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To reduce fuel cell cost, durable and inexpensive electrode catalysts need to be developed to replace precious
metal materials, particularly for the electrocatalytic oxygen reduction at cathodes. In this study, we explored
the structure and the energetics of Fe-xN (x = 2,4) incorporated into carbon nanotubes and graphene using
density functional theory to show that these structures are more stable than iron atoms on nanotubes and that
pyridinic structures of Fe-4N are more favorable than pyrrolic structures. EXAFS spectra simulated from the
optimized structures show good agreement with results of measurements obtained on arrays of aligned nanotubes
doped with iron and nitrogen, which have demonstrated activity toward oxygen-reduction reactions.

Introduction

Developing a proton-exchange membrane fuel cell (PEM-
FC) as a highly efficient, H,-powered electricity generation
device has attracted extensive efforts.!> For a PEMFC, the
energy conversion efficiency is predominantly limited by the
electrocatalytic oxygen-reduction reaction (ORR) rate® on the
cathode side due to the sluggish kinetics. At present, the most
effective ORR catalysts are made of precious group metals
(PGMs), such as platinum or platinum alloys.*~” High price
and limited reserves of PGMs add significant cost to the fuel
cell system and create a major barrier for its commercializa-
tion. There is a clear demand and urgency to develop low-
cost, non-PGM-based electrode catalysts.® Various non-PGM
materials have been evaluated as the alternative cathode
catalysts for fuel cells, including N-coordinated transition-
metal (TM) macromolecules,’”!! nitrogen- and TM-doped
carbon and carbon nanotubes, !> 4147161621 chalcogenides, %
oxynitrides and carbonitrides,?*"?* TM-doped conductive
polymers,*® etc. A summary of the research can be found in
a recent review article by Borup et al.’!

Among non-PGM catalysts, we are particularly interested in
TM/N macromolecules and TM/N carbonaceous materials. For
example, TM/N macromolecules mimic natural systems, such
as metallo—porphyrin complexes (hemes), which activate many
biochemical reactions.”'? Early experiments observed the
catalytic activity of Co-phthalocyanines in ORR reactions.!!
Such systems led to the extension of the investigations on
TM(Fe,Co)/N-doped carbon catalysts.!>! In particular, Dodelet
and co-workers!'*1671832 have studied extensively Fe and Co on
nitrogen-modified carbon supports obtained by high-temperature
pyrolysis using a variety of precursors. They found, for example,
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that the increase of N content in iron-doped carbon promotes
the formation of Fe,C,_,-,N,, which leads to an increase in
catalytic activity. The activity was influenced by both the
structure of the catalytic site and the modification of the support.
In addition to TM/N-doped carbons prepared through pyrolysis,
other nitrogenated bulk'®'® and nanostructured'®?%33 carbon-
aceous materials were also found to manifest some ORR
activity. In particular, a recent study demonstrated ORR activity
of aligned carbon nanotubes incorporated with atomically
dispersed iron and nitrogen prepared through a chemical vapor
deposition process.?! Aligned carbon nanotubes could offer some
unique advantages in the electrochemical and fuel cell applica-
tions. In addition to high surface area, aligned CNTs as the
electrode and the catalyst can establish excellent thermal and
electro-conductivities through direct contact between the cata-
lytic surface and the current collector.’ The graphitic nature of
CNTs also improves the oxidative corrosion resistance that is
crucial for the catalytic application at cathode. In Fe- and
N-doped aligned CNTs, Fe-4N catalytic sites with square-planar
configuration were found to be embedded onto the nanotube
walls and distributed uniformly throughout the whole tube.?!
In fact, experimental studies on these systems report the
detection of catalytic activity and preliminary results on in situ
XAS studies.®® This motivates us to study the structure and the
stability of possible catalytic sites.

In this study, we combine theoretical and experimental
approaches to investigate the stability of Fe-xN catalytic sites
embedded in CNTs prepared by the chemical vapor deposition.
Several theoretical studies have addressed the structure and
activity of graphite with nitrogen and iron incorporation.3¢3
Recently, we investigated metal—nitrogen incorporation in
carboneous nanostructures*® " and studied other chemically
reactive sites, such as “bumpy” structures on CNTs.*! Here, we
investigate the properties of iron and nitrogen sites in CNT and
graphene systems and compare simulated EXAFS spectra to
the experimental data for such sites in aligned CNT arrays. The
active sites in multiwalled nanotubes are also likely to be
associated with the outer surface of the tube since interlayer
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Figure 1. (top) Nitrogen atoms are substituted into (a) planar graphene,
(b) (7,0) CNT, and (c) (5,5) CNT. (bottom) The Fe-N 4 sites are shown
for (f) the graphene sheet and (d, e, g, h) (7,0) CNT clusters. The
pyridinic and pyrrolic Fe configurations are shown in (d, g) and (e, h),
respectively. The configurations are in axial (d, e) or in helical
orientation (g, h). The terminating hydrogens are not shown.

confinement would impede transport of species. These results
can be used as a guideline for a rational design of new catalysts
for the ORR.

Theoretical Modeling

Models and Methods. First-principles calculations of model
systems representing Fe-xN catalytic sites embedded in CNTs
are performed at the density functional theory (DFT) level with
the B3LYP hybrid exchange-correlation functional, as imple-
mented in Gaussian 03.*> We use the 6-31G* Gaussian basis
sets for C, N, Fe, and H atoms. A cluster approach is chosen to
construct models of the active site incorporated into a graphene
sheet or CNTs. To analyze the curvature effect of the CNTs in
the calculations, we use bent clusters cut from the nanotubes
with edge carbon atoms terminated by hydrogen atoms. To
maintain the desired surface curvature, hydrogens at the edges
of the clusters are kept fixed during the optimization of the
molecular geometry. The planar model is a limiting approxima-
tion to the low-curvature multiwalled CNT outer surface in the
recent experiments.”' The cluster models of the planar graphene,
shown in Figure 1a, and the zigzag (8,0) CNT (not shown) have
24 hexagonal carbon rings. The clusters representing the (7,0)
CNT and the (5,5) CNT have 23 hexagonal carbon rings, as
shown in Figure 1b,c, respectively.

We study structures with two and four N substitutions and
optimize them without and with a single Fe atom attached to
them. Three-nitrogen structures are not studied since there is
no experimental evidence for their stability. The cluster models
of CNTs and graphene with the enumeration of their atoms that
is used in nitrogen substitution notations are shown in Figure
la—c. The position of the Fe atom is optimized around the two
N atoms (see the Supporting Information, Figures S5—S27).

Each pair of the carbons labeled 1-2, 1-3, and 1-4 is
substituted by two N atoms to obtain the corresponding 2N
structure. The axial symmetry of the nanotubes introduces three
additional nonequivalent configurations. In total, the nanotubes
have six configurations along the symmetry axis and at various
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Figure 2. Substitution energies AE,y (eq 1) are shown for the planar
and curved clusters. On the horizontal axis, the configurations of the
two N substitutions are shown for the zigzag/armchair nanotube clusters,
as schematically represented by the six-membered carbon rings on the
top (bottom) of the graph for the armchair (zigzag) nanotube clusters.
The symmetry axis of the CNTs is oriented horizontally. In the flat
graphene, the N configurations are double degenerate.

angles to it, respectively, as shown in Figure 1b,c. We call a
configuration with two nitrogens axial (AX), if the vector
connecting nitrogens is parallel to the nanotube axis, and helical
(HE) in all the other cases. Thus, zigzag CNT clusters have
axial configurations (2-3) and (1-4) for the nearest-neighbor and
the third-nearest-neighbor nitrogens, respectively. In addition,
the zigzag (7,0) CNT in Figure 1b has four HE configurations:
the nearest-neighbor (1-2), the next-nearest-neighbor (2-4) and
(3-5), and the third-nearest-neighbor configurations (2-5). The
armchair (5,5) CNT in Figure lc has one AX and five HE
configurations: (1,3), (1,2), (1,4), (1,5), (2,5), and (3.4),
respectively.

The Fe-4N sites have porphyrin-like configurations, where
the Fe atom is coordinated by four N atoms, incorporated in
pyridinic (PD) six-membered or pyrrolic (PL) five-membered
rings, shown in Figure 1d,g and e, respectively. These
structures are obtained by the substitution of six carbon atoms
by four nitrogens. Because CNTs have an axial symmetry, there
are twice as many configurations as in the planar graphene (see
the Supporting Information, Figures S27—S40). In the CNT
cluster models, we denote the structures according to the
orientation of the rectangular N coordination shell with respect
to the nanotube axis. We call it axial (AX) if one of the N—N
axis is parallel to the CNT axis (Figure 1d,e) and as helical
(HE) otherwise (Figure 1g,h).

Energetics of the Metal-Free Structures. We compare the
stability of different configurations in the N-substituted carbon
clusters and calculate the N-substitution energies using

X
AExN = Esite+xN + yEC - (Esite + EENz) (1)

Here, E¢ is the total energy of the nanotube per carbon atom
and Eg and Eg+. are the energies of the cluster before and
after N substitution, respectively.

The Ex, term is the energy of an isolated N, molecule and x
stands for the number of N atoms substituting y carbon atoms.
The values of x(y) are equal to 2(2) and to 4(6) in the case of
two nitrogens and pyridinic (or pyrrolic) coordination, respectively.

Figure 2 summarizes the N-substitution energies in the carbon
clusters with different configurations. We find that AE,y is
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TABLE 1: Substitution Energies AE,x for the CNT Cluster
Models*

configuration (flat) (8,0) (5,5) (7,0)
4N substitution energies [eV]
AXPD 5.47 3.90 5.59 3.96
HEPD 5.47 4.57 4.73 5.40
AXPL 10.79 7.85 8.67 7.34
HE PL 10.79 8.11 8.90 8.45
Fe binding energy/Fe-4N substitution energies [eV]

AXPD —7.39/—1.92 —5.77/—1.87 —6.08/—0.49 —5.44/—1.48
HEPD —7.39/—-1.92 —5.98/—141 —6.60/—1.87 —6.45/—1.05
AXPL —8.57/2.22  —8.33/—0.48 —7.83/0.84  —8.34/—1.00
HE PL —8.57/222  —6.69/1.42  —6.27/2.63 —6.57/1.88

“Their curvature increases from the left to the right. Iron bind-
ing energies AEp are calculated for the different 4N sites.
Slash-separated values are the AFEg.4n substitution energies of
Fe-4N sites in the carbon clusters. PD and PL refer to pyridinic and
pyrrolic structures, respectively.

positive in all the cases, and thus, the substitution reaction is
endothermic. For zigzag nanotubes, CNTs with a smaller radius
tend to have lower substitution energies since the binding energy
of substituted C atoms is lower for higher CNT curvature. The
higher pyramidality of smaller radius nanotubes is also more
favorable for N incorporation. Comparing our N, substitution
energies with previous GGA calculations,” we find a similar
trend that, although the nearest-neighbor nitrogens are energeti-
cally preferred for armchair (5,5) nanotube, the increase of
distance between nitrogens lowers the substitution energy for
zigzag nanotubes. We also find that planar graphene exhibits
substitution behavior similar to that of zigzag nanotubes.
Although the AE,y energies are positive, the obtained structures
are local minima and their energy is further lowered by the
addition of metal atoms,* which supports the experimental
observation on Fe incorporation in N-doped nanotubes.?*

The results obtained from eq 1 for four-N substitutions are
summarized in Table 1. From the energies, we can see that a
release of spatial strain in zigzag CNTs might be facilitated in
the axial rather than helical configurations, which typically have
lower AE4. In armchair CNTs, the situation is exactly opposite.
The origin of this behavior is in the inequivalent sides of the
rectangle formed by four nitrogens because of the difference in
their second neighbor shells, which is quite distinct from a
square structure in porphyrins and phthalocyanines. In the (5,5)
CNT cluster, the N rectangle has its longest side perpendicular
to the tube axis. On the contrary, the orientation of the N
rectangle in the (7,0) and (8,0) clusters is opposite, and
substitution in this orientation is energetically less demanding.
This results in a noticeably larger AE,y, as seen in the first row
of Table 1.

We also compare two different types of N substitutions. The
pyrrolic configurations show the same trend in substitution
energies as that of pyridinic configurations, but in the higher-
energy range. The reason why the pyridinic coordination is
preferred over the pyrrolic one is likely associated with the strain
on the surrounding structure exerted by the five- and seven-
membered carbon rings around each nitrogen in pyrrolic
configuration, as seen in all columns of Table 1.

Energetics of the Fe-xN Structures. Iron atom incorporation
is considered here for all calculated xN sites. In the case of two
nitrogens, Fe is bound in the vicinity of two N atoms (Figure
la—c). In porphyrin-like structures, an Fe atom is integrated
into the plane of the site and coordinated by each of the four N
atoms, as shown in Figure 1d—h. The results are reported for
quintet and triplet spin states of the CNT cluster models with
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Figure 3. Fe adsorption energies AEp.on are shown for the planar
and curved clusters. The resulting structures are shown schematically
on the graph by the six-membered carbon rings where the CNT axis is
oriented horizontally.

Fe-2N and Fe-4N, respectively. Our calculations with different
multiplicities identify them as ground states.

The stability of the Fe-xN sites is evaluated through the
adsorption energy of the Fe atom with the N-substituted support.
We calculate the adsorption energy of Fe using the expression

AEFe = Esite+Fe - (Esite + EFe) (2)

where Ef. is the energy of an isolated Fe atom and Ege+r. and
Ej. are the energies of clusters with and without Fe, respectively.

In Figure 3, we compare the adsorption energies AEg, of Fe
binding to a flat graphene and curved surfaces of CNTs with
two-nitrogen substitution. The flat cluster has the lowest binding
energies. The energies increase with the curvature of the zigzag
CNTs in the (2-3), (1-3), (3-5), and (1-4) configurations.
Configurations of the armchair clusters have smaller binding
energies ranging from —1.54 to —0.13 eV, possibly because of
the lower stability of their respective 2N configurations, as
shown in Figure 2. Overall, the sites with neighboring or next
neighboring nitrogens are more stable in the presence of an Fe
atom. The moderately favorable (1-3) configuration of nitrogens
is greatly stabilized by the adsorption of Fe in the (7,0) nanotube
cluster (compare Figures 2 and 3) and has the adsorption energy
AEg. of —2.34 eV. In this configuration, the Fe atom is
embedded into the surface of the cluster, in contrast to the other
Fe-2N configurations, where an Fe atom primarily resides on
the top of N atoms. The distance from the Fe atom to the surface
of the (7,0) cluster is 1.12 A and about 1.54—1.95 A in (1-3)
and the other configurations, respectively. High curvature of
the (7,0) nanotube cluster and the position of the nitrogens allow
the Fe atom to break two C—N bonds and to form four new
bonds with Fe (as shown in the Supporting Information, Figure
S22). However, such stabilization is highly sensitive to the
curvature and relative positions of the nitrogens, so it is
manifested only for the CNT with the smallest studied radius
and results in binding energies of —0.13 and —0.85 eV for (8,0)
and (5,5) CNT clusters, respectively. In comparison, the B3LYP
binding energy for Fe interacting with an (8,0) nanotube is
calculated to be —0.86 eV, whereas the Fe interaction with
graphene was found to be slightly repulsive. Thus, the results
in Figure 3 show that, in most cases, the addition of two
nitrogens makes the Fe interaction more favorable.

In Table 1, we show the Fe binding energies for the pyridinic
and pyrrolic Fe-4N catalytic sites. The curvature dependence
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TABLE 2: Bond Lengths of the Fe Atom in the Planar and Bent Fe-xN Structures®

configuration bia b, 0)

b(S, 5) b(7, 0)

Fe-2N structures [A]

(1-2) N(2.07) N(1.91) C(2.17) N(2.01) N(1.92) N(1.74) N(1.74) N(2.05) N(1.92)
C(2.16)
(1-3) C(2.16) N(2.28) C(2.19) N(1.86) C(1.83) N(2.05) C(1.97) C(1.87) N(1.91) C(1.97)
N(1.96)

(2-3)/(3-4) N(1.72) N(1.72) N(1.92) N(1.91) N(1.72) N(1.72)

(1-4) C(2.20) C(2.0) C(2.07) N(2.38) C(2.14) N(2.19) C(2.09) C(2.11)

(2-5) C(2.12) N(2.14) C(2.07) C(2.10) C(2.10) C(2.10) N(2.09) C(2.03) C(2.16)
C(2.08) C(2.10) C(2.15)

(3-5)/(1-5) C(2.12) N(2.14) C(2.07) C(2.12) C(2.13) C(2.07) N(2.11) C(2.15)
C(2.12)

Fe-4N structures [A]

AX PD 1.87 (1.88) 1.97 (1.98) 1.87 (1.87) 2.00 (2.00)

HE PD 1.87 (1.88) 1.91 (1.92) 1.93 (1.96) 1.86 (1.91)

AX PL 1.90 (1.92) 1.87 (1.87) 1.94 (1.94) 1.87 (1.90)

HE PL 1.90 (1.92) 1.87 (2.03) 1.81 (2.02) 1.87 (2.07)

FePc N(1.94) C(2.97)

“Index stands for flat and bent (8,0), (5,5), and (7,0) clusters. The curvature of CNT clusters increases from left to right. (down) Fe—N bond
lengths for the different Fe-4N sites. In the last row, we give the calculated distances between Fe and neighboring atoms in Fe-phthalocyanine.

of the axial PD sites in zigzag nanotubes (Figure 1d) is
manifested through a slight decrease of the binding energy from
flat to (7,0) clusters. On the contrary, HE PD sites (Figure 1g)
do not show such a decrease in stability with the increasing
curvature. This difference between the HE and AX configura-
tions is associated with the orientation of five-membered C,N,Fe
rings relative to the nanotube axis; the Fe—N bonds in helical
configurations are also shorter (see Table 2). These results show
that Fe adsorption is strongly dependent on the CNT curvature
for small radii. The relative stability of the formed sites is also
seen from the combined energies of the N incorporation and
Fe adsorption, calculated from the sum AEp. 4y = AEsn + AEFe.
Overall, the PD sites have greater stability than the PL sites, as
shown in Table 1. This larger stability might be supported by
the observation of pyridinic nitrogens in nitrogenated carbon
supports.'®** Pyridinic compounds represent a very stable
fraction and were associated with the most active catalytic
sites.'® By comparing NBO charges (see the Supporting
Information, Table ST2) to the Fe-phthalocyanine, the oxidation
state of iron in pyridinic configurations is close to that in Fe-
phthalocyanine, which is +2. Fe(Il) was shown to be electro-
chemically active, for example, by Yeager and co-workers.**

Additional calculations to analyze the charge distribution in
the pyridinic and pyrrolic models were performed using the CNT
(8,0) model for pyrrolic, pyrrolic without hydrogens, and Fe-
pyrrolic structures as well as 2H-pyridinic, pyridinic, and
Fe-pyridinic structures. The NBO charge distributions on
hydrogens, nitrogens, and their neighbors are the same in the
2H-pyridinic and pyrrolic structures. When hydrogens are
removed, the negative charge on nitrogen atoms is compensated
by positive charges mainly on the nearest-neighbor carbon atoms
in the two structures. The insertion of an iron atom results in
electron transfer from this atom to the nitrogens in both pyrrolic
and pyridinic structures. Detailed information on NBO charges
is included in part 3 of the Supporting Information.

We obtain densities of states (see the Supporting Information,
Figure S3) by the Gaussian broadening of the calculated cluster
spectra for the flat PD Fe-4N configuration. The results indicate
that Fe d states are strongly hybridized with the 7 states of
carbon atoms. The validity of the approach is verified by
comparing the total density of states for this structure to
calculations on the same system using the periodic VASP
code.*4 In the periodic case, the Fe-4N is substituted into a

supercell of two-dimensional periodic graphene sheet, and the
structure is optimized. The total density of states calculated in
the cluster model agrees well with the periodic calculations.
Therefore, the electronic properties from cluster calculations can
be used to study the catalytic activity (see the Supporting
Information, Figure S4).

Catalytic activity of transition-metal macrocyclic complexes
toward oxygen reduction is often correlated with a first
ionization potential of the complexes since the electron is
extracted from the d states of the metal atom. Vertical ionization
potentials (see the Supporting Information, Figure S1) are found
to be in the range of 4.5—5.75 eV, depending on CNT curvature,
which is well below reported values for Fe-porphyrins of 6.36
eV.# It can be explained by noticing that nanotubes by
themselves have ionization potentials of about 4.86—5.08 eV
(experiment 4.6—4.8 eV*®), which is also consistent with our
DOS indicating strong hybridization of iron d states and carbon
p states. The lower ionization potential is often related to a lower
redox potential and a higher oxidation activity.*’ Therefore, we
expect Fe-4N complexes in CNTs to be more active in ORR as
compared with other iron macrocycles.

Our calculations of oxygen adsorption on the iron atom in
Fe-4N structures give O, binding energies of 0.78 eV for the
(7,0) CNT cluster, which is similar to porphyrins.*’

Bond Lengths of the Fe-xN Structures. In Table 2, we list
the optimized shortest bond lengths b; between Fe and neighbor-
ing atoms in the flat and bent (8,0), (5,5), and (7,0) cluster
models. The calculations show that, in the presence of Fe in
the 2N-substituted structures, the nitrogen atoms are displaced
out of the carbon surface by 0.23—0.57 A. The elevation of the
Fe atom above the CNT surface varies in the range of 1.12—2.0
A.If the two nitrogens are farther apart, the Fe coordinates only
to one of them, as in the configuration (1-3) in the (5,5) and
(8,0) CNTs. However, in these cases, Fe is also bound to one
or more C atoms of the nanotube, resulting in larger distances
between the second N and Fe. In these structures, the Fe
coordination can vary from two N to one N and two C atoms.
Further increase of the N—N separation leads to a poor Fe—N
coordination and related inability to form N—Fe—N bridging.
This effect is manifested in the (1-4), (2-5), and (3-5) structures,
as shown in Table 2. In most cases, the Fe and N atoms are
displaced outward, as a result of the Fe—N bond relaxation.
These displacements depend on the Fe-coordination, positions
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Figure 4. Comparison of the reference compounds. The black line is
the experimental curve, and the red line represents the calculated

spectrum of iron phthalocyanine (FePc).

of N atoms, and the cluster curvature. However, very high
curvature could eventually allow to incorporate an Fe atom into
the cluster, as seen in the (1-3) configuration of the (7,0) CNT
(see Table 2).

The first and second atomic shells in Fe-4N configurations
are the same as those in porphyrins, which have four equivalent
Fe—N bonds and D,, symmetry. The embedded Fe-4N sites
also have four nearly equivalent bonds, but the 4N site has a
rectangular shape because of the honeycomb lattice and further
distortions due to nanotube curvature. The calculated bond
lengths are close to those of porphyrins, which are 1.98—2.00
A% For example, the N atoms of the AX PD (8,0) site form a
rectangle with an Fe atom in its center. The central atom is
displaced out of the plane by 0.41 A, whereas in the case of
AX PL of the same curvature, it is shifted just by 0.15 A. Similar
displacement trends are observed in the other studied clusters.
The out-of-plane displacement of Fe is larger in pyridinic than
in pyrrolic configurations. In addition, axial PL sites, shown in
Figure le, have, in general, shorter bonds than those of PD sites.
This is also evident from the significantly increased Fe adsorp-
tion energies, as shown in the Table 1 (down). The axial
configurations of PL sites display the same energy dependence
on curvature as the PD sites. However, in the case of PL sites,
the HE configurations have more extended Fe—N bond lengths
and possess smaller adsorption energies.

Experimental Verification

Recently, simultaneous doping of CNTs by Fe and N was
experimentally realized.?! The structure of the active sites was
characterized using X-ray absorption near-edge spectroscopy
(XANES) and extended X-ray absorption fine structure (EX-
AFS) at the energy of the Fe K-edge. We compare the
x-functions extracted from the EXAFS data with the calculated
data from our optimized structures. An ab initio multiple
scattering model of EXAFS implemented in the FEFF 7.0
package is used.”

In Figure 4, we compare the experimental and calculated
EXAFS spectrum of Fe(Il) phthalocyanine used as a reference
compound, where the theoretical spectrum is based on our
optimized structure. The calculated spectrum is shifted by 0.46
A~ to equally match the first and the second minima in the
experimental spectrum. In our calculations, a scattering path of
5.5 A is used, which includes atoms up to the second-nearest-
neighbor of iron. We also include thermal motion and attenuate
amplitude of y(k) by using the Debye—Waller factors deter-
mined for phthalocyanine,’! 0> = 0.005 A2. FEFF calculations
with the same parameters and same shift are performed for all
the structures from the previous sections.

J. Phys. Chem. C, Vol. 113, No. 52, 2009 21633

' ' ~(exp)
(flat) Fe-N,
(flat) Fe-N, (1-2)

0.0
-0.1 a
x(k) 5 2 . 2
ol (exp)
: ———(7,0) Fe-N, (1-3)
——(8,0) Fe-N, (AX-PD)
0.0
0.1} b1

4 10 12

1.8
k[A7]
Figure 5. (a) Absorption coefficient functions y(k) are calculated for
the theoretical optimized structures. The results for flat graphene
structures are compared with the y..,(k). (b) The y functions of the

bent structures with the lowest energy are compared with the
experimental results.

In Figure 5a,b, we show the absorption coefficient functions
x(k) extracted from the EXAFS spectra of the experimentally
prepared catalytic Fe-xN sites in aligned CNTs. These experi-
mental results are compared with our simulations using the FEFF
package for the optimized Fe-2N and Fe-4N structures. The Fe-
xN structures with the lowest substitution energy, namely, (8,0)
Fe-4N (AX PD) and (7,0) Fe-2N (1-3) structures shown in
Figure 3 and Table 1, provide a close match with the peaks of
the experimental y functions. The amplitude and the width
of the first two peaks of the Fe-4N structure correspond better
to the experimental data. The similarity of the simulated spectra
for the Fe-4N and Fe-2N does not exclude the possibility that
the experimentally prepared structures can have both the Fe-
2N and the Fe-4N structures, although the latter are more stable.
From spectroscopic studies in the work of Dodelet and
co-workers'*>? it was concluded that both Fe-2N and Fe-4N
might coexist in the carbon-supported materials with a ratio
determined by preparation conditions, in agreement with our
findings.

Summary

We reported ab initio studies of the energetics and the
geometries of the metal-nitrogen sites in CNTs and compared
the simulated EXAFS spectra based on the ab initio geometries
to our experimental results. The studies show that the iron atom
binding energy in both Fe-2N and Fe-4N configurations is much
higher than that on pristine carbon nanotubes, suggesting that
N stabilizes Fe on CNTs. In the case of Fe-2N configurations,
the binding energy is generally lower than that in Fe-4N
configurations. In the case of Fe-4N configurations, theoretical
results show that the pyridinic configurations are energetically
preferred over pyrrolic configurations. The results also favor
incorporation of Fe-4N sites into large-diameter nanotubes and
graphene compared with small-diameter CNTs. The results
provide strong evidence that the transition-metal atoms are
embedded into the surface of CNTs.

The simulated EXAFS spectra using theoretical structures of
Fe-N sites on the CNTs are compared with the experimental
EXAFS data. Theoretical structural analysis shows inequivalence
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of metal—nitrogen bonds in the Fe-4N complexes embedded
into nanotubes in distinction to porphyrins, thus suggesting that
a single-shell modeling of EXAFS data is an oversimplification.
The most stable structures from theory provide the best
agreement with the experimental spectra. We conclude that the
calculated structures are the most probable catalytic sites present
in the experimental systems; however, further experimental
studies are needed to unambiguously prove it.

Such active sites provide unique catalytic activity not only
for ORR but also for other electrocatalytic and heterogeneous
catalysis applications, particularly where substrate hydrophobic-
ity and electrical conductivity are critical. The vertical ionization
potentials of Fe-N-modified nanotubes were calculated to be
much smaller than those of porphyrins, implying a higher
catalytic activity since O, binding energies are similar to those
of porphyrins. This might provide insight into catalytic proper-
ties of these systems, demonstrated by a good activity for
oxygen-reduction reactions.?! The geometry of these nanoporous
catalysts provides confined spaces decorated with transition-
metal atoms, which offers new opportunities for shape selectivity.
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