has
the 4e” process.!'*! This is reasonable as the C-C/C=C bond length in CNTs is usually larger
than that in pure graphite structures.[”*7%! According to Henkelman’s research, the longer
bond length means a weaker C-C bonding and an enhanced binding strength to ORR
intermediates.”"! The higher surface energy of CNTs (from the surface curvature and
defect)””-71 over that of the basal graphite may also improves the binding ability to O, (will
be further discussed in Section 3.2).

3.1.2 B doping

Since the N doping can regulate the electronic distribution of nearby C atoms, similar
elements such as B, S and P with different electronegativity to that of C have also been used
to functionalize carbon materials toward the improved ORR.[!7:80-87]

In 2011, Hu et al. investigated the impact of B doping on the ORR activity of CNTs.[!”]
Figure 3a and b show the contour plots of spin up and spin down highest occupied molecular
orbital (HOMO) of physisorbed O; on the pristine CNT (5,5, armchair), respectively. Upon
the adsorption of O2 on CNTs, the orbital overlap only happens when the wave function has
the same sing with small negative charge transfer (-0.1e, Figure 3a). Otherwise for the wave
functions with different signs, the antibond will form in the system and repel O, away from
the CNT (Figure 3b). The CNT can be treated as a typical spin-singlet system, while the O>
triplet electron configuration has two unpaired electrons with identical spins.!'”! The orbital
mismatch between uncharged CNTs and the ground state triplet O> means that the O cannot
be chemically adsorbed on the CNTs. However, in the case of the B doping (BC3 coordination,
sp?-like hybridization in B-C ¢ bonds, Figure 3c), the B-C ¢ bonds are considerably polarized
due to the electronegativity difference between C (electronegativity: 2.55) and B

(electronegativity: 2.04). Such polarization gives a 0.56 e positive charge on the B atom

(Figure 3c¢), benefiting the chemical adsorption of O molecule (slightly negatively charged

14
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upon approaching CNTs). This ORR activation model is different with that of N doping
(Figure 2f), while the B dopant is the active site to adsorb O, and ORR intermediates. Figure
3d shows the process of O, adsorption on B-doped CNTs, proposed by Hu et al.l'”) During
this process, the lowest unoccupied molecular orbital (LUMO) of a triplet O (molecular
orbitals 2, Figure 3d) overlaps with the protruding lobe spin-down HOMO of B-doped CNT
(molecular orbitals 1, Figure 3d) to form an end-on adsorption (molecular orbitals 3, Figure
3d) with the adsorption distance of 1.55 A. The adsorption free energy of this process was
calculated as -0.11 eV, and therefore is an exothermic step. Charge transfer (0.45 e, from the
C through the B bridge) from B to O> happens with the elongation of the O-O bond length

from 1.21 A to 1.32 A, and the O-O is activated for the ORR.

Spin up 7 Spin down

e Adsorption Charge on B (eV) Adsorption |

site no adsorption energy (eV) ;
BC 0.56 0.11
BC,0 0.84 0.19
BCO, 1.14 0.68
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Flgure 3. a) Contour plot for spin up HO 0 -CNT (5,5); b) Contour plot for spin down HOMO of
physisrobed O2-CNT (5,5); ¢) Schematic of CNT (5,5) with substitutional B dopant; d) Schematic of the moecular orbits
involved in the Oz adsorption on B-doped CNT (5,5). 1, 2 and 3 are the spin-down HOMO-1 of B-doped CNT (5,5), LUMO

15




WILEY-VCH

of the triplet Oz and spin-down HOMO-2 of Oz adsorbed on the B-doped CNT (5,5), respectively. (a)-(d) are reproduced with
permission.l'” Copyright 2011, John Wiley & Sons; €) Adsorption parameters of BC, BC20 and BCO: sites on CNTs;!'7] f-g)
SEM (f) and TEM images (g) of P-doped carbon dot/graphene (P-CD/G) sheets; h) Linear sweep voltametry (LSV) curves of
various P-CD/G samples obtained at different temperature and the control sample without the P doping (t-GO). The potential
was converted using the Nernst equation to be shown versus RHE (pH = 13, 0.2 V of Ag/AgCl reference electrode). (f)-(h)
are reproduced with permission.®l Copyright 2019, John Wiley & Sons.

Hu et al. have further evaluated the influence of O element on ORR activation since the B
doping treatment was usually accompanied by the incorporation of some O atoms.!!”! Their
DFT investigation suggested that the charge of B atom and binding strength of O are always
improved with both the BC20O and BCO structures (Figure 3e). Nevertheless, compared to
N-doped CNTs,!*! the ORR activity of B-doped CNTs is still not good enough.[!”]

3.1.3 P and other element dopings
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Figure 4. a-c) Net charge of some selected atoms on graphene (a), graphene with one P dopant (b) and graphene with two p
dopants (c). Data are retrieved from the reference;!*¥ d) Limiting potential for associative ORR in acid medium of pristine

CNTs and doped CNTs (doped with N, P, Si, B and S). 7, U}, U, U} are limiting potentials of reactions of Egs. 4,5, Eqgs.

6,7, Eq. 8 and Eq. 9 at AG = 0 (adsorption free energy), respectively. The dashed line corresponds to the equilibrium potential
of ORR at 1.23 V. Reproduced with permission.*® Copyright 2019, IOP Publishing; €) Schematic of the doped graphene,
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showing possible doping positions; f) Minimum ORR and OER overpotential versus the descriptor (®); g) The measured
limiting current density normalized by Pt/C electrode current density at 0.5 V (vs. saturated calomel electrode/SCE) versus
the descriptor; h) The measured relative onset potential as a function of the descriptor. Three groups of dopants are classified
in the plot. (f)-(h) are reproduced with permission.['"!] Copyright 2015, John Wiley & Sons; i) The orbital hybridization of
valence band of active sites and adsorbates bonding orbital. Er is the highest valence orbital energy of the entire graphene
cluster. This figure was prepared according to reference.!''3]

The incorporation of the P (electronegativity of 2.19) and S (electronegativity of 2.58)
atoms into the carbon structure can also generate interactions between dopants and C atoms,
leading to the redistribution of charge and spin density. The activation of carbon materials

(20.88-93] For example, Lai ef al.

with P doping for ORR has been well reported experimentally.
reported the P doped carbon dots which were loaded on graphene sheets (Figure 3f) for
ORR.PY Besides the homogenous P doping, the prepared sample has also various wrinkled
surface structure (Figure 3g). The undoped sample (t-GO, treated graphene oxide) has
suitable ORR activity, which may arise from the edge structure of carbon dots and the
wrinkled surface of graphene. The ORR activity can be improved by suitable P-doping
(Figure 3h). A DFT calculation on similar P doped graphene sheet suggested little positive
(0.054 a.u./arbitrary unit) and negative charges (-0.007,-0.042 and -0.054 a.u.) of C atoms in
the middle of graphene, which is nearly neutral (Figure 4a). In the one and two P doped
graphene, the P atoms are charged with 0.652 a.u and 0.630-0.632 a.u., respectively (Figure
4b-c). The neighboring carbon atoms of P dopant are negatively charged from —0.217 to
—0.275 a.u. (Figure 4b-c). It suggested that the P dopant is the active site to adsorb oxygen
species, which also improves the charge mobility.” Besides, the gap between HOMO and
LUMO of graphene is decreased upon the P doping (Figure 4b-c), benefiting the electron
excitation and electrochemical reaction on the surface. Yang ef al. used a similar DFT
calculation to suggest the ORR reaction species, and that the H,O, can be bound strongly to
the P atom.>! In the most favorable configuration, O2 is adsorbed by the P atom via the side-
on model and a binding energy of 1.02 eV.*>%¢ Such high binding energy makes dissociation
of the O-O straightforward, with a relatively low energy barrier (0.38 eV) and large

exothermicity (AH = 2.07 eV).[® As predicted, the ORR could take place around the dopant
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position with a 2e” process to form an OOH intermediate first and then undergo the 4e-
reaction to break the O-O bond of OOH.®>! The 4e” process is limited by the reduction of OH
to form H,O with the largest barrier of 0.88 eV, which is similar to that on metal surfaces.[*”"]
Compared to P-doped graphene, the P-doped CNTs (8,0) have slightly lower binding energy
to 02 (0.92 eV).’] This may be explained by the fact that CNTs have surface curvature and
need fewer geometrical structure distortions to accommodate the P impurity (in graphene, the
P doping drastically changes the geometrical structure, resulting in the protrusion of the P-
atom outside the plane).*>-¢!

Doping with S atoms can also narrow the energy gap between the HOMO and LUMO of
carbon materials.®3! Although the S atom has similar electronegativity (2.58) to that of C
(2.55), the large difference in size causes strain and defects in the carbon framework (like that
of P doping), which contributes to the ORR activity.”®! Nevertheless, experimental
investigations on S-doped carbon materials have not been well explored. Beyond single-

[17.32,100-110] /e

element doping with N, B, P and S, other dopants have included Cl, F and Si.
will not discuss these further as their activation mechanism is similar (e.g. the change of

charge distribution, the distortion of geometric structure, the improved binding strength to O

and ORR intermediates).

Table 1. The comparison of carbon materials with and without chemical dopings. In doped CNTs, DFT calculations on the
identical model are chosen for comparision. Eb: binding energy, SWNTS: single walled CNTs.

Structures Electronega Ep to Oz (eV) Adsorption Model, Active Site Ref.

tivity Mulliken charges (e)
on dopant

Graphene C:2.55 Planer: 0.007-0.008 No chemical adsorption NO activity [51]
C:2.55 Zigzag (H terminated): 0.51 | Chemical adsorption C [51]
C:2.55 Armchair: 0.009 No chemical adsorption NO activity [51]

CNTs C:255 SWNTs (8,0), plane: 0.08 1501

Doped CNTs i N: 3.04 N doped: 0.15 Side-on: -0.718 Neighbouring C [99]
B: 2.04 B doped: 0.23 End-on: -0.009 Dopant [99]
P:2.19 P doped: 0.14 End-on: 0.459 Dopant [99]
S:2.58 S doped: 0.73 Side-on: 0.657 Dopant [99]
Si: 1.98 Si doped: 1.5 End-on: 0.279 Dopant [99]

3.1.3 Comparison and combination of different dopings

Next, we directly compare different chemical dopings on the ORR performance. As

discussed above, the ORR catalytic activity is highly related to the binding strength of O» and
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ORR intermediates on the catalyst surface. Activation of the O-O bond needs suitable binding
abilities of the active site (Figures 1g,h), which are decided by several parameters, such as its
electronegativity, charge transfer, geometric structure and electronic distributions. Description
and comparison of the ORR activity of different materials using simple and reliable methods
is always of interest to the field. Table 1 compares some parameters of several pristine and
doped carbon materials. Among these N-doping creates the highest electronegativity. The
charge on the N dopant (-0.718 e) is much higher than that of others, suggesting that N-doped
CNTs are likely the best ORR catalyst to activate the O-O bond.®®! The small charge
distribution (-0.009 e) suggests that B is not a good candidate to promote ORR, which
contradicts with the result reported by Hu ef al. by showing large charges on the B and good
ORR performance (Figure 3d,e).!!”! In B-doped CNTs, the ORR activity may have also been
promoted by the O species (Figure 3e). Wang et al. compared the limiting potential of four
key dissociative ORR reactions (Eqgs. 4,5/step 1, Egs. 6,7/step 2, Eq. 8/step 3 and Eq. 9/step 4)
of different CNTs in acidic media (pH = 0, Figure 4d).°°' In CNTs doped with N, B, P, S or
Si, the step 2 reaction (Egs. 6 and 7) is favored, with the limiting potential larger than the
equilibrium potential of 4 e ORR in an acidic medium (1.23 V, Figure 4d). Step 4 (Eq. 9) is
the rate-limiting reaction in N-, P- and Si-doped CNTs, while step 3 (Eq. 8) is the rate-
limiting reaction of pristine, B-, and S-doped CNTs. Among all these CNTs, the N-doped
CNTs give the highest limiting potentials for all four dissociative reaction steps (Figure 4d).
Xia et al. provided a more compensative comparison of the ORR activity of different doped

11 They introduced

carbon nanomaterials (possible doped structures are shown in Figure 4e).!
the descriptor of @ = (Ex/Ec) x (Ax/Ac), to describe the effect of a dopant on electron transfer
and reaction energy in both ORR and oxygen evolution reaction (OER). Ex and Ec represent
the electronegativity of the dopant (X) and carbon (C), respectively. The electron affinity (A)

of X and C represents the energy released when a neutral atom gains an extra electron to form

a negatively charged ion in the chemical reaction. This descriptor has an intrinsic relationship
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with the intermediate adsorption which decides catalytic activities. When @ ranges from 1 to
3, the ORR activities of regulated carbon materials could exceed that of Pt (Figure 4f-h).

With this descriptor, N was identified as the best dopant to activate the ORR of carbon
materials (Figure 4f-h). This descriptor has also been used to predict the catalytic activity of
various other doped carbon materials. Figure 3h shows such indicator, where three groups of
dopants are classified. Group I includes Ti, Pb, In, Al, Ga and Ge and are similar to B dopants.
Group II (As, Bi and Sn) and III (Po, Te and At) are close to the O and N dopants,

respectively.[!!!]

121 Qiao et al. also proposed a

Inspired by the d-band center theory of metal catalysts,
method to establish the correlation between the binding strength and molecular valence orbital
levels of each ORR active atoms, to describe the ORR activity of carbon materials (Figure 4i,

131 The adsorption energy of ORR

the analyses was based on graphene materials).!
intermediates (e.g., OH*) is directly affected by the valence orbital of the active center that
participates in the bond formation. The adsorption energy of O; and ORR intermediates has a
nearly linear relationship with Eqifr, defined as the gap between lowest valence orbital of the
active site and highest valence orbital energy of the entire graphene cluster (Fermi energy
level in the form of natural atomic orbitals, Figure 4i). The adsorption energy is raised from
the hybridization of valence band (v) of active site and bonding (o) orbital of adsorbed species,
to form bonding (v-0) and antibonding (v-0)* states. The filling of the antibonding state
decreases the binding strength between active sites and adsorbates, which is induced by a
lower valence band of active site.[!'*! Therefore, to improve the binding ability to the ORR
intermediates, the active sites should possess a higher valence orbital energy. Such
simplification of the relationship between binding ability and orbital hybridization model
(Figure 4i) will be highly useful in discussing geometric effects (Section 3.2). With these

principles, Qiao et al. plotted the ORR activity with different dopants, which are consistent

with the results obtained with the descriptor @.[!!113] It should be noted that all the above
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descriptors are mainly based on the 4e” dissociative process, while the 2e” associative process

may not need such a high degree of O-O bond activation.
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Figure 5. a) Photograph of a CNT sponge; b) Linear sweep voltammetry (LSV) of various catalysts in Oz-saturated 0.1M
KOH electrolyte. PA and Py mean polyaniline and polyaniline, respectively. The potential was converted using the Nernst
equation to be versus RHE (pH = 13, 0.2 V of Ag/AgCl reference electrode); (a)-(b) are reproduced with permission.[1°]
Copyright 2015, Royal Society of Chemistry; ¢) Transmission electron micrograph (TEM) image of doped graphene sheets; d)
Limiting current of different samples and the corresponding electro-transfer number (at -0.6 V vs. Ag/AgCl). (c)-(d) are
reproduced with permission.[''*l Copyright 2012, John Wiley & Sons; e,f) High-angle annular dark-field (HAADF) scanning
TEM (STEM) image of the defected graphene sheet with N and S dopants (DG-NS) (e) and corresponding fast Fourier
transformation-filtered image (f); g) Schematic structure of the DG-NS; h) Half-wave potential comparison of different
samples (in Oz saturated 0.1M HCIO4). DG: defected graphene. NS-G: N and S dual doped graphene. The suffixes show the
dopant elements. (¢)-(h) are reproduced with permission.!''?] Copyright 2020, Cell Press; i,j) Bonded B and N co-doped
CNTs (5,5) (i) and corresponding HOMO plot of the Oz adsorption configuration (isodensity value of 0.007 au.). N, B, C and
O atoms are represented with blue, pink, dark gray, light gray and red color, respectively. (i)-(j) are reproduced with
permission.[® Copyright 2014, American Chemical Society.

[«¥)

Beside the above discussed single doping, several multiple doping strategies of carbon

materials have been reported, aiming to further regulate the ORR activity.[8%114-118] For

example, Yu et al. reported the fabrication of a CNT sponge (Figure 5a) catalyst with
21



WILEY-VCH

optimum C-N-Fe coordination, which showed stronger catalytic performance than a Pt/C
catalyst in O saturated 0.1 M KOH (Figure 5b).[''®) Compared to CNT, FeCNT (CNTs
contain Fe) and Fe-CNT-ox (Fe-CNT annealed in air), the materials CNT-Py (CNT with N
doping, pyridine), Fe-CNT-Py (Fe-CNT with N doping, pyridine) and Fe-CNT-PA (Fe-CNT
with N doping, polyaniline) showed significantly improved ORR activity. Although the
detailed functions of the Fe and N are not clear, this report suggested that the formation of
nitrogen-iron coordination could provide greater ORR activity than N-doping alone. Qiao et

4] Comparison

al. also reported S and N dual-doped graphene sheets (Figure 5¢) for ORR.!
of different samples suggested that the dual doping offered much higher limiting current
density than that of either S- or N-doped graphene alone (Figure 5d). Besides, the ORR of the
S and N dual-doped graphene has a higher electron transfer number than single (S or N)
doped material, which is beneficial to fuel cells applications. Based on DFT calculations,
Qiao et al. suggested that the S and N doping generate “synergistic effects”, in which electron
spin and charge densities are redistributed to create more active carbon atoms surrounding the
dopants.!''* However, the DFT calculations reported by Shao et al. gave a different viewpoint
of S and N doping not having obvious “synergistic effects” that benefit the ORR.[!'") Instead,
the improved ORR performance was believed to arise from pre-treatment S doping resulting
in the formation of additional pyridinic N-structures. Otherwise, the ORR activity would be
decreased if the pre-formed pyridinic N structures are disrupted by S doping.!''” Yao et al.
also suggested that the dual doping of graphene has no significant uplift of the ORR (Figure
Se-h)!!') and, in particular, N and S dual-doped graphene materials have very poor ORR
activity (Figure 5h). They fabricated defected graphene sheets with pentagon C5 structures
(Figure Se-g) and systematically compared the ORR effects on various single and dual
doping treatments (Figure Sh). Both the DFT and experimental investigations indicated that
the heteroatoms generally had a limited contributed to the ORR, although the ORR promotion

is significant if these dopants are at certain defected structures (e.g. the C5 structure).[!!”]
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Again, a research reported by Hu et al. suggested that B and N dual-doping cannot activate
CNTs for ORR (with only physisorption to Oz, Figures 5i-j), if the B and N are bonded to
each other.®%) The improvements can only happen if B and N are separately doped into the
carbon structure without the predicted “synergistic effects” (B and N doping improve the
catalysis separately).[®”) The above controversy seems to have arisen from an evolving
understanding of the more complex role of structural defects on the ORR than might initially
be expected.

3.2. Defects

All the above discussion suggests that defects in carbon materials are critical to determining
ORR activity and selectivity, which has been overlooked in many early studies. Now, we start
to discuss how these defects can be used to improve the ORR.

3.2.1 Edge and Pentagon Structures
As discussed above (Section 3.1.1), the zigzag edge has very high ORR activity (Figure 2i).

Recent experiments on edge-enriched graphene and CNTs also confirmed their high catalytic
activity.?%120-1221 1n 2018, Shui et al. reported the ORR on partially-unzipped CNTs and their
application in fuel cells (Figure 6a-b).[>! They initially unzipped CNTs to give edge
structures and then performed annealing to remove surface O-containing groups from samples.
s the control sample, partially- and fully-unzipped CNTs either undoped or N-doped were
prepared and measured. Both the pristine and N-doped partially-unzipped CNTs exhibited
better ORR activity than doped/undoped fully-unzipped CNTs. The co-existence of CNTs and
unzipped nanoribbons (Figure 6a) in the partially-unzipped sample was considered to benefit
the electrochemical dynamics.*®! In alkaline media, partially-unzipped CNTs exhibited a half-
wave potential of 0.819 V, which is close to that of Pt/C (0.84V) and N-doped control
samples (0.839 V).[261 In acidic media, the onset and half-wave potentials of partially-
unzipped CNTs were measured as 0.76 and 0.633V, respectively, which were higher than

those of the N-doped control sample. Shui et al. then suggested that the lower ORR activity of
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N-doped control samples in acidic media is due to proton adsorption, which weakens a CNT’s
ability to bind Oz and ORR intermediates.?®!2%124] This mechanism is also relevant in pure
zigzag structures, where protonation is also common in acidic media.[*”-'25-127) In both acidic
and alkaline media, the number of electrons transferred in the ORR with partially-unzipped
CNTs is measured to be 3.6 — 3.9 through a direct 4¢” dissociative process (Equations 1-3),
which is close to that found using plasma-treated graphene sheets (3.85).[12% It should be
noted that the catalytic activity and selectivity may be different with unzipped CNTs
(nanoribbons) and CNTs due to their different C-C/C=C bond lengths (longer bond length

means stronger binding of O2).[%!
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Figure 6. a) Schematic of the unzipping of CNTs and their application in fuel cells; b) Transmission electron micrograph
(TEM) of partially-umzipped CNT. Scale bar: 100 nm; (a),(b) are reproduced with permission.?%! Copyright 2018, Springer
Nature; c) ORR overpotential of different edge structures. Data are retrieved from the reference;!'?? d) Fast Fourier
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transformation-filtered image transferred from the HRTEM image; e) The local work function of the edge areas of Ar-HOPG,
N-HOPG and D-HOPG. The inset is the scheme of the KPFM measurements; f) LSV curves of Ar-HOPG (red), N-HOPG
(blue) and D-HOPG (purple) in 0.1 M H2SO4 solution. Inset table shows the correlated potential (V, vs. RHE) at 0.05 mA cm”
2, (d)~(f) are reproduced with permission.['?’l Copyright 2019, Springer Nature.

Shui et al. performed further DFT calculations to support the high activity of zigzag-edge
carbon atoms, and suggested that O doping of carbon-structure edges would reduce their
catalytic activity.[* However, a DFT calculation reported by Want et al. indicated that some
O-containing groups can actually improve the ORR activity of neighboring C atoms because
of the charge redistribution induced by oxygen.['??] In their DFT calculations, the
overpotential of different armchair and zigzag edges were compared, where they were either
O-doped, C=0 terminated, C-OH terminated, C-OOH terminated and/or contained pentagon
defects (Figure 6¢). Of these, the pentagon-defected structure with C-OOH species had the
lowest ORR overpotential. The defect-free structure with C=0 edge-termination also had low
ORR overpotential, and lower than the pure edge structures (Figure 6c and Figure 2h). Other
structures such as zigzag edges with C-OH and COOH termination, and pentagon-defected
structure with O dopant and C=0/C-OH termination have proved to be ORR inactive.!'*?!

Compared to the hexagonal zigzag edge, the pentagonal edge (Figure 6d) has much higher
catalytic activity for the ORR, although this structure is not common in highly-crystallized

H9.128-311 1n 2018, Mu et al. used DFT calculations to compare ORR activity on

graphite.
hexagonal C6 and pentagonal C5 carbon atoms.!'3!] Unlike the C6 structure, the C5 structure
shows a narrowed HOMO-LUMO band structure and has a larger change density gap and
much higher adsorption energy to O, all of which enhances the catalytic activity of C5
carbons, including those at edges, over C6 carbons.!'*!] Experimentally, Yao et al. prepared
defected pentagonal carbon (see Figure 6d, D-HOPG) and pyridinic N-doped HOPG (N-
HOPG).["*! The D-HOPG was fabricated by first doping N into the edges of HOPG at 700°C
and then removing it at 1150 °C. Kelvin probe force microscopy (KPFM) was used to

measure the electron-donating capability of edge areas of Ar-HOPG (Ar annealed), N-HOPG

and D-HOPG. D-HOPG had the lowest local work function at edges (5.18 eV), corresponding
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to the highest electron-donating capability.['*!) Further LSV scan confirmed the best ORR
catalytic activity of the D-HOPG edge structure (Figure 6f).

All the above investigations suggested that the edge structure of carbon materials is critical
to their use as catalysts in the ORR. In particular, introduction of pentagonal defects has
proven particularly effective at improving catalytic activity.

3.2.2 Wrinkles and Corrugations

Besides the zigzag and pentagonal edges, topological defects such as wrinkles, corrugations
(ripples) and structure dislocations (strain) also affect the adsorption ability of carbon
materials to Oy. In electrochemical energy storage, the corrugation and strained structures of
2D materials have been shown to enhance chemical activity, binding strength and the solvent-
accessible surface area.[*:132-137] These structural asymmetries give the improved binding
ability through the local polarization of electronic states and a higher DOS around the Fermi
level, which means that local chemical potential is enhanced at curvatures.[*713%13% Similar
phenomena have been observed in 2D MoS; sheets when a tensile strain is used to introduce

44.45,140-1931 Combing the above orbital hybridization

electronic states close to the Fermi level.!
description model (Figure 4i), the formation of these in-gap electronic states in carbon
materials could, in principle, lift the valence orbital energy level, reducing the antibonding
state and increasing the binding strength to adsorbates.

Corrugation of graphene (Figure 7a) is extremely common due to anisotropic strain
relaxation.['*-146 Understanding of the binding ability of local corrugations can be gained by
using DFT calculations to consider ‘waved’ graphene, which has a periodic ripple structure
and significantly different electronic and magnetic properties compared with flat
graphene.[13313:144143] Figures 7b,¢ show the calculated pyramidalization (“zm-orbital axis
vector”/POVA, will be further introduced in Section 3.2.4) angles of carbon atom positions

within one wavelength of waved graphene under 10-50% compression with the ripples along

the armchair and zigzag directions.!'>*! The compression (¢) is defined as the value of (Co-
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C)/Co, where the Co and C are the starting and compressed wavelength, respectively. The
graphene is more wrinkled with higher compression (Figures 7b,c). The bending at the bridge
between two hexagons decouples the big  bonding states in neighbouring hexagons and

(139 DFT calculations suggested that the O> molecules can be

generates charge redistribution.
chemically adsorbed with only the side-on model at the rooftop ripple position (has the
highest chemical activity) of waved graphene.'*3! The C-O bond length decreases, and the O-
O bond length increases with the increase of compression (Figure 7d). In ziagzag graphene
nanoribbons with an oxygen atom bonded to C edges, bond lengths of C-O and O-O are 1.65
and 1.30 A, respectively (compared to a bond length of 1.22 A in isolated free O>
molecules).’!! In O>-chemically-adsorbed waved graphene (Figure 7d), the bond length of C-
O becomes < 1.46 A, while the bond length of O-O is close to 1.52 A upon 50%
compression.!'*3] In this case, the C-C bond also increases to 1.721 A. These values may be
different in practice, but the calculated trends suggest that O, adsorption on waved graphene
is strong enough for the O-O bond activation. In flat graphene (¢ = 0), chemical adsorption is
difficult and endothermic, having a chemical adsorption energy of 0.95 eV. The chemical
adsorption of O2 becomes exothermic at e = 30% and the adsorption energy decreases to -0.62
eV at e = 50% (Figure 7e).l'3] The O, binding of highly compressed, waved graphene is
stronger even than that of zigzag-edge C atoms (end-on adsorption, Table 1). Besides,
compared to the end-on adsorption at the edge, the side-on adsorption of O on waved
graphene suggests that the O-O bond is more likely to be dissociated to benefit the 4e- ORR
process. The DFT calculations reported by Tozzini ef al. also suggest that tensile strain results
in stretched C-C/C=C bonds but compressive strain results in a limited reduction of the C-
C/C=C bond length, with sites tending to pyramidalize instead, resulting in higher surface

activity and binding ability, and a transformation of sp? orbitals to unpaired sp>.['4”]
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Figure 7. a) Perspective view of a graphene structure showing surface corrugation. The z position out of plane is color coded.
Reproduced with permission.['4! Copyright, 2018, IOP Publishing; b,c) DFT-calculated pyramidalization angles within one
wavelength of waved graphene with ripples along armchair (b) and zigzag directions (c). Reproduced with permission.[13]
Copyright 2014, Springer Nature; d) DFT-calculated adsorption distance between waved graphene and Oz molecule. wG-O2
means waved graphene bound to Oz; e) DFT-calculated adsorption energies of H2 and O2 on waved graphene as a function of
compression. (d)-(e) are reproduced with permission.['*3] Copyright 2017, Elsevier; f-g) The C-C/C=C distance distribution at
different cell strain with 4Y3x4V3R30 (e) and 3V3x3V3R30 cells (f). The inset shows the selected strained and contracted
structures. In the contracted structures, the blue and red colors represent the up and down displacement in the z direction (out
of plane). Reproduced with permission.l'1 Copyright 2015, American Chemical Society; h) A proposed model of waved
graphene for ORR (C atoms displayed in two different colors); i) The proposed ORR pathways (highlighted) of the waved
graphene. (h),(i) are reproduced with permission.['48] Copyright 2017, Springer Nature.

In 2017, Pan et al. reported DFT calculations of the ORR on waved graphene.!'*!] The
adsorption energy of O> at the top of ripple position was calculated as to be -0.09, -0.36 and -
0.62 eV under compressions of 30%, 40% and 50%, respectively, the latter two of which
being larger than the O, adsorption energy on N-doped graphene (-0.20 eV).!'*¥1491 Upon N-
doping waved graphene, O> adsorption energy with 30%, 40% and 50% compression changed

to -0.83, -1.05 and -1.22 eV, respectively, suggesting improved binding abilities.'*!] All of
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these cases are also marked by significant charge transfer from the waved graphene to the O
molecule, sometimes as close to one electron. On waved graphene with compression of 50%
and in acidic media, the adsorbed O undergoes a sequence of: O-O bond activation;
formation of OH---O (or O---OH, c1 and c2 in Figure 7i); formation of OH---OH (or HO---
HO, el and e2 in Figure 7i); and, finally, formation of H>O (fl, f2 and g in Figure 7i). Any
H>0> decomposes into OH---OH (el and e2 in Figure 7i, easily dissociate), suggesting that
the dissociative 4¢” mechanism is the mostly likely ORR pathway.!'*®! Therefore, carbon
materials can be activated for ORR by forming local wrinkles, corrugations and ripple
structures in their surface. It should be noted that with these modifications, the improved
binding ability to Oz is comparable with or stronger than that of flat N-doped carbon materials
(see Table 1).

3.2.3 Point Defect and Lattice Dislocation

Defects such as point defects and lattice dislocations are also universal in carbon

[130-136] The structural asymmetry and strain induced by these defects create

materials.
significant local charge redistribution, which will affect the ORR activity.

Since carbon atoms have several possible electron orbital hybridizations, the graphene
lattice has the ability to reconstruct by forming non-hexagonal rings (Figure 8a). The
formation of a C vacancy causes distortion of nearby C rings and creates dangling bonds
towards the vacancy site. This increases the local DOS (LDOS) at the Fermi energy, which is
spatially localized at the dangling bonds.!">!! This phenomenon has been experimentally
confirmed by Brihuega et al.l'>! They created the single C vacancy on HOPG and measured
the vacancy position with scanning tunneling microscopy (STM) and scanning tunneling
spectroscopy (STS). The dangling bond gave a protrusion around the vacancy position in the
STM image (Figure 8b) while STS measurement confirmed the significantly increased LDOS
at around the Fermi energy level (Figure 8¢).l'32! A pentagon ring reconstruction is one such

point defect and shows very high catalytic activity on the ORR, as we mentioned above.['!"!
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Figure 8. a) HRTEM image of the reconstructed vacancy of graphene lattice. Reproduced with permission.['*”) Copyright
2008, American Chemical Society; b) 3D scanning tunneling microscopy (STM) image of a single isolated C vacancy on
HOPG; c) Scanning tunneling spectroscopy (STS) measurement of pristine HOPG without vacancies (black dotted line) and
HOPG with a single vacancy (red dotted line, measured on the top of the vacancy). Reproduced with permission.[!32!
Copyright 2010, American Physical Society; d) Calculated O adsorption energies using Perdew-Burke-Ernzerhof (PBE)
without (solid line) and with a vdW-DF correction (dashed line, van der Waals correction). For each defect, the data points
from left to right correspond to the coverage of 1 to 4 O atoms. Reproduced with permission.['3”! Copyright 2013, American
Chemical Society; ¢) Comparison of Oz adsorption on the basal surface of graphene and different defect sites. Data are
retrieved from the reference;'*”1 g) Schematic of the defected carbon nanocage, and the ORR LSV comparison with N-doped
CNTs in 0.1 M KOH. The potential was converted with Nernst equation to versus RHE (pH = 13); h) Transmission electron
microscope (TEM) image of a carbon nanocage; (g),(h) are reproduced with permission.[?*! Copyright 2015, American
Chemical Society; i) HAADF STEM image of the defected graphene with reconstructed ring structures. Reproduced with
permission.['%3] Copyright 2016, John Wiley & Sons.

The formation of the multiple-C vacancies may lead to more complex defect configurations,
such as boundaries, pores and lattice dislocations. Broadly, as with single C vacancies,
electronic redistribution and dangling bonds also exist around multiple-C vacancies if the

various reconstructed structures around the defect site cannot match to each other (e.g., the
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combination of hexagonal and non-hexagonal structures).l'>!! As discussed above, the binding
ability to Oz in these defect sites is generally enhanced from the pristine graphene lattice.
Pachter et al. used DFT calculations to evaluate the adsorption of O and O: on different defect
sites,!'>”) including the mono-vacancy, double-vacancy, 555-777 (divacancy, containing three
pentagonal and three heptagonal cells),!!3] 5555-6-7777 (containing three pentagonal, one
hexagonal and three heptagonal cells)!!>"! and Stone-Wales defects (no C vacancy, pure
reconstruction of a graphenic lattice between pentagons, hexagons and heptagons). They
suggested that these representative defects have very high adsorption energies for O atoms
(Figure 7d) and Oz molecules (Figure 7e). O directly dissociates at the mono and double-
vacancy positions, with adsorption energies of -14.67 and -13.5 eV, respectively.!!>’] In the
other defect positions, the adsorption energy of O» also decreases significantly from -0.04 eV
of pristine graphene to -0.38 (555-777), -0.28 (5555-6-7777) and -1.41 eV (Stone-Wales).!!>7]
Such adsorption energies are comparable to or better than that of chemically-doped carbon
materials (Table 1), suggesting the likely high ORR catalytic activity of these reconstructed
structures. A DFT calculation reported by Xia et al. also indicated that various reconstructed
defect structures at both edge and boundary positions are highly active for ORR, and facilitate
the 4e” process.!'%"!

The lattice dislocation in many activated carbon materials can be considered as the
assembly of various point defects, wrinkles and corrugations. Several defect-containing
carbon materials have been proposed for the electrochemical ORR.[23-25161-165] For example,
Hu et al. reported the ORR on defected carbon nanocages, which had higher catalytic activity
over that of N-doped CNTs (Figure 7g).[*! Unlike the N-doped CNTs, the LSV of the
defected carbon nanocage has two reaction stages, which may correspond to the 2e” and 4¢
processes. The electron transfer number in the defined potential range (Figure 8g) was
calculated as around 2.9.1*! These carbon nanocages have clear lattice dislocations and

defected structures (Figure 8h). Based on DFT modeling, Hu et al. concluded that various
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defected structures (e.g., pentagons and zigzags) were the main contributors to the ORR
activity.!?3] Yao et al. also confirmed that the reconstructed ring structures of graphene

[163] As we discussed above, topological

materials (Figure 8i) could improve the ORR activity.
defects such as wrinkles and corrugations in many highly-activated carbon materials are likely
to catalyze the ORR strongly but this has been discussed only rarely. The above discussion
suggests that these defected structures are highly active for ORR and facilitate the 4e” process.
Nevertheless, the measured electrocatalytic activity and ORR electron transfer number of
most defected carbon materials are still much lower than that of the N-doped CNTs (electron

13.23-25.161-163] Sjonificant efforts are still neeYded to enrich and

transfer number close to 4).!
purify these defected structures, enabling highly efficient and selective ORR.

3.2.4 Surface Curvature of CNT's

Our above discussions imply that the surface of pristine CNTs cannot chemically adsorb O>
(see Table 1). However, the curvature of CNTs and similar BN nanotubes have been
suggested to be highly important to improve gas and chemical adsorptions.['®*165] The surface
curvature of CNTs has similarities to the corrugated structure and associated strain of
graphene layers, and may be critical in affecting the chemical affinity for O, and thus to
increase the catalytic activity. In CNTs, it makes the carbon atoms acquire sp>-like properties
that weaken the binding of carbon atoms. Various studies indicated the link between surface
curvature and its associated ability to bind external molecules.!'%1%-1741 However, the precise
role curvature plays in regulating the adsorption of O, and ORR intermediates is still under
debate.

Early in 2000, Zettl et al. reported the sensitivity of electrical resistance and thermoelectric

173] The electrical response was reversibly

power (Figure 9a) of SWCNTs to exposure to O.!
altered by O», which suggests that SWCNTs can chemically interact with Oz with significant

charge transfer resulting. Such interactions can also be induced by defect structures. Ajayan et

al. also found that multi-walled CNTs (MWCNTs) can chemically interact with O2 to enable
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ORR.!"74 Nevertheless, their DFT calculations on SWCNTs (3,3) suggested that curvature
plays only a small role in Oz adsorption and charge transfer. By contrast, the curvature is
responsible for the improved ORR activity of tip caps and defect sites (e.g. pentagonal sites,
pentagon-heptagon junctions) of CNTs.!'”¥ Monreno et al. have also investigated the effect of
local curvature on the adsorption of O2 on SWCNTSs.'7?! For armchair CNTs, the local
curvature radius (R’) is equal to the tube radius (R). In zigzag CNTs, R’ is larger than R due
to the ellipsoidal shape of the cross-section along C-C bonds (Figure 9b).[172175]
(3,3)/metallic, (5,0)/semiconducting, (5,5)/metallic and (8,0)/semiconducting SWCNTs were
chosen for the comparison, which have a curvature radius (R’) of 2.04, 2.32, 3.39 and 3.71 A,
respectively. They found that the O atoms can be strongly chemisorbed on the bridge site
(between the C-C bonds) of CNTs, and the adsorption energy is increased with the curvature.
O2 molecules can only be physisorbed on the surface of CNTs with large distance between the
O: and a bridge site (~3 A, interaction mainly from van der Waals forces), which also
increased with the curvature.

DFT calculations reported by Liu and Radovic et al. indicated that the chemical interaction
between O, and CNTs is possible, while the adsorption energy decreases with increasing tube
diameter, i.e. a weaker interaction is seen as the curvature decreases.!'’"!7®! The surface of
metallic CNTs is more reactive than that of semiconducting CNTs. Recently, Yang et al.
investigated ORR activity with CNTs.['®! They proposed a localized geometric descriptor of
CNTs based on the pyramidalization angle to report ORR activity. This angle directly reflects
the local curvature of a surface and the torsion of the w orbital system (Figure 9¢). In POAV
(m orbital axis vector) analysis,!'””!78) the POAV is chosen in the z-direction (local surface
normal) and has angles (esr) equal to the o orbitals of CoCi, CoC2 and CoCs (Figure 9¢). The
“pyramidalization angle” (ep) was defined as (6cz— 90°).l'%! Yang’s DFT calculations
suggested that the adsorption free energy of pristine CNTs, and B- and N-doped CNTs are all

highly correlated with the pyramidalization angle, which all increased with the surface
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curvature (Figure 9d). A volcano plot implies that low overpotentials of 4¢” ORR can only be
reached using highly-curved CNTs (Figure 9f), which are unstable and difficult to fabricate.
Nevertheless, high activity of weakly-curved CNTs can be obtained with suitable chemical
doping.['®*l By combining the above approaches with defects, it might be possible to achieve
highly-active ORR reaction on weakly curved and defected CNTs (e.g. with lattice distortions,

edge structure, and point defects of MWCNTs).
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Figure 9. a) Sensitivity to environmental conditions of thermoelectric power S for SWNTs at 350 K. Reproduced with
permission.!'73] Copyright 2000, AAAS; b) Schematic of the cross-section of a CNT with radius R and local curvature radius
of R’ along the C-C bond inclined by angle 6. This figure is prepared according to reference.['?) ¢) Schematic of the
pyramidalization angle (ep) on pure CNTs. Co is the active C atom, surrounded by the Ci, C2 and Cs C atoms. For B- and N-
doped CNTs, one of the above C atoms may be replaced by B or N; d) Plots of adsorption free energies of OH (solid line)
and OOH (dashed line) against the pyramidalization angle; ¢) Adsorption free energy of OH as the descriptor of ORR activity
on pristine, N- and B-doped CNTs. Ueq: equilibrium potential of 4e- ORR process. Ui and Us represent the first and fourth
ORR reaction steps; (c)-(e) are reproduced with permission.'%®! Copyright 2020, Royal Society of Chemistry.
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4. Carbon Materials in Fuel Cells

We summarise here in simply terms how carbon materials have been used in fuel cells. In
membrane electrode assemblies for transportation applications, the Pt-utilization and the cost
targets for 2020, as defined by the U.S. Department of Energy (U.S. DOE), are 0.125 g kW'
and 14 $.kW-!, respectively.['” The cost of the cathode can be 36-56% of the total for a fuel
cell because of the significant amount of Pt-based catalyst present!!%*!31 and despite Pt-based

electrocatalysts often suffering from poor stability, fuel crossover and gas poisoning

effects.l>182]

Table 2. A comparison of different carbon materials in fuel cells.

Materials Condition Maximum Electron transfer Ref.
power density number

N-doped CNTs acidic membrane, cathode 320W g, 51.2 4in 0.1 M KOH [185]
loading 0.16 mg cm™?, 80°C i mW cm?

Partially unzipped acidic membrane, cathode 520 W g, 161 4in 0.1 MKOH, 3.6- | [26]

CNTs loading 0.25 mg cm™?, 80°C i mW cm? 3.9in 0.5 M H,SO,

N-doped hierarchical | alkaline membrane, cathode | 228 W g™, 228 3.94-4in 0.1 MKOH | [25]

carbon loading 1 mg cm, 70 °C mW cm?

N-doped carbon alkaline membrane, cathode | 127 W g, 25.5 3.6in 0.1 M KOH [186]

nanohorn loading 0.2 mg cm™, 80 °C mW cm™2

NiCo-N doped CNTs alkaline membrane, cathode | 16.25W g™, 65 4 [187]
loading 4 mg cm™2 mW cm?

Tridoped graphene acidic membrane, cathode 9.33W g, 14 3.0in 0.1 M NaOH [183]
loading 1.5 mg cm™ mW cm?
alkaline membrane, cathode | 30.65W g™, 46 3.0in 0.1 M NaOH [183]
loading 1.5 mg cm™ mW cm?

N-doped graphene alkaline membrane, cathode | 1.3W g, 2.6 3.75-3.95in 0.1 M [188]
loading 2 mg cm, 60 °C mW cm? KOH

N-doped nanopores alkaline membrane, cathode | 10.8 W g, 27 29-3.7in1.0M [189]

graphene loading 2.5 mg cm™, 50 °C mW cm? KOH

S-doped graphene alkaline membrane, cathode | 9.43W g',2.83 | 2.0-25in0.1 M [190]
loading 0.3 mg cm™, 95 °C mW cm? KOH

Carbon materials offer much promise for replacing Pt as the cathode material of fuel cells
and achieving high stability while supporting ORR. Table 2 summarises some key
demonstrations of fuel cells with carbon-based electrodes and either acidic or alkaline
membranes. Alkaline media is usually preferred for these electrode materials, '*?>!1%] since
this gives higher power densities than with acidic media.l?® 1831841 Fye] cell performance is
governed by the cell layout and various efficiency parameters (e.g. ion transfer and mass
transfer) as well as by the ORR activity and pathway of the cathode. The 4¢” ORR process
could offer higher current and power densities, than 2e” ORR, and so is more favorable in fuel

cells. Table 2 compares the maximum power density of various fuel cells assembled from
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different carbon cathodes. There is a clear trend of this power density increasing with the
electrode transfer number. 2% 26: 1851901 N_doped graphene with a nearly-four-electron ORR
pathway is an exceptional case in that it shows a particularly low maximum power density of
1.3 W.g 1.l Ag we discussed above, graphene materials are more inert than CNTs for the
ORR, without the contribution from geometic and topologic defects (e.g. curvature, highly
corrugated surface, edges). The ORR electron transfer numbers of N-doped graphene and N-
doped CNTs (around four) are likely to differ. Precise determination of the electron transfer
number will be extremely important for guiding the development of carbon-based materials
for particular applications (e.g. fuel cells or the production of H>O»). A rotating ring-disk
electrode (RRDE) is useful in determing the electron transfer number involved in the ORR
catalysis. Nevertheless, as we explained above, the collection efficiency of the ring electrode
is not always steady and should be calibrated appropriately before any measurements are
taken. Direct measurement of H>O> production from the electrolyte could also be used to
verify the RRDE data. The ORR resulting from use of glassy carbon electrodes can be
considered as a result of using defected structures, which should be avoided in any precise
evaluation of the selectivity. We suggest, if possible, using either a rotating disk electrode
(RDE) or rotating ring-disk electrode (RRDE) with only the basal plane of a HOPG disk
exposed.

5. Conclusions and Prospects

The low cost, electrochemical stability and strong catalytic performance of carbon-based
materials makes them promising candidates for replacing precious metals in electrochemical
ORR. Here, we have summarized recent progress in engineering carbon materials towards
supporting improved ORR efficiency. Although the detailed electrochemical mechanisms
involving different engineered carbon materials are still yet to be further understood, recent
progress suggests key issues for consideration that could yield improved ORR performance.

These include that:
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® catalytic activity and selectivity of carbon materials are in part dependent on their
chemical affinity to O2 of ORR intermediates, which can be tuned by chemical doping
and defect engineering of the carbon materials;
® suitable chemical doping of carbon materials can change local charge distributions and
the nature of local O adsorption, thus enabling the C or dopant atoms to become
catalytically-active sites;
® the distorted geometrical structures formed to accommodate dopant atoms with radii
larger than that of a C atom can also result in charge redistribution and improve ORR
activity;
® defect structures such as zigzag edges and re-constructured pentagon edges are highly
active in ORR;
® other defects such as wrinkles, corrugations, vacancies, strain and curvature in the
surfaces of carbon materials should be considered as important contributors to ORR
catalyst performance.
Among various dopants, N has so far been shown to be the most powerful element to
regulate the electronic structure of carbon materials and, thereby, to enable the highest ORR
activity. Understanding the effect of doping on chemical affinity can be established using the

[113] To improve the binding

orbital hybridization model proposed by Qiao et al. (Figure 4i).
ability of carbon materials to ORR intermediates, the valence orbital energy of the active site
should be increased. This model also explained various observations of defected structures of
carbon materials improving the ORR activity, by enhancing the LDOS at the Fermi level and
lifting the valance bands.

However, it is still highly challenging to understand the exact effects of various defects on
the ORR activity and selectivity. The chemical affinity of carbon materials is highly

dependent on defect position, defect type, and wider geometric and topological structures, the

latter two of which can also be treated as types of defects to improve the LDOS. The ORR
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electron transfer number has been found to range between 2.9 and 4 in different carbon
materials,!'>?3%% implying that the activation and regulation of ORR from a 2¢” to a 4e”
pathway is possible. The defect-dependent chemical affinity and ORR activity also explains
why so many engineered carbon materials (e.g. CNTs, graphene, activated carbon materials

[13,30,52,54,56,57,58,60-64] In any future

and particles) have different reaction pathways and activities.
designs and investigations of carbon-based ORR catalysts, all of these defects, and not just re-
constructed pentagon carbon rings, should all be considered, e.g. in DFT simulations.

This analysis suggests possible carbon materials with both defected structures and chemical
doping beyond just N-doped CNTs to support the 4e” ORR used in fuel cells and energy
storage devices (e.g. Zn-air batteries). The 4e” ORR is achievable using partially-unzipped
CNTs as catalysts (electron transfer number ranging from 3.6 — 3.9), although detailed
structural information of, for example, bond lengths and defects of the nanoribbons needs to
be clarified to explain the higher binding ability over that required by the 2e” pathway.
Undoped carbon materials with well-controlled defect levels are also suggested for the
production of H2O». These carbon materials can include carbon cloth, carbon paper and
graphene-based composites with robust mechanical strength. Unfortunately, research on such
undoped defected carbon materials for 2e” ORR is not widely reported and there remains
scientific debate on the effect of CNT curvature upon ORR activity and selectivity. Although
the chemical binding ability of pure CNTs is still unclear, the activation and selection
regulation of ORR may be possible using CNTs with different curvature by combing various
defected structures, such as lattice dislocations and point defects. 6178

This work shows that future research that considers the structure, defect-state and
composition of carbon materials alongside the consideration of experimental arrangements

may see significant improvements in their effectiveness as catalysts for the ORR. Indeed,

similar principles are likely to see the development of robust carbon materials with tunable
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selectivity and performance for other reactions too, such as carbon dioxide reduction reaction

(CO:RR).
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Building on fundamental understandings of the electrochemical oxygen reduction reaction,
the key enginering strategies of carbon materials for the improved ORR are critically
reviewed, providing clear and straightforward pathways towards the improved ORR with
regulable activity and selectivity.
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