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Abstract

Based on first principles method, the catalytic property of nitrogen-doped graphene is investigated for
cathode oxygen reduction reaction. It is revealed that nitrogen clusters other than isolated one are the
most efficient catalytic sites for oxygen reduction. Codoping boron (or Fe, Co) can effectively
stabilize these otherwise high energy clusters while keep the cluster’s high activity. Clusters with three
or four nitrogens are found to be optimal. Theoretically catalytic properties similar to or even superior
to platinum can be obtained. The results can act as guiding principles for designing new functional

materials via codoping.
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For low-temperature hydrogen fuel cell, oxygen reduction reaction (ORR) at the cathode is the
rate-limiting and key reaction step, due to its much lower reactivity than that of the anode hydrogen
oxidation reaction [1]. At present, the most efficient and stable cathode catalyst is Pt [2, 3], but the
expensive price and rareness on earth of the noble metal drastically hinder the commercialization of
Pt-containing fuel cell technology. Therefore low-Pt loading cathode catalyst and even non-Pt cathode
catalyst are receiving more and more research attention currently [3-5].

N-doped carbon alloys have shown evidence of catalytic active for cathode ORR for a long time [5,
6]. Recently it is found that N-doped carbon nanotubes and N-doped graphene both possess
surprisingly high such catalytic activity [7-9]. Acting as metal-free electrode, they both possess better
electro catalytic activity, long-term operation stability, and tolerance to crossover effect than Pt for
ORR in alkaline fuel cells, which make them prosperous candidates to replace Pt. Meantime, a few
reports claim that codoping with B atoms can greatly boost the catalytic activity of the N-doped
carbon alloys [10-12]. Till now the role of B atoms and the catalytic mechanism of those N-doped
carbon materials are still mysterious, which hinder the further improvement and application of such
materials in fuel cell technology.

Besides, heat-treated metal (Fe or Co)-N/C systems as another kind of non-Pt cathode catalyst have
been under development for several decades [13-15], starting with the pioneer works by Jasinski [16]
and by Yeager and co-workers [17]. Recently much progress has been made in this system [18-21]. It
is claimed that the catalytic efficiency of such catalyst has approached and even exceeded the
commercial Pt-C catalysts [18-20]. What a role the metal atoms play is the key to the understanding of
the mechanism of the catalytic properties. Actually the transition metal-N/C system can be regarded as
another kind of carbon material codoped with N and transition metals, similar to the system of N, B
codoped carbon alloy. At present whether the B and the transition metals play similar roles in the
N-doped materials is untouched.

For cathode ORR, the properly adsorbed O, is the key catalytic intermediate throughout the entire
reaction process and an appropriate adsorption energy is critical for the catalytic activity [1, 22]. For
all the carbon nano materials, graphene is the proto type, the building block of carbon nanotubes,
multi-layer graphene, graphite, and fullerenes etc. Graphene itself shows many unique mechanical and
electrical properties. So theoretically searching for the most reactive adsorption sites in N-doped
graphene and studying the adsorption energy of O, at these sites are very important for the
development of Pt replacement carbon based catalysts.

In this paper, based on first principles calculations, we find that at the substitutional N site (N¢) in
graphene, the adsorption energy of O, is enhanced from 0.07eV on pristine graphene to 0.18eV. But
the adsorption energy is still far from that on the Pt(111) surface, which is ~1 eV. By forming N¢
clusters, the adsorption energy can be increased dramatically. For clusters comprised of three and four

Ncs, the adsorption energies can be as high as 1.26 eV and 0.89 eV respectively, both comparable to



that on the Pt(111) surface. We also find that B and transition metals like Fe and Co can significantly
stabilize these otherwise high energy clusters while keep the high adsorbing ability to O,. Bader
charge analyses [23] show that the more Ncs in the cluster, the more charges transferred to the
adsorbed O,, and the higher the adsorption energies. This indicates that in order to design efficient Pt
replacement catalysts in carbon materials, deliberately forming N¢ clusters with at least three N¢s in
low dimensional carbon materials is the key. Codoping with B (or Fe, Co) can effectively stabilize
these N¢ clusters while keep their high catalytic properties.

Spin-polarized density-functional theory calculations are performed using the Vienna ab initio
simulation package (VASP) [24]. The Kohn-Sham one-electron wave functions are expanded in a
plane wave basis set with cut-off energy of 400 eV. Exchange and correlation effects are incorporated
within the generalized gradient approximation (GGA) at the PW-91 level [25]. We employ a supercell
of 6x6 graphene including 72 atoms as a standard model, and a slab layer of 19.2 A thick is proved to
be sufficient to render interaction energies between graphene layers. The Brillouin zone is sampled
using a 3x3x1 Monkhorst-Pack grid. We consider the effect of spin polarization in all total energy
calculations. The calculated equilibrium lattice constant for pristine graphene is 2.466 A, in excellent
agreement with experimental value (2.46 A).

The formation energies of the defect complexes in graphene are given by

E¢ = Etoc(m, n) — E(¢(0,0) — mpy — npy + (m + n)p, (1
where m is the number of Ncs, n is the number of X (B, Fe or Co) atoms, n’ is the number of the
substituted C atoms by X atoms, E.,:(m,n) is the total energy of the supercell with the defect
complex, and E,(0,0) is the total energy of the pristine grapheme. The symbols pi., py, and py
are the chemical potentials of C, X, and N reservoirs. For the chemical potential of N which is tunable
during the experiments, we set one limit at the state of Ny, the other is in the two dimensional (2D)
g-C3Ny phase [26, 27] with C rich condition that is defined by 4ux + 3uc= AH (g—CsNy4), where AH is
the formation enthalpy of 2D g-C3N4. The p. is calculated as in graphene, pg, pp, and p. asin
their bulk phases respectively. The adsorption energy of O, molecule is defined as
E.=Ec + Eo2 —Eot (2)

where E.: is the total energy of the supercell (pristine or doped graphene) with a bound O,, Eg is
the energy without O,, and Eg, is the energy of the isolated O, molecule.

We calculate the adsorption of O, on the pristine graphene sheet as the start. The atomic structure of
pristine graphene is shown in Fig. 1(a). The optimal adsorption configuration of O, and the charge
redistribution upon the adsorption (the difference between charge density of the adsorbed
configuration and the sum of the charge densities of the isolated graphene and the O, with the
adsorbed configuration respectively) are shown in the inset. The adsorption energy is 0.07 eV. This

value is in the same order as that calculated on carbon nanotubes [28], fullerenes, graphene with stable



intrinsic defects, graphene nano ribbon edges for undissociated O, [29], which indicates that in order
to obtain high adsorption energy of O, in nano carbon materials, the materials must be deliberately
doped by alien atoms.

One N site in graphene is shown in Fig. 1(b). On the N-doped graphene, the O, molecule tends to
locate at the N site, as shown in the inset. As expected, the adsorption energy is increased, from 0.07
eV to 0.18 eV. The problem is that the adsorption energy is still far from that on the Pt(111) surface
(1.04eV, according to our calculation), as required for high efficiency ORR. Thus isolated N¢ in
graphene (in other low dimensional carbon materials as well) cannot act as the efficient reactive site
for ORR. Bader charge analysis shows as indicated in the figure that after the substitution, N atom
gets electrons (Bader charge value is negative) and the surrounding C atoms loss electrons (Bader
charge value is positive). Upon adsorption O, gets electrons from N as shown in the inset of Fig. 1(b).
Compared with the adsorption on pristine graphene as shown in Fig. 1(a), there is much more charge
transferred to O, from the 2D sheet for the N-doped graphene. As shown in the figures the Bader
charge of the adsorbed O, is almost doubled on the doped graphene compared with that on the pristine
graphene. It is clear that the increased adsorption energy on the doped graphene is related to the
charge transfer from the surrounding C atoms to the N upon the substitution. This leads us turn to N¢
clusters for obtaining even higher adsorption energies. For an N¢ cluster, there are more electrons
transferred from graphene to the N atoms, facilitating more charge transferred to the O, molecule upon
adsorption. Possibly we could get scalable increased adsorption energies as wanted by clustering of

NcS.
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Fig. 1 (color online). The atomic structures of (a) pristine graphene, (b) one N, (c¢) two N, (d) three N¢, and (e) four

Nc clusters in graphene. The brown balls are C atoms and the gray balls are N atoms. The Bader charge values on
interested atoms are indicated in the brackets. The insets are the configurations of the absorbed O, and the isosurface

contours of differential charge density upon the adsorption (yellow is density gain and cyan is density loss) respectively.



The red balls are O atoms. The calculated Bader charge values on the adsorbed O, are indicated as well in the insets.

All the contours are plotted with the charge density value of +0.001e/ A

It is easy to understand that N¢ dimers or trimers in grapheme have extreme high formation energies.
Thus we just consider clusters with two, three, and four N¢s with the configurations shown in Figs.
1(c)-1(e), in which the N¢ atoms are next nearest neighbors. Calculations show that for the two N¢
cluster (denoted as 2N¢), the largest adsorption energy of O, is 0.21 eV. The value is larger than that
for one N¢ but in the same order. For the cluster with three Ncs (3N¢), the adsorption energy is
significantly increased to 1.26eV, and for the cluster with four N¢s (4N¢), the adsorption energy is
0.89 eV, both values are comparable with that on the Pt(111) surface. The maximum adsorption energy
is obtained for the 3N¢ cluster. Further increasing of the size of the cluster no longer increases the
adsorption energies of O, due to the increased area of the cluster beyond the interaction scope of Os.
The adsorption energies of the N¢ clusters are plotted in Fig. 2(a). From the figure we can clearly see
two regimes for the adsorption of O,. In one regime, the adsorption energies are close to that on the
Pt(111) surface, corresponding to the clusters with three and more Ncs. In the other regime, the
adsorption energies are much lower, comparable with that on pristine graphene, corresponding to the
2Nc cluster and the isolated Nc.

Back to Figs. 1(b)-1(e) in which the charge redistributions upon the adsorption of O, are shown in
the insets, we can also see that with the number of Ncs increased in the clusters, the charge transferred
from graphene to O, is also increased, and the bond length of O, is increased accordingly, from 1.25A
on pristine graphene to 1.49 A on the four N¢ cluster graphene. Considering all the possible
configurations for the N¢ clusters, we can believe that the interaction of O, with the N-doped graphene
can be tuned, with adsorption energies from ~0 eV to ~1 eV, similar reactive properties to the Pt(111)
surface can be obtained for defect clusters with 3 or more N¢s in the graphene. The reason is that Nis
more electrophilic than C thus N can accumulate electrons from the surrounding C atoms in graphene.
Oxygen is more electrophilic than N, thus O, can easily grab these accumulated electrons on Ncs. In
other words, with the help of N¢s, O, can get more electrons from the C atoms in grapheme and the

adsorption interaction on graphene thus can be monotonically increased.
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Fig. 2 (color online). (a) The adsorption energies of O, at clusters with different Nc numbers. The adsorption energy of
O, on Pt(111) surface is also shown by the dashed line for comparison. (b) The formation energies of the N¢ clusters

and the B, Fe, and Co containing clusters (the corresponding structures are shown in Fig. 3 and Fig. 4 respectively).

But one fundamental problem is the high formation energies of these N¢ clusters as shown in Fig.
2(b). At the chemical potential of Ny, for one N, the formation energy is 0.85¢V. But for the four N¢
cluster with the configuration shown in Fig. 1(¢), the formation energy is as high as 4.2 eV. The Ncs
on the graphene repel each other, so the formation energies of the N¢ clusters get higher and higher,
with the increasing number of Ncs in the cluster. This indicates that the larger the number of N¢s in
the cluster, the lower the density of such defect clusters formed experimentally in graphene. This
result is agreeable with a few reports which show that the catalytic activity of solely N-doped
graphene is often very low [4, 9, 10].

B is another popular dopant in carbon materials. To our knowledge there is no report showing that
solely B-doped graphene could show catalytic activity for ORR, but experiments show strong
evidence that codoping carbon-based materials with N and B could enhance significantly the cathode
ORR catalytic activity comparing with the solely N-doped sample [12, 13]. In order to reveal the
behind mechanism and the role of B, we investigate the formation energies of B containing N¢
clusters and the bonding of O, molecules on graphene at these cluster sites.

Boron is electronegative than C, and C is electronegative than N. Thus the B atoms tend to
substitute those C atoms with the highest Bader charge values around the N¢s which can be seen from
Fig. 1. We consider B containing N¢ clusters with atomic structures as shown in Figs. 3(a)-3(e). The
data of these defect structures are summarized in Table 1. With the chemical potential of N in Ny, the
formation energies of these structures are all lower than 0, indicating that these B containing clusters
are energetically favored. As already shown in Fig. 2(b), with the increasing of the chemical potential
of N, the formation energies of such clusters can be further lowered. Noting that the formation energy

of single substitutional B is comparable to single N¢, the results indicate the formation energies of B



containing N¢ clusters can be significantly decreased and such complex defects are much easily to
form in graphene compared to any single doping. The formation energies are not sensitive to the B:N
ratio of the clusters either. So we can conclude that B can effectively stabilize the unstable N¢ clusters

and make the N¢ clusters form more easily in experiments.
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Fig. 3 (color online). The atomic structures of the B containing complexes composed of (a) one N¢ and one B, (b) one
Nc and two Bgs, (¢) one N¢ and three Bcs, (d) two N¢s and one B, and (e) three Ncs and one Bc. The calculated Bader
charge values are indicated. The green balls are the B atoms. The corresponding configurations of the absorbed O,
molecule and the isosurface contours of differential charge density upon the adsorption (yellow is density gain and
cyan is density loss) are shown in the insets in (c) and (e). The red balls are O atoms. The calculated Bader charges on

the adsorbed O, are indicated in the insets.

TABLE 1 Structural data and the calculated results of B containing N¢ clusters shown in Fig. 3. The formation energies
are calculated with the chemical potential of N in N,.

Figures Number Number Formation Bader Charges Adsorption
of N, of B, Energy (eV) on O, Energy of O, (eV)
(a) 1 1 -0.47 -0.12 0.07
(b) 1 2 -0.84 -0.10 0.05
(c) 1 3 -0.71 -0.12 0.05
(d) 2 1 -0.75 -0.78 0.42
(e) 3 1 -0.43 -0.86 1.30

Besides the stabilization effect of B codoping, another important issue is whether B will affect the
O, adsorption of the N¢ clusters. The calculations (summarized in Table 1) show that the O,
adsorption energy mainly depends on how many Ncs are there in the cluster, and has almost no
relation with the number of B atoms in the cluster. For example the O, adsorption energy at the 3N¢:B
cluster as shown in Fig. 3(e) is 1.30eV, slightly larger than the 3N¢ cluster without B. But for the
clusters with only one N¢ [shown in Figs. 3(a)-3(c)], the adsorption energies are 0.05~0.07 eV, all



comparable with one single Nc. This indicates that the B in the N cluster fairly affects the adsorption
ability of the cluster but to stabilize the cluster and keep the adsorption ability of the N¢ cluster to O».
This conclusion is also assisted by the Bader charge analysis of these systems. As shown in Table 1,
the Bader charges on the adsorbed O, depends mainly on the number of Ncs in the cluster.

As far as we know from the literature, the reported high catalytic samples of N, B codoped carbon
alloy all contain more N atoms than B atoms [12, 13]. Our calculations are agreeable with this fact.

Our results for the N, B codoping in graphene lead us to think that the transition metals in Fe-N/C
and Co-N/C systems may act as the same role as B. That is, in Fe-N/C and Co-N/C systems, it is the
Nc clustering dominates the catalytic properties. The transition metals not only can stabilize the N¢
cluster, but also can keep the catalytic property of the N clusters.

We just confine our studies on the 3N¢ and 4N clusters as the structures shown in Fig. 1 due to the
low reactivity of the 2N¢ cluster. Similar to the case of B containing clusters, if we just replace one C
with the transition metals, we have the optimized structures as shown in Figs. 4(a) and 4(b) for 3N¢
clusters. Unlike B, Fe or Co has larger atomic radii. From the optimized structures (metal atoms no
longer in the same plane as the C atoms) it is clear that the formation energies should be very high. So
most likely Fe or Co will form clusters with N¢s as shown in Figs. 4(c) and 4(d), in which the
transition metals substitute two carbon atoms and surrounded by four Ncs, similar to the reported case
of the N-doped carbon nanotube [20]. The formation energies of such transition metal containing
clusters are already shown in Fig. 2(b). We can see that although the formation energies are higher
than that of the B containing clusters, they are much lower than that of the pure N¢ clusters. With the
higher chemical potential of N, the formation energies can be less than 0 as well. This means that the

forming of such clusters can be energetically favored by tuning the chemical potential of N.
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Fig. 4 (color online). The atomic structures of the complexes composed of (a) three N¢s and one Fe, (b) three N¢s and
one Co, (c) four N¢s and one Fe, and (d) four N¢s and one Co. In (a) and (b) both the top and side views of the

structures are shown. In (c) and (d) the calculated Bader charges on the interested atoms are indicated. The



corresponding configurations of the absorbed O, molecules and the isosurface contours of differential charge density
upon the adsorption (yellow is density gain and cyan is density loss) are shown in the insets of (c) and (d). The red balls

are O atoms. The calculated Bader charges on the adsorbed O, are indicated in the insets.

The most favorable adsorption sites of O, on the Fe, Co containing clusters are shown in the insets
of Figs. 4(c) and 4(d) and the adsorption energies are 1.11eV and 0.85eV respectively. In the two cases
the 0O-O distance are both opened up to ~1.3 A, similar to the case of the pure 4N¢ cluster. This
indicates that the role of the transition metal atoms in the cluster is similar to that of B, just to stabilize
the cluster while keep the catalytic activity of the N¢ cluster.

In conclusion, we have investigated the catalytic mechanism of N¢ defects in graphene for cathode
ORR. The N atoms attract electrons from the nearby C atoms facilitating more charge transferring
from the graphene sheet to the adsorbed O,. Thus N¢ clusters are more favorable than single N¢ in
adsorbing O, and the strength relies on the number of N¢s in the cluster and is tunable. But the high
formation energies of such Nc clusters are a serious issue. According to our calculations, codoping
with other atoms like B, Fe or Co can stabilize these N¢ clusters efficiently while keep the high
catalytic activity. The results are agreeable with the experiments. The revealed mechanism can act as
the guiding principles to design Pt replacement catalyst in carbon nano materials.
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